
 

Time Series Analysis and Statistical Model Development for Food and Water 

Availability in the Grand River Watershed 

by 

Kelsie Shae McNeill 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Applied Science 

in 

Engineering 

Guelph, Ontario, Canada 

© Kelsie Shae McNeill, August, 2018 



 

ABSTRACT 

TIME SERIES ANALYSIS AND STATISTICAL MODEL DEVELOPMENT FOR FOOD 

AND WATER AVAILABILITY IN THE GRAND RIVER WATERSHED 
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University of Guelph, 2018

Advisors: 

Dr. Andrew Binns 

Dr. Ashutosh Singh 

Imminent threats of climate change, population growth and associated anthropogenic impacts can 

have severe implications for food and water resources around the globe. In order to properly 

manage these resources in the future, it is necessary to understand how they are influenced by 

stressors. This thesis characterizes recent, historical trends for food and water availability within 

the Southern Ontario Grand River Watershed (GRW). It then discusses the implications of trends 

for local food and water security and develops a statistical framework to model crop production in 

the GRW. The results of this thesis suggest that aspects of water security such as flood control, 

infrastructure protection and water quality may be threatened by future anthropogenic and 

environmental changes. Recent fluctuations in climatic patterns and a potential increase in 

frequency of extreme weather events could also cause periodic issues with crop production and 

affect the sustainability of current production growth trends. 
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1 Introduction  

Water is, and always has been crucial for human survival. It remains our most valuable resource, 

providing fresh drinking water and directly impacting almost every aspect of daily life including 

health and sanitation, disease transmission and prevention, food production and transportation. As 

a result of their influence over our daily lives, water resources have the ability to dictate food 

security, economic, political and social security, human health, prosperity, happiness and 

ultimately, survival. According to Vörösmarty et al., 2000, close to 30% of the global population 

lived under severe water stress in the early 21st century and many more could be at risk. Especially 

considering the growing threat of global climate change and rapidly increasing global population, 

it is more important now than ever before to gain a deeper understanding of our water resources 

systems and the challenges they may face in the coming decades.    

One of the most significant factors pertaining to the security of water resources is food production. 

It is estimated that agricultural production currently accounts for about 70% of global freshwater 

use (United Nations Department of Economic and Social Affairs 2014). Agriculture also 

contributes substantially to the deterioration of water quality as fertilizers, pesticides and livestock 

waste products can easily be transported to surface water bodies after heavy rainfall. Conversely, 

fresh water availability is also mandatory to ensure crop growth and livestock survival in the agri-

food industry. Food and water resources each play a vital role in the otherôs overall security, 

reinforcing the need to consider food and water security from an interdisciplinary perspective to 

achieve global health and security. 

The primary aim of this research is to evaluate recent trends related to food and water security 

within the Grand River Watershed (GRW) in Southern Ontario, Canada, and develop a framework 

to empirically model these trends. The GRW is the largest watershed in Southern Ontario, 

influencing agricultural production, food and water security for a considerable number of people 

in the region. It is therefore an appropriate and relevant selection as a case study for this analysis. 

Recent trends are important because they can help to understand localized patterns and predict 

future, short-term availability for food and water resources.   

Before the aims of this research can be accomplished a comprehensive understanding of food and 

water security, as well as current integrated modelling platforms is required. The independent 
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manuscript presented in Chapter 2 of this thesis contains an extensive literature review concerning 

these topics, which was published in Agricultural Water Management. The remaining portion of 

this thesis comprises a multi-phase study beginning with a time series analysis examining climate 

variability, anthropogenic changes, water availability and crop production in the GRW.  

Rather than using various process or simulation-based modelling techniques, this analysis is more 

direct, using real, historical data to develop a better understanding of more recent trends in food 

and water security. These types of analyses can be useful to examine regions where data 

availability is limited and may also have the ability to capture the effects of more localized or 

poorly understood processes. This section spans Chapters 3 and 4 of this thesis and contains two 

additional, independent manuscripts. These chapters are followed by a final independent 

manuscript (Chapter 5), which models the data presented in Chapters 3 and 4 through statistical 

regression analyses. The final chapter of this thesis (Chapter 6) summarizes research findings and 

discusses the overall conclusions that are formed at the end of this research.  

1.1 Thesis Objectives 

The aims of this research influenced the development of four specific thesis objectives, which are 

as follows: 

1) Review and discuss current integrated food and water security modelling platforms 

(Chapter 2); 

2) Examine recent, localized trends in water availability within the GRW and discuss the 

implications for food and water security (Chapter 3); 

3) Examine recent trends in agri-food production within the GRW and discuss the 

implications for food and water security (Chapter 4); and 

4) Develop a statistical model for crop production in the GRW (Chapter 5). 
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2 Food and Water Security: Analysis of Integrated Modelling 

Platforms 

2.1 Introduction  

Globally, both food and water resources are under significant pressure to meet the needs of a 

growing population. Millions of people worldwide face considerable threats to their food and water 

security, and the impacts of these issues will only be intensified with future effects of global 

climate change and changes to land-use. It has thus become apparent in recent years that the 

connections between food and water supply must be explored in order to work toward a state of 

global food and water security.  

Water supply and availability directly affect food production through agricultural practices. 

Sufficient water supply is vital to ensure crop growth and livestock survival, and agriculture 

accounts for approximately 70% of global freshwater use  (United Nations Department of 

Economic and Social Affairs 2014). Conversely, improper management practices in the 

agricultural sector can result in runoff and contamination by excess nutrients or chemicals entering 

the water supply. As a consequence, neither food or water security can realistically be achieved on 

a global scale without the other. It is therefore important to consider food and water security from 

an interdisciplinary perspective in the pursuit of global security. In order to work toward global 

food and water security, it is first necessary to understand how global food and water systems 

operate, how they are affected by various drivers, and how they will be expected to change in the 

future. Modelling platforms allow researchers to simulate and understand current systems, identify 

key drivers and their potential impacts, and make specific parameter alterations to predict future 

scenarios. They also provide the basis for critical thought necessary to design and simulate 

solutions for system improvement.  

Previous research has led to the development of a number of modelling platforms to jointly analyze 

food and water security (Alcamo et al. 2001; Blanco, Van Doorslaer, and Britz 2012; Bondeau et 

al. 2007; de Fraiture 2007; Grafton, Williams, and Jiang 2015; Liu et al. 2007; Amarasinghe 2005; 

Mark W Rosegrant et al. 2008; Siebert and Döll 2008; Wei et al. 2009). These models have been 

developed for a variety of circumstances and conditions and have vast differences in their operation 

and overall purpose. This review and analysis is intended to provide a basis for research studies 
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concerned with the application or adaptation of interdisciplinary food and water security models. 

A fundamental understanding of the depth of potential modelling platforms, and their various 

capabilities and uses, is required prior to selecting the appropriate tool for a particular application. 

This manuscript attempts to identify key drivers of food and water security models and offers a 

basis for comparison of several of the models according to these key drivers, input requirements, 

model limitations and advantages. 

This manuscript initially discusses the fundamental concepts of food and water security to provide 

the broader context and requisite background on these topics. In doing so, the manuscript 

summarizes current hydrological and food production and consumption modelling structures that 

have been applied independently for either water or food security analyses. This information serves 

as a foundation for research and provides insight into more detailed and complex interdisciplinary 

models. The paper then focuses on ten food and water security models to critically review and 

analyze their application, processes, input data and information, advantages and limitations. 

Results from this analysis will provide guidance for model selection and development to improve 

understanding of the interdisciplinary nature of food and water security. 

2.2 Overview of Water Security 

Globally, fresh water may be our most precious resource; however, threats to global water security 

continue to impact the health of our fresh water resources. The global water cycle is being 

significantly altered by land development and the resulting effects on runoff, evapotranspiration 

and groundwater recharge processes. In urban and other developing areas, population growth 

decreases the availability of fresh water while urbanization decreases recharge to groundwater and 

increases stormwater runoff. Urbanization also impacts water quality, as the high volume of 

stormwater runoff transports contaminants from urban areas to groundwater and surface water 

bodies. The conversion of natural vegetation to agricultural land results in the over-extraction of 

water to support crop production (Siebert and Döll 2010), thereby decreasing fresh water 

availability.  Additionally, chemical agricultural controls including fertilizers and pesticides have 

been used indiscriminately to promote food growth, resulting in violations of water quality 

standards (Poincelot 1986).  
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Climate change is another significant threat to global water security. Changes in the frequency, 

pattern and volume of precipitation events will affect water quality and availability, as well as the 

ability of current infrastructure to respond to extreme weather hazards. Rising temperatures also 

threaten seasonal availability and quality of fresh water resources. Successfully addressing the 

challenge of global water security will require a holistic and interdisciplinary approach that 

incorporates all factors influencing the availability, accessibility, and sustainability of water 

resources. 

2.2.1 Water Security Definition 

The concept of water security is dynamic and multi-dimensional. According to Jansky, Pachova, 

and Nakayama 2008, the term ñwater securityò should consider ñall aspects of human security 

pertaining to the use and management of waterò.  This view is somewhat anthropocentric, however, 

in that it overlooks the importance of environmental considerations in its definition of water 

security (Cook and Bakker 2012). The definition of water security has since evolved, and the 

provision of water resources to sustain and enhance ecosystem functions has become a priority 

(Cook and Bakker 2012). The definition of water security now encompasses ñsustainable accessé 

to adequate quantities of water of acceptable quality to ensure human and ecosystem 

healthò(Norman et al., 2010, p. ii).   

By this definition, all aspects of water security can be summarized in three dimensions: 

availability, accessibility and sustainability. In this manuscript, the assessment of water security 

has been generalized and incorporates the availability aspect of the definition of water security. 

Water availability is given by the total supply of both renewable and nonrenewable water sources 

leftover after water demands are satisfied. Supply must outweigh demand in order to avoid water 

stress and insecurity. Increasing pressures on fresh water resources have prompted the 

development of several global assessment models which attempt to evaluate the overall water 

balance.  

2.2.2 Review of Global Hydrological Models 

In an attempt to manage and protect global fresh water resources, a number of global hydrological 

models (GHMs) have been developed that incorporate precipitation patterns, temperature, runoff, 

and other climate variables into their framework (Giuntoli et al. 2015).  These models use scenario 
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analysis to assess the performance of water resource systems under circumstances of global climate 

change and rapidly varying water demand (McKinney et al. 1999).  

According to Wood et al., 2011, current hydrological models lack the capabilities to address 

societal requirements for information about the global water system. Although water quality is a 

significant aspect of water security and it is necessary to understand the processes that control 

water quality in surface water and groundwater bodies, current models lack this ability to simulate 

movement of water at and near the ground surface (Wood et al. 2011). Further development of 

GHMs should incorporate water quantity and quality, as well as environmental sustainability in 

the assessment of water security (McKinney et al. 1999). These models should be able to simulate 

how adverse effects of population growth and climate change will impact water availability and 

food security in time and space, as well as potential hydrological impacts to biodiversity (Wood et 

al. 2011). High-resolution hydrological and land surface models will allow for the detailed 

simulation of storage, movement and quality of water at and near the ground surface ï and will 

lead to higher-resolution flood and drought forecasting (Wood et al. 2011).  

In the framework of both the European Union Integrated Project Water and Global Change (EU-

WATCH) and the Water Model Inter-comparison Project (WaterMIP), it was noted that 

precipitation and runoff are significant sources of uncertainty in many GHMs (Schewe et al., 

2014).  These uncertainties stem from the climate models that have been integrated into many 

GHM platforms, which do not accurately reproduce current precipitation patterns and changes in 

climate variability (Schewe et al. 2014). Additionally, runoff generation processes are often 

conceptualized without significant consideration to local geology, hydro-climatology, or snow and 

permafrost dynamics (Bierkens 2015).  

A vital component of the majority of GHMs is considering the allocation of water for agricultural 

purposes as a fundamental component of water use. Due to the relationship between food and 

water security, there is vast potential for the use of GHMs in combination with agricultural 

modelling frameworks. Some hydrological models have now been adapted to perform analyses of 

water availability on food production (Bierkens 2015) which will be discussed in Section 4 of this 

manuscript following an introduction to food security. 
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2.3 Overview of Food Security  

Food insecurity represents one of the most significant challenges for the global population. Each 

year, more people die from malnutrition than from AIDS, tuberculosis and malaria combined 

(World Food Programme 2016).  Food insecurity can also lead to civil unrest and violence, 

justifying the need for government assistance and investment in agriculture in order to reduce 

conflict and build social capital (Notaras 2011). Population growth, urbanization, and climate 

change are just a few of the current socioeconomic and environmental challenges to global food 

security (Steinmann and Del Col 2008). The growing global population consumes and requires 

more food every day, putting pressure on agricultural and food production industries around the 

world. With growing populations, cities are also expanding and using more land for urban 

development. Climate change poses a significant threat to global food security, as it can affect 

precipitation and temperature patterns, and result in more extreme weather events. These factors 

have the potential to limit land available for food production, shift consumption patterns, and affect 

overall agricultural productivity (Msangi and Rosegrant 2011).  Addressing the concern of global 

food security will require effective preservation and redirection of surplus food in an attempt to 

eliminate malnutrition through adequate food distribution (Stephens and Cowin 2015). To do so it 

is necessary to investigate and understand the many variables that influence food security and 

impact agriculture, food production and consumption patterns. 

2.3.1 Food Security Definition 

According to the World Food Summit, food security exists when ñall people at all times haveé 

access to sufficient, safe, and nutritious food to meet dietary needs and food preferences for an 

active and healthy lifeò (United Nations Department of Economic and Social Affairs 2014).  Food 

security comprises ñavailability (i.e. sufficient quantities of food), access (i.e. adequate resources 

to obtain food), utilization (i.e. nutritious and safe diets, and clean water) and stability (i.e. the 

temporal dimension of the other three dimensionsò (Van Dijk and Meijerink 2014).  

In this manuscript, food security is assessed through comparison of food supply and demand. 

Sources of food include crop and livestock production, forage for wild edibles, hunting and fishing 

practices and production with the use of additive manufacturing. Food demand, feed consumption 

and food waste all represent sectors of demand for food resources. Additional demand is derived 
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from non-food sources, such as biofuels. A growing number of modelling platforms apply scenario 

analyses to explore key drivers of food security and forecast possible food shortages (Van Dijk 

and Meijerink 2014).  

2.3.2 Review of Food Security Models 

Van Dijk and Meijerink, 2014 assessed twelve studies that focus on investigating and modelling 

various food security issues and scenarios. Seven core models are used in these studies to estimate 

various food security indicators and assess a total of 43 different scenarios. Predictions of food 

supply are given by these models and combined with projections for additional factors derived 

from secondary sources to assess food security based on one or all of the following indicators: 

food prices, undernourishment, calorie availability and child malnutrition. Many of the studies 

incorporate climate change, the increasing use of biofuels and biomaterials, and shifts in diets and 

consumption patterns in some form; however, the direct impacts of these factors on food and water 

availability are not fully analyzed (Van Dijk and Meijerink 2014).  

Most of these studies and modelling approaches report food availability using estimates of calorie 

availability. Access is partially addressed in some studies with projections for food prices. It is 

also presented using variables including poverty and household income, household composition, 

education, waste and consumption behaviour. Many of the modelling approaches discussed do not 

adequately address utilization or nutrition security, as estimates of food utilization, child 

malnutrition and undernourishment neglect household and demand-level factors (Van Dijk and 

Meijerink 2014). The fourth dimension of food security, stability, is not generally reflected in these 

modelling efforts as they are primarily focused on the analysis of long-term trends.   

Apart from the conventional drivers of food security, other factors that have substantial impacts 

on food supply and availability include post-harvest losses, food supply chain waste, alternative 

food sources, farm adaptations, and water availability (Van Dijk and Meijerink 2014).  Few models 

examine the effect of these factors on food security; however, efforts are underway to incorporate 

these elements into future modelling platforms and include micro-level indicators of food and 

nutrition security in future modelling and scenario analysis efforts (Van Dijk and Meijerink 2014).  
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2.4 Food and Water Security Models 

The interdependence between water and food security emphasizes the importance of studying 

these variables in an inter-connected manner.  Recently, there have been substantial advances in 

the creation of modelling frameworks that address food and water collectively. A comprehensive 

review of the literature reveals ten existing models that jointly analyze food and water security, in 

order to characterize and evaluate the interactions between the two concepts.  A brief review of 

the primary focus of each of these models is given in Table A4, along with the suitable spatial 

scale for simulations in each model. This table also mentions the regions where each of the models 

have been applied. The ten models are critically reviewed in the following sections to assess input 

data, processes, model assets and limitations.  

2.4.1 IMPACT -Water 

The integration of a water simulation software with the International Model for Policy Analysis of 

Agricultural Commodities and Trade (IMPACT) was one of the first global and regional scale 

assessments of the effects of water availability and climate variability on food production (de 

Fraiture, 2007). IMPACT was first developed due to a lack of understanding in terms of the 

measures needed to be taken to achieve global food security and reduce poverty. It was originally 

designed to analyze the impact of population, investment, and trade on food security (Rosegrant 

et al., 2008). Despite many successful modelling efforts with IMPACT, the model was not able to 

incorporate climate variability in its estimations of food production and trade (Rosegrant et al., 

2008).  

This realization led to the establishment of the IMPACT-Water model, which considers water 

availability and demand through the use of a water simulation module (WSM). In addition to the 

WSM, the current IMPACT-Water model incorporates Earth System Models (ESMs), value chain 

models, as well as consideration for crop simulations, land-use, nutrition, and health and welfare 

analysis (Robinson et al., 2015). Details pertaining to the function and characteristics of the 

IMPACT-Water model are given according to Rosegrant et al., 2008. Spatial resolution was 

improved in the IMPACT-Water model. The world is divided into 320 ñfood-producing unitsò, as 

compared to the initial IMPACT model, which used only 36 regions (Robinson et al., 2015). The 
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current model utilizes 62 commodities in total, including 39 crop, 6 livestock and 17 processed 

varieties (Robinson et al., 2015). 

The WSM evaluates basin-level hydrology to address the potential impacts of significant climate 

and hydrological variations at larger scales (McKinney, 1999). Water demand is divided between 

irrigation, livestock, industrial and domestic needs and committed flows for environmental, 

ecological, navigational and off-stream water requirements. Price is also factored into water 

demand predictions. In the estimation of total available water supply, precipitation, 

evapotranspiration, runoff, and anthropogenic factors (including flow diversion, groundwater 

pumping, water pollution and water allocation policies) are considered. In order to analyze water 

availability for crop production, effective rainfall is estimated based on total rainfall, soil moisture 

content, soil characteristics and evapotranspiration. 

The analysis is optimized by assuming that minimal water shortages occur within a river basin; 

however, this approach does not allow for full assessment of future water supply uncertainties.  In 

order to allow for consideration to environmental impacts, the concept of ñmaximum allowable 

water withdrawalò was introduced, to constrain water withdrawal and account for in-stream 

environmental water requirements (M. W. Rosegrant, Cai, and Cline 2006). Other environmental 

impacts are explored through analysis of salt leaching requirements, soil salinity control, and 

alternative rates of groundwater withdrawal (Rosegrant and Cai, 2002).  

The food portion of the IMPACT-Water model comprises a system of equations to analyze various 

scenarios for food demand, supply, trade, income and population. Projections of food supply are 

divided between crop and livestock production, while estimations of food demand consider food, 

feed, production of biofuels and other uses. Crop production and harvested area projections are 

functions of prices, water availability, and other exogenous factors such as population pressure, 

soil degradation and land conversion. Crop yield estimates incorporate the impacts of agricultural 

technology improvements including crop management research, conventional plant breeding, 

hybridization breeding and transgenic breeding, on productivity development. Ongoing research 

has improved the range of crop commodities available in the model to include aquaculture, 

groundnuts, cotton, fodder crops, and major dry-land grains and pulses. Livestock production is a 

function of price, consideration to competing products, feed and growth in livestock slaughtered.  
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In this model, food prices are considered as a function of world prices. Additionally, food supply, 

demand and prices for each sub-model are linked through trade. In its analysis of food security, 

the IMPACT-Water model platform focuses on undernutrition statistics of children under the age 

of five in Sub-Saharan Africa. This region was selected due to the prevalence of undernourishment. 

People in this region experience undernourishment more than anywhere else in the world (World 

Food Programme, 2016).  According to Rosegrant et al., 2008, ñany child whose weight-for-age 

is more than two standard deviations below the weight-for-age standard set by the World Health 

Organization is considered malnourishedò. This term was later updated to the more precise term, 

ñundernourishedò (Robinson et al. 2015). The IMPACT-Water model predicts the number of 

undernourished children under the age of five for various scenarios in order to provide a basis for 

comparison of the level of food security in different situations.  

The process followed within the combined food and water model begins with the assumption that 

there is no shortage of water. Harvested crop area and crop yield are then estimated with 

consideration to inputs including price, labour, fertilizer, and technological advancements. Water 

availability for crop production is estimated, thereby influencing new calculations of crop area and 

yield. Food and global trade are projected, and crop prices are adjusted iteratively until the global 

trade balance equals zero. The newest version of the IMPACT-Water model (IMPACT 3) provides 

a more user-friendly interface as it streamlines computational requirements (Robinson et al. 2015). 

The IMPACT model has been applied in regions in Sub-Saharan Africa by Rosegrant et al., 2005,  

in various countries in the Arab region by Sulser et al., 2011, as well as in other global applications.  

2.4.2 GLASS 

Alcamo et al., 2001 identified the need to quantify the impact of changes in the environment on 

human health and security. With the development of the Global Assessment of Security (GLASS) 

model, Alcamo et al., 2001 attempted to assess the risk to society associated with extreme 

environmental events including droughts, floods and air pollution. The preliminary version of the 

GLASS model was designed to assess the impact of changing climate on food and water security. 

Various characteristics of the GLASS model are outlined below, with details given primarily in 

Alcamo et al., 2001.  
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To simulate changes in land cover, the model uses the Land Cover model of IMAGE 2 (Zuidema 

et al. 1994; Alcamo et al. 1998). For long-term changes in climate, the climate model of IMAGE 

2 (de Haan et al. 1994; Alcamo et al. 1998) or other general circulation models are used, while 

short-term variations in climate are estimated using a gridded historical database (New, Hulme, 

and Jones 2000). Changes in crop productivity are computed within the GLASS model using the 

FAO Crop Suitability model (FAO 1978), which uses climate data to estimate the yield of various 

crops on a global scale. Crop yield estimates consider local temperature, moisture conditions and 

specific soil conditions. Hydrological variations are modelled using the WaterGAP model, which 

provides estimations of water use and availability over 1,162 watersheds, spanning 150 countries 

(Alcamo et al. 1997; P Döll et al. 1999). This model accounts for domestic, industrial and 

agricultural water uses, as well as river runoff and groundwater recharge. Major drivers of global 

environmental change include the global population, economic changes and advances in 

technology. Other drivers not considered in the GLASS model include political-economic 

institutions and cultural and habitual practices (Stern, Young, and Druckman 1991).  

A vital component of this model is the ñCrisis modelò, which attempts to estimate the probability 

of crises arising in countries across the world. It determines environmental stresses in a region by 

computing the deviations of water availability or crop productivity from their normal, or expected 

conditions. To represent ñnormalò conditions, the GLASS model used climatic, land-use, 

hydrological and agricultural data from 1961 to 1990, and measured deviations from these average 

values for any particular year. A significant aspect of the ñCrisis modelò within GLASS is the 

concept of ñsecurity diagramsò. Security diagrams link levels of environmental stress and state 

susceptibility (the ability to resist or recover from crises) for various countries at any point in time. 

According to this model, countries that experienced higher levels of environmental stress would 

be expected to experience more frequent crises. The GLASS model has been applied in a study 

assessing the potential impacts of climate change on food and water availability in Russia by 

Alcamo et al., 2007.  

2.4.3 WATERSIM  

The Water, Agriculture, Technology, Environment and Resources Simulation Model 

(WATERSIM) assesses the impact of food and water policies on water availability, food security 

and the environment (de Fraiture 2007). Both the IMPACT-Water and PODIUM models are 
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utilized as the foundation for the WATERSIM framework (de Fraiture 2007). The initial PODIUM 

model considers one crop category (cereals) to assess food and water security at a national level. 

Limitations of the PODIUM model include that it fails to consider individual crops within the 

cereal category, capture spatial variations in the water balance, or model at a sub-national level 

(Amarasinghe 2005).     

WATERSIM gives a global context for national and basin level analyses by considering the 

relationship between global economy, basin or country-level water use and availability, and 

agricultural production (de Fraiture 2007). It is quite flexible, allowing for the simulation of a 

variety of scenarios, although the wide spatial scale also limits the level of detail in model 

simulations (de Fraiture 2007). A major advantage of the WATERSIM model over other food and 

water security models is the use of feedback mechanisms between food and water analyses (de 

Fraiture 2007). An example of one of these feedback mechanisms would be the impact of a water 

shortage, and the resulting deficiency in food and increase in food prices on food production in the 

following year (de Fraiture 2007).  

According to de Fraiture (2007), the WATERSIM model divides the world into 125 river basins 

in its analysis of hydrological processes. The food module uses 115 economic regions which, 

combined with the river basin grid, produce 282 sub-basins, or ñFood Producing Units (FPUôs). 

FPUôs are used to model hydrological or economic processes over a specific river basin or 

economic region. WATERSIM models economic processes, food supply and demand using an 

annual time step, while specific crop related parameters are determined either on a monthly or 

seasonal basis. Climate and hydrological processes are modelled at a monthly time-step, along 

with water supply and demand. WATERSIM projects food and water security scenarios for the 

year 2025; however, there is some flexibility which allows for shorter or longer-term projections.  

The food portion of the model projects food supply, demand, prices and trade. It considers income 

growth in agricultural and non-agricultural sectors in its projections. Supply is a function of crop 

and livestock yield and incorporates 32 agricultural commodities. Crop production depends on 

price, competition, growth trends, water availability, labour and capital, and is considered 

separately for irrigated and rain-fed areas. WATERSIM defines irrigated and rain-fed areas 

through modification of the Global Map of Irrigation Areas (Siebert, Hoogeveen, and Frenken 
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2006). The trend factor considers improvements in agricultural technology including crop 

management, conventional plant breeding, hybridization breeding and transgenic breeding, on 

increased productivity. Livestock production is a function of price, competition, feed and growth 

in terms of livestock slaughtered. Demand calculations estimate requirements for food, feed, and 

other uses through consideration to prices, competition, income, population, and livestock 

production. Domestic prices are a function of world prices, and trade links various regions on a 

global scale. The model also captures changes in harvested area resulting from population 

pressures, soil degradation or conversion of land to non-agricultural uses. The food module 

assumes that there is an overall balance in the world market and that agricultural production equals 

demand plus any change in stocks.    

The water portion of the model is based on a water balance, and projects water demand as a 

function of agricultural, industrial and domestic requirements. An advantage of WATERSIM is its 

differentiation between depletion and total diversions, where depletion renders water unavailable 

for future use. To compute agricultural water requirements, WATERSIM considers irrigated area, 

cropping patterns, crop water requirements, effective rainfall and effective efficiency (i.e. a factor 

that determines efficiency of the use of depleted water). Industrial water requirements consider 

manufacturing, energy and agro-industry, while domestic water demand considers requirements 

of both urban and rural areas based primarily on income and population. Water supply is derived 

from such sources as runoff, groundwater recharge, and inflow from inter-basin transfer. The 

storage capacity of a particular basin is simulated using the Basin Equivalent Storage (BES), and 

supply is then optimized using a reservoir operation model, as per Rosegrant and Cai, 2002. 

WATERSIM also considers in-stream environmental requirements; however, it assumes that the 

percentage of total river flow dedicated to in-stream environmental requirements remains equal on 

a monthly basis. Environmental policies concerning ecological water requirements may be entered 

into the system as either hard or soft constraints, allowing for flexibility in the simulation.  

The water and food modules are linked primarily through agricultural area and crop price. The 

model iterates between these two modules to reach a final market equilibrium and water balance. 

The overall modelling approach for WATERSIM requires considerable data derived from a variety 

of sources, resulting in a computationally-intensive calibration process. The water module is 

calibrated using data from Aquastat and other national databases, while the food module uses data 



 

15 

from the FAOstat database for calibration. Due to the global scale of this model, limits on data 

availability and computing power result in a limited level of detail as compared to smaller scale 

models. Simulations occur in General Algebraic Modeling System (GAMS), and output is in a 

spreadsheet file format. Model output for one scenario may be produced within about 10 hours on 

a high-end PC. The WATERSIM model has been applied in China and India by De Fraiture et al., 

2008 and in regions in Sub-Saharan Africa by de Fraiture, 2005.  

2.4.4 GEPIC 

The GIS-based Environmental Policy Integrated Climate (GEPIC) model attempts to address the 

global challenge of producing more food with less water through its analysis of crop water 

productivity (CWP). A description of this model and its various advantages and limitations is given 

primarily by Liu et al., 2007. The combination of a crop growth model with GIS software was 

developed due to the need to address applicability and spatial variability in crop growth models. 

The foundation of GEPIC is the EPIC model, which projects yields for more than 100 different 

crops and has been successfully implemented around the world to simulate output for varying 

climates, soil properties, crops and management scenarios. Williams et al., 1989 found that the 

EPIC model simulations for wheat, corn, rice, soybean, corn soybean and sunflower in locations 

in the U.S., Asia, France and South America were consistently within 7% of measured yields. 

EPIC is also a public domain software, and requires minimal data input.  

The primary objectives of the EPIC model are to simulate crop yield, evapotranspiration (ET) and 

CWP. It uses a daily time step to simulate weather, hydrology, nutrient cycling, tillage, plant 

environmental controls and agronomics. Crop yield depends on the interception of solar radiation, 

crop parameters, leaf area index, and harvest index. Potential growth may also be affected by 

deficiencies in water, nitrogen or phosphorus, extreme temperatures or poor soil aeration. The 

estimated aboveground biomass is multiplied by an index that considers water stress, which is 

measured by the ratio of water withdrawal to water availability (Liu et al. 2013). ET may be 

estimated using one of five available methods in EPIC: Hargreaves (Hargreaves and Samani 1985), 

Penman (Penman 1948), PriestleyïTaylor (Priestley and Taylor 1972), PenmanïMonteith  

(Monteith 1965), and BaierïRobertson (Baier and Robertson 1965). Evaporation and transpiration 

are computed separately similarly to Ritchie, 1972. Crop water productivity is defined here as the 
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ratio of crop yield to ET. This relationship compares the total yield of a certain crop with the 

amount of water used that is no longer available for other uses.  

The GEPIC model combines EPIC with GIS software using an approach to transfer data between 

the two. ArcGIS is used to edit input data and program and display simulated output. Types of 

input data required for the GEPIC model include location, slope, climate, soil, land-use, plant and 

management information. GIS raster datasets are used to input data into GEPIC. The ñUTILò 

program is used to generate ñEPIC input filesò, and GEPIC runs the EPIC model for each simulated 

grid. Output files are generated for three primary output variables: crop yield, ET and CWP.  

The GEPIC model is advantageous for users who wish to model crop yield, ET and CWP at varying 

spatial scales, ranging between field and global levels. The relatively straight-forward graphical 

user interface (GUI) also makes the GEPIC model user-friendly. GEPIC-simulated output was 

compared with FAO statistical yields for 102 countries over 10 years, and it was concluded that 

the model performed well. Due in part to its collaboration with the GIS software, the accuracy of 

GEPIC model output is strongly correlated to the quality and level of detail of input data. 

Simulations with the GEPIC model could be improved with more detailed knowledge of the spatial 

distribution of crops and crop planting patterns. GEPIC is limited in that it is not yet capable of 

accurately addressing the issue of pest infestation on a global scale, although EPIC does have a 

generic component to address this problem. For use in large countries, GEPIC should be calibrated 

and validated on a smaller-than-national scale. The GEPIC model has been applied in a variety of 

studies at the global scale, including those by Liu, 2009 and Rosenzweig et al., 2013. The GIS-

based EPIC model has also been applied at a national scale, such as in an application of the model 

in China by Peng et al., 2007. 

2.4.5 LPJmL  

The Lund-Potsdam-Jena managed Land (LPJmL) model was developed in response to a need to 

evaluate agriculture on the basis of global climate and vegetation, as identified by Bondeau et al., 

2007. LPJmL is a global vegetation and water balance model. It analyzes the conversion of 

vegetative areas to agricultural land under global climate change scenarios and investigates the 

non-linear biophysical and biogeochemical features associated with this conversion. It also 

attempts to assess the impact of factors such as climate, CO2 levels, land management and land-
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use change on future provisions of ecosystem services including food, fibre and energy crops, 

climate regulation and water purification.  

The concept of crop functional types (CFTs) was developed to group crops or grasses according 

to similarities in function. Thirteen CFTs in total were added, covering both arable crops and 

grasslands. The use of CFTs in the LPJmL model allows for an acceptable variety of plant types 

to be used in simulation, while increasing the applicability of the model overall by neglecting to 

mimic any specific cultivar of crop. Various crop characteristics (summer vs. winter cultivars for 

example) reflect an optimal variety of plant types. Additionally, in order to simulate the impacts 

of environmental and management factors on crop yield and development, a daily carbon 

allocation scheme is used.  

Overall crop growth and yield for each CFT are simulated according to sowing date, phenology, 

leaf area and growth, carbon allocation, irrigation, harvest, residue management, intercropping and 

managed grass/grazing. Crops modelled within LPJmL have annual life cycles (due to climate or 

human actions). Processes with both daily and annual time-steps are used to model crop growth, 

including photo-synthesis, respiration, evapotranspiration and the allocation of photosynthates to 

plant organs. Crop growth modelling in both the SWAT (Arnold et al. 1994) and SWIM 

(Krysanova and Wechsung 2000; Krysanova, Hattermann, and Wechsung 2005) models is 

considered in the implementation of LPJmL. Other input data required include climate, 

atmospheric CO2 and land-use information extending from the year 1901 to 2000. Climate input 

is accepted on a monthly temporal scale for temperature, precipitation, total number of wet days 

and sunshine hours at a 0.5° resolution. Water storage derived from fossil groundwater resources 

or reservoirs is not computed due to a lack of appropriate data. Soil and atmospheric CO2 

information are used as in Sitch et al., 2003. Uncertainties arise due to significant variations in 

global estimates of soil carbon. Bondeau et al., 2007 have concluded that total soil carbon results 

from LPJmL are reasonable, if uncertain. Additionally, the model does not currently simulate 

fluxes associated with greenhouse gases other than CO2, although methane and N2O emissions 

will be implemented into the same structure.  

The LPJmL model is relatively simple as it requires few input parameters compared to other crop 

and water balance models. The model is widely applicable because it uses local climate data to 
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simulate various factors associated with crop phenology. The underlying concepts of the model 

have also been validated through analysis of simulated data against selected benchmarking data 

from various sources. Biophysical and biogeographical observations such as leaf phenology, CO2 

fluxes and crop yields align well with model predictions, as do hydrological simulations including 

soil moisture, runoff and evapotranspiration (Rost et al. 2008). The LPJmL model has been used 

to test the influences of land-use or management practices on food/feed production. According to 

Bondeau et al., 2007 it is expected that LPJmL would perform well under a variety of unknown 

future conditions including climate change scenarios and increased atmospheric CO2 levels. 

LPJmL has been applied in a variety of global applications, including those by Rosenzweig et al., 

2013 and Gerten et al., 2011.  

2.4.6 GCWM  

While there have been many statistical studies on global blue water resource consumption, the 

concept of green water consumption and its temporal variability has, despite its importance, not 

been the focus of global water resources assessments (Rost et al. 2008).  Blue crop water use refers 

to the evapotranspiration of irrigation water that originates from surface or subsurface water 

bodies, while green crop water use refers to evapotranspiration due to precipitation on cropland 

(Siebert and Döll 2010).  The Global Crop Water Model (GCWM) was developed to establish a 

clear distinction between blue and green crop water use, allowing for an improved analysis of 

human impacts on global freshwater sources (Siebert and Döll 2010).  GCWM is a crop water 

model that simulates both the blue and green water requirements of three primary crop groups (23 

major crops in total) and is described fully in Siebert and Döll, 2008. Simulations are run on a 

daily time step at a spatial resolution of 5ft by 5ft.  

GCWM builds on the Water GAP model with improvements including input requirements for 

cropping patterns and cropping calendar, increased range of crop commodities from two to 23 and 

increased spatial resolution from 30 to 5 arc minutes. Portmann et al., 2008 determined cropping 

patterns at a 5ft by 5ft spatial resolution and growing seasons for 402 spatial units. Climate input 

parameters include monthly values for precipitation, number of wet days, mean temperature, 

diurnal temperature range and cloudiness at a spatial resolution of 30ft by 30ft. Long-term averages 

for precipitation, number of wet days, diurnal temperature range, sun shine percentage, wind speed 
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and relative humidity are also required at a spatial resolution of 10ô by 10ô. At this resolution, daily 

values are interpolated from monthly values by applying cubic splines as in Press et al., 1992.  

Reference evapotranspiration in GCWM is simulated using either the Priestley-Taylor method 

(Priestley and Taylor 1972) or the FAO Penman-Monteith approach (Allen et al. 1998). Maximum 

daily crop evapotranspiration is also computed based on the evapotranspiration expected from 

healthy and well-watered crops. According to Allen et al., 1998 this parameter is a function of a 

crop coefficient and the reference evapotranspiration. Actual evapotranspiration is also computed 

following Allen et al., 1998, as a function of soil water content, soil water capacity, the fraction of 

total soil water capacity that can be extracted by a crop from the root zone without water stress, 

and the maximum daily crop evapotranspiration. Soil water balances are computed for each sub-

crop of an overall crop class in each of the 5ft by 5ft grid cells.  

For rain-fed crops, green water consumption is equal to actual evapotranspiration. For irrigated 

crops, soil water balances are performed separately for two cases: first for the assumption that the 

soil does not receive irrigation water, and second for the assumption that the soil does receive 

irrigation water. Green water consumption for irrigated crops is computed as actual 

evapotranspiration, while blue water consumption for irrigated crops is equal to the difference 

between computed and actual evapotranspiration. In GCWM, evapotranspiration may also be 

computed separately for conditions with snow or frozen soil.  

Sources of uncertainty identified by Siebert and Döll, 2008 include crop growing areas, cropping 

calendars, parameters used to compute daily crop coefficients, the methodology used to compute 

reference evapotranspiration and spatial and temporal resolution of climate data. Other 

uncertainties are introduced due to soil properties, limited availability of input data (resulting in 

grouping of several crops), sensitivities in paddy rice cultivation and assumptions for water use in 

irrigated agriculture  (Siebert and Döll 2010). While it is difficult to validate the modelôs 

simulations with data for rainfed crop production, simulations of irrigated crop production are 

relatively consistent  with external statistical information in Europe, the U.S.A. and other 

developing countries. Suggested improvements for future use of the GCWM model include 

attempting to use actual soil depth to restrict effective rooting depth for crops, improving the spatial 

resolution of climate input data, acquiring more extensive data on irrigated and rain-fed agriculture 
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for countries other than the U.S.A., and comparing and validating GCWM against other global 

models (Siebert and Döll 2010). GCWM has been applied in a variety of global studies, including 

that of Siebert and Döll, 2008.  

2.4.7 PODIUMSIM  

The PODIUMSIM model, described in full detail by Amarasinghe, 2005, is a tool designed to 

assess water balance and food security under various future scenarios. The PODIUMSIM model 

was developed on the same foundation as the PODIUM model, which considers four main 

categories for analysis: 1) food consumption, 2) food production, 3) water demand, and 4) water 

supply. The PODIUMSIM model does vastly improve the spatial and temporal scales of analysis 

from the PODIUM model. Food consumption simulations remain on national and annual scales; 

however, while remaining on a seasonal temporal scale, food production migrates from a national 

to a river basin scale. Water demand and supply estimations are also performed at river basin and 

annual scales in PODIUMSIM, with the exception of irrigation water requirement calculations, 

which use a monthly temporal scale.  

The water balance depends on water supply and water demand and considers water requirements 

for irrigation, domestic, industrial and environmental uses. Irrigation water requirements for 

agriculture are estimated based on 75% exceedance probability rainfall, potential 

evapotranspiration, crop calendars, length of crop growth periods, crop coefficients, crop areas, 

groundwater irrigated area, percolation requirements for paddy and project efficiency (both in 

terms of surface irrigation and in terms of groundwater irrigation). Domestic and industrial water 

requirements differentiate between human and livestock water allocations, and are a function of 

urban and rural populations, daily withdrawals per capita for urban and rural populations, percent 

urban and rural populations with pipe water supply, number of animals, daily per animal water 

requirement and total industrial water requirement. Consideration to environmental flow 

requirements is new to the PODIUMSIM model. Drivers of this component of water demand 

include annual river flow requirement, monthly renewable surface water resources, potentially 

usable water resources, and percentage of minimum flow needed to be met from potentially usable 

water resources. The estimation of usable water resources reflects water availability for 

agricultural, domestic and industrial sectors. This factor is now estimated at the river basin level, 

and considers surface water, groundwater, water transfers to other river basins, and the 
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environmental water requirement. For water used in the agricultural, domestic and industrial 

sectors, the PODIUMSIM model also estimates evapotranspiration or consumptive use, balance 

flows, return flows, groundwater recharge, non-process evaporation, and non-usable or usable 

flows to sea.  

Food consumption and production simulations are based on consumption and production patterns 

for eleven crop categories. Consumption considers population, daily calorie supply, percentage of 

calorie supply to various food sectors, per capita food consumption, feed conversion factors and 

other uses. Crop production is a function of gross and net irrigated area, irrigated and rain-fed crop 

areas, and irrigated and rain-fed crop yield.  Applications of PODIUMSIM include previous 

studies in Uzbekistan by (Yakubov and Manthrithilake, 2009), China (Li et al., 2007) and India 

(Yee et al., 2009).  

2.4.8 CERES & VIC  

The amalgamation of the Crop Environment REsource Synthesis (CERES) model and the Variable 

Infiltration Capacity (VIC) hydrological model allows for an assessment of future climate change 

scenarios on cereal production in China. The joint application of these two models was introduced 

in Wei et al., 2009. As explained in Jones et al., 2004 and Xu et al., 2007 , high-resolution climate 

scenarios (at a scale of 50km by 50km) are produced using the óProviding Regional Climates for 

Impacts Studiesô (PRECIS) atmospheric regional model. Changes in future CO2 emissions are 

used to produce simulated changes in daily temperature, radiation and precipitation. One limitation 

in this procedure is that a simple carbon cycle model is used, and thus the effects of feedback in 

the climate-carbon cycle are not considered in the estimations of CO2 concentrations. Future socio-

economic scenarios are also produced at the provincial level using methodology outlined in 

Nakicenovic and Sward, 2000 and Gaffin et al., 2004.  

Agricultural, industrial, domestic and municipal water requirements represent water demand 

projected for these scenarios. Agricultural/irrigation water requirements are projected based on the 

assumption that technological advancements, management and policies will continue to improve 

irrigation water use efficiency. Economic and technological advancements are also considered for 

industrial and domestic water demands. Future conversions in arable land are projected at a 50km 

by 50km grid scale using provincial level relationships between GDP and change in arable land 
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area. Three primary adaptations are considered in the agricultural sector: changes to water 

allocation policies, changes to arable land policies, and improvements in agricultural technology. 

For water allocation policies, highest priority is given to the domestic sector, followed by the 

agricultural sector. In terms of arable land policies, future conversion of arable land is assumed to 

decline to half the current conversion rate. Future crop yields are assumed to increase due to 

general improvements in agricultural technology.  

Three CERES models are used to project crop yield and potential irrigation demand for rice, maize 

and wheat in future scenarios at a 50km by 50km resolution. Both rain-fed and irrigated crop areas 

are considered and modelled according to crop pattern distributions from China in 2000 (Wei et 

al. 2009). Crop responses to CO2 levels in climate change scenarios are simulated based on FACE 

experiments Kimball et al., 2002. Total cereal production is estimated based on projected arable 

land conversion rates, crop-planting patterns and crop mix, irrigated or rain-fed crop areas and 

crop yield per land area unit. 

Runoff, surface flow, groundwater flow, lateral flow and evapotranspiration are all considered in 

hydrological estimations using the VIC model. For each grid cell, daily water yield is calculated 

and transformed into annual total water yield for ten river basins across China. Water available for 

irrigation purposes is calculated and compared to crop irrigation water demand. Available water is 

then allocated to paddy rice (due to the prevalence of paddy rice across China) and then to maize 

and wheat.  

This modelling framework produces estimations of total and per capita cereal production from 

2011 to 2050 using the following combinations of scenarios:  

Á Climate change; 

Á Climate change and CO2 fertilization effects; 

Á Climate change and water availability; 

Á Climate change, CO2 fertilization effects and water availability; 

Á Climate change, water availability and arable land loss;  

Á Climate change, CO2 fertilization effects, water availability and arable land loss. 
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The results of these simulations are compared with current production simulations (climate data 

from 1961-1990 and agricultural technology and area information for the year 2000). It should be 

noted that the PRECIS model gives wetter conditions than the average model output. There is also 

significant uncertainty in the ability of the climate model to fully capture spatial and temporal 

variations for extreme events. Important events such as temperature peaks and soil moisture 

deficits may also increase uncertainty when simulated in crop models during critical stages in 

growth cycles. Rates of change and areal estimates associated with agricultural land-use have large 

uncertainty due primarily to issues with measured data and the role of policy interventions in arable 

land conversion. The crop growth model does not consider influences due to changes in 

distribution, pests, disease, changes in management practice, or the multiple cropping index, and 

optimum crop inputs are assumed. The hydrological model assumes that current management 

practices and water-use efficiency will continue in the future, and that the initial planting and 

irrigation areas may be used to make any future predictions. Computations of water demand do 

not consider requirements for non-grain crops or for livestock and it is assumed that water available 

for irrigated agriculture is always available at the appropriate times. 

The overall model is likely to underestimate the negative effects of extreme scenarios on crop 

growth and water availability. Variables not considered in the overall modelling approach include 

changes in groundwater levels due to irrigation and urban water use, declining soil fertility, crop 

prices, international trade and changes in food consumption patterns. Spatial scale limits the ability 

of the modelling framework to identify significant variations in results at the provincial level. It is 

also limited in its ability to differentiate between simulated results for a variety of crops and 

identify the effects of more extreme high temperatures on crop yield. The amalgamation of the 

CERES and VIC models was applied by Wei et al., 2009 in a study of future cereal production in 

China. 

2.4.9 CAPRI (Extended Model) 

Due to the need to improve sustainable water use in agricultural practices, the following model, 

proposed by Blanco et al., 2012, built on the CAPRI agricultural modelling framework (Leip et al. 

2011). It includes a new component to assess irrigated agriculture in its analysis of water use and 

agricultural production in the European Union (EU). 
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The CAPRI model comprises a supply module, which estimates agricultural production over 

approximately 280 regions with up to ten farm types per region, and a market module, which 

simulates the market for approximately 60 agricultural commodities in 77 countries and 40 trade 

blocks. Input data for the model are derived from well-documented sources including the Food 

and Agriculture Organization of the United Nations (FAOSTAT), the Organization for Economic 

Co-operation and Development (OECD), and a source for European statistics (EUROSTAT). The 

supply module comprises individual models that each estimate agricultural activities over different 

regions. These models incorporate an approach based on Leontief technology, which is associated 

with production variables including land, feed and crop nutrient requirements. They also include 

a non-linear cost function which incorporates labour and capital in terms of agricultural practice. 

Land supply and demand, agricultural policy, nitrogen, phosphorus and potassium mass flows and 

greenhouse gas emissions are considered in the supply models; however, prices are separate, and 

are considered in the market module.  

The CAPRI model has several advantageous characteristics as compared to other agricultural 

models. Incorporation of crop-water relationships and changes in land constraints are relatively 

simple. Irrigation water may be input as a quasi-fixed production factor, which is desirable in the 

EU because the availability of irrigation water may limit agricultural production in some regions. 

Environmental indicators including irrigation intensity, water use intensity and water stress may 

also be computed at a regional level.  

The proposed extended CAPRI model incorporates water use for irrigation/agricultural practices 

in the supply module. Crop production is divided into irrigable and non-irrigable categories, and 

irrigable activities are further divided by irrigated and rain-fed areas. Irrigation water use for 

specific crops is estimated based on theoretical crop water requirements, rain-fed and irrigated 

crop shares and crop yield. CAPRI uses an econometric method for the allocation of costs in 

farming practices. In addition to agricultural water demand, municipal, industrial and livestock 

requirements are also considered in the extended model. Several key considerations for these 

sectors include population, industrial production and herd sizes. A distinction is made between 

total water use, consumptive water use and water withdrawal. Water use efficiency is given by the 

ratio of consumptive water use to water withdrawal. This modelling approach was tested in a pilot 

case study in Andalusia (Blanco, Van Doorslaer, and Britz 2012); however, it has not yet been 
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further developed and tested in other regions. A limitation of the extended CAPRI model is the 

lack of relevant homogenous data available across the EU. The model should also be altered so as 

to accurately consider competition between agricultural and non-agricultural water uses. The 

developed model is intended to assess potential impacts of climate change and water availability 

on agricultural production. The extended CAPRI model (with water analysis included) has not yet 

been implemented, but has been proposed for study within the European Union by Blanco et al., 

2012.  

2.4.10 GFWS 

The Global Food and Water System (GFWS) platform examines food and water security for 

various scenarios affecting population growth, changes in food consumption patterns, fertilizer 

use, water use, crop improvement, land-use and irrigation rates (Grafton, Williams, and Jiang 

2015). It does so by simulating gaps between food production and demand, and water supply and 

agricultural water demand. Details associated with the function, operation, advantages and 

limitations of the GFWS model are all based on work by Grafton et al., 2015. Nineteen countries 

that have significant food production contributions are included in the analysis, along with seven 

major crop types: wheat, rice, maize, sorghum, barley, oats, and soybean. The platform allows user 

alterations for crop improvements and changes to arable land area. 

Several key parameters for the food demand sector include population growth and food 

requirement growth. Food supply is a function of crop yield and area, as well as irrigation and 

fertilizer rates. A linear annual increase in productivity is used to simulate genetic improvements. 

Water demand for agricultural purposes is a function of land-use, crops and area under irrigation. 

In this case, the area under irrigation is determined according to FAO statistics. Climate data is 

derived from the SWAT database, and crop calendars for irrigated crops are given by the FAO 

database.  

In the GFWS platform, weather, crop, soil and management input data are used to simulate crop 

yield using the Agricultural Production Systems Model (APSIM) according to McCown et al., 

1995, McCown et al., 1996 and Keating et al., 2003. Water availability and nitrogen use are 

modified between simulations, and a crop yield database for a variety of conditions is established. 

Separately, various scenarios for population growth, calorie demand, dietary change, international 
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trade and irrigation techniques are formed using the OECD, UN or FAO. Scenarios are designed 

in a spreadsheet format where they are blended with information from the crop yield database to 

analyze future gaps in the water and food balance.  

Scenarios of population growth are formed using population projections by World Bank up to the 

year 2050. Food requirements are altered using information from the FAO forecast, as are changes 

in meat consumption patterns, which in turn affect feed requirements. Data required to simulate 

food export for various countries is also given by the FAO database. Arable land area may be 

increased by up to 50% by the user to simulate land-use change scenarios, with arable land data 

derived from the World Bank database.   

The GFWS model platform does not account for increases in water demand for industrial, domestic 

or environmental purposes, which results in over-estimation of available water. Model output 

indicates that increased food production will require input intensification, implying that increases 

in agricultural land, water use or fertilizer use will be necessary. This will present a challenge due 

to ever-increasing competition for these resources from other sectors. The GFWS model was 

applied in a global context by Grafton et al., 2015. 

2.5 Discussion 

The ten food and water security models reviewed in the past section were all created under different 

circumstances in order to serve a variety of purposes. While some of the platforms are suitable for 

global analyses of food and water security, others require more detailed input data and have been 

validated at regional or river basin scaled analyses (see Table A4). Several models place more 

focus on either food or water security indicators in terms of their model output.  

Before using one of these modelling platforms, it is essential that any user identify and understand 

the primary goal of their study. With this goal in mind, an appropriate food and water security 

model can be selected or adapted to fit the needs of the study based on its primary purpose, area 

of application, spatial and temporal scale of analysis, level of complexity and input parameters. 

Other factors to consider when choosing an appropriate modelling platform include type of output 

or information provided, and previous regions of application or validation for the model. Several 

key drivers have been identified to contrast and compare the ten food and waters security models 
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described in this manuscript. These drivers are derived from six principle categories: water 

demand, water supply, food demand, food supply, climate-related input and economic factors. A 

preliminary analysis to fit several of these key drivers to the scope and overall purpose of a 

modelerôs study will supply the foundation upon which to begin model selection and input data 

collection. Table A5 presents a comparison of these factors for the ten food and water security 

models reviewed in the preceding sections.  

Key concepts that differentiate most of these models include depth of scenario analysis for climate 

change impacts, consideration to environmental water requirements, estimation of water 

requirements outside of the irrigation sector, consideration to green water requirements in addition 

to blue water, range of crop commodities utilized, and the impact of international trade. Many 

existing models focus on climate change impacts, and fail to consider variability, frequency, and 

intensity of extreme climate events (Y. Kang, Khan, and Ma 2009). Some of the models optimize 

growing conditions and water availability, which results in over-estimation of available water 

resources (de Fraiture, 2007).  Environmental flow requirements are neglected in several of the 

modelling approaches(Alcamo et al., 2001; Bondeau et al., 2007; Grafton et al., 2015; Liu et al., 

2007; Siebert and Döll, 2008; Wei et al., 2009); if ignored, this could potentially result in resource 

degradation due to mismanagement and overuse.  The relationship between land-use and green 

water is frequently ignored, as water policy refers almost exclusively to blue water consumption 

(Lundqvist and Steen 1999).  Considering both green and blue crop water use in analysis is 

important as the majority of the worldôs food production comes from rain-fed agriculture, which 

is related to green water consumption (Lundqvist and Steen 1999). Table A6 presents several 

limitations of each of the food and water security modelling approaches reviewed in this 

manuscript. 

In order to move forward with the application of any of these food and water security modelling 

platforms, several points for potential improvement should be considered. Variations in crop 

consumption patterns affect the overall water balance through evapotranspiration and irrigation 

water requirements, while variations in meat and poultry consumption patterns affect the overall 

food balance due to changes in feed requirements. Appropriate modelling platforms should be 

flexible to allow for adaptations to consumption patterns and diets, soil parameters, climate, 

economic factors and other geographic variables.  
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Future modelling efforts should also consider the influences of agricultural, domestic, industrial, 

livestock and environmental requirements on water use and availability. Due to the prevalence of 

green water consumption in agricultural production, this concept should also be considered in an 

effective model. Spatial and temporal resolution should continue to be improved to increase the 

level of detail and accuracy in model output. Greenhouse gases other than CO2 should be 

considered when modelling future climate change scenarios. Models should be able to be 

calibrated and run on a sub-national level, especially for larger countries. Lastly, less data-

intensive models would be appropriate for assessment in regions with limited data availability. 

2.6 Conclusion 

As challenges to global food and water security persist and intensify, the study of their connection 

and relationship to one another is becoming increasingly imperative. There remains considerable 

uncertainty with regard to the ability of predictive tools to assess the state of future global food 

and water situations. Modelling platforms to jointly analyze food and water systems exist; 

however, further developments and adaptations are still required in order to improve modelling 

capabilities and provide opportunity for a more complete analysis and understanding of future food 

and water security. Models must be able to assess a wide variety of potential future scenarios in 

geographically diverse locations. To accomplish this, appropriate spatial and temporal scales and 

correct input parameters for the diverse locations are required. Without water security, food 

security will be unattainable. Research into the fundamental connections between food production 

and water availability are an essential step toward achieving global food and water security while 

ensuring environmental sustainability. 
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3 Trend Analysis for Water Security in the Grand River Watershed 

3.1 Introduction  

Water security is an indicator for overall health, prosperity and happiness within communities, and 

insecurities currently pose a significant threat to the global population. According to Vörösmarty 

et al., 2000, approximately 1.8 billion people (30% of the global population at the time) were living 

under severe water stress. A more recent study assessing water security and threats to biodiversity 

on a global scale concluded that nearly 80% of the global populationôs water security is at risk 

(Vörösmarty et al. 2010). Countries in Africa, South Asia and the Middle East are most at risk to 

experience water scarcity, although areas in the United States, Australia and Southern Europe 

experience relatively high water scarcity as well (Gain, Giupponi, and Wada 2016).  

Many physical, economic and social factors influence water security in a region. Some of these 

stressors include environmental factors such as climate, topography, geology and geography, as 

well as anthropogenic variables such as population growth, urbanization and industrial or 

commercial development. In the coming decades, water resources systems will be under a 

considerable amount of pressure as the total global population continues to grow and global 

weather patterns shift in response to climate change. Due to the inevitability of these factors, 

developing an understanding of our water resources systems is as important now as it has ever 

been, in order to adopt appropriate measures for water governance and land-use management.    

While Canada is often thought to be highly ñwater secureò due to the abundance of fresh water 

available for consumption, various sectors of the population do still face significant threats to water 

security. In the prairie region of central Canada, water availability is ever-decreasing and a growing 

concern, while water quality and availability remain a significant concern for many Indigenous 

communities across the country (Cook and Bakker 2012). In Ontario, the province with the highest 

population density in all of Canada, the total population is expected to increase by at least 30% 

over the next 25 years (Ontario Ministry of Finance 2017), exacerbating the pressures on local 

water resources systems. In Southern Ontario this growth is magnified, with the total population 

of the Greater Toronto Area expected to increase by over 40% during this time (Ontario Ministry 

of Finance 2017). 
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The goal of this study is to analyze trends in water security for a particular region in this highly 

populated area of Southern Ontario: the Grand River Watershed (GRW). Located west of the 

Greater Toronto Area, the GRW is the largest watershed in Southern Ontario, thereby influencing 

water security for a large proportion of the total population in the region. Although previous studies 

have used various modelling techniques and assessment tools to analyze water security in the 

watershed (Southam et al. 1999; Sanderson 1993), there is a need for more direct analyses, using 

real historical data to develop a better understanding of more recent localized trends. The primary 

objectives of this study include the following: (1) identify environmental and anthropogenic 

stressors affecting water security in the GRW, (2) characterize recent, historical trends in the 

temporal and spatial distribution of these variables, (3) analyze the potential impacts of these 

stressors on water availability and (4) assess the general state of water security in the GRW.  

3.1.1 Overview of Water Security 

Water security is a multidimensional concept that has been defined and redefined over decades. 

Previous definitions focused primarily on human aspects of water quantity and availability, 

including water governance and the management of fresh water resources for human consumption. 

These definitions encompass the need for fresh drinking water as well as water requirements for 

agricultural use, health and sanitation and industrial and commercial processes. Definitions of 

water security have since been revised to incorporate environmental water requirements, 

recognizing the importance of maintaining ecosystem functions for biodiversity (Cook and Bakker 

2012).  

This study utilizes a three-dimensional conceptual framework to assess water security. This 

framework incorporates three key elements: availability, accessibility and sustainability. 

Availability is the total supply of water resources available to satisfy all human and environmental 

water requirements. Accessibility is defined as the physical and economic access to water 

resources of adequate quality to sustain human and ecosystem health. Sustainability encompasses 

water governance and management to maintain availability and accessibility in the long-term and 

protect against water-related hazards including flooding and drought. These definitions are 

summarized in Figure 3.1. 
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3.1.2 Water Security Analyses 

Many studies have used a variety of different methods to quantify and assess water security across 

the globe. These methods include indicators and assessment tools that measure water stress, 

availability and scarcity, concisely presenting scientific data to stakeholders from a variety of 

different academic backgrounds. Other methods include various conceptual, empirical, analytical 

and simulation-based modelling frameworks that indirectly evaluate the impact of changing 

variables and scenarios on water security. The spatial scales of these tools vary, from the 

community or sub-basin level to a global scale. 

3.1.2.1 Water Security Assessment Studies 

Norman et al., 2013 developed a method for assessing water security status at a watershed, or sub-

watershed, scale. Identifying the need for a connection between scientific assessment or 

measurement of fresh-water related security issues and changes in governance and policy, this 

study developed an original approach to improve upon these and other drawbacks of existing 

indicators. The Water Security Status Indicators (WSSI) method adapts to incorporate governance, 

participation and overall scale on a community-level. The findings of this study by Norman et al., 

2013 determined that one of the key barriers to assessing water security issues is data ï availability, 

accessibility, quality, consistency and dissemination being the primary data-related issues barring 

successful water security analyses. Other important considerations that were identified for future 

assessments included identification of specific groundwater/surface water-related issues and 

attention to water quality and quantity.  

Plummer et al., 2013 developed a process to assess water vulnerability in First Nations 

communities in Southern Ontario, identifying the need for approaches that consider 

socioeconomic, as well as physical barriers to water security. Their approach recognizes the 

óholisticô and culture-based perspective of Indigenous peoples in relation to water and other natural 

resources (Plummer et al. 2013). The research process involved developing a conceptual 

framework with specific indicators for various sub-dimensions of water vulnerability, community 

questionnaires, interviews and analysis of secondary data (Plummer et al. 2013). The results 

produced a water vulnerability score for each First Nations community involved in the case study, 
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highlighting specific vulnerabilities for each community and gaps in knowledge for further 

assessments. 

Both studies by Norman et al. 2013 and Plummer et al. 2013 identified key issues that may be  

overlooked or underestimated in current water security assessments. These include data 

availability, which is a major constraint for many studies of this nature and limits the temporal and 

spatial resolution of analyses and findings. As it is widely accepted that the ideal spatial scale for 

analyzing and regulating water-related issues is within a watershed, a high level of detail is 

required in terms of climatic, hydrological, topographical and geological data. Data consistency 

and availability is therefore an area with vast potential for improvement, especially for smaller, 

less-studied watersheds across the globe. Another key observation was the need for holistic 

approaches that incorporate socioeconomic considerations throughout the analysis of water 

security and other related issues. In terms of water security specifically, socioeconomic factors 

such as income level, rates of chronic and mental illness and cultural ties to the environment are 

deeply impactful. This observation highlights the importance of recognizing the unique and 

specific needs of various communities and sub-groups with respect to water use, management and 

research. Water security assessments and analyses should therefore aim to tailor their research and 

methodologies to consider the direct and indirect implications of results for vulnerable sectors of 

the population or local sub-groups with significant socioeconomic disparities.  

Figure 3.1: Three-dimensional conceptual framework for food and water security. 
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3.1.2.2 Hydrological Modelling Platforms 

Southam et al. 1999 examined the potential impact of climate variability and future climate change 

on water supply and demand in the Grand River Watershed in Ontario, Canada. Using the Water 

Use Analysis Model (WUAM) and 21 scenarios incorporating future population, water 

use/regulations and surface water supply, the study assessed the capability of the local hydrologic 

system to maintain target streamflow levels at specific locations throughout the watershed. 

Adamowski and Bocci, 2001 analyzed monthly and annual trends in historical river discharge data 

using observations from 248 river stations in the Environment Canada óReference Hydrometric 

Basin Networkô (RHBN). Grouping these stations into ten, non-overlapping, homogenous regions 

across Canada, each with strongly correlated data between river stations, the study developed a 

spatiotemporal model to estimate regional temporal trends in river discharge.  

Döll et al., 2003 used the WaterGAP Global Hydrology Model (WGHM) to quantify and derive 

water availability indicators. The WGHM uses 0.5 ̄ grid cells as well as the highest-quality 

available data sets to compute monthly runoff and river discharge (Petra Döll, Kaspar, and Lehner 

2003). Long-term average river discharge is computed at more than 700 gauging stations globally, 

within 1% of observed values (Petra Döll, Kaspar, and Lehner 2003). Döll et al. 2003 assert that 

the WGHM can produce reliable results for river basins larger than 20,000km2. All of these factors 

make the WGHM a suitable framework for global analysis of water security.  

These studies used different tools to assess changes in water supply and availability for varying 

spatial scales. Some used unique and holistic methods to assess water stress and vulnerability for 

local regions and communities based on a variety of site-specific indicators. Others indirectly 

evaluated the potential impact of climate change projections and other scenarios on future water 

security. For regional analyses, historical observations may be able to provide a clearer picture of 

localized trends at a watershed, or sub-watershed scale, and could provide more accurate estimates 

of the potential effects of changing anthropogenic and environmental variables on water security 

in the immediate future. These direct analyses, utilizing real data, could be extremely important 

when it comes to managing local water resources and developing related policies and regulations 

in the near future. 
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3.1.3 The Grand River Watershed (GRW) 

The Grand River Watershed (GRW) is the largest watershed in Southern Ontario, spanning a 6,800 

km2 area north of Lake Erie between Toronto and London (Grand River Conservation Authority 

2018b). Figure 3.2 shows the GRW and surrounding cities and surface water bodies. The 

watershed is currently home to approximately one million people, and this number is steadily 

growing. Although close to 70% of the GRW is made up of agricultural land, the recent population 

growth trend has resulted in land development surrounding larger cities such as Guelph, Waterloo, 

Kitchener and Brantford.  

The GRW includes regions with both moderate and cool-temperate general climate patterns. There 

are four primary seasons, with relatively cold winters seeing precipitation in the form of snow, and 

hot and humid summers (Lake Erie Source Protection Region Technical Team 2008). Although 

relatively evenly distributed throughout the year, precipitation patterns are usually inconsistent 

from month to month. The GRW comprises four climate regions: the Dundalk Uplands, Huron 

Slopes, South Slopes and Lake Erie Counties. Sitting at the highest elevation within the watershed, 

the climate in the Dundalk Uplands is slightly cooler, with average annual temperatures of about 

five to six degrees Celsius and 950 to 1,000 mm of precipitation annually. The Huron Slopes and 

South Slopes, both located in the centre of the GRW, are impacted by winds from the Northwest 

over Lake Huron. The result is a ñsnowbeltò with higher rain and snowfall accumulation (Lake 

Erie Source Protection Region Technical Team 2008). The average annual temperature in these 

regions is between six and seven degrees Celsius, with total annual precipitation between 850 to 

950 mm. The Lake Erie Counties region experiences milder temperatures due to winds over Lake 

Erie, with average annual temperatures between seven to seven and a half degrees Celsius, and 

total annual precipitation between 850 and 900 mm. The GRW experiences extreme and 

unpredictable weather events including tornadoes, extreme snowfall, droughts and the remnants 

of major hurricane events (Lake Erie Source Protection Region Technical Team 2008).  

Hydrologic conditions vary significantly throughout the GRW. The topography is quite flat in the 

northern region of the watershed and is primarily till plain, resulting in higher surface runoff and 

low infiltration to groundwater. The centre of the watershed is primarily moraine and sand/gravel 

deposits, resulting in very high infiltration rates and low surface runoff. The southernmost area of 

the GRW is located in the Haldimand Clay Plain region, again with very high surface runoff and 
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low infiltration (Lake Erie Source Protection Region Technical Team 2008). About 82% of the 

total population within the GRW relies on groundwater for water supply, with the remaining 

percentage relying primarily on the river system (Lake Erie Source Protection Region Technical 

Team 2008). 

The Grand River Conservation Authority (GRCA) is the oldest water management agency in 

Canada, overseeing planning and management for water and other natural resources throughout 

the GRW (Grand River Conservation Authority 2018a). In 2012, the GRCA Board approved the 

new GRCA Strategic Plan, with the following five key Strategic Objectives to promote 

environmental health and sustainability within the GRW: 

Á Protect life and minimize property damage from flooding and erosion; 

Figure 3.2: The Grand River Watershed (GRW) and surrounding region. 
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Á Improve watershed health; 

Á Connect people with the environment through outdoor experiences; 

Á Maintain an organization with a focus on teamwork, development, engagement and 

positive change; and 

Á Deliver value and innovation to watershed stakeholders.  

These objectives aim to maintain or improve water availability and quality, reduce flood damages, 

protect biodiversity and provide environmental education (Grand River Conservation Authority 

2018a). Results from the present research may have significant implications in terms of the 

achievement of the Strategic Objectives outlined by the GRCA. 

The GRW is also home to the largest First Nations reserve in Canada, Six Nations of the Grand 

River (SNGR), with members from the Mohawk, Cayuga, Onondaga, Oneida, Seneca and 

Tuscarora nations. Located approximately 25 km southwest of Hamilton, the SNGR territory spans 

close to 18,000 hectares, with a total population of about 12,000 to 13,000 people (Six Nations 

Elected Council 2018). Although SNGR resides close to some of the largest urban cities in Canada, 

it remains one of the most vulnerable communities in the region in terms of food, water and 

socioeconomic security. This is due in part to the history of abuse, neglect and forced cultural 

assimilation that has impacted Indigenous peoples across Canada since the arrival of European 

settlers in the 16th century (Préfontaine 2018). This has resulted in newer generations being 

disconnected from spiritual and cultural traditions, history and ways of life, experiencing mental 

and chronic illnesses at higher rates than the general population (Chiefs of Ontario and Cancer 

Care Ontario 2016).  

Studies assessing water security in a region or watershed should pay special consideration to 

vulnerable sectors of the population. Many of these communities already face dire situations in 

terms of water health and may be more heavily impacted by anthropogenic and environmental 

changes. SNGR is a significant consideration for water health and security within the GRW, and 

this research will discuss potential impacts of the results of this study on vulnerable sectors of the 

population in the watershed.  
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3.2 Methodology 

Environmental and anthropogenic factors affecting water security in the GRW were identified 

based on a review of ongoing and historical changes in the GRW region. The primary stressors in 

this region include population expansion and urbanization, due to exponential population growth 

in Southern Ontario, and global climate change. Several key variables that represent these stressors 

were selected for analysis based on the availability and accessibility of associated data and include: 

precipitation, temperature, population and farming area. Precipitation and temperature are both 

climatic variables representing the impacts of global climate change on localized weather patterns. 

Population represents the overall population growth in the area, while total farming area is a 

general representation of changes in land use and development occurring in the GRW region.  

To characterize spatial and temporal changes in these factors and water availability throughout the 

GRW, data on each of these variables were collected. River discharge data were retrieved from a 

Government of Canada (GOC) source for hydrometric tools and data (Government of Canada 

2018b). Precipitation and temperature data were retrieved from GOC archives of historical climate 

data (Government of Canada 2018a). Population and farming area data are both available on a 

county-level basis and were retrieved from Statistics Canada census profiles for population 

(Statistics Canada 2001; Statistics Canada 2006; Statistics Canada 2011; Statistics Canada 2016) 

and agriculture (Ontario Ministry of Agriculture Food and Rural Affairs 2018a). Due to the spatial 

resolution of these data by county, the total study area for this research was expanded beyond the 

boundaries of the watershed to include counties either completely, or partially contained within 

the GRW. 

3.2.1 GRW Study Area and Timeline 

The main interest of this research was to evaluate recent trends in the GRW, to better understand 

and be able to estimate future trends in the short-term.  Based on this objective and the temporal 

availability of data for each of the variables involved in this analysis (discussed below), the most 

suitable timeline for this study was 2000-2015. Figure 3.3 shows the GRW and the counties and 

First Nations territory that were included in this study. The Wellington, Waterloo and Brant 

counties are all located almost entirely within the GRW. Dufferin county was included as it spans 

the northernmost region in the GRW. Hamilton county was included, as a sizeable portion of the 
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county lies within the GRW. It also encompasses a relatively densely populated area in close 

proximity to the Greater Toronto Area, with significant potential to impact present and future 

changes within the GRW. Haldimand county was included as it covers the entire lower portion of 

the watershed, including the watershed outlet. Finally, although most of Norfolk county is not 

located within the GRW, it was incorporated in this study because statistics for the Norfolk and 

Haldimand counties are jointly published. Additionally, the First Nations territory located within 

the watershed encompasses both the Six Nations of the Grand River (SNGR) and Mississaugas of 

the New Credit (MNC) First Nations. Together, these counties, territories and the GRW comprise 

the total study area for this research.  

Figure 3.3: The GRW and counties included in the study.  
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3.2.2 Historical Climate Data 

3.2.2.1 Primary Physical Data Collection 

Environment and Climate Change Canada retains archives of historical data as observed, recorded 

and reported by the Meteorological Service of Canada. These archives provide daily, hourly or 

monthly recordings of climatic variables such as temperature, total precipitation, depth of snow on 

the ground and wind speed, reported at over 8,700 climate stations throughout the country. The 

procedures followed to record and report these measurements have been developed in accordance 

with methodology established by the World Meteorological Organization (Government of Canada 

2016).   

Several different types of climate stations display data in these archives. Many are staffed 

volunteer stations, observing climate data twice daily and using these observations and a óclimate 

day definitionô to report daily measurements. Other stations are automated, reporting daily 

measurements based on six-hour summary reports. Measurements of total precipitation at these 

climate stations include rainfall, drizzle, freezing rain, freezing drizzle, snowfall, snow pellets, 

snow grains, ice pellets, dew, frost, rime and glaze. To the nearest 0.2mm, measurements are given 

by the vertical depth of water (or equivalent) that reaches the ground in a particular area and are 

taken using a variety of suitable gauges and calibrated graduates. Temperature measurements 

indicate mean, maximum and minimum temperature over a specific interval using a combination 

of thermometers and other equipment.  

3.2.2.2 Climate Stations 

The various types of historical climate data discussed above were available for multiple climate 

stations throughout the study area, over varying periods of time. Initially, precipitation and 

temperature data were collected for nine climate stations spanning the region with available and 

accessible data. After further analysis, the Brantford MOE climate station was eliminated because 

a vast number of data points were missing, and the results were not usable. The remaining eight 

climate stations used in this study are shown in Figure 3.4.  

Although the Port Colborne climate station is located outside of the GRW study area, it most 

accurately represents climate in the southernmost region of the GRW region. The other seven 

climate stations (Orangeville MOE, Fergus Shand Dam, Glen Allan, Roseville, Hamilton, Scotland 
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and Delhi) best represent climate conditions over the rest of the watershed study area. Together, 

these eight stations give a reasonable indication of varying climate patterns across the region. The 

historical timeline for data collection, method of operation and frequency of observations for each 

climate station are summarized below.  

Orangeville MOE Station 

At the Orangeville MOE Station, daily and monthly climate data are available from 1961 to 2015. 

This station is a manned volunteer station reporting temperature and precipitation measurements 

once daily, in the morning, until service was permanently discontinued in 2015. The Mono Centre 

Station (located about 14km away) is now the station closest in proximity to Orangeville MOE 

that continues to report climate data.  

Figure 3.4: Climate stations and hydrometric stations included in this study. 
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Fergus Shand Dam Station 

At the Fergus Shand Dam Station, daily and monthly climate data are available from 1939 to 

present. This station reports temperature and precipitation measurements twice daily, in the 

morning and afternoon.  

Glen Allan Station 

At the Glen Allan Station, daily and monthly climate data are available from 1955 to 2013. This 

station reports temperature and precipitation measurements twice daily, in the morning and 

afternoon. The most recent data observed at this station is not publicly available but has been 

recorded on paper charts.  

Roseville Station 

At the Roseville Station, daily and monthly climate data are available from 1972 to present. This 

station reports temperature and precipitation data twice daily, in the morning and evening. 

Scotland Station 

At the Scotland Station, daily and monthly climate data are available from 1971 to 2014. This 

station reports temperature and precipitation measurements twice daily, in the morning and 

evening. The most recent data observed at this station is not publicly available but has been 

recorded on paper charts. 

Delhi Station 

At the Delhi Station, hourly, daily and monthly climate data are available from 1997 to present. 

This station is automated, reporting daily data based on six-hour summary reports.  

Hamilton A Station 

At the Hamilton A Station, hourly, daily and monthly climate data are available from 1970 to 

present. This station is owned and operated by NAV CANADA (a privately-run company that 

owns and operates civil air navigation service within Canada (Nav Canada 2018).  
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Port Colborne Station  

At the Port Colborne Station, daily and monthly climate data are available from 1964 to present. 

This station reports temperature and precipitation measurements twice daily, in the morning and 

afternoon or evening.  

3.2.2.3 Compilation of Secondary Data 

Daily precipitation and temperature data were collected at each of these climate stations and 

converted to represent annual values. Missing data was an issue for many of these climate stations. 

This could be attributed to measurements being missed for certain days, either due to human error 

or equipment malfunction. Additionally, for climate stations that depend on two observations to 

report daily measurements, if only one of these observations is received, the daily data is not 

derived and therefore not reported. Several methods do exist to handle or estimate missing data 

values including listwise deletion, which omits cases with missing data, mean substitution, which 

utilizes the mean value of a variable in place of all missing data values, and the last observation 

carried forward (LOCF) method, which replaces missing data values with the observation that 

immediately precedes it (Kang 2013). These methods all have drawbacks that must be considered 

before they are utilized. The listwise deletion method, which is most commonly used, may 

introduce bias by simply ignoring data that is missing or incomplete (Kang 2013). The mean 

substitution method may also introduce bias, especially when missing data values are not 

necessarily random (Kang 2013). The LOCF method relies on the assumption that the variable 

outcome is unaffected by the missing data, and therefore also introduces bias (Kang 2013). In this 

study, a protocol was developed to deal with missing data in such a way that most of the available 

data could be used, while attempting to maintain the reliability of the reported observations and 

reduce bias for stations with large amounts of missing data.  

Before converting the collected daily data to annual values, the number of days missing data per 

year at each climate station was calculated. Any years missing more than 60 days of data (in total) 

were automatically eliminated. For years missing between 0 and 60 days of data, only those 

missing more than 15 consecutive days of data were eliminated. This allowed for preservation of 

reliable data for the analysis, while ensuring that years missing entire months of data or more 



 

43 

would not skew the final results. Tables A1 and A2 summarize the years for which temperature 

and precipitation data were incorporated into this study for each climate station. 

3.2.3 Population and Farm Area Statistics 

3.2.3.1 Physical Data Collection 

Statistics Canada utilizes the Census Program to provide national, provincial and municipal 

statistics every five years (Statistics Canada 2018). The program records economic, social and 

cultural statistics relating to household and family characteristics, as well as economic agricultural 

statistics. Data types include age, occupation and income level, languages spoken and mobility 

status (Statistics Canada 2018). 

3.2.3.2 Compilation of Secondary Data 

The Census Program is run every five years, giving population and agricultural statistics in 1996, 

2001, 2006, etc. For this study, population and farm area statistics within the GRW study area 

were retrieved for the years 2001, 2006, 2011 and 2016. Although the timeline for this study was 

2000-2015, these are the years for which the Census profiles align most closely with the given 

timeline. Population estimates could not be found for the SNGR community for 2001 and 2006. 

The total population in the GRW study area is therefore underestimated by the uncertainty in the 

SNGR population estimate for those periods, which is approximately 12,000 (representing an error 

of less than 1%). 

3.2.4 Grand River Discharge Data 

3.2.4.1 Physical Data Collection 

Environment and Climate Change Canada retains historical collections of hydrometric data, 

recorded at over 7,700 hydrometric stations across Canada. Current hydrometric observations are 

monitored at over 1,900 hydrometric stations across the country. These archives give daily or 

monthly measurements of river discharge and primary water level.  

3.2.4.2 Hydrometric Stations 

Historical hydrometric data were available for multiple river gauge stations throughout the GRW 

study area. Since the Grand River is the primary tributary conveying water through the watershed 
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to the basin outlet at Lake Erie, it was the main focus for assessing water availability in the GRW 

study area. Hydrometric data were retrieved for the six stations along the Grand River located 

within the study area (Grand River at Brantford, Grand River at Galt, Grand River near Doon, 

Grand River at West Montrose, Grand River below Shand Dam and Grand River near Marsville). 

All these stations operate and record hydrometric observations on a continuous basis. The 

historical timeline for data collection and gross drainage area for each river station are summarized 

below. 

Grand River at Brantford 

At this river station, hydrometric data are available from 1913 to present. The gross drainage area 

for the Grand River at this location is approximately 5,200 km2.  

Grand River at Galt 

At this river station hydrometric data are available from 1913 to present. The gross drainage area 

for the Grand River at this location is approximately 3,520 km2. 

Grand River near Doon 

At this river station hydrometric data are available from 2006 to present. The gross drainage area 

for the Grand River at this location is approximately 2,490 km2. 

Grand River at West Montrose 

At this river station hydrometric data are available from 1967 to present. The gross drainage area 

for the Grand River at this location is approximately 1,170 km2. 

Grand River below Shand Dam 

At this river station hydrometric data are available from 1950 to present. The gross drainage area 

for the Grand River at this location is approximately 785 km2. 

Grand River near Marsville 

At this river station hydrometric data are available from 1947 to present. The gross drainage area 

for the Grand River at this location is approximately 663 km2. 
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3.2.4.3 Compilation of Secondary Data 

Monthly mean river discharge and mean water level data were collected at each of these river 

stations and converted to represent annual values. Missing data was also a critical issue for many 

of these river stations, likely due to human error or equipment malfunction. To deal with the 

missing data while ensuring that most of the available data could be used, a similar protocol to the 

one applied with the climate data was used for the hydrometric data.  

Before converting the collected monthly data to annual values, the number of months missing data 

per year at each river station was determined. Since the number of consecutive days per month 

missing data could not be determined, any years missing an entire month of data or more were 

eliminated. Through this analysis it was also determined that an adequate supply of water level 

data was not available, and only river discharge data would be considered. Table A3 summarizes 

the years for which river discharge data was incorporated into this study at each river station. 

To compare and analyze river discharge at each of the river stations along the Grand River, a flow 

ratio was used (given by Equation 3.1). The flow ratio is a measure of mean annual river discharge 

(m3/s) at a specific river station versus total drainage area (km2) for that river station. 

╕■▫◌ ►╪◄░▫
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3.3 Results & Analysis 

The compilation of these data at various points and regions across the GRW study area led to a 

more comprehensive understanding of both temporal and spatial changes in the GRW since the 

year 2000. Annual variations in each variable were examined over the 16-year study period to 

understand overall temporal trends. Spatial variations were analyzed using GIS software to 

estimate and interpolate values over the entire study area. 

3.3.1 Historical Climate Data 

To illustrate temporal climatic variations across the GRW study area, and simplify the presentation 

of these data, results are shown below for four of the eight climate stations identified earlier: Fergus 

Shand Dam, Roseville, Hamilton A and Port Colborne. These four climate stations were chosen 

(3.1) 

 

(3.1) 
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for two reasons: altogether they have the fewest gaps in data availability during the study period, 

and effectively capture temporal variations across the entire study area.  

3.3.1.1 Temperature  

Figure 3.5 shows plots of mean, maximum and minimum annual temperature at the Fergus Shand 

Dam, Roseville, Hamilton A and Port Colborne climate stations for the years 2000-2015. The 

black data points indicate years missing sufficient data to be included in this study. For these 

points, the curves simply interpolate values for those years. Figures 3.5 (a), (d), (g) and (j) illustrate 

that the mean annual temperatures at each of these climate stations followed similar patterns over 

time. These trends are periodic in nature, with peaks occurring approximately every four to six 

years. A slight downward overall trend in mean annual temperature for the GRW region between 

2000 and 2015 is observed in most of these plots. A more apparent visual trend appears for extreme 

values of the mean annual temperature curves at each climate station. Each plot shows a clear 

upward trend for the peak values on the curve, and a downward trend for the low values. This 

suggests that although the mean annual temperature at each climate station did not appear to trend 

upward or downward significantly over the 16-year study period, the overall mean temperatures 

are tending toward values of higher magnitude each cycle. A variety of factors could be 

contributing to these more erratic weather patterns. Local changes in population, land-use and a 

variety of other anthropogenic factors could be impacting local climate. This could also be a small 

indication that local weather patterns are being affected by global climate change, as this 

phenomenon is predicted to increase the occurrence of extreme weather events.  

Figures 3.5 (b), (e), (h) and (k) show the maximum annual temperatures at the four climate stations 

between 2000 and 2015, while Figures 3.5 (c), (f), (i) and (l) show the minimum annual 

temperatures during this time. These data show similar periodic fluctuations to the mean annual 

temperature data, although there is an increased frequency in variations. This is to be expected, 

since maximum and minimum annual values are measures of temperature on one single day of the 

year, while mean annual temperature considers data points over the course of the year. The mean, 

maximum and minimum temperature plots do reach peak values and low values on roughly the 

same timeline. This indicates that most years that had higher overall mean temperatures also 

experienced the highest maximum temperature values, while years that had lower overall mean 

temperatures also experienced the lowest minimum temperature values. The highest overall mean 
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Figure 3.5: (a) (b) (c) Mean, maximum and minimum annual temperature at Fergus Shand Dam, respectively; 

(d) (e) (f) Mean, maximum and minimum annual temperature at Roseville, respectively; (g) (h) (i) Mean, 

maximum and minimum annual temperature at Hamilton A, respectively; (j) (k) (l) Mean, maximum and 

minimum annual temperature at Port Colborne, respectively. 
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temperatures were observed in 2001, 2006 and 2012, while the lowest overall mean temperatures 

were seen in 2003, 2009 and 2014.  

Figure 3.6 illustrates the spatial variation in overall mean temperature throughout the study area 

between 2000 and 2015. This map was developed using GIS software and the ósplineô method to 

interpolate a smooth surface using data points at each of the eight climate stations in this study. 

This interpolation method depends on two primary criteria: the interpolated surface passes directly 

through the input points and must have minimum curvature (Esri 2018). The map in Figure 3.6 

shows a clear pattern for overall mean temperatures throughout the study area, with the lowest 

temperatures occurring in the northernmost region of the watershed, and the highest temperatures 

occurring in the southernmost region. Notably, the highest temperatures also occurred closest to 

the Great Lakes, while the lowest temperatures occurred farther in-land.  

In certain regions the Great Lakes can impact temperatures by creating somewhat milder climates, 

especially near the Niagara Peninsula, where the Niagara Escarpment drastically affects 

temperatures within tens of kilometres. The Port Colborne climate station and southernmost 

portion of the GRW are located on the border of Lake Erie and close to the Niagara Peninsula, 

while the northernmost portion of the GRW is located roughly 100km in-land from any of the 

Great Lakes. It is therefore expected that temperatures in the South, near the Great Lakes, would 

be warmer on average than temperatures in the northern GRW.  

3.3.1.2 Precipitation 

Figure 3.7 shows plots of total precipitation, total rainfall and total snowfall at the Fergus Shand 

Dam, Roseville, Hamilton A and Port Colborne climate stations for the years 2000-2015. The 

black data points indicate years missing too many daily observations to be acceptable for this 

study. Figures 3.7 (a), (d), (g), and (j) illustrate that the total annual precipitation at each of these 

climate stations fluctuated periodically from year to year, similarly to the patterns exhibited with 

the temperature data. Figures 3.7 (b), (e), (h) and (k) show total annual rainfall at the four climate 

stations between 2000 and 2015, while Figures 3.7 (c), (f), (i) and (l) give total annual snowfall 

during this time.  

Precipitation patterns were different at each climate station, with the Fergus Shand Dam station 

showing a clear upward trend in total annual precipitation and rainfall, and the other stations 
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showing downward trends, especially at the Port Colborne station. These two stations also 

exhibited the largest and most consistent fluctuation patterns from year to year, while at the 

Hamilton A and Roseville climate stations precipitation levels fluctuated less consistently. Of the 

four climate stations, the Fergus Shand Dam station experienced the most snowfall, on average, 

while the Port Colborne station received much less snowfall during this time period. Conversely, 

average rainfall was slightly higher at Port Colborne than at Fergus Shand Dam. The increase in 

rainfall and decrease in snowfall at Port Colborne could be a result of the milder temperatures 

observed at this climate station (see previous section). The highest precipitation values were 

observed at most of these climate stations in 2006, 2008 and 2011. In 2008 several stations also 

experienced more snowfall in comparison to other years. The lowest precipitation values were 

Figure 3.6: Spatial variation in overall mean temperature between 2000 and 2015. 
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Figure 3.7: (a) (b) (c) Total annual precipitation, rainfall and snowfall at Fergus Shand Dam, respectively; (d) 

(e) (f) Total annual precipitation, rainfall and snowfall at Roseville, respectively; (g) (h) (i) Total annual 

precipitation, rainfall and snowfall at Hamilton A, respectively; (j) (k) (l) Total annual precipitation, rainfall 

and snowfall at Port Colborne, respectively.  
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generally observed in 2007, 2012 and 2015. 2012 was also the year with the lowest recorded 

snowfall for many of these climate stations.  

Figure 3.8 illustrates the spatial variation in mean annual precipitation throughout the GRW study 

area between 2000 and 2015. This figure shows that although a spatial pattern in precipitation 

across the watershed is not as easily identifiable as the spatial variation in mean temperature, less 

precipitation is generally observed toward the centre of the region, as compared to the watershed 

border.  

In terms of the overall climate, average temperatures within the GRW fluctuated relatively 

consistently from 2000 to 2015, with the most extreme temperatures having been observed close 

to the end of the study period. Spatially, average temperatures varied consistently throughout the 

GRW, likely due in part to geographical features in the area including the Great Lakes and the 

Niagara Peninsula. If climate trends from the past 15-20 years are a possible indication of local 

weather patterns in the GRW in the short-term future, it may be expected that every four to six 

years warmer-than-average temperatures will be experienced in the region, followed by much 

colder average temperatures several years later. Precipitation patterns were less consistent than 

temperature patterns over time and at different climate stations, although at most of the stations 

precipitation did fluctuate periodically from year to year.  

Extremely warm or cold years within the GRW study area do not appear to correlate strongly with 

total precipitation or rainfall; however, there could be a relationship between mean annual 

temperature and total annual snowfall. The years with the highest mean annual temperatures (2001, 

2006, and 2012) also had minimal snowfall as compared to other years in this study. This is 

expected, as with higher temperatures more precipitation would tend to fall as rain or sleet, than 

as snow.  

These climatic trends could have significant implications for planning, policy and resource 

management within the GRW and associated counties over the next 15-20 years. Two key areas 

that could be affected are agricultural production and water resources management. Even 

seemingly minute changes in mean annual temperature can adversely affect agricultural 

production, both directly and indirectly. This is evidenced by findings from Peng et al., 2004, 

which found that a 1°C increase in mean annual minimum temperature correlated with a 10% 
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decline in grain yield in a study analyzing historical climate and agricultural data in the Philippines 

between 1979 and 2003. Precipitation and extreme weather events may intensify in certain regions, 

according to current climate change scenario projections (Rosenzweig et al. 2002). Increased 

precipitation and resulting floods can negatively impact agricultural production, damaging crops 

and reducing yield for food production. Rosenzweig et al. 2002 used a dynamic crop model to 

simulate the effect of increased precipitation on crop growth and determined that corn production 

losses in the United States may double between 2002 and 2032 (Rosenzweig et al. 2002). The 

recent temperature and precipitation patterns observed within the GRW could have similar adverse 

impacts on crop production that should be investigated in the next few years.  

Figure 3.8: Spatial variation in mean annual precipitation between 2000 and 2015. 
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In terms of water resources management, the observed changes in temperature within the GRW 

could have a significant impact on hydrologic cycles in the area. Warmer periods could increase 

summer evapotranspiration, decreasing groundwater recharge and surface runoff rates and 

elevating the risk of drought. These periods could also decrease total annual snowfall and increase 

the frequency of melt events during winter months. Cooler periods could be accompanied by 

increased precipitation and surface runoff, along with higher flood risk. A potential increase in 

either flooding or drought periods could have adverse effects on stormwater management, flood 

risk management and water quality.  

3.3.2 Population and Farm Area Statistics 

Figure 3.9 illustrates the variation in total population and total farm area within the study area 

between 2001 and 2016. The total population in the region increased steadily, by close to 15%, 

since 2001. Southern Ontario and the Greater Toronto Area are the most populated regions in all 

of Canada, attracting migrants from across Canada and the world. The population in the GRW and 

surrounding regions will therefore likely continue to increase over the next 15-20 years. In 

contrast, total farm area increased slightly in 2006, and decreased afterward as compared to 2001 

census data. The considerable decrease in total farm area over this time could be an indication of 

urbanization and commercial or residential land development in the area, coinciding with the 

increase in population.  

These changes have potential implications for agricultural and water management as well. 

Population growth increases stress on existing food and water resources, as demand for food and 

water also increases. Urbanization not only minimizes land use for agricultural production, it can 

also have a significant impact on hydrologic cycles, increasing surface runoff and adversely 

affecting water quality.  

3.3.3 Grand River Discharge Data 

Figure 3.10 shows the annual flow ratios for each of the six Grand River stations between 2000 

and 2015. These data all exhibit a very similar overall pattern, ranging from minimum values of 

0.0075m3/s/km2 to maximum values of 0.0207m3/s/km2. The Marsville and West Montrose river 

stations generally had the highest flow ratios, while the Brantford and Doon stations had the lowest 

flow ratios. This could partially be attributed to the fact that the Marsville and West Montrose 
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Figure 3.9: Total population vs. total farm area within the GRW study area between 2001 and 2016. 

Figure 3.10: Annual flow ratio for the six Grand River flow gauges between 2000 and 2015. 
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stations are both farther north, in less populated and less developed regions of the GRW. With less 

land development in these areas, surface runoff to the Grand River and its tributaries would likely 

be lower; however, there would also be far less consumption of river water, as there are few towns 

or cities located upstream of these stations. At each of the flow gauges, data exhibit periodic 

fluctuations similarly to the climate data discussed above. Figure 3.10 also shows a substantial 

increase in the magnitude of these fluctuations midway through the study period in 2006, 

indicating that at this time the mean river discharge began to reach more extreme maximum and 

minimum values. The increased fluctuations in river discharge could be associated with the 

observed decrease in total farm area, which is a potential indicator for increased land development 

and higher surface runoff. It could also be an indication that annual consumptive water use has not 

been consistent in this region.  

Figure 3.10 also illustrates a clear upward trend in the annual flow ratios at all river stations. The 

upward trend is most likely indicative of changes to the local hydrologic cycle, and this could be 

attributed to a multitude of factors. Climatic variations affecting precipitation levels in the region   

are a likely cause, as precipitation directly impacts the volume and distribution of surface water.   

These effects could be intensified in the Grand River, because it is the primary conduit conveying 

water throughout the GRW. Therefore, changes in precipitation throughout the watershed could 

indirectly impact the Grand River through any of its tributaries. Other possible factors are 

increasing land development in the region, which would reduce soil permeability and increase 

surface runoff, and the effects of wastewater effluent on river discharge.  

Figure 3.11 shows the mean annual river discharge for each of the Grand River stations between 

2000 and 2015. Mean annual river discharge was highest at the southernmost river station along 

the Grand River (Brantford), closest to the watershed outlet, and lowest at the northernmost river 

station (Marsville).  

Water management and availability have significant implications for many aspects of resource 

protection and control. First, the demonstrated increase in total flow along the Grand River could 

have severe environmental and safety implications. Higher-than-average flows could be 

detrimental for local ecosystems and species and could decrease water quality by introducing 

larger amounts of sediment to river discharge. Environmental and water quality issues in the Grand 
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River and its tributaries affect water security not only within the watershed, but also below the 

watershed outlet (in this case, Lake Erie). Increased flow could also affect safety and security in 

terms of flood risk and its potential impact on physical property, financial security and preservation 

of human life. The increased intensity of yearly fluctuations in river discharge could contribute to 

safety concerns by increasing the frequency of more extreme flow levels. These fluctuations also 

make future water availability less consistent and less predictable, affecting communities that 

depend on the Grand River for fresh water supply.  

3.3.4 Climatic Variables vs. Surface Water Availability in the GRW 

Figures 3.12 and 3.13 show mean annual river discharge alongside mean annual temperature and 

total annual precipitation, to provide a basis for analyzing the potential relationships between river 

discharge and these climatic variables. Grand River flow gauges at Brantford and Marsville were 

chosen for this analysis because they had the most available data and are also the southernmost 

and northernmost river stations along the Grand River, respectively. Hamilton A and Orangeville 

MOE climate stations were selected because they are located closest to the Brantford and Marsville 

river stations, respectively, and are the best estimates of climatic variations at these locations.   

Figure 3.11: Mean annual river discharge for the six Grand River flow gauges between 2000 and 2015. 
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Mean annual temperature and mean annual river discharge show a positive correlation between 

2000 and 2007 for both locations (Figure 3.12). During this time, increases in overall temperatures 

generally correlated with increases in mean river discharge, while average temperature decreases 

correlated with decreases in mean river discharge. After 2007, this trend changes, with peaks in 

temperature corresponding to large drops in mean river discharge, and vice versa. The timing of 

this change in pattern aligns with the increase in intensity of yearly river discharge fluctuations 

(mentioned above), which could be a contributing factor. Additionally, over the 16-year study 

period the fluctuations of both variables intensified simultaneously (i.e. the amplitudes of the 

curves have increased with time). These plots suggest that a relationship could exist between mean 

Figure 3.12: (a) Mean annual river discharge at Brantford vs. mean annual temperature at Hamilton A; (b) 

Mean annual river discharge at Marsville vs. mean annual temperature at Orangeville MOE. 

Figure 3.13: (a) Mean annual river discharge at Brantford vs. total annual precipitation at Hamilton A; (b) 

Mean annual river discharge at Marsville vs. total annual precipitation at Orangeville MOE. 
















































































































































































