
 

 
1 

Water security, risk and economic growth: insights from a dynamical systems 1 

model 2 

Simon Dadson
1
, Jim W. Hall

2
, Dustin Garrick

2,3
, Claudia Sadoff

4
, David Grey

1 
and  3 

Dale Whittington
5,6,7

 4 

1 
School of Geography and the Environment, University of Oxford, South Parks Road, Oxford, OX1 5 

3QY. Email: simon.dadson@ouce.ox.ac.uk 6 

2 
Environmental Change Institute, University of Oxford, South Parks Road, Oxford, OX1 3QY, 7 

United Kingdom. 8 

3
 Department of Political Science & Walter G. Booth School of Engineering Practice, McMaster 9 

University, 1280 Main Street West, Hamilton, Ontario, L8S 4M4, Canada. 10 

4
 World Bank, 1818 H Street NW, Washington DC 20433. USA. 11 

5
 Department of Environmental Sciences and Engineering and Department of City and Regional 12 

Planning, University of North Carolina - Chapel Hill, Chapel Hill, North Carolina, USA. 13 

6
 Manchester Business School, University of Manchester, UK. 14 

7
 Lee Kuan Yew School of Public Policy, National University of Singapore. 15 

16 



 

 
2 

Abstract 17 

Investments in the physical infrastructure, human capital, and institutions needed for water 18 

resources management have been noteworthy in the development of most civilisations. These 19 

investments affect the economy in two distinct ways: (i) by improving the factor productivity of 20 

water in multiple economic sectors, especially those that are water intensive such as agriculture and 21 

energy; and (ii) by reducing acute and chronic harmful effects of water-related hazards like floods, 22 

droughts, and water-related diseases. The need for capital investment to mitigate risks and promote 23 

economic growth is widely acknowledged, but prior conceptual work on the relationship between 24 

water-related investments and economic growth has focused on the productive and harmful roles of 25 

water in the economy independently. Here the two influences are combined using a simple, 26 

dynamical systems model of water-related investment, risk, and growth. In cases where initial water 27 

security is low, initial investment in water-related assets enables growth. Without such investment, 28 

losses due to water-related hazards exert a drag on economic growth and may create a poverty trap. 29 

The presence and location of the poverty trap is context-specific and depends on the exposure of 30 

productive water-related assets to water-related risk. Exogenous changes in water-related risk can 31 

potentially push an economy away from a growth path towards a poverty trap. Our investigation 32 

shows that an inverted-U-shaped investment relation between the level of investment in water 33 

security and the current level of water security leads to faster rates of growth than the alternatives 34 

that we consider here, and that this relation is responsible for the ‘S’-curve that is posited in the 35 

literature. These results illustrate the importance of accounting for environmental and health risks in 36 

economic models and offer insights for the design of robust policies for investment in water-related 37 

productive assets to manage risk, in the face of environmental change. 38 

 39 

Index terms: 1880 (Water management); 4328 (Natural hazards: risk); 4336 (Natural hazards: 40 

economic impact of disasters); 4303 (Natural hazards: hydrology); 4430 (Complex systems). 41 

 42 
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1 Introduction 45 

Matching water availability and demand is amongst the most pressing environmental challenges in 46 

the twenty-first century [Rockstrom et al., 2009; Vörösmarty et al., 2010]. Environmental and 47 

economic constraints imposed by water scarcity can limit production and economic growth 48 

[Dasgupta, 2001; Sachs et al., 2004]. At the same time, water-related natural hazards (e.g., floods, 49 

droughts, and, water-related diseases) pose risks to systems of agricultural and industrial production 50 

and human well-being [Brown and Lall, 2006; Grey and Sadoff, 2007]. 51 

An adequate, reliable supply of water is only one amongst many factors of production, but it 52 

is a crucial input for the development of many sectors of an economy, especially agriculture and 53 

energy [Whittington et al., 2013]. In the United States, water-related infrastructure represents 54 

approximately 10–15 percent of total infrastructure capital [Munnell, 1992]. Earlier empirical 55 

studies that sought to quantify the contribution of capital investments in public infrastructure to 56 

economic growth encountered difficulties determining the direction of causality when using 57 

statistical regression to estimate reduced-form growth models [Gramlich, 1994; Munnell, 1992]. 58 

However, more recent work using structural growth models to account for the feedbacks between 59 

investment and growth in the wider economy has revealed more clearly the substantial contribution 60 

of infrastructure to growth in a dataset for 75 countries across a range of national incomes over the 61 

period 1965–1995 [Esfahani and Ramı́rez, 2003]. As progress is made toward water security, the 62 

ability of investments in water-related infrastructure to increase the factor productivity of water as 63 

an input in different sectors of the economy diminishes [Barbier, 2004]. 64 

At the same time the presence of water-related hazards has a detrimental effect of its own on 65 

economic growth. Depending on the value of assets at risk, and the ability of a country to invest in 66 

risk reduction, the primary objective of water-related investment may shift from directly increasing 67 

economic production to mitigating hazard-related losses. The mitigation of hazard-related losses 68 

increases human well-being directly and increases economic growth indirectly (for example through 69 

reduced water-related illnesses and increased labour productivity). The relationship between 70 

national wealth and vulnerability to natural hazards is complex and is linked to institutional and 71 

political processes as well as economic factors [Noy, 2009]. The number of human lives lost as a 72 

result of weather extremes has fallen dramatically over time in the United States and Europe 73 

[Kellenberg and Mobarak, 2011]; however financial losses have increased over the same period as 74 

a result of the increased value of property at risk [see Hallegate, 2012, for a review]. Investments in 75 

water-related infrastructure can alter the residual risk posed by water-related hazards and thus can 76 

create a dynamic interaction between investment, risk reduction and economic growth [cf. 77 

Hallegatte and Ghil, 2008; Sivapalan and Blöschl, 2015; Viglione et al., 2014]. 78 



 

 
4 

Two policy objectives emerge from this situation. First, there is a need to increase the upside 79 

potential associated with the availability of reliable water supplies of suitable quality for human 80 

consumption, agriculture, ecosystems, industry, and energy. Second, there is a need to reduce 81 

society’s exposure to water-related risks. From a hydrological point of view the availability of water 82 

and water-related extremes (especially those due to floods and droughts) are component parts of 83 

hydrological variability, and adaptations are required to address each of these components of 84 

variability in order to reduce the resultant losses to economy and to society. The challenge to 85 

harness the productive aspects of water in the economy while simultaneously mitigating water-86 

related losses leads to the idea of ‘water security’, which Grey and Sadoff [2007, p. 545] define as 87 

the “availability of an acceptable quantity and quality of water for health, livelihoods, ecosystems 88 

and production, coupled with an acceptable level of water-related risks to people, environments and 89 

economies”. This definition of water security therefore includes both a country’s natural, 90 

hydrological endowment and the changes in water security that human economic development may 91 

bring, which may be positive or negative. 92 

Several approaches have been adopted in the literature to model investments in water 93 

resources [Harou et al., 2009]. These models seek to integrate aspects of water resources systems 94 

with economic policies and outcomes at scales from household to multi-national. Approaches taken 95 

range from simulation of the impact of water-related losses on the economy [Jonkman et al., 2008] 96 

to models which seek to optimize profits from water use under different scenarios [Cai and Wang, 97 

2006]. 98 

The aim of this paper is to describe a conceptual model that accounts for the effect of 99 

investments on both (i) the increased productivity of water as an input to economic activities, and 100 

(ii) the reduction of losses arising from water-related risks. The purpose of presenting this 101 

conceptual model is to highlight the dual protective and productive nature of investments in the 102 

water sector and to examine the logical conclusions that arise from its assumptions. From these 103 

conclusions, we draw inferences that provide insights for decision-makers in the sector. Throughout 104 

the paper, discussions on investment in infrastructure encompass both the physical and institutional 105 

investments that are together needed to optimise outcomes. We define water investments to mean 106 

the financial funds required to both build, maintain, and operate water infrastructure (i.e., both 107 

capital and operational expenditures). 108 
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2 Model 109 

2.1 Water-related growth and risk 110 

Faced with the choice to allocate available capital to investment in water-related assets rather than 111 

to assets in other sectors, decisions should be made that simultaneously maximize the combined 112 

value of increased production due to water-related investments and of reduced water-related risks to 113 

the economy. Water-related capital comprises both natural capital necessary for the provision of 114 

‘ecosystem services’, physical capital in the built infrastructure, and social and human capital 115 

embedded within institutions and information systems used for water management [Dasgupta, 116 

2001]. We assume that if capital is invested in the water sector, the same capital will not be 117 

available for investment elsewhere during the same time period. Note that we do not assume that 118 

the right to allocate capital should be vested in one particular body, private or public; nor do we 119 

suppose that these decisions will necessarily take place in a coordinated manner. Rather, we assume 120 

that in pursuit of water security, it is rational for the nation to invest in water-related assets until the 121 

marginal cost of the investment is equal to the sum of (i) the marginal benefits to productive sectors 122 

of the economy, and (ii) the marginal benefits from reducing the risks of water-related hazards 123 

[Grey and Sadoff, 2007].  124 

Let K(t) be the total wealth at time t, and N(t) be the amount of this wealth K(t) allocated to 125 

water-related investments (Figure 1). We assume that growth occurs by capital accumulation and is 126 

proportional to the amount of capital already in existence. We focus in particular on the role of 127 

water security in growth. An amount of capital is allocated each year to investments that increase 128 

water security by both enhancing the productive capacity of the economy and reducing water-129 

related hazards. That allocation is determined as a fraction of the available capital, moderated by the 130 

current state of water security (i.e., the amount of K allocated to N is calculated as a function of 131 

water security), which may be different in different countries. Losses occur each year both to 132 

national wealth and to water-related infrastructure at rates that are themselves proportional to the 133 

level of water security achieved. We note that the high fixed costs and investments in some forms 134 

of physical water infrastructure can be lumpy, and can occur on a range of time-scales, as can 135 

water-related losses. We suppose however that discrete investments or losses become smoothed 136 

when aggregated nationally and so we treat time as continuous in the model. 137 
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  138 

Figure 1. Schematic flow diagram depicting the relation between water, risk, and growth. Grey 139 

shaded boxes represent stores, arrows represent fluxes between stores with the direction of the 140 

relation between store size and flux indicated. The box labeled “Expected Loss” is not a store but is 141 

a diagnostic measure that is derived from the level of exposure (related to wealth) and risk (related 142 

to water-related assets). Exogenous risks (e.g., due to hydroclimatic variability) are assumed to be 143 

fixed and are not shown.  144 

 145 

The relation between the two state variables, K and N, is shown graphically in Figure 1. The 146 

rate of change of K is given as: 147 

   
𝑑𝐾

𝑑𝑡
= 𝑟𝐾 (1 −

𝐾

𝐾0
)

𝑁

𝑁0
− 𝑠𝐾 − 𝑙e 𝐾 (1 −

𝑁

𝑁0
),   ( 1 ) 148 

where r is the rate of return on capital across the entire economy. The term s is the fraction of 149 

national wealth that is allocated to water-related investment at any given period in the model. At its 150 

simplest, s can be a constant; although in practice it is likely to be a function of the current state of 151 

water security, N/N0. We evaluate several possible forms of this function in Section 2.4 below, and 152 

consider their effects on the resulting dynamics of water security and growth. The parameter, le, 153 

represents the expected loss to national wealth resulting from water-related hazards (e.g., floods, 154 

droughts, water-related disease). This parameter combines exposure to hazard and vulnerability to 155 

loss should a hazard arise. 156 

The baseline parameters K0 and N0 represent, respectively, the level of wealth that would be 157 

possible in the absence of water-related constraints, and the level of investment in water-related 158 

assets required in order to be freed from water-related constraints. These terms limit what would 159 

otherwise be a process of exponential growth by supposing that there is a diminishing marginal 160 

return on water-related investment as growth is freed from its water constraint, and as a tolerable 161 

level of water-related risk is reached. The latter limit, N0, incorporates elements of climate risk 162 
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because the level of investment required to achieve water security depends on the natural 163 

endowment of the nation concerned. These parameters are assumed to change slowly relative to the 164 

rate of investment in water related assets and are therefore considered to be constant in any 165 

particular setting, but their values may change from one setting to another. They are not observable 166 

quantities, but serve to focus the analysis on the role of water in the economy while holding other 167 

factors constant. 168 

2.2 Water-related risk 169 

A second equation tracks the rate of change of N, the level of investment in water-related assets, 170 

including natural water-related assets: 171 

   
𝑑𝑁

𝑑𝑡
= 𝑠𝐾 − 𝑙w𝑁 (1 −

𝑁

𝑁0
),     ( 2 ) 172 

where lw is the fractional loss of water-related assets due to the effects of water-related risks. 173 

Equation 2 illustrates that the rate of investment in water-related infrastructure is proportional to a 174 

country’s wealth and that the rate of investment in water-related infrastructure diminishes as water 175 

security is achieved. Equation 2 incorporates the simultaneous reduction in the stock of water-176 

related assets caused by water-related damage to sector specific investments and natural assets. 177 

Hydrological variability, including extremes such as flood and drought but also seasonal and 178 

interannual variability, is an important driver of the loss terms le and lw. These terms represent 179 

losses to the economy in general as a result of water-related risks, and losses to water-related assets. 180 

It is through these loss terms that the negative economic effects of water-related risks are included 181 

in the model, and it is to be expected that these terms will vary from place to place depending on the 182 

hydroclimatic context. Where investments in water security have been made to mitigate the losses 183 

(i.e., as N approaches N0), the impact of these potential losses on national wealth decreases. 184 

We assume for simplicity that water related and non-water capital assets depreciate at the 185 

same rate, and that dK(t)/dt is net of depreciation. In practice, some water resources infrastructure 186 

assets have long economic lives, although some do not. To the extent that water-related assets 187 

depreciate at a slower rate than non-water related assets, in our model this would be manifest in a 188 

lower value of w. 189 

The distinction between le and lw is important in order to separate losses in the water sector 190 

from losses borne by the economy more generally. This separation permits discussion later of the 191 

resilience added to the system through the development of water infrastructure that reduces water-192 

related hazards, and which is itself resilient to water-related risk. Resilience of water-related assets 193 

may be characterised as the ability to return to their former state following a disturbance, and may 194 
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form an intrinsic feature of their engineering design. But resilience can also arise in systems which 195 

contain an (often institutional) adaptive capacity to maintain their function when faced with external 196 

perturbations [Gunderson, 2000]. Resilience may therefore also be achieved through the presence 197 

of strong institutions, or by financial means through the hedging of water-related risks using 198 

financial instruments such as insurance contracts and catastrophe bonds [von Dahlen and von Peter, 199 

2012; von Peter et al., 2012]. 200 

2.3 Non-dimensionalisation 201 

The following canonical scales are applied in order to render the system in Equations 1 and 2 202 

dimensionless:  = tr, = K/K0, = N/N0,  = s/r, e = le/r, w = lw/r, and =N0/K0. A detailed 203 

derivation of the non-dimensional equations is given in Supplementary Material. The scaling of 204 

time and the remaining rate parameters by the rate of return on water-related investment permits 205 

comparison between countries with different rates of return. Similarly the normalization of wealth 206 

and water-related investment by K0 and N0 respectively creates a set of equations in two new 207 

dimensionless variables,  and  which represent, respectively, country wealth relative to its 208 

potential wealth if unrestricted by water availability and the level of investment in water-related 209 

assets relative to the level that would be required in order to reach  = 1. The fraction of national 210 

wealth required to achieve water security, N0/K0 is defined as . The identification of the quantity 211 

with the level of water security results from the definition that water security is achieved when the 212 

next available unit of currency is invested elsewhere. Therefore when water security is low (N is 213 

low compared with N0), and as N approaches N0, approaches unity. 214 

The dimensionless equations are: 215 

   
𝑑𝛼

𝑑𝜏
= 𝛼[(1 − 𝛼)𝛽 − 𝜎 − 𝜆e(1 − 𝛽)], and    ( 3 ) 216 

   
𝑑𝛽

𝑑𝜏
=

𝜎

𝜙
𝛼 − 𝜆w𝛽(1 − 𝛽).      ( 4 ) 217 

The presentation of the system as dimensionless reduces the number of parameters to a minimum 218 

and frames the variables of interest in terms of a fractional contribution of investment in water-219 

related assets to national wealth. We note that K0 and N0 are not intended to be observable 220 

quantities; they represent idealised states in which water-related factors do not constrain 221 

productivity and in which water-related risks are tolerable. These quantities are assumed to change 222 

slowly relative to the rate of investment in water-related assets. They are used in the non-223 

dimensionalised model so that we can understand conceptually the dynamical interactions between 224 

water-related investment, risk, and growth. There are clearly many other factors that contribute to a 225 
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country’s wealth, but here we focus solely on the sensitivity of the economy to water security 226 

(including the possible situation in which the economy is not sensitive to water security). 227 

2.4 Investment in water-related assets 228 

The investment function  is a function of the level of water security, The function  is a critical 229 

component of the model. We compare and contrast three possible forms, the most plausible of 230 

which is that current investment is a parabolic function of the investment to-date in water-related 231 

assets (i.e., an inverted-U; Figure 2), such that: 232 

    𝜎 = 4𝜎𝑚𝑎𝑥𝛽(1 − 𝛽),     ( 5 ) 233 

where max is the peak rate of investment (see the Supplementary Information for the derivation of 234 

this equation). The justification for this functional form is that in the early stage of a country’s 235 

development an initially increasing fraction of national wealth is invested in water-related assets but 236 

that this fraction declines as water-related risks are reduced and water needs as a factor input to 237 

production are satisfied [cf. Grey and Sadoff, 2007]. Barbier [2004] also finds that the relation 238 

between growth and water utilization follows a concave-downwards (‘inverted U-shaped’) curve. 239 

At sub-optimal rates of water utilization, there remains an economic benefit from further investment 240 

in water-related infrastructure; above the optimal rate, such investment detracts from growth in the 241 

wider economy and results in diminished growth rates because capital is being poorly utilized in the 242 

water sector. 243 

We also consider the alternative cases, shown in Figure 2, that water-related investment increases 244 

(dashed line in Figure 2) and decreases (dotted line in Figure 2) with investment to-date. The former 245 

possibility implies a reduced priority for water-related investment during the early phase of 246 

development; the latter alternative implies an early prioritisation of water-related investment at the 247 

expense of other sectors of the economy. 248 

 249 
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 250 

Figure 2. Rate of new investment in water-related assets, , as a function of current level of 251 

investment in water-related assets, . Three possible functional forms are illustrated, including the 252 

parabolic inverted-U, and increasing and decreasing functions for comparison.  253 

 254 

3 Results 255 

3.1 Stability and stationary points 256 

The non-linear system represented by Equations 3 and 4 has a stationary point at  = 0, = 0. This 257 

first stationary point represents a low-level equilibrium (i.e., a poverty trap) in which the absence of 258 

water-related investment prevents the economy from growing and the presence of destructive, 259 

unmitigated water-related risks continually strike the economy with disaster-related losses [cf. 260 

Dasgupta, 2001; Sachs et al., 2004]. 261 

The direction field associated with the coupled model is shown in Figure 3. The upper right 262 

location in Figure 3 in the model’s phase space contains a stationary point (at = 1, = 1) 263 

providing that 𝜎 = 0 when = 1. Note that Figure 3 is based on the inverted-U investment relation. 264 

In this situation, the upper equilibrium (= 1, = 1) is the point at which water-related investment 265 

reaches the level required to prevent water-related constraints on growth and to ensure a tolerable 266 

level of water-related risk. The growth trajectory towards this point is in most cases S-shaped, with 267 

an initially-rapid rate of increase diminishing as growth proceeds. This system behaviour results 268 

from the diminishing marginal productivity of water-related investments assumed in the model. In 269 

this part of the model’s phase space, growth is sufficiently rapid to provide capital for water-related 270 

investment at a sustainable rate, and water-related investments are able to sufficiently protect the 271 

economy from debilitating losses from water-related risks. As wealth increases, the value of wealth 272 
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at risk increases in real terms [cf. Hallegate, 2012; Kellenberg and Mobarak, 2011], but the 273 

increase in wealth due to the growth in the wider economy is more than sufficient to cope with 274 

these water-related losses. In cases where 𝜎(1) > 0, the point (= 1, = 1) investment continues 275 

beyond the point at which water security is achieved. 276 

 277 

Figure 3. Direction field for the system represented in Equations 3 and 4. The variables  and  are 278 

defined in Section 2.3. Arrows indicate the direction of the rate of change points in the domain. The 279 

colour of the arrow indicates the total magnitude of the rate of change (red = rapid; blue = slow). 280 

Bold blue lines with large arrows represent the convergent trajectories (solid) and the separatrix 281 

(dashed). The unstable saddle point is marked with an ‘S’; markers labelled ‘a’ to ‘d’ are referred to 282 

in the text. Other parameters used to create this plot are =0.25; =0.25; =0.5. 283 

The two sets of trajectories discussed above are separated by a saddle point (or tipping point). 284 

Trajectories that begin above the separatrix indicated in Figure 3 converge upon a pathway of 285 

growth. The pathway to growth is context specific: different trajectories in the model phase space 286 

experience different combinations of water-related and non-water-related investment in order to 287 

drive growth. By contrast, trajectories that begin below the separatrix, which have neither sufficient 288 

investment nor a benign hydrological endowment, cannot sustain growth. Such instances experience 289 

rapid depletion of natural or financial resources, and independent, self-sustaining growth cannot be 290 

achieved. Without external investment, situations below the separatrix are drawn towards the 291 

poverty trap. 292 
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3.2 Trajectories for growth: water-constrained and investment-constrained pathways 293 

Any point on Figure 3 will experience a trajectory of growth or decline which depends on its initial 294 

position (its ‘water endowment’ and its ‘wealth endowment’) and the context-dependent values of 295 

the function  and the two parameters e andw To explore these possibilities more fully, and 296 

to establish test cases for comparison with empirical data, numerical solutions to the non-linear 297 

system are presented for a series of different initial conditions (Figure 4). 298 

3.2.1 Initial condition (a) 299 

The prognosis for a country that begins at initial condition (a) in Figure 3 is shown in Figure 300 

4a. This initial situation reflects moderate wealth and only moderate water endowment. There is 301 

sufficient national wealth that water-related investments are possible. These investments come at 302 

the expense of investment in other sectors of the economy and initially they are a drag on economic 303 

growth but without them further growth is hard to sustain. Once the initial investment is made, the 304 

amount of additional money required to mitigate water-related risk is still significant but can be 305 

obtained from the proceeds of growth in the wider economy, either through public or private 306 

investment or both. In practice, reductions in water use often coincide with economic growth, 307 

providing that appropriate investment in technology, infrastructure and institutions (broadly 308 

conceived) permits increased productivity [Randall, 1981]. 309 

The Colorado River offers an example of the trajectory described above. The region was 310 

characterized by both moderate wealth and a modest water endowment in 1902 when the Newlands 311 

Reclamation Act made irrigation a development priority for the Western USA.  The river, whose 312 

hydrology was dominated by spring snowmelt, was surveyed by expeditions in the 1860s and early 313 

1900s [La Rue, 1916; Powell et al., 1879]. The results showed both irrigation and hydropower 314 

development opportunities. Private capital provided the first wave of investment in the Imperial 315 

Valley of Southern California in the late 1800s and early 1900s. Floods in 1905 overwhelmed the 316 

canals and spilled into the Salton Sea, demonstrating the downside risks of unmitigated hydro-317 

climatic variability, and prompting farmers to petition the federal government for capital infusions 318 

to construct reservoirs and irrigation canals [National Research Councils, 2007]. 319 

 320 
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 321 

Figure 4. Trajectories for typical countries. Numerical solutions were obtained using the Livermore 322 

Solver for Ordinary Differential Equations [LSODE; Hindmarsh, 1983], which automatically 323 

switches between predictor-corrector and backward differentiation methods according to the 324 

numerical properties of the problem being solved. Lines indicate dimensionless country wealth () 325 

and dimensionless water security () in upper and lower plots respectively. Solid lines use inverted-326 

U relation for the function  whereas dotted and dashed lines use decreasing and increasing  327 

relation respectively. Parameter values as in Figure 3. 328 

 329 

The Bureau of Reclamation, a federal agency in the USA, has since constructed more than 330 

180 projects, supporting 31 million people across 17 states in the Western US, at a cost over $20 331 

billion. These costs have been borne primarily by taxpayers throughout the United States [GAO, 332 

2014]. These investments have created significant reservoir storage capacity on the river that has 333 

buffered climate variability and reduced the risks of shortages in the lower basin. This has enabled 334 

the development of 4.5 million acres of irrigation, hydropower generation, and the growth of major 335 

cities and economic activity in Denver, Los Angeles and Phoenix [US Bureau of Reclamation, 336 

2012]. These water-related investments have been combined with a system of urban and rural 337 

infrastructure (e.g., roads) to foster regional economic growth. 338 
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This deployment of financial capital to enhance water security has also come with a 339 

significant cost to environmental systems and natural capital. Upstream dams and diversions have 340 

reduced the Colorado Delta in Mexico to less than 10% of its historic area, leading to bi-national 341 

investments between the US and Mexico to restore flows and habitat. Climate change and 342 

competition for water have required on-going investments in infrastructure, information and 343 

institutions to sustain growth [US Bureau of Reclamation, 2012]. Whilst it is neither possible nor 344 

desirable to predict the potential future wealth of nations using our model, comparison of outcomes 345 

depicted in Figure 4a it does indicate that had the investment rule been different (i.e., had the initial 346 

rate of investment in water-related assets been slower), the rate of economic growth in situations 347 

analogous to initial condition (a) might have been lower than observed. 348 

3.2.2 Initial condition (b) 349 

The situation for a country that begins at initial condition (b) in Figure 3 is shown in Figure 350 

4b. Here, the level of water-related investment is identical to the situation in (a), perhaps owing to a 351 

similar level of unmitigated hydro-climatic variability or to absolute water scarcity. However, the 352 

level of initial wealth is much lower. In this case the lack of wealth seriously constrains mitigation 353 

of water-related losses and, after a period of stagnation, the economy is drawn into the poverty trap. 354 

Such an example trajectory is rarely seen in reality: these are locations with extreme water scarcity 355 

and variability, where large-scale commercial agriculture is unlikely ever to have been viable. 356 

Under these conditions, growth is restricted by the presence of a poverty trap, and infrastructure 357 

investment is constrained by a lack of wealth so only an exogenous injection of wealth (e.g., 358 

through foreign investment or the discovery of mineral resources) can shift the economy to a 359 

growth trajectory. 360 

3.2.3 Initial condition (c) 361 

The trajectory followed by a country that begins at initial condition (c) in Figure 3 is shown in 362 

Figure 4c. This initial condition, in which both the initial water endowment and wealth are low, 363 

represents the most perilous case. With vulnerable water resources and only modest wealth, an 364 

initial phase of investment increases factor productivity and reduces losses from water-related risks 365 

but this investment depletes wealth to the point where growth is insufficient to compensate for the 366 

continued losses due to unmitigated water-related risks. 367 

The portion of the Indus River Basin located in Pakistan provides an example of this pathway. 368 

Characterized by significant poverty, a low water endowment, and high water-related risks, 369 

Pakistan is a lower-middle income nation, with $1,360 per capita GNI, but with 30% of the national 370 

population below the national poverty line [2013 data; World Development Indicators, 2015]. The 371 
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Indus Basin Irrigation System (IBIS) is the largest contiguous irrigation system in the world, with 372 

canals totaling over 60,000 km in length used to irrigate up to 16.45 million hectares. Irrigation 373 

contributes 22% of Pakistan’s GDP, employs 54% of its labour force, and generates 70% of its 374 

export earnings [Yu et al., 2013]. However, between 1951 and 2016, population growth and 375 

reservoir sedimentation caused per capita water stocks to decline from 5,260 to 1,032 m
3
 per 376 

person, a figure that is among the lowest in the world. Only 10% of Pakistan’s hydropower capacity 377 

has been developed, despite severe power load-shedding and blackouts in both urban and rural 378 

areas. 379 

Geopolitical factors exert an important influence, as Pakistan is entirely dependent on Indus 380 

Basin waters, with water security an ‘existential challenge’ [Briscoe, 2010]. Independence and the 381 

Partition of India in 1947 resulted in 90% of the Basin’s irrigable lands being in downstream 382 

Pakistan. On the other hand, the Basin’s existing and potential hydropower facilities are in the 383 

headwaters, located mostly (but not only) in upstream India. The 1960 Indus Waters Treaty (IWT) 384 

allocated the flows of the three eastern Basin tributaries – the Ravi, Beas, and Sutlej – to India and 385 

the flows of the three western tributaries – the Indus, Jhelum and Chenab – to Pakistan, allowing 386 

hydropower development and minor diversions in India. India contributed to the financing of the 387 

‘replacement works’ Pakistan needed to divert flows from the western rivers to the areas formerly 388 

irrigated by the eastern rivers. 389 

In the Pakistan Indus, long-standing water-related risks include high rainfall and runoff 390 

variability (with frequent floods and droughts), dependence on upstream snowmelt for a significant 391 

proportion of Indus flows, inadequate sanitation, and soil salinity. Settlements in the extensive 392 

floodplains have suffered many severe floods, including in 1953, 1973, 1975, and 2010. The 2010 393 

Pakistan floods affected 20 million people and caused an estimated 2,500 deaths, two million 394 

hectares of lost crops, and a 6% reduction in national GDP [Ali, 2013]. Rising groundwater levels 395 

due to inadequate irrigation management have caused salinity and waterlogging across large areas 396 

of the Indus floodplain, reducing crop yields. These risks and opportunities have prompted on-going 397 

efforts to increase agricultural productivity, manage floods, build infrastructure for energy 398 

production, and adapt to the impacts of climate change on water availability and variability. 399 

After a half century of relative stability, the IWT has come under strain as both countries 400 

intensify basin development to meet the growing demand for irrigation and power. Pakistan has 401 

recently given high priority to managing perceived geopolitical risks to its Indus water resources, 402 

invoking the IWT to address concerns over two recent hydropower projects upstream in India: a 403 

‘difference’ in the Baglihar case on the Chenab river, with a verdict by a ‘neutral expert’ in 2007; 404 

and a ‘dispute’ in the Kishenganga case on the Jhelum river, with a ruling by the Court of 405 
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Arbitration in 2013. India is planning many hydropower projects on the rivers allocated to Pakistan, 406 

which Pakistan views as seriously threatening its water security. These water security risks could be 407 

overcome if the Indus again became a catalyst for international cooperation between India and 408 

Pakistan [Briscoe, 2010]. The situation in the Indus Basin therefore underscores the importance of 409 

investment in both institutional and physical assets needed to optimise outcomes. 410 

3.2.4 Initial condition (d) 411 

The situation for a country that begins at initial condition (d) in Figure 3 is shown in Figure 4d. 412 

This initial state complements (a) in the sense that its trajectory is one of growth, but the starting 413 

point is one of relatively low water-related risk, yet little wealth. Such a system might be typical of 414 

the eastern United States in the mid-nineteenth century, or of a north-western European country in 415 

the mid-eighteenth century. During the initial phases of growth, the reduction of water-related risks 416 

is not a priority; the economy can grow without constraints imposed by water scarcity or water-417 

related risks. The economy is not encumbered by the need to invest heavily in water-related 418 

infrastructure and can instead allocate more capital to opportunities in other sectors. The lower level 419 

of investment in water-related infrastructure that is needed can be made from the proceeds of 420 

growth, providing that the losses from water-related risks are not so severe that they drag the 421 

growth trajectory across the separatrix towards the poverty trap. 422 

The Rhine exemplifies this situation during its sustained development path. The pathway to 423 

water security in the Rhine can be traced back to land reclamation of the Rhine-Meuse delta starting 424 

800–1100 AD. The reclaimed land was highly productive, population increased and cities 425 

developed, protected by embankments from flooding. The industrial revolution in the 19
th

 Century 426 

and the subsequent period of intensive demographic and economic development led to new waves 427 

of development in the basin, accompanied by increased vulnerability to flooding [Cioc, 2002]. 428 

Industrial activities in the Ruhr area in Germany increased the need for water transport and, as ships 429 

grew in size, long stretches of the Rhine were modified and even canalized, resulting in narrower 430 

and deeper channels. Hydropower was developed to power industry. The subsequent emergence of 431 

systemic risks increasingly required international cooperation. Water quality became an issue in the 432 

wake of rapid industrial development in the Rhine basin after the Second World War. The severe 433 

floods of 1993 and 1995 demonstrated the importance of extreme weather events and climate 434 

change as a serious risk to the region’s continued growth, requiring both traditional and ecological 435 

infrastructure. A new approach has been developed in the Netherlands where water security risks 436 

are potentially existential, using vulnerability analysis to define Adaptation Tipping Points (ATP) to 437 

indicate whether current water management strategies will continue to be effective under different 438 
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climate change scenarios [Haasnoot et al., 2013]. Initial investments favoured navigation to 439 

facilitate industrial activity; the income generated by these investments – both water-related and 440 

non-water related – eventually provided the wealth to address the industrial pollution generated by 441 

this growth. 442 

3.3 Sensitivity to investment relation 443 

While the broad behaviour in the model is similar for each of the investment relations presented in 444 

Figure 2, the detailed trajectories and the rate at which water security is achieved differ 445 

considerably. The adoption of an inverted-U relation, in which investment is greatest in the mid-446 

stages of development, leads to rapid growth in both water security and the broader economy that 447 

outpaces the trajectory followed under either of the alternative increasing and decreasing 448 

investment relations. Our findings for initial conditions (b) and (c) – in which a low-level 449 

equilibrium is attained – confirm that, in situations with poor initial water endowment, strategies 450 

without early investment in water-related infrastructure can result in accelerated economic decline 451 

(Figure 4b,c).  452 

We note also that the S-curve postulated by Grey and Sadoff [2007] arises in the model only 453 

for growth scenarios typified by initial conditions (a) and (d) in Figure 3 and that, moreover, it is 454 

present only when the inverted-U investment relation is adopted. This finding suggests that the 455 

presence of an S-curve for water is a result of the assumption of an inverted-U investment relation 456 

rather than a feature inherent to the dynamics of water security and growth. We find that, in the 457 

model, the adoption of an inverted-U investment relation leads to the most rapid rates of growth 458 

away from the poverty trap, and reduces the rate of decline in economies that are heading towards 459 

the low-level equilibrium. Whilst our analysis cannot remove the need for careful appraisal of 460 

individual investments in water-related assets, it does illuminate the specific connection between 461 

the investment relation pursued and the type of growth that might be expected to result. 462 

4 Discussion 463 

4.1 Understanding the dynamics of water’s poverty trap 464 

The presence of a tipping point in the system (marked in Figure 3) has been described as a low-465 

level equilibrium trap, or a poverty trap, in the literature on water security [Grey and Sadoff, 2007; 466 

World Bank Water Demand Research Team, 1993] and other literatures linking environment and 467 

economics refer to similar behaviour [Bonds et al., 2010; Dasgupta, 2001]. A key debate within 468 

development economics concerns the prevalence or likelihood of poverty traps in reality, although 469 

we note that the majority of work to date has concerned poverty traps at the household rather than at 470 
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the macroeconomic level [Dasgupta, 2001; Sachs, 2005]. Our model shows that although a poverty 471 

trap forms an inevitable part of the dynamics of the system represented by Equations 3 and 4, the 472 

presence or absence of a poverty trap in Figure 3 is critically dependent on the individual country’s 473 

context. 474 

In our model, the location of the tipping point is sensitive to the values of the four parameters, 475 

, max, e and w/e. The sensitivity of the tipping point location to the parameter  is intuitively 476 

straightforward (shown in Figure 5a): the greater the investment required to achieve water security, 477 

the larger the fraction of the model phase space occupied by situations that lead towards a poverty 478 

trap. The value of  might change as a result of exogenous changes in hydro-climatic variability, 479 

but it may also be reduced through technological innovations that reduce the cost of water security 480 

provision. 481 

 482 

Figure 5  Sensitivity of saddle point location to model parameters. Each figure marks the location of 483 

the saddle point: (a) sensitivity of saddle point location to variations in the parameter  over the 484 

range 0–1; (b) sensitivity to max over the range 0.05–0.2; the filled squares, circles, and triangles 485 

show the saddle point location for values of  fixed at 0.5, 0.3, and 0.2, respectively; (c,d) 486 

sensitivity to e and w/e respectively; symbols as (b). 487 

 488 

The parameter max exerts a strong control on the location of the tipping point. When 489 

investment in water security is high, the tipping point moves lower in the phase space indicating 490 
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that a poverty trap is less likely (Figure 5b). It is notable that the effect of varying this parameter 491 

depends itself on the value of : the greater the required investment the more sensitive is the 492 

model’s response to altering max. 493 

Reducing the losses to the economy caused by water-related hazards (e) lowers the 494 

likelihood of seeing a poverty trap (Figure 5c). Moreover, the location of the tipping point is also 495 

sensitive to the ratio w/e (Figure 5d), which describes the relative resilience of water-related 496 

investments compared with risks faced by capital in the wider economy. Although low values of , 497 

max, e, and w/e do not eliminate the poverty trap completely, they may move it to a location in 498 

the phase space where it can safely be ignored. We note in particular that the dependence of the 499 

location of the poverty trap on w/e is not an obvious consequence of the model formulation, but it 500 

is intuitively plausible. This finding suggests that investment in protecting productive water 501 

infrastructure from natural hazards, or investing in the first place in water-related infrastructure that 502 

is resilient to natural hazards, may pay disproportionately high dividends. In practice such physical 503 

investments may also require institutional adaptive capacity through the use of insurance and 504 

reinsurance contracts and catastrophe bonds to distribute risks among groups large enough to bear 505 

significant inter-annual losses. These results may argue for expediting the rehabilitation of water-506 

related assets following damage by natural hazards to provide a more robust infrastructure and 507 

institutional platform to promote economic growth [cf. Noy, 2009]. 508 

4.2 Response to external drivers and policy interventions 509 

Although the trajectories considered in Section 3.2 were permitted to evolve freely through time 510 

given a prescribed initial condition, it is instructive also to consider the effect of planned and 511 

unplanned interventions in the model state variables. Such disturbances include climate change, 512 

which may lead to an exogenous change in water availability or a change in variability or 513 

predictability of runoff. Such a change would correspond to a reduction in the value of , leading to 514 

a requirement for greater investment to maintain the same level of risk and, in some cases, moving 515 

the system closer to the poverty trap in Figure 3. It is particularly important to pay close attention to 516 

climate change adaptation measures in those countries that lie closest to the water-related poverty 517 

trap.  518 

An increase in water demand (without a corresponding increase in supply) might likely have 519 

a similar effect on . In circumstances where water demand were to rise due to a decline in 520 

infrastructure, leakage or inefficiency it is likely that this would draw the growth trajectory 521 

downwards. However, if demand were to increase as a result of economically-productive growth 522 
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the additional wealth generated would have a countervailing effect. By contrast, a technology- or 523 

policy-driven reduction in water demand would lead to an exogenous increase in , and move the 524 

country away from the poverty trap. 525 

We note that it is also possible to experience exogenous shifts in GDP due, for example, to 526 

the onset of war or the discovery of valuable natural resources. Wars may cause otherwise water-527 

secure countries to descend into water insecurity; the discovery of natural resources may increase 528 

access to external capital and may permit increased water-related investments, which could place 529 

the country on a trajectory of growth. Whether such growth can be sustained depends on the amount 530 

of external capital available relative to the cost of the necessary investment in water-related 531 

infrastructure. Some trajectories could require a substantial initial commitment of national wealth to 532 

the goal of reducing water-related risks before returns to productivity materialize. Historical studies 533 

from the Netherlands, the United Kingdom, and Germany have documented the substantial public 534 

investment in water-related infrastructure in the early nineteenth century, which was stimulated by 535 

both the requirements of private industries for water and power, and a pressing need to improve 536 

public health [Brown, 1988; Geels, 2005; 2006; Groote et al., 1999; Hassan, 1985]. 537 

It is important to consider the optimal route away from the poverty trap in Figure 3. The 538 

fastest route away from the poverty trap is on a trajectory perpendicular to the separatrix, in which 539 

investments in water-related assets are combined with investments in other sectors to stimulate 540 

broader economic growth. In other words, water-related investment on its own is not the optimal 541 

route to growth as there will almost always be other productive investment opportunities elsewhere 542 

in the economy that will be more or less exposed to water-related risks depending on the differing 543 

industrial mix in each country. Nonetheless, growth without adequate provision for sustainable 544 

water resources management will leave a fragile economy vulnerable to water-related risks. Policy 545 

interventions that stand the greatest chance of success include a combination of broad-based 546 

measures to simulate growth in national wealth and directed investments in water security 547 

(infrastructure, institutions and information systems). Indeed such a combination is more likely to 548 

stimulate sustained growth than either form of intervention alone. 549 

4.3 Relevance for decision-makers 550 

The combination of productive returns and mitigated water-related risk justifies prioritized 551 

investment in water-related assets in relation to investments that do not achieve these benefits. First, 552 

such assets bring productivity benefits to individuals, communities and private enterprise. Second, 553 

the model highlights the risk reduction brought about by investments in water-related infrastructure 554 

assets and the resulting reduction in losses due to natural hazards and disease. Our model begins 555 
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with these assumptions and offers a number of insights for decision-makers about the design of an 556 

optimal investment program in water security. The model supports the intuitive notion that there are 557 

conditions in which investments in water-related infrastructure can accelerate economic growth, 558 

and that it is necessary to invest more in an economy subject to greater water-related risks. In the 559 

face of continued water-related losses, ongoing investment is necessary to maintain the asset base 560 

because it remains exposed to water-related hazards. 561 

Guided by these findings, a well-designed program of investment in water-related assets should 562 

maximize the difference between the sum of productivity gains and benefits from reductions in 563 

water-related risk and the costs of the investments. Two examples of productive multipurpose 564 

investments are (i) municipal piped distribution systems that provide improved water supplies for 565 

industry and health benefits to households and (ii) reservoirs that generate hydropower, provide 566 

water for irrigation, and protect against flood risks. Investments in risk reduction include improved 567 

household sanitation and wastewater treatment. Physical investments must always be accompanied 568 

by investments in human capital and institutions needed to manage assets and allocate water to 569 

different users. The clearest metric of water-related risk is given by e and w, the fraction of 570 

growth which is lost per year due to water-related losses. Countries at greatest risk of experiencing 571 

a water-related poverty trap will be those with high values of e and w. This is particularly the case 572 

where the investment required to achieve water security, , is high (i.e., water resources per capita 573 

are low or unpredictably variable), and where investment per capita in mitigating water-related risks 574 

is insufficient to counteract these drags on growth. Special attention should be paid to the resilience 575 

of water-related investments in the face of increasing hydro-climatic risk, to enable opportunities 576 

elsewhere in the economy to flourish with added resilience to external shocks. 577 

5 Conclusion 578 

In this paper we have presented a dynamical systems model that illustrates the link between national 579 

wealth, water-related productivity and losses from water-related hazards. The model consists of two 580 

coupled non-linear differential equations that track country wealth and investment in water-related 581 

capital respectively. The model reveals that wealthy countries that have limited water-related 582 

constraints can experience growth that is unconstrained by hydrology with relatively low 583 

investments in water-related infrastructure. By contrast, countries that have more challenging 584 

hydrological conditions can experience many pathways to growth, but trajectories with sustainable 585 

growth typically require a significant fraction of national wealth to be invested in infrastructure and 586 

institutions to increase the productivity of water as a factor input to other sectors of the economy 587 

and to reduce water-related risks. Whether investment in growth is sustainable in the face of water-588 
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related risk is context dependent and differs according to social and environmental factors. 589 

Countries that lack wealth and are confronted with poor water endowments and extreme 590 

hydrological variability are most likely to descend into a low-level equilibrium or poverty trap, the 591 

location of which is controlled by context-specific social and environmental factors. The model 592 

reveals that the location of the poverty trap also depends on the resilience of productive assets to 593 

hazard-related loss. We believe that these findings provide important insights for the design of 594 

robust policies for investment in water-related productive assets and risk management. 595 

 596 

Acknowledgements 597 

This work was funded through the Global Water Partnership Task Force on Water Security and 598 

Sustainable Growth. SD acknowledges funding from the UK Natural Environment Research 599 

Council under grants NE/K002309/1 and NE/I01277X/2. JH acknowledges funding from the 600 

Oxford Martin Programme on Resource Stewardship. DGar acknowledges funding from the 601 

Canadian Social Science and Humanities Research Council, Grant # 430-2014-00785. We 602 

gratefully acknowledge the constructive comments of the Associate Editor and three anonymous 603 

reviewers. This paper contains no new datasets and all model results can be reproduced using the 604 

equations given in the text. 605 

 606 

References 607 

Ali, A. (2013), Indus Basin floods: mechanisms, impacts, and management., Asian Development 608 

Bank, Manila. 609 

Barbier, E. B. (2004), Water and economic growth, The Economic Record, 80(248), 1-16. 610 

Bonds, M. H., D. C. Keenan, P. Rohani, and J. D. Sachs (2010), Poverty trap formed by the ecology 611 

of infectious diseases, Proceedings of the Royal Society B: Biological Sciences, 277(1685), 1185-612 

1192. 613 

Briscoe, J. (2010), Troubled Waters: Can a Bridge Be Built over the Indus?, Economic and Political 614 

Weekly, 45(50), 28-32. 615 



 

 
23 

Brown (1988), Coping with crisis? The diffusion of waterworks in late nineteenth-century German 616 

towns, The Journal of Economic History, XLVIII(2), 307-318. 617 

Brown, and U. Lall (2006), Water and economic development: The role of variability and a 618 

framework for resilience, Natural Resources Forum, 30, 306-317. 619 

Cai, X., and D. Wang (2006), Calibrating Holistic Water Resources-Economic Models, Journal of 620 

Water Resources Planning and Management, 132(6), 414-423. 621 

Cioc, M. (2002), The Rhine: An Eco-biography, 1815-2000, University of Washington Press. 622 

Dasgupta, P. S. (2001), Human Well-Being and the Natural Environment, 351 pp., Oxford 623 

University Press, Oxford. 624 

Esfahani, H. S., and M. T. Ramı́rez (2003), Institutions, infrastructure, and economic growth, 625 

Journal of Development Economics, 70(2), 443-477. 626 

GAO (2014), Bureau of Reclamation: Availability of Information on Repayment of Water Project 627 

Construction Costs Could be Better Promoted, US Government Accountability Office, Washington, 628 

DC. 629 

Geels, F. W. (2005), Co-evolution of technology and society: The transition in water supply and 630 

personal hygiene in the Netherlands (1850–1930)—a case study in multi-level perspective., 631 

Technology in Society, 27(3), 363-397. 632 

Geels, F. W. (2006), The hygienic transition from cesspools to sewer systems (1840-1930): The 633 

dynamics of regime transformation., Research Policy, 35(7), 1069-1082. 634 

Gramlich, E. M. (1994), Infrastructure investment: a review essay, Journal of Economic Literature, 635 

32(3), 1176-1196. 636 



 

 
24 

Grey, D., and C. W. Sadoff (2007), Sink or swim? Water security for growth and development, 637 

Water Policy, 9, 545-571. 638 

Groote, P., J. Jacobs, and J. E. Sturm (1999), Infrastructure and economic development in the 639 

Netherlands, 1853-1913, European Review of Economic History, 3(2), 233-251. 640 

Gunderson, L. H. (2000), Ecological resilience - in theory and application, Annual Reviews of 641 

Ecology and Systematics, 31, 425-439. 642 

Haasnoot, M., J. H. Kwakkel, W. E. Walker, and J. ter Maat (2013), Dynamic adaptive policy 643 

pathways: a method for crafting robust decisions for a deeply uncertain world, Global 644 

Environmental Change, 23(2), 485-498. 645 

Hallegate, S. (2012), An Exploration of the Link between Development, Economic Growth and 646 

Natural Risk, World Bank, Washington, DC. 647 

Hallegatte, S., and M. Ghil (2008), Natural disasters impacting a macroeconomic model with 648 

endogenous dynamics, Ecological Economics, 68(1-2), 582-592. 649 

Harou, J. J., M. Pulido-Velazquez, D. E. Rosenberg, J. Medellín-Azuara, J. R. Lund, and R. E. 650 

Howitt (2009), Hydro-economic models: Concepts, design, applications, and future prospects, 651 

Journal of Hydrology, 375(3–4), 627-643. 652 

Hassan, J. A. (1985), The growth and impact of the British water industry in the nineteenth century, 653 

The Economic History Review, 38(4), 531-547. 654 

Hindmarsh, A. C. (1983), ODEPACK, A systematized collection of ODE solvers, in Scientific 655 

Computing: IMACS Transactions on Scientific Computation, edited by R. S. Stepleman, pp. 55-64, 656 

North-Holland, Amsterdam. 657 



 

 
25 

Jonkman, S. N., M. Bočkarjova, M. Kok, and P. Bernardini (2008), Integrated hydrodynamic and 658 

economic modelling of flood damage in the Netherlands, Ecological Economics, 66(1), 77-90. 659 

Kellenberg, D., and A. M. Mobarak (2011), The economics of natural disasters, Annual Review of 660 

Resource Economics, 3(1), 297-312. 661 

La Rue, E. C. (1916), Colorado River and its Utilization, US Government Printing Office, 662 

Washington, DC. 663 

Munnell, A. H. (1992), Infrastructure, Investment and Economic Growth, Journal of Economic 664 

Perspectives, 6(4), 189-198. 665 

National Research Councils (2007), Colorado River Basin Water Management: Evaluating and 666 

Adjusting to Hydroclimatic Variability, The National Academies Press, Washington DC. 667 

Noy, I. (2009), The macroeconomic consequences of disasters, Journal of Development Economics, 668 

88(2), 221-231. 669 

Powell, J. W., G. K. Gilbert, C. E. Dutton, W. Drummond, and A. H. Thompson (1879), Report on 670 

the Lands of the Arid Region of the United States: With a More Detailed Account of the Lands of 671 

Utah. With Maps, Government Printing Office, Washington DC. 672 

Randall, A. (1981), Property entitlements and pricing policies for a maturing water economy, The 673 

Australian Journal of Agricultural Economics, 25(3), 195-220. 674 

Rockstrom, J., et al. (2009), A safe operating space for humanity, Nature, 461(7263), 472-475. 675 

Sachs, J. D. (2005), End of Poverty: Economic Possibilities of our Time, Penguin, London. 676 

Sachs, J. D., J. W. McArthur, G. Schmidt-Traub, M. Kruk, C. Badahur, M. Faye, and G. McCord 677 

(2004), Ending Africa's Poverty Trap, Brookings Papers on Economic Activity, 1, 1-240. 678 



 

 
26 

Sivapalan, M., and G. Blöschl (2015), Time scale interactions and the coevolution of humans and 679 

water, Water Resources Research, 51(9), 6988-7022. 680 

US Bureau of Reclamation (2012), Colorado River Basin Water Supply and Demand Study. 681 

Viglione, A., G. Di Baldassarre, L. Brandimarte, L. Kuil, G. Carr, J. L. Salinas, A. Scolobig, and G. 682 

Blöschl (2014), Insights from socio-hydrology modelling on dealing with flood risk – Roles of 683 

collective memory, risk-taking attitude and trust, Journal of Hydrology, 518, Part A, 71-82. 684 

von Dahlen, S., and G. von Peter (2012), Natural catastrophe and global reinsurance - exploring the 685 

linkages, BIS Quarterly Review, Dec, 23-35. 686 

von Peter, G., S. von Dahlen, and S. Saxena (2012), Unmitigated disasters? New evidence on the 687 

macroeconomic cost of natural catastrophes, BIS Working Papers, 394, 1-38. 688 

Vörösmarty, C. J., et al. (2010), Global threats to human water security and river biodiversity, 689 

Nature, 467, 555-561. 690 

Whittington, D., C. W. Sadoff, and M. Allaire (2013), The economic value of moving to a more 691 

water-secure world, Global Water Partnership, Stockholm. 692 

World Bank Water Demand Research Team (1993), Demand for Water in Rural Areas: 693 

Determinants and Policy Implications, Reprinted in Water Resources and Economic Development, 694 

R.M. Saleth, editor. Edward Elgar Publishing, Cheltenham, UK. 2002. pp. 232-255., 8(1), 47-70. 695 

World Development Indicators (2015), World Development Indicators, World Bank, Washington, 696 

DC. 697 

Yu, W., Y. C. Yang, A. Savitsky, D. Alford, C. Brown, J. Wescoat, and D. Debowicz (2013), The 698 

Indus basin of Pakistan: The impacts of climate risks on water and agriculture., World Bank, 699 

Washington DC. 700 



 

 
27 

 701 

702 



 

 
28 

Tables 703 

Table 1. Notation 704 

Quantity Definition Units 

K(t) Total country wealth at time t [$] 

N(t) Total investment in water-related assets at time t  [$] 

t Time [yr] 

r Annual rate of return on investment [-] 

s Fraction of national wealth invested in water-related 

assets annually 

[-] 

le Fraction of national wealth exposed to water-related 

risks 

[-] 

lw Fraction of water-related assets exposed to water-

related risks 

[-] 

K0 Potential wealth when unrestricted by water-related 

factors 

$ 

N0 Investment in water-related assets required to achieve 

K0  

$ 

 Dimensionless wealth (K/K0) [-] 

 Dimensionless investment in water-related assets 

(N/N0) 

[-] 

 Fraction of national wealth invested in water-related 

assets when water secure (N0/K0) 

[-] 

 Scaled investment function s()/r  [-] 

max Peak value of investment function  [-] 

e, w Scaled loss functions, le/r, and lw/r [-] 
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