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A broad set of tools, frameworks, and guidance documents are available for 
water resources project planning, design, evaluation, and implementation in an 
ever-evolving world. The principles underlying most of these resources aim to 
advance the practice of water systems engineering under uncertainty, preserve and 
enhance project benefits, and achieve investment goals. Approaches to financial and 
economic evaluation under climate uncertainty in civil infrastructure investments, 
in particular, are currently being reviewed by academics and practitioners in the 
field to assess their ability to deliver resilience, sustainability, and equity. In climate-
sensitive projects, adaptation measures that help mitigate the adverse effects 
of climate change and preserve project benefits are required, and stakeholder 
willingness-to-pay (WTP) for these must be assessed. Typically, stakeholders and 
decision-makers utilize the outcomes of economic assessment methods such 
as cost–benefit analysis (CBA) to justify large capital investments. Synthesizing 
previous advancements in water resources planning and evaluation, this study 
illustrates how a CBA framework can be  augmented by applying a Climate-
informed Robustness Index (CRI). The analytics underpinning the CRI, as well as 
the summary metric itself, help characterize project climate vulnerability, while 
conducting CBA with and without potential adaptation measures can be used to 
estimate WTP of investors for adaptation to the identified climate vulnerabilities. The 
case study of a planned irrigated agriculture project in Lesotho highlights critical 
climate conditions for which adaptation measures such as integrated catchment 
management (ICM) plans can be introduced to safeguard project robustness.
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1 Introduction

Modern water resources planning draws on centuries of historical 
efforts to provide guidelines, outline principles, and develop 
reproducible methods for project planning, assessment, evaluation, 
and implementation. Maass et al. (1962) presented techniques for 
relating economic objectives, engineering analysis, and government 
planning in the design of water resources systems. This study set the 
stage for structured, analytical approaches to water resource project 
planning and evaluation in practice. The acceleration of global climate 
change (Dangendorf et al., 2019) and an improved understanding of 
water project risks under climate uncertainty (Ray and Brown, 2015; 
Kundzewicz et  al., 2018; Borgomeo et  al., 2018; Ray et  al., 2019; 
Tsakiris and Loucks, 2023) have motivated additional attention to the 
study of economic assessment, in particular cost–benefit analysis 
(CBA), under climate uncertainty.

CBA is a systematic approach to evaluating proposed investments 
in terms of benefits provided relative to costs incurred so as to 
promote efficient and effective allocation of financial resources, rank 
alternatives, or report the expected net benefit of a single project 
(FAO, 2018). A project for which the benefits exceed the costs 
represents a potentially Pareto-improving1 investment, in the sense 
that while it may create winners and losers, the overall value created 
would be sufficient for the winners to fully compensate those who are 
losing and still remain better off (Bakkoury et al., 2004). Metrics from 
CBA evaluation such as the economic rate of return (ERR2) or net 
present value (NPV) compare the costs and benefits of investments to 
facilitate decision support. The ERR is the discount rate at which the 
economic costs and benefits of a project are equal. The NPV is the 
difference between the present value of discounted investment costs 
and benefits. While the NPV and ERR are commonly used in practice 
for project appraisal, the present value (PV) of investment benefits 
(independent of costs) provides information on the current value of a 
future sum of projected benefits and therefore implies a 

1 Also known as the Kaldor-Hicks compensation test (Brown, 2022).

2 The ERR is simply the Internal Rate of Return formula applied to costs and 

benefits that have been calculated in economic (social) terms, rather than with 

respect to the finance of an investor or private entity. It is sometimes also 

referred to as the Economic Internal Rate of Return (EIRR).

willingness-to-pay (WTP) for the benefits provided by the project, or 
for incremental design adaptations.

An individual’s WTP is defined as the maximum amount a fully 
informed buyer would pay to acquire a defined good or service (Gall-
Ely, 2009). However, for public projects, the sum of societal members’ 
WTP provides key information about whether a project is worth 
executing. For incremental investment adaptation elements of climate-
sensitive projects like water resources infrastructure, the WTP is the 
maximum additional amount (beyond baseline capital costs) that 
stakeholders would be  willing to invest in the project (including 
improvement to the original design) to promote robust performance, 
preserve projected benefits, and achieve overall investment goals 
throughout a range of uncertain potential future climate conditions. 
In a climate change planning paradigm, estimating an economically 
consistent WTP as the PV of benefits becomes expedient for projects, 
which are identified as vulnerable, and can be used to compare against 
the cost of adaptations.

The need to identify WTP for adaptations to a base design can 
be  informed by summarizing the robustness of the project 
performance across a range of climate futures. The robustness index 
(RI), a generalized metric ranging between 0 and 1, represents the 
fraction of potential futures in which a project achieves an acceptable 
level of performance, thus providing a decision-relevant indicator as 
part of uncertainty characterization in CBA (Moody and Brown, 
2013). The Climate-informed Robustness Index (CRI) goes a step 
further than uniform RI (which assumes equal likelihood of 
alternative scenarios) by attaching likelihood information regarding 
climate futures, e.g., Taner et  al. (2019), from general circulation 
models (GCMs) (Wilby and Wigley, 1997), as weights to the RI. The 
CRI and other approaches to climate-investment vulnerability 
assessment such as climate risk-informed decision-making (CRIDA) 
(Jeuken et al., 2016; Mendoza et al., 2018), decision scaling (Brown 
et al., 2012), and robust decision-making (RDM) (Lempert et al., 2010; 
Lempert, 2019) identify project vulnerabilities for which adaptations 
are necessary, and adequate budgets must be prepared.

When the CRI indicates sufficient vulnerability to investigate 
adaptations, WTP estimates can support more accurate budget 
allocations for contingency funds in project planning under climate 
uncertainty. If accurately calculated, WTP estimates indicate an upper 
bound on the incremental expenditures that should be considered 
when redesigning the project or implementing adaptation solutions 
such as integrated catchment management (ICM) measures 
(Batchelor, 1999). Consequently, the CRI enables stakeholders to 
make timely decisions now that ensure acceptable project performance 
over a wide range of possible future conditions. In cases where 
engineering or political conditions limit potential for significant 
adjustments or additional investments during the operation phase (as 
is the situation for our case study), improving robustness in the initial 
design is likely more appropriate than other methods such as real 
options analysis (ROA) (Wreford et al., 2020) and adaptation pathways 
(AP) (Buurman and Babovic, 2016) that emphasize flexibility over 
robustness and are dependent on future “tipping points,” which could 
redefine the approach to adaptation.

While it is conceptually straightforward to generate evaluation 
metrics such as NPV and ERR, in practice, uncertainty about future 
climatic conditions that may affect project performance poses 
challenges when trying to utilize them to inform decisions (Lempert 
et  al., 2004; De Boer et  al., 2010). Water projects are sensitive to 

Abbreviations: ADB, Asian Development Bank; AECOM, Architecture, Engineering, 

Construction, Operations, and Management (a global infrastructure firm); CBA, 

Cost Benefit Analysis; CMIP, Coupled Model Intercomparison Project; CRI, Climate-

informed Robustness Index; CRIDA, Climate Risk-Informed Decision Analysis; 

CRiSTAL, Community-based Risk Screening Tool – Adaptation and Livelihoods; 

ERR, Economic Rate of Return; FAO, Food and Agriculture Organization of the 

United Nations; GCMs, Global Circulation Models; GHG, Greenhouse Gas; ICM, 

Integrated Catchment Management; MCC, Millennium Challenge Corporation; 

MCM, Million Cubic Meters; MDIH, Market Driven Irrigation Horticulture; NbS, 

Nature-based Solutions; NPV, Net Present Value; PV, Present Value; RI, Robustness 

Index; SAPWAT, South African Procedure for estimating irrigation WATer 

requirements; SSP, Shared Socio-economic Pathways; SWAT, Soil and Water 

Assessment Tool; USAID, United States Agency for International Development; 

WTP, Willingness-to-pay.
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prevailing climate conditions (Kazemi Garajeh et  al., 2024a) and 
weather extremes (e.g., floods, droughts, heat waves), and estimation 
of their costs and benefits for economic evaluation is contingent on 
the assumptions made about future climate conditions. This 
introduces a limitation to the application of the ERR or NPV for 
project appraisal, or the use of the PV of benefits as an estimate of 
WTP (Arndt et al., 2011; Chambwera and Stage, 2010). Without a 
proactive stance toward the integration of vulnerability assessment 
using methods like the CRI into the economic assessment of climate-
sensitive infrastructure projects, investment decisions may be based 
on a weak or insufficient understanding of project uncertainties, and 
approved projects could be  under- or over-designed, or worse, 
maladaptive to climate hazards.

To address this, the methodology of study synthesizes previous 
advancements in water resources planning and evaluation and pairs a 
CRI approach to a two-step workflow for CBA under uncertainty. The 
CRI provides an indication of whether a base project design has 
sufficient climate vulnerability to merit design adaptations for climate 
robustness or whether it is sufficiently climate-robust. If merited, the 
performance of potential adaptation is evaluated under a wide range 
of climate futures, and the difference in expected performance 
provides the PV of the investment benefits, in effect imputing the 
stakeholders’ WTP for the adaptation measure being evaluated. The 
methodology is applied to a case study of irrigation investment in 
Lesotho. Initial assessment of the baseline (business as usual) scenario 
using the CRI showed that the investment is vulnerable to climate 
change in all the 28 climate scenarios analyzed and so requires some 
form of adaptation to preserve projected benefit streams. By 
examining an integrated catchment management (ICM) scenario, 
results show that adaptations could lead to expected incremental 
benefits of $0.03 million and up to $0.13 million of benefits depending 
on which of the climate scenarios examined is realized. Due to 
limitations in estimation costs, choice of the discount rate, and 
modeling assumptions carefully outlined in the paper, our analysis is 
not definitive in its conclusions about the proposed investment. 

However, the case study illustrates a complete workflow in a real 
project context that demonstrates the integration of climate 
uncertainty analysis into multi-model, economic evaluation 
frameworks, highlighting value, feasibility, and challenges related to 
this underutilized mode of analysis. The rest of the paper reviews the 
literature on economic evaluation under climate change in water 
resources and then presents the methodology followed by the case 
study and results. Afterward, we  discuss the results, highlight 
limitations to the approach of study, and recommend further research 
specifically in the area of distributional equity.

2 Background

2.1 Addressing uncertainty in economic 
evaluation under climate change

In CBA, a hurdle rate for the ERR is typically set as a break-even 
condition (typically 6–12% in the context of international 
development) to appraise the efficiency of resource allocation 
(Brigham, 1975; Poterba and Summers, 1995; Meier and Tarhan, 
2007). This break-even condition is equivalent to having a positive 
NPV when the discount rate is set equal to the hurdle rate. However, 
while the ERR and other threshold-informing CBA metrics can 
be calculated with ranges or statistical distributions, they are often 
reported to decision-makers as point estimates. This collapsing of 
information masks the influence of uncertainties such as climate 
change that affect water budgets used in modeling and quantifying 
water project costs and benefits (World Bank Independent Evaluation 
Group 2010; Wegner and Pascual, 2011). When these metrics are 
presented as point estimates, decision-makers are left without an 
understanding of the variance of the chosen financial metric across a 
range of possible future climate conditions.

Well-known analytical methods of uncertainty characterization 
have been introduced to CBA studies to address these concerns 

TABLE 1 Uncertainty assessment approaches in CBA.

Method Application Strengths Weaknesses

Sensitivity analysis

Is best used as an entry point to further analysis and 

project development as it helps determine the 

robustness of outputs of interest by testing their 

sensitivity to input variables and uncertainty in the 

underlying assumptions. Can be applied to estimates 

of costs and benefits, population size, and climate 

variables.

Relatively simple to apply and can identify 

key input variables by accessing the 

magnitude and direction of changes in 

those variables, i.e., variables that are 

most sensitive to change.

Does not reveal the codependence between 

input variables (though this can 

be remedied with a two-way sensitivity 

analysis).

Scenario analysis

Improves understanding of project performance and 

can be combined with analytical tools or conducted in 

a strictly conceptual fashion. Involves alternative 

scenarios constructed from the base case/average 

expectation using possible development and expert 

judgment and helps to render the complex outside 

world more tractable for the CBA.

Simple to understand and apply and can 

compare alternative outcomes easily and 

identify relationships. In addition, it uses 

qualitative factors to take account of 

potentially influential changes.

Depends on expert judgment, and this 

could vary from one scenario analyst to 

another. Is subjective.

Monte Carlo analysis

Is most useful in large project investments, and 

situations where the sensitivity of key variables is 

significant and more quantitative information on the 

risk is required.

Provides a quantitative assessment of 

uncertainty which presents CBA metrics 

as a range and distribution of plausible 

values, rather than single values.

Depends on the accuracy of inputs and the 

assumptions of underlying distributions. 

Can also be cost and time intensive.
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(Table  1). Sensitivity analysis and scenario analysis focus on 
preliminary identification and characterization of sources of 
uncertainty. For instance, Hallegatte (2006) used sensitivity analysis 
to assess the uncertainty added by climate change to infrastructure 
design, which could increase the probability of either under-
adaptation (and increased risk) or over-adaptation (and sunk costs) 
in their CBA study of the New Orleans Flood Protection System. 
Denver Water used scenario analysis in the development of its 
infrastructure investment program by identifying three key uncertain 
variables: climate warming, economic growth, and urban versus 
suburban preference, which were combined to create five easy-to-
interpret scenarios for performance evaluation (Denver Water, 2018). 
Other methods, such as Monte Carlo analysis, are used in combination 
with sensitivity analysis and scenario analysis to explore uncertainty 
levels, propagate uncertainty through models, or trace and rank 
sources of uncertainty. Asplund and Eliasson (2016) used Monte 
Carlo Analysis to manage the uncertainty in transport infrastructure 
investment CBA. In this study, sensitivity analysis identified 
investment costs and transport demands as the key risk parameters, 
while Monte Carlo Analysis investigated the range of uncertainty 
presented by the risk parameters using probability density functions. 
The results showed that uncertainties associated with investment 
costs and transport demands could lead to a reduction of 5–15% of 
net benefits. The range of net benefits calculated by Asplund and 
Eliasson (2016) provides the decision-maker with a better 
understanding of climate-related risks to the proposed investment; 
however, the rigorous application of sensitivity analysis, scenario 
analysis, and/or Monte Carlo Analysis to characterize climate change-
related risks to infrastructure investments is often lacking (or 
insufficient) in practice.

For more confident decisions, methods that characterize and 
propagate uncertainty through the workflow and, when possible, use 
results to reduce the sensitivity of a project to uncertainty are 
recommended (Refsgaard et  al., 2007). Typical foreign aid 
development agencies like the World Bank, Asian Development Bank 
(ADB), Millennium Challenge Corporation (MCC), and United States 
Agency for International Development (USAID) use these uncertainty 
characterization methods while appraising proposed projects. A 
survey of the CBA spreadsheets of 82 projects from closed MCC 
compacts executed between 2005 and 2020 (see 
Supplementary material) showed that sensitivity analysis was 
conducted on project costs and benefits, and other project-specific 
uncertainties such as water demand, hectares of cropland cultivated 
and storage capacity of planned infrastructure. With-project and 
without-project scenarios (storylines) were also analyzed in line with 
standard economic practice. However, none of the 82 projects 
explored the consideration of alternate climate scenarios as part of 
scenario analysis; rather, they used scenario analysis to evaluate the 
impact on local economic outcomes of interest using with-project and 
without-project storylines. Furthermore, only 50% of the surveyed 
projects from MCC compacts indicate that a Monte Carlo analysis, in 
addition to sensitivity analysis, was conducted on CBA metrics such 
as the ERR, NPV, and PV to assess the robustness of investment 
under uncertainty.

Like the MCC, the ADB recommends the conventional 
approaches of sensitivity analysis and probabilistic/risk analysis 
(Monte Carlo analysis) as well as alternative approaches such as 
scenario analysis, real options analysis (Wang et al., 2019), and robust 

decision-making (RDM) (Lempert et al., 2010; Lempert, 2019) for 
uncertainty characterization. The World Bank, USAID, and other 
agencies like the United States Army of Corp Engineers (USACE) and 
the National Institute of Standards and Technology (NIST) all use 
conventional sensitivity analysis for preliminary risk assessment in 
CBA (Hallegatte et al., 2012, 2021; Gilbert et al., 2015) and recommend 
Monte Carlo Analysis as an additional form of risk analysis. 
Synthesizing from this survey of compact evaluation, sensitivity 
analysis is widely adopted in assessments of the potential future 
performance of water resources projects, but in practice, there is 
generally limited exploration of alternative climate scenarios as part 
of scenario analysis, and Monte Carlo analysis although recommended, 
is rarely applied.

2.2 Toward robust decision-making under 
climate change

Project vulnerability to characterized uncertainties can 
be understood through graphical summaries, as well as metrics like 
the RI, that summarize overall performance across the range of 
uncertainties examined (Moody and Brown, 2013). Using a range of 
0 to 1, representing never meeting the criteria or perfectly acceptable 
performance, respectively, the RI quantifies project robustness under 
uncertainty and aids comparison of alternative adaptation strategies. 
The metric is calculated as a ratio of the sum of acceptably performing 
scenarios to the total number of scenarios in the uncertainty space 
(effectively assuming equal likelihood for all scenarios or uniform 
distribution in a continuous uncertainty space). This concept has been 
extended to sources of climate uncertainty associated with CBA 
studies to provide insight into the level of project performance under 
climate (and other) uncertainties (Moody and Brown, 2013; Whateley 
et  al., 2014; Taner et  al., 2017; Ray et  al., 2018). For instance, in 
conventional CBA, the RI is computed from sensitivity analysis and 
Monte Carlo analysis based on uncertainties in costs, benefits, or their 
drivers which may be  project-specific. The CRI further evaluates 
project performance under a wide range of plausible climate scenarios 
and weighs the RI with likelihoods of those climate scenarios: that is, 
it incorporates a variety of likelihood information (e.g., Taner et al., 
2019) in its translation of a scenario-neutral robustness measure (RI) 
into a climate-informed robustness measure. The CRI has been 
applied to the economic evaluation approaches of institutions such as 
the World Bank (Ray and Brown, 2015; Ray et al., 2019; Rodríguez 
et  al., 2021), UNESCO (Mendoza et  al., 2018), the California 
Department of Water Resources (Schwarz et al., 2018; Ray et al., 2020), 
and the International Hydropower Association (2019).

However, uptake of the CRI in decision-making has been limited, 
particularly within the CBA sphere. In the MCC projects surveyed, 
the RI concept (not even considering climate elements) was referenced 
in 12% of the sampled project CBAs from prior to 2020, although 
updated guidance published in 2021 requires the use of the RI. While 
the use of confidence intervals rather than point estimates has been 
encouraged by some of the development institutions surveyed, ranges 
of CBA metrics resulting from uncertainty characterization, and 
robustness metrics computed from such ranges, are often not reported 
to stakeholders alongside the expected value for holistic decision-
making under uncertainty. Our examination of publicly available 
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spreadsheets of CBA studies found that they usually do not include 
uncertainty ranges or robustness metrics like the RI on their summary 
pages. This paper aims to demonstrate the process of estimating a CRI 
as well as the utilization of climate-informed likelihoods to estimate 
the value of incremental investments to improve project performance 
in the face of uncertain climate change.

To compute a CRI from CBA results, we integrate decision scaling 
principles (Brown et al., 2012) including decision framing, the climate 
stress test, and estimation of climate-informed risks, into the standard 
economic evaluation process. Decision scaling utilizes a decision-
analytic framework to first identify the climate conditions to which 
the project performance is vulnerable, and then supplement the 
scenario-neutral vulnerability assessment with likelihood information 
derived from a study of the most up-to-date climate science (and 
projections), analysis of historical patterns and trends, and local 
expert opinions (Brown et al., 2012). Specifically, with the climate 
stress test, an analyst develops a two-dimensional representation of 
project performance under different climate futures, which can then 
be  used to inform specific climate vulnerabilities and associated 
design adaptations. By introducing these principles into the workflow 
of conventional economic assessment methods, we provide a climate-
informed basis for uncertainty characterization and investment 
vulnerability assessment and subsequently improved decisions in 
water project planning and management.

This paper defines project vulnerabilities using the CRI and 
contributes to literature by mapping out a novel, targeted process by 
which stakeholders’ WTP for robustness-improving adaptations can 
be estimated. The methodology presented in the next section covers 
techniques of uncertainty characterization used in typical CBA studies 
and adopts a framework that connects hydrologic/hydraulic models, 
climate vulnerability assessments, and economic evaluation 
techniques that typical development agencies utilize during 
compact development.

3 Methodology

Figure 1 presents the study methodology. In Step 1, we screen for 
climate hazards using mostly qualitative and categorical mechanisms. 
In Step 2, we identify the modeling tools and algorithmic workflows 
needed to conduct a climate stress test for our particular case. In 
Step 3, the climate stress test is executed, and visualizations of the 
results are developed. In Step  4, relevant thresholds that define 
acceptable performance are selected and the CRI, along with other 
distribution information on CBA metrics, is calculated using 
likelihood information from GCMs (Wilby and Wigley, 1997). In 
Step 5, we estimate the WTP for a potential adaptation under a range 
of climate scenarios generated by the stress test using the PV of 

FIGURE 1

Methodology for estimating stakeholder WTP under climate change.
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benefits from CBA calculations. Brown et  al. (2024) present a 
comprehensive description of these steps in their guidance document 
for achieving robust project design through iterative climate-informed 
performance assessment, developed under a partnership with the 
Millennium Challenge Corporation.

3.1 Climate hazard screening

The climate hazard screening is conducted in collaboration with 
stakeholders, using readily accessible screening tools such as the 
World Bank’s resilience booster tool (Ospina and Rigaud, 2021) and 
climate and disaster risk screening tool (Kull et al., 2016), the USAID’s 
climate risk screening and management tools (Hammill and Tanner, 
2011), and the International Institute for Sustainable Development’s 
CRiSTAL tool (Keller et al., 2013; Zamudio, 2016). This step identifies 
potential climatic and non-climatic threats to project performance 
(Phan et al., 2018; Xiong et al., 2022; Kazemi Garajeh et al., 2024b), 
taking into consideration stakeholder-defined performance indicators, 
acceptability thresholds, project location, and useful lifespan, among 
other factors. In climate-sensitive projects, screening for hazards by 
considering changes to variables such as temperature, precipitation, 
sea level rise, and recurrent intervals of extreme weather events helps 
identify threats to the project over its expected lifespan that require 
formal attention in project design and assessment of 
project performance.

3.2 Develop a climate-responsive modeling 
framework

Based on identified climate hazards in Section 3.1, a modeling 
framework is developed. The requirement for climate-responsive 
modeling is an integrated model, or set of linked models, that accepts 
climate-affected variables as inputs and quantifies their impacts on key 
project performance metrics, including CBA metrics such as the ERR 
and NPV. While described succinctly here, adapting a pre-existing 
model to be functionally climate-responsive can be a significant effort. 
The models should be able to relate climate variables to the outcomes 
of interest. In the context of this study, costs and benefits are treated 
as a function of climate variables (precipitation and temperature), 
thereby linking climate to the outcomes that are relevant to project 
design, economic evaluation, and decision-making. The modeling 
framework developed for this study is discussed further in the Case 
Study section.

3.3 Design and execute a climate 
vulnerability stress test

The third step makes use of a “climate stress test” to input a 
range of possible climate scenarios (futures) to the model chain 
developed in Section 3.2. This way, the models are used to 
simulate the effects of different climate futures on the key metrics 
of project, thereby quantitatively evaluating the conditions under 
which the project is robust, and those under which it is 
vulnerable. Scenarios for the stress test are typically generated to 

include the range of plausible changes in mean climate that 
capture the uncertainty introduced by unknown future 
anthropogenic activities and several realizations of natural 
variability. The recommended approach is to create a weather 
generator (Wilks and Wilby, 1999) designed to generate a large 
set of climate scenarios that comprehensively explores climate 
variability and climate change. While the level of sophistication 
varies, this can be  done through the following steps 
(Steinschneider and Brown, 2013; Steinschneider et al., 2019).

 a) Define the range of climate change to be  explored in the 
analysis. The range is selected to ensure all plausible climate 
changes are included, and this judgment can be  based on 
available climate projections for the region of interest. For 
context, when looking 30–40 years into the future, varying 
precipitation from −30 to +30% of the average annual value is 
often adequate, while the range is typically 0°C to +5°C of 
warming for temperature.

 b) Define the incremental changes in the climate variables to 
be  applied. Typical increments are changes of 10% of the 
annual average for precipitation and 1°C for temperature. This 
step and the previous step effectively define a grid over which 
project performance is sampled.

 c) Create scenarios of stochastic climate variability based on the 
observed historical variability and apply them as inputs for 
each point in the grid developed above. This involves statistical 
modeling of the observed variability and Monte Carlo 
sampling from the resulting autoregressive moving average 
(ARMA) models of seasonal or interannual variability, Markov 
chains of daily/weekly transition probabilities, and distribution 
functions representative of the likelihoods of events of 
various magnitudes.

The climate vulnerability stress test carefully integrates the 
methods of uncertainty characterization used in typical economic 
assessment. To understand the value-add of the stress test in 
uncertainty characterization, the distinction between epistemic and 
stochastic (or ontological) uncertainty as defined by Walker et al. 
(2003) needs to be highlighted. Epistemic uncertainty results from 
imperfect knowledge of a system and may be reduced by additional 
studies, for example more data collection and further research as 
explored by van der Pol et al. (2017). However, stochastic uncertainty, 
also referred to as aleatory uncertainty by Hallegatte et al. (2012), 
results from inherent or intrinsic variability in a system and this is the 
case with climate uncertainty. The weather generator for the climate 
stress test examines intrinsic variability within a climate scenario by 
sampling the historical time series using Monte Carlo, thereby 
identifying historical trends of variability that can inform the 
projection of future climate for the area of study. The two-way 
sensitivity analysis and scenario analysis, on the other hand, adopted 
in generating the alternate scenarios’ temperature and precipitation 
grid (steps (a) and (b) above), characterize variability among or 
between plausible climate futures. This way, the weather generator 
considers a wide range of alternative climate futures informed by 
known variability in historical climate and based on incremental 
changes in temperature and precipitation from the specified range to 
account for likely unknown changes in future climate. The climate 
stress test is not a substitute for existing methods of uncertainty 
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characterization but rather a more thorough approach to climate 
uncertainty characterization.

3.4 Calculate the CRI

Step 4 characterizes, using likelihood information, the climate 
conditions under which the project performs acceptably or otherwise 
using the results of the climate stress test in Section 3.3. To do this, a 
benchmark for acceptable performance is set; for instance, a minimum 
amount of streamflow required for irrigation or industrial production, 
the hurdle rate for investment decision-making, or a specified (net) 
present value of the investment. Mathematically, following Moody and 
Brown (2013), the investment is judged to perform acceptably in a 
given climate future using the binary performance function, ˄(d, X), 
as in Equation 1. This function computes to 0 for unacceptable 
performance and 1 for acceptable performance.

 ˄ ( ) ( ), 1 ,= ≥ Td if Y d YX X

 ( )0 , Tif Y d Y= <X  (1)

where, d is the decision. X is a vector of (climate) uncertainty 
variables representing a future state, that is, one of the possible climate 
scenarios generated from the stress test. ˄ (d, X) is the value of the 
performance metric, in our case the ERR, NPV, or PV of the 
investment under a given climate scenario.

Uniform RI (Equation 2) is calculated as the integral of the binary 
performance function, ˄ (d, X), divided by the integral of the (climate) 
uncertainty space considered, resulting in a fraction between 0 
(vulnerable investment) and 1 (robust investment over the entire 
range of climate scenarios considered) (Moody and Brown, 2013).
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where, dxi represents the climate variables—in our case, 
temperature and precipitation. This can be expanded to accommodate 
the appropriate number of climate variables for specific studies.

However, Equation 2 assumes an equal likelihood of all the 
climate scenarios considered in the stress test, which effectively 
overweighs more extreme scenarios. Attaching likelihood information 
to climate scenarios to calculate the CRI helps analyze more accurately 
the investment’s vulnerability to uncertainty under climate change. 
For instance, climate scenarios from the CMIP6 projections (output 
of the 6th Coupled Model Intercomparison Project (CMIP6) of the 
global circulation models (GCMs)) can be used to assess the likelihood 
of the climate scenarios generated from the stress test and calculate 
the CRI as in Equation 3.

 ( ) ( ) ( ) 1 2, Pr= ∧ x xCRI d d d d∬ X X
 (3)

where, Pr (X) is the probability of a given climate scenario.

In addition, following Moody and Brown (2013) the study used 
the multivariate normal distribution (parameters of mean, μ and 
covariance, Ʃ) to model the distribution of climate variables, as shown 
in Equation 4.
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where, X and μ are k-length vectors of climate variables and 
climate variable means, respectively. Ʃ is the symmetric, positive 
definite k x k covariance matrix.

The CRI is defined in a decision-focused manner and, when 
adopted in an economic evaluation of water resources projects, 
provides a robust approach to uncertainty characterization and 
investment vulnerability assessment under a changing climate. It also 
gives sufficient flexibility to update information as the project 
progresses and new information on uncertainties is observed (Moody 
and Brown, 2013; Whateley et  al., 2014). Importantly, alternative 
investment options that have CBA metrics of similar expected values 
but different robustness to climate change can be compared using the 
CRI. Depending on how the analytical framework is defined, 
flexibility-emphasizing methods such as real options analysis (ROA) 
can accommodate climate likelihood information, when the need for 
climate vulnerability assessment becomes obvious at tipping points. 
However, by using the CRI, project robustness can be  evaluated 
upfront, thereby facilitating effective adaptation planning.

3.5 Estimate stakeholder WTP for 
adaptations

If the CRI calculated in Section 3.4 reveals unacceptable 
vulnerability in project performance, then decision-makers will likely 
wish to consider adaptation measures to increase the robustness of the 
project. Adaptations include adjustments to systems, processes, 
practices, and structures in response to actual or expected climatic 
stimuli or their effects, which moderate damages or exploit benefits 
(Adger et al., 2005; Berrang-Ford et al., 2011). Proposed methods of 
adaptation for vulnerability reduction could range from relatively 
small adjustments to existing project elements such as increasing road 
culvert size or changing construction material, to significant design 
changes, such as the inclusion of nature-based solutions (NbS) 
(Nesshöver et al., 2017; Jeuken et al., 2023) or ICM measures.

For long-term adaptation planning, information on the costs and 
benefits of adaptation is required (Estrada et al., 2017). As Stern (2007) 
notes, the gross benefits of adaptations are in the damage avoided 
while the net benefit of adaptation is the damage avoided less the cost 
of adaptation, but few adaptation projects have been subjected to 
robust economic analysis that weighs tradeoffs in investment options 
(World Bank, 2010). Having identified possible design adaptations, 
their incremental benefits (relative to the base design) need to 
be assessed, in effect estimating stakeholders’ WTP for the adaptations 
beyond the base design costs of the project. This is the additional 
amount that investors are willing to pay to sustain robust project 
performance under a changing climate (Freeman et al., 2020). Using 
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the PV of benefits from CBA, the WTP for adaptations can 
be estimated under each climate scenario of the stress test. This is 
calculated using two storylines: without adaptations and with 
adaptations, referred to as the Baseline (business as usual) scenario 
and ICM scenario, respectively, in the case study. The stakeholders’ 
WTP is calculated as the difference in PV of benefits between the ICM 
scenario and the baseline scenario as in Equations 5, 6.

 ICM BaseWTP PV PV= −  (5)
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( )
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where, PVICM—Present value of investment benefits with 
adaptations. PVBase—Present value of investment benefits without 
adaptations. future benefits—projected future benefits of investments. 
i—discount rate. n—project time horizon.

4 Study area and case study

4.1 Study area

Lesotho, located between latitudes 28 °S and 31 °S, and longitudes 
27 °E and 30 °E, is a mountainous, landlocked country, with a 
population of approximately 2.3 million and a land area of just over 
30,000 m2. High elevations make Lesotho (entirely above 1,000 m), 
relatively cold with the wet summer season extending from October 
to April, providing a long-term annual precipitation average of 
761.2 mm. Despite having vast water resources, periodic droughts 
have been part of Lesotho’s recent history (Belle and Hlalele, 2015; 
Kamara et al., 2019), leading to food insecurity (Verschuur et al., 2007) 
and disrupting industrial activity.

4.2 Case study

The MCC signed its second compact with Lesotho in May 2022 
(MCC, 2022). This compact consists of three projects, one of which is 
the Market Driven Irrigation Horticulture (MDIH) project used as 
our case study. The MDIH project aims to increase rural incomes and 
fight food insecurity by investing in climate-smart irrigation 
infrastructure, and attracting commercial farmers to collaborate with 
local, small-holder farmers to produce high-value crops and build 
strong value chains (MCC, 2022). Four areas in the Lesotho Lowlands 
were shortlisted for implementation of the MDIH scheme: Tsoili-
Tsoili, Manka, and Likhakeng in the Leribe area which forms a part of 
the little Caledon River basin; and Phamong (Lithipeng), which is part 
of the large Orange-Senqu River basin. In each location, the key 
infrastructure is a small irrigation dam designed to supply water to 
demarcated cultivated areas. ICM interventions, such as check dams, 
hill regrading (contours), and waterways, have also been proposed for 
implementation upstream of the dams to reduce sedimentation and 
subsequently preserve live dam storage volume for irrigation purposes 
(AECOM, 2022a). The study focuses on the Phamong irrigation 
scheme area shown in Figure  2 (one of four), and the analysis is 

conducted under the Baseline and the ICM scenarios. The latter 
examines ICM as a possible adaptation strategy that improves project 
performance and investment robustness in order to estimate WTP 
of stakeholders.

4.2.1 Modeling and data sources
Figure 3 presents the climate-responsive modeling framework 

developed for the study, and the following is a summary of the key 
features of each component of the framework: the hydrologic model, 
the reservoir model, the agronomy model, and the economic model.

4.2.1.1 Hydrologic model
A SWAT (Soil and Water Assessment Tool) hydrologic model 

(Gassman et al., 2014) was built for the Phamong MDIH sub-basin 
(Figure 2) using input data recorded in Supplementary material. The 
small size of the sub-basin meant that pre-existing data sources did 
not allow for differentiated rainfall patterns, land use (rangeland—
grasses), and soil type (clay loam with hydrologic group C), and 
available water capacity (AWC) = 0.122). The SWAT model 
disaggregated the sub-basin into 30 unique hydrologic response units 
(HRUs) based on elevation and slope differences. Due to unavailability 
of streamflow gages at the sub-basin level, a drainage-area ratio 
method was used to estimate observed streamflow at the Phamong 
sub-basin outlet point by applying an area factor of 0.042 to streamflow 
data from the available stream gage. Inset B in Figure 2 shows the 
relative size of the study sub-basin (≈ 83 km2) relative to the area 
drained by the available gage (19,875 km2). The SWAT model was 
calibrated to the estimated flows at the Phamong sub-basin outlet 
using 2,000 runs on a monthly time step, and calibration results are 
presented in Figure 4 (see Supplementary material for calibration 
parameters). Although the study also addresses sedimentation, 
sediment data were unavailable for calibration, so sediment estimates 
from previous feasibility studies have been adopted. Proposed ICM 
plans were also implemented, and alternative climate scenarios were 
run through the model.

 a) ICM Implementation: To assess the investment with 
adaptations, the ICM measures in Table 2 were implemented 
in SWAT (detailed information in Supplementary material). 
The targeted hydrologic impact of these measures was 
increased infiltration within, and reduced runoff from the 
sub-basin, which subsequently reduces the flow of sediments 
into the reservoir downstream. The 2-fold ICM benefits 
projected for the erosion-prone study area are reduced dam 
siltation leading to preserved live storage volume, and increased 
soil water retention which has the benefits of supplementing 
crop water demand within the cultivated areas and possible 
community water supply benefits from deep aquifer recharge.

 b) Stochastic Weather Generator: For the climate stress test 
(Figure  1), 28 alternative scenarios were generated using a 
stochastic weather generator built in the R programming 
language following the approach outlined in Section 3.3. For 
our analysis, a range of −30 to +30% of the average annual 
value for precipitation and a temperature range of 0°C to +3°C 
of warming was sufficient, and increments of 10% of annual 
average precipitation and 1°C for temperature were adopted. 
These ranges ensure we explore an uncertainty space greater 
than that encapsulated in the GCM ensemble over the planning 
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period. This was evaluated from the full ensemble of GCMs, 
plotted on the climate response surface as a “GCM cloud.” 
Daily time series from the two available precipitation and 
temperature stations were sampled (Supplementary material) 
to capture interannual variability, and monthly means were 
adjusted to ensure total monthly precipitation was maintained 
when the Markov Chain was adjusted. Ten trials of the weather 
generator were run, and an ensemble of 69 years of data was 
generated to match the length of available precipitation and 
temperature data records. Refer to Supplementary material for 
monthly statistical characteristics of the weather generator 
precipitation traces.

4.2.1.2 Reservoir model
The reservoir model was built using the R programming language, 

beginning with modifying the res_supply function in the Reservoir 
package (Turner and Galelli, 2016) for flexibility of reservoir release 
rules optimization under the different climate scenarios, and to specify 
release targets based on the irrigation water demand. The reservoir 
optimization aimed to minimize the deviation between monthly 
reservoir allocations to crops, At, and monthly crop irrigation water 

demand, Dt. A specified weight, wt, was applied to penalize months in 
which reservoir allocation falls below the crop water demand. 
Equation 7 is the optimization function for the reservoir. Optimized 
reservoir allocations under each climate scenario were specified for 
the simulation of reservoir crop allocation following the workflow in 
Figure 3. In simulating the reservoir releases, environmental flow 
requirements were calculated as 13.4% of historical mean monthly 
runoff based on hydrological similarities of the Phamong dam 
sub-basin to the Metolong dam location (ORASECOM, 2014; 
AECOM, 2022b).
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1
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n
t t t

t
abs w A D

=
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(7)

where, t—current month. n—total number of months. wt—
penalizing weight. At—reservoir allocation to crops. Dt—crop 
water demand.

4.2.1.3 Agronomic/crop model
The irrigation water demand assessment conducted during the 

project’s feasibility studies (AECOM, 2022c) made use of the SAPWAT 

FIGURE 2

Phamong sub-basin showing the location of the proposed dam and planned irrigated perimeters (inset A shows the location of Lesotho in Africa, while 
inset B shows the location of the Phamong Basin in Lesotho).
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model (Crosby and Crosby, 1999) and followed guidelines from FAO 
Paper No. 56 (Allen et al., 2000) with generic crop coefficients modified 
to suit local climate conditions (Van Heerden and Walker, 2016) as 
shown in Supplementary material. The agronomic model for the MDIH 
scheme is a simple mathematical model, looped with the reservoir 
simulation model in R programming language, which estimates the 
number of monthly hectares that can be sustainably irrigated under 
each climate scenario using the optimized reservoir release rules. The 
gross irrigation requirement (GIR) was combined with the proposed 
cropping patterns (Supplementary material) according to Equation 8 to 
calculate the target number of hectares to be irrigated each month. From 
a total scheme area of 70 hectares marked out for irrigation by the dam, 
the number of hectares to be irrigated monthly, and their corresponding 
irrigation water requirement is presented in Supplementary material 
(AECOM, 2022c). In each climate scenario, the actual number of 
hectares irrigated monthly is calculated using Equation 9.
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where, i—specific crop in the cropping pattern. n—total number 
of crops in the cropping patterns. GIRi—gross irrigation requirement 
(crop water requirement x efficiency of irrigation system) for crop i. 
mi—number of total hectares allocated to crop i. mon—month of the 
year. Htarget,mon—hectares of crops irrigated in a given month. 

Htotal—total hectares of the MDIH scheme to be irrigated by the dam 
(70 ha).
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where, A—amount of water allocated to crops in a given 
month. Hactual,mon—actual hectares of crops irrigated in a 
given month.

4.2.1.4 Economic model
The economic model is a CBA model looped into the model 

workflow (Figure 3) with the reservoir and crop models in the R 
programming language. A discount rate of 7% was adopted in the case 
study. The key benefit stream for the project is revenue from the 
hectares cultivated each month, and more hectares cultivated based 
on sufficient water availability lead to higher benefits. Stakeholders 
desire to have a measure of confidence in their investments under 
climate change and typically have varying levels of risk tolerance 
(Kunreuther et al., 2013; Aengenheyster et al., 2018; Ainia and Lutfi, 
2019). In the economic model, we  illustrate stakeholders’ risk 
tolerance by calculating benefits from the 80th percentile of monthly 
hectares cultivated during the study time horizon, where the area 
cultivated accounts for variability in water flows within and across 

FIGURE 3

Climate-responsive modeling framework.
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climate scenarios. Two sources facilitate irrigation of the cultivated 
hectares in the study.

 a) In the baseline (business as usual) scenario, the Phamong dam 
is relied on to meet all the irrigation demand and

 b) In the ICM (adaptations) scenario, the irrigation demand is 
supported by both the dam and additional moisture retained 
within the irrigated perimeters and available to the crops.

Additionally, small quantities of deep aquifer recharge were 
observed in the ICM scenario, which suggests that community water 
supply benefits could be an added benefit stream with adaptations. 
Recognizing the importance of this observation in the holistic 
consideration of adaptation benefits, an attempt has been made to 
quantify and include this benefit stream in the CBA evaluation, using 
ranges of groundwater values estimated in literature (Bann and Wood, 
2012; Bierkens et al., 2019; Charalambous, 2020). From post-2000 
studies examined, the value of groundwater (adjusted to 2021 prices) 
ranges from $0.27/m3 to $0.67/m3 for agriculture and associated rural 
domestic supply. A summary of the literature review on groundwater 
valuation conducted for the study can be  accessed in 
Supplementary material.

5 Results and discussion

5.1 Baseline (business as usual) investment 
scenario

Table 3 summarizes the CBA metrics calculated for the baseline 
scenario, and from the highest NPV, we observe that approximately 
$0.82 million of investment costs (PV) could be lost over the design 
life of the project in the best-case climate simulated by the stress test 
(30% more precipitation and no change to historical average 
temperature). This means that even the maximum amount of water 
available under the baseline scenario, when managed according to 
assumed reservoir operations, does not irrigate sufficient hectares to 
cover the assumed investment costs. The maximum ERR calculated 
across the 28 climate scenarios was 2.08%, which is much lower than 
the 7% analysis discount rate. It is, however, important to note that 
while the modeling is rigorous in many respects as described in 
Section 4 (Case Study) and informed by available local data, certain 
cost allocation and operational assumptions were made for illustrative 
purposes, and therefore the absolute value of these findings should not 
be interpreted as definitive assessments of the performance of actual 
MCC project. However, taking these results at face value, the baseline 

FIGURE 4

Calibration and validation results.
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investment would be judged vulnerable to changing climate with an 
RI (and CRI) of 0 as all ERRs calculated across the stress test scenarios 
fall below the discount rate and the NPV is entirely negative. Projects 
with zero RI cannot be expected to perform acceptably and require 
adaptation measures. ICM has been recommended as an adaptation 
option in our case study. The following section illustrates the potential 
of adaptations in preserving the project benefit streams.

5.2 ICM as an adaptation option

The Phamong irrigation dam is susceptible to high sedimentation 
due to land degradation and high erosion rates in the sub-basin. These 
high sedimentation rates threaten projected benefit streams as they 
could reduce dam storage capacity and limit the number of hectares 
that can be sustainably irrigated over time. From previous feasibility 
studies (AECOM, 2022b), a reservoir storage loss of 0.11 MCM is 
projected to occur over 50 years of operating the dam. This means that 
the Phamong irrigation dam could lose 24% of its original storage 
capacity in approximately 40 years, which translates to a potential 
$0.28 million investment benefit loss. Figure 5 illustrates the potential 
of ICM measures in preserving dam storage capacity as modeled in 
our study. Over a period of 44 years, the projected loss of benefits due 
to sedimentation is only $0.09 million when ICM measures are 
implemented. We estimate that ICM implementation could potentially 
preserve $0.19 million of crop revenue benefits in the Phamong 
scheme. If we extended this analysis to the entire MDIH scheme, the 
investment benefits preserved would be  much more significant. 
Furthermore, adaptation measures like ICM often provide co-benefits 
such as carbon sequestration (Smith, 2004; Lal, 2008), which if valued 

could augment the value of the total benefits. Some studies have 
highlighted the climate change adaptation and mitigation benefits 
associated with carbon sequestration (Lal, 2004; Ussiri and Lal, 2017; 
Villa and Bernal, 2018). The valuation of these co-benefit streams is 
beyond the scope of the study but has been highlighted for 
future study.

Although check dams were designated as the priority ICM for 
the Phamong area in the feasibility studies, implementation of all 
recommended ICM measures (check dams, contours and 
waterways, and fencing) in combination was found to be the most 
effective in preventing excessive dam siltation. Our analysis results 
showed that contours and grassed waterways are the most effective 
individual ICM measures for preservation of dam storage, then 
checking dams, and then fencing off degraded areas. This is 
consistent with results from Shrestha et  al. (2021) who found 
terracing to be the best catchment-level management option which 
reduced both magnitude and loss of reservoir capacity and cost of 
sediment management in the Mekong River Basin in Southern 
Laos, China. Vogl et al. (2017) also found improved soil retention, 
reduced in-stream sediment, and lowered erosion rates, while 
exploring the economic benefits of investments in sustainable land 
use practices, including terracing, on ecosystem services in the 
Upper Tana basin, Kenya. Despite the poor performance of ERR 
and NPV metrics in our case study, the PV of benefits is still 
beneficial in illustrating stakeholders’ WTP for ICM adaptations 
that preserve project benefits. The discussion from this point 
forward focuses on the PV of benefits to compare the ICM and 
baseline scenarios and illustrate the recommended approach to 
investment decision-making using the CRI, and estimate WTP.

5.3 Performance of adaptations under 
climate change

5.3.1 Assessing investment vulnerability and 
making decisions using the CRI

Likelihood information from GCMs can assist in identifying 
which of the stress test-generated climate scenarios are more likely 
to occur, leading to a more robust consideration of investment 
vulnerability. Average monthly precipitation and temperature from 
SSP2-4.5 and SSP5-8.5 scenarios of CMIP6 projections (historical 
baseline period: 2000–2020 and future analysis period: 2040–2060; 

TABLE 2 ICM implementation in SWAT.

ICM Purpose Implementation in SWAT Assumptions

Check dams

Implemented upstream of the 

dam to reduce the flow of 

sediments into the dam.

Filtration Ponds

80% of [dam] catchment area drains into the pond—this was 

to make allowance for possible water extraction within sub-

basins for alternative use.

Contours and waterways

Implemented within the 

cultivated areas of the dam to 

reduce the flow of sediments into 

the dam.

Contours and waterways

Contours use SWAT curve number default (CN = 0.6 and 

USLE practice factor = 6,000). The dimensions (length, width, 

and depth) of waterways were adopted from previous 

feasibility studies.

Fencing off degraded areas
To restore degraded land for 

livestock grazing
Residue management

As the aim of fencing off degraded areas is to prevent grazing 

and improve land cover, a minimum amount of land cover 

was specified for the degraded areas (1,000 kg/ha from out of 

a possible range of 0 to 5,000).

TABLE 3 Summary of CBA metrics for the baseline scenario across 28 
alternate climate futures.

Economic 
metric

Mean Median Mode Range

ERR (%) −2.46 0.44 0.99 [−18.85, 

2.08]

NPV ($ million) −1.18 −1.02 −0.94 [−1.94, 

−0.82]

PV ($ million) 0.79 0.94 1.03 [0.03, 1.15]
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resolution 0.25 × 0.25) were obtained from NASA Earth Exchange 
Global Daily Downscaled Projections and used to calculate the 
CRI. The SSP2-4.5 projection represents a low to medium 
greenhouse gas (GHG) emission scenario with medium challenges 
to mitigation and adaptation, while the SSP5-8.5 projection 
represents a high GHG emissions scenario with low challenges to 
adaptation but high challenges to mitigation (Tebaldi et al., 2006; 
O'Neill et al., 2016).

To evaluate the fit of the GCMs, we compared seasonality (long-
term average per month) and average annual depth of precipitation in 
the study area with historical GCM runs and observed data (from the 
Princeton dataset) between 1950 and 2011. After this preliminary skill 
assessment, some GCM models were selected for the analysis, and 
others excluded as shown in Table 4 (also see Supplementary material). 
While there is no strict threshold recommendation for evaluating 
GCM fits, our analysis uses a correlation threshold of 0.7 to select the 
final suite of GCMs to include in the analysis. In addition, for 
illustration purposes, an arbitrary analysis threshold of $1 million was 
adopted for the PV of benefits; that is, the study assumes that the 
Phamong irrigation scheme performs acceptably if the PV of benefits 
is at least $1 million. Table 5 summarizes the expected values and CRIs 
of PV under the baseline and ICM scenarios. From the expected 
values calculated, the ICM scenario performs slightly better than the 
baseline (by $0.03 million). However, this metric does not offer any 
information on the added robustness of the investment due to 
adaptations, and so it forms only part of the picture of project  
performance.

FIGURE 5

Potential benefit of ICM in preserving dam storage volume over a period of 44 years (2025–2068).

TABLE 4 GCMs selected for vulnerability assessment using the CRI.

No. Selected GCMs Excluded GCMs

1 ACCESS.CM2 CanESM5.CanOE

2 ACCESS.ESM1.5 CESM2

3 BCC.CSM2.MR CMCC.CM2.SR5

4 CanESM5 CMCC.ESM2

5 CNRM.CM6.1 FGOALS.f3.L

6 CNRM.ESM2.1 GFDL.ESM4

7 EC.Earth3 INM.CM4.8

8 EC.Earth3.Veg.LR INM.CM5.0

9 FGOALS.g3 KACE.1.0.G

10 GFDL.CM4_gr2 MCM.UA.1.0

11 GFDL.CM4 NorESM2.LM

12 GISS.E2.1.G NorESM2.MM

13 IPSL.CM6A.LR TaiESM1

14 KIOST.ESM

15 MIROC6

16 MIROC.ES2L

17 MPI.ESM1.2.HR

18 MPI.ESM1.2.LR

19 MRI.ESM2.0

20 NESM3
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Additional information for robust decision-making was gained by 
calculating the uniform RI. Assuming equal likelihood for all climate 
scenarios, however, led to misleading results in the baseline scenario. 
Uniform RI was calculated as 42.4% in the baseline scenario, and the 
project may have been judged as moderately robust to climate 
uncertainties. More information on the robustness of investment was 
gained from the CRI by using the multivariate normal distribution 
(mean precipitation change = 0.89 mm, mean temperature 

change = 1.69°C, and covariance matrix, 
49.58 0.47

0.47 0.16
− 

Σ =  − 
) to 

assess the investment’s vulnerability to possible changes in historical 
average climate. With likelihood information, the results found that 
baseline investment robustness is much lower: approximately 16 
percentage points less than the uniform RI indicated (CRI = 26.5%), 
suggesting a higher need for climate adaptation than is revealed by the RI 
alone. This adds a layer of confidence to the benefits of adaptations already 
hinted at by higher expected value in the ICM scenario. The investment 
was found to be more robust to climate change when adaptations are 
implemented, using both the uniform RI and CRI. With uniform RI, the 
added robustness from ICM appears negligible (an increase of 7.2%), but 
the CRI clearly shows that investment robustness is almost double in the 
ICM scenario compared to the baseline. The CRI confirms that the 
robustness of the irrigation investment is improved with ICM, and 
stakeholders should be willing to explore adaptation options. A recent 
study by François et al. (2024) illustrates practically this added benefit of 
the CRI in investment decision-making.

The CDFs in Figure  6 visualize the robustness information 
presented in Table  5. Without the consideration of likelihood 
information (Figure 6A), at the 50th percentile (dotted gray lines), the 
ICM scenario is closer to the PV threshold than the baseline scenario. 
This, like the expected value, identifies the better performance of the 
ICM scenario. With likelihood information (Figure 6B), the robust 
performance of the ICM scenario relative to the baseline is more 
appreciable. The ICM scenario is the clear winner in more than 90% 
of the climate scenarios considered as seen in Figure 6B where the red 
ICM line emerges above the blue baseline scenario line before the 10th 
percentile. The red ICM line emerges above the blue baseline scenario 
line only after the 30th percentile when information from GCMs 
regarding the likelihood of potential future climate states is ignored 
(Figure 6A), masking the benefits of ICM.

5.3.2 Willingness-to-pay for adaptation
Based on the vulnerability assessment results, the study proposes 

the adoption of the recommended ICM options to preserve the benefit 
streams of the MDIH investment under climate change. The WTP for 

such adaptations under climate change is often a concern in project 
development. For instance, Mandri-Perrott and Bisbey (2016) 
highlight financial risk, that is, the likelihood that investors will not 
(continue) to provide sufficient funding for project development 
(including adaptation planning) as a key risk to irrigation schemes. 
Stakeholders and decision makers require justification for additional 
investment and need to understand whether adaptations contribute 
to overall investment goals, or lead to more loss of investment benefits 
due to uncertainty in future climate. Figure 7 presents the difference 
in the PV of investment benefits in the ICM and baseline scenarios 
under the 28 climate storylines generated from the stress test and 
Table 6 presents the summary statistics of the PV benefits. Higher PV 
values are observed in the ICM scenario, especially in high 
precipitation scenarios (blue portion of Figure 7), and this shows the 
effectiveness of check dams, contours, and waterways, in upstream 
water retention and reduction of sediment flow into the dam.

The red portion of Figure 7 suggests that adaptation measures are 
not always beneficial to investments. In low-precipitation scenarios, 
the results show that investing in ICM measures could lead to more 
losses. In the worst-case scenario (20% less precipitation and ≥ +2°C 
temperature), approximately $0.18 million could be lost compared to 
proceeding with the baseline investment without adaptations. For our 
case study, such losses are traceable to the counter-effect of the ICM 
measures when there is low-precipitation and/or high temperature. 
For example, check dams function by reducing the flow rate of runoff, 
thereby intercepting sediments that would have flowed directly into 
the reservoir downstream. When natural water budgets are low and 
temperatures are high, the flow held upstream is mostly evaporated 
before it either infiltrates and travels downstream through sub-surface 
channels, is taken up by growing crops, or percolates to recharge deep 
aquifers. The irrigation infrastructure could end up redundant and 
non-functional in drought periods since water is held upstream and 
evaporated at accelerated rates. The same mechanism is observed in 
the case of contours, grassed waterways, and fencing to revegetate 
degraded areas with increased rates of water loss through 
evapotranspiration. Martin et  al. (2021) similarly found high 
evapotranspiration associated with extreme climate scenarios and 
noted that nature-based solutions (NbS) may not be  sufficient 
adaptation to intense climate change. Rather than adaptations, if such 
low-precipitation scenarios are more likely to occur, a redesign of the 
project in terms of scope, for example, reducing the number of 
hectares planned for irrigation, can be explored.

Considering the position of the GCM cloud in Figure  7, the 
negative returns associated with investing in ICM measures in drier 
climate scenarios appear to be  low probability. This has been 
confirmed by the vulnerability assessment results presented using the 
CRI in the previous section. In other individual climate futures, the 
incremental benefit of ICM implementation could potentially reach 
up to $0.13 million on adaptations (Table 6). The PV of benefits of 
adaptations under climate change is illustrated in Figure 7. This is the 
maximum amount investors should spend on implementing 
adaptations now to secure acceptable future performance of the 
investment, and preservation of projected benefits under climate 
change. This estimate finds application in the drafting of contingency 
fund budgets for climate-sensitive projects and guards against 
uninformed investment in adaptation options under climate change. 
From our case study results, investing in ICM adaptation would lead 

TABLE 5 Robustness of investment PV to climate change.

Decision metric Baseline ICM

Mean/expected value ($ 

million)
0.79 0.82

Uniform RI 42.4% 49.6%

Climate-informed RI (CRI) 

(Combined SSP2.45 and 

SSP5.85)

26.5% 50.6%
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to expected incremental benefits of $0.03 million, though they could 
range from negative $0.18 million to $0.13 million depending on 
which climate future is realized.

Estimating what stakeholders should be willing to pay for adaptations 
using the presented methodology contributes further to existing guidance 
for the planning and management of water resources projects which make 
up a large portion of climate-sensitive investments. This is at the forefront 
of climate change adaptation planning globally (Derkzen et al., 2017; 
O'Garra and Mourato, 2016; Badura et al., 2021; Kruse and Atkinson, 
2022). For instance, Tang et al. (2022) examined factors influencing the 
WTP for agricultural irrigation water in Sichuan, China, using an 
empirical double-hurdle model based on survey data from farming 
households. Our study presents a climate-informed and economically 

defensible basis for estimating stakeholders’ WTP for adaptations using 
the PV of adaptation benefits. While other factors such as affordability, 
political acceptability, and market forces will eventually contribute to the 
choice of adaptations (if any) and estimating the actual WTP for them, 
the methodology presented still finds useful application in water projects 
planning, budgeting, design, and implementation under climate change.

6 Conclusions

The study has presented a step-by-step approach to the assessment of 
investment vulnerability and estimation of the stakeholders’ WTP for 
adaptations under climate change. The strengths, applications, and 

FIGURE 6

Cumulative density functions of PV of benefits without (A) and with (B) likelihood information (solid gray line is the PV analysis threshold of $1 million, 
and the circles mark the points at which the ICM scenario begins to outperform the baseline scenario).
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limitations of conventional methods of uncertainty characterization like 
sensitivity analysis, scenario analysis, and Monte Carlo analysis have been 
examined. The proposed methodology carefully integrates all these 
methods in vulnerability assessment using the CRI. By introducing 
bottom-up decision scaling principles (Brown et al., 2012), such as decision 
framing, the climate stress test, and estimation of climate-informed risks 
into standard economic evaluation process using CBA, we present a robust 
approach to economic evaluation and decision-making in climate-
sensitive projects such as water resources projects (Figure 1).

The methodology was demonstrated using a case study of an 
irrigation scheme in the Phamong area of Lesotho (Figure 2). Results 
of the study show the value of the CRI in investment vulnerability 
assessment and decision-making under climate change. In addition, 
we use our results to estimate the investors’ WTP for adaptations that 
secure projected benefits under a changing climate. The selected case 
study was one of four demarcated irrigation schemes in a sub-activity 
of the planned Lesotho 2 compact (see Case Study), and results did 

not yield sufficient economic benefits to be evaluated using standard 
ERR hurdle rates and the NPV. Initial assessment of the baseline 
(business as usual) scenario using a discount rate of 7% showed that 
the investment is vulnerable to climate change with NPV lying entirely 
below 0 in all the 28 climate scenarios analyzed.

However, the PV of the investment benefits was a sufficient basis for 
discussing investors’ WTP for adaptations and comparing the 
performance of baseline and ICM scenarios. With PV benefits threshold 
of $1 million, and benchmark RI = 50%, the ICM scenario performed 
better in terms of both expected value and RI. With adaptations, 
$0.03million of expected incremental benefits was calculated, and the 
uniform RI improved by 7.2% relative to the baseline design. Including 
likelihood information from CMIP6 projections for the Lesotho area 
provided more insight into the robustness of investment to climate 
change. The CRI under the ICM scenario was 50.6%, almost double the 
CRI of 26.5% under the baseline scenario. While noting the limitation of 
the PV in standard economic decision-making, the difference in PV of 
benefits between the ICM and baseline scenarios puts in current value 
perspective the maximum amount investors should be willing to spend 
on adaptation measures that preserve investment robustness.

Our results showed that in very low-precipitation scenarios, 
investing in ICM measures could lead to up to $0.18 million in 
incremental losses. Such losses are traceable to the counter-effect of 
extreme evaporation associated with ICM measures when there is low 
precipitation and/or high temperature. However, from the 
vulnerability assessment, such extreme low-precipitation scenarios are 
unlikely to occur. More benefits can be  gained from ICM 
implementation if investors are willing to spend up to $0.13 million 
(PV) on adaptations, depending on which climate future is realized. 
This WTP estimate is useful for contingency budget preparation for 
the planned project, with sufficient justification from the CRI results, 

FIGURE 7

Difference in PV of investment benefits (estimated WTP) (The solid GCM cloud shows the 95th percentile of GCMs with correlation >0.7 after the 
preliminary skill assessment while the dotted GCM cloud presents fifth percentile of GCMs with correlation >0.7).

TABLE 6 Summary metrics of the PV of investment benefit.

Summary 
metric

Mean Median Mode Range

Baseline PV of 

benefits ($ 

million)

0.79 0.94 1.03 [0.03, 1.15]

ICM PV of 

benefits ($ 

million)

0.82 0.99 1.10 [0.01, 1.28]

PV difference 

(WTP estimate 

for adaptations)

0.03 0.05 0.07
[−0.18, 

0.13]
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which equips project planners with a demonstrated approach for 
contingency budget defense. We also provide direction for improving 
climate adaptation policies by illustrating the value-add of climate 
vulnerability assessment and WTP estimates in climate-sensitive 
investment decision-making. For the successful implementation of 
our methodology in policymaking, we  recommend the policy 
integration (Biesbroek, 2021) and policy diffusion (Schoenefeld et al., 
2022) approaches. The former enables continuous improvement to 
climate adaptation policies as more knowledge is gained and novel 
analytical methods are developed, while the latter facilitates 
interdependent policymaking among several stakeholders.

In our study, there are limitations associated with analyzing part of a 
sub-activity in a development compact as a standalone investment, 
especially with respect to estimated costs and choice of discount rate. 
Assumptions associated with modeling the ICM measures and their 
sediment capture efficiency (Table  2), as well as inadequate data for 
hydrologic model calibration, are additional sources of limitation to the 
study. Therefore, our analysis is not definitive in its conclusions about the 
proposed Lesotho MDIH scheme. The MDIH scheme is also centralized 
and benefits from the scheme and implementation of adaptations are 
unlikely to be equitably distributed within the Phamong community. 
According to Fletcher et al. (2022), to achieve equitable outcomes in water 
resources management, it is critical that equity be  included in the 
decision-making process. While several studies have investigated matters 
of distributional equity in water resources, there remains a disconnect in 
translating theoretical recommendations into practice (Jafino et al., 2021; 
Seigerman et al., 2023; Odunola et al., 2023a,b).

This study has contributed on one hand to the practical demonstration 
of robust investment decision-making using results of climate 
vulnerability assessment and by estimating stakeholders’ WTP for 
adaptations under climate change. In future study, we will contribute 
further by integrating the assessment of spatial and distributional equity 
into the standard economic evaluation and decision-making processes 
under climate change. By carefully illustrating the place of recognitional 
(involving diverse stakeholder input), procedural (improved modeling 
frameworks and assumptions), and distributional equity (allocation of 
resources, costs, and benefits) in the various phases of water project 
planning (Seigerman et  al., 2023), including modeling and financial 
assessment, we aim to propose a reproducible approach to robust and 
equitable economic evaluation under changing climate.
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