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An Engineer’s Haiku

Engineers make things

Sometimes, the things they make work

Sometimes, they don’t
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Abstract

Increasing interactions between anthropogenic and hydrological systems have prompted the

development of a new way of thinking in water resource management: socio-hydrology. Socio-

hydrology explicitly considers the two-way interactions and feedbacks between humans and

water and includes these in models to explore trajectories of development. Expanding sys-

tem boundaries to include human behaviour and interactions with natural systems brings

significant challenges.

This study was largely divided into two parts, modelling in socio-hydrology and data in socio-

hydrology. The modelling section focuses on investigating the utility of different modelling

techniques in socio-hydrology, and then covers the development and use of models in socio-

hydrology, while the data section investigates the use of freely available data sets to investigate

an aspect of socio-hydrological systems and in a context of determining land-use.

In the modelling section, a detailed review of modelling in socio-hydrology was initially

carried out which found that work should focus on further conceptual modelling, as well as

developing calibration/validation methodologies. A conceptual model was then developed,

focusing on drought in a socio-hydrological context; this model was able to produce some

archetypal system behaviours.

In the section focusing on data in socio-hydrology, a learning approach was used to try to

determine the impact of flooding on house prices. Unfortunately, the data available was not

detailed enough to allow for a model with predictive power, and so this learning approach

was not able to give more insight than other investigations that have been carried out in this

area. In the chapter exploring the use of satellite data in determining land-cover, the model

which was learnt had success in determining land-cover at the time and place it was trained
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on, but had limited success in determining land-cover in other times and places, and so does

not represent an improvement on what techniques already exist.
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Chapter 1

Introduction

The pace and scale of anthropogenic change has had, and is continuing to have, a very

significant impact on hydrological systems around the world; at the same time, increasing

populations and rising water demands mean that mankind has a greater reliance on water

resources now than ever before. These two coupled factors mean that decisions which im-

pact water resources in turn impact humans more than has ever been the case, and these

impacts lead to more decisions, and so on. Socio-hydrology (Sivapalan et al., 2012) is a

new development in hydrological and water resources thought, in which two-way interactions

and feedbacks between humans and water are included in order to examine the key drivers

and processes behind dynamics in these systems. The hope within this subject is that this

will lead to greater understanding regarding the behaviour of these systems and, ultimately,

better management approaches.

Modelling has long been a key technique used in determining system behaviour in water

sciences, and this should continue to be the case in socio-hydrology. As such, in this thesis,

novel modelling techniques and data sources are investigated and applied to socio-hydrological

systems in order to determine how socio-hydrological modelling might be useful, and how

data may support these modelling endeavours.

Chapter 2 reviews literature, giving background regarding the subject of socio-hydrology,

along with reviewing reasons why one would carry out socio-hydrological modelling, what

this would entail, and what techniques would be used to carry this out.
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Chapter 3 builds on this literature review by detailing the development of a system dynam-

ics model which explores drought in a socio-hydrological context. This involves the use of

archetypal system examples in model testing, which are derived from real-world examples.

Chapter 4 explores the relationship between risk and socio-hydrological systems; in particular

the consequence of using a risk-based framework for socio-hydrological modelling studies. As

a case study, the model of Di Baldassarre et al. (2015a) is used, and the consequences of

taking different views of risk are explored.

One of the key parameters used in many socio-hydrological studies is that of ‘sensitivity’

to extreme events. Chapter 5 aims to explore this parameter by considering the impact of

flooding on house prices in England, using a statistical learning approach.

Chapter 6 uses machine learning techniques in an attempt to map the location of oil palm on

Borneo. This uses a map of known land-cover for one state in Indonesia and several satellite

data products to produce a model to hopefully map land-cover in other parts of Borneo.

The findings from these chapters are then summarised in Chapter 7, and recommendations

for further work are made.
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Chapter 2

Background & Literature Review -

Socio-hydrological modelling: Why,

What and How?

2.1 Introduction

Land-use changes and water resource management efforts have altered hydrological regimes

throughout history (Savenije et al., 2014), but the increase in the scale of human interfer-

ence has led to an intensification in the effects that our interventions have had upon the

hydrology of landscapes around the world, as well as having significant impacts on societal

development, via our co-evolution with water (Liu et al., 2014). Indeed the scale of human

intervention that has taken place in meeting the requirements of a population that has ex-

panded from 200 million to 7 billion over the last 2000 years has required such control that

in many locations water now flows as man dictates, rather than as nature had previously

determined (Postel, 2011). The pace and scale of change that anthropogenic activities are

bringing to natural systems are such that hydroclimatic shifts may be brought about in the

relatively short term (Destouni et al., 2012), as well as leading to a coupling between human

and hydrologic systems (Wagener et al., 2010); this coupling means that both positive and

negative social impacts may be brought about via decisions that impact the hydrological
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system. The growing awareness of the impacts humans are having on a global scale and

associated stewardship practices (Steffen et al., 2007) will, therefore, have impacts beyond

the ecological and hydrological spheres.

A number of terms have been coined in order to develop the way in which the relationship

between mankind and nature, and in particular water, are thought about: ‘Hydrosociology’

(Falkenmark, 1979; Sivakumar, 2012), the ‘Hydro-social’ (Swyngedouw, 2009) and ‘Hydro-

cosmological’ (Boelens, 2013) cycles and ‘Ecohydrosolidarity’ (Falkenmark, 2009) to name a

few. The concept of ‘The Anthropocene’ (Crutzen and Stoermer, 2000; Crutzen, 2002) to

describe a new geological epoch in which we now exist, where mankind represents ‘a global

geological force’ (Steffen et al., 2007), rivalling the force of nature in the scale of impact on

the earth system (Steffen et al., 2011), has been in circulation for some time, and the fact that

man and water are linked through a ‘system of mutual interaction’ (Falkenmark, 1977) has

been recognised for many years. However, due to factors such as the implicit complexity and

uncertainty involved in coupled human and natural systems, the feedbacks and interrelations

between society and water are not commonly modelled when forecasting and developing pol-

icy. The relatively new field of ‘Socio-hydrology’ (Sivapalan et al., 2012), however, seeks to

change this by aiming to understand ‘the dynamics and co-evolution of coupled human-water

systems’.

This review of literature seeks to draw together relevant information and concepts pertaining

to the modelling of socio-hydrological systems; it is structured as dealing with the questions

of ‘why?’, ‘what?’ and ‘how?’. The ‘why?’ section deals with why socio-hydrological study

would be conducted, the different contexts in which socio-hydrological models would be ap-

plied, and the possible applications that socio-hydrological models could have; the ‘what?’

section first looks at the distinguishing features of socio-hydrology, as well as the charac-

teristics it shares with other disciplines (and so the lessons that may be learned), before

covering different concepts that need to be understood when developing socio-hydrological

models; the ‘how?’ section critically examines the application of different modelling tech-

niques to study of socio-hydrological systems. This structure is used so that the ‘why?’ and

‘what?’ being investigated can introduce readers to literature and concepts of importance to

socio-hydrology, and the ‘how?’ section can inform readers of the specific advantages and dis-
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advantages of using different techniques when conducting socio-hydrological modelling. This

review is not intended to be a comprehensive review of all socio-hydrological modelling stud-

ies, since there are at this stage few socio-hydrological models in published literature; rather,

this review should be seen as an amalgamation of knowledge surrounding socio-hydrological

modelling, such that understanding why and how it could be undertaken is easily accessible.

Recently, there have been two excellent papers which have reviewed important aspects of

socio-hydrology, which are mentioned here. Troy et al. (2015a) cover the current state of

socio-hydrology and gives an excellent outline of the different research methodologies that

can be used in socio-hydrology (of which modelling is one); the role of the socio-hydrological

researcher is also covered particularly well in this paper. Sivapalan and Blöschl (2015) give

an in-depth analysis of: co-evolutionary processes (particularly in a mathematical sense); the

differences between human and natural systems and the implications of these for modelling;

the overall socio-hydrological modelling process, common across modelling techniques and

the different modelling archetypes that might be produced (i.e. stylised versus comprehen-

sive models).

2.1.1 Some Background to Socio-hydrology

The subject of socio-hydrology, first conceived by Sivapalan et al. (2012), seeks to understand

the ‘dynamics and co-evolution of coupled human-water systems’, including the impacts and

dynamics of changing social norms and values, system behaviours such as tipping points and

feedback mechanisms, some of which may be emergent (unexpected), caused by non-linear

interactions between processes occurring on different spatio-temporal scales. Such dynam-

ics include ‘pendulum swings’ that have been observed in areas such as the Murray-Darling

Basin, where extensive agricultural development was followed by a realisation of the impacts

this was having and subsequent implementation of environmental protections policies (Em-

merik et al., 2014; Kandasamy et al., 2014), the co-evolution of landscapes with irrigation

practices and community dynamics (Parveen et al., 2015), as well as instances of catastrophe

in which hydrological extremes not been catastrophic in themselves, rather social processes
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that result in vulnerability have made extreme events catastrophic (Lane, 2014). There are

also cases where social systems have not interacted with water in the way that was antici-

pated: examples include the virtual water efficiency and peak-water paradoxes discussed by

Sivapalan et al. (2014), and yet others where the perception, rather than the actuality, that

people have of a natural system determines the way it is shaped (Molle, 2007). Studying

these systems requires not only an interdisciplinary approach, but also an appreciation of

two potentially opposing ontological & epistemological views: the Newtonian view, whereby

reductionism of seemingly complex systems leads to elicitation of fundamental processes,

and the Darwinian view, in which patterns are sought, but complexity of system processes

is maintained (Harte, 2002). Taking a dualistic worldview encompassing both of these per-

spectives, as well as the manner in which man and water are related (Falkenmark, 1979),

allows for an appreciation of impacts that actions will have due to physical laws, as well as

other impacts that will be brought about due to adaptations from either natural or human

systems.

In understanding socio-hydrology as a subject, it may be useful to also briefly understand the

history of terminology within hydrological thinking, and how this has led to the current un-

derstanding. Study of the hydrologic cycle began to ‘serve particular political ends’ (Linton

and Budds, 2013), whereby maximum utility was sought through modification of the cycle,

and was viewed initially as fairly separate from human interactions: after several decades

this led to a focus on water resources development in the 1970s, language clearly indicative

of a utility-based approach. However, a change in rhetoric occurred in the 1980s, when water

resources management (WRM) became the focus, and from this followed integrated water

resource management (IWRM) and adaptive water management (AWM) (Savenije et al.,

2014), the shift from ‘development’ to ‘management’ showing a change in the framing of

water, while the concepts of integrated analysis and adaptivity show a more holistic mindset

being taken. The introduction of the hydrosocial cycle (Swyngedouw, 2009) shows another

clear development in thought, which aimed to ‘avoid the pitfalls of reductionist ... water re-

source management analysis’ (Mollinga, 2014) for the purpose of better water management.

‘A science, but one that is shaped by economic and policy frameworks’ (Lane, 2014), socio-

hydrology also represents another advancement in hydrological study, which requires further
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rethinking of how hydrological science is undertaken.

It is also important to consider how modelling has progressed in the water sciences, partic-

ularly in reference to the inclusion of socio-economic aspects. Subjects such as integrated

assessment modelling consider socio-economic decisions and impacts alongside biophysical

subsystems (generally in a one-way fashion) and can be applied to water resource man-

agement problems (for more detail, see Letcher et al. (2007)). Hydro-economic modelling

includes the capacity to model many aspects of the human-water system via ascribing eco-

nomic values to water, which reflect the need to allocate water as a scarce resource, and which

change across space and time according to the availabilty and demand (more detail in Harou

et al. (2009)). Global water resource models have also seen fascinating development; initially

considering human impacts on global resources as a boundary condition (considering demand

and supply as essentially separate), they increasingly integrate these two aspects and con-

sider the impacts of water availability on demand (Haddeland et al., 2014; Wada et al., 2013;

Wanders and Wada, 2015a). It is equally important to remember the points of departure

between these subjects and socio-hydrology, with socio-hydrology focusing particularly on

bi-directional interactions and feedbacks between humans and water, and involving particu-

larly long timescales considering changing values and norms, where the previously mentioned

disciplines tend either treat one or other system as a boundary condition, or consider one-way

interactions, and generally focused on slightly shorter timescales.

The importance of socio-hydrology has been recognised since its introduction: The Interna-

tional Association of Hydrological Sciences (IAHS) has designated the title of their ‘Scientific

Decade’ (2013-2022) as ‘Panta Rhei (Everything flows)’ (Montanari et al., 2013), in which

the aim ‘is to reach an improved interpretation of the processes governing the water cycle

by focusing on their changing dynamics in connection with rapidly changing human systems’

(Montanari et al., 2013). In the IAHS’s assessment of hydrology at present (Montanari et al.,

2013), it is recognised that current hydrological models are largely conditioned for analysis of

pristine catchments and that societal interaction is generally included in separately developed

models, so that interactions between the two are not well handled: socio-hydrological study

is posited as a step towards deeper integration that has long been called for (Falkenmark,

1979). Models representing ‘pristine’ catchments can certainly be of use in determining how
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to represent physical processes, although truly pristine catchments are now so rare that the

utility of modelling pristine catchments is certainly waning. The recent series of ‘Debates’

papers in Water Resources Research (Di Baldassarre et al., 2015a; Gober and Wheater, 2015;

Loucks, 2015; Sivapalan, 2015; Troy et al., 2015b) shows a real, continued commitment to

the development of socio-hyrology as a subject; the unified conclusion of these papers is that

the inclusion of the interaction between society and water is necessary in modelling, though

the authors varied in their views on how this should be conducted, the sphere within which

socio-hydrology should operate, and the value that socio-hydrological models may have. The

continued commitment necessary to the subject is highlighted via the statement that ‘if we

who have some expertise in hydrologic modelling do not some other discipline will [include

nonhydrologic components in hydrologic models]’ (Loucks, 2015).

2.2 Why?

Regarding why socio-hydrology is necessary, continuing on from the recognised significance

of socio-hydrology, understanding of water (perceived or otherwise), as well as intervention

following this understanding, has led to large changes in landscapes, which have then altered

the hydrological processes that were initially being studied (Savenije et al., 2014), and as

such the goals of study in hydrology are subject to regular modification and refinement. The

development of socio-hydrology has come from this iterative process. Troy et al. (2015b)

point out that, as a subject still in its infancy, socio-hydrology is still learning the questions

to ask. However, Sivapalan et al. (2014) set out the main goals of socio-hydrologic study:

• Analysis of patterns and dynamics on various spatio-temporal scales for discernment of

underlying features of biophysical and human systems, and interactions thereof

• Explanation and interpretation of socio-hydrological system responses, such that possi-

ble future system movements may be forecast (current water management approaches

often result in unsustainable management practices due to current inabilities in predic-

tion)
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• Furthering the understanding of water in a cultural, social, economic and political sense,

while also accounting for its biophysical characteristics and recognising its necessity for

existence’

It is hoped that the achievement of these goals will lead to more sustainable water manage-

ment and may, for example, lead to the ability to distinguish between human and natural

influences on hydrological systems, which has thus far been difficult (Karoly, 2014). Achieve-

ment of these goals will involve study in several spheres, including in historical, comparative

and process contexts (Sivapalan et al., 2012), as well as ‘across gradients of climate, socio-

economic status, ecological degradation and human management’ (Sivapalan et al., 2014).

In accomplishing all of this, studies in socio-hydrology should strive to begin in the correct

manner; as Lane (2014) states, ‘a socio-hydrological world will need a strong commitment

to combined social-hydrological investigations that frame the way that prediction is under-

taken, rather than leaving consideration of social and economic considerations as concerns to

be bolted on to the end of a hydrological study’.

Socio-hydrology can learn many lessons from other, similarly interdisciplinary subjects. Eco-

hydrology is one such subject, whereby the interaction between ecology and hydrology is

explicitly included. Rodriguez-Iturbe (2000) gives a number of the questions that ecohydrol-

ogy attempts to answer, which may be very similar to the questions that socio-hydrology

attempts to answer:

• ‘Is there emergence of global properties out of these [eco-hydrological] dynamics?’

• ‘Does it tend to any equilibrium values?’

• ‘Is there a spontaneous emergence ... associated with the temporal dynamics?’

• ‘Can we reproduce some of the observed ... patterns?’

• ‘Is there a hidden order in the space-time evolution which models could help to uncover?’

• ‘Does the system evolve naturally, for example, without being explicitly directed to do

so?’
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Ecohydrology could also necessarily be a constituent part of socio-hydrological models, since

anthropogenic influences such as land cover change have ecological impacts, which will them-

selves create feedbacks with social and hydrological systems.

Another aspect to the question of ‘why socio-hydrology?’ is that, in a world where the de-

cisions that mankind makes have such influence, those who make those decisions should be

well-informed as to the impacts their decisions may have. As such, those working in wa-

ter resources should be well-versed in socio-hydrologic interaction , seeking to be ‘T-shaped

professionals’ (McClain et al., 2012) (technical skills being vertical, coupled with ‘horizontal’

integrated resources management skills), and as such training should certainly reflect this,

perhaps learning from the way that ecohydrology is now trained to hydrologists. Beyond be-

ing ‘T-shaped’, socio-hydrologists should also seek to collaborate and cooperate with social

scientists and sociologists. Socio-hydrology will require study into subjects that many with

backgrounds in hydrology or engineering will have little experience in, for instance modelling

how social norms change and how these norms cascade into changing behaviours. Learning

from and working with those who are experts in these subjects is the best way to move the

subject forward.

Regarding why modelling would be conducted in socio-hydrology, there could be significant

demand for socio-hydrological system models in several circumstances, however there are

three main spheres in which such modelling could be used (Kelly (Letcher) et al., 2013):

• System Understanding

• Forecasting & Prediction

• Policy & Decision-making

The purpose of this section is to give an idea of why socio-hydrological modelling may be con-

ducted, as the techniques used should be steered by what is required of their outputs. This is

linked to, though separated from, current and future applications, since the applications will

likely require study in all three of the mentioned spheres in the solution of complex problems.

In this section, the significance of modelling in each of these areas will be introduced, the

limitations that current techniques have investigated, and so the developments that socio-
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hydrological modelling could bring determined. The three typologies of socio-hydrological

study that Sivapalan et al. (2012) presents (historical, comparative and process) could all be

used in the different spheres. There are of course, significant difficulties in socio-hydrological

modelling, which should not be forgotten, in particular due to the fact that ‘characteris-

tics of human variables make them particularly difficult to handle in models’ (Carey et al.,

2014), as well as issues brought about by emergence, as models developed on current un-

derstanding may not be able to predict behaviours that have not previously been observed,

or they may indeed predict emergent properties that do not materialise in real-world systems.

2.2.1 System Understanding

‘Perhaps a way to combat environmental problems is to understand the interrelations between

ourselves and nature’ (Norgaard, 1995). Understanding the mechanisms behind system be-

haviour can lead to a more complete picture of how a system will respond to perturbations,

and so guide action to derive the best outcomes. For example, understanding the mechanisms

that bring about droughts, which can have exceptionally severe impacts, can allow for better

preparation as well as mitigative actions (Wanders and Wada, 2015a). Creating models to

investigate system behaviour can lead to understanding in many areas, for example Levin

et al. (2012) gives the examples of socio-ecological models leading to understanding of how

individual actions create system-level behaviours, as well as how system-level influences can

change individual behaviours.

IWRM has been the method used to investigate human-water interactions in recent years,

but the isolation in which social and hydrological systems are generally treated in this frame-

work leads to limitations in assimilating ‘the more informative co-evolving dynamics and

interactions over long periods’ (Elshafei et al., 2014) that are present. This isolation has also

led to the understanding of mechanisms behind human-water feedback loops currently being

poor, and so integration has become a priority (Montanari et al., 2013).

If models of the coupled human-water system could be developed, this could give great insight

into the interactions that occur, the most important processes, parameters and patterns, and
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therefore how systems might be controlled (Kandasamy et al., 2014). Historical, compar-

ative and process-based studies would all be useful in this regard, as understanding how

systems have evolved (or indeed co-evolved Norgaard, 1981)) through time, comparing how

different locations have responded to change and investigating the linkages between differ-

ent parameters are all valuable in the creation of overall system understanding. Improved

system understanding would also lead to an improvement in the ability for interpretation of

long-term impacts of events that have occurred (Kandasamy et al., 2014). It is important to

note that, while this study focuses on modelling, system understanding cannot be brought

about solely through modelling, and other, more qualitative studies are of value, particularly

in the case of historical investigations (e.g. (Paalvast and Velde, 2014)).

Understanding Socio-hydrology

Within the goal of system understanding, there should also be a sub-goal of understanding

socio-hydrology, and indeed meta-understanding within this. As a subject in which relevance

and applicability are gained from the understanding that it generates, but one which is

currently in its infancy, there is space for the evaluation of what knowledge exists in socio-

hydrology. While the end-goal for socio-hydrology may be to provide better predictions of

system behaviour (though this may not be viewed as the goal by all) via better understanding

of fundamental human-water processes, this should be informed by an understanding of how

well we really understand these processes.

Insights into Data

Another sub-goal of system understanding, which will develop alongside understanding, is

gaining insight into the data that is required to investigate and describe these systems. When

socio-hydrological models are developed, they will require data for their validation; however

these data sets will not necessarily be available and will not necessarily be conventional in

their form (Troy et al., 2015b). As such, new data collection efforts will be required which use

new and potentially unconventional techniques to collect new and potentially unconventional
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data. On the other side of this coin, the nature of data that is collected will surely influence

models that are developed within socio-hydrology, and indeed theories on socio-hydrological

processes. This brings forth the iterative data-theory-model development process, in which

each of these aspects of knowledge interact to move each other forward (Troy et al., 2015b).

The role of data in socio-hydrology is discussed further in Section 2.3.5.

2.2.2 Forecasting & Prediction

Once a system is understood, it may be possible to use models to predict what will happen

in the future. Predictive and forecasting models estimate future values of parameters based

on the current state of a system and its known (or rather supposed) behaviours. Such models

generally require the use of past data in calibration and validation. Being able to forecast

future outcomes in socio-hydrological systems would be of great value, as it would aid in

developing foresight as to the long-term implications of current decisions, as well as allowing

a view to what adaptive actions may be necessary in the future. Wanders and Wada (2015a)

state that ‘Better scenarios of future human water demand could lead to more skilful projec-

tion for the 21st century’, which could be facilitated by ‘comprehensive future socio-economic

and land use projections that are consistent with each other’, as well as the inclusion of hu-

man water use and reservoirs, which now have ‘substantial impacts on global hydrology and

water resources’, as well as ‘modelling of interacting processes such as human-nature inter-

actions and feedback’; socio-hydrological modelling may be able to contribute in all of these

areas, in particular the final two points. Modelling of human-nature interactions is the basis

of socio-hydrology, and so using this paradigm could certainly be of use. Reservoirs are now

being included in global hydrological models, but socio-hydrology could be used to inform

where there are incentives for future reservoirs to be built, and so determine the hydrological

and human impacts were they to be developed.

An example area of study in prediction/forecasting is resilience: prediction of regime transi-

tions is very important in this sphere (Dakos et al., 2015), and while IWRM does explore the

relationship between people and water, it does so in a largely scenario-based fashion, which

leaves its predictive capacity for co-evolution behind that of socio-hydrology (Sivapalan et al.,
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2012), and so in study of such areas a co-evolutionary approach may be more appropriate.

However, there are significant issues in the usage of models for prediction, including the

accumulation of enough data for calibration (Kelly (Letcher) et al., 2013). Issues of uncer-

tainty are very important when models are used for forecasting and prediction, as the act of

predicting the future will always involve uncertainty. This is a particular issue when social,

economic and political systems are included, as they are far more difficult to predict than

physically-based systems. The necessity of including changing norms and values in socio-

hydrology exacerbates this uncertainty, since the timescale and manner in which societies

change their norms are highly unpredictable and often surprising. Wagener et al. (2010) also

state that ‘to make predictions in a changing environment, one in which the system struc-

ture may no longer be invariant or in which the system might exhibit previously unobserved

behaviour due to the exceedance of new thresholds, past observations can no longer serve

as a sufficient guide to the future’. However, it must surely be that guidance for the future

must necessarily be based on past observations, and as such it could be that interpretations

of results based on the past should change.

2.2.3 Policy & Decision-making

Decision-making and policy formation are ultimately where model outputs can be put into

practice to make a real difference. Models may be used to differentiate between policy alter-

natives, or optimise management strategies, as well as to frame policy issues, and can be very

useful in all of these cases. However, there are real problems in modelling and implementing

policy in areas such as in the management of water resources (Liebman, 1976): it is commonly

stated that planning involves ‘wicked’ problems, plagued by issues of problem formulation,

innumerable potential solutions, issue uniqueness and the difficulties involved in testing of

solutions (it being very difficult to accurately test policies without implementing them, and

then where solutions are implemented, extricating the impact that a particular policy has

had is difficult, given the number of variables typically involved in policy problems) (Rittel

and Webber, 1973). Models necessarily incorporate the perceptions of developers, which
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can certainly vary, and so models developed to investigate the same issue can also be very

different, and suggest varying solutions (Liebman, 1976). Appropriate timescales should be

used in modelling efforts, as unless policy horizons are very short, neglecting slow dynam-

ics in socio-ecological systems has been said to produce indequate results (Crépin, 2007).

There are also the issues of policies having time lags before impacts (this is compounded by

discounting the value of future benefits), uncertainty in their long-term impacts at time of

uptake, root causes of problems being obscured by complex dynamics and the fact that large-

scale, top down policy solutions tend not to produce the best results due to the tendency of

water systems to be ‘resistant to fundamental change’ (Gober and Wheater, 2014). While

the difficulties in managing complex systems (such as human-water systems) are clear, they

can, however, be good to manage, as multiple drivers mean that there are multiple targets

for policy efforts that may make at least a small difference (Underdal, 2010).

Past water resource policy has been built around optimisation efforts, which have been criti-

cised for having ‘a very tenuous meaning for complex human-water systems decision making’

(Reed and Kasprzyk, 2009), since they assume ‘perfect problem formulations, perfect infor-

mation and evaluation models that fully capture all states/consequences of the future’ (Reed

and Kasprzyk, 2009), meaning that they result in the usage of ‘optimal’ policies that are not

necessarily optimal for many of the possible future system states. Another tension in finding

optimal or pareto-optimal solutions in complex systems exists where optimising for a given

criterion yields solutions which, via the multiple feedbacks that exist, can impact the rest

of the system in very different ways (impacts on the rest of the system may go unnoticed if

a single criterion is focused on). Techniques such as multi-criteria/multi-objective methods

(Hurford et al., 2014; Kain et al., 2007) attempt to improve upon this, producing pareto-

efficient outcomes, but still rarely account explicitly for human-water feedbacks.

Good evidence is required for the formation of good policy (Ratna Reddy and Syme, 2014),

and so providing this evidence to influence, and improve policy and best management prac-

tices should be an aim of socio-hydrology (Pataki et al., 2011), in particular socio-hydrological

modelling. Changes in land-use are brought about by socio-economic drivers, including pol-

icy, but these changes in land-use can have knock-on effects that can impact upon hydrology

(Ratna Reddy and Syme, 2014), and so land-productivity, water availability and livelihoods
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to such an extent that policy may be altered in the future. Socio-hydrology should at least

attempt to take account of these future policy decisions, and the interface between science

and policy to improve long-term predictive capacity (Gober and Wheater, 2014). There is

a call for a shift in the way that water resources are managed, towards an ecosystem-based

approach, which will require a ‘better understanding of the dynamics and links between water

resource management actions, ecological side-effects, and associated long-term ramifications

for sustainability’ (Mirchi et al., 2014). SES analysis has already been used in furthering

perceptions on the best governance structures, and has found that polycentric governance

can lead to increased robustness (Marshall and Stafford Smith, 2013), and it may well be

that socio-hydrology leads to a similar view of SHSs.

In order for outputs from policy-making models to be relevant they must be useable by

stakeholders and decision-makers, not only experts (Kain et al., 2007). Participatory mod-

elling encourages this through the involvement of stakeholders in model formulation, and

often improves ‘buy-in’ of stakeholders, and helps in their making sensible decisions (Kain

et al., 2007), as well as an increase in uptake in policy (Sandker et al., 2010). This tech-

nique could be well used in socio-hydrological modelling. Gober and Wheater (2015) take the

scope of socio-hydrology further, suggesting a need to include a ‘knowledge exchange’ (Gober

and Wheater, 2015) component in socio-hydrological study, whereby the communication of

results to policy makers and their subsequent decision-making mechanisms are included to

fully encompass socio-hydrological interactions. However, Loucks (2015) points out that the

prediction of future policy decisions will be one of the most challenging aspects of socio-

hydrology.

2.2.4 Current & Future Applications

This section follows from the areas of demand for socio-hydrological to give a few examples

(not an exhaustive list) of potential, non-location-specific examples of how socio-hydrological

modelling could be used. These applications will incorporate system understanding, fore-

casting & prediction and policy formation, and where these spheres of study are involved
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they will be highlighted. SES models have been applied to fisheries, rangelands, wildlife

management, bioeconomics, ecological economics, resilience and complex systems (Schlüter,

2012), and have resulted in great steps forward. Application of socio-hydrological modelling

in the following areas could too result in progress in understanding, forecasting, decision-

making and the much-needed modernisation of governance structures (Falkenmark, 2011)

in different scenarios. This section should provide insight as to the situations where socio-

hydrological modelling may be used in the future, and so guide the discussion of suitable

modelling structures.

Understanding System Resilience & Vulnerability

Resilience can be defined as the ability for a system to persist in a given state subject to

perturbations (Berkes, 2007; Folke et al., 2010), and so this ‘determines the persistence of

relationships within a system’ and can be used to measure the ‘ability of these systems to

absorb changes of state variables, driving variables, and parameters’ (Holling, 1973). Re-

duced resilience can lead to regime shift, ‘a relatively sharp change in dynamic state of a

system’ (Reyer et al., 2015), which can certainly have negative social consequences. SES

literature has studied resilience in a great number of ways, and has found it is often the case

that natural events do not cause catastrophe on their own, rather catastrophe is caused by

the interactions between extreme natural events and a vulnerable social system (Lane, 2014).

Design principles to develop resilience have been developed in many spheres (for instance, de-

sign principles for management institutions seeking resilience (Anderies et al., 2004)), though

in a general sense Berkes (2007) terms four clusters of factors which can build resilience:

• ‘Learning to live with change and uncertainty

• Nurturing various types of ecological, social and political diversity

• Increasing the range of knowledge for learning and problem solving

• Creating opportunities for self-organisation’

Exposure to natural events can lead to emergent resilience consequences in some cases, as in

the case where a policy regime may be altered to increase resilience due to the occurrence of
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a catastrophe, for example London after 1953 (Lumbroso and Vinet, 2011), or Vietnamese

agriculture (Adger, 1999), where the same event could perhaps have caused a loss in resilience

were a different social structure in place (Garmestani, 2013).

In all systems, the ability to adapt to circumstances is critical in creating resilience, though

resilience can also breed adaptivity (Folke, 2006); in the sphere of water resources, the adap-

tive capacity that a society has towards hydrological extremes determines its vulnerability

to extremes to a great extent, and so management of water resources in the context of vul-

nerability reduction should involve an assessment of hydrological risk coupled with societal

vulnerability (Pandey et al., 2011). An example scenario where socio-hydrological modelling

may be used is in determining resilience/vulnerability to drought, the importance of which

is highlighted by AghaKouchak et al. (2015) in their discussion of recognising the anthro-

pogenic facets of drought; sometimes minor droughts can lead to major crop losses, whereas

major droughts can sometimes results in minimal consequences, which would indicate dif-

fering socio-economic vulnerabilities between cases which ‘may either counteract or amplify

the climate signal’ (Simelton et al., 2009). Studies such as that carried out by Fraser et al.

(2013), which uses a hydrological model to predict drought severity and frequency coupled

with a socio-economic model to determine vulnerable areas, and Fabre et al. (2015), which

looks at the stresses in different basins over time caused by hydrologic and anthropogenic

issues, have already integrated socio-economic and hydrologic data to perform vulnerability

assessments. Socio-hydrological modelling could make an impact in investigating how the

hydrologic and socio-economic systems interact (the mentioned studies involve integration

of disciplines, though not feedbacks between systems) to cause long-term impacts, and so

determine vulnerabilities over the longer term. The most appropriate form of governance in

socio-hydrological systems could also be investigated further, as differing governance strate-

gies lead to differing resilience characteristics (Schlüter and Pahl-Wostl, 2007): Fernald et al.

(2015) has investigated community-based irrigation systems (Acequias) and found that they

produce great system resilience to drought, due to the ‘complex self-maintaining interactions

between culture and nature’ and ‘hydrologic and human system connections’. There is also a

question of scale in resilience questions surrounding water resources, which socio-hydrology

could be used to investigate: individual resilience may be developed through individuals’
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use of measures of self-interest (for example digging wells in the case of drought vulnerabil-

ity), though this may cumulatively result in a long-term decrease in resilience via excessive

groundwater abstraction (Srinivasan, 2013).

An area that socio-hydrological modelling would be able to contribute in is determining dy-

namics that are likely to occur in systems: this is highly relevant to resilience study, as system

dynamics and characteristics that socio-hydrological models may highlight, such as regime

shift, tipping points, bistable states and feedback loops, all feature in resilience science. The

long-term view that socio-hydrology should take will be useful in this, as it is often long-term

changes in slow drivers that drive systems towards tipping points (Biggs et al., 2009). Mod-

elling of systems also helps to determine indicators of vulnerability that can be monitored in

real situations. Areas where desertification has/may take place would be ideal case-studies,

since desertification may be viewed as ‘a transition between stable states in a bistable ecosys-

tem’ (D’Odorico et al., 2013), where feedbacks between natural and social systems bring

about abrupt changes. Socio-hydrology may be able to forecast indicators of posible regime

shifts, utilising SES techniques such as identification of critical slowing down (CSD) (Dakos

et al., 2015), a slowing of returning to ‘normal’ after a perturbation which can point to a loss

of system resilience, as well as changes in variance, skewness and autocorrelation, which may

all be signs of altered system resilience (Biggs et al., 2009), to determine the most effective

methods of combating this problem.

In studying many aspects of resilience, historical socio-hydrology may be used to examine past

instances where vulnerability/resilience has occurred unexpectedly and comparative studies

could be conducted to determine how different catchments in similar situations have become

either vulnerable or resilient; combinations of these studies could lead to understanding of

why different social structure, governance regimes, or policy frameworks result in certain

levels of resilience. Modelling of system dynamics for the purposes of system understanding,

prediction and policy development are all clearly of relevance when applied to this topic,

since in these the coupling is key in determination of the capacity for coping with change

(Schlüter and Pahl-Wostl, 2007).
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Understanding Risk in Socio-hydrological Systems

Risk is a hugely important area of hydrological study in the wider context: assessing the

likelihood and possible consequences of floods and droughts constitutes an area of great im-

portance, and models to determine flood/drought risk help to determine policy regarding

large infrastructure decisions, as well as inform insurance markets on the pricing of risk.

However, the relationship between humans and hydrological risk is by no means a simple

one, due to the differing perceptions of risk as well as the social and cultural links that hu-

mans have with water (Linton and Budds, 2013), and so providing adequate evidence for

those who require it is a great challenge.

The way in which risk is perceived determines the actions that people take towards it, and

this can create potentially unexpected effects. One such impact is known as the ‘levee ef-

fect’ (White, 1945), whereby areas protected by levees are perceived as being immune from

flooding (though in extreme events floods exceed levees, and the impacts can be catastrophic

when they do), and so are often heavily developed, leading people to demand further flood

protection and creating a positive feedback cycle. Flood insurance is also not required in the

USA if property is ‘protected’ by levees designed to protect against 100-year events (Ludy

and Kondolf, 2012), leading to exposure of residents to extreme events. Socio-hydrologic

thinking is slowly being applied to flood risk management, as is seen in work such as that

of Falter et al. (2015), which recognises that ‘A flood loss event is the outcome of complex

interactions along the flood risk chain, from the flood-triggering rainfall event through the

processes in the catchment and river system, the behaviour of flood defences, the spatial

patterns of inundation processes, the superposition of inundation areas with exposure and

flood damaging mechanisms’, and that determining flood risk involves ‘not only the flood

hazard, e.g. discharge and inundation extent, but also the vulnerability and adaptive ca-

pacity of the flood-prone regions.’ Socio-hydrology could, however, further investigate the

link between human perceptions of risk, the actions they take, the hydrological implications

that this has, and therefore the impact this has on future risk to determine emergent risk in

socio-hydrological systems.

The impact that humans have on drought is another area that socio-hydrology could be used;
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work on the impact that human water use has upon drought has been done (e.g. (Wanders

and Wada, 2015a)), where it was found that human impacts ‘increased drought deficit vol-

umes up to 100% compared to pristine conditions’, and suggested that ‘human influences

should be included in projections of future drought characteristics, considering their large

impact on the changing drought conditions’. Socio-hydrology could perhaps take this further

and investigate the interaction between humans and drought, determining different responses

to past drought and assessing how these responses may influence the probability of future

issues and changes in resilience of social systems.

Transboundary Water Management

Across the World, 276 river basins straddle international boundaries (Dinar, 2014); the issue

of transboundary water management is a clear case where social and hydrological systems

interact to create a diverse range of impacts that have great social consequences, but which

are very hard to predict. These issues draw together wholly socially constructed boundaries

with wholly natural hydrologic systems when analysed. The social implications of trans-

boundary water management have been studied and shown to lead to varying international

power structures (Zeitoun and Allan, 2008) (e.g. ‘hydro-hegemony’ (Zeitoun and Warner,

2006)), as well as incidences of both cooperation and conflict (in various guises) (Zeitoun and

Mirumachi, 2008) dependent on circumstance. The virtual water trade (Hoekstra and Hung,

2002) also highlights an important issue of transboundary water management: the import

and export of goods almost always involves some ‘virtual water’ transfer (both in terms of

quantity and quality) since those goods will have required water in their production. This

alters the spatial scale appropriate to transboundary water management (Zeitoun, 2013) and

investigating policy issues related to this would very interesting from a socio-hydrologic per-

spective (Sivapalan et al., 2012).

Socio-hydrologic modelling could be used to predict the implications that transboundary

policies may have on hydrologic systems, and so social impacts for all those involved. How-

ever, the prediction of future transboundary is highly uncertain and subject to a great many

factors removed entirely from the hydrologic systems that they may impact, and so presents
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a significant challenge.

Land-use Management

The final example situation where socio-hydrological modelling may be applicable is in land-

use management. Changes in land-use can clearly have wide-ranging impacts on land pro-

ductivity, livelihoods, health, hydrology, ecosystems services, which all interact to create

changes in perception, which can feed back to result in actions being taken that impact on

land management. Fish et al. (2010) posits the idea of further integrating agricultural and

water management: ‘Given the simultaneously human and non-human complexion of land-

water systems it is perhaps not surprising that collaboration across the social and natural

sciences is regarded as a necessary, and underpinning, facet of integrated land-water policy’.

Modelling in socio-hydrology may contribute in this sphere through the development of mod-

els which explore the feedbacks mentioned above, and which can determine the long-term

impacts of interaction between human and natural systems in this context.

2.3 What?

The question of ‘what?’ in this review can be viewed in several different ways: What are the

characteristics of socio-hydrological systems? What is to be modeled? What are the issues

that socio-hydrological systems will present to modellers?

2.3.1 Socio-hydrology and Other Subjects

The question of what is different and new about socio-hydrology, and indeed what is not, is

useful to investigate in order to then determine how knowledge of modelling in other, related

subjects can or cannot be transferred and used in socio-hydrology. Here, the subject of socio-

ecology (as a similar synthesis subject) is introduced, before the similarities and differences

between socio-hydrology and other subjects are summarised.
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Socio-ecology

The study of socio-ecological systems (SESs) and coupled human and natural systems (CHANS),

involves many aspects similar to that of socio-hydrology: feedbacks (Runyan et al., 2012),

non-linear dynamics (Garmestani, 2013), co-evolution (Hadfield and Seaton, 1999), adapta-

tion (Lorenzoni et al., 2000), resilience (Folke et al., 2010), vulnerability (Simelton et al.,

2009), issues of complexity (Liu et al., 2007a), governance (Janssen and Ostrom, 2006), pol-

icy (Ostrom, 2009) and modelling (An, 2012; Kelly (Letcher) et al., 2013) are all involved

in thinking around, and analysis of, SESs. As such, there is much that socio-hydrology can

learn from this fairly established (Crook, 1970) discipline, and so in this review a propor-

tion of the literature presented comes from the field of socio-ecology due to its relevance.

Learning from the approaches taken in socio-ecological studies would be prudent for future

socio-hydrologists, and so much can be learnt from the manner in which characteristics such

as feedback loops, thresholds, time-lags, emergence and heterogeneity, many of which are

included in a great number of socio-ecological studies (Liu et al., 2007a) are dealt with.

Many key concepts are also applicable to both subject areas, including the organisational,

temporal and spatial (potentially boundary-crossing) coupling of systems bringing about be-

haviour ‘not belonging to either human or natural systems separately, but emerging from

the interactions between them’ (Liu et al., 2007b), and the required nesting of systems on

various spatio-temporal scales within one another.

Socio-hydrology may, in some ways, be thought of as a sub-discipline of socio-ecology (Troy et

al., 2015a), indeed some studies that have been carried out under the banner of socio-ecology

could perhaps be termed socio-hydrologic studies (e.g. (Marshall and Stafford Smith, 2013;

Molle, 2007; Roberts et al., 2002; Schlüter and Pahl-Wostl, 2007)), and Welsh et al. (2013)

term rivers ‘complicated socio-ecological systems that provide resources for a range of water

needs’. There are however, important differences between socio-ecology and socio-hydrology

which should be kept in mind when transferring thinking between the two disciplines, for

example infrastructure developments such as dams introduce system intervention on a scale

rarely seen outside this sphere (Elshafei et al., 2014), and the speed at which some hydrologic

processes occur means that processes on vastly different temporal scales must be accounted
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for (Blöschl and Sivapalan, 1995). There are also unique challenges in hydrologic data collec-

tion, for example impracticably long timescales are often being required to capture hydrologic

extremes and regime changes (Elshafei et al., 2014). Water also flows and is recycled via the

hydrological cycle, and so the way that it is modelled is very different to subjects modelled

in socio-ecology.

In a study comparable to this, though related to socio-ecological systems, Schlüter (2012)

gives research issues in socio-ecological modelling; these issues are also likely to be pertinent

in socio-hydrological modelling:

• ‘Implications of complex social and ecological structure for the management of SESs

• The need to address the uncertainty of ecological and social dynamics in decision making

• The role of coevolutionary processes for the management of SESs

• Understanding the macroscale effects of microscale drivers of human behaviour’

Along with studying similarly defined systems and the usage of similar techniques, socio-

ecology has suffered problems that could also potentially afflict socio-hydrology. For exam-

ple, different contributors have often approached problems posed in socio-ecological systems

with a bias towards their own field of study, and prior to great efforts to ensure good disci-

plinary integration social scientists may have ‘neglected environmental context’ (Liu et al.,

2007b) and ecologists ‘focused on pristine environments in which humans are external’ (Liu

et al., 2007b). Even after a coherent SES framework was introduced (Liu et al., 2007b),

some perceived it to be ‘lacking on the ecological side’ (Epstein and Vogt, 2013), and as such

missing certain ‘ecological rules’. Since socio-hydrology has largely emerged via scholars with

water resources backgrounds, inclusion of knowledge from the social sciences, and collabo-

ration with those in this field, should therefore be high on the agenda of those working in

socio-hydrology to avoid similar issues. Another issue that both socio-ecologists and socio-

hydrologists face is the tension between simplicity and complexity: the complexity inherent in

both types of coupled system renders the development of universal solutions to issues almost

impossible, whereas decision-makers prefer solutions to be simple (Ostrom, 2007), and while

the inclusion of complexities and interrelations in models is necessary, including a great deal
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of complexity can result in opacity for those not involved in model development, leading to

a variety of issues. The complexity, feedbacks, uncertainties, and presence of natural vari-

abilities in socio-ecological systems also introduce issues in learning from systems due to the

obfuscation of system signals (Bohensky, 2014), and similar issues will also be prevalent in

socio-hydrological systems.

Similarities Between Socio-hydrology and Other Subjects

• Complex systems & co-evolution: studies in socio-ecology and eco-hydrology have

had complex and co-evolutionary systems techniques applied to them, and so socio-

hydrology may learn from this. While this is one of the ways in which socio-hydrology

is similar to socio-ecology and eco-hydrology, it is also one of the ways in which socio-

hydrology separates itself from IWRM. The specific aspects of complex/co-evolutionary

dynamics that may be learnt from include:

– Non-linear dynamics: socio-hydrology will involve investigating non-linear dynam-

ics, possibly including regime shift, tipping points and time lags, all of which have

been investigated in socio-ecology.

– Feedbacks: the two-way interactions between humans and water will bring about

feedbacks between the two, which have important consequences. Discerning im-

pacts and causations in systems with feedbacks, and learning to manage such

systems have been covered in socio-ecology and eco-hydrology.

• Uncertainties: while some aspects of the uncertainty present in socio-hydrology are

not found in other subjects (see Unique Aspects of Socio-hydrology), some aspects are

common with socio-ecology and eco-hydrology. In particular, propogative uncertainties

present due to feedbacks and interactions, and the nature of uncertainties brought

about by the inclusion of social systems are shared.

• Inter-scale analysis: both socio-ecology and eco-hydrology involve processes which occur

on different spatio-temporal scales, so methods for this integration can be found in these
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subjects.

• Incorporation of trans-/inter-disciplinary processes: socio-ecological models have needed

to incorporate social and ecological processes, and so while the particular methods used

to incorporate social and hydrological processes may be different, lessons may certainly

be learnt in integrating social and biophysical processes.

• Disciplinary bias: researchers in socio-ecology generally came from either ecology or

the social sciences, and so studies could occasionally be biased towards either of these.

Critiquing and correcting these biases is something that socio-hydrologists can certainly

learn from.

Unique Aspects of Socio-hydrology

• Nature of water combined with nature of social system: while socio-ecology has incor-

porated social and ecological systems, and eco-hydrology has incorporated hydrological

and ecological systems, the integration of hydrological and social systems brings a

unique challenge.

– Nature of water: water is a unique subject to model in many ways. It obeys

physical rules, but has cultural and religious significance beyond most other parts

of the physical world. It flows, is recycled via the water cycle, and is required for

a multitude of human and natural functions. Hydrological events of interest are

also often extremes.

– Nature of social system: aspects of social systems, such as decision-making mech-

anisms and organisational structures, require models to deal with more than bio-

physical processes.

– Particular human-water interactions: there will be particular processes which oc-

cur on the interface between humans and people which and neither wholly social

nor wholly physical processes. These will require special attention when being

modelled, and will necessitate the use of new forms of data.
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Figure 2.1: c©Elshafei et al. (2014), reproduced with permission under the CC Attribution
License 3.0. A conceptual representation of a socio-hydrological system (Elshafei et al., 2014)

• The role of changing norms: one of the focuses of socio-hydrological study is the im-

pact of changing social values. Norms change on long timescales and are highly unpre-

dictable, and so will present great difficulties in modelling.

• Scale: socio-hydrological systems will involve inter-scale modelling, but the breadth of

spatial and temporal scales necessary for modelling will present unique problems.

• Uncertainties: socio-hydrological systems will involve uncertainties beyond those dealt

with in socio-ecology and traditional water sciences. The level of unknown (and indeed

unknown unknown) is great, and brings about particular challenges (see later section

on uncertainty)

2.3.2 Concepts

Another aspect to the question of ‘what?’ in this review is the topic of what concepts are

involved when developing socio-hydrological models. These concepts underpin the theory

behind socio-hydrology, and as such modelling of SHSs; only when they are properly un-

derstood is it possible to develop useful, applicable models. The following sections detail

different concepts applicable to socio-hydrological modelling.
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2.3.3 Human-Water System Representations

People interact with water in complex ways which extend between the physical, social, cul-

tural and spiritual (Boelens, 2013). How the human-water system is perceived is a vital

component of socio-hydrological modelling, since this perception will feed into the system

conceptualisation (Sivapalan et al., 2003), which will then feed into the model, and as such

its outputs. In the past, linear, one-way relationships have often been used, which observa-

tions have suggested ‘give a misleading representation of how social-ecological systems work’

(Levin et al., 2012). This unidirectional approach may have been more appropriate in the

past when anthropogenic influences were smaller, but since the interactions between hydrol-

ogy and society have changed recently (as has been described previously), ‘new connections

and, in particular, more significant feedbacks which need to be understood, assessed, mod-

elled and predicted by adopting an interdisciplinary approach’ (Montanari et al., 2013), and

so the view of systems in models should appreciate this. Views and knowledge of the human-

water system have changed over time, and these changes themselves have had a great impact

on the systems due to the changes in areas of study and policy that perception and knowledge

can bring about (Hadfield and Seaton, 1999).

The concept of the hydrosocial cycle has been a step forward in the way that the relationship

between humans and water is thought about, as it incorporates both ‘material and sociocul-

tural relations to water’ (Wilson, 2014). This links well with the view of Archer (1995), who

pictured society as a ‘heterogeneous set of evolving structures that are continuously reworked

by human action, leading to cyclic change of these structure and their emergent properties’

(Mollinga, 2014). Socio-hydrology uses this hydrosocial representation, and also incorporates

human influences on hydrology, whereby ‘aquatic features are shaped by intertwining human

and non-human interaction’ to form a bi-directional view of the human-water system (Di

Baldassarre et al., 2013b). Technology could also be included in these representations, as

was the case in a study by Mollinga (2014), where irrigation was considered in both social

and technical terms.

Socio-hydrological human-water system representations should be considered in a case-specific

manner, due to the fact that the relationship is very different in different climates. To give
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an extreme example, the way in which humans and water interact is atypical in a location

such as Abu Dhabi, where water is scarce, desalination and water recycling provide much of

the freshwater, and as such energy plays a key role (McDonnell, 2013). In this case, energy

should certainly be included in socio-hydrological problem formulations since it plays such a

key role in the relationship (McDonnell, 2013).

Figure 2.1 shows an example of a conceptualised socio-hydrological system (Elshafei et al.,

2014), which gives insight into the view that the author has of the system. It shows the

linkage perceived between the social and hydrological systems, and the ‘order’ in which the

author feels interactions occur. In this system conceptualisation it is perceived that there

are two feedback loops which interact to form system behaviour. One is a reinforcing loop,

whereby increases in land productivity lead to economic gain, increased population, a higher

demand for water and as such changes in management decisions, likely to be intensification of

land-use (and vice versa); the other loop is termed the ‘sensitivity loop’ (Elshafei et al., 2014),

whereby land intensification may impact upon ecosystem services, which, when the climate

and socio-economic and political systems are taken into account may increase sensitivity to

environmentally detrimental effects, and cause behavioural change. This second loop acts

against the former and forms dynamic system behaviour. Others may have different views

on the system, for example there may be more (or less) complexity involved in the system,

as well as different interconnections between variables, and this would lead to a different

conceptual diagram.

When forming a system representation, the topics of complex and co-evolutionary systems

should be kept in mind so that these concepts may be applied where appropriate. These

concepts are introduced in the following sections.

Complex Systems

Complex systems have been studied in many spheres, from economics (Foster, 2005), physics,

biology, engineering, mathematics, computer science, and indeed in inter/trans-disciplinary

studies involving these areas of study (Chu et al., 2003), or other systems involving intercon-

nected entities within heterogeneous systems (An, 2012). By way of a definition of complex

systems, Ladyman et al. (2013) give their view on the necessary and sufficient conditions for
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a system to be considered complex:

• An ‘ensemble of many elements’: there must be different elements within the system

in order for interactions to occur, and patterns to emerge

• ‘Interactions’: elements within a system must be able to exchange or communicate

• ‘Disorder’: the distinguishing feature between simple and complex systems is the ap-

parent disorder created by interactions between elements

• ‘Robust order’: elements must interact in the same way in order for patterns to develop

• ‘Memory’: robust order leads to memory within a system

Complex systems representations rely on mechanistic relationships between variables, mean-

ing that the dynamic relationship between different system components do not change over

time (Norgaard, 1981), as opposed to evolutionary relationships, whereby responses between

components change over time due to natural selection (Norgaard, 1981). Magliocca (2009) in-

vestigates the interactions between humans and their landscapes, and determines that emer-

gent behaviours in these systems are due to the ‘induced coupling’ between them, and so

should be modelled and managed using complex-systems-appropriate techniques. Resilience

has also been studied with regard to complex systems, and the interactions in complex systems

have been said to lead to resilience (Garmestani, 2013). Complex systems are an excellent

framework within which to study socio-hydrological systems, since they allow for the dis-

cernment of the origin of complex behaviours, such as cross-scale interactions, non-linearity

and emergence (Falkenmark and Folke, 2002), due to their structure being decomposable and

formed of subsystems that may themselves be analysed.

Co-evolutionary Systems

A related, though subtly different view of the human-water relationship is that of a co-

evolutionary system. Sivapalan and Blöschl (2015) provide an excellent analysis of the ap-

plication of the co-evolutionary framework to socio-hydrology, and so for an in-depth view of

how to model co-evolutionary systems, the reader is directed here. In this paper an outline
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of what co-evolutionary systems are is given, before analysing whether this is applicable to

socio-hydrology and reviewing applications of the co-evolutionary framework in human-water

circumstances.

The strict meaning of a co-evolutionary system is occasionally ‘diluted’ (Winder et al., 2005)

in discussions of CHANS and socio-hydrology, though a looser usage of the term is certainly

of relevance. In a strict application of the term co-evolutionary, two or more evolutionary

systems are linked such that the evolution of each system influences that of the other (Winder

et al., 2005); an evolutionary system is one in which entities exists, include responses that may

vary with time (as opposed to mechanistic systems, in which responses are time-invariant),

involving the mechanisms of ‘variation, inheritance and selection’ (Hodgson, 2003). Jeffrey

and McIntosh (2006) give a guide in identification of co-evolutionary systems:

• Identify evolutionary (sub)systems and entities

• Provide a characterisation of variation in each system

• Identify mechanisms that generate, winnow and provide continuity for variation in each

system

• Describe one or more potential sequences of reciprocal change that result in an evolu-

tionary change in one or more systems

• Identify possible reciprocal interactions between systems

• Identify effects of reciprocal interactions

Whether or not the biophysical, hydrological system is viewed as evolutionary in nature de-

termines whether socio-hydrological dynamics may be termed co-evolutionary, since Winder

et al. (2005) state that ‘Linking an evolutionary system to a non-evolutionary system does

not produce co-evolutionary dynamics. It produces simple evolutionary dynamics coupled

to a mechanistic environment’, which would imply that socio-hydrological systems are not

co-evolutionary in nature, perhaps rather being complex systems, or systems of ‘cultural

ecodynamics’ (Winder et al., 2005). Norgaard (1981, 1984) allows for a looser definition of

a co-evolutionary relationship, whereby two systems interact and impact one another such
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that they impact one another’s developmental trajectory. Norgaard (1981, 1984) gives the

example of paddy rice agriculture as an example of a co-evolutionary system: in this example,

changes in agricultural practice (investment in irrigation systems for example) led to higher

land productivity and to societal development; the usage of paddy-based techniques then

required the development of social constructs (water-management institutions and property

rights) to sustain such farming methods, which served to socially perpetuate paddy farming

and to alter ecosystems further in ways that made the gap between land productivity between

farming techniques greater, and so led to yet greater societal and ecosystem change. Western

monoculture may also be viewed in the same light, with social systems such as insurance

markets, government bodies and agro-technological and agrochemical industries developed

to be perfectly suited to current agriculture (Norgaard, 1984), but these constructs having

been borne out of requirements by monocultures previously, and also serving to perpetuate

monoculture and make its usage more attractive. The crucial difference between the two

views is that Winder et al. (2005) do not consider biophysical systems, such as hydrologi-

cal or agricultural systems, evolutionary in their nature (Kallis, 2007), since the biophysical

mechanisms behind interactions in these systems are governed by Newtonian, rather than

Darwinian, mechanisms.

Even if the strict definition of a co-evolutionary system does not apply to socio-hydrology,

the co-evolutionary framework may be used as an epistemological tool (Jeffrey and McIntosh,

2006), a way to develop understanding, and so the subtle difference between complex and

co-evolutionary systems should be kept in mind when developing socio-hydrological models,

if for no other reason than it may remind developers that non-stationary responses may exist

(whether this implies co-evolution or not), largely in terms of social response to hydrological

change. The usage of a co-evolutionary framework also allows the usage of the teleological

principle (i.e. an end outcome has a finite cause), which allows, for example, for policy im-

plications to be drawn (Winder et al., 2005).

There are already examples where a co-evolutionary perspective has been taken on an issue

that may be termed socio-hydrological/-ecological; these examples and how useful the co-

evolutionary analogy is are examined here. Kallis (2010) uses a co-evolutionary perspective

to look at how water resources have been developed in the past: Athens in Greece is used as
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an example, where expansions in water supply led to increases in demands, which required

further expansion. However, this cycle is not seen as predetermined and unstoppable, rather

it is dependent on environmental conditions, governance regimes, technology and geo-politics,

all of which are impacted by, and evolve with, the changes in water supply and demand, as

well as each other. The relationship between the biophysical environment and technology

is particularly interesting: the environment is non-stationary as water supply expands, as

innovation and policy, driven by necessity to overcome environmental constraints, result in

environmental changes, both expected and unforeseen, which then result in socioeconomic

changes and new environmental challenges to be solved. The evolutionary perspective used

in looking at innovation overcoming temporary environmental constraints, but also creating

new issues in the future is very useful in understanding how human-water systems develop.

A study by Lorenzoni (2000) and Lorenzoni et al. (2000) takes a co-evolutionary approach to

climate change impact assessment and determines that using indicators of sustainability in a

bi-directional manner (both as inputs to and outputs from climate scenarios) is possible, and

that a co-evolutionary view of the human-climate system, involving adaptation as well as

mitigation measures, results in a ‘more sophisticated and dynamic account of the potential

feedbacks’ (Lorenzoni et al., 2000). The dynamics that are implied using co-evolutionary

frameworks are also interesting, as shown in studies by Liu et al. (2014), whereby the co-

evolution of humans and water in a river basin system brings about long stable periods of

system equilibrium, punctuated by shifts due to internal or external factors, which indicates

a ‘resonance rather than a cause-effect relationship’ (Falkenmark, 2003) between the systems.

The usage of a co-evolutionary framework could be beneficial in governance and modelling

of socio-hydrological systems, and the previously mentioned IAHS paper (Montanari et al.,

2013) states that the co-evolution of humans and water ‘needs to be recognized and modelled

with a suitable approach, in order to predict their reaction to change’. The co-evolution

of societal norms with environmental state may be particularly interesting in this respect.

The ‘lock-in’ that is created by technological and policy changes in co-evolutionary systems,

which can limit reversibility of decisions in terms of how resources are allocated (Van den

Bergh and Gowdy, 2000), also means that improving the predictive approach taken should

be a matter of priority, decisions taken now may result in co-evolutionary pathways being
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taken that cannot be altered later (Thompson et al., 2013). The implication of a potential

lack of knowledge of long-term path dependencies for current policy decisions should be that,

rather than seeking optimal policies in the short term, current decisions should be made that

allow development in the long term and maintain the potential for system evolution in many

directions (Rammel and Bergh, 2003).

Complex Adaptive Systems

In understanding the concept of sustainability, Jeffrey and McIntosh (2006) explains that

the dynamic behaviour seen in natural systems, ‘is distinct from (simple or complex) dy-

namic or (merely) evolutionary change’, and is instead a complex mixture of mechanistic

and evolutionary behaviours. However, as was previously explained, the strict use of the

term ‘co-evolutionary’ is perhaps not applicable in socio-ecological systems, and so perhaps

a better term to be used would be ‘complex adaptive systems’ (Levin et al., 2012). Complex

adaptive systems are a subset of complex systems in which systems or system components

that exhibit adaptivity (not necessarily all elements or subsystems); Lansing (2003) gives a

good introduction. The important distinction between complex systems and complex adap-

tive systems is that, in complex systems, if a system reaches a previously seen state, this

indicates a cycle, and so the system will return to this state at another point. Due to the

adaptivity and time-variant responses, this is not the case in complex adaptive systems.

The complex adaptive systems paradigm has already been used in a socio-hydrological con-

text, being used to investigate Balinese water temples that are used in irrigation (Falvo, 2000;

Lansing and Kremer, 1993; Lansing et al., 2009). Policy implications of complex adaptive

systems have also been investigated by Levin et al. (2012) and Rammel et al. (2007), and are

summarised as:

• Nonlinearilty - should be included in models such that surprises aren’t so surprising.

Time variant responses also mean that adaptive, changing management practices should

be used, as opposed to stationary practices

• Scale issues - processes occur on different spatial scales and timescales, and so analysis

of policy impacts should be conducted on appropriate, and possible on multiple, scales
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• Heterogeneity - heterogeneity in complex systems results in the application of homoge-

neous policies often being sub-optimal

• Risk & uncertainty - Knightian (irreducible) uncertainty exists in complex adaptive

systems

• Emergence - surprising results should not be seen as surprising, due to the complex,

changing resposnes within systems

• Nested hierarchies - impacts of decisions can be seen on multiple system levels due to

the hierarchies within complex adaptive systems

As can be seen, these policy issues are very similar to those mentioned in previous sections

relating to management of socio-hydrological and socio-ecological systems, which is not sur-

prising.

Ultimately, in the modelling of socio-hydrological systems, it is not necessary to state whether

the system is being treated as a complex system, a co-evolutionary system or a complex adap-

tive system, rather it is the implications that the lens through which the system is seen has,

via the representation of the system in model equations, that are most important. There are

clearly dynamics that both do and do not vary in time in socio-hydrological systems, and

so these should all be treated appropriately. Perhaps the most important outcome of the

human-water system representation should be a mindset to be applied in socio-hydrological

modelling, whereby mechanistic system components are used in harmony with evolutionary

and adaptive components to best represent the system.

2.3.4 Space and Time in Socio-hydrological Modelling

In several previous sections, the issues of scale that socio-ecological and socio-hydrological

systems can face were presented and their significance stressed. As such, a section looking

at space and time in socio-hydrology is warranted. Hydrology involves ‘feedbacks that op-

erate at multiple spatiotemporal scales’ (Ehret et al., 2014), and when coupled with human

activities, which are also complex on spatial and temporal scales (Ren et al., 2002), this

picture becomes yet more complicated, though these cross-scale interactions are the ‘essence
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Figure 2.2: Temporal and spatial scales at which different research approaches are appropriate
(Adapted with permission from Reyer et al. (2015), c©Reyer et al. (2015), used under the
CC Attribution License 3.0)

of the human-water relationship’ (Liu et al., 2014). As a method of enquiry, modelling allows

for investigations to be conducted on spatiotemporal scales that are not feasible using other

methods, such as experiments and observations (though the advent of global satellite obser-

vations is changing the role that observations have and the relationship between observations

and modelling to one of modelling downscaling observations and converting raw observations

into actionable information Reyer et al., 2015, see Figure 2.2), and so is a useful tool in

investigating socio-hydrology. However, ensuring the correct scale for modelling and policy

implementation is of great importance, as both of these factors can have great impacts on

the end results (Manson, 2008).

In terms of space, the interactions that occur between natural and constructed scales are

superimposed with interactions occuring between local, regional and global spatial scales.

Basins and watersheds are seen as “natural” (Blomquist and Schlager, 2005) scales for anal-

ysis, since these are the spatial units in which water flows (though there are of course water-

sheds of different scales and watersheds within basins, and so watershed-scale analysis does

not answer the question of spatial scale on its own), however these often do not match with

the scales on which human activities occur, and indeed human intervention has, in some

cases, rendered the meaning of a ‘basin’ less relevant due to water transfers (Bourblanc and

Blanchon, 2013). The importance of regional and global scales has been recognised, with

Falkenmark (2011) stating that ‘the meso-scale focus on river basins will no longer suffice’.
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Another issue of spatial scale is that of the extents on which issues are created and experi-

enced (Zeitoun, 2013): some issues, for instance point-source pollution, are created locally

and experienced more widely, whereas issues of climate are created globally, but problems

are experienced more locally in the form of droughts and floods. This dissonance between

cause and effect can only be combated with policy on the correct scale. Creating models

involves scale decisions, often involving trade-offs between practicalities of computing power

and coarseness of representation (Evans and Kelley, 2004), which can impact the quality of

model output. The previous points all indicate there being no single spatial scale appropriate

for socio-hydrological analysis; instead, each problem should be considered individually, with

the relevant processes and their scales identified and modelling scales determined accordingly.

This could result in potentially heterogeneous spatial scales within a model.

The interactions between slow and fast processes create the temporal dynamics seen in socio-

ecological systems (Crépin, 2007); slow, often unnoticed, processes can be driven which lead

to regime shift on a much shorter timescale (Hughes et al., 2013), and in modelling efforts

these slow processes must be incorporated with faster processes. Different locations will

evolve in a socio-hydrological sense at different paces, due to hydrogeological (Perdigão and

Blöschl, 2014) and social factors, and so socio-hydrological models should be developed with

this in mind. Also, different policy options are appropriate on different timescales, with

efforts such as rationing and source-switching appropriate in the short-term, as opposed to

infrastructure decisions and water rights changes being more appropriate in the long term

(Srinivasan et al., 2013). All of these factors mean that a variety of timescales, and inter-

actions between these, should be included in models, and analyses on different timescales

should not be seen as incompatible (Ertsen et al., 2014).

2.3.5 Data

One of the cornerstones of study in hydrological sciences is data. However, there are sig-

nificant problems in obtaining the data required in a socio-hydrological sense. Some of the

issues present in this area are:
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• Timescales: an issue in accruing data for long-term hydrological studies is that ‘detailed

hydrologic data has a finite history’ (Troy et al., 2015b). Good data from historical

case studies is difficult to obtain, and so shorter-term studies sometimes have to suffice

(this creates issues when dealing with extremes, which are generally of interest in hy-

drology). The focus on long-term analysis that socio-hydrology takes exacerbates this

problem, particularly since historical case studies are of great use during the system-

understanding phase that the subject is currently in.

• Availability: where data is widely available, it may be possible for minimal analysis

to be carried out, and for data-centric studies to be carried out (Showqi et al., 2013),

but when the boundaries of the system of interest are expanded to include the social

side of the system, data requirements naturally increase, and modellers are exposed

to data scarcity in multiple disciplines (Cotter et al., 2014). Hydrological modelling

often suffers from data unavailability (Srinivasan et al., 2015), but significant work has

recently been carried out in recent years on prediction in ungauged basins (Hrachowitz

et al., 2013; Wagener and Montanari, 2011) to reduce this, and so perhaps the poten-

tial multi-disciplinary data scarcity issues in socio-hydrology could borrow and adapt

some techniques, in particular the use of flexible modelling frameworks, which help

select the best model typology for system components, based on what data is available,

rather than beginning with a strict model typology for all system components. Papers

discussing solutions for a lack of data in a socio-hydrologic context are also already ap-

pearing (Zlinszky and Timár, 2013). Data scarcity can heavily influence the modelling

technique used (Odongo et al., 2014): lumped conceptual models tend to have ‘more

modest... data requirements’ (Sivapalan et al., 2003), whereas distributed, physically-

based models tend to have ‘large data and computer requirements’ (Sivapalan et al.,

2003). A smaller amount of data may be necessary in some socio-hydrological studies,

since the collection of a significant quantity of extra data (when compared to hydro-

logical studies) also incurs an extra cost, both in terms of cost and time (Pataki et al.,

2011).
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• Inter-disciplinary Integration: the integration of different data types from different fields

is complex (Cotter et al., 2014); socio-hydrology will have to cope with this, since some

aspects of socio-hydrological study are necessarily quantitative and some qualitative.

Since the subject of socio-hydrology has come largely from those with a hydrology

background, integrating qualitative data sources with more quantitative sources that

hydrologists are commonly more comfortable with could pose some issues (Troy et al.,

2015b). However, the necessary interdisciplinary nature of socio-hydrology also means

that communication between model developers from different subject areas should be

enhanced (Cotter et al., 2014), so that everyone may gain.

• New data: in order to capture some of the complex socio-hydrological interactions,

socio-hydrology should seek to go beyond merely summing together hydrological and

social data, and instead investigate the use of new, different data types. Saying that

this should be done is easy, but carrying it out in practice may be much more difficult,

since the nature of this data and how it would be collected are presently unknown.

To this end, Di Baldassarre et al. (2015a) points out that the use of stylised models

can help to guide researchers towards the data that is needed, setting off an iterative

process of model-data-theory development. With regard to unconventional data, Troy

et al. (2015a) has propounded the use of proxy data in socio-hydrology where data

does not exist, and Zlinszky and Timár (2013) have investigated the potential for an

unconventional data source for socio-hydrology: historical maps.

2.3.6 Complexity

The expansion of system boundaries to include both social and hydrological systems in-

troduces more complexity than when each system is considered separately. The increased

complexity of the system leads to a greater degree of emergence present in the system, though

this doesn’t necessarily mean more complex behaviours (Kumar, 2011). The level of com-

plexity required in a model of a more complex system will probably itself be more complex

(though not necessarily, as Levin et al. (2012) said, ‘the art of modelling is to incorporate the

essential details, and no more’) than that of a simpler system, since model quality should be
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judged by the ability to match the emergent properties of the behaviour a system (Kumar,

2011). Manson (2001) introduces the different types of complexity:

• Algorithmic complexity: this may be split into two varieties of complexity. One is the

computational effort required to solve a problem, and the other is complexity of the

simplest algorithm capable of reproducing system behaviour.

– While the first side of algorithmic complexity is important in socio-hydrological

modelling, since mathematical problems should be kept as simple as is practicable,

the second facet of algorithmic complexity is most applicable to socio-hydrologic

modelling, as modellers should be seeking to develop the simplest possible models

that can replicate the behaviour of socio-hydrological systems.

• Deterministic complexity: the notion that every outcome has a root cause that may be

determined, however detached they may seemingly be, is at the heart of deterministic

complexity. Feedbacks, sensitivities to changes in parameters and tipping points are all

part of deterministic complexity.

– The study of complex systems using mechanistic equations implies that there are

deterministic relationships within a system; since socio-hydrological modelling will

use such techniques, deterministic complexity is of interest. Using deterministic

principles, modellers may seek to determine the overall impacts that alterations

to a system may have.

• Aggregate complexity: this is concerned with the interactions within a system caus-

ing overall system changes. The relationships within a system lead to the emergent

behaviours that are of such interest, and determining the strengths of various correla-

tions and how different interactions lead to system level behaviours gives an idea of the

aggregate complexity of a system.

– Aggregate complexity is of great interest to modellers of socio-hydrological sys-

tems. Determining how macro-scale impacts are created via interactions between

system variables is a central challenge in the subject, and so determining the ag-
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gregate complexity of socio-hydrological systems may be an interesting area of

study.

The increased complexity of the system, and the previously mentioned issues of possible data

scarcity from multiple disciplines, could lead to issues. Including more complexity in models

does not necessarily make them more accurate, particularly in the case of uncertain or poor

resolution input data (Orth et al., 2015); this should be kept in mind when developing socio-

hydrological models, and in some cases simple models may outperform more complex models.

Keeping in mind the various forms of complexity when developing models, socio-hydrologists

should have an idea of how models should be developed and what they may be capable of

telling us.

2.3.7 Model Resolution

As well as being structured in different ways, there are different ways in which models can be

used to obtain results via different resolutions. Methods include analytical resolution, Monte

Carlo simulations, scenario-based techniques and optimisation (Kelly (Letcher) et al., 2013).

Analytical resolutions, while they give a very good analysis of systems in which they are

applied, will generally be inapplicable in socio-hydrological applications, due to the lack of

certain mathematical formulations and deterministic relationships between variables which

are required for analytical solutions. Monte-carlo analyses involve running a model multiple

times using various input parameters and initial conditions. This is a good method for inves-

tigating the impacts that uncertainties can have (an important aspect in socio-hydrology),

though the large number of model runs required can lead to large computational require-

ments. Optimisation techniques are useful when decisions are to be made; using computer

programs to determine the ‘best’ decision can aid in policy-making, however, optimisation

techniques should be used with care: the impacts that uncertainties can have, as well as

issues of subjectivity and model imperfections can (and have) lead to sub-optimal decisions

being made. Techniques such as multi-objective optimisation (Hurford et al., 2014) seek to

make more clear the trade-offs involved in determining ‘optimal’ strategies.
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2.3.8 Uncertainty

Uncertainty is an issue to be kept at the forefront of a modeller’s mind before a modelling

technique is chosen, while models are being developed and once they produce results. There

are implications that uncertainty has in all modelling applications, and so it is important to

cope appropriately with them, as well as to communicate their existence (Welsh et al., 2013).

Some of the modelling techniques, for instance Bayesian Networks, deal with uncertainty in

an explicit fashion, while other techniques may require sensitivity analyses or scenario-based

methods to deal with uncertainty. In any case, the method by which uncertainty is dealt

with is an important consideration in determining an appropriate modelling technique.

Uncertainty in socio-hydrology could certainly be the subject of a paper on its own, and so

while this paper outlines some of the aspects of uncertainty which have particular significance

for modelling, some aspects are not covered in full detail. For more detailed coverage of

uncertainty in a socio-hydrological context, the reader is directed towards Di Baldassarre

et al. (2015b) and Merz et al. (2015).

Uncertainty in Hydrological Models

Hydrological models on their own are subject to great uncertainties, which arise for an array

of reasons and from different places, including external sources (for instance uncertainties in

precipitation or human agency, internal sources (model structure and parameterisation), as

well as data issues and problem uniqueness (Welsh et al., 2013). In the current changing

world, many of the assumptions on which hydrological models have been built, for instance

non-stationarity (Milly et al., 2008), have been challenged, and new uncertainties are arising

(Peel and Blöschl, 2011). However, the extensive investigations into dealing with uncertainty

(particularly the recent focus on prediction in ungauged basins (Wagener and Montanari,

2011)) can only be of benefit to studies which widen system boundaries. The trade-offs

between model complexity and ‘empirical risk’ (Arkesteijn and Pande, 2013) in modelling,

ways to deal with large numbers of parameters and limited data (Welsh et al., 2013), as well

as statistical techniques to cope with uncertainties (Wang and Huang, 2014) have all been

well investigated, and knowledge from these areas can certainly be applied to future studies.
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Uncertainty in Coupled Socio-hydrological Models

Interactive and compound uncertainties are an issue in many subjects, and indeed already

in water science (particularly the policy domain). Techniques already exist in water resource

management for taking action under such uncertainties, for instance the method used by

Wang and Huang (2014), whereby upper and lower bounds are found for an objective func-

tion that is to be minimised/maximised to help identify the ‘best’ decision, and to identify

those that may suffer due to various uncertainties. This approach extends that taken in

sensitivity analyses, and is a step forward, since sensitivity analyses usually examine ‘the ef-

fects of changes in a single parameter... assuming no changes in all other parameters’ (Wang

and Huang, 2014), which can fail to detect the impact of combined uncertainies in systems

with a great deal of interconnections and feedbacks. The amplifications that feedback loops

can induce in dynamic systems mean that the impact of uncertainties, particularly initial

condition uncertainties, can be great (Kumar, 2011).

There are aspects to socio-hydrology which induce issues regarding uncertainties which are

beyond mere propagation of deterministic uncertainty. The nature of the hydrological in-

put brings about ‘aleatory’ uncertainty (Di Baldassarre et al., 2015b), in which random

variability brings uncertainty; this variability can be coped with in modelling to a certain

extent by using probabilistic or stochastic methods, however some of the effects that it brings

about, for instance surprise (Merz et al., 2015) have much more serious implications. The

random nature of the times at which extreme hydrological events occur, and the often event-

based response that humans take, means that very different trajectories can be predicted

in socio-hydrological systems, dependent on when events occur. Merz et al. (2015) argue

that surprise should be accounted for more fully in flood risk assessment, and that thorough

analyses should be carried out, in which the possibility for surprise, and the vulnerability of

a system to surprising events, are accounted for.

Another aspect of uncertainty that socio-hydrology needs to consider is that which Di Bal-

dassarre et al. (2015b) term epistemic uncertainty. At present, understanding of the nature

of human-water system dynamics is relatively poor, and this lack of knowledge means that

significant uncertainty exists around whether representations of these dynamics are correct.
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Di Baldassarre et al. (2015b) characterise epistemic uncertainty as arising from three sources:

known unknowns, unknown unknowns and wrong assumptions. These three sources of un-

certainty lead to the present approach to modelling, whereby we model based on assumed

system behaviour, being called into question. This epistemic uncertainty is related to the

issue of Knightian uncertainty: the inherent indeterminacy of the system (‘that which can-

not be known’ (Lane, 2014)). In cases of epistemic and Knightian uncertainty, the use of

adaptive management techniques (Garmestani, 2013) is an effective way acting in a practical

sense, but doesn’t necessarily provide a solution to unknown unknowns. Modelling is a key

part of the reduction of epistemic uncertainty: Di Baldassarre et al. (2015b) call for the it-

erative process of ‘new observations, empirical studied and conceptual modelling’ to increase

knowledge regarding human-water systems, in order to reduce these uncertainties.

2.4 How?

The final component to this review covers the ‘how’ of socio-hydrological modelling. Siva-

palan and Blöschl (2015) give an excellent overview of how the overall modelling process

should be carried out in socio-hydrology, which the reader is highly encouraged to read. This

review focuses on the different specific techniques available to modellers, the background to

these techniques, how they would be developed, applied and used in socio-hydrology, as well

as the difficulties that might be faced. The above ‘what?’ and ‘why?’ sections will be utilised

to aid in these discussions. Table 2.1 shows some examples of modelling studies which in-

volve some element of human-water interaction, including details of the technique that is

used, the case studied and the reason for modelling. While some of the studies included

would be deemed socio-hydrologic in nature, many of them would not be, but are present as

the inclusion of some aspect of human-water interaction that they exhibit may be useful to

future socio-hydrological modellers.

Liebman (1976) said that ‘modelling is thinking made public’, and so models may be used to

demonstrate the knowledge currently held in a community. Troy et al. (2015a) even state that

socio-hydrological models at present may be thought of as hypotheses (rather than predictive

tools), and so reinforce this view. With the current feeling in socio-hydrological circles being
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that the integration of the social and economic interactions with water is a vital component

of study, this integration should be seen, and should be included centrally in models in such

a way that demonstrates the importance of these interactions to modellers (Lane, 2014).

This should mean integration of the two disciplines in a holistic sense, including integrating

the issues faced across hydrological, social and economic spheres, the integration of different

processes from the different areas of study, integration of different levels of scale (hydrologic

processes will operate on a different scale to social and economic processes), as well as the

integration of different stakeholders across the different disciplines (Kelly (Letcher) et al.,

2013).

There are numerous ways to classify models, and so before each individual modelling tech-

nique is detailed, the more general classifications will be detailed.

2.4.1 Model Classifications

Data-based vs Physics-based vs Conceptual

The distinction between these different types of model is fairly clear: physics-based models

use mathematical representations of physical processes to determine system response, data-

based models seek to reproduce system behaviour utilising available data (Pechlivanidis and

Jackson, 2011) (there also exist hybrid models using a combination of these two approaches),

and conceptual models are based on a modeller’s conceptual view of a system. The com-

mon criticisms of the two approaches are that physics-based model results are not always

supported by the available data (Wheater, 2002) and are limited due to the homogenous na-

ture of equations in a heterogeneous world (Beven, 1989), while metric models can represent

processes that have no physical relevance (Malanson, 1999).

Bottom-up vs Top-down

There is a similar distinction between bottom-up and top-down models as between metric

and physically-based. Bottom-up modelling techniques involve the representation of processes

(not necessarily physical) to develop system behaviour, whereas top-down approaches look
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at system outcomes and try to look for correlations to determine system behaviours. Top-

down approaches have been criticised for their inability to determine base-level processes

within a system, and so their inability to model the impact of implementing policies and

technologies (Srinivasan et al., 2012). Bottom-up methods, while the message they present

doesn’t need to be ‘disentangled’ (Lorenzoni et al., 2000), require a great deal of knowledge

regarding specific processes and sites, which in social circumstances in particular can be very

challenging (Sivapalan, 2015) and specific in both a spatial and temporal sense. More detail

on bottom-up and top-down modelling approaches will be given in the sections on agent

based modelling and system dynamics modelling, since these are the archetypal bottom-up

and top-down approaches respectively.

Distributed vs Lumped

The final distinction that is drawn here is that of distributed and lumped models. Distributed

models include provisions for spatial, as well as temporal, heterogeneity, while lumped models

concentrate study at discrete spatial points, where dynamics vary only in time. The advan-

tages of distributed models are clear, particularly in a hydrological context where spatial

heterogeneity is of such importance, however the drawbacks of high-resolution data require-

ments, with high potential for uncertainty, and larger computational requirements (Sivapalan

et al., 2003) mean that lumped models can be an attractive choice.

2.4.2 Approaches

Kelly (Letcher) et al. (2013) give an excellent, critical overview of which modelling approaches

may be used in modelling socio-ecological systems. As socio-hydrology is closely linked to

socio-ecology, these modelling approaches are largely the same. The modelling techniques

that will be discussed here are:

• Agent-based Modelling (ABM)

• System Dynamics (SD)

• Pattern-oriented Modelling (POM)
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• Bayesian Networks (BN)

• Coupled-component Modelling (CCM)

• Scenario-based Modelling

• Heuristic/Knowledge-based Modelling

While it is acknowledged that the modelling techniques detailed in this review are estab-

lished, traditional techniques, this should certainly not be taken as implying that modellers

in socio-hydrology should only use traditional techniques. As has been said, this review is

not intended to be a review of socio-hydrological modelling thus far, but rather a review

of current knowledge designed to guide future socio-hydrological modelling efforts. New or

hybrid modelling techniques are likely to emerge to tackle the specific problems that socio-

hydrology poses, but any new techniques are very likely to be based around existing methods.

As such, these modelling processes for these approaches are detailed, with a critical view on

their application in socio-hydrology taken.

In the discussions that follow, the factors that would affect the choice of modelling approach

will also be used. These are:

• Model purpose

• Data availability (quantity, quality and whether it is quantitative or qualitative)

• Treatment of space

• Treatment of time

• Treatment of system entities

• Uncertainty

• Model resolution

Now that these pre-discussions have been included, a section on the importance of model

conceptualisation is included, before each modelling approach is focused on.
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2.4.3 The Importance of Model Conceptualisation

The previously mentioned statement of modelling being ‘thinking made public’ (Liebman,

1976) highlights the significance of the process behind model development for the distribution

of knowledge. The conceptual basis on which a model is built defines the vision that a devel-

oper has of a system (‘framing the problem’ (Srinivasan, 2015)), and is therefore both a vital

step in model development and a way that understanding can be shared. Conceptualisations

often involve ‘pictures’, whether these be mental or physical pictures, and these pictures can

be an excellent point of access for those who wish to understand a system, but who do not

wish to delve into the potentially more quantitative or involved aspects. In some cases, a

conceptual modelling study can also be an important first step towards the creation of a later

quantified model (e.g. (Liu et al., 2015a; Liu et al., 2014)).

There are certain facets of socio-hydrology that should be captured in all SHS models, and

so frameworks for socio-hydrological models should underly conceptualisations. Two frame-

works for socio-hydrological models that have been developed thus far are those of Carey

et al. (2014) and Elshafei et al. (2014). The framework of Carey et al. (2014) highlights some

key facets of the human side of the system that are important to capture:

• ‘Political agenda and economic development

• Governance: laws and institutions

• Technology and engineering

• Land and resource use

• Societal response’

The framework presented by Elshafei et al. (2014) present a framework for the whole system,

which is composed of:

• Catchment hydrology

• Population dynamics

• Economics
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• Ecosystem services

• Societal sensitivity

• Behavioural response

Both of these frameworks give a view of the key parts of socio-hydrological systems: the

second gives a good base for modelling the entirety of the system, and has a very abstracted

point of view of the societal dynamics, whereas the former takes a more detailed look at the

societal constructs that lead to a particular response. Depending on the level of detail that

is sought, either or both of these frameworks could be used as a basis for a socio-hydrological

conceptualisation.

2.4.4 Agent-Based Modelling (ABM)

Having its origins in object-oriented programming, game theory and cognitive psychology

(An, 2012), ABM is a bottom-up approach to the modelling of a system, in which the focus

is on the behaviour and decision-making of individual ‘agents’ within a system (Bousquet

and Le Page, 2004). These agents may be individuals, groups of individuals, or institutions,

but are defined by the attributes of being autonomous and self-contained, the presence of a

state and the existence of interactions with other agents and/or the environment in which

an agent exists (Macal and North, 2010). Decision rules are determined for agents (these

may be homogeneous or heterogeneous), which determine the interactions and feedbacks that

occur between agents (often agents on different organisational levels (Valbuena et al., 2009)),

as well as between agents and the environment. ABMs are almost necessarily coupled in a

socio-ecological sense (though they are often not necessarily termed as such), given that they

use the decision-making processes of those within a society to determine the actions that they

will take, and as such their impacts upon the environment and associated feedbacks, though

they might not fully look at impacts that society has upon the environment, and rather look

at human reactions to environmental changes.

Agent-based models themselves come in many forms, for example:
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• Microeconomic: agent rules are prescribed to optimise a given variable, for instance

profit, and make rational (or bounded rational) choices with regards to this (e.g. (Becu

et al., 2003; Filatova et al., 2009; Nautiyal and Kaechele, 2009)).

• Evolutionary: agent decision-making processes change over time as agents ‘learn’ (e.g..

(Manson and Evans, 2007)) and test strategies (e.g. (Evans et al., 2006)).

• Heuristic/Experience-based: agents’ rules are determined either through via either ex-

perience, or the examination of data (e.g. (An et al., 2005; Deadman et al., 2004; Gibon

et al., 2010; Matthews, 2006; Valbuena et al., 2009, 2010)).

• Scenario-based: various environmental scenarios are investigated to see the impact upon

behaviours, or different scenarios of societal behaviours are investigated to see impacts

upon the environment (e.g. (Murray-Rust et al., 2013)).

The development of an ABM involves a fairly set method, the general steps of which are:

1. Problem definition

2. Determination of relevant system agents

3. Description of the environment in which agents exist

4. Elicitation of agent decision-making process and behaviours (Elsawah et al., 2015)

5. Determination of the interactions between agents

6. Determination of the interactions between agents and the environment

7. Development of computational algorithms to represent agents, environment, decision-

making processes, behaviours and interactions

8. Model validation and calibration

The results from ABMs will generally be spatially explicit representations of system evolution

over time, and so lend themselves well to integration with GIS software (Parker et al., 2005).

ABMs may be used in socio-hydrological modelling in two contexts: firstly, the discovery
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of emergent behaviour (Kelly (Letcher) et al., 2013) in a system, and secondly determining

the macro-scale consequences that arise from interactions between many individual hetero-

geneous agents and the environment. ABM may be used for a number of different reasons:

in the context of system understanding, the elicitation of emergent behaviours and outcomes

leads to an understanding of the system, and in particular decision-making mechanisms where

they can represent important phenomena that may be difficult to represent mathematically

(Lempert, 2002). ABMs are also very applicable in the area of policy-making, as the out-

comes of different policy options may be compared when the impact of agent behaviours

are accounted for; for instance, O’Connell and O’Donnell (2014) suggest that ABMs may be

more useful in determining appropriate flood investments than current cost-benefit analysis

(CBA) methods. In the area of resilience, the importance of human behaviours in creating

adaptive capacity of socio-ecological systems (Elsawah et al., 2015) has meant that ABMs

have been used to look at the varying levels of differing levels of resilience in different gov-

ernance regimes (Schlüter and Pahl-Wostl, 2007). The usage of ABM can be particularly

strong in participatory modelling (Purnomo et al., 2005), where agents may be interviewed

to determine their strategies, and then included in subsequent modelling stages. While ABM

is seen by many as a technique with a wide range of uses, others are less sure of it’s powers

(Couclelis, 2001), particularly in predictive power at small scales (An, 2012), along with the

difficulties that can be present in validation and verification of decision-making mechanisms

(An, 2012). One study that has been carried out in the specific area of socio-hydrology which

incorporates agent-based aspects is that of Srinivasan (2013). In this historical study, social

and hydrological change in Chennai, India (Srinivasan, 2013) was investigated to determine

the vulnerability of those within the city to water supply issues. The model was successfully

able to incorporate different temporal scales, and was able to identify the possibility for vul-

nerability of water supplies on both a macro- and micro-scale level; the adaptive decisions of

agents that the model was able to account for played a big part in this success. This work

has been carried on via another study (Srinivasan, 2015) in which alternative trajectories are

investigated to examine how the system might now be different had different decisions been

made in the past.

Agent-based modelling may be particularly well-placed to investigate the role of changing
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Figure 2.3: c©Fernald et al. (2012), reproduced under the CC Attibution License 3.0. An
example of a complex CLD (this is approximately one quarter of the complete diagram)

norms and values in socio-hydrology; by considering the decision-making processes of in-

dividual agents, there is an ability to determine the implications of slow changes in these

decision-making processes. This does not, however, diminish the difficulty involved in deter-

mining how to represent these changing norms.

Game Theory

‘Game theory asks what moves or choices or allocations are consistent with (are optimal given)

other agents’ moves or choices or allocations in a strategic situation.’ (Arthur, 1999), and so is

potentially very applicable to agent-based modelling in determining the decisions that agents

make (Bousquet and Le Page, 2004). For a great deal of time, game theory has been used

to determine outcomes in socio-ecological systems (for example the tragedy of the commons

(Hardin, 1968)) and game theory has been used extensively in water resource management

problems (Madani and Hooshyar, 2014), so there is the potential that game theory could be

extended to problems in a socio-hydrological setting. However, the uncertainties that will

be dealt with in socio-hydrology (which have been discussed earlier) would be beyond those

that are currently considered in game theory, and so special attention would need to be paid

to this area were game theory to be applied.
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Figure 2.4: c©Di Baldassarre et al. (2013a), reproduced with permission under the CC At-
tribution License 3.0. An example of a simple CLD from Di Baldassarre et al. (2013a)

Figure 2.5: An example of a Stocks and Flows Diagram (SFD) developed from a Causal Loop
Diagram (CLD)

2.4.5 System Dynamics (SD)

System dynamics (and the linked technique of system analysis (Dooge, 1973)) takes a very

much top-down view of a system; rather than focusing on the individual processes that lead

to overall system behaviours, system dynamics looks at the way a system converts inputs to

outputs and uses this as a way to determine overall system behaviour. In system dynamics,

describing the way a system ‘works’ is the goal rather than determining the ‘nature of the

system’ (Dooge, 1973) by examining the system components and the physical laws that

connect them. System dynamics can, therefore, avoid the potentially misleading analysis

of the interactions and scaling up of small-scale processes (potentially misleading due to the

complexity present in small-scale interactions not scaling up) (Sivapalan et al., 2003). Macro-

scale outcomes such as non-linearities, emergence, cross-scale interactions and surprise can all

be investigated well using system dynamics (Liao, 2013), and it’s high-level system outlook

allows for holism in system comprehension (Mirchi et al., 2012).

An important facet of the system dynamics approach is the development procedure: a clear

and helpful framework that is integral in the development of a successful model, and also
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provides an important part of the learning experience. As with other modelling techniques,

this begins with a system conceptualisation, which, in this case, involves the development of

a causal loop diagram (CLD). A CLD (see examples in Figures 2.3 and 2.4) is a qualitative,

pictorial view of the components of a system and the linkages between them. This allows for

a model developer to visualise the potential feedbacks and interconnections that may lead to

system-level behaviours (Mirchi et al., 2012) from a qualitative perspective, without needing

to delve into the quantitative identification of the significance of the different interconnections.

Depending on how a modeller wishes to represent a system, different levels of complexity

may be included in a CLD (this complexity may then later be revisited during the more

quantitative model development phases), and CLDs (and indeed SD models) of different

complexity may be useful in different circumstances. The differences in complexity between

Figures 2.3 and 2.4 show very different levels of complexity that modellers may choose to use

(particularly since Figure 2.3 is only a CLD for one of four linked subsystems). Once a CLD

has been devised, the next stage in model development is to turn the CLD into a Stocks

and Flows Diagram (SFD). This process is detailed in Table 2.2, and essentially involves a

qualitative process of determining the accumulation and transfer of ‘stocks’ (the variables, or

proxy variables used to measure the various resources and drivers) in and around a system.

Figure 2.5 shows the SFD developed from a CLD. SFD formulation lends itself better to

subsequent development into a full quantitative model, though is still qualitative in nature

and fairly simple to develop, requiring little or no computer simulation (a good thing, as

Mirchi et al. (2012) says, ‘extensive computer simulations should be performed only after a

clear picture ... has been established’). Once a SFD has been developed, this then leads

into the development of a full quantitative model, which will help ‘better understand the

magnitude and directionality of the different variables within each subsystem (Fernald et al.,

2012) and the overall impacts that the interactions between variables have. Turning the SFD

into a quantitative model essentially involves the application of mathematical computations

in the form of differential/difference equations to each of the interactions highlighted in the

SFD. As with other modelling techniques, this quantitative model should go through full

validation and calibration steps before it is used.

54



The application of a top-down modelling strategy, such as system dynamics, carries with it

certain advantages. The impact that individual system processes and interactions thereof

may be identified, as the root causes of feedbacks, time-lags and other non-linear effects

can be traced. This trait makes system dynamics modelling particularly good in system

understanding applications. The usefulness of SD in learning circumstances is increased by

the different levels on which system understanding can be generated: the different stages

of model development, varying from entirely qualitative and visual to entirely quantitative,

allow for those with different levels of understanding and inclination to garner insight at their

own level, and during different stages of model development. As such, system dynamics is

an excellent tool for use in participatory modelling circumstances. SD techniques also give a

fairly good level of control over model complexity to the developer, since the level at which

subsystems and interactions is defined by the model developer. There are clear outcomes that

emerge in many socio-ecological and socio-hydrological systems, but the inherent complexity

and levels of interaction of small-scale processes ‘prohibits accurate mechanistic modelling’

(Scheffer et al., 2012), and so viewing (and modelling) the system from a level at which

complexity is appreciated but not overwhelming allows for modelling and analyses. Another

advantage that follows from this point is that system dynamics may be used in situations

where the physical basis for a relationship is either unknown or difficult to represent, since

correlative relationships may be used as a basis for modelling (Öztürk et al., 2013). The

nature of SD models also makes it easy to integrate the important (Gordon et al., 2008)

aspect of spatio-temporal scale integration, and the data-based typology of system dynamics

means that the ‘opportunity’ (Rosenberg and Madani, 2014) presented by big data can be

harnessed in water resource management.

There are, of course, reasons why system dynamics would not be chosen as a modelling tech-

nique. The first of these is the fundamental issue that all models that view systems from

a top-down perspective, inferring system characteristics from behaviours, can only produce

deterministic results (Liu et al., 2006). Great care must also be taken with the level of

complexity included in a system dynamics model, since very simplistic relationships between

variables will fail to capture the complexity that is present (Kandasamy et al., 2014), while

the inclusion of too much complexity is easy, and can result in relationships that do not occur
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in the real world (Kelly (Letcher) et al., 2013). In systems of evolution and co-evolution,

using SD techniques may also be difficult, as the ‘very nature of systems may change over

time’ (Folke et al., 2010), and so time invariant equations may not properly model long-term

dynamics. This is of particular importance in socio-hydrology, where changing (and so time

invariant) social norms and values play a particularly important role. As such, for application

in socio-hydrology, the use of time-variant equations in SD models may be useful.

Of all of the modelling techniques detailed in this review, system dynamics has perhaps seen

the most explicit usage in socio-hydrology thus far. This is perhaps due to the usefulness of

SD in developing system understanding (the stage that socio-hydrology would currently be

characterised as being at), and the ease with which disciplines may be integrated. Models

thus far have generally been fairly simple, involving five or so system components, using

proxy measures for high-level system ‘parameters’. Examples include the work of Di Baldas-

sarre et al. (2013a) in which there are five system parameters with a total of seven difference

equations governing the behaviour of a fictional system investigating the coupled dynamics

of flood control infrastructure, development and population in a flood-prone area. The pa-

rameters used are proxies for the subsystems of the economy, politics, hydrology, technology

and societal sensitivity. The usage of a fairly simple model has allowed for further work using

this model, in which the impact of changing parameters which represent the risk taking atti-

tude of a society, its collective memory and trust in risk-reduction strategies are investigated,

alongside developments in which a stochastic hydrologic input were used (Viglione et al.,

2014), and a study in which control theory was used to investigate optimality in this context,

and in which the stochastic elements of the model were replaced with periodic determinis-

tic functions (Grames et al., 2015). The model was further developed, this time simplified

in structure, by Di Baldassarre et al. (2015a); here, the core dynamics were focused on,

and the number of parameters and variables reduced. This step of simplification is surely

good in system dynamics models, isolating the core features and relationships which produce

system-level outcomes, while reducing the risks of overparameterisation and excessive model

complexity. The structure of the modelling framework allowed for the development of a fairly

simple model that could show complex interactions between society and hydrology, produc-

ing emergent outcomes, and lead to development in thought around the subject. Another
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example of a system dynamics approach being taken in socio-hydrological study is the work

of Kandasamy et al. (2014), where the co-evolution of human and water systems in the Mur-

rumbidgee Basin (part of the Murray Darling Basin) was investigated in a qualitative sense

to form a system conceptualisation; this was then followed by work by Emmerik et al. (2014)

in which this conceptualised system view was turned into a quantitative model, formed of

coupled differential equations, capable of modelling past system behaviour. In this case, a

slightly different set of variables are investigated (reservoir storage, irrigated area, human

population, ecosystem health and environmental awareness), which provide indicators of the

economic and political systems in a more indirect (e.g. the irrigated area giving an idea of

economic agricultural production), but directly measurable way. Again, this fairly simple

mathematical model was able to replicate the complex, emergent behaviours seen in the sys-

tem, particularly the ‘pendulum swing’ between behaviours of environmental exploitation and

restoration. Studies investigating the Tarim Basin, Western China, have followed a similar

development process, with a conceptual model developed (Liu et al., 2014) first to examine

the system from a qualitative, historical perspective, before a quantitative approach (Liu

et al., 2015a), including proxy variables for hydrological, ecological, economic and social sub-

systems, is taken to develop further understanding of how and why specific co-evolutionary

dynamics have occurred; the focus in this study was on system learning, and so a simple

model was developed to facilitate easy understanding. The final socio-hydrological study

that explicitly takes a system dynamics approach looks at the dynamics of lake systems (Liu

et al., 2015b); this study involves a slightly more complex SD model, but is an excellent

example of the development path through conceptualisation, CLD formation, conversion to

an SFD and subsequent quantitative analysis. The five feedback loops that exist within the

model, and their significance in terms of system behaviour, are well explained. Again, similar

(though a slightly higher number of) variables are used in the model, including population,

economics, water demand, discharge, pollutant load and water quality. As is clear from the

choice of variables, the hydrological system is viewed in more detail in this study, and the

aspect of community sensitivity and behavioural responses are not included explicitly.

As is clear from the studies highlighted, system dynamics has been well applied to socio-

hydrological studies. The ease with which SD facilitates system learning, the ability for
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relatively simple models to (re)produce emergent phenomena seen in socio-hydrological sys-

tems, and the clear model development process have led to this being a common choice of

modelling framework in early socio-hydrological system study. The highlighted studies make

clear the aspects of integrated socio-hydrological systems that should be included in all such

studies (i.e. some inclusion of hydrological systems, impacts on livelihoods and societal re-

sponses), but also the importance of tailoring models to show in more detail those aspects

that are pertinent to a particular case study.

2.4.6 Pattern-oriented Modelling (POM)

The previously described techniques of agent-based modelling and system dynamics are

archetypal examples of bottom-up and top-down modelling frameworks respectively. The ad-

vantages and disadvantages of these approaches have been detailed earlier, but are summed

up in Table 2.3. Overcoming these deficiencies is key in furthering the pursuit of accurate,

useful modelling. One way of attempting to overcome the difficulties posed by top-down and

bottom-up strategies is to attempt to ‘meet in the middle’ (something that has been called for

a long while (Veldkamp and Verburg, 2004)), and this is where POM sits. Pattern-oriented

models are essentially process-based (and so bottom-up) models where system results are

matched to observed patterns of behaviour in the model calibration/validation stage (Grimm

et al., 1996). The use of patterns in calibration, as opposed to exact magnitudes of output

parameters, makes validation simpler (Railsback, 2001), since maximum use may be found

for data that is available, and the often impracticable collection of data regarding all output

parameters becomes less necessary. Also, imperfect knowledge of base-level processes may

be overcome through emergent pattern identification (Magliocca and Ellis, 2013). The use of

POM would allow for a simpler process-based model, with few parameters, overcoming the

problems associated with the complexity in bottom-up models, whereby overparameterisa-

tion may lead to the tendency for models to be able to fit data despite potentially incorrect

processes and structure, as well as reducing model uncertainty, while also being defined by

processes, rather than data, and so overcoming the criticisms commonly levelled at top-down

approaches. There are, of course, drawbacks to the use of POM: a model being able to fit
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patterns does not necessarily mean that the mechanisms included in the model are correct,

and the data required for model validation may be quite different to that which is commonly

required at present, and so using POM may require a different approach to data collection

(Wiegand et al., 2003). Also, pattern-oriented models may still be significantly more complex

than system dynamics models, due to the modelling of base-level processes. The very fact

that they are pattern-oriented also leaves difficulties in dealing with surprise, a very impor-

tant aspect of socio-hydrology.

The model development process in POM is thus (Wiegand et al., 2003):

1. Identification of processes and development of process-based model

2. Model parameterisation

3. Aggregation of relevant data and identification of patterns

4. Comparison of observed patterns and those predicted by model

5. Comparison of model results with other predictions (key model outputs may need to

be validated against as well as patterns)

6. Necessary cyclical repetition of previous steps

Pattern-oriented models would be well applied in socio-hydrological situations. The various

emergent characteristics and patterns that are created in coupled socio-ecological and socio-

hydrological systems lend themselves perfectly to the integrated use of processes and patterns,

particularly since there are sub-systems and processes which are well understood and the

dynamics of which can be well modelled, but also those system components which are less well

understood. In less well understood system sections, underlying processes may be uncovered

by using the patterns which define the system (Grimm et al., 2005). POM has already found

applications in socio-ecological investigations into land-use change (Evans and Kelley, 2008;

Iwamura et al., 2014), though it has potential uses in many other areas.
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2.4.7 Bayesian Networks (BN)

Often, relationships between variables are stochastic, rather than deterministic, i.e. a given

input does not always give the same output and instead there is a distribution of possible

outputs. In such situations, Bayesian networks are well applied. The advantages of using

Bayesian Networks come directly from the modelling approach: uncertainties are directly

and explicitly accounted for since all inputs and outputs are stochastic (Kelly (Letcher) et

al., 2013), and the use of Bayes’ theorem means that probability distributions of output

variables may be ‘updated’ as new knowledge and data becomes available (Barton et al.,

2012). Using Bayes’ theorem also allows the use of prior knowledge, since distributions of

output parameters are required to be specified prior to model start-up (to then be changed and

updated), and these prior distributions may be informed by literature (Barton et al., 2012).

The fact that there are relationships (albeit stochastic rather than deterministic) between

variables also means that direct causal links between variables may be established (Jellinek

et al., 2014). The drawbacks in using BNs are the difficulties present in modelling dynamic

systems, since BNs tend to be set up as ‘acyclic’ (Barton et al., 2012) (though object-oriented

(Barton et al., 2012) and Dynamic Bayesian Networks (Nicholson and Flores, 2011), which

can model dynamic feedbacks, are being developed and becoming more prevalent), and in the

potential statistical complexities present. A Bayesian Network may be seen as a stochastic

version of a system dynamics model, and so many of the criticisms of SD models may also

be applicable to BNs; in particular, the fact that BNs are largely based around data-defined

relationships (as opposed to physically determined or process-based relationships) between

variables means that BNs can only yield determinstic (albiet stochastically deterministic)

results that arise from data.

The model development process for a Bayesian Network follows the following basic outline:

1. The model is conceptualised, with variables represented as ‘nodes’ in the network and

causal linkages between variables determined

2. ‘Parent’ and ‘child’ nodes are related with a conditional probability distribution deter-

mining how a ‘child’ node changes in relation to parent nodes (Jellinek et al., 2014)
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3. Data is collected and fed into the model

4. This new data causes output probability distributions to be updated

5. As new data and knowledge is accumulated, the network can be continually updated,

and so the previous two points may be carried out cyclically

Many uncertain relationships exist within hydrology and sociology, and indeed in the linkages

between the two, so perhaps the use of stochastic relationships and the BN framework would

be an appropriate technique in socio-hydrological studies. However adept BNs are at dealing

with aleatory uncertainties, they still cannot include information about what we do not

know we don’t know, and so the issues of dealing with epistemic uncertainty and surprise

are still prevalent (as is the case with system dynamics). Dam et al. (2013) has applied

an acyclic BN to a wetlands scenario to determine how wetlands may be impacted by both

natural and anthropogenic factors in an ecosystem functionality sense and how change in

wetlands ecosystems may impact upon livelihoods, however this model could not account for

potentially significant dynamic feedbacks. The development of Dynamic Bayesian Networks

in a socio-hydrological context should be a research priority in this area; the development of

such models would be of value in contexts of system understanding, policy development and

forecasting, due to the vital role that uncertainties play in all of these areas.

2.4.8 Coupled Component Modelling (CCM)

Coupled component models take specialised, disciplinary models for each part of a system and

integrate them to form a model for the whole system. Kelly (Letcher) et al. (2013) describe

how this may be ‘loose’, involving the external coupling of models, or much more ‘tight’,

involving the integrated use of inputs and outputs. CCM therefore offers a flexibility of levels

of integration (this is of course dependent on the degree to which models are compatible), and

can be a very efficient method of model development, since it takes knowledge from models

that already exist, and will already have some degree of validity in the system that they are

modelling. The flexibility also extends into the fact that different modelling techniques may

be integrated, and so those techniques that suit specific disciplines may be utilised. CCM can
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also be an excellent catalyst for interdisciplinary communication; models that experts from

different disciplines have developed may be integrated, necessitating communication between

modellers and leading to development in understanding of modelling in different disciplines.

However, there are of course drawbacks to using CCM; the models used may not be built

for integration (Kelly (Letcher) et al., 2013), which may lead to difficulties and necessitate

significant recoding. There may also be aspects of models that cannot be fully integrated,

which could potentially lead to feedbacks being lost. Different treatments of space and

time could potentially create difficulties in integration (though this could also be a positive,

since aspects that do not require computationally intensive models may be coupled with

those that do and result in savings). Uncertainties could also be an issue when coupling

models directly: models will have been developed such that the outputs they generate have

acceptable levels of uncertainty, though when integrated these uncertainties may snowball.

When considering applications in socio-hydrology, the use of CCM raises other points. Using

previously developed models means coupling together previously developed knowledge, which

does have the capacity to generate new insights into coupled systems, but doesn’t perhaps

give the view of a totally integrated system. Some of the most important things in socio-

hydrology occur at the interface between society and water, and so using models developed

to explore each of these aspects separately may limit the capacity to learn about strictly

socio-hydrological processes. New and unconventional data types, which will be important

in socio-hydrology, will also struggle to be incorporated using coupled disciplinary models.

The use of CCM could, however, be a good way to foster inter-disciplinary communication

between those in hydrology and those in the social sciences, and may be a way to improve

trans-disciplinary learning (a very important part of socio-hydrology).

Models have certainly been coupled between hydrology and other disciplines (for example

economics e.g. (Akter et al., 2014)), and indeed different aspects of hydrology have been

integrated using CCM (Falter et al., 2015). In socio-hydrology specifically, Hu et al. (2015)

incorporates a multi-agent simulation model with a physical groundwater model to try to

understand declining water table levels.
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2.4.9 Scenario-Based Modelling

While perhaps not a ‘modelling technique’ per se, and rather a method of resolution that

can be applied, the usage of scenarios in analysis has important implications for modelling

that warrant discussion. Scenario-based approaches fall into two main categories, those

which investigate different policy implementation scenarios, and those which use scenarios

of different initial conditions (within this, initial conditions could be for instance different

socio-economic behavioural patterns, or future system states). This means that the impact

that policies may have can be analysed from two angles; that of assuming knowledge of

system behaviour and comparing decisions that may be made, as well as admitting lack

of system knowledge and analysing how different system behaviour may impact the results

that decisions have (indeed these may also be mixed). There are several issues that socio-

hydrological modelling studies may encounter that will lead to scenario-based techniques

being applicable. Firstly, long-term modelling of systems that will involve a large amount

of uncertainty, particularly in terms of socio-economic development, is difficult due to the

snowballing of uncertainties; as such, using likely scenarios of future development may be

a more prudent starting point for modelling studies that go a long way into the future. In

a similar way, scenarios that look at the occurrence of different surprising events would be

useful in socio-hydrology. Even if uncertainties are deemed acceptable, the computational

effort required to conduct integrated modelling studies far into the future may make such

studies infeasible, and so the use of scenarios as future initial conditions may be necessary.

Particularly in a policy context, policies are generally discrete options, and so the first use

of scenario-based approaches mentioned (comparing options) certainly makes sense. Studies

conducted on the subject of climate change tend to use a scenario-based approach for socio-

economic development, and CHANS studies also sometimes use scenario-based approaches

(e.g. Monticino et al., 2007). The usage of scenarios has been said to have improved recently

(Haasnoot and Middelkoop, 2012), with more scenarios generally being used, and appropriate

interpretation of the relative probabilities of different scenarios occurring being investigated.

While the use of a scenario-based approach for analysing policy alternatives involves very

few compromises, the use of scenarios as initial conditions for modelling future system states
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can involve compromise in that the ‘dynamic interactions’ between social and hydrological

systems will be lost (Carey et al., 2014) in the intervening period between model development

and the time at which the model is analysing.

2.4.10 Heuristic/Knowledge-Based Modelling

Heuristic modelling involves collecting knowledge of a system and using logic or rules to infer

outcomes (Kelly (Letcher) et al., 2013). The process of model development here is quite

clear, with an establishment of the system boundaries and processes, and simply gathering

knowledge of system behaviour to determine outcomes. As with scenario-based modelling

and coupled component modelling, the use of heurism in models allows the use of different

modelling techniques within the tag of ‘heurism’, for example Acevedo et al. (2008) and

Huigen (2006) have used ABMs encoded with a great deal of heuristic knowledge. The ad-

vantage of heuristic modelling is in the heurism: experience and knowledge of systems is

a valuable source of information, and if system processes are understood well enough that

logic may be used to determine outcomes, then this is an excellent method. However, where

system knowledge is incomplete, or imperfect in any way (as in socio-hydrology at present),

then the usefulness of experience-based techniques falls down. Heuristic modelling is also not

generally all that useful in system learning applications, though in cases where disciplinary

models are integrated, new heurism may be generated in the interplay between subjects.

Gober and Wheater (2015) have identified that some current socio-hydrological models (that

of Di Baldassarre et al. (2015a)) may have ‘heuristic value’ (Gober and Wheater, 2015), as op-

posed to practical, applicable value, in that some conceptualised models of socio-hydrological

systems tend to assume relationships between variables, rather than define them via data.

This gives a different value to the term heuristic, and implies the development of models of

different structure via heuristic means. The challenge in taking this approach ‘is to avoid

biasing the model to predict the social behaviour that we think should happen’ (Loucks,

2015).
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2.5 Conclusions

Here, literature surrounding the modelling of socio-hydrological systems has been reviewed,

including concepts that underpin all such models (for example conceptualisation, data and

complexity) and modelling techniques that have and/or could been applied in socio-hydrological

study. It shows that there is a breadth of issues to consider when undertaking model-based

study in socio-hydrology, and also a wide range of techniques and approaches that may be

used. Essentially, however, in socio-hydrological modelling, there is a decision to be made

between top-down and bottom-up modelling, which represents a choice between represent-

ing individual system processes (including the behaviours and decisions of people in this

case) and viewing the system as a whole; both of these approaches have advantages and

disadvantages, and the task to the modeller is to maximise the advantages and minimise

the disadvantages. There are significant challenges in representing, modelling and analysing

coupled human-water systems, though the importance of the interactions that now occur

between humans and water means that these challenges should be the focus of significant

research efforts. With regards to future research that could be conducted following the work

that has been reviewed here, without resorting to the platitudes of improving predictions,

reducing & managing uncertainties, increasing interdisciplinary integration and improving

data, there are several examples of areas in which research would be of benefit. Some of

these topics are common to other subjects, however there are specific aspects that are of

particular importance in socio-hydrology:

• Conceptual models of stylised socio-hydrological systems, for example systems of inter-

basin water transfer, drought or agricultural water use: the strength that socio-hydrology

should bring is a greater understanding of how human-water interaction affects overall

system behaviour. A great deal of understanding can be generated through conceptual

studies of generalised systems, and so modelling of archetypal systems would be of ben-

efit. The challenge here is to move beyond models developed to mimic behaviour that

we expect, towards those capable of giving insight. In this context, system dynamics

models are very good for understanding the core dynamics of systems, and ABMs are

perhaps better in giving insight regarding into how unexpected dynamics may come
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about.

• Determining the appropriate complexity for models of highly interconnected socio-

hydrological systems: the broadening of system boundaries brings issues regarding

model complexity and trade-offs between deterministic uncertainty and uncertainty

propagation. Quantifying these trade-offs in socio-hydrological circumstances, and so

determining the appropriate level of abstraction for modelling would allow for more

effective modelling efforts.

• Gathering data in socio-hydrological studies: as an interdisciplinary subject, data in

socio-hydrological study will come from a variety of sources. While methods for collec-

tion of hydrological data are well established, the social data that will be required, and

indeed the new, unconventional data that may be required to describe socio-hydrological

processes may pose issues in availability and collection. The challenge here is to max-

imise the utility of what is available and to develop models in an iterative fashion,

allowing early-stage, conceptual models to guide data collection, and adapting models

to suit what data is available.

• Determining methods for calibration and validation in socio-hydrology: calibration

and validation are issues in almost all modelling areas. However, as a new subject,

there is no calibration/validation protocol for socio-hydrological modelling, and with

the aforementioned issues with social science data, conducting formal calibration &

validation may be difficult. As such, the development of guidelines regarding what

constitutes ‘validation’ in socio-hydrology would be worthy of investigation. These

rules will, however, need to be determined by development and peer testing (i.e. new

calibration and validations techniques tested by others carrying out socio-hydrological

modelling.)

• Discussion of emergence in socio-hydrological systems, particularly emergence of more

abstract properties, such as risk, vulnerability and resilience: the stochastic nature of

hydrological drivers and the unpredictability of human responses renders any definite

statement regarding system behaviour largely anecdotal (though often anecdotes of
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merit), and so acknowledging this stochasticity in analysis and discussion, using prop-

erties of more abstract meaning to describe the system may be useful in socio-hydrology.

• More in-depth socio-hydrological modelling studies across social, economic and hy-

drological gradients: while conceptual modelling can build understanding to a point,

case-based models can often give a greater insight into specific system behaviours. Ap-

plying socio-hydrological models to a range of cases will help build understanding in

this way, particularly if these cases are similar, but differentiated in some way (e.g.

responses to drought across a range of levels of economic development). The challenge

(and opportunity) that this presents is understanding the dynamics which are general

across cases, those which vary across gradients and those which are place-specific.

• Determining how best to present and use findings from socio-hydrological studies in

policy applications: the way that socio-hydrological understanding will likely be ap-

plied in the real world is via policy decisions. As such, understanding the best way

to communicate findings in socio-hydrology is vital. The challenge here is to com-

municate the differences between the outcomes predicted by traditional analyses and

socio-hydrological studies regarding the way that policy decisions may impact the sys-

tem in the long term, while acknowledging the limitations in both approaches.

• Dealing with extremes: extremes are, by their very nature, rare, and so data regarding

rare events will be scarce, but rare events are also generally of most interest in hy-

drology. Coupled-component models could be well used here. The rare of interests in

this area will be hydrological and properly representing the hydrology of the event is

very important; as such, using hydrological models to represent hydrological features

makes sense; this could then be coupled with bottom up (ABM-based) approaches to

represent reactions to these extreme events.

The unifying feature of these future research topics is the development of understanding

regarding socio-hydrological systems. The most important way in which socio-hydrology

differs from other water management subjects is in understanding the system as a whole, as

opposed to focusing on problem solving. As such, the research priorities at this stage are

focused on different ways of improving and communicating understanding.

67



Table 2.1: Examples of Studies That Include Some Aspect of Modelling Human-Water In-
teraction

Reference Approach Case Studied Reason for Modelling

(Barreteau et al.,
2004)

ABM Irrigation system, Senegal River
Valley

Determining suitability of mod-
elling approach to application

(Becu et al., 2003) ABM Water Management, Northern
Thailand

Analysis of Policy Approaches

(Medelĺın-Azuara et
al., 2012)

ABM Prediction of farmer responses to
policy options

Understanding behavioural pro-
cesses

(Schlüter and Pahl-
Wostl, 2007)

ABM Amu Darya River Basin, Central
Asia

Determining origins of system re-
silience

(Fabre et al., 2015) CCM Herault (France) and Ebro (Spain)
catchments

Understanding supply-demand
dynamics

(Fraser et al., 2013) CCM Worldwide, areas of cereal produc-
tion

Predicting areas of future vulner-
ability

(Dougill et al., 2010) SD Pastoral Drylands, Kalahari,
Botswana

Predicting areas of future vulner-
ability

(Elshafei et al.,
2014)

SD Murrumbidgee Catchment, Aus-
tralia

System Understanding

(Emmerik et al.,
2014)

SD Murrumbidgee Catchment, Aus-
tralia

System Understanding

(Liu et al., 2015b) SD Water quality of Dianchi Lake,
Yunnan Province, China

Decision-support

(Liu et al., 2015a) SD Tarim River Basin, Western China System Understanding

(Fernald et al., 2012) SD Acequia irrigation systems, New
Mexico, USA

System understanding; stake-
holder participation; prediction of
future scenarios

(Di Baldassarre et
al., 2013a)

SD Human-flood interactions, fictional
catchment

System understanding

(Viglione et al.,
2014)

SD Human-flood interactions, fictional
catchment

System understanding

(Garcia et al., 2015) SD Reservoir operation policies System understanding

(Madani and Hoosh-
yar, 2014)

GT Multi-operator reservoir systems
(no specific case)

Policy

(Dam et al., 2013) BN Nyando Papyrus Wetlands, Kenya System understanding; evaluation
of policy options

(Srinivasan, 2015) Other Water supply & demand, Chennai,
India

System understanding; analysis of
possible alternative historical tra-
jectories

(Srinivasan et al.,
2015)

Other Decreasing flows in the Arkavathy
River, South India

Policy; focusing future research
efforts

(Odongo et al.,
2014)

Other Social, ecological and hydrologi-
cal dynamics of the Lake Naivasha
Basin, Kenya

System Understanding
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Table 2.2: Procedure for building SFD using CLD (From Mirchi et al. (2012))

Step Purpose

Key variable recogni-
tion

Identify main drivers

Stock identification Identify system resources (stocks) associated with the main
drivers

Flow module develop-
ment

Provide rates of change and represent processes governing each
stock

Qualitative analysis Identify (i) additional main drivers that may have been over-
looked; (ii) causal relationships that require further analyzing by
specific methods; (iii) controllable variables and their controllers;
(iv) systemic impact of changes to controllable variables; (v) sys-
tem’s vulnerability to changes in uncontrollable variables

Table 2.3: Key advantages and disadvantages of top-down and bottom-up modelling tech-
niques

Advantages Disadvantages

Top-down • Incomplete knowledge of system
and/or processes acceptable

• Difficult to determine underlying
processes

• Complexity determined more by
modeller

• Correlations in data may be coinci-
dental, rather than due to underlying
processes

Bottom-up • Processes properly represented
(where they are understood)

• Large amount of system knowledge
required

• Causal link between process and
outcome discernable

• Model complexity determined in
part by process complexities
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Chapter 3

A Socio-hydrological System

Dynamics Model for Anthropogenic

Drought

3.1 Introduction

The necessity of considering anthropogenic aspects of drought has recently been recognised

(AghaKouchak et al., 2015; Van Loon et al., 2016): the occurrence of drought is influenced

by anthropogenic climate change (Wanders and Wada, 2015b); the significance of drought

is often determined by the impact it has on humans; the impact of drought on humans is

strongly impacted by socio-economic vulnerability and exposure (minor droughts sometimes

causing major crop losses, while relatively major droughts can sometimes cause minimal

crop losses Simelton et al., 2009); and the actions that humans take (sometimes in reaction

to past or anticipated drought) can either serve to exacerbate or mitigate the severity and

consequences of drought. It is argued that, in light of the increasing anthropogenic influence

on, and vulnerability to, drought, the feedbacks and two-way interactions between humans

and drought need to be understood to make drought management more efficient (Van Loon

et al., 2016).

Considering humans as endogenous to environmental systems involves: including changes in
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human values and norms (Elshafei et al., 2015); the ability of humans to respond to envi-

ronmental changes (Simelton et al., 2009); the role of perceptions in determining responses

(Buchecker et al., 2013) and organisational structures in decision-making (Lankford and Hep-

worth, 2010); and developing mathematical representations of these processes (Brown et al.,

2015). In the case of drought specifically, it is well acknowledged that there are anthropogenic,

economic and climatic dimensions to drought vulnerability (Fraser et al., 2013). However,

of the many drought indicators and indices that exist (Mishra and Singh, 2010), very few

include any human dimension. Mishra and Singh (2011) note that, while there has been a

significant improvement in weather and climate forecasting, costs resulting from droughts

have continued to increase, which indicates a growing vulnerability (and/or exposure) to

these events. In this same paper, the authors review many aspects of drought modelling,

but (apart from a section on drought management which is focused on reservoir management

and multi-criteria decision analysis techniques) they do not review any material relating the

modelling of demand side or social aspects of drought or responses to drought. Improving

modelling of socio-economic consequences of and responses to drought, and the development

of indicators of socio-economic drought are priorities in drought research. Applying a socio-

hydrological approach to this may increase understanding of the human-water interactions

involved in drought.

As covered in the literature review, several explicitly socio-hydrological models have already

been developed (e.g. Chen et al., 2016; Di Baldassarre et al., 2013a; Di Baldassarre et al.,

2015a; Garcia et al., 2016; Viglione et al., 2014), which were learnt from significantly while

developing the model presented here. Indeed, while the models in the papers of Di Baldassarre

et al. (2013a), Di Baldassarre et al. (2015a), and Viglione et al. (2014) focus on interactions

involved in a socio-hydrological flooding scenario, the general nature of socio-hydrological co-

evolution, hypothesised by Elshafei et al. (2014), governed by the interaction of a reinforcing

‘economic-population’ loop and a balancing ‘sensitivity’ loop, is common between flood and

drought. Schumann and Nijssen (2014) present socio-hydrological interactions involved in

floods and droughts (using the terms ‘shortage and surplus’ of water) as being very similar:

the occurrence of an event leading to a negative consequence, which prompts structural

measures to mitigate the problem, increasing the amount of land protected from the problem,
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which in turn fuels intensification of land, thus rendering future events more serious.

Kuil et al. (2016) recently presented a model which investigates the socio-hydrological dy-

namics behind the collapse of the Maya civilization. Their model also considers drought

in a socio-hydrological context, but in here we aim for a different approach. Firstly, Kuil

et al. (2016) study a water-limited society, in which population dynamics are determined by

interactions involving water availability, aiming to understand the dynamics of this system.

Contrastingly, the aim of the model presented in this paper is to use a comparative approach

to determine a more general form of different dynamics which can be brought about by dif-

ferences in the endowment of natural resources, response mechanisms and the occurrence

of events. Additionally, here we aim to build a model in which the severity of drought is

broken down into its different forms and sensitivity is determined via the perception of these

different forms and the historical significance of the present situation; in contrast the model

of Kuil et al. (2016) treats drought as a consequence of other outcomes (rather than explicitly

representing it), determining vulnerability to drought via the food supply and sensitivity to

drought via a comparison of available and possible storage.

This investigation seeks to use conceptual socio-hydrological modelling in the context of

anthropogenic drought to develop understanding in three main areas:

• Understanding the socio-hydrological, anthropogenic nature of drought: answering the

call of AghaKouchak et al. (2015) and Van Loon et al. (2016), developing a conceptual

model that explicitly considers the anthropogenic aspects of drought and the two-

way socio-hydrological interactions involved is hoped to be an early step in bringing

understanding to this area.

• Socio-hydrological modelling: providing the scientific community with a socio-hydrological

model to expand the pool of ideas from which others can develop future socio-hydrological

models. This study draws on a different scenario to those before it and also incor-

porates several different modelling aspects, in particular the role of perceptions, the

pattern-oriented validation and the comparative approach taken. The role of models

as hypotheses (Beven, 2001; Troy et al., 2015b) in socio-hydrology is important here -

the model presented is not the only way that this system could be characterised, but is
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hypothesised to contain some of the key dynamics that bring about system behaviours.

• Comparative socio-hydrological modelling: one of the research methods that Sivapalan

et al. (2012) initially posited as a route for advancement in socio-hydrology, comparative

socio-hydrology does not aim to reproduce the dynamics of individual study areas, but

instead aims to learn from the similarities and differences that exist in examples across

socio-economic or climatic gradients in order to gain general system understanding and

to determine the important parameters and processes which produce the underlying

dynamics. No socio-hydrological model to date has taken a comparative approach.

In this chapter, the concept of anthropogenic drought is first outlined and the modelling

approach that is taken is discussed. General characteristics and trends are then identified in

several real-world cases of anthropogenic drought, and these cases are used to develop system

archetypes which are later used in calibration and validation. These system archetypes

represent cases across gradients of water availability, different water sources and response

mechanisms. The process of model development is then detailed, including the identification

of system components, the development of causal loop and stocks and flows diagrams, and

the development of a numerical model. The pattern-based calibration and validation process

is then detailed, and example results are compared with real-world data in one case. A

discussion of the usefulness of the model and the insight that it provides is then presented,

and conclusions are drawn.

3.2 Modelling approach

3.2.1 System dynamics modelling

As found in the literature review, several possible modelling techniques can be applied

in socio-hydrology, for example agent-based modelling, Bayesian networks and coupled-

component modelling (Blair and Buytaert, 2016). A common approach, which is also used

here, is system dynamics; with roots in management science (Forrester, 1958), this is a top-

down approach which focuses on the conversion of input to output, rather than detailed
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process representation (Dougill et al., 2010), and the feedbacks and interactions with lead to

system outcomes.

System dynamics is particularly useful in system learning applications. The impact that

individual parameters and processes have can be seen, and the mapping of interactions and

the feedbacks allows for the discernment of the root causes of outcomes. The model develop-

ment procedure (Blair and Buytaert, 2016; Mirchi et al., 2012; Sterman, 2001), also allows

for understanding on different levels to be developed. Earlier, graphical stages allow for a

level of understanding to be garnered easily, while the development of a numerical model and

the results that are obtained gives a more detailed insight for those who require it. System

dynamics can also be applied in modelling systems where underlying processes are unknown.

System dynamics has already seen frequent application in water resource management, due

to its utility in integrated (Gohari et al., 2013) and participatory (Tidwell et al., 2004)

modelling, as well as prediction (Ahmad and Simonovic, 2000) and system understanding

(Mirchi et al., 2012) cases; it has already seen application in socio-hydrology, and this is

sure to continue while its attributes as a technique correlate so well with the outcomes that

socio-hydrology requires.

3.2.2 Socio-hydrological system dynamics modelling of anthropogenic

drought

The development procedure combines the guidelines set out by Sivapalan (2015) with the

standard procedure for system dynamics modelling. It is important to note that, here, an-

thropogenic drought is not generally characterised by an absolute lack of water (i.e. occurring

in arid environments), but is the result of a co-evolutionary process whereby available water

is (over)used to the point of stress and variability in water availability causes imbalances

between supply and demand. This modelling study uses the emerging standard approach in

socio-hydrology; lumped state variables are used to describe subsystems, which are linked

by several difference equations. As Schumann and Nijssen (2014) point out, flooding and

drought can involve similar feedback mechanisms in a socio-hydrological sense, so some of

the interactions involved are similar in nature to previous models, though the nuances that
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drought brings are accounted for, and considerations made for this in the model. The model

includes a simplistic representation of the roles of perception and expectation, and the roles

that these play in determining socio-hydrological interactions. The model should certainly

be viewed in the light that Troy et al. (2015b) considers many conceptual socio-hydrological

models: the structure and equations being viewed as hypotheses regarding how the system

works.

3.2.3 Anthropogenic Drought

Figure 3.1: Different characterisations of drought: (a) drought seen as caused by nature
(b) drought seen as caused by a combination of nature and human demands (c) drought as
caused by the dynamic interaction of water supply and demand, including the role of human
reaction to drought

Drought as a phenomenon has many anthropogenic facets. Traditionally, drought has often

been seen as an essentially climatic phenomenon with consequences for humans. Increasingly,

however, water use has been seen as having a role to play in the occurrence of drought

(Figure 3.1 (b)), and the role of the balance between supply and demand has been recognised

as being of significance, especially when drought is seen as a relative phenomenon. For

instance, irrigation water withdrawals have been found to contribute to the intensification of

hydrological droughts (Wada et al., 2013), different typologies of drought have been identified,

for example meteorological, hydrological, agricultural and socio-economic (Mishra and Singh,

2010), and drought-indication indices, such as the demand satisfaction index, the demand
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reliability index, the sustainability index (Martin-Carrasco et al., 2013) and the drought

mitigation index (Liu et al., 2015c) (which all compare supply and demand in some sense),

have been developed.

A fully anthropogenic, socio-hydrological approach to drought considers the various aspects

of drought as being coupled and part of a complex system (AghaKouchak et al., 2015): policy

regarding drought-mitigation infrastructure as being dependent on the occurrence of previous

drought and the projected demand for water; demand for water being dependent on avail-

able water storage and the perception of natural water availability; and the occurrence of

(the various types of) drought being dependent on the dynamics of supply and demand, and

being impacted by anthropogenic climate change (Figure 3.1 (c)). Studies that exemplify

this approach include that of Scott et al. (2014), in which the full implications of irrigation

improvements are considered; this includes the presentation of the ‘efficiency paradox’ where

water saved via irrigation efficiency measures simply serve to increase demand via the ex-

pansion of irrigated areas and the ‘scale paradox’ where water that goes unused upstream

supplied downstream irrigators. Other studies which take a more holistic view of drought

include that of Hall et al. (2014), where the link between hydrologic variability, investment

in risk-mitigation methods and economic growth is made, and Maggioni (2015), where water

conservation is seen as a result of policy actions and as being dependent on endowment of

natural resources.

As the anthropogenic interactions involved in drought increase, new models and methods are

required when investigating problems (AghaKouchak et al., 2015) where current models give

no insight; for instance, current models give little insight regarding how the occurrence (or

lack) of drought can lead to resilience or vulnerability to future droughts via the development

of infrastructure.

3.2.4 Study Cases

Our model is centred around a comparative approach that tries to elicit the key dynamics that

result in general patterns of system behaviour in different cases, rather than trying to match

exact outcomes. Real-world examples of anthropogenic drought are used to inform system
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archetypes which are used in this model. The characteristics of parameters and outputs for

these cases are summarised in Table 3.1.

California: frequent drought and affluence

California has been suffering one of its most severe recorded droughts; from 2012-2015 severe

drought conditions have been present, and records such as the highest annual temperature

and lowest 12 month precipitation have been broken (Diffenbaugh et al., 2015). While the

consequences of this drought have been severe, in particular for surface water storage (re-

duced by 48%) and groundwater levels (6 million acre feet of groundwater has been pumped

to supplement water supply) (Howitt et al., 2015), the human impacts of the drought are

less severe than could have been the case had there been less water storage, for example

crop revenue losses of 3% were recorded during 2015 (Howitt et al., 2015), indicating that

agricultural revenues have remained high through the drought, as in the drought of 2007-

2009 (Christian-Smith et al., 2015), due to the storage capacity present in reservoirs and the

use of groundwater pumping. Long term groundwater pumping at levels seen during this

drought would, however, not be sustainable in the future, and perhaps would not provide

water security should the drought continue or a more severe drought hit (Christian-Smith

et al., 2015).

Drought occurrence in California is often related to the El Niño/Southern-Oscillation (ENSO)

system, with La Niña events generally resulting in the Southwestern US being drier (Cole,

2002); this results in drought occurring on a semi-regular basis, which could further imply

a fairly constant awareness of (or sensitivity to) drought and the consequences that it may

have. California is also an affluent area and as such has an ability to invest in large-scale

infrastructure. Agriculture has been of diminishing economic importance in California, in

the past much of its income was derived from agriculture, but this has not been the case in

more recent times; 2% of GDP is now derived from agriculture (Paggi, 2011) (agriculture

consumes 40% of available water, which is 80% of the water that is consumed in the state).

As a result, California generally has a weather system which brings about mild-moderate dry

spells on a fairly regular basis and more significant drought occasionally. A location where
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irrigation-fed agriculture has been historically important, but where this importance is wan-

ing, affluence has allowed for the development of large-scale water storage and groundwater

pumping. The development of storage infrastructure and groundwater pumping have given

the area resilience against mild and moderate drought; however, should very severe droughts

occur or groundwater levels diminish significantly, significant vulnerability could be exposed.

The regular occurrence of drought implies the potential for a persistent sensitivity to drought.

Brazil: occasional drought, a transitioning response

Northeast Brazil is particularly prone to drought, being a semi-arid area with variable rainfall

(Finan and Nelson, 2001; Londe et al., 2014), though recently drought has struck Southwest

Brazil, an area of significant economic importance, where populations are large and significant

water stress exists due to high water demand. Precipitation variations are, in part, driven by

the ENSO system, with the El Niño phase being related to drought in the North of the country

and La Niña intensifying drought spells in the South (Gutiérrez et al., 2014). The importance

of rain-fed agriculture in Brazil is high; in the Northeast for example, agriculture provides

5.58% of GDP, but employs 40% of people (Campos, 2015) and most agriculture is rain-fed.

The response to drought in Brazil has been undergoing change, as in the past policy has been

reactionary, addressing water scarcity during times of shortage using emergency responses

and infrastructure decisions with short-term concerns in mind (Gutiérrez et al., 2014), but

policy decisions have become increasingly focused on long-term mitigation (Gutiérrez et al.,

2014). This change has occurred gradually (Campos, 2015). Recent droughts have reignited

the dialogue regarding the best methods for drought management.

Brazil is therefore characterised as a system in which drought occurs semi-regularly, partly

due to the ENSO system. The reaction to drought varies in time, beginning with a situation

where infrastructure is generally developed in reaction to recent drought and is generally

on a smaller scale than the previous case; the reaction propensity changes gradually to

infrastructure being developed that is not in reaction to drought, but with mitigation of

future drought in mind.
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China: impending vulnerability?

Northeast China is a case where drought may soon be a major issue; it is the largest crop-

producing region in China, but future climate scenarios show that lower precipitation is a

strong possibility (Okada et al., 2015). Irrigation has become increasingly available, which

has incentivised water use and has caused demand to rise (Okada et al., 2015); the increased

water demand been fulfilled by increasing groundwater drafting, increased withdrawals from

rivers and the South to North Water Transfer Project. It has already been found that

decreases in Chinese river flows are due to increasing withdrawals (Ren et al., 2002).

China is therefore characterised as a location in which drought has not been a common

phenomenon (i.e. the weather system does not bring about frequent drought), but where

demand has risen to a level which is very close to, or is exceeding, a sustainable level of

supply. It is therefore important to include the unsustainable use of groundwater in a model,

and the possibility for a situation where climate change results in lower water availability,

while groundwater simultaneously becomes less available, is investigated. The model should

be able to represent the dynamic of little sensitivity to drought in the past, but should

investigate the consequences should a drought of some severity occur (or should groundwater

availability diminish).

Spain: different resources

Spain is another area that has suffered recent droughts with a significant anthropogenic

element. 60% of agricultural production comes from irrigated agriculture, and this consumes

80% of total water supply (Berbel and Gómez-Limón, 2000). In general, and particularly

when drought occurs, unconventional water sources such as desalinated and reused water form

a part of the water supply (Pedro-Monzońıs et al., 2015), which can temporarily fill small voids

in supply, but cannot fill large gaps in the long-term. The spatial and temporal distribution of

water resources in Spain is highly irregular, and many areas are affected by water scarcity and

drought (Estrela and Vargas, 2012). It is noted that water sources vary across the country

(some areas have access to groundwater while others don’t), and the perception of drought

in areas where different water resources dominate is very different (Urquijo and De Stefano,
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2015): in areas where surface water is the major water source, sensitivity to meteorological

and hydrological drought is high, whereas in areas where groundwater is the major water

source, sensitivity to these phenomena is less, but people are more sensitive to groundwater

deficits and supply-demand imbalances.

Overall, this case is used to investigate the role of different water sources in dynamics of

drought. The weather system is designed to bring occasional but severe drought, and there

should be a high demand for water. The predominating water source is included in two

separate model runs, one where groundwater is present and one where it is not. In the

case where surface-water dominates, sensitivity to meteorological and hydrological drought

is relatively high, while these are relatively lower in the groundwater dominated case.

3.3 Model design

3.3.1 System components

Based on the previous analysis of case studies, we identify the following main system com-

ponents:

• Sustainable water availability - in the occurrence of drought, warm temperatures and

low rainfall often interact, resulting in a reduced water availability. The mechanism

by which this occurs is of little interest in this context, and as such, in the interest of

simplicity, sustainable water availability is used as a proxy. In this model, sustainable

water availability exists as a relative phenomenon. Drought exists in a relative sense,

whereby water availability is lower than what is usual.

• Historical water availability - with anthropogenic drought generally being a relative

phenomenon, historical water availability is used to deduce the relative severity of a

water shortage.

• Drought event severity - a key component in this model; however, various types of

drought are defined (Mishra and Singh, 2010) which show the different facets of drought.

Generally four types of drought are defined:
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Table 3.1: Characteristics of different cases used

Case Frequent
drought

Occasional
drought,
transitioning
response

Impending
Vulnerability

Different
resources

Weather (input)
System

ENSO, drought
frequent

ENSO, drought
occasional

Drought
infrequent, but
becoming more
frequent

Drought fairly
frequent

Supply-Demand
Balance (out-
put)

Demand risen
historically, but
policy now
focusing on
demand
reduction.
Supply
resilience
increased by
groundwater &
storage

Demand
generally risen,
but falls during
drought.
Supply
increased in
small
increments in
past

Demand risen,
supplied by
groundwater

Demand risen,
but falls during
drought.
Unconventional
supply in
drought

Buffering
Resources

Large-scale
storage (input
& output) &
groundwater

Smaller-scale
storage,
crisis-driven

Groundwater,
increasingly
vulnerable

Dependent on
location.
Unconventional
resources

Importance of
Agriculture (in-
put)

Was important,
diminishing

Remains
important

Increasingly
important

Remains
important

Implied
Sensitivity
(output)

Consistent
presence of
sensitivity

Fluctuates Low Sensitive
during crises.
Different water
sources
sensitive to
different types
of drought
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– Meteorological drought - this involves a relative lack of precipitation. Indices such

as the standardised precipitation index (SPI), standardised precipitation evapo-

transpiration index (SPEI) (Stagge et al., 2015) or Palmer Drought Severity Index

(PDSI) (Alley, 1984) can be used to quantify this.

– Hydrological drought - this relates to there being a less water than usual in estab-

lished flows. Comparisons of streamflow are often used in measuring hydrological

drought (e.g. surface water supply index) (Shafer and Dezman, 1982), though

there is often also correlation with meteorological indices, for example the SPI

(Mishra and Singh, 2010), particularly on longer timescales (e.g. SPI-12, SPI-18).

– Agricultural drought - this revolves around soil moisture, particularly cases whereby

low soil moisture causes crop failures. Decline in soil moisture depends on mul-

tiple factors, including precipitation, temperature and land-use. Indices such as

the crop moisture index are used in indicating agricultural drought (Mishra and

Singh, 2010).

– Socio-economic drought - this relates to the balance of supply and demand, ex-

isting in conditions where supply is insufficient to satisfy demand (Mehran et

al., 2015). Measuring socio-economic drought is more difficult than the previous,

more physically-relevant classifications (Liu et al., 2015c). This is partly because

drought, in this context, is not the active presence of something negative, but

rather a lack of water supplied (relative to demand) leading to the lack of some-

thing good. This is a less direct mechanism and one which is harder to measure.

• Sensitivity to different forms of drought - the different classifications of drought will be

perceived differently in cases where different priorities exist. For instance, those who

rely on surface water tend to notice meteorological aspects of drought more readily than

those who rely on groundwater and non-climatic factors can also impact perceptions

of drought severity (Urquijo and De Stefano, 2015). Therefore the relative sensitiv-

ity towards the different forms of drought will differ between cases (for instance the

sensitivity to agricultural or socio-economic drought could be impacted by the relative

importance of agriculture).
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• Perceived drought severity - the severity of events coupled with the relative sensitivity

to different forms of drought could be amalgamated to form an overall perception of

the severity of a drought situation.

• Community sensitivity. This perceived severity of events that have occurred (along with

past events) is used to form a ‘community sensitivity’ variable, as used in previous socio-

hydrological models (Chen et al., 2016; Di Baldassarre et al., 2013a; Di Baldassarre et

al., 2015a; Elshafei et al., 2015), which determines the level of response(s) taken.

• Water demand - here demand can be both a factor in causing drought (the fulfilment

of demand via the use of storage capacity unsustainably) as well as a response to

drought (in severe drought demand falling, or efficiency measures being taken to reduce

demand).

• Water supply - the other side of the coin regarding agricultural and socio-economic

drought, water supply can also be a factor in causing and responding to drought. Lim-

itations in supply could be the cause, while the use of stored water (either groundwater

or surface storage reservoirs) can alleviate drought.

• Buffering capacity - enabling supply in periods when sustainable water availability is

low, buffering capacity in this model could either be stored groundwater or reservoir

storage, there being little difference between the two in terms of utility. The differenti-

ation between groundwater water stored in reservoirs could be that there is an existing

store of groundwater which needs to be accessed, while reservoirs need to be developed

and then store naturally available water when demand is below supply. The presence of

water storage/buffering capacity is key in providing resilience against extremes (Mehran

et al., 2015), though its presence can lead to unsustainability via increasing demand.

• Benefit conferred by water supply - one of the socio-economic elements to this model,

there is some benefit that is conferred via the use of water

– Historical/expected benefit from water supply - in order to assess the relative

socio-economic severity of drought, a variable which can be used to compare the

benefit experienced with what is expected would be of use
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– Water-benefit efficiency - some conversion between water supply and the benefit

conferred by water supply. This could be time-variant.

• Relative importance of agriculture - determined by the benefit conferred and the relative

size of the economy, contributes towards the sensitivity to different forms of drought.

• Reaction propensity - in responding to drought there are essentially two mechanisms

by which change can be made. Either demand is reduced, or the capacity for storage is

increased. The mechanisms used in different locations to achieve these two objectives

may be different, but in essence revolve around demand reduction or expansion of

buffering capacity. A time-variant quantity to determine the balance between demand-

reduction and supply-expansion would be of use.

3.3.2 Causal loop diagram

Figure 3.2: CLD showing general system structure (the + sign on the interaction between
vulnerability and severe event indicates that a higher vulnerability leads to severe events
being more severe/likely)
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As Schumann and Nijssen (2014) explain, the structural nature of the socio-hydrological

flood and water shortage systems are very similar. This is captured in our causal loop

diagram (CLD, Figure 3.2). Natural variability results in the occurrence of severe events

which, where there is vulnerability and exposure to such events, cause damage. This damage

drives responses which will be designed to reduce vulnerability to future severe events. The

response that makes the system less vulnerable does, however, have a side effect. The reduced

vulnerability of the system makes development more attractive, and so (after a time lag)

development increases (i.e. land-use is intensified); the development leads to an increase in

exposure, which then leads to an increase in the level of damage caused by future events.

It can also be the case that the development makes the system more vulnerable to future

events (in the case of drought, development increases water demand which increases whatever

water stress exists). The interactions of these system components create the general socio-

hydrological behaviour that is discussed.

A more elaborate CLD, including perception, expectation, differentiation between types of

drought, and some other specific aspects of drought (e.g. water demand and supply) for the

anthropogenic drought system is featured in Figure 3.3.

3.3.3 Stocks and flows diagram

We identify the following stocks:

• Severity of drought of different forms: drought is a condition which takes time to

develop and subside (Martin-Carrasco et al., 2013) and, while not a physical stock,

representing it as a stock is sensible

• Community sensitivity to drought: this also takes time to develop and subside, and so

(as in previous modelling efforts) is well represented as a stock

• Water demand: current water demand is highly dependent on preceding demand. De-

creases and increases in water demand occur over time and it too is well represented as

a stock

• Buffering capacity: a more physical stock, storage of water is certainly a stock
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Figure 3.3: Anthropogenic Drought CLD
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Figure 3.4: Anthropogenic Drought SFD - the important state variables are shown larger
than other parameters
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3.3.4 The numerical model

Table 3.2 gives a list of salient state variables used in the model. Tables 3.3, 3.4 and 3.5 give

the values of parameters used in the model.

Table 3.2: Salient State Variables

Parameter Symbol Meaning

S Perceived severity of drought situation

BEN Benefits from water supply (i.e. agricultural output)

DEM Water demand

SUP Water supply

M Community sensitivity/memory

Bc Maximum buffering capacity (i.e. storage capacity)

Ba Available buffering capacity

The equation density in the subsequent sections is relatively high. An effort has been made

to explain the mechanics of each individual equation, but the feedback loops that exist mean

that some going back and forth between pages will likely be necessary to understand model

mechanics. A general description of the key model dynamics that are seen is included here

in an effort to help overall understanding.

During ‘normal’, i.e. non-dry periods, water is supplied to meet demand, and benefits are

conferred from the supply of water. Water available in storage (if storage infrastructure

exists) will increase until storage capacity is full if excess water is available. The demand for

water is dependent on the perception of what is available, which depends on recent water

availability, as well as water available in storage.

When a lack of rainfall occurs, meteorological and hydrological drought severities initially

increase, as these are said to be phenomena which are dependent on water availability, rather

than the balance of supply and demand. Also when a lack of rainfall occurs, the balance

of supply and demand is altered: where ‘natural’ water availability cannot meet demand,

water from storage is used to meet demand, meaning that water in storage decreases. As

water storage drops, the amount of water supplied from storage falls and demand for water

also drops (to represent reservoir control curves and demand savings implemented by water

companies/governments), with the balance between reducing demand and using storage de-

88



pendent on the characteristics of that society. This means that a gap between supply and

demand can is created when dry periods occur. Where there is a gap between supply and

demand, agricultural drought severity is said to increase. When water supplied drops, the

benefits conferred from water supply are also said to drop, and this causes socio-economic

drought severity to rise. Thus, as a lack of rainfall goes on, so a drought propagates through

meteorological, hydrological, agricultural and socio-economic drought, via water availability

and supply and demand for water.

The overall perception of the severity of a drought situation is governed by the severities of the

four types of drought included in this model (meteorological, hydrological, agricultural, socio-

economic), and the perception of severity influences the ‘community sensitivity’ to drought.

At some point, a sensitivity threshold may be reached whereby some kind of action is called

for to deal with future droughts. Water storage infrastructure is then developed, which is

filled when there is water available. This then helps to buffer against future drought events.

When the dry period ends, meteorological and hydrological drought severities decrease, and as

demand for water is satisfied, agricultural and socio-economic drought severities also reduced.

However, as more water is available, demand for water increases again, and the increased

availability of water storage means that, when sensitivity to drought has diminished, demand

for water will be higher than before water storage infrastructure was introduced, increasing

vulnerability to future drought.

In order to help the reader track important variables, a list is included at the beginning of

each section detailing the important output variables from that section, along with where

those output variables are used, as well as the important input variables from other sections

that are used.

Water availability

Important output variables:

• Sustainable/natural water availability, W
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– Used in: determination of meteorological and hydrological drought severities (MDS

and HDS respectively; dynamics of water supply and demand (SUP and DEM);

‘water balance’, and so stored water used in water supply (Bs) and available

buffering capacity (Ba))

– Variables from outside this section used in calculation: none

There are several aspects need to be considered when determining the ‘natural’ water avail-

able in the model. Drought in an anthropogenic sense relates to water scarcity (i.e. water

availability relative to demand), and so drought here is considered as existing in a rela-

tive sense. The assertion that anthropogenic drought is a relative, rather than absolute,

phenomenon means that rainfall can be normalised in the model, and so the magnitude of

quantities is not of interest. Instead, societies will use water up until it is scarce, and then

when a relative lack of rainfall occurs, this has an impact. The purpose of this model is to

investigate the consequences of drought, and so droughts are ‘forced’ to occur here. Water

availability, W (t), is modelled in two distinct ways: during ‘normal’ periods and during ‘dry’

periods. To begin with, in the simplest case of a non-ENSO system in which a dry period is

not present, water availability is assumed to be gamma distributed (Geng et al., 1986), with

some lag-1 autocorrelation (to represent persistence phenomena), ρauto, i.e.:

w ∼ Γ(θw, kw) (3.1)

W (t) = ρautoW (t−∆t) + (1− ρauto)w (3.2)

The variable w is generated randomly from a gamma distribution with θ as the scale param-

eter and k as the shape parameter, and then water availability is determined by a weighted

average of w and the previous month’s water availability (W (t−1)). The mean of the gamma

distribution is 1 (i.e. kwθw = 1), meaning that mean water availability during ‘normal’ peri-

ods should be 1 unit per month. What this means is that, if demand for water approaches or

exceeds one unit per time step, then demand is close to or above the sustainable amount of

water which is available. The use of stochastically generated rainfall will mean that some dry

periods occur from this rainfall generation. However, as the purpose of the model is to in-
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vestigate drought and socio-hydrological dynamics around droughts, dry periods are ‘forced’

to occur. When dry periods occur, the parameters of the gamma distribution used in deter-

mining water availability are altered, such that lower water availability should result. The

presence of ‘dry periods’ is defined via three variables, the time between droughts (tbd), the

duration of a drought (tdd) and its intensity (λdi). The time between drought is exponentially

distributed (as the time between events often is), the duration is exponentially distributed

(see Kiefer, 1988) and the intensity is normally distributed.

P (tbd = T ) =
1

tbd,av
e−T/tbd,av (3.3)

Where tbd,av is the average time between droughts

P (tdd = T ) =
1

tdd,av
e−T/tdd,av (3.4)

Where tdd,av is the average drought duration

λdi ∼ N(µdi, σ
2
di) (3.5)

Where µdi and σd determine how uniform the intensity of drought is. Each time a dry period

occurs, variables are drawn from these distributions in order to determine the length and

severity of the dry period that is to occur, and also determine the amount of time between

the dry period about to occur and the next (λdi is also bounded, such that the value cannot be

below 0 or above 1). When a dry period is occurring then the parameters of the distribution

from which w is taken change to reflect the reduced availability of water during drought:

θw = 10 (3.6)

kw =
1

(1 + λdi)θw
(3.7)

This results in the expected water availability during a drought being 1
1+λdi

, i.e. less than 1.

The presence of the parameters that artificially control the occurrence of dry periods means

that the modeller has an easy way to create scenarios in which dry periods are rare/common,
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occur regularly/irregularly, are more/less severe, are of consistent/inconsistent severity, and

are generally long/short/of inconsistent length. This is valuable in defining scenarios.

Water availability in systems where ENSO plays a part are modelled in a similar, but slightly

different way. Equations 3.1 and 3.2 are still used, but the parameters defining the gamma

distribution in Equation 3.1 are altered according to the state of the ENSO cycle. The

characteristic of ENSO that is important here is that of cyclic water availability. What

this should bring about is a situation whereby times of above average and below average

rainfall occur, one after another, which has significance when thinking about water resources

(water storage being very valuable); there being a modelling desire for cyclic changes in water

availability warrants a slightly different approach to the generation of water availability, which

is now described. The Oceanic Niño index (ONI) (which indicates whether La Niña or El Niño

is occurring and the strength) is first determined. What is wanted from the equations that

govern the behaviour of the ONI is a sinusoidal variation with random elements governing

half-oscillation times and amplitudes. Equations 3.8 to 3.14 describe the equations used

to determine the ONI. The length of a total oscillation is picked from a mirrored gamma

distribution (though a normal distribution could also be used):

TENSO ∼ 10− Γ(αENSO, βENSO) (3.8)

This total time period is then split between the La Niña and El Niño phases using a ratio

which is normally distributed (again bounded between 0 and 1):

φENSO ∼ N(0.5, σ2
ENSO) (3.9)

The times spent in El Niño (TEN) and La Niña (TLN) are, therefore respectively calculated

as:

TEN = TENSO × φENSO (3.10)

TLN = TENSO(1− φENSO) (3.11)

The oscillation is assumed to be sinusoidal in nature, with times for each half-oscillation as

above and with amplitude (including some autocorrelation) determined using the following
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formula:

An ∼ N

(
0.5 +

An−1

3
, σ2

A,ENSO

)
(3.12)

Where An−1 is the amplitude of the previous half-oscillation. This means that more severe

negative oscillations are likely to be followed by more severe positive oscillations. The ONI

in each half-oscillation is then given by the formula:

ONI(t) = An × sin
(
πt

TEN

)
(3.13)

During El Niño periods and

ONI(t) = −An × sin
(
πt

TLN

)
(3.14)

During La Niña periods. Figure 3.5 shows an example of the ONI variation with time; this

looks like a simplified version of the variation of ONI over time (as is intended). It should

be noted that this is only intended to capture the key result of the oscillation, rather than a

model to be exactly correct.

Water availability is calculated using Equations 3.1 and 3.2 as before, but with slightly

adjusted parameters:

w ∼ Γ(θw1, kw1) (3.15)

During ‘normal’ periods, the parameter θw1 is related to θw via the equation:

θw1 = θw + λENSO ×ONI(t) (3.16)

What this means is that, if the ONI is positive, the probability of higher water availability is

greater and the probability of lower water availability is lower, and vice versa. This results

in the cyclic pattern of water availability that was wanted.

Dry spells (a lack of rainfall) independent of the ENSO system are determined as previously

(equations 3.3-3.7) and then rainfall is again calculated as before (equation 3.2), though this
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Figure 3.5: Output from ONI simulation

time it is kw1 which is slightly altered:

kw1 =
1

1
λENSO

+ λdi
: if drought occurring (3.17)

What this means is that the presence of the ENSO phenomenon again influences the param-

eters which govern the generation of water availability, with positive ONI values leading to a

reduced water availability. λENSO determines the impact of the ENSO phenomenon on the

variation in sustainable water availability. These equations give a simulation for sustainable

water availability over time. The time-step used in these simulations is monthly, though other

time-steps could be used. Figures 3.6a and 3.6b shows examples of sustainable water avail-

ability (monthly simulation, but grouped into years) produced by these simulations. These

two graphs show the different characteristics of the rainfall generators that were wanted. The

first (Figure 3.6a) shows a case where water availability is often around 12 units per year

(i.e. 1 unit per month, see explanation after Equation 3.2), punctuated by dry periods where

water availability is significantly less than this. The second (Figure 3.6b) shows a case where
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(a) Non-ENSO (b) ENSO

Figure 3.6: Example simulations of the parameter W (sustainable water availability) for
ENSO and non-ENSO systems. Time is in years. W is a relative parameter, where W has
an average value of 1 unit per month during non-drought periods (12 units per year).

above average and below average water availability occur in cycles.

The sustainable water availability function (encompassing all of Equations 3.1 to 3.17) is

run twice. A first run gives historical context, so that the relative severity of future drought

events, which is important in determining sensitivity to drought, can be determined by fitting

a distribution to the rainfalls generated from the first run. A second run then provides the

hydrological forcing for the rest of the model; since there is no human-climate coupling, this

section of the model can be run separately and prior to the rest.

As a guide for future sections, W is the only variable from this section which is used in other

parts of the model. It is used in determining the severity of meteorological and hydrological

drought, the determination of supply and demand, and the ‘water balance’ section which

determines available storage.

Drought Severity

Important output variables:

• Overall perceived drought severity, S

– Used in: determination of community sensitivity, M

– Variables from outside this section used in calculation: none
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Important intermediary variables:

• Meteorological drought severity, MDS

– Used in: overall perceived drought severity, S

– Variables from outside this section used in calculation: sustainable water avail-

ability (W ); statistical fit to historical water availability

• Hydrological drought severity, HDS

– Used in: overall perceived drought severity, S

– Variables from outside this section used in calculation: sustainable water avail-

ability (W ); statistical fit to historical water availability

• Agricultural drought severity, ADS

– Used in: overall perceived drought severity, S

– Variables from outside this section used in calculation: water supply and demand

(SUP and DEM)

• Socio-economic drought severity, SEDS

– Used in: overall perceived drought severity, S

– Variables from outside this section used in calculation: benefits a society expects

to get from water supply (BENexp) and benefits a society actually experiences

during a given time step (BEN)

The next section in the model deals with changes in the severity of various forms of drought.

The four classifications of drought are meteorological, hydrological, agricultural and socio-

economic; the first two of these are calculated based on sustainable water availability, while

the latter two are based on the balance between supply and demand. All severities are

calculated as indices ranging between 0 and 1.

Those classifications of drought which are based on sustainable water availability (mete-

orological and hydrological) are governed by the relative severity of drought compared to
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historical conditions. Initially, a gamma distribution is fitted to the historical monthly wa-

ter availability data generated (i.e. the results from the first run of the ‘sustainable water

availability function’ from the previous section) such that:

f(x) = Γ(a, b) (3.18)

Where f(x) is a distribution fitted to the historical water availability, and a and b are pa-

rameters of the gamma distribution. Then, comparisons are made on different timescales to

determine the significance of any lack of rainfall when compared to the past. The rainfall

over the previous n time periods are summed (ending at the current time period, i):

zn =

j=i∑
j=i−(n−1)

Wj (3.19)

This is then compared with the cumulative distribution function of f(x) to give the proba-

bility that an event such as this would occur (given historical context):

pn = F (zn|na, b) (3.20)

What this comparison does is essentially answer the question ‘how dry has it been over the

last n months?’, in relative terms. It compares water availability over the last n months to

what has occurred historically. Meteorological drought is a more transient classification of

drought, and so comparisons to determine meteorological drought severity (MDS) are made

using comparisons on shorter timescales (1, 3 and 6 months). This method is analogous to

using SPI over these time periods to determine drought severity, but severity is calculated in

a more cumulative way using this method. The exact time periods used could be changed.

∆MDS

∆t
= kMDS((p0 − p1)) + (p0 − p3) + (p0 − p6))

√
MDS(1−MDS) (3.21)

Where p0 is a threshold which determines whether severity is increasing or decreasing and

kMDS is a constant to determine the rate at which severity increases. The mechanics of this

equation are that a positive change in meteorological drought severity occurs (an increase in
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severity of this form of drought) if the sum of the three ‘(p0 − pn)’ terms are positive. An

individual ‘(p0−pn)′ term is positive if pn is less than the threshold parameter p0, i.e. an event

rarer than the threshold is occurring. Generally, therefore, if events that are less likely (more

severe) than the threshold occur over 1, 3 and 6 months, meteorological drought severity

will increase. The
√
x(1− x) style function is an adaptation of a form of function used

previously in socio-hydrological models (Di Baldassarre et al., 2015a); in previous models, a

function x(1 − x) has been used, but in this investigation it was found that this resulted in

slow changes near x = 1 and x = 0 which were undesirable; using
√
x(1− x) reduced this

issue. It is important to note that in the MDS equation, and indeed in other index-based

difference equations (e.g. for HDS, ADS, SEDS) used in this model, values are bounded

between 0.01 and 0.99 to avoid problems of model instability. Hydrological drought severity

(HDS) is calculated in a similar manner, but using a longer timescale (12 and 24 months):

∆HDS

∆t
= kHDS((p0 − p12) + (p0 − p24))

√
HDS(1−HDS) (3.22)

Here again, sensitivity to this form of drought increases if the sum of the ‘(p0 − pn)’ terms

is positive, and an individual ‘(p0 − pn)’ term is positive if an event more severe than the

threshold has occurred. The longer timescales used mean that the events considered in this

form of drought take longer to develop, and so hydrological drought severity increases more

slowly than meteorological drought severity. It is important to note that the form of this

equation could be changed to apply to a particular situation. For example, in ‘flashier’,

surface-runoff dominated catchments, hydrological drought may occur due to much shorter

dry weather events, whereas in catchments where river flows are dominated by groundwater-

fed baseflow, the onset of hydrological drought may take much longer.

Agricultural drought severity (ADS) depends on the balance of supply and demand in this

model. The determination of supply and demand is explained in the ‘Water Supply &

Demand’ section. As with the comparisons of water availability, different timescales are

used in comparisons. Supply and demand over the preceding n months are summed at each

time-step:

SUPn =

j=i∑
j=i−(n−1)

SUP (j) (3.23)
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DEMn =

j=i∑
j=i−(n−1)

DEM(j) (3.24)

where SUP (j) and DEM(j) are the water supply and demand at each time-step. Compar-

isons between these are then made:

cn =
DEMn − SUPn

DEMn

(3.25)

This gives a value which represents whether demand was greater than supply (cn > 0), or

not. Change in ADS is then represented as:

∆ADS

∆t
= kADS((c3 − c0) + (c6 − c0) + (c12 − c0))

√
ADS(1− ADS) (3.26)

Where c0 is a threshold parameter, and kADS is a rate governing parameter. Similarly to

meteorological and hydrological drought severity, change in ADS is determined by the sum of

‘(cn− c0)’ terms. If demand has not been fulfilled to a certain degree over the last n months,

and so cn > c0, an individual ‘(cn− c0)’ will be positive and agricultural drought severity will

rise. Again, a
√
x(1− x) function is used to slow down changes in ADS near 0 and 1.

Socio-economic severity is calculated in a similar way, but is based on whether benefits that

have been supplied through water-use were as expected or not. Here, the term ‘benefits’ is

used to mean something good conferred from water availability; this could be something such

as agricultural output. The benefits, BEN , conferred in a given time-step are calculated in

Equation 3.42. ‘Expected’ benefits are calculated by fitting a straight line to the previous 10

years worth of benefits and extrapolating this line to determine the benefits that would be

found in the next time period, BENexp; this would be analogous to determining how much

agricultural output one would expect during a given year. The actual benefits experienced

over the last twelve months are also averaged in order that outputs are smoothed:

BEN12,av =
1

12

j=i∑
j=i−11

BEN(j) (3.27)
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The change in socio-economic drought severity is then calculated as:

∆SEDS

∆t
=


kSEDS((BENexp − 0.1)−BEN12,av)(IMPagr − SEDS)) : BEN12,av > (BENexp − 0.1)

kSEDS,1((BENexp − 0.1)−BEN12,av)SEDS : otherwise

(3.28)

The mechanics of this equation are that if the ‘benefits’ conferred from water availability over

the last 12 months have, on average, been less than what was expected (e.g. if agricultural

GDP has been lower than anticipated), then socio-economic drought severity rises. The figure

of 0.1 is used as a threshold, so that experienced benefits need to be around 10% lower than

expected benefits for socio-economic drought severity to rise. The other parameters in this

equation control the rate of this rise. The rationale for this process representation is similar

to that for ADS: when experienced benefits do not fulfil what was expected, socio-economic

drought rises. Should data become available, a different function could be used to determine

SEDS.

Once all of the severities of different classifications of drought have been calculated, the overall

perceived severity of a given situation can be assessed. None of the severities of droughts of

different types are used elsewhere in the model, and it is only the combined severity which

is used elsewhere. This is simply calculated as a weighted sum:

S(t) =
(SM ×MDS) + (SH ×HDS) + (SA × ADS) + (SSE × SEDS)

SM + SH + SA + SSE
(3.29)

Where SM , SH , SA and SSE are the sensitivities to meteorological, hydrological, agricultural

and socio-economic drought, respectively. All of the severities range between 0 to 1, and so

the eventual perception of severity ranges between 0 and 1. This parameter essentially sums

up the overall perception of current drought severity. If, for example, a given society is not

sensitive to meteorological drought (SM = 0), then the societal perception of drought severity

will not take into account the present severity of meteorological drought. The perception of

drought severity determines the change in ‘community sensitivity’, the calculation of which

is explained in the following section.
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Sensitivity & Response

Important output variables:

• Community sensitivity to drought, M

– Used in: determination of development of storage infrastructure (Bx), leading to

storage capacity (Bc), both within this section; demand for water (DEM)

– Variables from outside this section used in calculation: overall perceived severity

of drought (S)

• Total storage capacity, Bc

– Used in: determining demand for water (DEM); determining the supply of water

from storage (Bs); determining the maximum available storage capacity (Ba)

– Variables from outside this section used in calculation: none (changes only depen-

dent on community sensitivity, within this section)

• Water transferred from ‘unaccessed buffering capacity’ to ‘available buffering capacity’,

∆Ba2

– Used in: determining available buffering capacity (Ba) and unavailable buffering

capacity (Bu)

– Variables from outside this section used in calculation: available buffering capacity

(Ba) and unavailable buffering capacity (Bu)

The overall perception of the severity of drought drives the next part of the model, which is

the ‘community sensitivity’ (M) section, which in turn drives responses. Sensitivity is said

to increase if the perceived severity is higher than the current sensitivity, or if there is an

increase in perceived severity occurring, while there is an exponentially decreasing function

regarding previous events:
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M(t) = S(t)

Mm = M(t)

tm = t


S(t) > M(t− 1) (3.30a)

∆M

∆t
= −kmMme

km(t−tm) + (S(t)− S(t−∆t)) (3.30b)

Where km is a parameter relating to the rate of loss of sensitivity. Community sensitivity

impacts the building of new infrastructure, as well as demand for water. There are two

actions that can be taken in response to drought in this model - decreasing demand for

water (detailed later), and increasing the buffering capacity in water supply. Buffering ca-

pacity can come from two sources, groundwater and reservoir storage capacity, but they are

not explicitly separated in this model. In the model, buffering is present in three forms:

available (Ba), capacity (Bc) and unaccessed (Bu), which represent water available for im-

mediate supply in storage, the total capacity present for storage (not necessarily available,

i.e. unfilled reservoirs) and water not presently available for use that exists (i.e. unaccessed

groundwater), respectively. Changes to buffering capacity are made on a fast timescale. Fast

change represents larger scale infrastructure developments, which are often in response to

an event/sensitivity. This is triggered by the level of sensitivity being greater than some

threshold:

M(t) > Mt (3.31)

When the sensitivity exceeds this threshold, infrastructure is said to be put in place at some

point in the future (here we use an arbitrary time of 5 years). During the intervening period,

the scale of this infrastructure is determined; at each time-step, the buffering capacity to be

added is determined (if M(t) > Mt). What this represents is that a threshold for response is

reached whereby a society decides that greater water storage is needed, but drought is ongoing

at this point, and so the full extent of the issue (and so the full extent of the infrastructure

built to mitigate future events) would not necessarily be known at the point. At present, this

equation appears to imply that water storage increases can be changed in scale during their

construction, which is obviously not true, but the building of infrastructure was not intended

to be captured. This equation could be adapted to include a ‘planning’ period where the
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size of the increase in buffering capacity is determined (as is used here), with a delay before

buffering capacity is actually increased to represent construction.

Bx(t) = Bx(t−∆t) + kb2(M(t)−Mt) (3.32)

Bx, the increase in buffering capacity, is initialised with a value of 1 each time the threshold is

exceeded. When the 5 year period is finished in which the size of infrastructure is determined,

the buffering capacities are then altered:

∆Bc = Bx (3.33)

The impact on buffering capacity is then:

Bc(t) = Bc(t−∆t) + ∆Bc (3.34)

All that these equations represent is that total buffering capacity increases when infrastruc-

ture is introduced.

Available stored water is then impacted by the balance of natural water available and supply

(detailed in the ‘Water Supply & Demand’ Section). Available stored water change also

comes by transferring unaccessed buffering capacity to accessible capacity (i.e. groundwater

being used to fill reservoirs, as occurs in some aquifer recharge schemes, for example the

North London Aquifer Recharge Scheme in London). In situations where this dynamic is

known not to occur, this could be removed. This is represented by the equation:

∆Ba2 = kb1(1−RP (t))

(
Bc(t)−Ba(t)

Bc(t)

)
∆t (3.35)

The mechanics of this equation are such that when available stored water is low, more water

is transferred to available storage. RP is the reaction propensity (i.e. ratio between which

efforts are made in increasing buffering capacity to decreasing demand).
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Water Supply & Demand

Important output variables:

• Water supplied, SUP

– Used in: determining the severity of agricultural drought (ADS); water balance,

within this section, which determines available storage capacity (Ba); determining

benefits society gets from water supply (BEN , within this section)

– Variables from outside this section used in calculation: Water availability (W );

total storage capacity (Bc); available storage capacity (Ba - from within this sec-

tion)

• Water demand, DEM

– Used in: determining the severity of agricultural drought (ADS); determining

water supplied from storage (Bs, within this section); water balance, within this

section, which determines available storage capacity (Ba)

– Variables from outside this section used in calculation: community sensitivity to

drought (M)

• Available water storage, Ba

– Used in: determining water supplied from storage (Bs, within this section); deter-

mining water transferred from unaccessed storage (∆Ba2)

– Variables from outside this section used in calculation: natural/sustainable water

availability (W ); water transferred from unaccessed storage (∆Ba2); balance of

supply and demand from this section

• Benefits society gets from water supply, BEN

– Used in: determination of socio-economic drought severity (SEDS)

– Variables from outside this section used in calculation: none (only dependent on

water supply, from this section)
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Lastly the dynamics of supply (SUP) and demand (DEM) for water need to be charac-

terised. Water supply and demand were used in determining agricultural drought severity,

and are used in determining socio-economic drought severity via ‘benefits conferred’ (see

Equation 3.42). We suggest the following equation for determining how much water is sup-

plied:

SUP (t) =


DEM(t) : W (t) ≥ DEM(t)

W (t) +Bs : W (t) ≤ DEM(t)

(3.36)

Where is water supplied through buffering capacity. What this means is that, where demand

can be met by naturally/sustainably available water, it is. Where demand cannot be met

solely by naturally/sustainably available water, water supplied is determined as what water

is available naturally, plus some amount taken from storage. In this model, the amount taken

from storage, Bs, is determined by the equation:

Bs =


0 : W (t) ≥ DEM(t)

(DEM(t)−W (t))

(
Ba

Bc

)
: otherwise

(3.37)

What this equation means is that, when reservoirs are full, demand for water is fully met.

When reservoirs are not full, the proportion of the supply-demand shortfall that is supplied

from storage depends on the ratio of available storage to storage capacity (i.e. when reservoirs

are full, almost all of the shortfall is supplied, but when they are nearly empty, little water

is supplied from storage).

The available water in storage can then be updated based on water supplied and water

availability, via what is essentially a water balance. ∆Ba1 represents water storage which

has been used in supply, ∆Ba2 was determined in Equation 3.35 and represents transfer from

groundwater storage to surface water storage. ∆Ba3 represents reservoir refill, which only

occurs if available water is greater than what was supplied.

∆Ba1 = −Bs (3.38a)
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∆Ba3 =


W (t)− SUP (t) : W (t) > SUP (t)

0 : otherwise

(3.38b)

Ba(t) = Ba(t−∆t) + ∆Ba1 + ∆Ba2 + ∆Ba3 (3.39)

Ba is capped at Bc, since this is the maximum buffering capacity at any point in time.

In the model, demand depends on a perceived, rather than actual, supply. This perceived

supply is calculated using the equation:

SUPp = W (t) + 0.1Ba(t)
∆t

1
(3.40)

The ratio of ∆t/1 is included for dimensional consistency. This ‘perceived’ supply includes

the natural available water and a usage of stored water, meaning that where there is a higher

availability of stored water, demand will be higher. This perceived supply is then used to

determine the demand for water in the next time-step. Changes in demand occur on slow

and fast timescales; there is a fast change, whereby demand will change to meet the perceived

supply, and then a slow change which is based on the sensitivity to drought.

∆DEM1

∆t
=


kd1(SUPp −DEM(t))M : DEM ≥ Sp

kd1(SUPp −DEM(t))(1−M) : DEM < Sp

(3.41a)

The mechanics of this equation are such that, where perceived supply is higher than cur-

rent demand, demand will increase, although this increase will be slowed if there is current

sensitivity to drought.

∆DEM2

∆t
= −kd2 × (0.5−RP (t))×DEM(t) (3.41b)

This equation represents a slow change in demand based on the ‘reaction propensity’ to

drought. A society will either gradually increase its demand for water, or will gradually

decrease its demand for water, depending on its preference for doing so. The parameters

used in this model mean that this change occurs much more slowly than the other change in

demand. Total demand for water is then calculated as:
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DEM(t+ ∆t) = DEM(t) +
∆DEM1

∆t
∆t+

∆DEM2

∆t
∆t (3.41c)

Equation 3.28, used to determine socio-economic drought severity, uses the expected and ex-

perienced benefits derived from water supply (which represent something akin to agricultural

GDP). The benefits in any time period are calculated simply as:

BEN(t) = SUP (t)× µb(t) (3.42)

Where µb is an ‘efficiency’ relating water supplied to benefits experienced. This is a dynamic

quantity, which includes a gradual increase (indicating improving technology) and also a

term dependent on the prevailing norm/reaction propensity (which indicates an increase in

efficiency for times when demand efficiencies are sought and the opposite when expanding

supply capacity is the target):

µb(t+ ∆t) = µb(t) + (kµb1 − kµb2(RP0 −RP (t)))∆t (3.43)

Where RP0 is a threshold variable.

The final equation defines IMPagr, which is the time-varying relative importance of agricul-

ture; this is used in the determination of socio-economic drought severity:

IMPagr =
BENexp(t)

Y (t)
(3.44)

Where Y is a variable which represents the economy that does not confer its benefits from

water; if benefits from water grow at a rate exceeding this parameter, Y , then the importance

of agriculture rises, and vice versa. In the model, the parameter Y increases exponentially

with time (a crude approximation to economic growth in many countries).
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3.4 Application to idealised cases and evaluation

Table 3.1 gives a basic description of the nature of inputs and outputs; here we provide a

more detailed account of the inputs and expected outputs. While the model features many

parameters, many of these are related to the basic functioning of the model and do not

vary between the cases. The values of these parameters and their meanings are included

in Table 3.3. Parameters that vary between cases are given in Table 3.4, while the values

for the different cases are given in Table 3.5. A point to note is that the sensitivities to

different forms of drought (SM , SH , SA, SSE) are relative to one another, so the magnitude

of these parameters do not matter, only their magnitudes relative to one another. The

reaction propensity (determining the norm regarding supply and demand dynamics) in all

cases is taken as a linearly increasing function over the time of simulation, going from RPmin

to RPmax.

Before going through each case individually, the three figures included for each case are

first explained. The first figure included for each case shows the severity of each individual

form of drought (meteorological, hydrological, agricultural and socio-economic) individually,

as well as the overall perceived drought severity and the community sensitivity to drought.

Important things to note from these graphs are the onset of different forms of drought,

and also how this changes (e.g. does storage infrastructure mean that later dry periods

which induce relatively severe meteorological and hydrological drought do not induce severe

socio-economic drought where they may have if they had occurred earlier, before storage

infrastructure had been developed?). The second graph shows buffering capacity over time.

The blue line shows the total buffering capacity (i.e. the capacity of all storage infrastructure),

and so shows when storage infrastructure has been developed. The red line shows available

storage, which goes down as storage is used for water supply and rises as refill occurs. The

yellow line shows ‘unaccessed’ storage capacity (e.g. fossil groundwater which has not been

accessed). The third graph shows ‘benefits’ conferred from water supply. These benefits

represent something akin to agricultural GDP, where the fact that water has been supplied

has meant that something positive has been gained. There are two lines on these figures,

‘expected’ benefits and ‘experienced’ benefits. Experienced benefits are those which a society
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has actually received from water being supplied (e.g. actual agricultural GDP). Expected

benefits are those which the society expected to receive at a given time, given what has

recently been experienced (e.g. what agricultural GDP might have been expected to be).

The gap between expected and experienced benefits drives the perception of socio-economic

drought severity: where benefits are above those that were expected, socio-economic drought

severity falls, while if experienced benefits are below those that were expected, socio-economic

drought severity increases. Equations 3.42, 3.27 and 3.28 detail how ‘benefits’ from water

supply drive model mechanics.

3.4.1 Frequent drought

This case revolves around a situation in which frequent drought and a low threshold for

response leads to the development of storage, which builds resilience to future events of

minor to moderate severity while allowing for development. This case is drawn from the

example of California, where ENSO brings about drought on a fairly regular basis.

The weather input is ENSO-based, and droughts independent of ENSO occur on a fairly

regular basis (tbd = 10). The sensitivity threshold for the development of infrastructure is

low (Mt = 0.3). The reaction propensity function (exogenous to the model) is a linearly

increasing variable throughout the period, starting at 0.2 and ending at 0.9; this represents

a slow shift from a response oriented around expanding storage infrastructure to one which

focuses more on reducing demand in the face of drought. Groundwater is present in this

case; the initial maximum storage is 2 (of which 1 is available), the unaccessed storage is

10. Due to the relative nature of this model, these values of storage should be considered in

relation to the values of sustainable water availability (1 unit per month when drought is not

occurring).

The output variables that are focused on are community sensitivity, which should be often

present, infrastructure development, which is expected to be regular and of considerable

scale, and the benefits conferred from water supply, which should fluctuate gently, rather

than there being any large drop during drought. The general picture that this presents is

that the regular occurrence of low natural water availability leads a society to be aware of
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Table 3.3: Parameters common across cases

Parameter Symbol Meaning Value

θw Gamma distribution parameter for sustainable
water availability

20 (non-drought)

kw Gamma distribution parameter for sustainable
water availability

0.05 (non-
drought)

ρauto Auto-correlation in sustainable water avail-
ability

0.5

µdi Average drought intensity 1

tdd Average drought duration 2

σ2
di Variance of drought intensity 0.4

αENSO Gamma distribution parameter for ENSO time 30 (ENSO only)

βENSO Gamma distribution parameter for ENSO time 1/6 (ENSO only)

σ2
ENSO Time period split parameter for ENSO 0.2 (ENSO only)

σ2
A,ENSO Amplitude variance parameter for ENSO 0.4 (ENSO only)

kMDS Governs rate of change of meteorological
drought severity

7

kHDS Governs rate of change of hydrological drought
severity

1

kADS Governs rate of change of agricultural drought
severity

2

kSEDS Governs rate of change of socio-economic
drought severity

3

kSEDS,1 Governs rate of change of socio-economic
drought severity

8

p0 Threshold for meteorological & hydrological
drought

0.25

c0 Threshold for agricultural drought 0.1

km Governs rate of change of community sensitiv-
ity

0.1

kb1 Governs rate of change of buffering capacity 0.15

kb2 Governs rate of change of buffering capacity 0.3

kd1 Governs rate of change of demand 0.2

kd2 Governs rate of change of demand 0.02

kµb1 Governs rate of change of water-benefit effi-
ciency

0.001

kµb2 Governs rate of change of water-benefit effi-
ciency

0.01

RP0 Threshold variable for water-benefit efficiency 0.3
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Table 3.4: Parameters different in different cases

Parameter Symbol Meaning

tbd Average time between droughts

SM Sensitivity to meteorological drought

SH Sensitivity to hydrological drought

SA Sensitivity to agricultural drought

SSE Sensitivity to socio-economic drought

Mt Memory threshold for development of storage infrastructure

RPmin Reaction propensity at beginning of simulation

RPmax Reaction propensity at end of simulation

Ba(t = 0) Available buffering capacity

Bc(t = 0) Maximum buffering capacity

Bu(t = 0) Unaccessed buffering capacity

λENSO Impact of ENSO on sustainable water availability (if any)

Table 3.5: Parameter values in different cases

Parameter Symbol Case 1 Case 2 Case 3 Case 4a Case 4b

ENSO? (λENSO) Yes (5) Yes (2) No No No

tbd 10 20 30 10 10

SM 1 1 0 0 5

SH 2 1 1 0 5

SA 3 2 2 5 1

SSE 5 6 4 10 5

Mt 0.3 0.7 0.5 0.5 0.5

RPmin 0.2 0.2 0.3 0.5 0.5

RPmax 0.9 0.7 0.3 0.5 0.5

Ba(t = 0) 1 1 5 1 1

Bc(t = 0) 2 2 10 5 5

Bu(t = 0) 10 10 20 10 0
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such situations, and so develops infrastructure to guard against events.

Figure 3.7: Frequent drought case - severity of drought in different forms and community
sensitivity to drought

The output figures can be seen in Figures 3.7, 3.8 and 3.9. Figure 3.7 shows the severities

of different forms of drought, the perceived severity that this results in, and the community

sensitivity to drought; this set of figures shows that the presence of drought of various forms

induces a community sensitivity to drought, which in turn leads to the development of storage

infrastructure (Figure 3.8). This infrastructure development then insulates the community

from the impacts of future drought and allows for a stable and slightly increasing level of

water-related benefits (Figure 3.9). In particular, early droughts (at approximately t =

20, 30, 45) cause moderately significant impacts, resulting in sensitivity which prompts an

increase in the maximum level of storage capacity; this storage capacity then means that

when more climatically significant drought occurs (approximately t = 70), the socio-economic

impacts are less severe than the earlier, less climatically severe events. These are the patterns

of results which were desired. An interesting point to note in the results here is the building

of infrastructure at around t = 55; at this point, drought is not occurring, but the severity
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Figure 3.8: Frequent drought case - buffering capacity dynamics

of the previous drought to occur was such that ‘community sensitivity’ remains above the

threshold for developing infrastructure and so the society builds more infrastructure.

In this case, some comparisons can be made between real-world data and model outputs.

Figure 3.10 shows the development of reservoir storage in California over time, which can

be compared with the ’maximum storage’ line on Figure 3.8; both figures show a period of

rapid development of storage infrastructure, before a plateau is reached when storage protects

against the majority of drought events. In California, much of the development that is seen

during the 1960s and 1970s was prompted by the droughts that occurred during the 1950s.

Figure 3.11 shows the change in groundwater storage in California; this can be compared

with the ‘not accessed storage’ line on Figure 3.8; both show a pattern of gradually declining

groundwater storage, with increasing decline during times of drought. Figure 3.12 shows

agricultural GDP in California over time, which can be compared with the second half of

the line labelled ‘experienced benefits’ on Figure 3.9; both of these figures show a gradually

increasing trend with some small fluctuations away from the trend. Unfortunately, data re-

garding agricultural GDP during the 1950s (when severe drought prompted the development
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Figure 3.9: Frequent Drought case - benefits from water supply expected and experienced by
the community. Experienced benefits are those which a society has actually received from
water being supplied (e.g. actual agricultural GDP). Expected benefits are those which the
society expected to receive at a given time, given what has recently been experienced (e.g.
what agricultural GDP might have been expected to be). The gap between expected and
experienced benefits drives the perception of socio-economic drought severity: where benefits
are above those that were expected, socio-economic drought severity falls, while if experienced
benefits are below those that were expected, socio-economic drought severity increases.
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of reservoirs) is not available, and so comparison of a less resilient system state is not possible.

Figure 3.10: Cumulative maximum storage capacity of large reservoirs (>100 000 MAF) in
California - data from California Data Exchange Centre (2016)

3.4.2 Occasional drought

This case is different from the above in that the time between droughts is longer (tbd = 20),

and the sensitivity threshold for response is higher (Mt = 0.7) (this might represent for

example a lower institutional capacity for making large decisions, or less affluence). This

case is drawn from facets of Brazil, where drought occurs on an occasional basis, but can

bring severe consequences when it does.

As before, the weather input uses the ENSO system as a basis. The reaction propensity

increases from 0.2 at the beginning to 0.7 at the end, which represents an initial focus

on buffering capacity expansion, transitioning to a response based more around demand

management. Water storage capacities are the same as in the previous case (Ba(t = 0) =

1, Bc(t = 0) = 2, Bu(t = 0) = 10).

The output variables to be focused on are the same as previously. In this case, the occasional

nature of drought will mean that the community should rarely be very sensitive to it, and

so little storage infrastructure should be developed. Water demand should increase to un-
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Figure 3.11: The cumulative change in groundwater storage in California (Red line on this
graph) in MAF - as Figure 9B of Faunt et al. (2009)

Figure 3.12: Agricultural GDP of California (Millions of 2014 Dollars) - data from Bureau
of Economic Analysis (2016)
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sustainable levels during long drought-free periods, which will increase the level of benefits

accrued from water supply, but then should natural water availability decrease for a period

of time, the lack of resilience in the system will mean that water supply will dip sharply,

causing fairly severe socio-economic drought.

Figure 3.13: Occasional drought case - severity of drought in different forms and community
sensitivity to drought

The outputs are visualized in Figures 3.13, 3.14 and 3.15. Figure 3.13 shows the severity

of different types of drought, the overall perception of the severity of drought situations

that this results in and the community sensitivity that this induces. It shows that when

droughts occur, they tend to result in significant socio-economic impacts (also visible by

the drops in experienced benefits in Figure 3.15). However, because of the infrequency

of drought, sensitivity tends to diminish prior to the occurrence of the next drought and

demand for water increases prior to the occurrence of the next drought (visible in the high

level of benefits experienced and expected by the community in Figure 3.15). Due to the high

threshold for response in this case, storage infrastructure is also not developed very much

(visible in the relatively small increase in maximum storage). This means that the socio-
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Figure 3.14: Occasional drought case - buffering capacity dynamics

economic severity of later drought is not diminished. These qualitative patterns correlate

well with those expected.

3.4.3 Impending vulnerability

This example explores the possibility of unsustainable groundwater use leading to an initial

situation of increasing demand & supply (and accompanying benefits from the use of water)

and insulation from the impacts that occasional drought may have, transitioning to a state

of vulnerability when groundwater availability decreases (which may be exacerbated should

climatic change result in more frequent drought events).

Water availability in this example is not ENSO governed and drought occurs occasionally

but not often (tbd = 30), while there is a medium sensitivity threshold (Mt = 0.5). Buffer-

ing capacity plays a significant role in this case, with initial values of accessible capacity,

maximum capacity and unaccessed capacity of 5, 10 and 20 units respectively. The reaction

propensity is a constant value of 0.3.
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Figure 3.15: Occasional drought case - benefits from water supply expected and experienced
by the community. Experienced benefits are those which a society has actually received from
water being supplied (e.g. actual agricultural GDP). Expected benefits are those which the
society expected to receive at a given time, given what has recently been experienced (e.g.
what agricultural GDP might have been expected to be). The gap between expected and
experienced benefits drives the perception of socio-economic drought severity: where benefits
are above those that were expected, socio-economic drought severity falls, while if experienced
benefits are below those that were expected, socio-economic drought severity increases.
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In this example, the infrequency of drought will often render community drought sensitivity

low; this will mean that demand for water will increase, which may well be fulfilled by the

use of groundwater (Bu). While groundwater is available and drought is not occurring, this

should mean that benefits conferred from water supply should be high. There are two possible

situations where vulnerability could arise in this situation: firstly should the groundwater

run out, demand will no longer be satisfied and so conditions of agricultural drought will be

induced; secondly, should natural water availability decrease for a period of time (i.e. should

a meteorological/hydrological drought occur), then the fact that groundwater is already being

used to fulfil demand could also induce socio-economic drought. Should these two occur in

tandem then the impact could be magnified.

Figure 3.16: Impending vulnerability case - severity of drought in different forms and com-
munity sensitivity to drought

Figures 3.16, 3.17 and 3.18 show that, outside of drought periods, groundwater use (indi-

cated by the decreasing line in not accessed groundwater in Figure 3.17) in this case is high

and fulfils a high level of demand (which provides the high levels of experienced benefits

in Figure 3.18). Indications of the two types of drought-like behaviour are also present in

120



Figure 3.17: Impending vulnerability case - buffering capacity dynamics

these figures. Firstly, from around t = 40 to t = 70 there is a situation where Bu is used to

satisfy a high level of demand; at times, however, the fact that this storage is being used as

a form of normal water supply means that it cannot buffer against natural water variabil-

ity (hence the benefits experienced around this time vary a lot), and so there are frequent

imbalances between supply and demand (ADS rises). At around t = 60 moderate mete-

orological/hydrological drought then occurs, which quickly propogates into socio-economic

impacts as there is no buffer provided by storage. Later, at around t = 85, Bu reaches 0; at

this point the existing demand can no longer be fulfilled, and so ADS rises. At this point

benefits experienced (Figure 3.18) also become erratic (being entirely dependent on natural

water availability), and when drought occurs at t = 90, there is again no buffer against

the propagation of drought and socio-economic consequences occur. These are the patterns

which were anticipated.
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Figure 3.18: Impending vulnerability case - benefits from water supply expected and experi-
enced by the community. Experienced benefits are those which a society has actually received
from water being supplied (e.g. actual agricultural GDP). Expected benefits are those which
the society expected to receive at a given time, given what has recently been experienced
(e.g. what agricultural GDP might have been expected to be). The gap between expected
and experienced benefits drives the perception of socio-economic drought severity: where
benefits are above those that were expected, socio-economic drought severity falls, while if
experienced benefits are below those that were expected, socio-economic drought severity
increases.
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3.4.4 Different resources

This example investigates the impact of different resource abundance on the socio-hydrological

dynamics in a system. In this regard, two sub-cases are used which are similar in a number

of ways, but differ in the presence of unaccessed buffering capacity (representing unaccessed

groundwater) and sensitivities to the different forms of drought.

In both cases, water availability is driven by the non-ENSO system, and dry periods occur

on a semi-regular basis (tbd = 15). There is a medium sensitivity threshold (Mt = 0.5) and,

since the reaction propensity is not the subject of interest, a neutral propensity is assumed

throughout (i.e. RPmin = RPmax = 0.5). In order for the best possible comparison between

these two cases, the same rainfall inputs were used for both model runs. While exploring this

case, it was found that the results from the beginnings of simulations of the two sub-cases

were very similar, with differences becoming more pronounced later in the simulation, and

so an extended run of 200 years is included here.

The first of the differences in input parameters between the two cases come in the presence of

buffering capacity; the initial accessible and maximum capacities are assumed to be the same

(Ba(t = 0) = 1, Bc(t = 0) = 5), but there is a difference in the unaccessed buffering capacity,

Bu(t = 0) , being 10 units in one sub-case and 0 in the other. The other differences are in the

relative sensitivity to different forms of drought, and these are best observed in Table 3.5;

generally, the case where groundwater is not present is more sensitive to meteorological and

hydrological drought, while the case where groundwater is present is relatively less sensitive

to these forms of drought.

In the case where unaccessed buffering capacity (i.e. groundwater) is present, this added

buffering capacity may insulate the community from early, small droughts, which may mean

that little further storage is developed. This could mean that later, more significant drought

could have more significant impacts. In the case where buffering capacity is not present,

the sensitivity to meteorological and hydrological drought and lack of protection from small

events may mean that storage infrastructure is developed, which could then provide a degree

of protection from future events. Results from these two sub-cases are now presented.
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Figure 3.19: Different resources, groundwater sub-case - severity of drought in different forms
and community sensitivity to drought

The output figures for the sub-case where groundwater exists (in the form of unaccessed

buffering capacity) can be seen in Figures 3.19, 3.21 and 3.23. These should be compared with

Figures 3.20, 3.22 and 3.24, which show the results for the sub-case where no groundwater

presence exists.

The most striking difference between the two cases comes in the comparison of Figures 3.21

and 3.22. In the first sub-case, the maximum storage capacity reached is around 16 units,

whereas in the second sub-case the maximum storage capacity reached is nearer 26 units.

Almost throughout the simulation period, buffering capacity is developed in the second sub-

case, while in the first sub-case there are long periods where no storage is developed. This

implies that the threshold for the development of infrastructure has been exceeded more times

(or for longer/to a greater degree) in the case where no groundwater exists compared to the

case where groundwater does exist. Figures 3.19 and 3.20 show that this is indeed the case. In

Figure 3.19, the sensitivity (bottom right sub-figure) threshold of 0.5 is only exceeded 5 times

through the simulation period, whereas in Figure 3.20 the threshold is broken many more

124



Figure 3.20: Different resources, no groundwater sub-case - severity of drought in different
forms and community sensitivity to drought

Figure 3.21: Different resources, groundwater sub-case - buffering capacity dynamics
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Figure 3.22: Different resources, no groundwater sub-case - buffering capacity dynamics

times. This is due to the differing sensitivities to meteorological and hydrological droughts

between the two cases. In the case where no groundwater exists and relative sensitivity to

meteorological and hydrological drought is greater, the occurrence of droughts which are of

high meteorological and hydrological severity results in community sensitivity and so drives

the development of infrastructure, while in the case where groundwater does exist, the lack

of sensitivity to these forms of drought means that infrastructure is only developed when

drought persists and agricultural and socio-economic drought severity increases.

Regarding the consequences of drought and the development of infrastructure for the benefits

conferred from water supply, Figures 3.23 and 3.24 show some interesting results. During non-

dry periods, the fact that the case with groundwater inclusion generally has lower community

sensitivity (due to the fact that they are not sensitive to meteorological/hydrological drought)

means that more water is demanded (and so supplied during non-dry periods), and so more

benefits are conferred; this difference is relatively small (around 3% at t = 110). During earlier

droughts, before t = 150 (the point at which ‘unaccessed’ buffering capacity, representing

fossil groundwater, runs out), there is almost no difference between the benefits experienced in
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Figure 3.23: Different resources, groundwater sub-case - benefits from water supply expected
and experienced by the community. Experienced benefits are those which a society has
actually received from water being supplied (e.g. actual agricultural GDP). Expected benefits
are those which the society expected to receive at a given time, given what has recently been
experienced (e.g. what agricultural GDP might have been expected to be). The gap between
expected and experienced benefits drives the perception of socio-economic drought severity:
where benefits are above those that were expected, socio-economic drought severity falls,
while if experienced benefits are below those that were expected, socio-economic drought
severity increases.
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Figure 3.24: Different resources, no groundwater sub-case - benefits from water supply ex-
pected and experienced by the community. Experienced benefits are those which a society
has actually received from water being supplied (e.g. actual agricultural GDP). Expected
benefits are those which the society expected to receive at a given time, given what has
recently been experienced (e.g. what agricultural GDP might have been expected to be).
The gap between expected and experienced benefits drives the perception of socio-economic
drought severity: where benefits are above those that were expected, socio-economic drought
severity falls, while if experienced benefits are below those that were expected, socio-economic
drought severity increases.
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either sub-case; this indicates that fossil groundwater is being used to supplement ‘available’

storage such that there is no difference between the two. It is only later, when unaccessed

buffering capacity runs out that there is a difference between the two sub-cases: during the

later droughts (at around t = 150, t = 170, t = 190), the extra buffering capacity that has

been developed in the case in which no groundwater exists does give this society greater

resilience to drought, with benefits experienced during drought being around 10% higher

than the case where groundwater did exist. The implication of this is that the current model

dynamics allow groundwater and surface water storage to be interchangeable. It is only

when this fossil groundwater is fully depleted that a difference emerges, and the benefits of

infrastructure development are seen. It may be that changing the way that demand relates

to reservoir storage (currently demand is related to the relative proportion of ‘available’

to ‘maximum’ storage capacity), for example by using reservoir control curves defined by

absolute storage volume, may change these dynamics.

The dynamics that were expected in this case were that a relatively high amount of storage

would be developed in the case where no fossil groundwater existed, and relatively less storage

would be developed in the case where groundwater did exist, and this was seen. It was,

however, anticipated that the differences in the results regarding ‘benefits’ from water supply

(Figures 3.23 and 3.24) would be more different than they have been found to be. The results

here do show differences between the benefits experienced in the two sub-cases, but they are

relatively small. It was also anticipated that there would be more significant differences in

‘benefits experienced’ earlier on, but larger differences did not occur until the ‘unaccessed

buffering capacity’ actually ran out. It is expected that if the form of equations 3.35 and 3.37

were altered then the dynamics may change: currently, these equations are dependent on the

ratio of available storage to total storage capacity, but if the equations were changed to be

dependent on total storage capacity, then different results may be seen.
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3.5 Discussion

Using system dynamics, we developed a socio-hydrological model for situations of anthro-

pogenic drought that is capable of producing results which reflect the behaviour of some

archetypal systems. The model raises two main areas of discussion. Firstly, how does the

model help characterise the nature of systems in which anthropogenic drought occurs? Sec-

ondly, what are the potential applications for such model?

Regarding system characterisation, the model was able to produce different archetypal system

behaviours by changing a relatively low number of parameters. The main factors that deter-

mine much of the behaviour are the nature of the variability in sustainable water availability

and the threshold for response. Regarding water availability, the dynamics seen suggest dy-

namics similar to those seen in the human-flood model of Di Baldassarre et al. (2015a) that

are in some ways analogous to the ‘levee effect’ (White, 1945). The occurrence of drought

tends to dampen demand for some time, which then mitigates the impacts of future drought;

in contrast a lack of drought tends to lead to higher water usage, meaning that the impact of

drought is more severe when it does occur. This is similar to the hypothesis of Schumann and

Nijssen (2014), whereby increased development in socio-hydrological systems leads to larger

harmful consequences of failures. The role of different assets is also seen in creating socio-

hydrological dynamics; the presence of buffering capacity can serve to insulate a community

from small and moderate events, however the unsustainable use of buffering capacity can lead

to vulnerability. It is also possible to see the trade-off that exists between the exploitation

of resources for optimal outputs in the short term and resilience to extreme events; however

in this model, the trade-off is not necessarily a choice, but rather something that is brought

about by the occurrence/lack of events and the resulting socio-hydrological responses.

The model has the ability to capture the abstracted socio-hydrological dynamics of some

archetypal system behaviours, and so has some utility in gaining understanding regarding

the overall behaviour of these systems and the key causal factors in determining differences be-

tween systems. The results that it has produced generally agree with previous work regarding

general system behaviours in water-stressed areas (Srinivasan et al., 2012), in particular the

‘frequent drought’ case exhibits behaviour seen in the ‘adaptation’ basin syndrome, and the
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‘occasional drought’ and ‘impending vulnerability’ cases display behaviour classed as a ‘vul-

nerability’ basin syndrome (though via different mechanisms). This model cannot, however,

reveal anything regarding the details of lower-level processes that lead to these behaviours.

While system understanding is important in socio-hydrology, the outputs from most socio-

hydrological models have no practical use. For socio-hydrology to become genuinely useful,

I feel that future models should aim to solve real world problems where current models do

not produce adequate results. This model also suffers from another common problem socio-

hydrological modelling, which is the inherent bias in the model due to assumptions over

behavioural patterns means that unexpected behavioural insights have not been observed

(Loucks, 2015). As a conceptual model, its utility was however intended to be in improving

system understanding, and in giving a hypothesis for how the general system structure may

be.

Another aspect of the utility of the model concerns the value of anecdotal versus average

behaviour. Path dependency plays a vital role in different developmental trajectories in

socio-hydrological systems, as the event-based nature of severe hydrological events and the

policy window that they can induce are governed by events that have a significant amount

of randomness. However, single examples of trajectories can only give a limited amount

of information, and so going beyond single model runs to give ‘average’ trajectories could

give more general insight (as Viglione et al., 2014, show). Developing models which deliver

generalised insight while still showing the role of events in determining pathways of co-

evolution in socio-hydrological systems would be a significant development.

3.6 Conclusions

• A system dynamics model has been developed which investigates the socio-hydrological

dynamics involved in cases of anthropogenic drought from a conceptual level. The inten-

tion is that this improves system understanding regarding the key socio-hydrological dy-

namics involved in bringing about drought, as well as contributing to socio-hydrological

modelling via the inclusion of several novel aspects.
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• The model includes the role of perception and expectation in determining dynamics,

an important aspect in the case of drought.

• Semi-archetypal examples were developed, which drew inspiration from real-world cases

of drought with significant anthropogenic influence. These examples were then used in

the development and testing of the model.

• The model development involved a comparative approach, whereby similarities and

differences of the different cases were focused on in order to determine a hypothesis for

the key dynamics.

• When the model was tested, patterns of system behaviour were sought, rather than

absolute values; the patterns seen were as expected. Varying few parameters allowed

for several different system behaviours to be seen.

• Natural water variability was seen to have a great influence on system behaviour; fre-

quent drought tended to induce action that created resilience, whereas a lack of drought

often brought about unsustainable responses, which subsequently resulted in vulnera-

bility.

• The model takes a very abstracted view and so, while it can give insight into the key

drivers of the overall dynamics, it cannot give information regarding the lower-level

processes that lead to these behaviours.

• This model uses ‘anecdotal’ runs to provide evidence, which provide some useful in-

formation, particularly regarding the role of extreme events in determining behaviour.

However, using single trajectories can only give a limited amount of information, and

so approaches where ‘anecdotal’ and ‘average’ behaviours are both seen could give more

general insight into pathways of co-evolution which arise in socio-hydrological systems.
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Chapter 4

Socio-hydrology & Risk: Concepts

with Implications for Modelling of

One Another

4.1 Introduction

Risk, a concept involving the interaction of hazard, vulnerability and exposure (Cammerer

et al., 2013), has great influence on many decisions in the world today, impacting behaviour,

infrastructure development, capital allocation and many other things. The concept of risk is

applied to many areas of study, including finance (Fama and French, 1993), health (Gordon

and Kannel, 1982) and environmental management (Rammel and Bergh, 2003), and has also

been studied and used in many cases of water resource management (Borgomeo et al., 2014),

in particular analysing flood risk (Elmer et al., 2012; Falter et al., 2015; Lumbroso and Vinet,

2011; Merz et al., 2010, 2014).

In this paper, the assessment and modelling of risk are evaluated in light of the recent de-

velopment in thought regarding socio-hydrological interactions. The motivation behind this

investigation comes from two sources. Firstly, while the majority of socio-hydrology papers

have rightly focused on exploring dynamics in systems of human-water interaction, there are

numerous occurrences in socio-hydrological literature (e.g. Di Baldassarre et al. (2013a), Di
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Baldassarre et al. (2015a), Gober and Wheater (2015), Loucks (2015), and Viglione et al.

(2014)) where risk has been referred to in a general sense without a thorough examination

of its different components or the usage of a risk-oriented framework for analysis. Secondly,

the long-term results of socio-hydrologic interaction can bring potentially unexpected conse-

quences affecting both how society (and so vulnerability and exposure) and the hydrological

landscape (and so hazard and vulnerability) develop, raising questions regarding risk estima-

tion. Aven (2012) analyses the evolution of the concept of risk and its usage, concluding that

‘there is and should be a continuous discussion ... on how to best measure/describe risk’; the

increasing interactions and feedbacks between anthropogenic and natural systems certainly

warrant inclusion in this discussion, and this exploration of risk in socio-hydrology could be

part of this. This dual motivation (though perhaps two sides of the same coin), of a relevant,

but as yet under-examined concept within a new subject, and the implications that findings

from this new subject have on the concept provides motivation for analysis from both sides.

With regards to implementation and practice, there are two levels to the issues present.

Some types of decision making have not yet embraced the concept of risk, instead seeking

optimal solutions (Rammel and Bergh, 2003); were problems well defined and uncertain-

ties manageable, there would be little problem with this, but unfortunately this is not the

case: the ‘wicked problems’ that are faced in water management (Liebman, 1976; Rittel and

Webber, 1973) are generally ill-defined and uncertainties pervade. Issues associated with the

development of water infrastructure, such as long legacies and path dependencies, require

that a long-term view is taken (Thompson et al., 2013), which should certainly incorporate

uncertainties and unknowns; risk-based analyses thus seem a sensible option. Other decision-

making processes do incorporate risk-based analysis, but these do not generally account for

human-water interactions (Sivapalan et al., 2014) and often focus on a hazard mitigation

focused approach, as opposed to a holistic management of the different facets of risk (Merz

et al., 2014).

The rest of this chapter is structured as follows (please see Figure 4.1 to see how the dif-

ferent sections of this chapter link together). The significance that risk and socio-hydrology

have for one another are explored: this starts with an exploration of the implications of
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socio-hydrological dynamics on modelling and estimation of risk, in particular the compo-

nents of risk that may or may not be reasonably assumed to remain constant in systems of

socio-hydrological interaction, leading to the presentation of different ways that risk may be

estimated in a socio-hydrological context; secondly, the concept of risk is advocated as being

of great use to socio-hydrologists, and its use in the subject is examined. A case study utilising

the model of Di Baldassarre et al. (2015a) is then used to apply the ideas that are discussed;

this involves applying a risk-based analysis to this model, which demonstrates the value of

the concept of risk to socio-hydrologists in being able to avoid anecdotal statements; this

case study also shows the implications for including or excluding different socio-hydrological

dynamics in models used to estimate risk.

Figure 4.1: Structure of Chapter 4, showing how the various sections link together
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4.2 The Implications of Socio-hydrology for Risk Esti-

mation and Modelling

4.2.1 Risk in Hydrology

As has previously been mentioned, risk is the interaction between hazard, vulnerability and

exposure, or the likelihood of a certain event occurring, the susceptibility of such an event

causing an impact of some kind and the consequences should such an impact occur, or more

mathematically the convolution of the three components:

R = P (h) ∗ V (h) ∗ E(h) (4.1)

Where R is risk, P (h) is the probability distribution of a hazard occurring, V vulnerability

and E exposure. In some cases, for example the case of stationary flood risk, the vulnerability

and exposure may be expressed as a function of the hazard present, i.e. the flood height.

Stationary flood risk is, therefore, often calculated as:

R =

∫ ∞
hmin

P (h) ·D(h)dh (4.2)

Where P (h) is the probability density function of various damaging flood heights, hmin the

minimum height at which flood damage occurs and D(h) a function that relates flood height

to damage caused. Traditionally, P (h) and D(h) have been assumed to be constant with

time, and flood events assumed to be independent (Vogel et al., 2015), and so this is gen-

erally a fairly simple calculation to carry out (especially if an exposure function can be

expressed in a lumped analytical form). There are, however, significant assumptions being

made in assuming constant functions for hazard occurrence and damage, which are becom-

ing increasingly difficult to justify in a world of change: assumptions of climatic stationarity

are now of questionable validity (Milly et al., 2008) (though the validity of the removal of

the exact term stationarity is contested (Lins and Cohn, 2011; Matalas, 2012; Milly et al.,

2015; Montanari and Koutsoyiannis, 2014; Serinaldi and Kilsby, 2015)), and the complexity

of spatially explicit, time-variant interactions involved in the occurrence of events (including
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social and technological adaptation) (Falter et al., 2015) are now being realised, and so ap-

proaches throughout hydrology (Borgomeo et al., 2014), including risk estimation, are being

re-evaluated. For example, Read and Vogel (2015) has examined the ideas of return periods

and risk under non-stationarity, concluding that the idea of a static return period has reduced

meaning when non-stationarity is accounted for and proposing reliability (which conveys the

likelihood of no failure over a given period) as a more appropriate alternative. Merz et al.

(2015) has also investigated the role that surprise has in assessing and managing flood risk,

finding that the complexity of flood risk systems limits their predictability, meaning that

unanticipated events (surprises) can occur; it is suggested that the potential for unexpected

events or developments to lead to negative consequences should be kept in mind when con-

sidering flood management decisions. When assumptions are removed, risk in hydrological

circumstances may be better thought of as:

R = P (h, t) ∗ V †(h, t,M †, S†, T, Soc†, Pol†, Ec†...) ∗ E†(h, t,M, S, T, Soc, Pol, Ec...) (4.3)

Where M is memory, S sensitivity, T technology, and Soc, Pol and Ec being socio-cultural,

political and economic circumstances respectively, all of which are time-variant and intercon-

nected themselves. The presence of a dagger (†) also indicates the fact that variables can

be impacted by the occurrence of events (e.g. economic circumstances will be impacted by

the occurrence of a devastating flood), and so are prone to step changes at unforeseeable

times. The fact is that there is good reason why flood risk estimations involve simplifica-

tions: modelling all variables that contribute to the overall ‘risk’ posed by a particular type of

hazard presents an impossible task, involving innumberable variables and processes, terribly

complex dynamics, and uncertainties of many kinds. The question posed to modellers is, as

always, which assumptions and simplifications are appropriate, and so which variables and

interactions involved in the calculation of Equation 4.3 may be assumed constant or ignored,

and which demand some level of analysis.
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4.2.2 Appropriate Simplifications When Modelling & Estimating

Risk in Socio-hydrological Systems

In determining which simplifications are appropriate to make when modelling and estimating

risk, there are several main factors to keep in mind:

• The degree of change a variable undergoes: variables remaining constant or near con-

stant need not be modelled dynamically

• The consequence of change in this variable on risk: only those variables which contribute

to changes in risk need to be modelled

• The complexity in representing processes leading to such a change: there may need to be

some analysis in weighing the change and consequence of change for a variable against

the cost of trying to model it - if change in a variable has a fairly low consequence for

the value of risk, but a very complicated mechanism behind its change, then it may be

unpracticable to model its change dynamically

As such, when conducting a risk analysis, it would be appropriate to evaluate the relative

importance of the components of risk in a given scenario. The drivers behind flood risk

change have been studied and the relative importances of hazard and value accumulation in

an area weighed, and it has been found that increases in exposure are (in some circumstances

at least) dominant (Elmer et al., 2012), echoed from long ago by the words of White (1945),

‘Floods are “acts of God,” but flood losses are largely acts of man’. While social processes

leading to changes in exposure are complex, they are becoming increasingly well understood,

and their dominance in risk changes would suggest that some degree of time variance of

exposure should be modelled. The question then extends itself to determining the degree to

which dynamic vulnerability and exposure changes should be modelled. Such change involves

complex, dynamic interactions between hazard, vulnerability and exposure, involving the

occurrence of events and resulting perceptions & responses to risk on both an individual and

institutional level (Gober and Wheater, 2015), which must be studied in conjunction with

exogenous change to these variables at a range of spatio-temporal scales (Merz et al., 2010).
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Extending the boundaries of the system that is considered in such a manner will involve the

inclusion of new variables and processes (particularly societal, and indeed socio-hydrological

and socio-ecological processes). However, limiting the complexity of dynamics considered

may lead to a more feasible outcome. Here, different ways of simplifying the calculation of

risk in a socio-hydrological setting are put forward which use different timescales, include

differing levels of interaction between variables and which include differing levels of non-

stationarity. The benefits and drawbacks of each view of risk are highlighted and situations

where the different views may be appropriate are suggested.

A Stationary View

A stationary view of risk, or views in which much of the system is considered stationary,

largely dominate current risk estimations due to the ease with which such estimations are

carried out. Stationary risk estimation essentially involves assessing the current hazard,

vulnerability and exposure, and combining these three factors to estimate the current risk.

This view does not include any dynamics in or between any of the subsystems, and so does

not really include any element of socio-hydrologic analysis. In a mathematical context, this

would be similar to Equation 4.2.

Variations on a stationary view, which don’t include any interconnections between hydro-

logic and social systems, and which hold one of these systems stationary, here termed semi-

stationary, also abound: for instance, where the impact of changes in climate are incorporated

into non-stationary estimates of hydrologic forcing variables (though climate change itself is,

of course, an anthropogenic impact, though on a somewhat different scale); expressed in an

equation, expressing such risk at a future time, T , may look like:

R(t) =

∫ ∞
hmin

P (h, t)|t=T ·D(h)dh (4.4)

This semi-stationary outlook, in which much of the system is considered stationary and social

processes are ignored, while a hazard is considered to change through time, often promotes

solutions attempting to prevent hazards, as opposed to holistically managing risk.
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Viewing risk in a stationary sense certainly has its merits and is appropriate for use in some

circumstances. Socio-hydrological interactions over short timescales in which little change

is likely to occur would be best modelled this way. The semi-stationary approach may also

be applicable in some circumstances, for example in situations where little social change is

expected, but more significant changes in, for example, rainfall patterns. However, for long-

term risk analysis, in situations where social and socio-hydrological change is likely, a more

interconnected view of the system is necessary.

A stationary view of risk would lead to a constantly evolving risk profile for a given system.

When, for example, a flood wall is built to protect an area of floodplain, the hydrological

system is altered so that flow rates up to a certain level will not cause flooding of the

protected area. However, the protection that this wall affords also impacts on the human

aspects of the system: house prices will likely rise in protected areas, and further development

of the floodplain becomes a more attractive prospect (and so may occur). This development

increases the exposure, and so risk associated with the occurrence of an event. The flood

control infrastructure still means that events of smaller consequence are prohibited from

occurring, and so risk is associated with more serious events. The evolution of this qualitative

example is shown graphically in Figure 4.2. The overall ‘risk’ at each time period would be

found by calculating the area under the curve, and as such is dependent on the relative

changes in flood probability and degree of development. Initially (‘Prior to Flood Control

Infrastructure (FCI) development’), the situation in this example is such that there is little

development, and so a low level of exposure to extreme events, but there are also no/low flood

walls. As such, events of a low severity will tend to cause some damage relatively often, and

so will cause a relatively high level of damage per year, but this will be concentrated towards

non-catastrophic events (hence a curve with a high level of expected damage per unit time,

but largely concentrated towards the low event severity end of the x-axis). In this example,

the society, in response to frequent flood events, builds some kind of FCI (‘With FCI, Ceteris

Paribus’ in the Figure); this protects the society from flood events up to a given event severity,

meaning that the society is now no longer vulnerable to low-severity flood events. At this

point, however, little subsequent development has taken place, and so exposure levels are

low; as such, from the current system standpoint, the risk profile that the society faces is
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one of low expected damage, with the risk from low severity events eliminated, and so risk

entirely weighted towards events of high severity. The flood protection infrastructure that

has been built then attracts development, meaning an accumulation of exposure (‘With FCI

and Subsequent Development’ in the Figure). The FCI is still in place, and so low-severity

events are still prevented, but should higher severity events occur, they would now cause a

much greater amount of damage. As such, expected yearly damage is much higher than the

previous situation, but centred around events of the same severity. This shows the dynamic

nature of risk if socio-hydrological interactions are included, but a view of risk based on the

present system situation is used. As the figure shows, dependent on the scale of FCI and

the amount of subsequent development (the figure is purely qualitative), it may be that the

overall risk present in the first and third cases described here is very similar, and so the

FCI has only served to shift the risk profile away from low severity events to catastrophic

events, rather than reduce flood risk. Alongside this, however, it must be remembered that

a significant amount of development (and so increased economic output) would have been

brought about, which is not captured in this determination of risk to flood events.
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Figure 4.2: Example evolution of a risk profile associated with socio-hydrological interaction
(FCI stands for Flood Control Infrastructure)
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‘The Next Event’

The first more ‘socio-hydrological’ view of risk that is presented here revolves around esti-

mating the risk associated with the next event to occur. This view recognises that in almost

all cases, events will occur which will exceed what has been designed for, and so events

that are more severe than the design threshold must also be planned for with regards to

risk management. Viewing risk in this way should encourage the prudent management of

exposure, rather than focusing solely on hazard avoidance. In a socio-hydrological sense, the

dynamics that would be included in this case would be the more manageable, perhaps more

predictable aspects involving demographic changes and ‘slow’ policy changes, but would ig-

nore the more complicated, abrupt social changes caused by the occurrence of events. This

would simplify modelling significantly and allow for less uncertain risk estimates, but comes

with clear limitations. Equation 4.3 might be simplified to:

R =

∫ T †

0

∫ ∞
hmin

P (h, t) ·D(h, t) (4.5)

Where the time-variant damage function would include changes in vulnerability and exposure

due to socio-hydrological dynamics (the dagger (†) indicates that events impact a variable).

In situations where hazard probability may be assumed constant, P (h, t) could be replaced

by P (h).

This view of risk might be most appropriate for cases in which infrastructure exists (or

is developed) that protects against events with a long return period, and so in which few

damaging events, but more significant social change is could occur.

Policy Horizon

Another view of risk that could be (and indeed is) taken in systems of human-water interaction

is that of a policy horizon. In this view, risk analysis would aim to simulate all socio-

hydrological interactions and events, recording damage caused by events to give a figure for
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damage (and so risk), up to a given policy horizon:

R =

∫ T

0

∫ ∞
h†min(t)

P (h, t) ·D†(h, t) (4.6)

There are subtle differences to Equation 4.5, which have important implications (again, the

dagger (†) indicates that events impact a variable). The damage function and heights over

which this function is evaluated would include fast changes due to damaging events, as well

as slower socio-hydrologic dynamics. These changes are very important in the long term, but

are difficult to predict.

This approach to socio-hydrological risk allows for the full range of socio-hydrologic dynamics

to be included: both a good and bad thing, as it includes the whole system, but involves more

complex processes. The policy horizon approach would certainly make sense in some cases

where a definite policy horizon is used by management bodies in decision-making. However,

care should certainly be taken when using policy horizons, as impacts beyond the horizon

may be of significance, particularly with the long timescales of impacts and path-dependence

of hydrological infrastructure.

The Next x Events

The final analysis described here that could be carried out to determine the risk associated

with a system is one in which the system is analysed up until the occurrence of a given

number of events. Again, this would involve the full simulation of interconnected human-

water dynamics, recording simulated damage at each event to determine the risk in the

system.

This approach to analysing socio-hydrological risk acknowledges the fact that, in many cases,

there will likely be not one, but several events that cause damage in hydrology. The social

and behavioural response after and between these events, governed by the nature of the

system in question, social and economic circumstances, potential path dependencies and the

nature of events that occur, will determine the more long-term risk profile of a system, and

so analysing these areas may be important in some cases. This, of course, does not come
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without difficulty, as it is post-event responses that are generally most difficult to predict.

This approach may, however, be particularly applicable to cases where more frequent, less

severe events occur (or are allowed to occur), in order to perhaps assess the long-term risk

associated with using adaptable management strategies, as opposed to strategies with more

lock-in.

Other Aspects to Consider

Potential genericism in socio-hydrologic dynamics: Schumann and Nijssen (2014) discuss how

responses to floods and droughts involve very similar feedbacks when solving very different

problems: structural measures are often implemented after serious events (e.g. increased

irrigation infrastructure after droughts, or flood infrastructure after floods), which can lead

to behaviours which increase the intensity of land-use, increasing exposure in the future.

With socio-hydrological modelling being in its infancy, if basic socio-hydrological dynamics

are sought, then it may be that conceptual models capturing such behaviour (or other be-

havioural patterns indicating swings between environmental exploitation and conservation,

e.g. Kandasamy et al. (2014)) might be used, as opposed to complex, in depth models.

Human responses to risk: Societal responses to risk in hydrology are not always necessar-

ily predictable. For instance, in the case of price differences between houses built within

floodplains and those not, there is a difference in the findings of Bin and Polasky (2004)

and Harrison et al. (2001): Bin and Polasky (2004) found that the house-price discount of

dwellings in flood-prone areas was more than the cost of insurance premiums (this then in-

creased further after the occurrence of a flood event), while (Harrison et al., 2001) found that

the price differential was less than future flood premiums. Such differences in attitude to-

wards flood risk between situations could make general characterisations of attitude towards

risk problematic.
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4.3 The Implications of Risk in Socio-hydrology

Looking at the relationship between risk and socio-hydrology from the other side, the con-

cept of risk can be of great use in socio-hydrology. As previously discussed, hydrological

drivers are generally stochastically governed and are subject to some degree of randomness,

and many events of most significance (those which will influence decisions which result in

significant system change) are generally on the extreme, which renders definite statements

regarding future system behaviour anecdotal at best. For example, incidences of flooding

may prompt policy changes which alter vulnerability to future events, but the severity and

timing of such incidences may impact on the nature of policy implemented (and as such future

vulnerabilities). The concept of risk may, as such, be applied in modelling in order to combat

the perils of anecdotal evidence; by examining many future paths within socio-hydrological

systems, a picture of the future vulnerabilities that current decisions may expose/suppress

may be built up, and so lead to prudent system management.

The current nature of socio-hydrological systems is such that they are subject to significant

change; as such, system assessments at different times may lead to changing ideas of which

decisions are ‘best’. The aim of using socio-hydrological risk modelling could be to find a

stationary quantity, incorporating the complex dynamics of a system and the various sources

of uncertainty, which describes the presence of threats to the system, and so may be used in

long-term planning; the idea being that future developmental trajectories, and the possibility

for future events are accounted for and included in analysis, such that decisions are made

which do not lead to undesirable future risk profiles should certain developmental trajectories

unfold, as well as avoiding ‘knee-jerk’ reactions to events. The different methods of calculating

‘risk’ presented earlier would each exhibit a different degree of stationarity, which highlights

the importance of examining the different methods.

Financial techniques, such as portfolio management of risk may also be relevant in socio-

hydrology. In financial portfolio management, when a new position is being considered,

the covariance between different components of the portfolio allow for the estimation of

the risk added by a new option (marginal risk) (Brenner and Smidt, 1977). This concept

could be applied in hydrology to determine the marginal risk associated with infrastructure
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development and management decisions when dependencies are accounted for. For example,

the introduction of flood infrastructure changes not only the risk profile of the area it is

designed to protect, but upstream and downstream flood risk as well, via changes in hydrology

and society that it brings about; considering the changes in socio-hydrological dynamics that

such infrastructure brings about, and assessing the interrelations between different elements

of flood infrastructure might lead to a more complete analysis of the flood risk.

Methods associated with quantification of risk and inclusion of stochasticism are not the only

aspects in which socio-hydrology could benefit from the concept of risk and study associated

with it; a fully socio-hydrological view of risk should perhaps aim to be more than the

addition of socio-hydrological dynamics to a traditional quantified framing of risk. There

is a wealth of literature on the more social aspects of risk, for example the development of

social perceptions of risk and the role that these perceptions play in determining management

decisions (e.g. Baan and Klijn (2004), Birkholz et al. (2014), Buchecker et al. (2013), and

Kasperson et al. (1988)). Such literature could be studied and applied in socio-hydrology in

order to give a more holistic view of risk.

4.4 Case Study: A Risk-based Approach to Human-

Flood Interactions

To illustrate the quantitative implications of including different levels of socio-hydrological

non-stationarity in risk, the estimation methods outlined in previous sections are applied to

the conceptual model of human-flood interaction developed by Di Baldassarre et al. (2015a)

(an improved version of the model of Di Baldassarre et al. (2013a)). Risk has been referred to

in previous investigations using this model with regards to the risk-taking attitudes (Viglione

et al., 2014), awareness of risk (Di Baldassarre et al., 2013a) and indeed the interpretation of

model results that display archetypal behaviours towards risk (Di Baldassarre et al., 2015a).

However, the quantification of risk in the system has not been carried out, and so this analysis

may provide another perspective on the model.

146



4.4.1 Description of Situation & Model

For full details of the governing equations behind the model, please see Appendix B. The

model simulates a community living in close proximity to a river; riparian living is assumed to

confer some benefit, and so in ‘normal’ circumstances, relative population density D (between

0 and 1) in this settlement grows, with controlling variables of current population density,

D (population density grows more quickly when current population density is lower), the

current ‘social memory’ of floods, M (population density growing more slowly when memory

is higher), and two rate parameters, one determining the impact of social memory, αD, and

one overall scaling parameter to determine the usual rate of population density increase, ρD

(see Equation B.8). Floods occur via stochastically determined high water levels (stochastic

both in terms of time of occurrence and severity), as per Viglione et al. (2014): high water

levels arrive according to a Poisson process, a random number is generated and is put into

an inverse Poisson equation to determine the length of time between floods (Equation B.2),

and in between high water events, no high water levels are generated; when a high water

level occurs, the height is determined using a Pareto distribution, again a random number is

generated and is put into an inverse Pareto distribution to determine the water level height

(Equation B.4). A flood then occurs if levees are overtopped, which occurs if the generated

flood height, plus an amount related to the current height of levees present (to account for

a channeling effect of flood infrastructure, ξH ×H), is greater than the current levee height;

when a generated flood height is not great enough to overtop levees, no flood event occurs.

When floods occur, they cause a ‘relative’ damage, F , (between 0 and 1), with higher water

heights creating more damage (Equation B.6), which causes damage, DAM , relative to the

population density at the time of the flood, i.e.:

DAM = F ×D (4.7)

When damaging floods occur, a reaction takes place in which levees are built (or increased in

height) to a height, H, to protect against floods, with this height determined by the propensity

of the society to use flood infrastructure to protect itself from floods, εT , the height of current

levees, H, and the height of the flood event (Equation B.7). These structural flood measures
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are assumed to protect against floods up to their height, but also exacerbate high water levels;

levee height decreases over time, driven by a rate controlling parameter, κT , to represent

maintenance problems resulting in diminished flood protection over time. Flood occurrence

also causes a step change in population density (Equation B.8), where the reduction in

population density is the same as the amount of damage caused, i.e. F ×D. The occurrence

of floods also has a social impact on the ‘Memory’, M , (between 0 and 1) of people in the

surrounding area (Equation B.10), which impacts upon the rate at which population density

increases. When a flood occurs, there is a step-change increase in social memory, equal to the

amount of damage caused in the flood (F×D). In each time-step when a flood event does not

occur, social memory of flooding decreases, with the rate that this happens determined by a

rate controlling parameter, µS, and the current memory level (Equation B.10). This model

includes both ‘slow’ dynamics between events and very abrupt changes at the occurrence

of events, as is seen in socio-hydrological interaction. For a more full explanation of the

model the reader is invited to read Di Baldassarre et al. (2015a); the equations that form the

model are included in Appendix B. In this model, all three factors that contribute to risk are

altered by human action: the hazard is simultaneously suppressed and exacerbated through

the building of flood infrastructure, as is the vulnerability to floods of different levels, while

the exposure is a function of the population density in the settlement. This model was the

basis around which a series of ‘debates’ papers were written (Di Baldassarre et al., 2015a;

Gober and Wheater, 2015; Loucks, 2015; Sivapalan, 2015; Troy et al., 2015b) to assess the

state and potential of socio-hydrology.

The model was run using the parameters given in Table 4.1, and produced the results that

can be seen in Figure 4.3. These results are similar to those of the ‘technosociety’ analysed in

Di Baldassarre et al. (2015a). The results from this run were further analysed to investigate

risk, as is described in the forthcoming section; particular attention is paid to results at t=5,

t=64 and t=160 (indicated by vertical dotted lines).
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Figure 4.3: Results from human-flood system model run (all x-axes are time). (a) high water
level heights, i.e. highest height reached by a flood during one time-step (year) of simulation,
which, if higher than the current levee height, causes a flood; (b) levee (flood wall) height
over time, this reduces due to deterioration; (c) instances where damage has been caused,
i.e. the high water height has exceeded the levee height, and the damage caused in each case;
(d) flood losses from each of these events, which are calculated as damage (from diagram c)
multiplied by population density (from diagram f); (e) societal memory, or current sensitivity
to floods, which guides response and is increases when damaging events occur; (f) population
density, this increases quickly when memory is low and reduces after damaging events.
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Figure 4.4: Changes in the stationary risk profile of the human-flood system at different time
periods. (a) x-axis of flood severity, y-axis of probability; this shows the changing flood severities
that cause flood events. Early on (t=5), when levee heights are low, low severity events are likely
to cause floods. At t=64, levees have been raised, and so only severe events can cause floods. At
t=160, levees are still raised, but degradation over time has occurred, so slightly less severe events
will cause floods. (b) x-axis of damage, y-axis of probability of occurrence; at t=5, there is a small
population density and low levees, so there is a high probability of minimally damaging events.
At t=64 there a small population density and high levees, so there is a low probability of events
occurring and little damage to be inflicted should a flood occur. At t=160 there is high population
density and low levees, so events are unlikely, but cause significant damage when they occur. (c)
x-axis of damage, y-axis of expected yearly damage. This mimics the qualitative results seen in
Figure 4.2; at t=5 the high number of low damage events means that expected yearly damage
is high, but it is focussed on low damage events. At t=64 expected yearly damage is very low,
because there is a situation where there is little exposure, but a high level of protection. At t=160,
expected yearly damage is high, and is focussed towards high-impact events as there is significant
development meaning that when extreme events occur, they cause a great deal of damage.
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4.4.2 Evolution of Stationary Risk Profile

The ‘stationary’ view of risk (in which risk is assessed according to the current system state,

see Figure 4.5 for a flow chart of how this view of risk is captured in this modelling work)

was the first to be analysed using the results from this model. In this view, at each time

period, many years worth of high water levels were simulated and the flood severity and

damage that each of these high water levels would cause, given the system state at that

time period, recorded. Using the many years of simulation, the probability of events of

different severity, the associated probability of different levels of damage, and as such the

expected damage per year caused by events of different damage can be calculated for each

time period. In order to demonstrate how this view risk results in change over time, Figure 4.4

shows graphically how these three are different at different time periods. From the first

of these graphs, which gives an idea of the interaction between hazard and vulnerability,

it can be seen that early in the simulation, the system is susceptible to a range of flood

severities, whereas later on, when flood infrastructure has been developed, the location is

only vulnerable to very severe floods. The second graph shows the probability of occurrence

of different damaging events at the different time periods, and so includes exposure; this shows

that early on, floods that cause a small amount of damage are expected frequently; after the

introduction of flood infrastructure (at t=64), before population density in the floodplain has

increased due to the levee effect, only small floods are expected, and even these are expected

infrquently. As the levee effect takes hold and population density in the floodplain increases,

the flood control infrastructure (FCI) still limits the frequency of floods expected, but the

accumulation of exposure renders floods that do occur far more serious in terms of overall

damage. Perhaps the most important of the three graphs, the third of these figures shows the

expected yearly damage that is estimated for floods of different consequence. What this shows

is that in the undeveloped system (t=5), the frequent, small floods are expected to cause some

damage, spread out through many smaller floods. The introduction of FCI at t=64 leads to

a great drop in the level of expected damage, but as the levee effect occurs, and exposure

accumulates, the expected yearly damage increases significantly, and is concentrated in what

would be fairly serious events. What should be noted is that the only real difference between
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the system state at t=64 and t=160 is demographic change, and so the vast differences

between estimates of risk are due solely to the accumulation of exposure in the intervening

period. Were risk estimated in this manner, and decisions made using these estimations,

not accounting for demographic change that infrastructure decisions bring about in the long

term, it would be likely that large, structural measures would be used, since in the short

term they do significantly reduce the occurrence of floods and the damage they are expected

to cause. However, this disregards the demographic changes that can occur in ‘protected’

floodplains, whereby development changes the level of exposure present, and so significantly

changes the risk profile. It is highly possible that, in the long term, should development

be significant, the expected yearly damage in a floodplain may exceed that present prior to

infrastructure development, and would likely be concentrated towards severe events. This

system archetype can also be transferred to other socio-hydrological situations, for instance

the use of irrigation in mitigation of small droughts, allowing increasing populations and

development, meaning that larger future droughts may have more severe social consequences.

There are, however, fundamental differences in modelling flood and drought responses: floods

are much shorter events, and so key areas for modelling are mitigation strategies and post-

event response, while droughts are much longer, and so modelling responses during events

is also of importance, alongside mitigation strategies and post-event response; droughts also

have an added dimension of water demand (particularly when drought is considered in an

anthropogenic sense), which plays a key role in causing droughts, as well as mitigating impacts

during events.

4.4.3 Different Views of Socio-hydrological Risk

As was demonstrated in the previous section, taking a stationary view of the system when

estimating risk results in very different risk profiles at different points in time. The other

methods of calculating risk were implemented in order to ascertain how different methods

of quantifying risk may change the view of a system that is held. In all methods, the same

number of years of simulated data was used as in the previous estimation. The ‘Next Event’

method (see Figure 4.6 for a flow chart of how this view of risk is captured in this modelling
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Figure 4.5: A flow chart showing how the ‘Stationary’ view of risk is implemented and calculated
in this modelling work. See Section 4.2.2 for a qualitative description of this view. All views of
risk use the model of Di Baldassarre et al. (2015a), which was first run to generate a consistent set
of results (Figure 4.3), and which is then run multiple times at each time-step within the results
of this run (for varying lengths of time in the different methods), using these different methods to
quantify ‘risk’ and to show how different methods of assessing risk, incorporating socio-hydrological
dynamics, can give different views of system risk.
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Figure 4.6: A flow chart showing how the ‘Next Event’ view of risk is implemented and calculated
in this modelling work. See Section 4.2.2 for a qualitative description of this view. All views of
risk use the model of Di Baldassarre et al. (2015a), which was first run to generate a consistent set
of results (Figure 4.3), and which is then run multiple times at each time-step within the results
of this run (for varying lengths of time in the different methods), using these different methods to
quantify ‘risk’ and to show how different methods of assessing risk, incorporating socio-hydrological
dynamics, can give different views of system risk.
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Figure 4.7: A flow chart showing how the ‘Next X Events’ view of risk is implemented and calculated
in this modelling work. See Section 4.2.2 for a qualitative description of this view. All views of
risk use the model of Di Baldassarre et al. (2015a), which was first run to generate a consistent set
of results (Figure 4.3), and which is then run multiple times at each time-step within the results
of this run (for varying lengths of time in the different methods), using these different methods to
quantify ‘risk’ and to show how different methods of assessing risk, incorporating socio-hydrological
dynamics, can give different views of system risk.
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Figure 4.8: A flow chart showing how the ‘Policy Horizon’ view of risk is implemented and calculated
in this modelling work. See Section 4.2.2 for a qualitative description of this view. All views of
risk use the model of Di Baldassarre et al. (2015a), which was first run to generate a consistent set
of results (Figure 4.3), and which is then run multiple times at each time-step within the results
of this run (for varying lengths of time in the different methods), using these different methods to
quantify ‘risk’ and to show how different methods of assessing risk, incorporating socio-hydrological
dynamics, can give different views of system risk.
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work) was implemented at each time period by simulating the socio-hydrological interactions,

beginning at the time period in question, until the occurrence of a damage-inducing flood.

At this point, the severity, damage and time of the event are recorded and simulation is

restarted at the time period at which risk is being evaluated. This process is carried out until

the total number of years to be simulated is reached, at which point the next time period is

analysed. The ‘Policy Horizon’ method (see Figure 4.8 for a flow chart of how this view of

risk is captured in this modelling work) first involves the definition of the horizon of interest.

Once this is defined, at each time period, full socio-hydrological simulation is carried out until

this horizon is reached, recording the severity of and damage caused by each flood. When the

policy horizon (100 years is used here) is reached, the simulation is set to the conditions of

the time period of interest. This process is again carried out until the total number of years

to be simulated is reached. The ‘Next x Events’ method (see Figure 4.7 for a flow chart of

how this view of risk is captured in this modelling work) is carried out in a similar way to

the ‘Next Event’ method, though it simulates more events before the simulation is reset. At

each time period, the full socio-hydrological model is run until the defined number of events

(5 in this example) have occurred (recording the severity and damage of each flood). The

simulation is then reset to the initial conditions of the time period in question; this process is

carried out multiple times until the total number of years of simulation for each time period

is reached.

The greatest changes in risk profile will be seen at two time periods in this context: before

and after the occurrence of a flood event, and just after a flood event and a long time after

a flood event, when the ‘levee effect’ occurs. The different methods of quantification were

employed at these times to show how the risk profiles change using different methods. The

impact of the levee effect is shown in Figure 4.9 (Figure 4.9(a) shows profiles just after a

flood, at t=60, while Figure 4.9(b) shows profiles a long time after a flood, at t=164). The

impact of a flood event is shown in Figures 4.10 and 4.11 (Figures 4.10(a) and 4.11(a) show

profiles just before a flood, at t=28, while Figures 4.10(b) and 4.11(b) show profiles just after

a flood, at t=29). These are plotted with x-axes of both event damage caused and event

severity in order to demonstrate the role that exposure plays.
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Figure 4.9: Risk profiles as the ‘levee effect’ occurs, using different methods of quantification. On
both graphs, x-axis of damage, y-axis of expected yearly damage. (a) Before ‘levee effect’ occurs.
‘Stationary’ view of risk shows low expected yearly damage, focussed on low impact events, as
there are high levees and low population density. Other views of risk, in particular the ‘Next
event’ method show higher levels of expected yearly damage, because these methods also take into
account anticipated increases in population density that will occur before the next flood event,
meaning that future flood incidents will be more damaging than they would be should they occur
now. (b) After the ‘levee effect’ occurs. ‘Stationary’ view of risk now shows high yearly damage,
focussed on high impact events, due to the increase in population density. Other views of risk show
a qualitatively similar profile to that from (a), with expected yearly damage weighted towards more
severe events, except that expected damage is significantly greater in all cases, due to development
that has occurred meaning that low-impact events cannot occur.
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Figure 4.10: Risk profiles before (a) & after (b) the occurrence of a flood, using different methods
of quantification. On both graphs, x-axis of damage, y-axis of expected yearly damage. (a) Before
a flood occurs. Stationary risk calculation method shows high expected yearly damage to a small
range of event damages (limited due to the current population density and levee height), while other
risk calculation methods show different profiles, notably including expected damage being higher
for more damaging events, as these methods include anticipated increases in population density. (b)
Stationary risk calculation method shows high level of expected yearly damage to events causing
a low level of damage, due to the decrease in population density after flood. Next event method
shows significantly altered risk profile, as the next event can now cause lower levels of damage, also
due to the decrease in population density post flood. Other risk calculation methods show generally
similar profiles before and after flood, as they take a longer horizon, and so are less skewed by
current conditions.
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Figure 4.11: Risk profiles before (a) & after (b) the occurrence of a flood, using different methods
of quantification. On both graphs, x-axis of event severity, y-axis of expected yearly damage. In
all cases, after the flood event, expected damage due to lower severity events is decreased, due to
levee heights being increased and so lower severity events being prohibited. Most notable difference
is in stationary calculation method, as this is skewed most by existing conditions. ‘Next X Events’
method profile changes least, because this method always includes the next 5 events, meaning that
future system states with high population density and high levees, but when a damaging event
occurs, are almost always taken into account.
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The figures regarding the levee effect show methods incorporating socio-hydrological dy-

namics offer a more stationary estimation of the risk profile, though they are by no means

completely stationary. All methods esimate risk to be higher once exposure accumulation

has occurred, even those that analyse dynamics for longer, though the degree to which the

total amount of risk grows over the period of t=64 to t=160 varies greatly between methods

(the estimation of total risk being 30 times greater for the stationary method, compared with

1.4 for the ‘Next x Events’ method, 2.1 for the ‘Next Event’ method and 2.0 for the ‘Policy

Horizon’ method). The other most noticeable difference between the profiles for different

methods is the degree to which expected damage is concentrated towards more damaging

events. The ‘Next Event’ method, in particular, estimates that the most damage is expected

from very damaging events; the methods that use longer socio-hydrological simulations also

weight expected damage towards events of more severe consequence, but the inclusion of

dynamics beyond the next event acknowledge that future events may be less damaging.

The figures that show risk profiles before and after the occurrence of a flood paint a similar

picture. The ‘Stationary’ method predicts a smaller amount of expected damage per year

after the occurrence of a flood, due to the reduction in exposure, as indeed does the ‘Next

Event’ method. The methods that take a more long term view have fairly similar risk profiles

before and after the flood in this case. With regards to the severity of events that is expected

to cause most damage per year, the profiles are fairly stationary for all methods (except the

‘Stationary’ method), though the ‘Next Event’ method does show the elimination of some

lower severity events due to the building of flood infrastructure, indeed the ‘Next x Events’

method gives a fairly stationary view of the vulnerability to events of a high severity at all

time periods, due to this method having the longest horizon on average.

Looking at the risk profiles that the different methods of quantifying risk provide shows that

including the dynamics of socio-hydrological systems gives a more stationary view of the risk

inherent in the system. Even the simulation of shorter-term dynamics (the ‘Next Event’

method) significantly improves the stationarity of risk estimation when compared with esti-

mating risk according to the current system state. Including dynamics beyond the occurrence

of the next event further increase the stationarity of risk estimations, however, what has not
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been mentioned thus far is the predictive ability that socio-hydrology currently possesses.

This estimation of risk has assumed perfect knowledge of socio-hydrological dynamics, both

in between and at the occurrence of events, something that certainly not doesn’t exist at

present. The ‘Policy Horizon’ method uses a horizon of 100 years, and the ‘Next x Events’

method includes dynamics with some simulations being far longer than this. The determin-

istic and propagative uncertainties involved in such long simulations would perhaps be so

great that any ‘risk profile’ generated using this method may be essentially useless given the

bounds of uncertainty. Something that would be interesting to research would be to include

the uncertainties involved in socio-hydrological simulation to see how these various methods

of risk estimation perform when uncertainty is included.

4.4.4 Measuring the Stationarity in Risk Using Different Methods

A hypothesis was made earlier in this chapter that the aim of estimating risk in a socio-

hydrological sense was to provide a stationary quantity that describes a highly non-stationary

system. The previous section qualitatively analysed graphical changes in risk profiles in order

to comment on the stationarity that different estimation methods result in when the system

undergoes periods of change. In this section, basic statistical analysis is used to quantitatively

comment on the stationarity that these methods bring throughout the simulation. A simple

way of viewing the change in risk is simply to calculate the overall expected damage per

year at each time period, and to plot this. Figure 4.12(a) shows how the total estimation

of risk (i.e. the integral of the expected damage profiles at each time period) using each

method varies throughout the simulation, while 4.12(b) shows the mean damage caused by

an event (calculated to show whether the risk estimation method predicts a weighting of

risk towards more frequent events of less consequence, or more serious events that occur

less frequently). The statistics of these plots are then summaried in Table 4.2 to show the

(non-)stationarity that different estimation methods give at a glance. The table clearly shows

that the methods that use a longer time horizon to estimate, and so incorporate more of the

dynamics, present a more stationary view of risk over time; whether this indicates that they

would present a better, or more useable view of risk were they applied in a real system, is
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Figure 4.12: The total risk and mean damage caused by an event over time, using different methods
of quantification. (a) x-axis of time, y-axis of total expected damage. ‘Stationary’ method of
calculating risk produces results where total expected yearly damage varies greatly through time,
due to this method concentrating on the risk present with current system conditions. Other methods,
particularly the ‘Horizon’ and ‘Next X events’ methods give much more stable estimates of expected
yearly damage. Also note that the event-based methods, ’Next X events’, ‘Next event’, give higher
expected yearly damage than the ‘Stationary’ and ‘Horizon’ methods due to the fact that they
necessarily finish with a damage causing event. (b) x-axis of time, y-axis of mean damage caused
by an event. This highlights the points made in part (a) of this Figure. The ‘Stationary’ method of
determining risk gives a picture where the damage caused by events through time varies considerably,
due to the method’s reliance on current population density. Other methods, particularly those with
longer horizons (‘Next X events’ and ‘Horizon’) give a more consistent picture through time
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less clear, due to the previously discussed issues of uncertainty surrounding long-term socio-

hydrological prediction. Something that is perhaps also interesting to note is that the mean

total expected risk per year is fairly significantly higher for event-based estimation methods.

4.5 Conclusions

This paper has examined the relationship between socio-hydrology and risk, exploring how

and why these concepts have implications for one another. There are many emergent prop-

erties that socio-hydrological interaction can result in, some of which are visible or tangible

changes to landscapes or livelihoods, while others are more abstract in their nature. Risk is

an example of an abstract emergent property in socio-hydrology, but one which is compre-

hendable and commonly used, and so a good example of the less perceptible ways in which

socio-hydrological interaction can impact upon a system.

The inclusion of socio-hydrological dynamics in risk modelling was first explored; the estima-

tion of risk in a system requires simplifications to be made regarding modelling the system,

however changes in anthropogenic influence and dependence mean that assumptions regard-

ing acceptable assumptions are changing. The ‘stationary’ view that is often taken in risk

estimation, whereby risk is estimated assuming current system conditions, underlies much of

the current perception of risk, and as such current practice. This has led to many hydrological

interventions being of a similar, structural nature, in which hazard prevention has been the

focus. In terms of short-term risk, such solutions often perform well, however, the resulting

development and exposure accumulation that often results, is such that, in the long term,

risk profiles may be wildly divergent from initial estimates. Different simplifications, and

the inclusion of different levels of socio-hydrological dynamics were discussed, and the ad-

vantages and drawbacks of different approaches considered. Socio-hydrological dynamics are

characterised by stochastically governed, partially random hydrologic drivers, coupled with

fast human dynamics that respond to events and change the behaviour of the hydrologic sys-

tem, slower human dynamics which lead to slow changes in system characteristics, and slower

environmental changes which may well be imperceptible, but which have great consequence
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for system behaviour. The inclusion of these various types of behaviour in modelling have

consequences for the estimations of risk that are obtained, as well as the uncertainty present

in these estimations.

While this investigation has essentially involved the application of socio-hydrological dynam-

ics to a traditional risk framework, other socio-hydrological aspects of risk have been noted,

including the potential for non-economic costs of hydrological events to be fully accounted for,

along with the potential heavily weighted (and more significant) consequences of infrequent,

extreme events, as opposed to minor events of major consequence.

A case study was used to aid understanding, centred around how different methods of risk

quantification, incorporating various levels of socio-hydrological interaction, impact on risk

profiles, particularly applied to the conceptual socio-hydrological model of Di Baldassarre

et al. (2015a). It was found that the quantification of risk based around the current state of a

system results in a view of risk that changes wildly dependent on system circumstances, and

which would propone a short-termist view in risk management. It was postulated that, in a

socio-hydrological context, risk should aim to be a stationary quantity that can describe a

highly non-stationary system. Alternative methods of risk quantification were explored and

applied to the case study. It was found that the inclusion of socio-hydrological dynamics gave

a much more stationary estimation of risk, both in terms of the overall level of risk in the

system, as well as the severity of event that the system is most vulnerable to. However, some-

thing that was not included in these estimations was uncertainty, neither deterministic nor

propagative, related to socio-hydrological interaction, which would decrease the applicability

of results obtained via such analyses. Should accurate socio-hydrological prediction become

a reality, then simulating socio-hydrological dynamics over a longer period would surely yield

better, more stationary estimates of risk, and allow for better decisions to be made.
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Table 4.1: Parameters used in running human-flood interaction model

Parameter Value

αH 10

ξH 0.2

ρD 0.03

αD 5

εT 1.1

κT 2× 10−3

µS 0.12

Table 4.2: Summary statistics

Total Expected Risk Per Year Mean Damage by an Event

Mean Range Variance Mean Range Variance

Stationary 0.0078 0.0224 2.8× 10−5 0.44 0.85 0.073

Next Event 0.0156 0.0237 3.1× 10−5 0.73 0.73 0.030

Horizon 0.0087 0.0072 4.0× 10−6 0.68 0.40 0.014

Next x Events 0.0151 0.0058 2.5× 10−6 0.63 0.29 0.006
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Chapter 5

Does Flooding Have an Impact on

House Prices in England? A

Tree-based Statistical Learning

Approach

5.1 Introduction

Flood events have a great many impacts on humans: from physical and economic damage to

negative mental health consequences (Lamond et al., 2015) to prompting infrastructure de-

velopment (Lumbroso and Vinet, 2011). With increasing flood frequency and damage due to

increasingly urbanised populations and climate change, analysing the various human impacts

that flooding has is an important stream of research. One potentially important impact of

flooding on humans is the impact on house prices: should flooding have a strong negative

impact on house prices, then the occurrence of a flood could have severe negative impact for

communities, though the absence of a price effect could incentivise further floodplain devel-

opment, making particular areas vulnerable to the many other impacts of flooding (Lamond

et al., 2010).

Some work has already been carried out in determining the impact of flooding on house
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prices in the UK. Lamond and Proverbs (2006) use the case study of Barlby in Yorkshire

to investigate how the mean price of houses which were and were not flooded during a local

flood event change after the event. They found that house prices of flooded properties did

not fall, but initially rose more slowly than properties that were not flooded. After 3-4 years,

however, the price impact of the flood was non-existent and there was no price difference

between houses which had and had not been flooded. This work was then extended by

Lamond et al. (2010) by using a wider-scale approach, investigating the aftermath of a flood

event in 2000 which flooded 10 000 homes; this investigation looks at thirteen locations

which were either flooded or nearly flooded and compares the house prices of properties in

flooded areas to those outside of flooded areas. The investigation found that a discount in

house price growth existed in many areas, in particular for properties that were flooded on

multiple occasions, but that the exact details of house price discounts depended heavily on

the availability of insurance and the previous view of flood risk in the area.

This investigation aims to extend the approach even further; rather than focusing on specific

cases of flooding, all flood events in England since 1960 are included in the analysis, and data

sets regarding flood outlines (Environment Agency (UK), 2015), postcode outlines (Ordnance

Survey, 2016) and land registry transactional data (Land Registry, 2016) are combined to give

an analysis across England. It is hoped that the inclusion of a wider range of flood events

and locations will give some generalised insight into the impact of flood on house prices,

though there is a risk that the lack of specific detail regarding exactly which properties have

been flooded, and the lack of information regarding the severity of different flood occurrences

could obfuscate any insight that this approach could bring.

Regarding the wider theme of this thesis, parameterising relationships using data-driven ap-

proaches is one of the key steps in deriving understanding using socio-hydrological models

(Mount et al., 2016). In particular, relationships between the occurrence of extreme hydro-

logical phenomena, perceived severity and responses to sensitivity are particularly poorly

defined, being purely hypothetical at present. Property prices are posited as a potential

source of information regarding sensitivity to flooding, which could be used to parameterise

relationships. Given the wider lack of data in socio-hydrology, any relationships that can be
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found could initially be applied (and subsequently tested) in other socio-hydrological circum-

stances (i.e. not solely be applied in studies looking at the price impacts of floods).

5.2 Methods

There are two distinct topics to cover regarding the methods used in this investigation: the

data used and what was done to prepare it, and the statistical learning methods applied in

an effort to glean insight from this data.

5.2.1 Data

This investigation revolved around the use of two data sets which are freely available to

all, and one data set which is available to all those working in academia (and which can

be purchased by those who are not). The freely available data sets used were: 1) historical

recorded flood outline data (Environment Agency (UK), 2015), which gives information (a

GIS layer) regarding the extent of flood events in England, and the date that events occurred;

2) price paid data for houses in the UK since 1995 (Land Registry, 2016), which details the

address of houses sold, the date that they were sold, and the price that was paid. The data

set freely available to those working in academia (and indeed the public sector) was a GIS

layer which shows the location and shape of every postcode in the UK (Ordnance Survey,

2016). The greatest level of spatial granularity included in the study was postcode sector;

there are a total of 12381 postcode sectors (compared to around 1.8 million postcodes) in

the UK (Office for National Statistics, 2016), meaning that the mean postal sector area is

approximately 19 square kilometres.

The first step in data processing was to use the postcode and flood outline data sets in order

to determine the dates when individual postcodes had been flooded. This was done using a

spatial join; the result of this step was a further data set which contained all combinations

of postcode and date of flooding (where flooding occurred over a period of time, the first day

of the flood was used).

This was then combined with house price data. The house price data set was split into two
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subsets, one which contained all house sales where flooding had either never occurred, had

occurred before 1960-01-01 (since the earliest house sales included in the data set were from

1995, the beginning of 1960 was deemed an appropriate date from which to assume that any

impact of flooding on house price would have disappeared), or had occurred after the given

house sale (referred to as data set 1), and one which contained all house sales where flooding

had happened since 1960-01-01 and before the house sale (referred to as data set 2). For

both data sets, house prices from Scotland, Wales and Northern Ireland were removed, since

the flood outline data set only covered England, and so whether or not Welsh, Scottish or

Northern Irish postcodes had been flooded was not known. The data fields for each data set

can be seen in Table 5.1. There were a total of approximately 20 million observations in data

set 1, and approximately 250 000 observations in data set 2.

Table 5.1: Fields included in the data set produced

Data set 1 (not flooded, flooded before 1960,
or flooded after house sale)

2 (flooded between 1960 and house
sale)

Primary
Key

Transaction Code Transaction code

Causal fac-
tors

Postcode (e.g. SW7 2AZ) Postcode

Postcode Area (e.g. SW) Postcode Area

Postcode District (e.g. SW7) Postcode District

Postcode Sector (e.g. SW7 2) Postcode Sector

House Type (e.g. detached, terraced) House Type

Date of transaction Date of transaction

Years between most recent flood and
transaction

Dependent
variable

House Price (in pounds sterling) House Price

5.2.2 Statistical Learning Methods

The aim of the statistical learning was to develop a model which would predict house prices

based on the information from data set 1, and then to apply this same model to data set 2,

in order to investigate the impact of flooding on house prices.

The approach used was a boosted tree method, in which many tree-based models were pro-
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Figure 5.1: A diagrammatic representation of a tree diagram used to calculate k(i) for an
observation of a terraced house in SW7 2AZ using one specific model structure

duced, and then weighted in order to produce a ‘committee’ of models, which would be more

powerful than any one model on its own (Hastie et al., 2009). Because the majority of factors

(Postcode Area, District, Sector, and House Type) were all discrete, classification variables,

and due to the high number of classifications involved (for example, a total number of 2178

postcode districts), classification trees were deemed to be more suitable than other model

structures (Hastie et al., 2009). While classification tree models were deemed to be the

best overall form for individual models, the structure, and the way that the branch relation-

ships are determined were not predetermined, and so many structures and several methods

were used; learning methods were then also applied after many models had been created to

determine which models should be weighted most heavily.

In order to remove some of the impact of fluctuations in house prices (including inflation)

over time, the end model uses the equation:

P (i)
p = Pm × k(i)

p (5.1)

Where P
(i)
p is the price that the overall model predicts for the ith observation, Pm is the average

price of all houses sold in the same month as the house in the ith observation, and k
(i)
p is a

parameter which the overall model produces which is based on the classification variables of

the individual observation; the k
(i)
p parameter would be itself the weighted output of many

individual classification tree models (detailed later).

There are many possible model formulations (a formulation here being a combination of model
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structure and method by which α parameters are calculated) for individual tree models, and

so values of k
(i)
p for a given individual model, j, are referred to as k

(i,j)
p . A particular value of

k
(i,j)
p is determined by multiplying together parameters α (Figure 5.1), which are learnt (the

details of how the various values of α are learnt are given below). The models can take many

possible structures. For example, Figure 5.1 shows an example structure where a value of k

is determined by including information about postcode area, district, sector and house type

(in that order). Other model structures may not necessarily include all of this information

(for example, another model structure could include only information regarding postcode

area and house type), or could include information at different points (e.g. an order of house

type, postcode area, district and sector); classifications regarding postcode are necessarily

included in the order area, district, sector, since houses in a district are a subset of houses in

an area, and houses in a sector are a subset of houses in a district. The various model orders

and exclusion of different pieces of information mean that a total of 13 model structures are

used.

Within these 13 structures, there are, however, different ways in which the values of α for

each branch are learnt. The first method is a simple, lumped method in which α is calculated

as the mean of house prices in a given subset divided by the mean of prices for the larger set:

α =
P

(A)
a

P
(B)
a

(5.2)

Where P
(A)
a is the average value of Pa in the set of observations A, P

(B)
a is the average value

of Pa in the set of observations B, and

A ⊆ B (5.3)

Using an example of determining values of α for semi-detached houses in the sector TA2 8,

and following the structure in Figure 5.1, properties in the TA area are, on average, 89.0%

of the price of properties in England (α1 = 0.890); properties in the district TA2 are, on

average, 93.7% of the price of properties in TA (α2 = 0.937); properties in TA2 8 are, on

average, 125.2% of the price of a property in TA2 (α3 = 1.252); semi-detached houses in TA2
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8 are 80.9% of the price of an average property in TA2 8 (α4 = 0.809). This would make

k
(i,j)
p for an example of a semi-detached house in TA2 8, using this model:

k(i,j)
p = 0.890× 0.937× 1.252× 0.809 = 0.845 (5.4)

The second and third methods by which α values can be calculated are quite similar, and

include relative changes in house price over time (for example, house prices in London have

grown more quickly than in other areas). In these methods, rather than lump all observations

over the whole time period, observations are instead lumped by either month or year. In each

given time period, t, a value of αt is calculated:

α(t) =
P

(A,t)
a

P
(B,t)
a

(5.5)

Where P
(A,t)
a is the average price of properties in subset A during the time period t. A linear

model is then fitted for α over time, which outputs values mα, the gradient of the line (i.e.

the normalised linear rate of change of house price), and cα, the intercept. The value of α

to be used when applying a model can then be calculated using these values and the date of

the transaction.

Information regarding house type can also be either included or excluded at each stage (apart

from branches involving type), and using each method. For example, the value of α1 for the

model structure described above (the average value of houses in a postcode area divided by

the overall average value of houses in England) can either include or exclude information

about house type. Using the example detailed previously, properties in the TA area are, on

average, 89.0% of the price of properties in England (α1 = 0.890), but semi-detached houses

in the TA area are, on average, 87.6% of the price of all semi-detached properties in England.

Subsetting in this manner can also be used in methods 2 and 3 of finding α. This gives a

total of 6 methods for finding alpha for each branch relationship. In total, there were 3213

total model formulations.

A program was written in R which calculated values of α (or mα and cα) for all possible

branches, and a separate program was written which used these values of α to calculate
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values of kp for any given observation and model combination.

Once all of the individual branch relationships and model formulations had been param-

eterised (i.e. all individual tree models were parameterised), a separate process was then

used to determine how these models should be used to determine the value of k
(i)
p (i.e. the

predicted value of k for any given example).

As was mentioned earlier, a boosting method was used, which involves using a weighted

ensemble of models; the use of techniques such as this is known to improve model performance

by reducing the impact of biases within individual model formulations (Hastie et al., 2009;

Zhang et al., 2006). The value of k
(i)
p (for use in equation 5.1) is calculated as:

k(i)
p =

j=J∑
j=1

wjk
(i,j)
p (5.6)

Where wj is the weight given to the jth model (w then being a vector of weights, the sum

of which is 1 and where no element is negative) and J is the total number of models used.

The task in this part of the investigation was to determine the values in the vector w. This

essentially involves performing a regression on the model weighting vector: calculating many

values of k
(i)
p , comparing them with values of k

(i)
a from the training set, and adjusting the

values in w to bring about the best agreement between k
(i)
p and k

(i)
a .

Due to the constraints on the values in w (wj > 0∀j,
∑j=J

j=1 wj = 1), this process is in

fact a quadratic programming problem (Golub and Saunders, 1969), rather than a standard

regression. The least squares problem to be solved is:

min
w
|ka −Kpw|2 (5.7)

subject to the constraints:

wj > 0 ∀ j (5.8)

j=J∑
j=1

wj = 1 (5.9)

Where Kp is a matrix where Kp(i,j) is kp for the ith observation predicted by the jth model.
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Equation 5.7 can be rewritten:

min
w

[ka
Tka − 2(ka

TKp)w + wTKp
TKpw] (5.10)

Since the first term does not involve w, this can be removed from the minimisation; taking

out a factor of two, the above becomes

min
w

[dTw +
1

2
wTDw] (5.11)

Subject to:

ATw ≥ w0 (5.12)

Where:

d = (ka
TKp)T (5.13)

D = Kp
TKp (5.14)

A =



1 1 0 0 . . . 0

1 0 1 0 . . . 0

1 0 0 1 . . . 0
...

...
...

...
. . .

...

1 0 0 0 . . . 1


(5.15)

and

w0 =



1

0

0

0
...

0


(5.16)

When arranged this way, the problem can then be solved using a standard quadratic program-

ming solver (e.g. quadprog in R), as equations 5.11 and 5.12 are the standard formulation

for quadratic programming problems. For any combination of observations and models used,

this will give the combination of weightings which best fit the data.
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With there being over 3000 model formulations, each needing to be run for each individual

observation, the process of determining k
(i)
p for a given observation was relatively computa-

tionally expensive. When run in parallel across 10 cores, determining Kp took approximately

one hour per thousand observations. Running this for each of the 20 million training obser-

vations in data set 1 would have, therefore, taken of the order of 20 000 hours (over 2 years).

As such, all of the models were initially run over a random subset of 100 000 observations

from data set 1 (this took approx 100 hours) to give a matrix of values Kp which contained

values k
(i,j)
p for each combination of model and subset observation. This initial subset was

used to pick out the best performing models (ensemble pruning, Zhang et al., 2006), which

would then be run over a larger random subset (detailed later) in order to determine the final

values in w.

Given the relatively small size of the sample chosen (0.5% of the whole training set) and the

large number of models available, there was a large risk that the training subset could be

overfitted. In order to reduce this risk, bootstrap sampling was used to find many w vectors;

average values for wj were then calculated for each model. When determining the weights in

the w vectors, bootstrap sampling techniques were applied to both the choice of observations

from the training subset (i.e. finding w based on a sub-subset) and the group of models for

which weights were found (100 models were randomly chosen in each iteration, and all other

models were ignored). Pruning was carried out by picking out those models with the highest

average weights. Those models which performed best individually were also taken through

to the final stage of finding model weights.

In the second stage of determining model weights, the models which had been taken through

to this stage were run over a larger subset (1 million samples), which again took approximately

100 hours (approximately 10% of the original models were used with ten times the number

of samples). As with before, there was a possibility that this training subset would be

overfitted, and so bootstrap sampling of observations and models was again used in training

the regression for model weights. In this instance, groups of 100 models were tested on

subsamples of 100 000 observations to determine w vectors; the average value of wj for each

model was then found, and these values were taken to be the final model weightings.
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When the model was applied, the value of kp for each observation was multiplied by the

average house price in the month of the property transaction in order to give a predicted

transaction price, Pp. In order to determine the accuracy of results, the following quantity

was calculated for each observation:

Pr =
Pa
Pp

(5.17)

Where Pa is the actual price. This quantity therefore represents how well the model predicts

the house price for a given observation.

5.3 Results

The testing of this model and the determination of results is split into two parts: 1) the testing

of the final model on another subsample from data set 1, in order to ascertain the predictive

power of the model (and to ensure that it is producing sensible results); 2) applying the final

model to data set 2 (properties where flooding occurred between 1960 and the property sale)

in order to analyse whether the model can detect any impact of flooding on house prices.

5.3.1 Model Validation and Performance

The final model (the final weightings applied to the pruned model ensemble) was tested on

a subsample of 1 million observations from data set 1 (a different, random sample to that

which the model weightings were trained on). Values for Pr were calculated for each of these

observations; the histogram of these results (Figure 5.2) shows that the mean value of these

predictions is approximately 1 (which demonstrates that the model generally produces results

as it should). The histogram of results indicates that Pr follows a gamma distribution, and

so values of shape and rate parameters (α and β), as well as the mean (calculated) and mode

(approximated as α−1
β

) were calculated.

While the mean of the distribution has the value that was expected, the standard deviation

of the model is relatively large (0.366), which indicates that the predictive power of the model

is not high. This is likely due to the little information that the model is trained on. Were
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Figure 5.2: Results from model when applied to data set 1. Data set 1 is the ‘training’ data
set, and includes only house sales where flooding has not previously occurred.

more information about each transaction known, for example number of bedrooms, area of

floorspace, then the model would be likely to perform significantly better. Unfortunately this

information is not available for most properties in the public domain.

5.3.2 Impact of Flooding on House Prices

The model was next applied to data set 2. Only properties flooded within the last 10 years

were included in this analysis. The samples from this data set were subdivided into 10 subsets

by time since flooding (i.e. properties sold 0-1 years since flooding occurred in that postcode,

1-2 years, 2-3 years etc). The final model was then applied to each subset, and histograms

of Pr for each subset were plotted, with gamma distributions fitted (Figures 5.3, 5.4, 5.5).

The distributions for the 10 different subsets appear remarkably similar, and are also of the

same general form as the results in Figure 5.2; the value of the scale parameter, α, for the

distributions from data set 2 is, however, consistently smaller.

In order to ascertain the impact of flooding on house prices over time, the mean (Figure 5.6)

and mode (Figure 5.7) of Pr for each subset is plotted against the time since the last flood.

These figures show that the mean value for Pr is higher for all subsets from data set 2 than it

is for data set 1, but that the modal value of Pr in subsets from data set 2 is generally below
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the modal value from data set 1. This indicates that the distributions of Pr for the data set 2

subsets are much more positively skewed than for data set 1. These results do not, however,

give an indication of the impact of flooding on house prices.

5.4 Discussion

A statistical learning approach has been applied to data regarding housing transactions with

the initial intention of developing a model that would be able to predict house prices, such

that the model could then be used to determine the impact of flooding on house prices

over time. However, the predictive capacity of the model was not great enough to give any

real insight into the impact of flooding on house prices. The lines of discussion which are

prompted by the results of this study are, therefore, why the model did not perform very

well, and what could be done to improve the predictive capacity of the model.

The main issue that resulted in the poor model performance was the small number of features

that were used in training the model (some/all of postcode area, district, sector and house

type, which is a very small number of features); this small number of features, despite the

large number of training observations, was simply not enough to produce a model capable of

predicting house price with any great accuracy. A further issue, which could perhaps have

exacerbated the lack of accuracy for observations where flooding had occurred, is the spatial

scale used (postcode). In the analysis of this data, the intersection of flood events with

postcodes was used to determine whether a property was in an area that had been flooded.

It is, however, highly likely that, should a postcode be flooded, some properties within the

postcode will not flood, and so these house prices may be unaffected by flooding incidents

that have affected the postcode more generally. When this is coupled with the fact that

houses situated near water could perhaps be more expensive (due to the perceived benefits of

riverside living), and those houses which have not flooded, but which are situated in postcodes

where flooding has occurred, are likely to be more valuable, and perhaps more likely to sell,

than those houses where flooding has had a direct impact, the impact of this choice of spatial

scale could induce some bias in the results towards predicting that the impact of flooding
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Figure 5.3: Results from model when applied to data set 2 (split by time since last flood), for
0-4 years since last flood. Data set 2 is the ‘test’ set, and includes house sales where flooding
has occurred.
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Figure 5.4: Results from model when applied to data set 2 (split by time since last flood), for
4-8 years since last flood. Data set 2 is the ‘test’ set, and includes house sales where flooding
has occurred.
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Figure 5.5: Results from model when applied to data set 2 (split by time since last flood),
for 8-10 years since last flood. Data set 2 is the ‘test’ set, and includes house sales where
flooding has occurred.
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Figure 5.6: The mean value of Pr against time since flood (samples put into bins of 0-1,
1-2... years since flood). The horizontal line indicates the mean value of Pr when the model
is applied to data set 1

Figure 5.7: The modal value of Pr against time since flood (samples put into bins of 0-1,
1-2... years since flood). The horizontal line indicates the modal value of Pr when the model
is applied to data set 1
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on house prices is less than it actually is. The role of insurance in this system could also be

another explanatory factor.

While problems surrounding the quantity of data available in this investigation exist at

present, it is perhaps the case that more data regarding individual properties will be available

in the future, and this could lead to significantly improved model performance. The modelling

approach would certainly be easily adaptable to the inclusion of more features (for example

data from DEMs), and so should more data become available in the future, this model could

be used as the basis for an investigation into the impact of flooding on house prices. Further

investigations of the type of Lamond and Proverbs (2006) and Lamond et al. (2010), in

which specific areas are targeted, and individual properties are investigated to find whether

they were flooded during a particular event or not, are, given current data availability, likely

to bring more knowledge regarding the impact of flooding on house prices than large-scale

approaches such as this.

5.5 Conclusions

The aim of this investigation was to determine whether a tree-based statistical learning

technique could be applied to detect the impact that flooding has on house prices. A model

was produced which was designed to predict house price based on the postcode (decomposing

the information available in a postcode into postcode area, district and sector), house type

and date of transaction. However, this information was not enough to produce a model with

enough predictive ability, and so it was not possible to detect any impact of flooding on house

prices. The second main factor which perhaps led to the lack of predictive power in the model

was the spatial scale which was used for analysis. In determining houses that were flooded,

an intersection between postcode and flood outlines was used; this meant that all properties

in a given postcode were listed as having been flooded if a flood occurred anywhere in its

postcode, which is not necessarily true. This potentially resulted in artefacts in results, which

may have obscured any impact of flooding on house prices, which might otherwise have been

detected.
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Despite the model that was produced not having enough predictive power to provide an

output of significance, there is nonetheless a contribution to knowledge that has been made.

There is potential in the approach that was used and, should more data become available

which could be used to train the model, it is possible that this approach could be very useful

in determining the impact of flooding on house prices on a wide scale. In future efforts, it

is recommended that a more fine-scale approach is taken in determining those houses which

have been impacted by flood events, perhaps by scraping location data from online web

mapping services, such as Google Maps. Further training data (number of bedrooms, for

example) could also be scraped from other websites.
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Chapter 6

Applying Machine Learning

Techniques to Determine Land-cover

in Borneo

6.1 Introduction

Land-use in tropical areas has been changing rapidly in recent years. Deforestation and con-

version of land for the cultivation of crops has occurred at an astonishing rate across South

America, Africa and Asia (Achard et al., 2014), having significant impacts on livelihoods and

the environment. One particularly significant case of rapid tropical land-cover and land-use

change is that of Indonesia and Malaysia (Gaveau et al., 2014; Rosa et al., 2016), where vast

areas of rainforest have been cut down either to produce timber, or to make way for oil palm

(Vijay et al., 2016) and rubber. Palm oil is now the world’s most consumed vegetable oil

(FAO, 2016), with worldwide production at approximately 54 million tonnes per year (IISD,

2014). The production of palm oil can have positive impacts for a nation’s economy, for ex-

ample palm oil exports account for approximately 5.6% and 1.7% of Malaysia and Indonesia’s

respective gross national incomes (Koh and Wilcove, 2007), but the rapid expansion that has

occurred in Malaysia and Indonesia has had significant impacts on biodiversity (Savilaakso

et al., 2014), carbon sequestration and storage (Carlson et al., 2012), and water resources,
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as well as many other areas.

In order for the development of policy which balances economic and environmental aspects

of oil palm cultivation, it is important to be able to quantify the environmental impacts that

cultivation has, or to be able to conduct ecosystem service (ES) assessments. However, land

heterogeneity and land-use patterns can have a great impact on ecosystem service valuations

(Naidoo and Ricketts, 2006), and so land-use maps are a necessary component of producing

useful ecosystem service assessments. Open-access, large-scale maps of areas of Indonesia

and Malaysia are not available for many areas at present, and so this poses a major problem

to those studying the environmental impacts of deforestation and oil palm cultivation. It is

therefore imperative to leverage what land-use data is available.

Machine learning has, for a long time, been applied in land-cover applications (e.g. Foody,

1995). There are examples of applications: support vector machines (SVMs) (Ustuner et

al., 2015), random forest algorithms (Rodriguez-Galiano et al., 2012) and artificial neural

networks (Rogan et al., 2008) have all been used in determining land-use, but the proliferation

of freely available data and ever-increasing computing power will surely result in an increasing

use of machine learning algorithms in determining land-use. In literature that has been found,

the majority of studies wish to determine land-cover at a high resolution over a fairly small

area (county/district level, as opposed to state/country); this means using high-resolution

input data, which is often not freely available at a global scale (though available data is

becoming increasingly high resolution), and requires a considerable degree of computational

effort.

With regards to Borneo, and specifically mapping the presence of oil palm on Borneo, land-

cover maps exist for relatively small study regions, which include a distinction between forest

and oil palm (Morel et al., 2011, 2012; Pfeifer et al., 2015), and these maps are used to

inform estimates of aboveground biomass. However, state- and island-scale land-cover maps

are not freely available, and freely available land-cover maps at a global scale, for example

GlobCover (Arino et al., 2012) and MODIS12C1 (NASA LP DAAC, 2016a), do not include

a very good distinction between forest and oil palm, generally either categorising areas of

oil palm as either forest, or a mosaic of managed cropland and forest. This motivates the
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development of techniques that better distinguish between oil palm forest, and other tropical

land-cover types.

With regards to the wider context of this thesis, machine learning of land-cover provides an

opportunity to investigate a method by which data suitable for socio-hydrological models can

be obtained, as in future socio-hydrological models, either a general idea of land-cover and

land-cover change patterms, or a more detailed picture of land-cover/land-cover change could

be used. At the beginning of this project, the intention was to develop a socio-hydrological

model investigating oil-palm expansion on Borneo; however, when this was being investigated,

it was found that, while there were both socio-ecological and eco-hydrological dynamics in-

volved in the expansion of oil palm plantations, socio-hydrological dynamics were not present.

This study employs satellite data and machine learning techniques (Artificial Neural Ne-

toworks (ANN) and Multi-variate Logisitic Regression (MVLR)) to train land-use classifica-

tion models based on areas in Borneo where land-use is known. The models that this paper

produces are intended for two uses. Firstly, models could be applied to determine land-use

in other areas where land-use patterns are similar (i.e. other areas of Borneo). Secondly,

models could be applied to satellite data of an area from different time periods, in order to

determine land-use change.

This study tries to extract information from a relatively small amount of input data, simply

using MODIS data regarding monthly enhanced vegetation index (EVI) and primary pro-

duction, as well as population density, distance to rivers and distance to roads. MODIS data

was chosen due to the fact that it is free, provides comprehensive coverage of the area, is

available at a scale suitable for use in this investigation (individual pixels are not so big that

too much detail is lost, but tiles are sized such that all of Borneo is contained within 2 tiles),

the temporal scale that data is available is appropriate (yearly and monthly), and the EVI

product that is available can be used ‘out of the box’ in this investigation. It is important

to note that the approach taken is intended to provide an easy, quick method of determining

land-cover, where a relatively small amount of data and no land surveying is required. The

output is not a completely accurate, fine-scale land-use map, but rather a coarser, large-scale

map which should give an idea of where different land-uses are present.
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In this paper, the various methods and data used are first summarised, before the process

of tuning the different parameters for both ANN and MVLR is detailed. Once the models

parameters have been tuned, their performance is assessed based on test data from Central

Kalimantan and Kuala Langat (i.e. data not used in model training), and on Sabah, Malaysia.

6.2 Methods

6.2.1 Study Area

We focus on the island of Borneo; it is the third largest island in the world, with an area

of approximately 740 000 km2 and a population of approximately 21 milllion (Badan Pusat

Statistik, 2010; Department of Statistics Malaysia, 2016; UN Data, 2016). Borneo is divided

between Indonesia in the south, and Malaysia and Brunei in the north. Much of the island

is covered by tropical rainforest, but in the last few decades, there has been a pattern of

deforestation conversion to oil palm. For example, from 2000 to 2010, 14 000 km2 (12.7%)

of forested areas in Central Kalimantan (Indonesia) were deforested, and between 1973 and

2010, 30.2% of all forest area on Borneo was lost, with a further 32.2% of original forest area

now being logged forest, meaning that only 37.6% of forest area from 1973 remained intact

in 2010 (Gaveau et al., 2014). Roughly 30% of Indonesia’s palm oil production (Indonesia

Investments, 2016) and 48% of Malaysian production (Malaysian Palm Oil Board, 2014)

occurs on the island, which means that, in total, approximately a third of world palm oil

(19.4 million tonnes) is produced on Borneo.

Aside from (though related to) the areas of tropical forest, many areas of Borneo are par-

ticularly important with regards to biodiversity and carbon storage. Regarding biodiversity,

deforestation and forest degradation has severely impacted the flora and fauna of the island:

Borneo is the area where the most vertebrate species are under threat (Hoffmann et al.,

2010); at least half of the world’s mangrove species exist in Borneo, and while only 15% of

these species are threatened, 30% of mangrove area in the region has been lost (Polidoro

et al., 2010); and studies have been carried out which show that, in Borneo, species richness

and abundance in frogs (Konopik et al., 2015), ants & termites (Luke et al., 2014), dung
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Figure 6.1: Land-use maps from (a) Central Kalimantan, 2010 (Indonesian Ministry of
Forestry, 2010; Sumarga et al., 2015) (b) Kuala Langat, 2002 (Nourqolipour et al., 2015)
(c) Kuala Langat, 2008 (Nourqolipour et al., 2015)

beetles (Davis and Sutton, 1998), birds (Hamer et al., 2015) and butterflies (Benedick et al.,

2006) has been found to be negatively impacted by forest degradation and deforestation,

to name but a few. Also very significant is the quantity of carbon stored in above-ground

biomass and peatlands on the island; Kalimantan alone is estimated to have a total carbon

storage of 15Gt (18% of total tropical peatland carbon) (Rieley et al., 2008), and tropical

deforestation to date has been calculated to have cumulative carbon emissions of 49.94GtC,

along with a carbon debt of at least 8.6GtC (3.54GtC of which is accounted for by Southeast

Asian deforestation) (Rosa et al., 2016). The vast area of forest, along with the amount of

biodiversity and carbon storage, means that much is at stake when deforestation occurs, and

so research in determining land-use is of great importance.
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6.2.2 Input Data

As a supervised learning problem, training data is required: in this case, training examples

consisted of a vector of input features derived from satellite data, and an output of land-

use classification. The machine learning algorithm then derives a function to map inputs to

outputs that can be used in other places/times.

In order to make the model as easy as possible to apply and replicate, the input features

were taken from free, open-access satellite data products. A total of 17 input features were

used for each example: (1) Enhanced vegetation index (EVI) for each month of the year

that the land-use map was from (i.e. 12 EVI features) (NASA LP DAAC, 2016c); (2) Gross

and net primary productivity (GPP and NPP) (NASA LP DAAC, 2016b); (3) Population

Density (Center for International Earth Science Information Network - CIESIN - Columbia

University et al., 2011); (4) Distance to nearest river - derived from a map of rivers (Defense

Mapping Agency (DMA) and U.S. Geological Survey (USGS), 1992); (5) Distance to nearest

road - derived from a map of roads (Defense Mapping Agency (DMA) and U.S. Geological

Survey (USGS), 1992). These features are available worldwide, and EVI (monthly) and GPP

(yearly) data are available from 2000 onwards.

The output data used in training are land-use maps for Central Kalimantan (Indonesia) in

2010, from Sumarga et al. (2015), originally Indonesian Ministry of Forestry (2010), and

Kuala Langat (Malaysia) in 2002 and 2008 (Nourqolipour et al., 2015) (Figures 6.1 (a), (b)

and (c) respectively). The land-use classifications used are: (1) Forest; (2) Oil Palm; (3)

Other agriculture; (4) Shrubs and bare land; (5) Urban; (6) Other.

In machine learning, data is made up of individual examples. In this case, the data was a

grid of pixels (i.e. a raster grid), and so each individual example was a 1km2 pixel where a

value for each input feature and the output class was known. The majority of input features

(EVI, GPP, NPP, distance to rivers and roads) were available at 1km2 resolution, and so

values for these parameters were extracted directly; population density data was at a more

coarse resolution, and so a value for population density at the co-ordinates of the centre of

the training pixel were used for each case. Land-cover classification data was available at a

resolution higher than 1km2; in this case, the resolution of the data was degraded to match
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1km2; this was done using an area-weighted method, (e.g. if three quarters of a cell was

forest and one quarter was oil palm, then the cell classification would be 0.75 forest and 0.25

oil palm).

6.2.3 Machine Learning Techniques

The essence of machine learning is that a computer can learn without being explicitly pro-

grammed. In the case of using remotely sensed data to determine land-use, this means that

a computer can ‘learn’ what different land-uses ‘look like’ in terms of the remotely sensed

data.

In this study, Multi-variate Logistic Regression (MVLR) and Artificial Neural Networks

(ANN) were used to classify land-use according to input data parameters over fairly large

areas (state/country). In both cases, when the learning algorithms are run, the examples are

randomised (so that the algorithm does not, for example, learn solely based on examples in

one area, or of one land-use class) and split into training examples (75%) and test examples

(25%). The learning algorithm produces a function to map the continuous inputs to categor-

ical output classes, based on the training data, and then uses test data to assess the accuracy

of the results that this function gives.

Multi-variate Logistic Regression (MVLR)

Logistic regression (see Figure 6.2) is used when an output variable, which is dependent on

input variables, is categorical; a model takes input features and gives a hypothesis for the

probability of the output variable belonging to a certain class according to a logistic function

(this is also known as the hypothesis function):

hθ(x) = P (Y = 1|X) =
1

1 + e−θTX
(6.1)

Where Y is the output variable, X is a vector of input variables and θ is a vector of the

model parameters. To give a simple example, take a model that has been trained to predict

whether a person will pass a certain test, given information regarding scores in previous tests;
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Figure 6.2: Graphical representation of an MVLR classifier (for a single class); xi refers to
the ith input feature, θi refers to the parameter which links xi to the hypothesis function
(θTx is the transpose of a vector of θ values multiplied by a vector of x values), and hθ(x) is
the hypothesis for the classification of the output.

the input parameters, X, would be a person’s previous test scores, θ would be a (learnt) set

of parameters which link the the scores from previous tests to the probability of passing a

future test, and hθ(x) would be the hypothesised probability that the person would pass the

test. In this case, however, there are more than two land-cover classes involved, so we need

to extend this univariate approach to a multivariate one. In MVLR, a different model (i.e.

a different θ vector) is required for the classification of each output class (i.e. one versus all

classification). If there are K output classes, then K distinct θ vectors will be trained, and

a hypothesised probability for each of the K classes will be obtained.

Each of the K models is learnt via the use of a cost function and minimisation algorithm.

The cost function gives an assessment of how different model predictions are from known

outputs based on training examples; this cost function is minimised in order to give the set

of model parameters best fit the training data. The model also includes a regularisation term

which is used to prevent overfitting training data. The equation for the cost function is:

Jk(θ) =
−1

m
[
m∑
i=1

y
(i)
k log(hθ,k(x

(i))) + (1− y(i)
k ) log(1− hθ,k(x(i)))] +

λ

2m

n∑
j=1

θ2
j (6.2)

Where m is the number of training examples, x(i) is the vector of input features for the ith
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training example, y
(i)
k is the output for class, k, and the hypothesis function is:

hθ,k(x
(i)) =

1

1 + e−θ
T
k x

(i)
(6.3)

Where θk is the vector of model parameters for the class k. The first summation term in the

cost function is increased by examples where predictions and data do not align. For example,

if, for a given training example, i, y
(i)
k = 1 for a given class (i.e. the training example output

belongs to that class), but the hypothesis function, hθ,k(x
(i)) gives a value close to zero, then

the product y
(i)
k log(hθ,k(x

(i))) gives a large negative number (the minus sign at the start of

the summation term turns this into a large positive number), and so a large cost is incurred,

while if the hypothesis function gives a value close to 1, only a small cost is incurred. The

same logic applies to negative examples (y
(i)
k = 0 for a given class), though the cost here

is incurred via the (1 − y
(i)
k ) log(1 − hθ,k(x

(i))) term. The second summation term is for

regularisation; the value of λ can be changed in order to balance under- and over-fitting a

model to data.

Given a model structure, the machine learning algorithm will determine the values for θ

which best fit the training data. However, there are several elements of the model structure

which these algorithms do not change, and so these values must be manually tuned. The

elements of the model that need to be manually tuned in this case are the polynomial degree

of the input features and the value of the regularisation parameter.

One weakness of MVLR is that, since this model can only give linear relationships between

input features and the input to the hypothesis function (θTk x
(i)), with a small number of

input features, the level of model flexibility that this can give is limited. Higher order

polynomial terms (e.g. x2
1, x1x2...) can be included as additional input data to provide more

non-linear relationships that may improve the model fit. Introducing high degree polynomials

can, however, result in model over-fitting, computationally expensive models, due to long θ

vectors (minimising the cost function subject to a high number of degrees of freedom), and

memory-intensive models (all input parameters must be stored in memory, and the number

of input parameters is equal to d+NCd, where d is the degree of feature and N is the number

of original parameters; this scales quickly as d is increased). Artificial neural networks (ANN)
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Figure 6.3: Graphical representation of an ANN (K is the number of classes)

provide a method by which non-linear functions can be learnt without including higher order

polynomials.

Artificial Neural Networks (ANN)

ANNs work in a similar way to MVLR (Figure 6.3), though there are some important differ-

ences. The key difference is the inclusion of a hidden layer between the input parameters and

the input to the hypothesis function (the hypothesis function remains a logistic function for

each class, as Equation 6.3) this allows for interactions between different input parameters,

and so a non-linear function between inputs and the input to the hypothesis function. This

changes the cost function being used to:

J(Θ) = − 1

m
[
m∑
i=1

K∑
k=1

y
(i)
k log(hΘ(x(i)))k +(1−y(i)

k ) log(1− (hΘ(x(i)))k)]+
λ

2m

L−1∑
l=1

sl∑
i=1

sl+1∑
j=1

(Θ
(l)
ji )2

(6.4)

The more complex computation of the cost function, and its gradient with respect to Θ,

means that more computationally expensive calculations have to be carried out, and so this

can mean that ANNs can take longer to learn than MVLR classifiers. ANNs, however, have
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the advantage that only a single ANN is required for multi-class classification.

Similarly to MVLR, there are some ANN model structure parameters that need to be tuned,

namely the number of hidden units, the number of units in a hidden layer, and the regulari-

sation parameter.

Tuning

As has been stated in preceding sections, models based around MVLR and ANN require

tuning of some parameters. This section details the methods used to tune the models, while

section 6.3.4 gives the results of the different tuning stages. Models using both MVLR and

ANN techniques are tuned in multiple steps, with the best parameters being taken through to

the next stage of tuning at each step, before the final ANN and MVLR models are compared;

Figure 6.4 shows the different stages of the tuning process.

MVLR and ANN models are tuned separately, and model structure parameters are tuned

in different stages. The first pass uses a wide range of parameters and a small number of

iterations: for MVLR this was 9 regularisation parameters varying between 0 and 30 and

features of degrees 1-4, using 4000 iterations of the minimisation algorithm; for ANN 9

regularisation parameters between 0 and 30 were again used with 1 and 2 layer networks

each with numbers of hidden nodes between 5 and 50 (it is normally recommended that the

number of hidden units used is between the number of output classes (6) and input parameters

(17); in this early stage, however, it is interesting to see the difference in performance when

very different model structures are used) and 400 iterations of the minimisation algorithm.

The model structure parameters that are to be used in the second pass are decided upon

based on the tradeoff between gains in accuracy, the potential for over-fitting models, and

computational effort. In the second pass, a smaller range of model structure parameters

is used, but a higher number of iterations of the minimsation algorithm is used (resulting

generally in more accurate models): for MVLR, a single degree of feature is used with 6

values of the regularisation parameter and 20000 minimisation iterations; for ANN, a single

number of layers and a single number of hidden nodes are used in conjunction with 4 different

values for the regularisation parameter and 4000 minimisation iterations. Again, the results
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Figure 6.4: A flow chart showing the various stages of tuning for models during this investigation.
At each stage the parameters which give the most favourable results are taken through to the next
stage.

197



Figure 6.5: Example Gaussian smoothing kernel, with sizes of n = 1 and n = 2

regarding the accuracy of the resulting models are used to guide the decision on which model

parameters to use in the third pass; in the third pass, a single model structure (a single value

for each model structure parameter) is used with a large number of iterations (250 000 for

MVLR and 25 000 for ANN) of the minimisation function, in order to gauge the impact that

increasing computational effort has on model results.

Filtering

The modelling techniques described thus far consider each example in isolation, and so do not

include any spatial element in learning or application. There is, however, spatial correlation

in this investigation which can be be taken advantage of in the learning and application of

the model due to the fact that different land-cover types generally come in fairly large areas

(i.e. oil palm is planted in plantations and tropical forests are large) and satellite data is

not without error, and so models can be improved by spatial smoothing of input to reduce

the errors associated with variability between pixels. In our method, Gaussian smoothing

is applied to inputs and outputs in order to leverage the spatial correlation that exists.

Gaussian smoothing involves passing a smoothing kernel over a grid of values; for each grid

position (in the case of this investigation, each pixel in a given raster grid) the value in the

smoothed grid is calculated as a weighted average of the values from the unsmoothed grid in

surrounding grid positions (including the value at the position itself), where the weightings

are determined from a bi-variate Gaussian distribution (Figure 6.5 gives values for weightings
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for two kernel sizes).

Aside from spatial autocorrelation, there is another source of information which is of value in

this context. Across Borneo, there is state-level data which details the area of land dedicated

to oil palm cultivation. This can be used to ensure that the correct area of oil palm is

included on any given map. It cannot, however, help with the classification of other land

uses. The information regarding the area of oil palm cultivation is first included by choosing

the α pixels with the highest probability of oil palm being present (where there are known

to be α pixels of oil palm); this is then compared with a method whereby α pixels with the

highest relative probability (calculated as the probability of oil palm being present divided

by the next highest land-use probability) are classified as oil palm.

When the general structure (degree of features and regularisation parameter for MVLR, and

the regularisation parameter as well as the number of hidden units and hidden layers for

ANN) of the models has been tuned, different kernel sizes (differing values of n in Figure 6.5)

are tried in order to determine the ideal size for this application.

The output parameter smoothing involves using the smoothing kernel to perform a weighted

average of the probability of a given land-use, while the input smoothing involves passing the

kernel over the parameters of EVI, GPP, NPP and population density.

For both MVLR and ANN, models are trained using the model structure parameters deter-

mined via the tuning process. Models are trained using input data which is smoothed using

kernel sizes of n =1-5, and the outputs from the models are also smoothed using kernel sizes

of n =1-5.

6.3 Results

6.3.1 Random Classification: Context for Model Performance

As has previously been stated, when a model is being trained, data is randomly mixed and

75% allocated as training data, while 25% is allocated as testing data. The model is fitted to

the training data, and then to assess the effectiveness of the model created, the testing data
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Table 6.1: Percentage of examples wrong for different varieties of random test for comparison
with learnt models

Random 3 main random Weighted random

% Wrong 78.9 74.7 51.7

is used to determine how well the model has performed.

For each test example, the learnt model is applied to the input parameters; the output is

a vector of probabilities for each land-use. For each example the land-use with the highest

probability is said to be the predicted land-use; if this land-use is not present in the pixel of

output data then this example is marked as incorrect. The correct and incorrect examples

are summed over all examples in order to give a percentage accuracy for a given model.

In order to give some initial context for how well models are performing, random land-cover

classifications are also used. Table 6.1 shows the percentage of examples that are wrong

when different randomisations are used to choose land-use in a given example. The ‘random’

method picks one of the 6 land-cover types randomly; the ‘3 main random’ method randomly

picks one of the 3 land-cover types which dominate the map (forest, bare land/shrubs and

oil palm); the ‘weighted random’ method uses a random function to pick the land-cover for

each example, but the random function is weighted such that the proportions of each type

of land-use are the same in predictions as in the training data.

6.3.2 Tuning Parameters

In the first pass of tuning for MVLR models, results of which can be seen in Table A.1, for

every value of λ, increasing the degree of features used increases the accuracy of the model;

this is to be expected. However, on running the model, it was found that using fourth degree

features meant that there were a total number of almost 6000 input features for each example.

When applied to all 186 000 input features, this resulted in an input file that was larger than

1GB; it also resulted in a much more computationally expensive minimisation function (since

there are more parameters to optimise). As such, it was decided that third degree features

would be used, as the accuracy difference between third and fourth degree features was not

200



great. For the second pass of tuning, values of λ of between 0.01 and 0.07 were used, as this

was the range where the model appeared to have the best performance. The results from the

second pass (Table A.2) show a decreasing model accuracy with greater values of λ, but an

increase in accuracy at all values of λ with a greater number of iterations. A λ value of 0.01

was taken forward to the third tuning pass. In this third pass, where 250 000 iterations of

the minimisation algorithm were used, 21.7% of test examples were wrongly classified. This

result shows an increase in accuracy of approximately 0.5% when 250 000 iterations were

used compared to 20 000.

For ANN models, the results from the first pass of tuning (Table A.3) show, surprisingly,

that single-layer ANNs often perform better than two-layer networks with other parameters

being the same. This is perhaps due to the relatively small number of iterations used in the

pass and the larger number of parameters that need to be optimised in two-layer networks.

The results also show that there are diminishing returns regarding the gains in accuracy that

are made by increasing the number of hidden units used. The results also show the expected

result that, in the majority of cases, models with no regularisation perform worse than those

with a small amount of regularisation (due to over-fitting training data), but that models

with a large regularisation parameters perform worse than those with small regularisation

parameters (due to under-fitting). As such, in the second tuning pass, single layer networks

were used with 15 hidden units and regularisation parameters in the range of 0.005 to 0.02.

Results from this second pass (Table A.4) show that the increase in the number of iterations

had little positive impact on the accuracy of the model. The results were all within a close

range, with the small amount of variation in accuracy indicating no significant difference

in performance for the different values of λ. The anomalous result of poor performance

with λ = 0.01 is likely to be due to an unlucky initialisation of parameters. When a larger

number of iterations is used (25 000), using a single-layer network with 15 hidden nodes and a

regularisation parameter of 0.02, the performance of the ANN does not improve at all (23.7%

of test examples are wrong). This shows that it is perhaps not worth investing additional

effort in this case.
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6.3.3 Filtering

For MVLR models, the results regarding the addition of of smoothing to input and output

parameters (Table A.5) show a significant improvement in model performance when filtering

is included. The addition of smoothing with the smallest possible kernel (n =1) results in an

increase in accuracy of 4.5%, and increased smoothing improves this further.

There is a worry with this method that the model could be over-fitting the particular examples

used (where land-use areas are particularly large). As such, a compromise between the

accuracy of the model and over-smoothing is sought. For both input and output smoothing,

there are significant gains in accuracy made up to a kernel size of 3, but beyond this the

gains made are smaller. As such, input and output smoothing using a kernel size of 3 is

taken forward and information regarding the area of oil palm cultivation is then included, as

well as increasing the number of iterations (250 000).

Table 6.2: Percentage of test examples wrong - MVLR with third degree features, λ = 0.01,
n =3 size smoothing kernel on both inputs and outputs, 250 000 iterations, different methods
of inclusion of information regarding area of oil palm cultivation.

Area of OP included? No Yes (Areas with high-
est probability)

Yes (Areas with highest rel-

ative probability)

% Wrong 12.33 12.24 12.28

These results (Table 6.2) show that increasing the number of iterations this time had a fairly

large impact (approx. 2% increase in accuracy) on the performance of the model, and that

the inclusion of the information regarding the area of oil palm had a very small positive

impact. It is anticipated that the inclusion of this information in a different case would have

a more significant impact.

As an illustration, Figure 6.6 shows known land-use in Central Kalimantan in 2010, as well

as the output from final model with no smoothing applied and the output from the final

model produced from this section (i.e. with smoothing and using information regarding the

total area of oil palm cultivation).

In the case of ANNs, the results regarding the inclusion of filtering (Table A.6) show that the

addition of smoothing to input and output parameters results in a significant improvement
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Figure 6.6: Illustration to show the impact of Gaussian smoothing on model results. (a)
unsmoothed (b) with smoothing (c) known land-use data

in performance. The addition of smoothing with the smallest possible kernel (n=1) results

in an increase in accuracy of 2.4%, and increased kernel size improves this further. Again, as

with MVLR, there is a worry about overfitting the locations used, where land-uses exist over

large areas. As such, input and output smoothing with a kernel size of 3 is taken forward

again. The information regarding the area of oil palm cultivation is also included in a test

with more iterations (Table 6.3).

Table 6.3: Percentage of test examples wrong - 1 layer ANN with 15 hidden units, λ = 0.02,
n=3 size smoothing kernel on both inputs and outputs, 25 000 iterations, different methods
of inclusion of information regarding area of oil palm cultivation.

Area of OP included? No Yes (Areas with high-
est probability)

Yes (Areas with highest rel-

ative probability)

% Wrong 17.53 17.42 17.44

These results show a very small increase in accuracy when information regarding the area of

oil palm cultivation is included. However, as previously with ANNs, these results show no

benefit in a very large number of iterations of the minimisation function.

6.3.4 Overview of Model Performance

The final MVLR and ANN models were applied to Central Kalimantan 2010 (Figures 6.7 and 6.8),

and these figures show a good level of agreement between known land-cover data and that

predicted by the models. The most accurate model (Figure 6.10) produced was the MVLR

model with input and output smoothing, with an accuracy of 87.8%; this is in contrast to

the most accurate ANN model which had an accuracy of 82.6%. Both of these models have

an accuracy comparable to other machine learning efforts in land-use modelling (e.g. Adam
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Figure 6.7: Output from ANN model - (a) model output (b) known land-use data

Figure 6.8: Output from MVLR model - (a) model output (b) known land-use data

et al. (2014), Rogan et al. (2008), and Ustuner et al. (2015), though these studies use much

finer-scale data).

The techniques that have been used mean that not only can a ‘hard’ classification of land-

use (an imperfect prediction which gives the impression of confidence) be obtained from

the model, but also a probabilistic picture of where land-use may be (which implies a more

realistic level of confidence in model outputs). The output from the application of the model

is a vector of probabilities of land-use for each pixel, and so a probabilistic map of land-use

can also be produced. For example, Figure 6.9 gives a fuzzy map of where oil palm is likely

to exist using the Central Kalimantan 2010 data.

In order to analyse the performance of the models in a little more detail, confusion matrices

have also been formed. For examples that the model has got wrong, the confusion matrix

gives information as to what the model should have predicted (‘Should be’) compared to

what was predicted (‘Predicted’). These results (Tables A.7 and A.9) are then normalised

by the areas of the land-uses involved in Tables A.8 and A.10 (e.g. the entry in the 4th row
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Figure 6.9: Output from MVLR model - probability that oil palm present

and the 1st column in the normalised matrix is the entry in the 4th row and 1st column of

the confusion matrix divided by the square root of the total area of land-use 1(forest) and

the total area of land-use 4 (shrubs and bare land) multiplied together).

The results from these matrices show that, while the ANN is the less accurate model in this

case, there is no particular land-use category that one model is very significantly worse for

one model than the other. For both models, a significant number of pixels that should be

classified as shrubs and bare land are classified as forest; this is likely to be due to the large

area in the northwest where this occurs.

6.3.5 Test Application: Sabah, Malaysia

One of the reasons behind this study is the lack of large-scale land-use data on Borneo. The

author was unable to find any large-scale land-cover maps (of verified, observed data) other

than those used in the training and testing of the model. As such, validating the model

for use in other areas is difficult. A test case was implemented to assess the suitability of

this model for different purposes. The potential applications of this model, dependent on
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Figure 6.10: Accuracy of different models

the model performance, are producing land-cover maps, identifying likely land-use change

patterns, or identifying areas where oil palm is likely to exist, in order to target future,

finer-scale land-cover modelling efforts.

The final MVLR model was applied to data acquired for Sabah in the years 2001-2010; for

each year, a heatmap was produced which shows the predicted probabilities that palm oil

was present in each of these years (Figure 6.11). The results produced from these maps

indicate that the model is not suitable for either of the first two purposes: the heatmaps do

not show a good enough agreement to be able to give a great deal of confidence in the model.

Aside from 2008 (a year when there was a strong La Niña episode (L’Heureux, 2008), which

could have had a significant impact on EVI and primary productivity readings), results from

other years do, however, show an agreement regarding the general areas where oil palm is

most likely to be situated. In particular, areas on the North, North-west and North-east

Coasts and parts of the East and South-east are all predicted to contain substantial areas

of oil palm, while central and Southern areas are predicted to contain very little oil palm.

This information can be used to fulfil the third potential use of this model: informing future

land-cover mapping efforts regarding which areas to focus on. This general idea of areas

where oil palm cultivation intensity is high could also be used in modelling efforts where a

general, rather than exact, idea of land-cover is needed.
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Figure 6.11: MVLR Model results showing the modelled heatmap for palm oil existence (the
modelled probability of palm oil existing in each given pixel) in Sabah over time
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6.4 Discussion

This study has utilised machine learning algorithms in an effort to provide a fairly quick and

easy way to build a general picture of land-cover patterns in areas of oil palm cultivation.

There are several areas of discussion which are warranted in this investigation, in particular

the accuracy of results obtained from this study (and how this compares with other studies),

the circumstances under which this model could and should not be applied, and the relative

performance of the two machine learning algorithms that have been used.

When tested on training examples, the models that were trained were between 76 and 88%

accurate; figures which are in the same range as other land-cover mapping investigations

(Rodriguez-Galiano et al., 2012; Rogan et al., 2008; Ustuner et al., 2015). When applied to

a different area, this accuracy has seemingly not been retained. The results from applying

the model to Sabah do not show good enough agreement to give either an accurate picture

of land-cover in the state or an idea of the land-cover changes that have taken place. They

do, however, highlight several areas of the state where oil palm is likely to be prevalent.

More fine-scale data and other modelling techniques could be applied in these areas to give

a more accurate picture, without wasting time and effort in investigating areas where oil

palm is unlikely to exist. This output gives a useable product that provides something that

is presently unavailable. As guidance, therefore, this model could be used in other areas of

Southeast Asia to give a general idea of where oil palm is likely to exist, either in order to

guide more targeted modelling of fine-scale land-cover, or for applications where a general

idea of oil palm prevalence is required. It should not be used in circumstances where a

detailed map of land-cover or land-cover change is required. The model was trained largely

on data from Central Kalimantan, Indonesia, and so should also not be applied to areas that

are significantly different to this.

Regarding the different modelling techniques used, MVLR using higher order features pro-

duced models that were generally more accurate than ANN models, and MVLR also required

less computational effort. It is perhaps the case that, given the relative simplicity of the prob-

lem posed to the machine learning algorithm, the more complex structure of the ANN was

not beneficial for learning; ANN models can also get ‘stuck’ in local minima in training (Bian-
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chini et al., 1995), while the MVLR cost function is convex, and so local minima are not an

issue.

6.5 Conclusions

This investigation has used coarse, freely available satellite data in conjunction with machine

learning techniques to develop a model to be used to predict rough land-use patterns relevant

in Borneo, an area where large-scale land-use maps are not presently available, and where

global land-use datasets are generally poor due to issues in distinguishing between tree crops

and forests. The model was trained using datasets for Central Kalimantan and Kuala Langat,

tested on data not used in model training and then also applied to Sabah, Malaysia to

investigate its applicability to other areas of Borneo.

The model development and parameter tuning processes have been documented; when tested

on the test data for Central Kalimantan and Kuala Langat, the models developed were up

to 88% accurate. The best model developed was then applied to Sabah, Malaysia; this

application indicated that the model is not suitable for applications where a detailed map of

land-cover is required, or where land-cover change is being investigated, but can give a general

idea of areas where oil palm is prevalent, and so is suitable for guiding finer-scale land-cover

modelling efforts, or for applications where a more general idea of oil palm prevalance is

required.
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Chapter 7

Conclusions

The preceding chapters have covered topics surrounding modelling and data in socio-hydrology.

This began with reviewing the background of socio-hydrology and giving a guide for how

modelling could be carried out in this area. Chapter 3 covered the development of a socio-

hydrological model studying anthropogenic drought and Chapter 4 used a previously de-

veloped model (Di Baldassarre et al., 2015a) to investigate the concept of risk in a socio-

hydrological setting. Chapter 5 investigated the novel use of publicly available datasets and

statistical learning techniques to draw insight regarding important socio-hydrological param-

eters, while Chapter 6 used other freely available datasets and learning techniques in an effort

to map land-cover in Borneo.

7.1 Overall Conclusions & Recommendations for Fur-

ther Work

The work that has been carried out can be broadly divided into two categories, modelling-

based and data-based studies. As such, conclusions are also presented under these broad

headings.
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7.1.1 Modelling in socio-hydrology

Modelling has long been a key technique in hydrology and water resources management.

Expanding system boundaries to include a human aspect of hydrological systems brings

significant challenges. Chapters 2, 3, and 4 all bring different perspectives on these challenges.

Chapter 2 concludes that developing conceptual models of stylised systems, along with cali-

bration/validation methodologies, and finding ways to use socio-hydrological models in policy

applications are key challenges in socio-hydrological modelling. Chapter 3 goes on to explore

some of these challenges through the development of a model; this model includes several

novel aspects, in particular the development of archetypal systems inspired by real-world cases

and pattern-based model validation, and the comparative approach that was taken. How-

ever, it also exposes some fundamental issues with socio-hydrological model development and

utility.

If numerical modelling is to be used in this subject, it seems as though the ‘socio’ side

of this problem must either be abstracted to a large degree (allowing for a model with a

sensible number of parameters), or complex socio-economic decision-making processes must

be understood and included. In the first case, the abstraction of decision-making processes

means that model utility in policy and decision-making applications is diminished. In the

second case, the issues of correctly identifying and structuring decision-making rules and

over-parameterisation mean that socio-hydrological models will be very difficult to develop,

and significant steps forward in understanding socio-hydrological processes are necessary. It

seems that, although socio-hydrological models may be able to replicate system behaviours

that are seen, this does not make them useful. Certainly at present, and perhaps in the

future, using accurate, independent hydrological and anthropogenic predictions would be my

preferred method in water resources modelling, using simple qualitative socio-hydrological

descriptions in system learning applications, but not extending these to numerical modelling.

When expanding system boundaries, there are not many cases where other natural systems

should not also be included if human-water interactions are to be included. Where water is

the limiting factor in anthropogenic development, or where clear human-water interactions

exist, these could, of course, be included in numerical models, but this should perhaps come
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from a more natural modelling extension, rather than by an explicit paradigm change and

focus on these interactions.

Another issue with numerical modelling which this study highlights is the role of ‘anecdotal’

model runs. One of the main characteristics of socio-hydrological systems is the role of

extreme events in determining their trajectories. As such, individual projections will always

be descriptive/anecdotal at best. Chapter 4 uses a model including extremes in a new

way, trying to examine what risk means in a socio-hydrological setting and how it could

be calculated. The ‘risk’ based approach does, however, mask the extreme events which are

so important in these systems. Perhaps, if socio-hydrological models are to be used, it should

be in showing qualitative trajectories associated with different general policy approaches,

accompanied by a more general picture of the system state.

7.1.2 Data in socio-hydrology

The problem of incorporating data into socio-hydrological study is another significant chal-

lenge. Developing fully socio-hydrological models which are driven by data seems infeasible

at present, and so investigating individual parameters/relationships is perhaps more advis-

able. Chapter 5 explored the use of freely available datasets to investigate the ‘sensitivity’

parameter used in many socio-hydrological modelling studies. This investigation came across

two main issues which other studies are likely to also experience: there not being enough

detail in available data to draw meaningful conclusions from data, and spatial granularity.

Regarding further work, smaller-scale investigations with more targeted data collection, as

opposed to wide-scale, data-driven investigations, are more likely to give insight, and are

more likely to provide a more comprehensive socio-hydrological perspective.

Chapter 6 used learning techniques and freely available data in a different setting, trying

to determine land-cover from satellite data sets, in particular trying to determine where oil

palm exists in Borneo. While this method found some success in determining the locations of

oil palm in the training set, it found limited applicability when applied at different times and

in different locations, suggesting that are perhaps local factors in time and space which were

different in the training set to other places/times. As such, this investigation did not improve
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on already available techniques in identifying where oil palm exists. Using higher resolution

data and/or incorporating more land-cover data (when it becomes available) covering other

time periods and locations is recommended in future investigations.
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Blöschl, G. and M. Sivapalan (1995). “Scale Issues in Hydrological Modelling: a Review”. In:

Hydrological Processes 9, pp. 251–290.

Boelens, Rutgerd (2013). “Cultural politics and the hydrosocial cycle: Water, power and

identity in the Andean highlands”. In: Geoforum 57, pp. 234–247. issn: 00167185. doi:

217



10.1016/j.geoforum.2013.02.008. url: http://dx.doi.org/10.1016/j.geoforum.

2013.02.008.

Bohensky, Erin (2014). “Learning dilemmas in a social-ecological system: An agent-based

modeling exploration”. In: Jasss 17.1. issn: 14607425. doi: 10.18564/jasss.2448. url:

http://jasss.soc.surrey.ac.uk/17/1/2.html.

Borgomeo, Edoardo et al. (2014). “Risk-based water resources planning: incorporating proba-

bilistic non-stationary climate uncertainties”. In: Water Resources Management 50, pp. 6850–

6873. issn: 00431397. doi: 10.1002/2014WR015558.

Bourblanc, Magalie and David Blanchon (2013). “The challenges of rescaling South African

water resources management: Catchment Management Agencies and interbasin transfers”.

In: Journal of Hydrology 519, pp. 2381–2391. issn: 00221694. doi: 10.1016/j.jhydrol.

2013.08.001. url: http://dx.doi.org/10.1016/j.jhydrol.2013.08.001.

Bousquet, F. and C. Le Page (2004). “Multi-agent simulations and ecosystem management:

a review”. In: Ecological Modelling 176.3-4, pp. 313–332. issn: 03043800. doi: 10.1016/

j.ecolmodel.2004.01.011. url: http://linkinghub.elsevier.com/retrieve/pii/

S0304380004000948.

Brenner, Menachem and Seymour Smidt (1977). “A simple model of non-stationarity of

systematic risk”. In: The Journal of Finance 32.4, pp. 1081–1092.

Brown, Casey M et al. (2015). “The future of water resources systems analysis: Toward a

scientific framework for sustainable water managment”. In: Water Resources Research 51.

doi: 10.1002/2015WR017114.

Buchecker, M et al. (2013). “The role of risk perception in making flood risk management

more effective”. In: Natural Hazards and Earth System Science 13.11, pp. 3013–3030. issn:

1684-9981. doi: 10.5194/nhess-13-3013-2013. url: http://www.nat-hazards-earth-

syst-sci.net/13/3013/2013/nhess-13-3013-2013.html.

Bureau of Economic Analysis, US Department of Commerce (2016). Regional Economic

Accounts, California. url: http://www.bea.gov/regional/index.htm (visited on

09/05/2016).

California Data Exchange Centre (2016). Reservoir Information. url: http://cdec.water.

ca.gov/misc/resinfo.html (visited on 09/05/2016).

218



Cammerer, Holger, Annegret H. Thieken, and Peter H. Verburg (2013). “Spatio-temporal

dynamics in the flood exposure due to land use changes in the Alpine Lech Valley in Tyrol

(Austria)”. In: Natural Hazards 68.3, pp. 1243–1270. issn: 0921030X. doi: 10 . 1007 /

s11069-012-0280-8.
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Perdigão, R. A. P. and G. Blöschl (2014). “Spatiotemporal flood sensitivity to annual pre-

cipitation: Evidence for landscape-climate coevolution”. In: Water Resources Research 50,

pp. 5492–5509. doi: 10.1002/2014WR015365.Received. url: http://onlinelibrary.

wiley.com/doi/10.1002/2014WR015365/full.

Pfeifer, M et al. (2015). “Satellites map the structure of Borneo’s tropical forests across a

degradation gradient”. In: Remote Sensing of Environment 176, [submitted]. issn: 00344257.

doi: 10.1016/j.rse.2016.01.014. url: http://dx.doi.org/10.1016/j.rse.2016.

01.014.

Polidoro, Beth A. et al. (2010). “The loss of species: Mangrove extinction risk and geographic

areas of global concern”. In: PLoS ONE 5.4. issn: 19326203. doi: 10.1371/journal.pone.

0010095.

Postel, Sandra L. (2011). “ForewordSharing the benefits of water”. In: Hydrological Sciences

Journal 56.4, pp. 529–530. issn: 0262-6667. doi: 10.1080/02626667.2011.578380. url:

http://www.tandfonline.com/doi/abs/10.1080/02626667.2011.578380.

Purnomo, Herry et al. (2005). “Developing multi-stakeholder forest management scenarios:

a multi-agent system simulation approach applied in Indonesia”. In: Forest Policy and

Economics 7.4, pp. 475–491. issn: 13899341. doi: 10.1016/j.forpol.2003.08.004. url:

http://linkinghub.elsevier.com/retrieve/pii/S1389934103000881.

Railsback, SF (2001). “Getting Results: The Pattern-oriented Approach to Analyzing Natural

Systems With Individual-Based Models”. In: Natural Resource Modeling 14.3, pp. 465–475.

url: http://onlinelibrary.wiley.com/doi/10.1111/j.1939-7445.2001.tb00069.x/

abstract.

Rammel, Christian and Jeroen C.J.M. van den Bergh (2003). “Evolutionary policies for sus-

tainable development: adaptive flexibility and risk minimising”. In: Ecological Economics

245



47.2-3, pp. 121–133. issn: 09218009. doi: 10.1016/S0921-8009(03)00193-9. url: http:

//linkinghub.elsevier.com/retrieve/pii/S0921800903001939.

Rammel, Christian, Sigrid Stagl, and Harald Wilfing (2007). “Managing complex adaptive

systems - A co-evolutionary perspective on natural resource management”. In: Ecological

Economics 63.1, pp. 9–21. issn: 09218009. doi: 10.1016/j.ecolecon.2006.12.014.

Ratna Reddy, V. and Geoffrey J. Syme (2014). “Social sciences and hydrology: An in-

troduction”. In: Journal of Hydrology 518, pp. 1–4. issn: 00221694. doi: 10.1016/j.

jhydrol.2014.06.022. url: http://linkinghub.elsevier.com/retrieve/pii/

S002216941400482X.

Read, Laura K. and Richard M. Vogel (2015). “Reliability, return periods, and risk under

nonstationarity”. In: Water Resources Research 51. doi: 10.1002/2015WR017089.

Reed, PM and Joseph Kasprzyk (2009). “Water Resources Management: The Myth, the

Wicked, and the Future”. In: Journal of Water Resources Planning and Management

135.December, pp. 411–413. url: http://ascelibrary.org/doi/full/10.1061/(ASCE)

WR.1943-5452.0000047.

Ren, Liliang et al. (2002). “Impacts of human activity on river runoff in the northern area

of China”. In: Journal of Hydrology 261.1-4, pp. 204–217. issn: 00221694. doi: 10.1016/

S0022-1694(02)00008-2. url: http://linkinghub.elsevier.com/retrieve/pii/

S0022169402000082.

Reyer, Christopher P. O. et al. (2015). “Forest Resilience and tipping points at different

spatio-temporal scales: approaches and challenges”. In: Journal of Ecology 103, pp. 5–15.

doi: 10.1111/1365-2745.12337.

Rieley, J O et al. (2008). Tropical Peatlands: Carbon Stores, Carbon Gas Emissions and Con-

tribution to Climate Change Processes. October 2015, pp. 148–181. isbn: 9789529940110.

Rittel, HWJ and MM Webber (1973). “Dilemmas in a general theory of planning”. In: Policy

sciences 4.December 1969, pp. 155–169. url: http://link.springer.com/article/10.

1007/BF01405730.

Roberts, Catherine, Doug Stallman, and Joanna Bieri (2002). “Modeling complex humanen-

vironment interactions: the Grand Canyon river trip simulator”. In: Ecological Modelling

246



153.1-2, pp. 181–196. issn: 03043800. doi: 10.1016/S0304- 3800(01)00509- 9. url:

http://linkinghub.elsevier.com/retrieve/pii/S0304380001005099.

Rodriguez-Galiano, V. F. et al. (2012). “An assessment of the effectiveness of a random forest

classifier for land-cover classification”. In: ISPRS Journal of Photogrammetry and Remote

Sensing 67.1, pp. 93–104. issn: 09242716. doi: 10.1016/j.isprsjprs.2011.11.002. url:

http://dx.doi.org/10.1016/j.isprsjprs.2011.11.002.

Rodriguez-Iturbe, I. (2000). “Ecohydrology : A hydrologic perspective of climate-soil-vegetation

dynamics”. In: Water Resources Research 36.1, pp. 3–9. url: http://onlinelibrary.

wiley.com/doi/10.1029/1999WR900210/full.

Rogan, John et al. (2008). “Mapping land-cover modifications over large areas: A comparison

of machine learning algorithms”. In: Remote Sensing of Environment 112.5, pp. 2272–2283.

issn: 00344257. doi: 10.1016/j.rse.2007.10.004.

Rosa, Isabel M D et al. (2016). “The Environmental Legacy of Modern Tropical Deforesta-

tion”. In: Current Biology 26.16, pp. 2161–2166. issn: 09609822. doi: 10.1016/j.cub.

2016.06.013. url: http://dx.doi.org/10.1016/j.cub.2016.06.013.

Rosenberg, David E. and Kaveh Madani (2014). “Water Resources Systems Analysis: A

Bright Past and a Challenging but Promising Future”. In: Journal of Water Resources

Planning and Management 140.4, pp. 407–409. issn: 0733-9496. doi: 10.1061/(ASCE)WR.

1943-5452.0000414. url: http://ascelibrary.org/doi/abs/10.1061/(ASCE)WR.

1943-5452.0000414.

Runyan, C. W., P. D’Odorico, and D. Lawrence (2012). “Physical and biological feedbacks of

deforestation”. In: Reviews of Geophysics 50, pp. 1–32. doi: 10.1029/2012RG000394.1.

INTRODUCTION. url: http://onlinelibrary.wiley.com/doi/10.1029/2012RG000394/

full.

Sandker, Marieke et al. (2010). “The role of participatory modeling in landscape approaches

to reconcile conservation and development”. In: Ecology and Society 15.2, p. 13. url:

http://www.ecologyandsociety.org/vol15/iss2/art13.

Savenije, H. H. G., a. Y. Hoekstra, and P. van der Zaag (2014). “Evolving water science

in the Anthropocene”. In: Hydrology and Earth System Sciences 18.1, pp. 319–332. issn:

247



1607-7938. doi: 10.5194/hess-18-319-2014. url: http://www.hydrol-earth-syst-

sci.net/18/319/2014/.

Savilaakso, Sini et al. (2014). “Systematic review of effects on biodiversity from oil palm

production”. In: Environmental Evidence 3.4, pp. 1–20. issn: 2047-2382. doi: 10.1186/

2047-2382-3-4. url: http://www.environmentalevidencejournal.org/content/3/

1/4.

Scheffer, Marten et al. (2012). “Anticipating critical transitions.” In: Science 338.6105, pp. 344–

8. issn: 1095-9203. doi: 10.1126/science.1225244. url: http://www.ncbi.nlm.nih.

gov/pubmed/23087241.
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Appendix A

Tables From Applying Machine

Learning Techniques to Determine

Land-use in Borneo

Table A.1: Percentage of test examples wrong - first pass of MVLR - different degrees of
input feature and regularisation parameter value - 4000 iterations

λ

0 0.01 0.03 0.1 0.3 1 3 10 30

D
e
g
re

e
(n

) 1 31.2 31.2 31.2 31.2 31.2 31.2 31.2 31.2 31.2

2 24.6 24.6 24.7 24.6 24.7 24.7 24.8 25.0 25.3

3 22.9 22.9 22.7 22.9 23.0 22.9 23.0 23.3 23.7

4 22.3 22.1 22.4 22.9 22.2 22.2 22.2 22.6 22.7

Table A.2: Percentage of test examples wrong - second pass of MVLR - different values of
regularisation parameter, 3rd degree features - 20000 iterations

λ 0.01 0.02 0.03 0.04 0.05 0.07

% Wrong in test set 22.18 22.28 22.23 22.24 22.26 22.29
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Table A.3: Percentage of test examples wrong - first pass of ANN - different numbers of
hidden layers and hidden units per layer, and regularisation parameter value - 400 iterations

λ

0 0.01 0.03 0.1 0.3 1 3 10 30

N
u
m

b
e
r

o
f

H
id

d
e
n

U
n
it

s
(p

e
r

la
y
e
r)

1
L

a
y
e
r

5 26.3 26.7 26.1 26.4 26.2 26.1 26.2 26.7 26.5

10 24.5 24.5 24.6 24.5 24.8 25.1 24.8 24.5 25.1

15 23.8 23.4 23.6 23.7 23.7 23.8 24.0 23.9 24.1

20 23.4 23.4 23.4 23.1 23.3 23.3 23.0 23.0 23.6

50 22.2 22.2 22.2 22.2 22.4 22.2 22.4 22.8 23.2

2
L

a
y
e
rs

5 26.0 25.9 26.0 26.1 26.1 26.0 26.3 26.0 26.3

10 24.7 25.0 25.0 25.0 25.1 24.7 25.2 24.5 25.3

15 24.1 23.9 24.4 24.0 23.8 23.7 24.0 24.1 23.9

20 23.2 22.9 23.2 23.1 23.6 23.5 23.5 23.6 23.7

50 23.3 23.4 23.2 23.1 22.8 23.5 22.6 23.8 24.0

Table A.4: Percentage of test examples wrong - second pass of ANN - different values of
regularisation parameters (1 hidden layer, 15 units in hidden layer) - 4000 iterations

λ 0.005 0.01 0.015 0.02

% Wrong in test set 23.63 24.33 23.75 23.69

Table A.5: Percentage of test examples wrong - MVLR with different Gaussian filtering kernel
sizes - regularisation parameter of 0.01, 3rd degree features - 20000 iterations

Kernel Size - Input

0 1 2 3 4 5

K
e
rn

e
l

S
iz

e
-

O
u
tp

u
t

0 22.0 18.6 16.4 15.0 14.4 14.1

1 20.2 17.5 15.8 14.7 14.2 13.9

2 19.5 16.8 15.3 14.4 14.0 13.8

3 19.3 16.5 15.0 14.1 13.8 13.6

4 19.3 16.4 14.8 14.0 13.6 13.5

5 19.4 16.4 14.8 13.9 13.6 13.4
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Table A.6: Percentage of test examples wrong - ANN with different Gaussian filtering kernel
sizes - regularisation parameter of 0.02, 1 hidden layer, 15 hidden units - 4000 iterations

Kernel Size - Input

0 1 2 3 4 5

K
e
rn

e
l

S
iz

e
-

O
u
tp

u
t

0 23.5 21.1 19.5 18.6 18.0 17.5

1 21.7 19.9 18.8 18.2 17.8 17.3

2 21.0 19.3 18.3 17.9 17.5 17.2

3 20.7 18.9 18.0 17.5 17.3 16.9

4 20.6 18.7 17.7 17.2 17.0 16.7

5 20.7 18.7 17.5 17.0 16.9 16.6

Table A.7: Confusion matrix for MVLR model (land-use codes: 1 - forest, 2 - oil palm, 3 -
other agriculture, 4 - shrubs and bare land, 5 - urban, 6 - other)

Should be

1 2 3 4 5 6

Predicted

1 - 1474.6 2217.0 8721.7 - 536.6

2 532.4 - 264.1 954.2 - 104.6

3 130.9 20.0 - 201.2 - 72.1

4 4110.6 1302.2 1581.7 - - 479.2

5 - - - - - -

6 40.1 15.5 47.4 43.5 - -

Table A.8: Normalised confusion matrix for MVLR model (land-use codes: 1 - forest, 2 - oil
palm, 3 - other agriculture, 4 - shrubs and bare land, 5 - urban, 6 - other)

Should be

1 2 3 4 5 6

Predicted

1 - 0.037 0.065 0.122 - 0.024

2 0.013 - 0.021 0.037 - 0.013

3 0.004 0.002 - 0.009 - 0.010

4 0.057 0.050 0.070 - - 0.032

5 - - - - - -

6 0.002 0.002 0.007 0.003 - -
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Table A.9: Confusion matrix for ANN model (land-use codes: 1 - forest, 2 - oil palm, 3 -
other agriculture, 4 - shrubs and bare land, 5 - urban, 6 - other)

Should be

1 2 3 4 5 6

Predicted

1 - 2825.4 2885.8 11665.8 - 921.8

2 727.1 - 325.4 1314.2 - 104.6

3 114.7 2.2 - 178.0 - 74.7

4 5311.8 2181.0 2721.2 - - 1007.3

5 - - - - - -

6 35.0 22.9 55.8 44.4 - -

Table A.10: Normalised confusion matrix for ANN model (land-use codes: 1 - forest, 2 - oil
palm, 3 - other agriculture, 4 - shrubs and bare land, 5 - urban, 6 - other)

Should be

1 2 3 4 5 6

Predicted

1 - 0.071 0.084 0.163 - 0.041

2 0.018 - 0.026 0.050 - 0.013

3 0.003 0.000 - 0.008 - 0.010

4 0.074 0.084 0.120 - - 0.067

5 - - - - - -

6 0.002 0.003 0.008 0.003 - -
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Appendix B

Socio-hydrology & Risk: Explanation

of Di Baldassarre’s Model

The structure of this model is an amalgamation of work from Viglione et al. (2014) and Di

Baldassarre et al. (2015a). The hydrological forcing of the model is governed by a stochastic

formula (as Viglione et al. (2014)). High water levels are assumed to arrive according to a

Poisson process:

P (T ≤ t) = 1− e−t (B.1)

Computationally, the time between floods is simulated using a random value between 0 and

1, x. This is then put into the inverse of equation B.1:

t = tmean × log
(

1

1− x

)
(B.2)

When a high water level arrives, its height is also stochastically determined (as Viglione et al.

(2014)):

P (W ≤ w) = 1−
(

1− θ

1 + θ
w

)1/θ

(B.3)

Again, computationally this involves the generation of a number, y between 0 and 1, and

inserting this number into the inverse of the equation, i.e.:

w = Hmult

(
θ + 1

θ

)(
1− (1− y)θ

)
(B.4)
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A flood is said to occur (accounting for the channeling effect of any levee present) if levees

are overtopped, i.e. if:

w + ξHH > H (B.5)

The severity of this flood is then calculated :

F = 1− e
(
−w+ξHH

αH

)
(B.6)

Dependent on the characteristics of the society, levees may be developed after a flood, the

height on top of what exists is:

R = εT (w + ξHH −H) (B.7)

At all times, the dynamics of the system are governed by three differential equations. The

dirac delta comb, ∆(ψ(t)) is equal to zero at all times, except when a flood occurs (ψ(t) = 0),

at which point its value is infinity, and has an integral equal to 1.

dD

dt
= ρD(1−D(1 + αDM))−∆(ψ(t))FD (B.8)

dH

dt
= ∆(ψ(t))R− κTH (B.9)

dM

dt
= ∆(ψ(t))FD − µSM (B.10)
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