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Highlights 

 New metrics for assessing resilience of long-term water supply/demand balance 

under uncertainty are proposed addressing different aspects of water deficits 

including duration, magnitude, frequency and volume of these events. 

 Metrics are tested, validated and demonstrated on a real Bristol Water supply 

system. 

 The key finding is that, unlike in current practice so far, multiple metrics 

covering different aspects of resilience should be used simultaneously for water 

resources management under uncertainty. 
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Abstract 

This paper aims to develop new, resilience type metrics for long-term water resources 

management under uncertain climate change and population growth. Resilience is 

defined here as the ability of a water resources management system to ‘bounce back’, 

i.e. absorb and then recover from a water deficit event, restoring the normal system 

operation. Ten alternative metrics are proposed and analysed addressing a range of 

different resilience aspects including duration, magnitude, frequency and volume of 

related water deficit events. The metrics were analysed on a real-world case study of the 

Bristol Water supply system in the UK and compared with current practice. The 

analyses included an examination of metrics’ sensitivity and correlation, as well as a 

detailed examination into the behaviour of metrics during water deficit periods. The 

results obtained suggest that multiple metrics which cover different aspects of resilience 

should be used simultaneously when assessing the resilience of a water resources 

management system, leading to a more complete understanding of resilience compared 

with current practice approaches. It was also observed that calculating the total duration 

of a water deficit period provided a clearer and more consistent indication of system 

performance compared to splitting the deficit periods into the time to reach and time to 

recover from the worst deficit events. 

Key Words 

Resilience; climate change adaptation; water resources management; water supply; 

performance metrics; reliability 
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1 Introduction 

Multiple modern decision-making methodologies are currently being trialled for 

application to water resources management (WRM) adaptation planning under deep 

uncertainty; however, the output results from these ‘adaptation investigations’ can be 

highly dependent on the performance metrics employed. Terms such as ‘robustness’ or 

‘flexibility’ are typically used to define the performance or ‘pliability’ of a water system 

or adaptation strategy across a broad range of future conditions or scenarios (Groves et 

al., 2008; Maier et al., 2016; Matrosov et al., 2013; Moody and Brown, 2013; Smit et 

al., 2000); however, it is the performance metrics (or criteria/indicators) that will define 

the performance of a water system to a single future scenario or set of conditions. 

Despite the widening range of decision-making approaches under development, the 

outputs from these methods are highly dependent on how the water resource system 

performance itself is evaluated. For example, how to define the assessment metrics 

applied to quantify the performance of a water system to a given future scenario and 

how this performance can vary over the range of potential futures/uncertainties. It’s 

within these more practical engineering features that a wider knowledge gap is often 

over looked. 

The more well-known performance metrics often cited within WRM literature are those 

of Hashimoto et al. (1982) who were among the first to propose the use of the terms; 

reliability, vulnerability and resilience for water resource system performance 

evaluation. These performance criteria, in general, refer to how likely a system is to fail 

(its reliability), how severe the consequences of failure might be (its vulnerability) and 

how quickly it can bounce back, which is the recovery from a failure (its resilience). 

The term resilience has gathered particular traction in recent studies, with the general 

agreement that ‘resilience’ as a concept for WRM, should go beyond its original 

‘Hashimoto’ definition. Walker and Salt (2006) are advocates for the idea of ‘resilience 

thinking’, which ventures beyond the concepts of optimization to believed ‘knowns’ but 

instead fosters the capacity to look at social-ecological systems as a whole and 

incorporate diverse approaches to increase resilience to both expected and unexpected 

disturbances. This resilience thinking was applied in Seekell et al. (2017) as an 

indicator-based analysis to compare the sustainability of global food systems. It was 

found that very few countries performed high or low for all indicators, emphasizing the 

complexity of system dynamics and the varied information provided by different 

metrics.   
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Resilience has been previously defined in both an ecological and engineering sense by 

Holling (1996), who describes the more engineering aspects of resilience as ones of 

efficiency, constancy and predictability, and the more ecological ones as persistence, 

change and unpredictability. A combined appreciation of both aspects was 

recommended to improve overall resilient system design. Carpenter et al. (2005; 2001) 

furthered the social-ecological understanding of resilience by defining it as the 

magnitude of disturbance that can be tolerated before a system moves to a different 

region of state space controlled by a different set of processes; however, they registered 

the difficulties in measuring the thresholds or boundaries between states in a complex 

system dynamic and concluded the need for improved surrogate metrics to bridge the 

gap between resilience theory and applied resilience. 

Lansey (2012) defined the resilience of a water distribution system as its ability to 

“gracefully degrade and subsequently recover from” a failure event. Walker et al. 

(2004) discussed resilience under the original Holling (1986) definition, as the 

ability/capacity of a system to return to an equilibrium or steady-state after a 

disturbance, to absorb shocks but still maintain function, structure, identity and 

feedbacks. An in-depth review of resilience concepts, in the context of socio-ecological 

systems, was conducted by Folke (2006) who discussed the policies of adaptive 

capacity and transformability to better inform on system resilience. A detailed review of 

cross sector resilience measures was also conducted by Hosseini et al. (2016) and 

Angeler and Allen (2016). Davidson et al. (2016) furthered the idea of resilience 

thinking by presenting a range of original definitions and typologies of resilience 

interpretations, concluding that we must ‘be open to alternative traditions and 

interpretations if it (resilience) is to become a theoretically and operationally powerful 

paradigm’. 

Several examples of resilience being used as a quantified performance metric/criterion 

in water management include Matrosov et al. (2012) and Paton et al. (2014) who 

calculated resilience as the average duration of time a system is under a temporary 

restriction. Fowler et al. (2003) calculated it as a fraction of the total future time a 

system is under an unsatisfactory state. Loucks (1997) calculated it as the probability of 

a system recovering once it enters an unsatisfactory state. Jung (2013) calculated it as a 

function of system failure severity and recovery time. Butler et al. (2016) defines it in 

terms of minimising both the magnitude and duration of level of service failures over a 

systems design life. Yazdani et al. (2011) characterised resilience as a more complex 
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combined metric of four infrastructural qualities of robustness, redundancy, 

resourcefulness and rapidity. Linkov et al. (2014) recommended breaking the resilience 

management of systems down into an analysis of the time to absorb and then recover 

from adverse conditions via an assessment into the ‘depth’ of loss of functionality 

during these detrimental periods. Kjeldsen and Rosbjerg (2004) calculated resilience in 

three alternative ways: the inverse of the mean value of the time the system spends in an 

unsatisfactory state, the maximum duration of an unsatisfactory state and the duration of 

the 90th fractile of observed unsatisfactory periods. They concluded that the maximum 

duration metric provided the most accurate and comprehensible estimation of 

performance. A direct maximum duration calculation was also the resilience metric of 

choice by Moy et al. (1986) who selected it to enable and simplify the quantification of 

resilience and its incorporation into a mathematical programming model. Kundzewicz 

and Kindler (1995) also argued that a resilience definition based on maximum value is 

better than one based on a mean value, as the presence of small insignificant events may 

lower the mean value and present an inaccurate picture of actual overall system 

performance. 

As research into resilience principles increases throughout the water industry it is 

important to begin to bridge the gap between theory and practice. This study aims to 

select, analyse and compare several of the more ‘industry understood’ metrics, i.e. those 

that could be readily applied to indicate the changing performance of a water resource 

system to uncertain future circumstances (e.g. future system states). The variation in 

resilience metrics explored previously (several listed above) highlights how the 

interpretation of resilience is wide ranging across the literature and that often only 

individual, isolated aspects of water system performance are assessed, without attention 

given to the full comprehensive picture of this complex issue. 

This work assesses a more ‘complete’ picture of resilience, by evaluating multiple 

aspects of water system performance simultaneously. Whilst expressing the complexity 

of the resilience paradigm beyond a conceptual or theoretical definition may be 

difficult, as discussed above, a comparative analysis of the outputs of alternative 

resilience indicators/metrics from a real-world case study can help clarify the sensitivity 

and correlation between different potential criterions of performance, validating whether 

multiple, or a single, metric is suitable to quantitatively assess water system resilience. 

Identifying a set of candidate metrics to define resilience would also be highly 

beneficial in consolidating WRM adaptation investigations outputs across the industry. 
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This paper explores and analyses ten performance metrics using a detailed simulation of 

a real-world WRM case system. The alternative metrics address a wide variety of 

potential resilience aspects that could be considered when evaluating a water supply 

system’s resilience to uncertain climate change and population growth, i.e. to uncertain 

future supply and demand over a pre-specified long-term time horizon. 

2 Methodology 

2.1 Overview 

The objective is to select, analyse and compare a range of different metrics that could be 

used to assess and indicate the resilience of a water resource management system. The 

metrics measure system performance, in terms of maintaining the long-term supply-

demand balance, when planning for uncertain climate change and/or population growth. 

The chosen metrics are tested on a real-world case study, incorporating a range of 

plausible future scenarios of supply and demand as well as the application of future 

adaptations to the system in order to assess the effect changes in the system 

state/parameters have on the resilience metric outputs. 

2.2 Resilience metrics characteristics  

In order to select a range of metrics for analysis first a set of desirable metric 

characteristics are explored, derived by reviewing a range of WRM documents and 

reports (Defra, 2011; 2013; 2016; Environment Agency, 2013; 2015; UKWIR, 2016). 

Some characteristics of a good metric in the context of WRM are listed in Table 1 (in 

reference to the resilience of a water supply system; in no particular order): 
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Table 1. Characteristics of a good performance metric for WRM adaptation planning 

Item Description Rationale 

1 Practical Quantitative rather than qualitative. 

2 Comprehensive Covers all important aspects of system resilience (how well is the 

system prepared to, affected by, responds to and recovers from a 

deficit event), including attributes of deficit events (frequency, 

time/duration and magnitude). 

3 Understandable/ 

transparent 

Easy to understand, and explain to, different non-technical 

stakeholders. 

4 Non-redundant A set of independent and specific metrics. 

5 Minimal As small as possible number of resilience metrics adopted 

eventually. 

6 Defensible Enables calculation of and comparison to relevant conventional 

measures in the context (reliability, risk / likelihood / impact, 

etc.). 

7 Industry focused Enables water industry to express its current goals and 

objectives. 

8 Strategic Embodies a strategic objective and can provide sufficient 

information to correctly monitor, plan and adapt a water supply 

system. 

9 Accurate Can be accurately projected/calculated for a given system, free of 

approximates and indistinct values. 

10 Sensitive The metrics need to provide a clear indication of improvement or 

deterioration. 

11 Standardised Deriving a metric definition that all respective parties can agree 

on that can be easily examined/calculated and understood by all 

relevant companies/organisations/individuals. 

12 Informative The metrics need to provide useful information that a decision 

maker can accurately utilise to quantify the relevant social, 

environmental and economic benefits/costs associated to the 

performance of a system. 

Different definitions of resilience exist within WRM practice in the UK and no 

quantitative metrics are currently used (Ofwat, 2015; UKWIR, 2016; Water UK, 2016). 

For the purpose of this paper (and to be compatible with current UK engineering 

practice), the resilience metrics introduced here below all relate to aspects surrounding 

threshold levels and trigger points of low water resource periods, i.e. water deficit 

events. Given this, resilience of a water resources management system to uncertain 

future changes in supply and/or demand (caused, in turn, by uncertain climate change 

and/or population growth) is defined here in the ‘engineering resilience’ form (Holling, 

1996), i.e. as the recovery time of a system to return to equilibrium following a water 

deficit event, but here also incorporating aspects of deficit magnitudes and frequency. A 

water deficit event is defined as the point at which a water system requires a temporary 

water restriction to be put in place (e.g. a temporary use ban) due to a critical threshold 

of low resource being surpassed. A water deficit period is defined as the period of 
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consecutive days/months that the water system remains in deficit. Avoiding the 

initiation of a water deficit period is a ‘resistive’ quality of a system. Ideally a water 

resource system will have high resistance to deficits, however this metric investigation 

concentrates on the resilient characteristics of a system, i.e. the way a system reacts 

once its resistance has been broken. 

The circumstances that entail a water deficit event occurring are dependent on the 

system under study. For instance, in the case study assessment to follow (see section 3) 

a water deficit is counted if the stored water levels in the main system reservoirs fall 

below an unacceptable pre-specified (threshold) trigger level on a given time step (day 

or month). A water deficit may be allowed to occur occasionally, in order to manage the 

water supply system during periods of drought; however, a particularly severe deficit 

event or prolonged deficit periods could lead to unacceptable levels of restrictions and, 

at worst, a failed system (inability to meet necessary demands). 

2.3 Proposed Resilience Metrics 

The proposed resilience metrics are shown in Table 2 and Figure 1.  

Table 2. Resilience Metrics 

Metric code Metric description (units) 

Duration based metrics 

M1 Total time system is under water deficit (months) 

M2 Duration of the longest water deficit period (months) 

M3 Time to reach water deficit of greatest magnitude (months) 

M4 Time to recover from water deficit of greatest magnitude (months) 

M5 Average duration of water deficit periods (months) 

Frequency based metrics 

M6 Number of water deficit periods recorded 

Magnitude based metrics 

M7 Water deficit of greatest magnitude recorded (Ml/month) 

M8 Average magnitude of water deficits (Ml/month) 

M9 Average magnitude of water deficit period peaks (Ml/month) 

Volume based metrics – magnitude x duration 

M10 Total volume of all water deficits recorded (Ml) 
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Figure 1. The ten performance/assessment metrics as calculated from a series of example water 

deficit periods. The black line represents a water systems changing supply level, indicating 

when it falls below a critical threshold, i.e. initiates a water deficit event. In this example, an 

initial dip in water supply levels is maintained above the critical threshold, however, this 

recovery is subsequently followed by two recorded water deficit periods, i.e. water restriction 

periods. In this example, M1 would equal 6 months, M2 would equal 4 months, M6 would equal 

2 periods and so on.   

The ten metrics were selected to cover the whole range of different assessment features 

of water deficit events/periods (i.e. duration, magnitude, frequency, volume of water not 

delivered) and because they encapsulate many of the highlighted characteristics of what 

would make a good resilience-based performance metric for WRM adaptation planning 

(see Table 1). For instance, the metrics are all quantitative rather than qualitative (item 

(1) in Table 1); are transparent in their direct calculation (item (3)); are highly specific 

(i.e. do not encompass too many aspects into one calculation – item (4)); are industry 

focused (i.e. can be used to quantitatively express the industries qualitative goals – item 

(7)); can be used to directly monitor and adapt strategic plans (item (8)); can be 

calculated to an exact (non-approximated) figure during uncertainty/future scenario 

examinations (item (9)), and can be easily standardised (i.e. examined, understood and 

agreed upon by all relevant parties – item (11)). 

A detailed assessment is carried out here on a real–world case study to examine several 

quantitative aspects of suggested resilience metrics. A comprehensive range of system 

performance/water deficit aspects are examined (item (2) in Table 1). This included an 

assessment of metrics sensitivity (item (10)) with the aim to identify metrics that are 

more sensitive to different supply/demand scenarios and adaptation strategies hence 

more useful to assess resilience. In addition, a correlation analysis was carried out to 

identify the minimum number of independent metrics required to characterise and 

quantify resilience (item (5)). The metric outputs are also evaluated as to how 
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informative they are to decision makers (item (12)), in terms of their consistency of 

outputs over varying future scenarios/uncertainties and whether they adequately provide 

an accurate picture of water deficit periods to ultimately identify a metric(s) of 

resilience that is/are defensible against conventional practices (item (6)).  

3 Case Study 

Bristol Water currently manages a region in the south-west of the UK supplying approx. 

1.2 million customers (as of 2015), which is expected to experience increasing pressures 

on local water resources from rising populations (with a 15% projected increase in 

demand by 2045) and increased climate variability that could cause further reductions in 

the availability of established resources. The climate variability is primarily exacerbated 

by expected increasing annual temperatures, leading to a greater variation in projected 

rainfall patterns; ultimately leading to increased and more regular periods of drought 

conditions (Bristol Water, 2014).  

The existing water resources are shown in Figure 2 and listed in Table 3. They consist 

of a variety of sources, with approximately half of the required supply coming from the 

River Severn (via the Sharpness canal); a third from reservoirs fed from the Mendip 

Hills; and the remainder from small wells and springs throughout the supply area 

(Bristol Water, 2014). 

Table 3. BWRZ existing water sources and abstraction priority ordering (Bristol Water, 2014) 

Resource 

Abstraction 

Priority 

Resource Description 

Deployable Output
a
 (DO) 

Annual Average - In Ml/d 

(% of total system output) 

Projected by Bristol 

Water to be Affected 

by Climate Change? 

1 Sharpness canal 210 (57%) Not Significantly 

2 Groundwater sources 65 (18%) Not Significantly 

3 Mendip reservoirs 91 (25%) Significantly 
a
DO is the yield of the source subject to additional system constraints such as the abstraction 

license, infrastructure capacity and environmental requirements. 
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Figure 2. Bristol Water resource zone schematic. 

The Bristol Water resource zone is based upon the operation of the company area as a 

single resource zone. This means that all water resources (river, groundwater and 

reservoirs) within the company area are capable of being shared throughout the zone at 

all times of the year via a comprehensive pipe transfer network and using multiple water 

treatment works (Bristol Water, 2014). In this way, no part of the zone is solely 

dependent upon the yield of a single water source. The priority order for abstraction of 

each resource (shown in Table 3) is based on the BWRZ system priority of use. The 

primary river and groundwater sources are considered reliable and sustainable over the 

next planning period (2015-2039) following the results of BW’s company-wide climate 

change ‘vulnerability assessment’ (Bristol Water, 2014); whereas the resource available 

from the Mendip Reservoirs is anticipated to be impacted by climate change. There are 

three main components to the reservoir system to be modelled when projecting climate 

scenarios. These are: the Mendip catchment region (direct reservoir inflows); the river 

Axe at Cheddar and the lake at Chew Magna (see Figure 2). 

The examination of the Bristol Water system in Roach et al. (2015) included the 

generation of multiple discrete future supply and demand scenarios, utilising the Future 

Flow scenarios methodology (Prudhomme et al., 2012) to model the reservoir 

components listed above, and demand projections from Bristol Water’s Water 

Resources Management Plan (WRMP) (Bristol Water, 2014),  which were subsequently 

ordered into a range of severity. The Future Flow projections provide 11 plausible 

realisations of future river flows (at various sites across the UK) that are then resampled 
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multiple-times to provide a range of variable future supply source inputs. The demand 

projects (produced by Bristol Water) are derived from projections of low to high 

population growth and include additional variable factors such as potential changes in 

per capita consumption and metering levels. In order to examine the sensitivity of the 

metrics across a range of uncertain future supply and demand scenarios a subset of these 

scenarios (20 supply and 3 demand scenarios) of varying severity (but fixed monthly 

values) are selected at intervals from across the range of uncertainty, using a systematic 

sampling approach. This produced a total of 60 future scenario combinations (of supply 

and demand) for assessment purposes that encompass projections of low to high 

demand and low to high changes in future supply availability but ensuring that the more 

extreme projections are also included, to see how the system responds to being stressed 

beyond what it has been designed to.  

Four adaptation strategies (i.e. combinations of different intervention options sequenced 

over a planning horizon) are selected for the evaluation of the metrics, with the aim to 

assess how resilience metrics perform under these conditions. A 25-year planning 

horizon is selected for the analysis, in order to resemble current UK water company 

planning horizons. Alternative planning horizons could also be examined, to ascertain 

the effect changing this variable has on the metric results, however this is an area for 

further work. The four adaptation strategies selected entail a varying degree of system 

adaption and include a strategy of “no” adaptation (i.e. no intervention options applied 

across the planning horizon) through to “low”, “moderate” and “high” level adaptation 

where multiple intervention options are applied, as detailed in Table 4. 
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Table 4. Adaptation strategies selected for assessment 

  
Selected adaptation strategies – year of 

intervention option implementation 

Intervention option 
DO addition to 

system (Ml/d) 

No 

adaptation 

Low 

adaptation 

Moderate 

adaptation 

High 

adaptation 

Options to reduce water losses 

Pressure reduction 2.8 - 2015 2015 2015 

Supply pipe replacement 2.2 - 2025 2015 2015 

Active leakage control 4.4 - 2025 2015 2015 

Options to provide additional supply resources 

Reduction of bulk-

transfer agreements 4.0 - - 2025 2015 

Huntspill Axbridge 

transfer 3.0 - - - 2020 

Honeyhurst well transfer 

to Cheddar 
2.4 - - - 2025 

Options to reduce water consumption 

Selective metering of 

domestic customers 3.2 - - - 2025 

Each intervention option will carry a level of uncertainty in their projected deployable 

output (DO). However, a single fixed daily DO has been assumed for this study to 

simplify the simulation model operation, as the focus here is on analysing the metric 

results not on accounting for uncertainties. The four adaptation strategies were applied 

to the existing Bristol Water system configuration and tested over the 60 future scenario 

combinations of supply and demand over a 25-year planning horizon. The resulting 

water deficits and resilience metric values were then assessed in relation to each listed 

performance metric (M1-M10). 

The above was done by using a dynamic water resource simulation model that 

simulates, using a monthly time step, the supply and demand balance of the Bristol 

Water WRZ in the UK over a pre-established time horizon (25 years). The developed 

model simulates the existing Bristol Water system and is fully described in Roach et al. 

(2015). Different adaptation strategies can be examined over different future scenarios 

of supply and demand and their performance analysed under each resilience indicator 

(see Table 2). This allows us to compare the performance of resilience metrics across 

varying adaptation strategies and future conditions. 
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4 Results and Discussion 

4.1 Resilience metrics analysis – sensitivity assessment 

The aim of the metrics sensitivity analysis is to assess the response of each of the 

proposed metrics to a range of stresses in order to identify its performance in describing 

system resilience. To do so, the resilience metrics values are calculated for each 

adaptation strategy over each future scenario combination of supply and demand, 

resulting in 60 individual results for each performance metric under each strategy. Box 

plots are then produced for each set of metric results in order to gauge the sensitivity of 

each metric across the scenarios (representing uncertain future) and across different, 

increasing levels of adaptation applied to the system (see Figure 3). 
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Figure 3. Box plots of performance metric results for all strategies across all scenarios
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The following can be noted from Figure 3: (a) most metrics’ median (i.e. trend) values reduce (i.e. 

improve) with increasing levels of adaptation but not always, as can be seen with metric M6, where 

the number (e.g. frequency) of water deficit periods detected from low to high adaptation exhibit 

the same median and min to max values. The increasing level of system adaptation reduces the 

duration and magnitude of the detected water deficit periods. This, however, highlights the 

misperception that can arise from using frequency only based metrics that do not make a more 

detailed assessment of water deficit duration or absolute magnitude; (b) the variation (e.g. min to 

max and interquartile range) of most of metric values also reduces with increasing level of 

adaptation although again not necessarily always (e.g. M3 and M6). Therefore, utilising metrics M3 

and M6 would likely only lead to the recommendation of a lower level of adaptation, whereas 

applying the alternative metrics would lead to greater adaptation recommendations to increase 

overall system resilience. 

Metrics that are more sensitive to changing conditions are preferable to those that indicate little 

change in system performance (see Table 1), as sensitive metrics can provide a clear indication of 

system improvement or deterioration. In contrast, overly sensitive measurements might over-

estimate the improvement or deterioration in resilience, suggesting that a moderate and uniform 

sensitivity is most-preferable. To evaluate the relative sensitivity of each potential resilience metric, 

heat surface graphs are plotted which show the normalised sensitivity of each metric for each 

strategy for all scenarios (Figure 4). Normalisation was carried out on a 0-1 range in the min-max 

form. All metrics recorded an output minimum of 0, therefore normalisation is carried out by 

dividing each scenario / adaptation strategy output value by the maximum output value for each 

metric (for example if a given metric output for scenario/strategy combination a is 3 months and 

the largest output for this metric recorded across all scenario/strategy combinations is 12 months, 

then the normalised value for combination a is 0.25.  

Each coloured cell on Figure 4 represents one individual discrete future scenario of supply and 

demand / adaptation strategy combination and its respective normalised value for each metric. 

Metrics M1-M10 are indexed along the horizontal x-axis with four columns under each metric title 

displaying the results for adaptation strategies of ‘no’ to ‘high’ adaptation (from left to right) with 

the 60 supply/demand scenarios indexed down the vertical y-axis. 
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Figure 4. Normalised sensitivity of 10 metrics (M1-M10) across 60 scenarios (of increasing severity from scenario of low demand/increased supply to scenario of 

high demand/reduced supply) and 4 adaptation strategies (columns from left to right under each metric title displaying the range of ‘no’ to ‘high’ adaptation) as heat 

surfaces (the darker the shaded cell the closer the value is to 1 on the normalised scale of 0-1)

1 1.00 0.76 0.71 0.38 1.00 0.84 0.79 0.21 0.92 0.92 0.92 0.15 0.57 0.36 0.29 0.21 0.41 0.94 0.88 0.16 1.00 0.33 0.33 1.00 1.00 0.67 0.52 0.30 0.86 0.65 0.48 0.21 0.42 0.79 0.61 0.24 1.00 0.58 0.40 0.09

2 0.81 0.76 0.71 0.33 0.89 0.84 0.79 0.21 0.92 0.92 0.15 0.15 0.43 0.36 1.00 0.21 1.00 0.94 0.88 0.21 0.33 0.33 0.33 0.67 0.85 0.66 0.53 0.36 1.00 0.66 0.50 0.25 1.00 0.78 0.62 0.32 0.94 0.58 0.41 0.10

3 0.81 0.71 0.67 0.19 0.89 0.79 0.63 0.16 0.92 0.15 0.15 0.15 0.43 1.00 0.79 0.14 1.00 0.88 0.41 0.12 0.33 0.33 0.67 0.67 0.85 0.54 0.46 0.29 0.86 0.49 0.32 0.22 1.00 0.64 0.35 0.21 0.82 0.41 0.25 0.05

4 0.81 0.67 0.57 0.14 0.89 0.42 0.37 0.16 1.00 0.15 0.15 0.15 0.36 0.50 0.43 0.14 1.00 0.41 0.24 0.18 0.33 0.67 1.00 0.33 0.73 0.47 0.39 0.22 0.75 0.38 0.23 0.17 0.86 0.49 0.28 0.26 0.70 0.30 0.15 0.03

5 0.81 0.71 0.67 0.19 0.89 0.79 0.42 0.16 0.92 0.15 0.15 0.15 0.43 1.00 0.50 0.14 1.00 0.88 0.41 0.12 0.33 0.33 0.67 0.67 0.85 0.55 0.47 0.30 0.87 0.49 0.30 0.21 1.00 0.65 0.49 0.20 0.82 0.40 0.24 0.05

6 0.81 0.71 0.57 0.14 0.89 0.79 0.37 0.16 0.92 0.15 0.15 0.15 0.43 1.00 0.43 0.14 1.00 0.88 0.24 0.18 0.33 0.33 1.00 0.33 0.74 0.48 0.40 0.23 0.74 0.35 0.22 0.18 0.87 0.57 0.27 0.28 0.70 0.29 0.15 0.03

7 0.76 0.52 0.43 0.10 0.84 0.42 0.21 0.11 0.92 0.15 0.15 0.15 0.36 0.50 0.21 0.07 0.94 0.32 0.18 0.12 0.33 0.67 1.00 0.33 0.70 0.45 0.37 0.20 0.66 0.33 0.20 0.22 0.83 0.47 0.23 0.24 0.59 0.20 0.10 0.02

8 0.76 0.38 0.19 0.05 0.84 0.21 0.16 0.05 0.92 0.15 0.15 0.08 0.36 0.21 0.14 0.07 0.94 0.16 0.12 0.06 0.33 1.00 0.67 0.33 0.59 0.33 0.25 0.08 0.54 0.26 0.18 0.14 0.69 0.28 0.18 0.10 0.48 0.12 0.04 0.01

9 0.71 0.48 0.19 0.05 0.79 0.32 0.16 0.05 0.85 0.15 0.15 0.08 0.36 0.36 0.14 0.07 0.88 0.20 0.12 0.06 0.33 1.00 0.67 0.33 0.58 0.39 0.31 0.14 0.59 0.22 0.25 0.22 0.68 0.25 0.23 0.16 0.49 0.12 0.06 0.01

10 0.71 0.19 0.14 0.05 0.79 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.14 0.14 0.14 0.07 0.88 0.12 0.18 0.06 0.33 0.67 0.33 0.33 0.47 0.29 0.21 0.04 0.34 0.21 0.14 0.07 0.56 0.20 0.25 0.05 0.28 0.05 0.02 0.00

11 0.71 0.52 0.38 0.10 0.79 0.42 0.37 0.11 0.85 0.15 0.15 0.08 0.36 0.50 0.43 0.14 0.88 0.32 0.24 0.12 0.33 0.67 0.67 0.33 0.61 0.41 0.33 0.16 0.67 0.32 0.22 0.15 0.72 0.39 0.26 0.19 0.56 0.19 0.10 0.02

12 0.71 0.24 0.10 0.05 0.79 0.16 0.11 0.05 0.15 0.15 0.15 0.08 1.00 0.14 0.07 0.07 0.88 0.15 0.12 0.06 0.33 0.67 0.33 0.33 0.51 0.33 0.25 0.08 0.38 0.21 0.27 0.13 0.61 0.24 0.30 0.10 0.31 0.06 0.03 0.01

13 0.67 0.52 0.29 0.10 0.68 0.53 0.21 0.11 0.31 0.15 0.15 0.08 0.71 0.64 0.21 0.14 0.41 0.32 0.18 0.12 0.67 0.67 0.67 0.33 0.66 0.46 0.37 0.19 0.57 0.28 0.25 0.24 0.43 0.28 0.24 0.22 0.44 0.17 0.08 0.03

14 0.67 0.24 0.14 0.05 0.63 0.21 0.16 0.05 0.15 0.15 0.15 0.08 0.79 0.21 0.14 0.07 0.41 0.15 0.18 0.06 0.67 0.67 0.33 0.33 0.50 0.32 0.24 0.07 0.41 0.21 0.17 0.12 0.42 0.24 0.28 0.08 0.32 0.06 0.03 0.01

15 0.67 0.29 0.14 0.10 0.68 0.16 0.16 0.11 0.31 0.15 0.15 0.08 0.71 0.14 0.14 0.14 0.41 0.12 0.18 0.12 0.67 1.00 0.33 0.33 0.67 0.46 0.38 0.19 0.47 0.33 0.41 0.19 0.46 0.24 0.45 0.23 0.37 0.11 0.07 0.02

16 0.67 0.24 0.14 0.05 0.58 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.71 0.14 0.14 0.07 0.27 0.10 0.18 0.06 1.00 1.00 0.33 0.33 0.58 0.38 0.29 0.11 0.40 0.31 0.28 0.17 0.32 0.22 0.34 0.13 0.31 0.08 0.05 0.01

17 0.67 0.19 0.05 0.00 0.42 0.16 0.05 0.00 0.15 0.15 0.08 0.00 0.50 0.14 0.07 0.00 0.41 0.12 0.06 0.00 0.67 0.67 0.33 0.00 0.42 0.24 0.16 0.00 0.35 0.15 0.25 0.00 0.48 0.15 0.19 0.00 0.27 0.03 0.01 0.00

18 0.62 0.14 0.05 0.05 0.37 0.16 0.05 0.05 0.15 0.15 0.08 0.08 0.43 0.14 0.07 0.07 0.38 0.18 0.06 0.06 0.67 0.33 0.33 0.33 0.43 0.25 0.17 0.00 0.30 0.21 0.28 0.00 0.42 0.29 0.20 0.00 0.22 0.04 0.02 0.00

19 0.62 0.14 0.10 0.05 0.42 0.16 0.11 0.05 0.15 0.15 0.15 0.08 0.50 0.14 0.07 0.07 0.25 0.18 0.12 0.06 1.00 0.33 0.33 0.33 0.44 0.26 0.18 0.01 0.29 0.22 0.16 0.02 0.34 0.31 0.21 0.02 0.21 0.04 0.02 0.00

20 0.57 0.19 0.10 0.05 0.58 0.16 0.11 0.05 0.15 0.15 0.08 0.08 0.71 0.14 0.14 0.07 0.35 0.12 0.12 0.06 0.67 0.67 0.33 0.33 0.52 0.31 0.23 0.04 0.43 0.27 0.33 0.07 0.31 0.19 0.27 0.05 0.28 0.06 0.04 0.00

21 0.52 0.43 0.33 0.14 0.58 0.47 0.21 0.16 0.23 0.15 0.15 0.15 0.64 0.57 0.21 0.14 0.65 0.53 0.21 0.18 0.33 0.33 0.67 0.33 0.73 0.53 0.46 0.29 0.70 0.38 0.29 0.27 0.87 0.63 0.32 0.34 0.43 0.19 0.11 0.05

22 0.52 0.48 0.29 0.14 0.58 0.53 0.21 0.16 0.23 0.23 0.15 0.15 0.64 0.57 0.21 0.14 0.65 0.59 0.18 0.18 0.33 0.33 0.67 0.33 0.78 0.60 0.52 0.35 0.66 0.32 0.34 0.34 0.92 0.70 0.34 0.41 0.40 0.18 0.11 0.06

23 0.52 0.43 0.43 0.14 0.58 0.47 0.47 0.16 0.23 0.15 0.15 0.15 0.64 0.57 0.57 0.14 0.65 0.53 0.53 0.18 0.33 0.33 0.33 0.33 0.79 0.59 0.51 0.34 0.75 0.46 0.29 0.33 0.94 0.70 0.60 0.40 0.46 0.23 0.14 0.05

24 0.52 0.38 0.14 0.14 0.58 0.26 0.16 0.16 0.23 0.23 0.15 0.15 0.64 0.21 0.14 0.14 0.65 0.24 0.18 0.18 0.33 0.67 0.33 0.33 0.70 0.51 0.43 0.26 0.57 0.31 0.51 0.24 0.82 0.38 0.51 0.31 0.35 0.14 0.08 0.04

25 0.52 0.19 0.14 0.05 0.53 0.21 0.16 0.05 0.15 0.15 0.15 0.08 0.64 0.21 0.14 0.07 0.32 0.24 0.18 0.06 0.67 0.33 0.33 0.33 0.56 0.36 0.27 0.09 0.39 0.29 0.25 0.14 0.36 0.42 0.32 0.10 0.24 0.07 0.04 0.01

26 0.48 0.48 0.43 0.14 0.53 0.53 0.47 0.16 0.23 0.23 0.15 0.15 0.57 0.57 0.57 0.14 0.59 0.59 0.53 0.18 0.33 0.33 0.33 0.33 0.80 0.60 0.52 0.35 0.87 0.47 0.35 0.37 0.95 0.71 0.61 0.41 0.48 0.26 0.17 0.06

27 0.48 0.14 0.10 0.00 0.37 0.16 0.11 0.00 0.15 0.15 0.15 0.00 0.43 0.14 0.07 0.00 0.29 0.18 0.12 0.00 0.67 0.33 0.33 0.00 0.42 0.23 0.15 0.00 0.27 0.18 0.14 0.00 0.40 0.27 0.18 0.00 0.15 0.03 0.02 0.00

28 0.48 0.14 0.05 0.00 0.37 0.16 0.05 0.00 0.15 0.15 0.08 0.00 0.43 0.14 0.07 0.00 0.29 0.18 0.06 0.00 0.67 0.33 0.33 0.00 0.41 0.22 0.14 0.00 0.26 0.14 0.23 0.00 0.39 0.26 0.17 0.00 0.14 0.02 0.01 0.00

29 0.48 0.43 0.33 0.14 0.53 0.47 0.21 0.16 0.23 0.15 0.15 0.15 0.57 0.57 0.21 0.14 0.59 0.53 0.21 0.18 0.33 0.33 0.67 0.33 0.74 0.55 0.47 0.30 0.71 0.37 0.28 0.27 0.88 0.65 0.33 0.36 0.40 0.19 0.11 0.04

30 0.48 0.10 0.05 0.00 0.42 0.11 0.05 0.00 0.15 0.08 0.08 0.00 0.50 0.14 0.07 0.00 0.29 0.12 0.06 0.00 0.67 0.33 0.33 0.00 0.37 0.19 0.11 0.00 0.25 0.19 0.17 0.00 0.32 0.22 0.13 0.00 0.14 0.02 0.01 0.00

31 0.43 0.33 0.19 0.05 0.47 0.21 0.11 0.05 0.62 0.15 0.08 0.08 0.14 0.14 0.14 0.07 0.53 0.21 0.12 0.06 0.33 0.67 0.67 0.33 0.50 0.28 0.20 0.03 0.52 0.17 0.13 0.05 0.59 0.28 0.16 0.04 0.26 0.07 0.03 0.00

32 0.43 0.14 0.14 0.05 0.47 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.57 0.14 0.14 0.07 0.53 0.18 0.18 0.06 0.33 0.33 0.33 0.33 0.56 0.38 0.30 0.13 0.43 0.42 0.29 0.21 0.66 0.45 0.35 0.15 0.21 0.07 0.05 0.01

33 0.43 0.14 0.14 0.05 0.47 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.57 0.14 0.14 0.07 0.53 0.18 0.18 0.06 0.33 0.33 0.33 0.33 0.50 0.31 0.24 0.07 0.30 0.32 0.19 0.11 0.59 0.37 0.28 0.08 0.15 0.05 0.03 0.01

34 0.43 0.14 0.14 0.05 0.47 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.57 0.14 0.14 0.07 0.53 0.18 0.18 0.06 0.33 0.33 0.33 0.33 0.55 0.36 0.28 0.12 0.38 0.37 0.24 0.19 0.65 0.43 0.34 0.14 0.19 0.06 0.04 0.01

35 0.43 0.14 0.14 0.05 0.47 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.57 0.14 0.14 0.07 0.53 0.18 0.18 0.06 0.33 0.33 0.33 0.33 0.51 0.33 0.25 0.08 0.29 0.31 0.18 0.13 0.61 0.39 0.30 0.10 0.14 0.05 0.03 0.01

36 0.43 0.10 0.05 0.00 0.21 0.11 0.05 0.00 0.15 0.15 0.08 0.00 0.21 0.07 0.07 0.00 0.18 0.12 0.06 0.00 1.00 0.33 0.33 0.00 0.42 0.23 0.15 0.00 0.26 0.24 0.25 0.00 0.29 0.27 0.18 0.00 0.13 0.03 0.01 0.00

37 0.38 0.05 0.05 0.00 0.32 0.05 0.05 0.00 0.15 0.08 0.08 0.00 0.36 0.07 0.07 0.00 0.24 0.06 0.06 0.00 0.67 0.33 0.33 0.00 0.34 0.15 0.08 0.00 0.18 0.25 0.12 0.00 0.25 0.18 0.09 0.00 0.08 0.01 0.01 0.00

38 0.33 0.14 0.14 0.05 0.21 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.21 0.14 0.14 0.07 0.21 0.18 0.18 0.06 0.67 0.33 0.33 0.33 0.56 0.37 0.30 0.13 0.36 0.38 0.25 0.21 0.40 0.44 0.35 0.15 0.14 0.06 0.04 0.01

39 0.33 0.14 0.14 0.05 0.21 0.16 0.16 0.05 0.15 0.15 0.15 0.08 0.21 0.14 0.14 0.07 0.21 0.18 0.18 0.06 0.67 0.33 0.33 0.33 0.47 0.28 0.20 0.04 0.30 0.26 0.13 0.06 0.33 0.33 0.24 0.04 0.12 0.04 0.02 0.00

40 0.29 0.14 0.10 0.05 0.21 0.16 0.11 0.05 0.15 0.15 0.15 0.08 0.21 0.14 0.07 0.07 0.18 0.18 0.12 0.06 0.67 0.33 0.33 0.33 0.47 0.29 0.21 0.04 0.31 0.28 0.24 0.07 0.31 0.34 0.25 0.05 0.10 0.05 0.03 0.00

41 0.29 0.05 0.05 0.00 0.21 0.05 0.05 0.00 0.15 0.08 0.08 0.00 0.21 0.07 0.07 0.00 0.18 0.06 0.06 0.00 0.67 0.33 0.33 0.00 0.35 0.16 0.09 0.00 0.23 0.27 0.14 0.00 0.28 0.19 0.10 0.00 0.08 0.01 0.01 0.00

42 0.29 0.05 0.05 0.00 0.32 0.05 0.05 0.00 0.15 0.08 0.08 0.00 0.36 0.07 0.07 0.00 0.35 0.06 0.06 0.00 0.33 0.33 0.33 0.00 0.27 0.09 0.01 0.00 0.14 0.15 0.02 0.00 0.32 0.11 0.01 0.00 0.05 0.01 0.00 0.00

43 0.29 0.14 0.05 0.05 0.21 0.16 0.05 0.05 0.15 0.15 0.08 0.08 0.21 0.14 0.07 0.07 0.18 0.18 0.06 0.06 0.67 0.33 0.33 0.33 0.45 0.27 0.19 0.02 0.29 0.21 0.31 0.03 0.29 0.32 0.22 0.02 0.10 0.04 0.02 0.00

44 0.19 0.10 0.05 0.00 0.16 0.11 0.05 0.00 0.15 0.15 0.08 0.00 0.14 0.07 0.07 0.00 0.12 0.12 0.06 0.00 0.67 0.33 0.33 0.00 0.32 0.14 0.06 0.00 0.28 0.12 0.09 0.00 0.24 0.16 0.07 0.00 0.06 0.01 0.01 0.00

45 0.19 0.14 0.05 0.00 0.21 0.16 0.05 0.00 0.15 0.15 0.08 0.00 0.21 0.14 0.07 0.00 0.24 0.18 0.06 0.00 0.33 0.33 0.33 0.00 0.40 0.22 0.14 0.00 0.35 0.16 0.23 0.00 0.47 0.26 0.16 0.00 0.08 0.03 0.01 0.00

46 0.14 0.05 0.00 0.00 0.16 0.05 0.00 0.00 0.15 0.08 0.00 0.00 0.14 0.07 0.00 0.00 0.18 0.06 0.00 0.00 0.33 0.33 0.00 0.00 0.27 0.06 0.00 0.00 0.27 0.10 0.00 0.00 0.31 0.07 0.00 0.00 0.05 0.01 0.00 0.00

47 0.14 0.14 0.10 0.05 0.16 0.16 0.11 0.05 0.15 0.15 0.15 0.08 0.14 0.14 0.07 0.07 0.18 0.18 0.12 0.06 0.33 0.33 0.33 0.33 0.46 0.28 0.20 0.03 0.52 0.22 0.20 0.05 0.55 0.33 0.24 0.04 0.09 0.04 0.02 0.00

48 0.14 0.05 0.00 0.00 0.16 0.05 0.00 0.00 0.15 0.08 0.00 0.00 0.14 0.07 0.00 0.00 0.18 0.06 0.00 0.00 0.33 0.33 0.00 0.00 0.27 0.07 0.00 0.00 0.23 0.11 0.00 0.00 0.32 0.08 0.00 0.00 0.04 0.01 0.00 0.00

49 0.14 0.14 0.05 0.00 0.16 0.16 0.05 0.00 0.15 0.15 0.08 0.00 0.14 0.14 0.07 0.00 0.18 0.18 0.06 0.00 0.33 0.33 0.33 0.00 0.42 0.23 0.16 0.00 0.45 0.16 0.25 0.00 0.49 0.28 0.18 0.00 0.08 0.03 0.01 0.00

50 0.14 0.10 0.05 0.00 0.16 0.11 0.05 0.00 0.15 0.15 0.08 0.00 0.14 0.07 0.07 0.00 0.18 0.12 0.06 0.00 0.33 0.33 0.33 0.00 0.38 0.20 0.12 0.00 0.42 0.21 0.19 0.00 0.45 0.23 0.14 0.00 0.07 0.02 0.01 0.00

51 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.67 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.02 0.00 0.00 0.00

52 0.10 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.02 0.00 0.00 0.00

53 0.10 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.01 0.00 0.00 0.00

54 0.10 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.02 0.00 0.00 0.00

55 0.10 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.19 0.00 0.00 0.00 0.02 0.00 0.00 0.00

56 0.05 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00

57 0.05 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.01 0.00 0.00 0.00

58 0.05 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

M7 M8 M9 M10M1 M2 M3 M4 M5 M6
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Figure 4 illustrates how one given scenario can produce very different results when analysed to one 

metric rather than another. It also shows that magnitude metrics (M7-M9) are the most sensitive of 

all metrics and maintain the greatest sensitivity across the increasing adaptations to the system, as 

shown in the largest spread of colours across the scenarios/strategies. The least sensitive metrics are 

time to water deficit of greatest magnitude (M3) and number of water deficit periods (M6). The 

duration based metrics, total time under water deficit (M1) and the duration of the longest water 

deficit (M2), maintain the greater sensitivity across the scenarios.  

Figure 4 also shows that metrics M3-M5 tend to cluster more often around common values for 

multiple scenarios (demonstrated by colours showing less variation across scenarios and adaptation 

strategies) making the difference in performance under each scenario, or from one strategy to 

another, harder to ascertain. The variation in recorded performance for the time to reach (M3) and 

recover from (M4) a water deficit of greatest magnitude also often tend to fluctuate between 

scenarios (as shown by colours not matching when moving from one scenario to the next). This 

presents a problem if utilising metrics M3 and M4 individually; as the time for the system to 

recover (M4) may be of low duration under a given scenario, leading a decision analyst to believe 

this strategy is performing well over this scenario; however, it may instead exhibit a long duration 

of time to reach the deficit of greatest magnitude (M3) and vice versa.  

Figure 4 also highlights the considerable sensitivity variation between metric M6 and the other 

metrics, with multiple mid-high cells on the normalised scale appearing across the range of 

scenario/strategy combinations, making the overall performance of the water system under this 

metric difficult to clearly ascertain across the range of adaptations and scenarios. This lack of 

sensitivity in the frequency-based metric M6 is shown more clearly in Figure 5. 

 

Figure 5. Normalised sensitivity of each metric across all scenarios and adaptation strategies (each coloured 

line represents one scenario/adaptation strategy combination) 
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Each coloured line in Figure 5 depicts normalised metrics’ values for a specific scenario/adaptation 

strategy combination. The scenario lines on Figure 5 illustrate again how the performance of an 

adaptation strategy to a given future scenario of supply and demand can produce very different 

results when analysed to one metric rather than another (i.e. how the lines cross). Figure 5 displays 

the significant clustering (low sensitivity) of metrics M3 and M6, the lowest clustering (high 

sensitivity – possibly overly so) for magnitude metrics M7-M9 and the moderate clustering for 

metrics M1, M2 and M4, demonstrating their more uniform/moderate sensitivity to analysed 

scenarios and adaptation strategies. 

To investigate the low variation of the time to reach water deficit of greatest magnitude (M3) and 

the performance of the alternative metrics, the largest deficit periods within a selection of scenarios 

are isolated and given a more detailed assessment. Three scenarios are selected from across the 

scenario severity range and the longest water deficit periods are examined in more detail, as shown 

in Figure 6. 
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Figure 6. Analysis of largest water deficit periods recorded for three isolated scenarios for all adaptation 

strategies 

Figure 6 shows how the time to reach the water deficit of greatest magnitude (M3) is constant (for 

most scenarios) across the strategies and it is the time to recover from largest deficits (M4) that is 

more variable. It is only possible to observe the above when a water deficit period is separated into 

the absorption (M3) and recovery (M4) periods, i.e. it is not possible to observe this when an 

aggregate type metric is used for resilience (e.g. M1, M6 or M10), which is what is currently 

proposed in the literature and utilised in current practice. In addition, Figure 6 shows that the 

duration of the longest water deficit (metric M2) provides a fairly comprehensive picture of the 

complete water deficit period without separating out the ‘time to’ and ‘recovery from’ aspects of 

the deficit period, which, as mentioned previously, can produce variable performance results in the 
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two aspects across the scenarios. Finally, Figure 6 shows that the water deficit of greatest 

magnitude (M7), although highlighted previously as being very sensitive (which is good) also 

exhibited a fairly uniform reduction across the three scenarios and four strategies. This may not 

provide the most informative assessment of the deficit periods as they are shown to have a clearly 

non-uniform variation in the changes in maximum durations of the deficit periods recorded (M2) 

and time to recover (M3).  

The maximum and average magnitudes of water deficits are slightly less variable (by percentage 

change) but are still good indicators of the adaptation impacts on system performance. The short 

time to reach the point of greatest deficit magnitude (exhibited in most scenarios) followed by the 

longer duration of recovery time, suggests it is individual severe drought months that cause initial 

water deficit periods to form, which are then recovered from over time. The follow up peaks shown 

in the high and medium scenarios are caused by repeated water scarcity conditions occurring later 

in the same deficit period. Note that the above cannot be captured by using a single frequency-

based or aggregated type resilience metric. 

The above observations clearly demonstrate that the choice of metric(s) has implications on the 

choice of interventions to implement. Decision makers could decide that small or medium 

magnitude deficit events can be dealt with via water restrictions alone; however, unforeseen 

extended duration/recovery times could be costly and more detrimental to the system (and to 

customers) and require more extensive interventions. From this examination, at least moderate to 

high adaptation to the case study system would be recommended to reduce water deficit periods of 

protracted duration over the more extreme projections (i.e. the high demand increase – high supply 

reduction scenario in Figure 6), whereas only low adaptation may be recommended if targeting a 

reduction in the magnitude or frequency of water deficits. This example illustrates how examining 

a more diverse range of resilience metrics can better inform policy makers and strategic planners. 

4.2 Resilience metrics analysis – correlation assessment 

In order to see how the duration, magnitude and frequency metric values cross-over and compare 

with each other the correlation between individual metric values obtained is explored. This is 

important as using two highly correlated metrics for resilience assessment is not desirable.  

Figure 7 shows the correlation results obtained for the ten metrics analysed across the 60 

supply/demand scenarios and four adaptation strategies. As it can be seen from this figure, strong 

correlations tend to exist within groups of the same metrics types (e.g. M7-M9) and weaker 

correlations tend to exist across different metric groups. 
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 Figure 7. Complete metric correlation results  

To further examine the above, the coefficients of determination (i.e. the R
2
 values) of each metric 

correlation are calculated and shown in Figure 8. Note that the R
2
 values obtained indicate the 

proportion of variance between two variables and are scored between 0 and 1 (with 1 indicating 

perfect correlation between two variables). 

 

Figure 8. (a) Coefficient of determination (R
2
 values) for all metrics; (b) the average of the R

2
 values for 

each metric 

Figure 8 (a) highlights the low correlation between the frequency of water deficit periods metric 

(M6) with all other metrics. This low statistical correlation with the other metrics indicates that 

there is low connection between the changing frequency of water deficit periods and the changing 
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duration/magnitude aspects; however, the frequency-based metric was also shown to be the least 

sensitive metric, which will inherently reduce the correlation exhibited between this metric and 

others (as can be seen by the straight lines for M6 on Figure 7). This suggests that metric M6 can 

provide important deficit information that other metrics do not encompass, but also that it cannot 

predict other performance aspects, so should not be used on its own. 

Figure 8 (a) also indicates (again) that the metrics with the highest correlation are those within the 

same group, suggesting that using more than one metric from within the same group is 

unnecessary. It also shows that the aggregated total volume metric (M10) incorporating both 

magnitude and duration of deficits has the highest correlation with metric M2. This is suggesting 

that metric M2 can cover multiple performance aspects in a single criterion of performance, further 

highlighting its potential as a comprehensive duration based metric and as a potential candidate for 

a WRM resilience measure. 

Taking the average of all R
2 

values for each metric reveals the most all-encompassing indicators 

(see Figure 8 (b)). It shows that metric M2 has the highest average R
2
 value, again indicating that 

evaluation of this particular duration-based metric provides a wider indication of more system 

performance aspects in a single assessment. For example, it demonstrates high correlation with the 

volume metric (M10) mentioned above, as well as all magnitude (M7-M9) and other duration-

based metrics (M1-M5). Indicating it can best encompass these multiple individual assessment 

aspects in a single metric. Information not as well encompassed by the assessment of the other 

metrics (as displayed in Figure 8 (b)) include metrics M3, M4 and M6. Additional evaluations of 

these metrics would be required if the exact characterisation of the time to reach (M3) and time to 

recover from (M4) the worst magnitude deficits, and the total number of water deficits experienced 

(M6), was desired.  

5 Conclusions 

Ten different metrics that could be potentially used to characterise the resilience of a water 

resources management system to uncertain future changes (i.e. a given scenario of supply and 

demand) were investigated. An in-depth analysis of the metrics was carried out on a real-world case 

study of Bristol Water’s supply system, including an examination of metric sensitivity and 

correlation, and a detailed examination of the behaviour of water deficit periods. The results 

obtained lead to the following key recommendations for the selection of an appropriate resilience-

based performance metric: 
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1. Simultaneous use of multiple metrics covering different aspects of resilience and related 

water deficit events is recommended. This does not seem to be the case currently in the 

literature (where typically a single metric is used to assess water system’s resilience) nor in 

engineering practice (where quantitative resilience metrics are not used much, if at all). 

2. Metric M2 (“the duration of longest water deficit period” metric) was observed to be one of 

the more informative and comprehensive performance metrics followed closely by metric 

M7 (“the water deficit of greatest magnitude recorded” metric). However, the analysis 

demonstrated a relatively high correlation between the two metrics and therefore 

considering just a single metric may prove sufficient to evaluate the resilience of a water 

resource system. A duration based metric would be a more logical assessment metric to use 

of the two types, as it is the duration of temporary water restrictions that most impact on 

customers and supply, whereas the magnitude of water deficit events is of less direct 

concern to customers and water companies so long as the magnitude is maintained within 

acceptable threshold levels. All this seems consistent with the resilience metric suggested 

by Hashimoto et al. (1982) now supported with actual evidence.  

3. Frequency type resilience metrics (M6, and in essence M1) cover important 

aspects/information and would also prove beneficial to measure, as emphasised by the low 

correlation between M6 and all other metrics; however, metric M6 was also found to be 

highly un-sensitive and unable to capture the size of ‘impact’ on the system from water 

deficit periods, so should not be used on its own. 

4. Aggregated type resilience metrics (e.g. averaging metrics M5/M8/M9 or sum/volume type 

metrics such as M10) are fairly sensitive to different adaptation strategies and 

supply/demand scenarios but there is also a considerable uncertainty in their calculation due 

to their nature (i.e. is it a single big or several small deficit periods occurring to give the 

final values) making it harder to clarify exact adaptation strategy and system performance. 

5. Magnitude type resilience metrics (M7-M9) are highly sensitive and provide useful 

information, especially in terms of proximity to critical threshold levels; however, they do 

not provide a full picture of deficit events/periods. 

6. Duration type resilience metrics are also highly sensitive with “the duration of longest water 

deficit period” metric (M2) providing the more complete picture of a deficit event. It is also 

the metric that exhibits the highest correlation to all other metrics. Splitting the duration of a 

water deficit period into the time to max peak deficit (M3) and time to recover from max 

peak deficit (M4) (as suggested in Linkov et al. (2014)) provides more detailed water deficit 
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period information, but the relative performance of each aspect tends to be highly variable 

when assessed across multiple scenarios of future supply and demand, reducing the clarity 

of each as a consistent measure of performance. 

The above findings are limited to the Bristol case study analysed here. The metrics proposed in the 

paper are generic and hence could be readily applied to improve the resilience analysis of any 

number of different water resource systems. The drawback is that a dynamic water resources 

network simulation model with a daily or monthly timestep would be required to accurately 

measure them. The effect of utilising a single duration (resilience) based metric or a single ‘current 

practice’ frequency (reliability) based metric for WRM adaptation planning should be examined 

more in-depth (on additional case studies) to derive if both, or a single metric, is sufficient for 

effective resilience assessment, i.e. optimal adaptation planning. The effect of utilising a daily 

rather than monthly time-step could also be examined, as this will likely favour some of the metrics 

over others, i.e. a single month duration deficit recorded may theoretically have multiple frequency 

individual deficits occurring within this single month. A potential aspect not captured in a monthly 

time-step. This investigation also centralised around water deficit periods to define and analyse the 

various resilience metrics, further work could investigate the definition of resilience beyond these 

concepts and whether the metrics investigated here could be applied to alternative sectors or 

systems, i.e. forms of ecosystem resilience. 
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