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Preface

In 2007, the Inter-American Development 
Bank (IDB) formulated the Disaster Risk 
Management Policy (IDB 2007) in the context 
of an increase in the frequency and severity of 
disasters in Latin America and the Caribbean, 
in addition to a rising awareness of the effects 
of disasters on the economic and social 
development of the countries in the region. 
Likewise, the IDB’s Disaster Risk Management 
Policy Guidelines (IDB 2008) established 
a specific procedure for the assessment of 
the disaster risk for IDB-funded operations. 
These guidelines include two main stages: i. 
project projection and classification, and ii. a 
disaster risk assessment and a disaster Risk 
Management plan. Furthermore, through the 
Bahamas Resolution in 2016 the IDB’s Board 
of Governors formally committed the IDB 
to improve the assessment of climate risk 
and identify opportunities for resilience and 
Adaptation measures at the project concept 
stage (IDB 2016).



Subsequently, as a resource to implement 
both the Disaster Risk Management Policy 
Guidelines and the Bahamas Resolution in 2016, 
the IDB developed the Disaster and Climate 
Change Risk Assessment Methodology for 
IDB projects (IDB 2018). This methodology 
establishes a screening process and provides 
guidance for project teams to conduct disaster 
and climate change risk assessments at each 
stage of the project cycle. It offers a variety 
of methods to conduct risk assessments 
ranging from qualitative to quantitative 
and from simple to complex (for example, it 
includes both deterministic and probabilistic 
approaches). The methodology also contains 
methodologies for Decision Making Under 
Deep Uncertainty (DMDU), which is one more 
recent approach to evaluating and making 
decisions under a Risk Management context. 

This guidebook is aligned with the Disaster and 
Climate Change Risk Assessment Methodology 
for IDB projects and introduces and provides 
guidance on applying methods for DMDU 
to transportation planning. It presents the 
methodological steps that are necessary for 
the implementation of DMDU methodologies 
and reviews several such methods, including 
scenario planning, Adaptive Pathways, and 
robust decision making (RDM). This review is 
geared towards supporting the incorporation 
of DMDU methods into IDB’s transportation 
sector funding and planning processes. This 
guidebook was prepared for and funded by the 
IDB and is intended to help IDB team leaders, 
technical experts, planning and executing 
agencies, and consultants in conducting a 
DMDU analysis.
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Glossary
Adaptation is the process of adjustment to actual or expected climate and its effects. 
In human systems, Adaptation seeks to moderate or avoid harm or exploit beneficial 
opportunities. In some natural systems, human intervention may facilitate adjustment to 
expected climate and its effects (IPCC 2014).

Adaptive Pathways, also called dynamic adaptative policy pathways, is a decision-making 
strategy consisting of a sequence of manageable steps or decision points over time. 

Decision Framing is the way that a choice or challenge is worded and structured.

Deep Uncertainty exists when experts or stakeholders do not know or cannot agree on: (1) 
appropriate conceptual models that describe relationships among key driving forces in a 
system; (2) the probability distributions used to represent uncertainty about key variables 
and parameters, and/or (3) how to weigh and value desirable alternative outcomes 
(Lempert et al. 2003).

DMDU (Decision making under Deep Uncertainty) is a set of concepts, methods, and tools 
for informing decisions under conditions of Deep Uncertainty.

Exploratory Modeling is a research approach that uses computational experiments to 
analyze complex and uncertain systems (Bankes 1993). Exploratory Modeling generally 
employs an ensemble of models to explore many possible futures. An Exploratory Modeling 
approach generally views models as tools for exploring the outcomes from alternative 
assumptions about the future as well as from policy choices of interest (Lempert et al. 
2008).

Exposure is the presence of people; livelihoods; species or ecosystems; environmental 
functions; services and resources; infrastructure, or economic, social, or cultural assets in 
places and settings that could be adversely affected (IPCC 2014).

Flexible is used to denote a strategy that can be adjusted over time to new information.

Hazard is the potential occurrence of a natural or human-induced physical event or trend 
that may cause loss of life, injury, or other health impacts, as well as damage and loss 
to property, infrastructure, livelihoods, service provision, ecosystems and environmental 
resources (IPCC 2014).

Mitigation is a human intervention to reduce the sources or enhance the sinks of 
greenhouse gases.

RDM (Robust decision making) is an iterative decision analytic framework that helps to 
identify potential robust and flexible strategies, characterize the vulnerabilities of such 
strategies, and evaluate the tradeoffs among them.
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Resilience is the capacity of social, economic, and environmental systems to cope with a 
hazardous event, trend or disturbance, responding or reorganizing in ways that maintain 
their essential function, identity, and structure, while also maintaining the capacity for 
Adaptation, learning, and transformation (IPCC 2014).

Risk is the potential for consequences where something of value is at stake and where the 
outcome is uncertain, recognizing the diversity of values (IPCC 2014).

Risk Management is the plans, actions or policies to reduce the likelihood and/or 
consequences of risks or to respond to consequences (IPCC 2014).

Robust is a decision criterion that seeks strategies that perform well compared to the 
alternatives over a wide range of plausible futures.

Scenario Planning is a planning method in which participants develop a set of scenarios 
that can help expand participants’ understanding of the ways in which the future might 
unfold and help participants to develop strategies that are robust across these futures.

Vulnerability is the propensity or predisposition to be adversely affected. Vulnerability 
encompasses a variety of concepts and elements including sensitivity or susceptibility to 
harm and lack of capacity to cope and adapt (IPCC 2014).

XLRM is a framework used for Decision Framing often employed in DMDU analyses. The 
letters X, L, R, and M refer to four categories of important factors: metrics (M) are the 
performance standards used to evaluate whether or not a choice of policy levers achieves 
decision makers’ goals; policy levers (L) are near-term actions that decision makers 
may want to consider in order to achieve those goals and exogenous uncertainties (X) 
are factors outside the decision makers’ control that may affect the ability of near-term 
actions to achieve decision makers’ goals, and relationships (R), generally represented by 
simulation models, describe how the policy levers perform, as measured by the metrics, 
under the various uncertainties. 
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ANALYSIS OF EXTERNAL CLIMATE FINANCE ACCESS AND IMPLEMENTATION

The effects of climate-related natural 
hazards pose a significant threat to sustai-
nable development in Latin America and 
the Caribbean (LAC) region (Barandiarán, 
Esquivel et al. 2018) and in particular its 
transportation sector. Risk Management 
provides an appropriate framework for 
assessing and mitigating the impacts of cli-
mate change and other climate-related na-
tural hazards on transportation and other 
systems and choosing actions to enhance 
their resilience (Jones, Patwardhan et al. 
2014; Lempert, Arnold et al. 2018). Risk Ma-
nagement also forms the foundation of the 
Inter-American Development Bank’s (IDB) 
Disaster Risk Management Policy (IDB 
2007), the Bahamas commitment (IDB 
2016) and the Disaster and Climate Change 
Risk Assessment Methodology for IDB Pro-
jects (Barandiarán, Esquivel et al. 2018). 

However, analysts and policymakers invol-
ved in transportation planning, policy, and 
investment face significant challenges in 
managing the risks triggered by the effects 
of climate change. Climate change impacts 
the lifespan of roads, airports, and railroads 
as they have time horizons that surpass 
40 years, thus making it harder (if not 
impossible) to forecast with confidence all 
relevant future ezvents that will affect such 
infrastructure. In addition, the climate has 
already changed, so the return frequency 
of storms, for example, and other extreme 
events may now be different than sugges-
ted by the historical record in ways that 
are not always currently well understood. 
Implementing Risk Management under 
conditions of such uncertainty can prove 
difficult (Lempert, Arnold et al. 2018).
 
Past climate is no longer a reliable predic-
tor of future climate and there is a high 
level of uncertainty about how climate has 
and will change in the future. However, wai-
ting for these uncertainties to be resolved 
does not offer a path forward for transpor-
tation planners, who still need to consider 
future climate and other conditions when 
developing long-term infrastructure plans. 
To support long-term planning, climate 
models, while far from perfect, can offer 
useful insights into future climate and are 

helpful when they are used appropriately. 
Considerations of future climate should 
also weigh multiple objectives (e.g., relia-
bility, cost-effectiveness, and equity) and 
other socio-economic or policy conditions, 
as many decisions will prove effective or 
provide benefits under multiple future con-
ditions.
  
In developing plans, weighing benefits, and 
considering future conditions, planners 
should not mistake well-characterized risk 
for conditions of Deep Uncertainty. We-
ll-characterized risk exists when planners 
and engineers can confidently use single 
joint probability distributions (i.e., predic-
tions) to describe hazard, exposure, and 
vulnerability that contribute to risk. In con-
trast, we define Deep Uncertainty (Lem-
pert, Popper et al. 2003) as: 

Deep Uncertainty occurs when the par-
ties to a decision do not know or do not 
agree on the likelihood of alternative 
futures or how decisions or actions are 
related to consequences. 

As described below, Deep Uncertainty 
occurs when the parties to a decision do 
not know or do not agree on the likelihood 
of alternative futures or how decision or 
actions are related to consequences. DMDU 
enables Risk Management under such 
conditions. Decision Making Under Deep 
Uncertainty (DMDU) enables Risk Manage-
ment under conditions of Deep Uncertain-
ty, that is when risks cannot confidently be 
quantified. 
 
This guidebook was prepared for and fun-
ded by the IDB and is intended to help IDB 
team leaders, technical experts, planning 
and executing agencies, and consultants 
in conducting an analysis of DMDU, which 
is one approach to the thinking process of 
evaluating and making decisions under a 
Risk Management context. This approach 
and document are therefore aligned with 
the Disaster and Climate Change Risk 
Assessment Methodology for IDB projects 
(IDB 2018) as an approach that applies to 
system or portfolio analyses. 
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Specifically, this guidebook introduces and 
provides guidance on applying methods 
for DMDU to transportation planning and 
reviews several such methods, including 
scenario planning, Adaptive Pathways, 
and robust decision making (RDM). This 
review is geared towards supporting the 
incorporation of DMDU methods into IDB’s 
transportation sector funding and planning 
processes. In the risk calculation, instead 
of an “agreement on assumptions,” DMDU 
methods pursue an “agreement on poten-
tial actions.” That is, the DMDU methods 
refrain from making explicit predictions 
about which future will occur in the risk 
calculation, and instead focus on evalua-
ting potential feasible actions for associa-
ted risks and benefits. The focus of such 
an approach addresses uncertainty not by 
an explicit numerical quantification, but by 
selecting robust actions that will maximize 
benefits across the likely range of potential 
future conditions.

Section 2 provides a brief summary of risk 
and iterative Risk Management, its current 
application to transportation, how the 
Disaster and Climate Change Risk As-
sessment Methodology for IDB Projects 
(Barandiarán, Esquivel et al. 2018) imple-
ments these ideas, and how this guidebook 
supports this IDB methodology for the 
transportation sector. Section 3 discusses 
the new challenges generated by climate 
change, and summarizes information about 
current and future climate change and 
climate impacts on transportation in the 
LAC region. Section 4 introduces decision 
making under Deep Uncertainty (DMDU) 
as applied to transportation and reviews 
several such methods, including scenario 
planning, Adaptive Pathways, and robust 
decision making (RDM). The final section 
offers implications and recommendations 
for IDB. 



Iterative Risk 
Management 
and General 
Implications in 
Transportation 
Risk Analysis

02.



A growing body of literature and expe-
rience suggests that when appropriately 
generalized, Risk Management provides an 
inclusive framework that enables assess-
ment and response to the challenges and 
opportunities generated by climate change 
and other natural hazards for transporta-
tion and a wide variety of other systems 
(Jones, Patwardhan et al. 2014; Lempert, 
Arnold et al. 2018). 

Iterative Risk Management
Risk is defined as the product of the proba-
bility of an event or phenomenon affecting 

an individual, community, population, or 
place and the consequence of occurrence 
of that event or phenomenon. A very rare 
event with considerable consequences may 
have a similar risk as a much more frequent 
event with moderate consequences. Howe-
ver, in many cases relevant to transporta-
tion resilience, it proves useful to define risk 
more broadly as the potential for adverse 
consequences when something of value is 
at stake and the when outcome is uncertain 
(Jones, Patwardhan et al. 2014). This broad 
definition helps include hard to quantify, 
but nonetheless important, factors in the 
assessment and management of risk.

Exposure

Hazard

Vulnerability

Risk

Figure 2.1 | Components of risk

Disaster risk=f(h,ev)

Source: (Barandiaran et al. 2018)

>>
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The literature identifies three main con-
tributors to risk, as shown in Fig 2.1: ha-
zard, which is the potential occurrence of 
a physical event that may cause injury or 
damage; exposure, which is the presence of 
people and the materials they care about 
in places that could be adversely affected, 
and vulnerability, which is the propensity 
to be adversely affected by the hazard. For 
instance, the potential for a flood would 
represent hazard, any transportation infras-
tructure in the flood plain would represent 
exposure, and the likelihood of damage and 
disruption to that infrastructure in the case 
of flooding would represent vulnerability. 

Together, hazard, exposure, and vulnerabi-
lity lead to the consequences that consti-
tute risk. Distinguishing among these three 
contributors is useful because the human 
consequences arising from any physical 
hazard are strongly mediated by social 
factors, such as where people live and the 
capabilities available to them to reduce 
exposure and levels of vulnerability. Risk 
Management involves efficiently allocating 
resources among actions to reduce hazard, 
exposure, and vulnerability; thus, it offers a 
rich set of options for reducing risk (Knop-
man and Lempert2016).

Figure 2.2 | Iterative Risk Management Cycle

Source: (Jones et al. 2014)

>>

Identify risks, 
vulnerabilities and 

objetives

Scoping

Establish decision
making criteria

Review 
and learn

Implement 
decision

Monitor

Implementation

Identify options

Assess 
risks

Evaluate 
tradeoffs

Analysis



Ideally a risk assessment and evaluation of 
responses should be embedded within a 
larger process, often called iterative Risk 
Management. Iterative Risk Management 
is an ongoing process of scoping, analysis, 
implementation and review, as shown in 
Figure 2.2. It involves (1) identifying risks, 
vulnerabilities, and objectives to establish 
a decision making criteria (scoping); (2) 
identifying options, assessing risks, and 
evaluating tradeoffs in a feedback cycle, 
and (3) implementing decisions, monito-
ring results, and learning from experience 
to implement better in the future. 

As described below and in Section 4, the 
representation of risk and its components 
of hazard, exposure, and vulnerability va-
ries with different decision making under 
uncertainty methodologies. For instance, 

some representations of risk include proba-
bilities, while some do not, but the concept 
of risk and its components remains cons-
tant throughout. 

IDB’s Disaster and Climate 
Change Risk Assessment 
Methodology for IDB 
Projects

To assist IDB team leaders, technical ex-
perts, associated agencies, and consultants 
in conducting such Risk Management, 
IDB has developed a Disaster and Climate 
Change Risk Assessment Methodology (Ba-
randiarán, Esquivel et al. 2018). Figure 2.3 
summarizes the steps in this methodology.

20
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Methodology

Step 1
Screening

1 Screening 2 Qualitative 3 Quantitative

Initial 
classificacition 
using the 
screening tool.

P
ha

se

No action 
necessary

Low

Identification Preparation

Tolerable 
risk

Revision 
of initial 
classification 
including 
criticality/
vulnerability 
of specific 
infrastructure.

Narrative 
gathering 
existing implicit 
& explicit risk 
reduction or 
management 
considerations.

Workshop with 
local & technical 
experts to 
identify failures, 
causes and 
solutions & plan 
of structural / 
non-structural 
measures to 
reduce risk.

Detailed risk 
analysis properly 
quantifying risk & 
plan of structural 
/ non-structural 
measures to 
reduce risk.

Step 2
Criticality

Step 3 Step 4 Step 5
Narrative Workshop Detailed analysis

Moderate

Existing 
measures are 

sufficient

Moderate & High

No action 
necessary

Tolerable 
uncertainty and/or 

impacts

Moderate & High

Qualitative 
DRA&DRMP

Qualitative 
DRA&DRMP

>> >>

Qualitative 
DRA&DRMP

PROJECT CYCLE
Implementation

Given that there are no life-cycle 
constraints these steps may be 
completed after approval

Source: (Barandiaran et al. 2018)

Figure 2.3 | IDB Risk Methodology>>
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This methodology is an example of ite-
rative Risk Management. The Screening 
section in Figure 2.3 corresponds to the 
Scoping in Figure 2.2 and the Qualitative 
and Quantitative sections in Figure 2.3 co-
rrespond to the Analysis in Figure 2.2. 

Phase 1 of the IDB methodology, Screening, 
consists of two steps. The first step entails 
a risk classification based on the potential 
hazards that might affect the project being 
considered. This classification is based on 
answers to a questionnaire and associa-
ted with a geographic information sys-
tem, allowing the identification of hazards 
across space. The second step consists of 
identifying the project’s criticality and level 
of vulnerability. Criticality and vulnerability 
are classified using three main dimensions 
that represent the potential negative im-
pact on physical characteristics, population 
and services. 
  
Phase 2, the Qualitative Assessment, con-
sists of constructing a risk narrative and 
building a risk assessment based on expert 
input. The risk narrative is based upon a 
review of data, documents and project de-
sign in order to document how and to what 
extent knowledge and intelligence are 
available about disaster and Risk Manage-
ment. Building a risk assessment based on 
expert input requires gathering qualitative 
information on potential project failures 
and their socio-economic consequences. 
This could be carried out via a workshop 
between natural hazard experts and the 
project’s technical team. 

The final phase, the Quantitative Assess-
ment, consists of modelling the effects of 
natural hazards on the project’s physical 
system. This phase scientifically and ma-
thematically investigates how the project 
under assessment would perform if expo-
sed to a set of natural hazards. 

As noted in Barandiarán, Esquivel et al. 
(2018), DMDU methods such as Robust 
Decision Making (RDM) can assist IDB in 
implementing their disaster risk framework, 
including the consideration of risk from 

climate change. This report explains how to 
do so.

Risk Management and 
DMDU in Transportation 
Transportation engineers currently use Risk 
Management for planning road infrastruc-
ture and networks. Risk Management helps 
engineers and planners to consider uncer-
tainties inherent in the lifecycle of the road 
in its design, construction, operations, and 
maintenance processes. The aim is to avoid 
the deterioration of structures, prepare for 
changes in cargo load demand, and pro-
tect against extreme events that may lead 
to infrastructure failure or disruption with 
local, national or larger regional economic 
impacts. 

Within the Risk Management context, deci-
sion support tools for infrastructure include 
probabilistic models, rating systems, and 
risk screening. Traditionally these methods 
are implemented with the assumption that 
any uncertainty about the future is we-
ll-characterized, that is, that engineers and 
planners can confidently assign a point fo-
recast or a single, best-estimate probability 
distribution to future events, such as floo-
ding or extreme heat that would disrupt 
a given infrastructure asset. For instance, 
planners considering a new road might use 
a single point forecast of the future de-
mand that the road needs to service and a 
single probability distribution to describe 
the frequency of various sized floods that 
might disrupt traffic on the road.

Until recently, planners would estimate 
the likelihood of future floods and other 
climate-related natural hazards by assu-
ming that future climate would be similar 
to past climate. Planners and engineers 
would estimate the probability of future 
storms by looking to historic data on the 
past frequency of such storms’ occurrence. 
A storm size that had occurred once in the 
last century would provide the best-es-
timate of the future one-in-hundred year 
storm. 



In recent years, planners have increasin-
gly used projections generated by clima-
te models to estimate the probability of 
various climate-related hazards, but gene-
rally, planners and engineers continue to 
regard the uncertainty in such forecasts 
as well-characterized, either by using a 
single, best-estimate climate model or by 
employing a single, best-estimate probabi-
lity distribution over an ensemble of model 
results. This has often led to undue focus 
on identifying the best climate forecasts 
for any particular application as the means 
to achieving climate resilience.

DMDU methods build on traditional Risk 
Management but regard uncertainty as 
deep, that is, regard the risks as not we-

ll-characterized. In practice, this means 
calculating risks for a range of forecasts 
and/or a range of probability distributions. 
As illustrated in Figure 2.4, a DMDU risk 
analysis may repeat a traditional analysis 
multiple times for each of a wide range 
of assumptions regarding the probability 
of future events. The DMDU analysis then 
ask questions such as: “which links in the 
transportation network contribute most 
to risk over a wide range of assumptions 
about the factors that might contribute to 
this risk?” and “which strategies could be 
implemented to best reduce this risk given 
a wide range of assumptions about the fre-
quency of the hazard?” Section 4 describes 
DMDU methods in more detail.

Figure 2.4 Calculating network risk in the context of DMDU>>

Deep 
uncertainty 

regarding 
hazard

Risk 1. Which links in the 
transportation 
network 
contribute most 
risk?

2. Which strategies 
reduce risk and 
where

Source: (Jones et al. 2014)
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What Is New 
with Climate 
Change?

03.
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As noted in Section 2, transportation en-
gineers and planners commonly practice 
Risk Management to assess and manage 
the potential consequences of natural ha-
zards, but climate change introduces new 
challenges. Climate change requires new 
sources of information about climate con-
ditions and climate-related natural hazards. 
Previously, engineers and planners assu-
med that current and future climate in a 
particular location would be similar to past 
climate, so they could use the historical 
record in designing and planning trans-
portation projects and systems. However, 
overwhelming evidence now suggests that 
the climate will and already has changed in 
significant ways (Marengo, Ambrizzi et al. 
2010). Designing and planning to historical 
conditions is no longer a reliable approach. 
In addition, current and future climate has 
and will change by amounts that are often 
difficult to estimate with any confiden-
ce. Thus, designers and planners need to 
assess and manage risk under conditions 
of heightened uncertainty. Finally, since 
climate and natural hazards may change 
significantly over the lifetime of transporta-
tion projects and systems, climate change 
makes it more important for engineers and 
planners to more explicitly consider multi-
ple time scales. 

Information about Current 
and Future Climate
What We Know about the Earth’s Climate

Scientists know a significant amount about 
current and future changes in the climate 
(IPCC 2014). Atmospheric carbon dioxide 
and other greenhouse gases (GHGs) are at 
their highest levels in nearly a million years 
because of human activities, including 
combustion of fossil fuels, deforestation, 
land use changes, livestock production, 
and intensification of fertilizer use among 
others. These heightened levels of GHGs 
have altered the climate, contributing to 
increasing numbers of extreme heat days, 
shifting storm and tide patterns, rising sea 
levels, and melting glacial and ice sheets. 

Further, because GHG emissions are rising 
globally, such climate changes are likely to 
continue and increase. Therefore, it is no 
longer appropriate to assume that current 
and future climate in any particular loca-
tion will be like that of the past.

What Will Change: Average and Extreme 
Climate Variables

Scientists expect changes in both average 
and extreme climate variables, as shown in 
Figure 3.1. Changes in average values inclu-
de change in average temperature, change 
in precipitation patterns, and change in 
humidity, sea-level rise, and permafrost 
melting. Changes in the intensity and seve-
rity of weather phenomena include severe 
storms, storm surges, extreme precipita-
tion, floods, droughts, hurricanes, and heat 
waves.
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Scientists are confident about predicting 
some changes, but less so about predicting 
others. Scientists are confident about pre-
dictions of changes such as temperature 
increases, sea-level rise, earlier snowmelt, 
and more intense precipitation. Moreover, 
scientists are less confident about predic-
tions about changes in climate variability 
and changes in precipitation patterns.

In summary, evidence suggests that tempe-
ratures are rising, the climate is changing, 
and we expect more warming in the future. 
However, the timing and magnitude of that 
change are still uncertain.

How Climate Change Will Impact 
Transportation

As noted above, climate changes in terms 
of both climate averages and extremes. 
The impacts of these changes will include 
warmer summers, warmer winters, changes 
in soil and air humidity, increased precipita-
tion (average and extremes), stronger and 
more frequent extreme winds, sea-level rise 
and storm surges, changes in the frequen-
cy of winter storms, and lightening. Of the-
se changes, scientists are confident about 
predicting temperature increases, sea-level 
rise, earlier snowmelt, and more intense 
precipitation, but they are less confident 
about predicting others such as changes in 
climate variability and precipitation pat-
terns. Each of these climate changes will, 
in turn, have its effect on transportation in 
the LAC region as summarized below and 
in Table 3.1. However, while the direction 
of some changes can reasonably be pre-
dicted, the timing and magnitude are still 
uncertain. 

Warmer Summers and Winters

In Latin America, temperature increases on 
the order of 1C since the 1970s have alre-
ady been observed in the region. Evidence 
also suggests with high confidence that 
warming summers is a significant trend in 
Central and South America. In addition to 
higher average temperatures, scientists 
have also measured increases, in number 

and amplitude, of extreme events such as 
warm days and heat waves. Observations 
indicate an increase in the annual maxi-
mum temperature per decade have rea-
ched up to 1.1°C per decade in Southern 
Chile (Vicuña, Gironás et al. 2013),  0.6°C 
in southern Brazil (Sansigolo and Kayano 
2010), 0.8°C in Argentina and Uruguay, and 
0.6°C in the Andes, among others.
 
Climate model predictions suggest that 
increases in temperatures will continue and 
accelerate over time. These projections 
show temperature increases of 0.6°C to 
5.2°C in more conservative emissions sce-
narios and 2.2°C to 7°C in less conservative 
emissions scenarios. Heat waves, warmer 
nights and cooling degree days are fore-
cast to increase as well. For example, coo-
ling degree days are projected to increase 
by between 5 to 20 on average per year 
in Central America and northern South 
America by the end of the century (Kami-
guchi, Kitoh et al. 2006; Marengo, Jones et 
al. 2009; Marengo, Ambrizzi et al. 2010), 
and warm nights are likely to increase from 
12% to 24% in Brazil (Marengo, Jones et al. 
2009).  

With the advent of warmer summers, the 
following impacts on transportation could 
be seen: 

Heat-related deterioration of materials, 
asphalt rutting, and rail buckling; 

 » Need for longer airport runway requi-
rements; 

 » Loss of inland navigation capacity 
because of low water levels; 

 » Thermal expansion of bridges and 
joints; 

 » Damage to machinery and engine 
overheating; heat damage to intelli-
gent transportation systems; 

 » Greater wildfire and smoke risk; 

 » Reduced construction and mainte-
nance work hours; 
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 » Soil subsidence because of drought; 

 » Accelerated melting or heaving of 
permafrost in soils. 

Warmer winters could have the following 
transportation effects, some of which 
counteract the impacts from warmer sum-
mers: 

 » Reduced ice and snow removal costs; 

 » More opportunities for winter-time 
maintenance and construction; 

 » Potential increase in fogginess; 

 » Asset deterioration because of more 
frequent freeze-thaw cycling; 

 » More accessible inland waterways; 

 » Loss of the use of snow and ice roads 
and an increase in permafrost heave; 

 » Increased flood risk because of an 
increase in wet winter precipitation. 

Changes in Precipitation
 
The last sixty years of observations reveal 
that rainfall has become irregular in space 
and time, particularly later in the summer. 
Changes in precipitation, the timing of 
rainfall onset, and the intensity and magni-
tude of rainfall extremes have already been 
noted in all of Central and South America. 
Increases in precipitation of about 0.94 
mm/day have been observed in Central 
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America (Englehart and Douglas 2006) 
and of 1.5 mm/day in Brazil (Dai, Qian et 
al. 2009). Decreases in precipitation were 
observed in the Andes region (44 mm less 
per decade) (SENAMHI 2009) and Nor-
theastern Brazil (a 0.3 mm/day decrease 
over 50 years) (Dai, Qian et al. 2009; Dai 
2011).  

The number and intensity of heavy precipi-
tation events is a prominent change in the 
LAC region. Rainfall extremes increased in 
number by 1.3% per decade in the last 50 
years (Cavazos, Turrent et al. 2008). São 
Paulo saw 5 to 8 additional days of extre-
me rainfall per year (Silva Dias, Dias et al. 
2012), as well as experienced increases in 
the magnitude of precipitation of between 
50 to 75 mm over 40 years (Dufek and 
Ambrizzi 2008). While rainfall is increasing 
in some regions, it is reducing in others. 
Northern and Central Chile faced a reduc-
tion of rainfall between 45 to 105 mm over 
31 years (Dufek, Ambrizzi et al. 2008).

Changes in the timing of seasonal heavy 
rainfall and the duration of the dry sea-
son has been occurring in many places in 
Latin America. The onset of this period has 
become steadily earlier in the Amazon over 
the last 60 years, with a total shift of about 
170 days earlier (Carvalho, Jones et al. 
2011). The number of dry months, with low 
precipitation, in Southern Brazil, Uruguay 
and Argentina increased by 1-2 months 
between 1980 to 2000 (Barrucand, Vargas 
et al. 2007).  

Climate projections indicate that departu-
res from historical average rainfall (both 
positive and negative) will be larger in the 
region in the future. Projections also su-
ggest that spatial variability in precipita-
tion will increase. According to one study 
(Kitoh, Endo et al. 2013), Central America, 
Colombia and Venezuela will face a shift in 
historical precipitation averages by about 
-10%/+10%, and in other studies, using 
other models and variables, researchers 
project significant changes ranging from 
-20% to +50%. Heavy precipitation is likely 
to change as well with a reduction of up to 

five days of heavy precipitation per year 
in some regions of LAC and an increase of 
105 days in other regions (Marengo, Jones 
et al. 2009). 
  
Increased precipitation will also affect 
transportation: 

 »  Increase in weather-related crashes, 
traffic disruptions, and delays; 

 » Flooding of land transport infras-
tructure, hydraulic damage to bridge 
abutments and footings, prolonged 
standing water damage to geotech-
nical substrata, culvert failures and 
road and rail washouts, the collapse 
of embankments, and mudslides, 
landslides, and slope failures; 

 » Flooding of subways and public 
transport facilities (e.g., bus depots); 

 » Inability for transport workers to get 
to their work, and 

 »  Increased incidence of slush flow ava-
lanches. 

 
Changes in soil moisture and air humidity

Changes in temperature and precipita-
tion have direct effects on soil moisture 
and air humidity. The number of wet days 
has increased by 0.37% in Chile since the 
1970s (Quintana and Aceituno 2012). Many 
places in Central and South America have 
faced increased dryness such as Chile and 
Ecuador (Dai 2011) and the Pampas region 
(Barrucand, Vargas et al. 2007).  
Climate model projections suggest that 
changes in soil moisture and air humidity 
will continue in coming decades. In Cen-
tral and South America, the combination 
of decreasing precipitation and increasing 
evaporation will produce significant de-
creases in soil moisture (Nakaegawa, Kitoh 
et al. 2013). Researchers note that:

 » Decreased soil moisture can lead to 
subsidence of geotechnical substrata.  

 » Increases in soil moisture can lead to 
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increased runoff due to saturation, 
loss of cohesion resulting in structural 
instability for bridges, sub-bases, slo-
pe cuts and embankments, or increa-
sed landslide risk. 

 » Increases in air humidity, in conjunc-
tion with heat, can reduce working 
hours available for construction, ope-
rations and maintenance. 

Stronger and More Frequent Extreme 
Winds 

Changes in wind intensity and the fre-
quency of extreme wind has already been 
observed in Latin America in many regions, 
such as coastal Chile (Garreaud and Falvey 
2009). Climate models predict that future 
surface winds on the west coast of South 
America will increase on average by 1.5 m/s 
over the next century (Garreaud and Falvey 
2009). Stronger and more frequent extre-
me winds will lead to the following effects 
on transportation systems: 

 » Damage to the technical superstruc-
ture of roads, railroads, ports, and 
airports; 

 » Damage to lighting, power, and com-
munications networks; 

 » Traffic disruption and closures from 
felled trees; 

 » Temporary closures of ports and 
airports and subsequent backlogged 
operations; 

 » Storm debris clearance.

Sea Level Rise and Storm Surge

Sea level rise has already been observed 
in the LAC region, varying from increases 
of 2-7 mm/year since 1950, but the rate is 

accelerating over time. Such a rate of sea 
level rise contributes to an increased occu-
rrence and magnitude of coastal flooding 
and erosion. The effects on transportation 
systems from sea level rise and storm surge 
include the following: 

 » Erosion of coastal roads and railroad 
infrastructure; disruption of transport 
networks and activities situated in 
low-lying areas; 

 » Higher tides for port facilities and po-
tential disruption or road/rail access 
to ports; 

 » Potential for flooding, exacerbated by 
inadequately dimensioned drainage 
facilities; 

 » Exposure of low-lying coastal airports 
to storm surge damage and flooding; 

 » More frequent and/or permanent 
inundation of transport facilities in 
low-lying areas; 

 » Corrosion of steel and concrete ma-
terials, and

 
 » Increased scour on defensive structu-

res and bridges.  

Other Changes

Changes in the frequency of winter storms 
will affect the timing and magnitude of 
snowfall and shift its effects on transporta-
tion system. Projections suggest increases 
in intensity of storms, and subsequently 
lightening, which could lead to the disrup-
tion of the power supply, affecting over-
head catenaries, lights, ICT, and related 
infrastructure.  



Climate 
Changes

Warmer 
Summers 
and Winters 
(high 
confidence)

Increased average 
temperature

 » Temperature increased 
by 1°C since the 1970s 
in Central and South 
America. 

Increased annual 
maximum temperature

 » Annual maximum 
temperature increased 
up to 1.1°C per decade 
in Southern Chile, 0. 
6°C in southern Brazil, 
0.8°C in Argentina and 
Uruguay, and 0.6°C in 
the Andes.

More extreme heat 
events

 » The number and mag-
nitude of extreme heat 
events, such as warm 
days and heat waves, 
increased. 

Increases in average 
temperature

 » Temperatures are projec-
ted to increase 0.6°C to 
5.2°C in more conserva-
tive emissions scenarios 
and 2.2°C to 7°C in less 
conservative emissions 
scenarios.  

Increases in heat waves, 
warmer nights and cooling 
degree days 

 » Cooling degree days are 
forecast to increase from 
5 to 20 days per year 
on average in Central 
America and north South 
America by the end of the 
century

 » Warm nights are likely 
to increase from 12% to 
24% of days each year in 
Brazil.

Warmer Summers

 » Heat-related deterioration 
of materials, asphalt rutting, 
and rail buckling;

 » The need for longer airport 
runway requirements;

 » The loss of inland navigation 
capacity because of low 
water levels;

 » Thermal expansion of brid-
ges and joints;

 » Damage to machinery and 
engine overheating, as well 
as heat damage to intelli-
gent transportation systems; 

 » Greater wildfire and smoke 
risk;

 
 » Reduced construction and 
maintenance work hours;

 » Soil subsidence because of 
drought;

 » Accelerated heave and/or 
loss of cohesion of perma-
frost soils. 

Warmer Winters

 » Reduced ice and snow re-
moval costs;

 » More opportunities for win-
ter-time maintenance and 
construction;

 » A potential increase in fog-
giness;

 »  Asset deterioration because 
of more frequent freeze-
thaw cycling;

 » More accessible inland wa-
terways;

 » Loss of the use of snow and 
ice roads and an increase in 
permafrost heave, and

 » Increased flood risk because 
of an increase in wet winter 
precipitation.

Observed Changes Predicted Changes Impacts on 
Transportation

Table 3.1 Climate Change in Latin America>>
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Climate 
Changes

Changes in 
Precipitation 

Increased average 
precipitation

 » Increased precipitation of 
about 0.94 mm/day has 
been observed in Central 
America and 1.5mm/day in 
Brazil. 

Decreased average 
precipitation

 » Increased precipitation of 
about 0.94 mm/day has 
been observed in Central 
America and 1.5mm/day in 
Brazil.

 » Decreased precipitation 
was observed in the Andes 
region (44 mm less per 
decade) and Northeastern 
Brazil (0.3 mm/day less pre-
cipitation over 50 years).

 » Northern & Central Chile 
faced a reduction in rainfall 
between 45-105 mm over 
31 years.

Increased extreme 
precipitation

 » Increased precipitation of 
about 0.94 mm/day has 
been observed in Central 
America and 1.5 mm/day in 
Brazil.

 » Extreme precipitation 
events increased in number 
by 1.3% per decade in the 
last 50 years.

 » São Paulo saw an additional 
5 to 8 more days of extreme 
rainfall per year as well as 
increases in the magnitude 
of precipitation by 50 to 75 
mm over 40 years. 

 
Earlier Rainy Season

 » The onset of the rainy 
season has become steadily 
earlier in the Amazon over 
the last 60 years, with a 
total shift of about 170 days 
earlier.

Longer Dry Season

 » The number of dry months, 
with low precipitation, in 
Southern Brazil, Uruguay 
and Argentina increased by 
1-2 months between 1980 
to 2000.

Increases in extreme 
precipitation

 » Heavy precipitation is likely 
to change with a reduc-
tion of up to five days of 
heavy precipitation in some 
regions of LAC and an in-
crease of 105 days in other 
regions.  

Increases in variability of 
rainfall

 » Central America and Ve-
nezuela will face a shift in 
historical precipitation ave-
rages by about -10%/+10% 
or -20% to +50%, depen-
ding on the study.

 » Increase in weather-related 
crashes, traffic disruptions, 
and delays; 
 »
 » Flooding of land transport in-
frastructure, hydraulic dama-
ge to bridge abutments and 
footings, prolonged standing 
water damage to geotechni-
cal substrata, culvert failures 
and road and rail washouts, 
the collapse of embankments, 
and mudslides, landslides, and 
slope failures; 

 » Flooding of subways and 
public transport facilities (e.g., 
bus depots); 

 » Inability for transport workers 
to get to their work, and

 » Increased incidence of slush 
flow avalanches.

Observed Changes Predicted Changes Impacts on 
Transportation
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Climate 
Changes

Changes in soil 
moisture and air 
humidity

Extreme 
Winds 

Sea-Level Rise 
and Storm 
Surge

Increased number of wet 
days

 » The number of wet 
days has increased by 
0.37% in Chile since the 
1970’s.

Increased dryness

 » Increased dryness has 
occurred in Chile and 
Ecuador and the Pam-
pas region.

Stronger and more frequent 
extreme winds

 » Changes in wind in-
tensity and frequency 
of extreme winds is 
already observed in 
Latin America in many 
regions such as coastal 
Chile.

 » Sea level rise

 » Sea level rise has been 
observed varying from 
2 to 7mm/year since 
1950, but the rate is 
accelerating over time.  

Decreases in soil moisture

 » In Central and South 
America, the combination 
of decreasing precipi-
tation and increasing 
evaporation will produce 
dramatic decreases in soil 
moisture.

Increased wind speeds

 » Climate models predict 
that surface winds in the 
west coast of South Ame-
rica will increase by 1.5m/s 
in the next century. 

Increased wind speeds

 » Climate models predict 
that surface winds in the 
west coast of South Ame-
rica will increase by 1.5m/s 
in the next century. 

 » Decreased soil moisture can 
lead to subsidence of geote-
chnical substrata.

 
 » Increases in soil moisture 
can lead to increased runoff 
due to saturation, loss of 
cohesion resulting in struc-
tural instability for bridges, 
sub-bases, slope cuts and 
embankments or increased 
landslide risk.  

 » Increases in air humidity, in 
conjunction with heat, can 
reduce working hours avai-
lable for construction, ope-
rations and maintenance. 

 » Damage to the technical 
superstructure of roads, rail-
roads, ports, and airports; 

 » Damage to lighting, power, 
and communications ne-
tworks; 

 » Traffic disruption and closu-
res from felled trees; 

 » Temporary closures of port 
and airports and subsequent 
backlogged operations; 

 » Storm debris clearance. 
 
 » Erosion of coastal roads 
and railroad infrastructure; 
disruption for transport 
networks and activities si-
tuated in low-lying areas;

 
 » Higher tides for port facili-
ties and potential disruption 
or road/rail access to ports;

 
 » Potential for flooding, 
exacerbated by inadequa-
tely dimensioned drainage 
facilities; 

 » Exposure of low-lying coas-
tal airports to storm-surge 
damage and flooding; 

 » More frequent and/or 
permanent inundation of 
transport facilities in low-
lying areas; 

 » Corrosion of steel and con-
crete materials; 

 » Increased scour for defensi-
ve structures and bridges.  

Observed Changes Predicted Changes Impacts on 
Transportation
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Sources of Information on Current and 
Future Climate

In carrying out climate resilient transporta-
tion planning, planners and policy makers 
will need to rely on information derived 
from climate models. While such models 
are the best source of information on 
future climate, they have many important 
limitations. Climate models can project po-
tential changes in climate, but they cannot 
predict them. There are many sources of 
uncertainty, including uncertainty about fu-
ture emissions and exact climate changes. 
Some of these sources of uncertainty will 
not lessen with time. This section provides 

an overview of climate models to help rea-
ders understand their strengths and limita-
tions and of the information they provide.
  
Climate Change Projections and Predic-
tions

What is a “projection?” A projection is a 
plausible future condition that may be con-
ditional on predetermined events (i.e., pro-
jections based on a specific Representative 
Concentration Pathway, RCP). Individual 
model estimates of future climate condi-
tions are considered projections. Projec-
tions do not have occurrence probabilities 
assigned to them. 
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What is a “prediction” or “forecast?” A 
prediction or forecast is a “most likely” 
outcome. It is a precise statement about 
the future, such as “there is a 70 percent 
chance of rain tomorrow” or “global mean 
temperatures will rise 4 to 11ºF by 2100 
over 1990.”

The Importance of Climate Models

Climate models are an important source of 
information on current and future climate 
and are the only way to project changes 
in climate due to human activities. There 
are three reasons for this. First, climate is a 
very complex system, and climate models 
represent the best current understanding 
of the system. Second, there is no analog 
for human-induced warming. Third, it is im-
possible to carry out deliberate controlled 
experiments. 

However, models are not crystal balls; they 
are simplifications of reality. They can be 
wrong, even if all or most scientists agree 
with them. Nevertheless, they are still 
the best source of information available 
on climate change and are continuously 
improving in terms of resolution and the 
processes they simulate. When comparing 
models, some comparisons are based on 
how well a given model simulates climate 
processes, on its vintage (newer tends to 
be better), and on how well it simulates 
historical observed climate. Any of these 
suggest that one model could represent 
the future better than other models. 

Climate models simulate many processes 
on globe-spanning grids. Such models 
include General Circulation Models (GCMs) 
and earth system models. These models 
are mathematical simulations of many 
parts of the earth system, such as atmos-
pheric dynamics, ocean and land surface 
processes (including vegetation), and the 
cryosphere (those portions of the Earth’s 
surface where water is in solid form). Glo-
bal models generally divide these systems 
into grid boxes. Typical grid boxes in GCMs 

are about two by three degrees of latitude 
and longitude (~140 miles by ~200 miles 
or 28,000 square miles). The size of grid 
boxes determines the spatial resolution, 
so the larger the grid boxes, the lower the 
resolution. 

Resolution matters, but how models handle 
climate and biophysical processes is more 
important. Resolution is important because 
all projections used for climate change are 
represented, in part, by the model’s spatial 
resolution. Further, all projections are uni-
form within a given grid box and may not 
fully account for sub-grid scale processes 
(e.g., convective thunderstorms). The reso-
lution of climate model grids is particularly 
problematic along coasts and in mountains 
where earth system dynamics vary widely 
across small regions.  
 
Another set of climate projections is availa-
ble at higher spatial resolutions. To achieve 
higher resolutions, these projections are 
spatially downscaled using a variety of 
statistical and dynamic methods. Resear-
chers create downscaled climate model 
data because some climate information is 
more useful at higher resolution. However, 
downscaling to a higher resolution does 
not mean the GCMs are more accurate. 

The key question is whether downscaling 
improves the results. Downscaling raises 
many questions, such as:
 

 » Do the results make physical sense?
 
 » Is there a better understanding of the 
direction of change at high resolution?

 » Do the models project how change va-
ries within the GCM grid box?

 » Does downscaling provide more accura-
cy or just more precision?

 » Does downscaling provide insight into 
sub-grid scale processes? 
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The key takeaways from this section 
are the following:

• Temperatures are rising; the clima-
te is changing. 

• More warming is to be expected 
in the future, but the timing and 
magnitude of that warming are 
uncertain. 

• Planners can project potential 
changes in climate, but they can-
not predict them. 

Key Takeaways
• There are many sources of 

uncertainty, including uncer-
tainty about future emissions 
and exactly how the climate will 
change. 

• Some sources of uncertainty are 
not expected to end.

 
• Climate models are the best 

source of information on future 
climate, but they have important 
limitations and their outputs are 
projections, not predictions.



DMDU 
Methods 
Applied to 
Transportation

04.
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The preceding chapters have shown that 
past climate is no longer a reliable predic-
tor of future climate, and that there is a 
high level of uncertainty about how climate 
has and will change in the future. However, 
waiting for these uncertainties to resolve 
does not offer transportation planners a 
path forward as they still need to consider 
future climate and other conditions when 
developing long-term infrastructure plans. 
To support long-term planning, climate 
models, while far from perfect, can offer 
useful insights into future climate, and are 
helpful when they are used appropriately.  
Considerations of future climate should 
also weigh multiple objectives (e.g., relia-
bility, cost-effectiveness and equity) and 
other socio-economic or policy conditions, 
as many decisions will prove effective or 
provide benefits under multiple future con-
ditions.  

In developing plans, weighing benefits and 
considering future conditions, planners 
should not mistake well-characterized risk 
for conditions of Deep Uncertainty. We-
ll-characterized risk exists when planners 
and engineers can confidently use single 
joint probability distributions (i.e., predic-
tions) to describe hazard, exposure, and 
vulnerability that contribute to risk. In con-
trast,  Deep Uncertainty is defined (Lem-
pert, Popper et al. 2003) as: 

Deep Uncertainty occurs when the parties 
to a decision do not know or do not agree 
on the likelihood of alternative futures, or 
how decisions or actions are related to 
consequences. 

Decision Making Under Deep Uncertainty 
(DMDU) enables Risk Management under 
conditions of Deep Uncertainty, that is 
when risks cannot be confidently quanti-
fied. This section provides an overview of 
DMDU methods and tools, beginning with 
DMDU’s basic principles. 

“Predict-then-Act”
and DMDU
Assessing climate change presents a Risk 
Management challenge. Risk Management 
is an ongoing process of assessment, ac-
tion, reassessment, learning, and response. 
As discussed in Section 2, it is often useful 
to take a broader view of risk in assessing 
climate change and planning for appropria-
te responses. To illustrate this broader view, 
traditional “predict-then-act” approaches 
to Risk Management are described here 
and an alternative “agree on decisions” fra-
mework that characterizes DMDU methods 
is presented (Walker, Robert J. Lempert et 
al. 2013; Marchau, Walker et al. 2019). 
 
Transportation planners often assume risks 
are well-characterized. As a result, plan-
ners frequently use historical precipitation 
records, such as a 100-year design storm, 
to assess the reliability of assets in their 
network against such events. Similarly, in 
projecting the traffic flowing through the 
network, planners often use best-estimate 
demand forecasts.

Figure 4.1 | “Predict-then-Act” Compared to DMDU Approaches>>

“Predict then Act” / Agree on Assunptions”

DMDU/ “Agree on Decisions”

What will future 
conditions be?

What is the best 
near-term desicion?

How sensitive is 
the decision to the 

conditions

Strategy & context Stress test
New & Revised 

Strategies
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The upper panel of Figure 4.1 suggests how 
such traditional Risk Management can be 
characterized by a “predict then act” pro-
cess. “Predict-then-act” begins with a we-
ll-characterized, consensus understanding 
of the future and the uncertainty surroun-
ding it. This understanding is most formally 
represented as joint probability distribu-
tions over fully enumerated future states 
of the world, though in practice it is often 
represented as a best-estimate forecast 
which is then used to rank the desirability 
of near-term decisions. Finally, sensitivity 
analysis can suggest how sensitive the ran-
king of options is to various assumptions. 

Consider, for example, the design and 
siting of a new bridge. In “predict-then-
act,” a transportation engineer might use a 
demand forecast as one input to determine 
the size and location of a new bridge. The 
engineer might also use a 50-year storm, 

estimated based on historical precipitation, 
as a design criterion. The bridge would 
then be designed to accommodate the 
future predicted demand, and to provide 
reliability against the design storm. A safe-
ty factor may also be added to account for 
a small amount of future uncertainty. 

Predict-then-act processes are usefully 
termed “agree on decisions” because they 
require the parties to the decision to agree 
on the best-estimate characterization of 
the future states of the world before they 
can proceed with the subsequent stages 
of the analysis and have confidence in its 
policy recommendations.

Predict-then-act works well when uncer-
tainly is well-characterized but can break 
down when uncertainties are deep. Under 
such conditions, uncertainties are often 
underestimated, competing analyses and 
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predictions of future conditions can contri-
bute to gridlock, and misplaced certainty in 
future conditions can blind decision makers 
to surprise (Lempert 2019).

Under these deeply uncertain conditions, it 
is often useful to employ a DMDU analysis. 
As shown in the lower panel of Figure 4.1, 
such analysis inverts the “predict-then-act” 
process. The analysis begins with one of 
more proposed strategies or engineering 
designs. Models and data are then used to 
stress test these strategies over many futu-
res, seeking to understand the conditions 
in which the strategies will and will not 
meet their goals. Using this information, 
the analyst can then identify new and revi-
sed strategies that are more robust, that is, 
those that perform well over a wide range 
of plausible futures. 

Such DMDU process can be usefully ter-
med “agree on decisions” in contrast to 
“agree on assumptions” approaches. The 
latter type of analysis can prove conten-
tious in situations in which the parties to 
a decision have different expectations 
regarding the future, for instance regar-
ding the seriousness of climate change 
in their region. Parties to a decision of-
ten have self-consistent clusters of policy 
preferences and expectations about the 
future. They understand that accepting 
certain assumptions might steer an analysis 
towards policy recommendations counter 
to their preferences, and will thus contest 
those assumptions. Under conditions of 
Deep Uncertainty, planners who agree on 
assumptions methods may have difficulty 
marshalling evidence sufficient to genera-
te the necessary consensus characteriza-
tion of the future. In contrast, the DMDU 
process enables parties to a decision who 
disagree on expectations to nonetheless 
agree on the nature (though perhaps not 
the magnitude) of the risks they face, and 
on appropriate strategies for reducing tho-
se risks (Kalra et al. 2014). 

Alternative DMDU 
Approaches
Many DMDU approaches exist (Marchau, 
Walker et al. 2019). This section will focus 
on three such DMDU methods most rele-
vant for developing robust transportation 
strategies. These are: 

1. Scenario Planning, which develops 
robust strategies from scenarios that 
people create;

2. Adaptive Pathways and flexible 
design, which provides a framework 
for developing strategies that adjust 
over time; and 

3. Robust Decision Making (RDM), 
which runs simulation models over 
many futures to stress-test proposed 
strategies, identify future scenarios 
that illuminate vulnerabilities of stra-
tegies, and develop new strategies 
that mitigate those vulnerabilities. 

 

Basic DMDU Principles
While these methods differ in their im-
plementation, are appropriate in different 
cases, and require different levels of effort 
and data, they all share common principles 
and purpose. The basic principles under-
lying DMDU are the following (Lempert, 
Popper et al. 2003; Lempert 2019):

 » Consider multiple futures, not one single 
future, in planning. Choose these futures 
to stress test the organization’s plans;

 » Seek robust plans that perform well over 
many futures, not optimal plans desig-
ned for a single, best-estimate future, 
and that perform well over a compre-
hensive set of metrics that is multi-ob-
jective;
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 » Make flexible and adaptable plans that 
will be more robust;

 » Use analytics to explore many futures 
and options, not tell what to do.

 
Examples of these principals in practice 
include:

 » Consideration of a plausible range of 
future population growth, rather than a 
single estimate, in sizing, designing and 
investing in public transportation pro-
jects.

 » Development of a city-wide transporta-
tion plan with investments that improve 
transportation conditions, walkability, 
and system flexibility, as well as livability, 
equity, health and safety across a range 
of future population growth, temperatu-
re changes and precipitation levels.

 » Identification of key climatic, population 
or ridership thresholds that, if surpas-
sed, would suggest the need to refocus 
investment plans, resize infrastructure 
projects, or adjust operations.

DMDU approaches can help planners focus 
on important questions about decision ma-
king under Deep Uncertainty and conside-

ring multiple futures. These questions may 
be useful:

 » Can a robust and flexible strategy per-
form well over a wide range of futures?

 » What uncertainties are most important 
in determining the success or failure of 
plans?

 » What actions needed to be taken now 
to keep future options open?

 » What actions can be postponed?

Decision Framing—First 
Step of All DMDU Analysis
The first step in the “agree on decisions 
approach” involve Decision Framing, as 
shown in Table 4.1. Decision Framing is a 
key component of Scenario Planning (Tasks 
1-3) and RDM-supported “deliberation.” It is 
used to untangle a problem, build a shared 
understanding, make choices about the 
analysis explicit, and make decisions trans-
parent. Decision Framing produces the 
information needed to build the scenarios 
in scenario planning, and organize the mo-
deling and analysis for Adaptive Pathways 
and RDM exercises. 

Figure 2.4 | XLRM Matrix Used to Organize Decision Framing >>

XLRM Matrix Organizes Key factors

XLRM Matrix Organozes Key factors

X: Uncertainties

R: Relationships (models)

L: Management Strategies (levers)

M: Performance Metrics

Uncertain factors that may affect ability to 
reach goals

Relationships among metrics, levers, and 
uncertainties

Source: (Lempert et al. 2003)

Uncertain strategies (levers) considerer to 
pursue goals

Metrics that reflect desicion makers´goals

X, L M
R
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This component of DMDU methods is often 
accomplished by working with stakehol-
ders in a workshop. It often proves useful 
to organize the discussions at such works-
hops into four key sets of factors, labelled 
“XLRM.” As shown in Table 4.1 the “Ms,” 
performance metrics, ask “What are we 
trying to achieve?” The “Ls,” policy levers, 
ask “What actions might we take to pursue 
these goals?” The “Xs” are the uncertain 
factors outside the decisionmakers’ con-
trol that affect their ability to pursue their 
goals. The “Rs” are models that connect 
the other factors in the matrix.

To illustrate the output and content of 
Decision Framing, we detail the example 
of Ruta Nacional 5, a highway in Argenti-
na connecting the provinces of La Pampa 

and Buenos Aires. Ruta Nacional 5 is an 
important route for Mercosur, because the 
highway connects Paraguay, Argentina, 
Bolivia, and Brazil. The highway has been 
recurrently closed because of floods; thus, 
key segments have been forced to close re-
quiring a 165-kilometer (km) detour of over 
4,000 vehicles a day. 

Table 4.2 shows XLRM factors for the Ruta 
Nacional 5. These factors were chosen 
using the focal question, “How can the 
Dirección Nacional de Vialidad (DNV), 
Argentina’s National Highway Department 
best prepare the Ruta Nacional 5 to foster 
resilience of the traffic flow over the next 
75 years?” The contents of this matrix are 
utilized in DMDU methodologies detailed in 
this section. 

 » Temperature and rain variability

 » Number of intensity of storms

 » Economic growth and traffic demand

 » Environmental regulation

 » Construction and maintenance costs

 » Funding (local, state, private, economic conditions)

 » Political climate (provincial disputes)

 » Policy environment (provincial, national)

 » Change in logistic costs -> change in traffic and 
in socio-economic variables (GCD, labor, poverty, 
inequality)

 » Change in the reliability of the network -> change 
in socio-economic variables (GCD, labor, poverty, 
inequality)

 » Change in highway supply -> change in the highway 
demand

 » Bridge design

 » Redundancy (increasing road network to 
reduce detour in eventual flooding)

 » Average operational costs (logistics)

 » Operational cost (logistics)

 » Average speed

 » Number of days without traffic interruption

 » Provincial and Mercosur connection

 » Jobs created for the public work

 » Long-term jobs created

 » Reduction of regional inequality

 » International competitivity of the provinces

 » GDP growth

Uncertainty Factors (x)

Relationships (R)

Policy Levers (L)

Performance Metrics (M)

Table 4.2 | Example Complete XLRM Matrix for Ruta Nacional 5>>
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Once an XLRM matrix is developed, it can 
then be used across DMDU methods in a 
number of ways: i) to build future scena-
rios either qualitatively or quantitatively, 
using the factors identified as “Xs”; ii) test 
how various policy levers “Ls” perform 
across these scenarios; iii) measure the 

performance of “Ls” with the list of rele-
vant metrics “Ms,” and iv) qualitatively or 
quantitatively model (using “Rs”) the trans-
portation system, asset or network being 
considered under the future scenarios, 
based on the “Xs”, and with or without the 
various policy levers “Ls”.

Method 1 | Scenario Planning

Humans are avid scenario builders. They tell 
stories, imagine each other’s experiences, 
contemplate potential explanations, and 
reflect on moral dilemmas. Such scenarios 
benefit humans, and help them to reduce 
overconfidence in planning. Scenario Plan-
ning as a planning method concerns being 
prepared for whatever happens in the futu-
re. However, scenario planning is not about 
envisioning what people want to happen in 
the future or predicting what will happen in 
the future. 
 
There exist many scenario planning pro-
cesses (Schwartz 1996). Transportation 
planners can usefully employ the eight-step 

scenario planning process, as shown in Fi-
gure 4.2 (Lyons, Davidson et al. 2014). 

Scenario Planning begins with a framing 
process. The analyst first determines the 
planning context, particularly the focus, 
planning horizon, and current conditions. 
Second, the analyst identifies the driving 
forces and the decision challenges. The 
scenario process continues with the third, 
in which the analyst ranks the driving forces 
to establish which are the most critical. The 
fourth step is to use these drivers to create 
a matrix of future scenarios and develop 
narratives that describe those scenarios. 

Define the planning 
contex: focus, 

planning horizon, 
current conditions

Create a path of 
actions to address 

the emerging needs 
of each future

Compare and contrast 
actions. Identify 

commom actions 
across futures

Identify the driving 
forces

Understand the 
implications of each 

future

Define a triggers 
and build adaptive 

plan

Rank the driving 
forces to establish 

most critical

Create the scenario 
/ future matrix and 
develop narratives

Figure 4.2 | Scenario Planning Process >>

Source: (Lyons et al. 2014)



44
A DMDU Guidebook for Transportation Planning Under a Changing Climate 

The scenarios can now be used to expand 
and enrich understanding of the future 
(Wack 1985), and to stress test proposed 
plans. The fifth step shown in Figure 4.2 
is to understand the implications of each 
future, where quantitative analysis was 
used to enrich each scenario. The last steps 
in the scenario planning process develop 
a path of actions to address the emerging 
needs of each future, compare and con-
trast actions, identify common actions 
across futures, and define triggers and 
build an adaptive plan. 

To illustrate the scenario planning pro-
cess, New Zealand’s scenario planning that 
was undertaken to explore future travel 
demand, as shown in Figure 4.3 (Lyons, 
Davidson et al. 2014) was used. Their plan-
ning was focused on the slow growth of 
automobile usage in developed countries, 
particularly among the young, partially due 
to the fast growth of alternative technolo-
gies that are generating many new mobility 
options. Nevertheless, for over a century, 
private automobiles have provided increa-
sing mobility. As a result of these changing 
dynamics, planners in New Zealand asked: 
what are the implications on the demand 
for mobility and the means for supplying it 
in the mid-21st century?

Through these stages of the New Zealand 
scenario planning process, participants in 
a series of workshops suggested 16 dri-
vers of change. Then, they grouped and 
ranked these drivers based on importance 
and uncertainty. For example, urbaniza-
tion, ageing population, decentralization 
of shopping, digitally-connected socie-
ty, responding to environmental change, 
and the rise of Asia were characterized as 
known changes occurring in their region. In 
contrast, values, community and identity, 
fundamentalism, smart infrastructure and 
nanotechnology, personal and state se-
curity and ownership of the internet were 
characterized by workshop participants as 
uncertain dynamics potentially affecting 
the transportation system. A third grouping 
of drivers also emerged from this process, 
which represented those with more mixed 
views on their likelihood and outcome. This 
group included: resilience to climate chan-

ge, pressures on raw materials and resour-
ce management, technologies driving new 
industries and business models, wealth and 
access to employment, and governance, 
regulation and politics.  

The fourth step is to use these drivers to 
create a matrix of future scenarios and 
develop narratives that describe those 
scenarios. In the New Zealand example, di-
fferent costs of energy (low and high) and 
accessibility preference (physical or virtual) 
were used to construct four scenarios with 
corresponding narratives: cooperative and 
close, global locals, travelers’ paradise, 
and digital decadence (Figure 4.3, which 
also shows descriptions of each scenario). 
These scenarios were built upon the drivers 
identified and ranked in steps one through 
three (e.g., urbanization, digitally-connec-
ted society). The relative cost of energy 
was a key future driver used to organize 
the four scenarios. That is, relative to other 
costs of living, the affordability of energy 
influences what people will be able to do. 
The second dimension of the future scena-
rio matrix—accessibility preference—frames 
what members of society will want to do. 
That is, while it is technologically possible 
to connect physically (transport) or virtua-
lly (telecommunications), a critical uncer-
tainty is how people will want to access 
other people, goods, services and opportu-
nities in the future. 

Within the four scenarios that defined 
plausible futures for New Zealand, plan-
ners could have also incorporated variables 
related to climate change. For example, 
planners could have added a very wet and 
hot future as a part of “Cooperative and 
Close”, which could exacerbate demands 
on high-cost and complicate preferen-
ces by society to maintain transportation 
(rather than virtual) access. Planners could 
also consider the effects of decarboniza-
tion on transportation technologies across 
the scenarios.

The New Zealand scenario analysis did not 
focus on the final steps shown in Figure 
4.2. We will address those in the next sec-
tion on Adaptive Pathways. 
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Figure 4.3 | New Zealand Scenario/Future Matrix with Narratives >>

While people value face-to-face con-
tact, high energy costs have forced 
them to adapt. New Zealanders per-
severed througt challenges by simplif-
ying their lifestyles. They value strong 
communities, resourcefulness and sim-
plicity.

New Zeland is awash with cheap ener-
gy, which powers rapid growth. Citi-
zens prefer to connect with one ano-
ther face-to-face as digital life feels less 
authentic. People support network pir-
cing to ensure they have the transport 
systems they need. They value indivi-
dual liberties, privacy and self-reliance.

In response to rising energy costs, so-
ciety invested in energy-efficient tech-
nologies and virtual interfaces. Society 
has moved from car dependency to 
virtual confidence. People value adap-
tability, efficiency and ingenuity.

People enjoy a vast array of experien-
ces and services anywhere, anytime, 
via their digital interfaces. Many people 
now feel more comfortable in digital 
worlds than in their own skins. They 
value openness, collaboration and in-
novation.
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Figure 4.4 | Scenarios Can Support Development of Robust and Flexible Strategies>>

Source: IPCC 2012

In recent years, dynamic Adaptive Pa-
thways has emerged as a powerful 
approach for developing and visualizing 
such robust and adaptive plans (Haasnoot, 
Kwakkel et al. 2013; Haasnoot, Warren et al. 

Method 2 |  Adaptive Pathways

Scenarios have long been used to help 
identify robust strategies that can per-
form well over a wide range of futures 
(van der Heijden 1996). After develo-
ping a set of scenarios, analysts and 
decision makers can stress test propo-
sed strategies against them. A robust 
strategy will perform relatively well in 
all the scenarios. 
 
Such robust strategies are often adap-
tive, that is, they are designed to adjust 
over time in response to new informa-
tion. Figure 4.4 shows the basic con-

cept (Kaatz 2015). A strategy or design 
begins with a near-term component. 
These are actions that will be taken 
in the present and, depending on the 
context, over the next few months or 
years. The strategy will also monitor 
key trends that might suggest the need 
to modify or update these near-term 
actions. The plan also includes con-
tingency actions that might be taken 
if specific trends are observed. These 
are often called tipping points, trigger 
points, or thresholds. 

2019). Adaptive Pathways provide a fra-
mework for developing contingency plans. 
The Adaptive Pathways approach has se-
veral key steps. The Decision Framing step 
identifies important performance measu-
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res for the project or system in question, 
scenarios that may impede the ability to 
achieve desired performance levels, and 
alternative decision options that might be 
used to increase resilience. The stress test 
and new strategies steps organize the op-
tions into pathways consisting of initial ac-
tions, and subsequent contingency actions 
that can meet the performance measures 
with increasing levels of hazard. The steps 
of the Adaptive Pathways approach are as 
follows: 

 » Identify the level of hazard for each 
alternative decision option at which the 
option would no longer provide adequa-
te performance according to the mea-
sures. These are called the Adaptation 
tipping points. 

 » Identify a range of scenarios for the 
hazard and note the date at which the 
Adaptation tipping points might be rea-
ched in each scenario.

 » Trace how one would step through the 
sequence of options in each scenario.

 » Identify signposts that would indicate 
which scenario is occurring. 

Adaptive Pathways help ask which options 
to deploy first, what options to deploy 
next, and how to make choices less vul-
nerable to uncertainties in the scenario. 
Figure 4.5 summarizes the approach with a 
notional example.  

Imagine a road near a shoreline. The road is 
intended to meet a certain level of relia-
bility, for instance allowing traffic to pass 
along it 99 percent of the time. Engineers 
determine that the road can maintain such 
reliability with up to one foot of sea le-
vel rise. Since sea level rise might exceed 
this level, the road’s operators consider a 
new design. As shown by the purple line 
on the left-hand side of Figure 4.5, they 
might consider a design that can maintain 
reliability with up to three feet of sea level 
rise. The design is such that with a major 
renovation sometime in the future, the road 
could retain reliability with up to six feet of 
sea level rise. 

Figure 4.5 | Adaptation Pathways>>

Se
a 

Le
ve

l R
is

e 
(f

ee
t) Sea level rise scenarios

Current 
design

Slow Fast Worst 
Case

2055
2080

2130

After
2100

2075

New 
design

Major 
Renovation

Retreat

12

9

6

3

1

Source: (Lyons et al. 2014)



49
ANALYSIS OF EXTERNAL CLIMATE FINANCE ACCESS AND IMPLEMENTATION

Method 3 | Robust Decision Making (RDM)

RDM is an iterative analytic DMDU 
analysis designed to inform decisions 
under Deep Uncertainty (Lempert, 
Popper et al. 2003; Lempert, Gro-
ves et al. 2006; Groves and Lem-
pert 2007; Groves, Molina Perez et 
al. 2019; Lempert 2019). RDM uses 
models and data to stress-test stra-
tegies over many plausible paths into 
the future, use the resulting database 
to identify conditions where strate-
gies fail, and use this information to 
identify more strategies that perform 
better under more plausible futures. 
 
As shown in Figure 4.6, RDM follows 
the DMDU process and produces two 
key products: scenarios that illumina-
te vulnerabilities of proposed strate-
gies, and 2) more robust strategies 
that reduce these vulnerabilities. 

RDM begins with the Decision Fra-
ming exercise, as described earlier in 
this section. In this exercise, stake-
holders define the key factors in the 
analysis: the decisionmaker’s objec-
tives and criteria; the actions they 
can take to pursue those objectives; 

the uncertainties that may affect the 
connection between actions and con-
sequences, and the relationships, often 
instantiated in computer simulation 
models, between actions, uncertainties, 
and objectives. One important product 
of this Decision Framing is often one of 
more proposed strategies to consider. 

RDM next uses simulation models to 
evaluate the proposed strategies in 
each of many plausible paths into the 
future. These calculations generate a 
large database of simulation model 
results. Each record in the database 
shows the performance of one strategy 
in one future. 

This database can be used to stress-
test each proposed strategy. Analysts 
and decisionmakers use visualization 
and data analytics to explore and cha-
racterize the future conditions that best 
distinguish when a proposed strategy 
meets and misses its goals. Understan-
ding these conditions illuminates the 
vulnerabilities of each proposed strate-
gy and tradeoffs among the strategies.

Adaptive Pathways is becoming increa-
singly popular. Recently, New Zealand’s 
Coastal Hazards and Climate Change: 
Guidance for Local Government and the 
State of California Sea-Level Rise Guidance 

recommended the approach, and it was 
recently used to examine urban flooding in 
Miami (California Ocean Protection Council 
2018, Bouwer et al. 2018; Ministry for the 
Environment 2017). 
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Figure 4.6 | The RDM Process>>
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Next, analysts and decisionmakers use this 
information to identify and evaluate poten-
tially more robust strategies that provide 
better tradeoffs than the existing options. 
These new options generally incorporate 
additional policy levers and often include 
the key components of adaptive planning: 
a set of near-term actions, defined sig-
nposts that signal when and under what 
conditions additional strategies may be 
needed, and contingent actions to be taken 
if the pre-designated signpost signals are 
observed. This process is described in de-
tail in the example that follows.

At each of the RDM steps, information pro-
duced may suggest a reframing of the de-
cision challenge. The process produces key 
deliverables including (1) the scenarios that 

illuminate the vulnerabilities of the strate-
gies and (2) potential robust strategies and 
the tradeoffs among them. As discussed 
in the text surrounding Figure 4.1, DMDU 
follow an “agree on decision” process 
designed to enable parties to a decision 
who disagree on expectations of the future 
to nonetheless agree on actions to reduce 
risk. Accordingly, both these RDM products 
represent high confidence information in 
a world of Deep Uncertainty. Parties to a 
decision can agree on the conditions under 
which a proposed strategy would meet 
or miss its goals without agreeing on the 
likelihood of those conditions. Parties to a 
decision can also agree that some strate-
gies are more robust than others, that is, 
better able to succeed over a wide range 
of futures.
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Box 4.1
RDM and Monte Carlo Analysis
Traditional risk analysis often employs Monte Carlo methods. RDM and Monte Carlo share 
similarities and important differences. It can prove important to make these clear.

A Monte Carlo analysis involves running a simulation model many times with different 
values of the inputs. These input values are generally chosen by sampling from a best-es-
timate probability distribution over those inputs. The resulting model outputs are then 
interpreted as a probability distribution and summarized with that distribution’s mean 
and moments (i.e., standard deviation).

Monte Carlo analysis and RDM both involve running a model many times with different 
assumptions regarding the model input values, but RDM and Monte Carlo analysis differ 
in two important ways. First, RDM regards Monte Carlo analysis as conflating two distinct 
concepts: a) choosing a set of different model input parameters in order to efficiently 
sample, and then understand the behavior of the model over those inputs, and b) choo-
sing a probability distribution over model inputs that reflects an understanding of the 
likelihood of alternative futures in the real world. Second, RDM regards the means and 
moments of probability distributions as only one of several ways analysts can usefully 
summarize the information in a large database of model runs.

Thus, RDM separates the two distinct concepts conflated by Monte Carlo. RDM will often 
use a Monte Carlo or similarly type of stochastic experimental design over the model 
inputs to efficiently sample the model behavior. RDM then uses methods such as interac-
tive computer visualization and statistical classification to extract policy relevant infor-
mation from the resulting database of model runs, without assuming that the distribution 
used to generate the sample of model runs is the same as the probability distribution of 
futures in the real world. In situations with both well-characterized and Deep Uncertainty, 
RDM analyses will often run a risk model using standard Monte Carlo analysis over the 
well-characterized uncertainties, while exploring the deep uncertainties.

RDM also shares similarities and differences with standard sensitivity analysis, such as 
that mentioned in the upper panel of Figure 4.1. Simiarly to sensitivity analysis, RDM see-
ks to understand how a model’s outputs vary with respect to its inputs, but RDM inverts 
the standard questions of sensitivity analysis. Rather than ask “how sensitive are our 
results to uncertainties in our assumptions?” RDM asks “What actions can we undertake 
whose success is insensitive to those aspects of the future that remain deeply uncertain?”
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Example 1: RDM Analysis: Diagnosing 
Vulnerability and Economic Resilience 
of Transport Systems, Infrastructure, and 
Operations in the Western Balkans (DIVER-
SION)

We will now present these RDM steps in 
more detail, using as an example the World 
Bank’s Diagnosing Vulnerability and Econo-
mic Resilience of Transport Systems, In-
frastructure and Operations in the Western 
Balkans (DIVERSION) project. This effort 
aims to: i) use spatial analysis to determine 
potentially high-risk priority roads along 
vital transportation corridors, ii) assess the 
economic and social impacts of disruptions 
to these priority roads, and iii) identify prio-
rity interventions to most cost-effectively 
reduce risk and increase resilience of the 
transportation network. Because deep un-
certainties surround the hazards, the project 
employs RDM to both conduct a risk assess-
ment, and to identify a robust portfolio of 
responses to those risks. To engage with the 
priorities of local stakeholders, the project 
also built two decision support tools, one 
that displays the hazard and transportation 
network data, and the other that helps deci-
sion makers identify high-risk priority roads 
according to their own criteria.

This RDM analysis shows that:

 » The Western Balkans is exposed to 
wide range of natural hazards. 

 » The region’s road network is relatively 
resilient because it has lots of connec-
tivity. 

 » Most of the natural-hazard related risk 
to the network is due to a few high-im-
pact links. 

 
 » Relatively small investments, properly 

targeted, can significantly reduce this 
risk. 

We now describe the analysis that genera-
tes these high-level results.

RDM Checklist

Figure 4.6 suggests a useful checklist of 
steps for any RDM analysis. These steps are:

1. Frame the decision challenge

2. Stress test proposed strategies over a 
wide range of futures

3. Identify new or revised strategies that 
meet planning goals over a wider ran-
ge of futures

The Balkans transportation network exam-
ple implements each of these steps. 

Step 1: Decision Framing   

The strategic road network of the Western 
Balkans—Albania; Bosnia and Herzegovina; 
Kosovo; North Macedonia; Montenegro; and 
Serbia—includes the Mediterranean corridor 
(MED) and the Orient/East-Mediterranean 
(OEM) corridors as shown in Figure 4.7. This 
network is vital to the economy and so-
cial welfare of the region, but it threatened 
by natural hazards including earthquakes, 
landslides, flooding, extreme precipitation 
and temperature, blizzards, and extreme 
winds. All these hazards, except for earth-
quakes, are affected by climate change. 

The World Bank and the six national gover-
nments along both corridors have current 
and proposed investments in this Balkans 
Road network. The DIVERSION project 
analysis aims to improve the resilience of 
such investments to climate change and 
other natural hazards by asking the ques-
tions, “Which links in the network generate 
the most natural hazard-related risk to ne-
twork as a whole?” and “What interventions 
would most cost-effectively reduce those 
risks?”  The first question focuses on identi-
fying vulnerabilities, and the second focuses 
on identifying responses to those vulnerabi-
lities.

RDM was useful for answering these ques-
tions because they involve many deep un-
certainties, in particular the frequency and 
magnitude of natural hazards affected by 
climate change.
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Figure 4.7 | Western Balkans Mediterranean (MED) and Orient/East-Mediterranean 
(OEM) corridors 

>>

Source: DIVERSION Report

The project team conducted the Decision 
Framing in close consultation with the 
World Bank project manager. The discus-
sions also included several sessions with 
transportation decision makers in the Wes-
tern Balkans. As is typical in RDM analy-
ses, the results of these discussions were 
organized using the ‘XLRM’ framework, as 
shown in Table 4.3.

Decision makers’ goals are represented by 
three types of performance measures: risk, 
as measured by potential increases in tra-
vel time and travel distance for passenger 
cars and for freight; economic impacts as 
measured by value of losses, costs of repair 

and recovery, and costs of disruptions, and 
the cost of policy interventions. All these 
outcomes are evaluated in the year 2030.

For the stress test, the analysis considers 
the existing road network in the Western 
Balkans. For the options analysis of robust 
strategies, the analysis considers a wide 
variety of potential interventions including 
construction, monitoring and maintenance, 
and operation incident report, as shown in 
Table 4.3. These interventions affect the 
susceptibility of links to disruptions and, to 
a certain extent, the impact from disrup-
tion.
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Uncertain Factors (X)

Relationships (R)

Natural hazards: Frequency and magnitude of: 

 » Earthquakes
 » Landslides
 » Flooding
 » Wildfires
 » Wind
 » Extreme heat and cold
 » Extreme precipitation

Source: DIVERSION REPORT Table 2.1

• Risk calculated from:

 » Hazard 
 » Exposure
 » Vulnerability

• GIS overlays to calculate exposure

• REBIS VISUM model for impacts of disruption

 » Economic analysis of costs of delay and 
loss of accessibility

Construction

 » Bridges and crossings
 » Drainage
 » Erosion and stabilization
 » Flood protection
 » Landscaping
 » Planning, design and construction 
 » Road surface and structure

Other

 » Monitoring and maintenance
 » Operation incident reporting

In the year 2030:

• Risk, as measured by potential 
increase in:

 » Travel time for cars and freight
 » Travel distance for cars and 

freight 

Economic impacts

 » Value of losses
 » Costs of repair, recovery
 » Cost of disruptions

• Cost of policy interventions

Policy Levers (L)

Performance Measures (M)

This study focuses on Deep Uncertainty 
in the natural hazards, in particular on the 
magnitude and return period. Based on 
consultations with the World Bank and 
country representations, and drawing on 
the databases discussed below, the study 
considers eight hazards that can affect links 
in the transportation network: earthquakes, 
landslides, wildfires, flooding, wind, extre-
me heat, extreme cold, and precipitation. 
Earthquakes, landslides, and flooding can 
reduce road capacity and damage the road. 
Wildfires and precipitation can reduce ca-
pacity.  Extreme cold and heat can damage 
the road. As described in more detail below, 
the study represents Deep Uncertainty by 
considering a range of return periods for 
each of the hazards.

These factors are connected by the rela-
tionships sketched in Figure 4.8. As des-
cribed in the next section this allows us to 
estimate exposure and susceptibility for 
each link in the network. We use the REBIS 
VISUM model to calculate the impacts of 
a disruption to any link in the network. As 
discussed in the next section, we use this 
information in an RDM analysis to identify 
sets of single and pairs of links whose po-
tential disruption generates the most risk to 
the network.

We then estimate the economic impacts 
that would result from disruption of these 
high-risk links.  

Table 4.3 | XLRM Factors for the Balkans Transportation Resilience Analysis >>



55
ANALYSIS OF EXTERNAL CLIMATE FINANCE ACCESS AND IMPLEMENTATION

Figure 4.8 | Connections among factors in Balkans analysis>>
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Step 1: Stress Test

The stress aims to identify the links that 
generate the most natural hazard risk to 
the network as a whole. In particular, to 
help simplify and focus the subsequent 
options analysis, we aim to identify a small 
number of links that generate the most risk 
to the network. The project employs a risk 
framework to organize this calculation and 
RDM to identify the links the generate the 
most risk in the face of Deep Uncertainty 
about the hazards.

Risk framing: The project defines risk as:

Rhs = Hh x Ehs x Vhs

where H is the hazard h, E is the exposure 
of link s to that hazard, and V is the vulne-
rability of link s to that hazard. 

The hazard, exposure, and vulnerability are 
all estimated by overlaying various data-
sets, including those on:

 » Administrative units—including Euro-
pean Union NUTS admin and country 
specific boundaries; 

 » Strategic routes—OEM and MED road 
corridors; 

 » OSM Strategic road network—Detailed 
road network data covering the six 
countries covered by the study;

 
 » ERI Population data—Population and 

demographics data for 2017 down-
loaded from ESRI ArcGIS Online; 

 » EU Flood Hazard maps—Flood hazard 
maps for 1 in 10 to 1 in 500-year return 
periods. Hazard as flood depth in 
meters; 

 » EU hydro drainage—Drainage and river 
system layers developed by the EU 
Corpernicus program;
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Figure 4.8 | Project maps showing flooding, earthquake, and landslide hazard data>>

Source: DIVERSION REPORT Table 2.1

 » EU Landslide Susceptibility map—De-
tailed landslide susceptibility map 
covering the study area; 

 » EFEHR Earthquake Hazard map—
Earthquake potential map for peak 
ground acceleration of 10% in 50 
years;

 
 » EU Corine Land Use 2012—Land cover 

mapping covering Europe developed 
by the EU Copernicus program, and 

 » EU DEM Elevation Model—Detailed 
elevation model covering Europe de-
veloped by the EU Copernicus pro-
gram.

Users can then view and overlay these GIS 
datasets. Figure 4.8 shows an example of 
the data, in particular maps for flooding, 
earthquake, and landslide hazard data.
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Each hazard has three levels of magnitude: 
low, medium, and high, which can cause 
increasing levels of damage and capacity 
reduction. Infrequent and frequent hazards 
are differentiated. Infrequent hazards, 
such as earthquakes, landslides, wildfires, 
and floods occur less often but can cause 
significant disruption to the road network. 
Frequent hazards, such as wind, extreme 
temperatures, and heavy precipitation oc-
cur more often, but the disruption dissipa-
tes after a relatively short period of time 
(e.g., hours to days).

Each hazard at each magnitude has a dee-
ply uncertain return period, characterized 
by a wide range of potential values. Expo-
sure and vulnerability are treated as if they 
were well-known.
 
Each link in the network is exposed to a 
greater or lesser degree to each hazard. 
This exposure is characterized by a number 
between 0 and 1, which was determined 
by overlaying the road network with a GIS 
map of each hazard. 

The vulnerability of each link in this study 
is given by the susceptibility of disrup-
tion from exposure to a hazard multiplied 
by the impact to the network of that link 
being disrupted. The susceptibility is 
measured on a scale of 0 to 1. For some 
links, a survey team derived susceptibility 
values based on direct observation of the 

links, but for many links, the study assumes 
a susceptibility of 1, reflecting the poor 
condition of many of the roads within the 
Western Balkans region.  

Overall, the RDM stress test is conducted 
by calculating the natural hazard risk to the 
network, given by Eq 3.1, multiple times, 
each time using an alternative set of as-
sumptions about the return period of each 
of the eight hazards.

Transportation modeling: The impact of 
disruption of each link was given by runs of 
the REMIS VISUM model. VISUM is a travel 
optimization model. The model is given 
as inputs of a network of road links, and 
the capacity of each link, along with data 
describing the volume of passenger car 
and freight traffic that needs to move from 
each origin to each destination. The model 
then calculates the flow of traffic along 
each link that minimizes either travel time 
or travel length. To calculate the impacts of 
a disruption, analysts then reduce or elimi-
nate capacity on a single or a pair of links, 
reflecting the effects of a natural hazard 
event. The model then reroutes the traffic 
finding the new minimum for travel time 
or length given the links’ reduced capaci-
ty. The impact of the disruption is given 
by the resulting increase in overall traffic 
time or length, calculated independently 
for passenger cars and freight, as shown in 
Figure 4.9.
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Figure 4.9 | Transportation model impacts results>>
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RDM risk ranking: The project employs 
this risk framework and RDM to identify 
the links that cause the largest risk to the 
road network. The project considered both 
single link disruptions and disruptions that 
affect pairs of links. For simplicity, this dis-
cussion focuses on the former.

For the single link disruptions, the project 
seeks to identify the 15 links that gene-
rate the most risk. These links are then 
the focus of more detailed analysis of the 
economic impacts of disruption and of 
potential risk mitigation measures. Since 
decision makers may have differing criteria 
for making this selection, we treat this risk 
ranking as a multi-objective RDM challen-
ge. We consider three criteria for the risk 
ranking: risk from infrequent hazards, risk 
from frequent hazards, and the extent to 
which every country in the region is repre-
sented with at least one high-risk link. De-
cision makers in the region suggested they 
might find this an important criterion. 
 
A sorting algorithm ranks the links from 
highest to lowest according to the risk they 

generate the network. The ranking de-
pends on the criteria used and the specific 
assumptions about the return frequency of 
each of the hazards. The algorithm is used 
to generate many thousands of lists, one 
for each of a wide range of combinations 
of these three criteria and a wide range of 
assumptions about the frequency of the 
hazards.  
 
The algorithm then tallies how many times 
each link appears in the list of top fifteen. 
Some links appear in this top fifteen list 
no matter what criteria or assumptions are 
used. Some links never appear in this list. 
A small number of links appear in the top 
fifteen for some combinations of criteria 
and assumptions, but not for others. The 
insensitivity of the risk ranking to the crite-
ria and assumptions for most links owes to 
the dominance of the impact of disruption 
calculations on the risk ranking.

Figure 4.10, which is explained in more de-
tail below, displays a resulting risk ranking.

Table 4.10 | Example Link Selection Tool Showing Results of Risk Ranking>>
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Economic impacts: Once the links that ge-
nerate the most risk have been identified, 
the analysis can estimate in more detail the 
economic consequences of their disrup-
tion. The analysis focuses on quantifying 
the daily impacts of potential natural disas-
ter events on the transportation system, 
and on providing information about po-
tential resilience investment prioritization. 
Results showed considerable variability 
across scenarios, depending largely on the 
pattern of network usage that results from 
the disruption, including increases in travel 
distance and travel time due to rerouting 
and congestion. This result, coupled with 
information on hazard probabilities, sug-
gests that the benefits from resilience in-
vestments will vary across space, and that 
a targeted investment strategy focused on 
high-impact, vulnerable areas would provi-
de the largest return on investment.

Economic losses from transportation 
system disruptions generally fall into three 
categories: user costs, spillover costs 
(broader economic damage induced by 
changes in network structure), and physi-
cal damage costs. Metrics for the first two 

categories were developed and analyzed 
both as a prioritized list of daily single-link 
and multiple-link disruptions. User costs 
were estimated monetarily, while spillover 
costs were proxied by changes in acces-
sibility, which should be related to overall 
economic damage. Physical damage costs 
were not calculated as they depend on the 
physical consequences of specific disrup-
tions.

Results based on transportation model 
runs showed the variability of potential 
economic impacts across scenarios. Wi-
thin the single-link scenarios, changes in 
user costs varied from about one percent 
(about 0.14 million per day disrupted, in 
2019) to 2.302 percent (about 339 million 
per day disrupted) of baseline user costs, 
with the largest scenario a clear outlier. 
Changes in average accessibility by tra-
ffic zone for these scenarios ranged from 
decreases between 0.6% and 7.1%, though 
within-zone variation was considerable. For 
example, in some cases, results showed ac-
cessibility declines on the order of 90% for 
some zones, while others showed limited, 
local impacts on accessibility. 
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Box 4.2
Combining deep and well-characterized 
uncertainties
“Agree on assumptions” approaches work best when uncertainties are well-cha-
racterized. “Agree on decisions” DMDU approaches work best when uncertain-
ties are deep. DMDU approaches can also be used for situations with a mix of 
deep and well-characterized uncertainties.

In such situations, an RDM analysis would divide the uncertainties into these 
two categories: deep and well-characterized. The analysis would then conduct 
the stress test only over the deep uncertainties, but each future examined in the 
stress test would be analyzed stochastically using the probabilistic well-charac-
terized uncertainties. The measures (Ms) used in such an RDM analysis would 
typically become means and moments of stochastic model outputs.
For example, the Balkans transportation DIVERSION analysis considers only 
deep uncertainties. In particular, it considers Deep Uncertainty in the frequency 
of the natural hazards as shown in Table 4.3. Figure 4.10 shows the results of 
the stress test. In each future considered in the figure, the risk contributed by 
each link (as calculated by Equation 3.1) is deterministic, that is, a single number. 
This single number can vary over the futures, along with the values of the deep 
uncertainties.

Imagine that the DIVERSION analysis also considered well-characterized uncer-
tainties, perhaps representing the susceptibility of each link to disruption from 
each hazard as normal distribution. In such an analysis the risk contributed by 
each link would also be a normal distribution. This distribution would in general 
vary over the futures. Figure 4.10 might then show one or two numbers sum-
marizing the distribution in each future, perhaps its mean and the 95th per-
centile value. The choice of which mean and moments to use to summarize the 
distributions would be part of the Decision Framing process.
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Decision Support Tools: The project 
employs two decision support tools to 
facilitate the analysis and to make it rea-
dily available to decision makers. The first 
decision support tool allows users to view 
and overlay the GIS hazard, exposure, and 
transportation network datasets. Figure 
4.8 shows images from this tool. 
 
The second decision support tool, the 
Tableau Link Selection Tool, enables users 
to view the high-risk links as ranked by the 
algorithm. The tool also allows users to ad-
just the criteria used by the algorithm, as 
well as substitute links of their own choo-
sing for those selected by the algorithm. 
 
Figure 4.10 shows a typical output of this 
Tableau Link Selection Tool. The map in the 
upper left-hand corner shows selected hi-
gh-risk links as chosen by the user and/or 
the algorithm. The panel on the lower left 
allows the user to adjust the criteria used 
by the algorithm to select links. The panel 
on the upper right summarizes the overall 
risk to the road network generated by the 
links shown on the map using each of the 
multi-objective criteria. The panel on the 
lower right allows the user to select links 
to be shown on the map.

As one important purpose, this Tableau 
Link Selection Tool allows users to engage 
with the RDM analysis, both by viewing 
the results of the analysis and exploring 
the implications of using different criteria 
and of substituting links into the high risk 
set based on criteria not considered in the 
analysis. 

Step 3: Options Analysis

The options analysis uses RDM to identify 
the best combination of interventions to 
reduce natural hazard risk to the Balkans 
road network. The analysis focuses on the 
high-risk generating links identified by the 
stress test.

The options analysis first identifies and 
categorizes engineering interventions that 
can reduce the vulnerability of various 

links to natural hazards. The analysis then 
estimates the incurred costs of each in-
tervention and the extent to which they 
reduce sensitivity to each natural hazard. 
Onsite engineering-based assessments of 
the condition of some high risk links was 
available. In most cases, however, a syste-
matic literature review helped to identify 
the set of appropriate interventions and to 
estimate their cost and effectiveness.  
Each option could affect the risk calcu-
lations by reducing the sensitivity of the 
link to one or more hazards. For instance, 
removing vegetation around a road would 
reduce its sensitivity to wildfire, that is, the 
ability of a wildfire to disrupt traffic on that 
link. Interventions that would affect expo-
sure, for instance by re-routing roads along 
routes less exposed to natural hazards 
were not considered.

This survey identified 70 discrete interven-
tions which we organized into nine sets of 
options. These sets and their correspon-
ding costs and the effectiveness by which 
they reduce sensitivity are:

1. Bridges and crossings interven-
tions has a weighted average cost of 
127,380 EUR/km and 51.96% effective-
ness

2. Drainage interventions has a weigh-
ted average cost of 64,078 EUR/km 
and effectiveness of 58.16%.

3. Erosion and stabilization interven-
tions has a weighted average cost of 
119,42 EUR /km and effectiveness of 
66.69%.

4. Flood protection has a weighted 
average cost of 395,836 EUR/km and 
effectiveness of 87.87%.

5. Landscaping has a weighted average 
cost of 204, 256 EUR/km and effecti-
veness of 25.32%.

6. Monitoring and maintenance has a 
weighted average cost of 18.421 EUR/
km and effectiveness of 30.73%.
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7. Operation incident reporting has 
a weighted average cost of 65,090 
EUR/km 

8. Planning, design and construction has 
a weighted average cost of 85,988 
EUR/km and effectiveness of 35.52%.

9. Road surface and structure has a wei-
ghted average cos of 39,886 EUR/km 
and effectiveness of 31.73%.

The project then employs RDM to help 
inform decisions about how to best 
allocate these interventions among the 
high-risk links, given Deep Uncertainty 
regarding the return frequency of the 
hazards. 

This RDM options analysis considers 
seven alternative budget constraints; 
$15 million; $30 million; $40 million; 
$50 million; $80 million; $120 million, 
and $160 million. For each budget, the 
analysis considers 100 alternative sets 
of assumptions regarding the return 
frequency of the hazards as used in the 

stress test. For each budget allocation, 
the RDM analysis repeatedly applies a 
“knapsack” algorithm, one commonly 
used in the field of operations research. 
Each application of the knapsack algo-
rithms determines the most cost-effec-
tive set of interventions for reducing 
risk, contingent on the budget cons-
traint, and a set of assumptions about 
the hazard return frequencies. For each 
budget allocation, the analysis then 
identifies the interventions that always 
appear in the set of most cost-effective 
interventions, which never appear in 
the most cost-effective set, and those 
which sometimes appear.

Table 4.4 shows results of the options 
analysis for 14 links critical links for 
three budgets: $15 million, $50 million, 
and $160 million. The numbers in the 
cells indicate the number of futures in 
which a particular option for a parti-
cular link appears in the set of most 
cost-effective risk-reducing interven-
tions.
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1661229
788200
420742
352838
784983
256855
11661597
11661486

788210
788211

1663042
158308
788159
788160
1661229
788200
420742
352838
784983
256855
11661597
11661486

Serbia
Serbia
Albania
Albania
Serbia
Serbia
Serbia
Serbia
Serbia
Kosovo
Serbia
Macedonia
Montenegro
Kosovo

Serbia
Serbia
Albania
Albania
Serbia
Serbia
Serbia
Serbia
Serbia
Kosovo
Serbia
Macedonia
Montenegro

Serbia
Serbia
Albania
Albania
Serbia
Serbia
Serbia
Serbia
Serbia
Kosovo
Serbia
Macedonia
Montenegro

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

100
0
0

100
0
0

100
0
0
0
0

100
100
100
100
0
0

100
0

100
100
0

100
0

100

0
0

100
100
0
0

100
0
0

100
0
98
0
0

100
100
100
100
0
0

100
0

100
100
0

100
0
97

100
100
100
100
100
100
100
100
100
100
100
100
0

100

0
0
0

100
0
0

100
0
0

100
0
0
0
0

0
100
100
100
0
0

100
0

100
100
0
14
0
0

100
100
100
100
6
0

100
0

100
100
0

100
0

100

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0

100
0
0
0
0
0
0
0

0
9

100
100
0
0

100
0
84
100
0
8
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
2

100
0
0

100
0
98
100
0
0
0
0

3
97
100
100
0
0

100
0

100
100
0
17
0
14

100
100
100
100
100
78
100
65
100
100
90
100
0

100

0
0
0
0
0
0

100
0
0
0
0
0
0
0

0
0
0

100
0
0

100
0
0

100
0
0
0
0

100
100
100
100
0
0

100
0

100
100
0

100
0
1

0
0
0
0
0
0
98
0
0
0
0
0
0
0

0
0
0
86
0
0

100
0
0
86
0
0
0
0

95
100
5

100
0
0

100
0
36
100
0

100
0
1

0
0
0

100
0
0

100
0
0

100
0
0
0
0

0
100
100
100
0
0

100
0

100
100
0
86
0
0

100
100
100
100
100
7

100
0

100
100
79
100
0

100

>> Table 4.4 | Robust allocations over 14 high risk generating links 

a)

b)

c)
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As shown in Table 4.4, the robust allocation 
of a limited investment of $15 million oc-
curs in seven categories of options spread 
across four links: two in Albania, and one 
each in Serbia and Kosovo. These choices 
are in the most cost-effective set inde-
pendent of assumptions about the return 
period for the natural hazards. In addition, 
in almost all the futures (98 out of 100), the 
optimal investment also includes investing 
in planning, design, and construction for a 
link in Serbia, in monitoring and maintenan-
ce for a link in Serbia, and in drainage for a 
link in Macedonia. However, in two futures 
it is preferable to invest in monitoring and 
maintenance for a fifth link in Albania.

If the available budget is $160 million, Table 
4.4 shows that the robust allocation in-
cludes options in eight categories spread 
across 13 links. All the options are emplo-
yed on at least one link except for Landsca-

ping and vegetation. The robust allocations 
of investments for budgets between $15 
million and $160 million almost always lie 
between these two cases.

Figure 4.11 shows the risk reduction achie-
ved as a function of budget by each of the 
robust investment allocations. The bar and 
whisker plots show the variation over the 
100 alternative futures representing diffe-
rent assumptions regarding the return fre-
quencies of the hazards. While the range of 
risk reduction is large, as noted above this 
large range has only a small effect on the 
ranking of best risk-reducing options. Ove-
rall, the $15 million budget for the 14 links 
shown in Table 4.4 achieves about 25% of 
the risk reduction achieved by the $160 mi-
llion budget. This $160 million budget over 
the 14 links achieves 1.5% more risk reduc-
tion than the $80 million budget.

Figure 4.11 | Risk reduction achieved by robust allocations 
of interventions as a function of budget. 
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As noted above, for all budget levels the 
options analysis suggests many robust 
options independent of the value of the 
uncertainties. However, in some cases the 
best option depends on the value of the 
uncertainties. For instance, for the $15 mi-
llion budget, the options analysis suggests 
investing in the Monitoring and mainte-
nance options for a particular link in Alba-
nia if the return periods for low intensity 
earthquakes and landslides are at the high 
end of their range. Otherwise, the options 
analysis suggests investing in Planning, 
design, and construction, as well as Moni-
toring and maintenance in Serbia, and in 
Drainage for a link in Macedonia.

Decision makers can use these options 
analysis results to inform decisions on 
the investments that best improve the 
resilience of the Balkans road network to 
natural hazards. With some exceptions, the 
ranking of high priority options is robust 
over the uncertainties, that is, are recom-
mended by the options analysis for all 
100 alternative futures. The ranking is also 
monotonic with budget in almost all cases; 
that is, decision makers can choose a set 
of options for one budget, and these op-
tions remain appropriate even if the bud-
get subsequently increases. In those cases 
where an option is not ranked highly in all 
100 futures, decision makers can: 1) skip 
that option in favor of an option further 
down the list that is ranked highly in all 100 
futures, 2) chose any option that is highly 
ranked in 50 or more futures, or 3) delve 
into the database of results to determine 
which combinations of uncertainties deter-
mine whether or not the option is highly 
ranked.

Example 2 RDM Analysis: Africa Transpor-
tation Resilience

These RDM methods have also been 
applied to the resilience of transportation 
infrastructure in Africa. 

Roads are a key asset for African coun-
tries and necessary for development. The 
Program for Infrastructure Development in 

Africa (PIDA) was thus launched to provide 
a common framework for African stakehol-
ders to build the necessary roads and other 
infrastructure. However, the initial PIDA 
analyses did not include the potential im-
pacts of climate change, so the World Bank 
conducted the Enhancing the Climate Re-
silience of Africa’s Infrastructure (ECRAI): 
The Roads and Bridges Sector (Cervigni, 
Losos et al. 2017) study to determine how 
climate change might affect the proposed 
PIDA investments. Because climate change 
and other factors affecting these invest-
ments are deeply uncertain, the World 
Bank used Robust Decision Making (RDM) 
to help guide investments to improve the 
climate resilience of transport networks in 
Africa. 

Decision Framing

The ECRAI transportation resilience study 
asked how climate change might affect the 
proposed PIDA investments. These effects 
include changes in maintenance costs 
depending on the stress caused by clima-
te change and the impacts of disruptions 
in transport networks. The ECRAI report 
used more than 100 projections of global 
climatic models re-scaled to the region 
to reflect the range of plausible climatic 
conditions that paved and unpaved roads 
in throughout Africa. The study used the 
Infrastructure Planning Support System 
(IPSS) (http://clicslab. org/ipss. html) to 
estimate: (1) the increase in maintenance 
costs caused by increases in temperature, 
precipitation patterns, and flood events, 
and (2) the number of interruption days 
due to climate change in the entire road 
network of Africa. 
 
Stress test

The ECRAI study demonstrated a wide and 
diverse range of implications around the 
set of climate projections considered. The 
study considered the direct costs of clima-
te change on the roads. It also considered 
the economic costs of disruption of travel 
along the road network. Because these dis-
ruptions costs are uncertain, and because 
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the study lacked the data to even estimate 
these costs across various countries, it was 
instead decided to treat disruption costs 
as deeply uncertain. The analysis explored 
over a wide range of potential disruption 
costs. 

Identify new and revised strategies

The proposed PIDA investments consi-
dered in this study were recommended 
by analyses that did not consider climate 
change. That is, the underlying analysis 
assumed the design of the PIDA projects 
was based on historic climate conditions in 
each project location in each country. The 
ECRAI study compared these proposed 
base case options with proactive strate-
gies, in which PIDA projects would be built 
according to projected climate conditions 
in each location in each country. These 
proactive strategies were then compared 

to the base case strategies. These base 
case strategies were called reactive be-
cause the study assumed that they would 
be adjusted in the future if and when the 
climate had changed sufficiently.
   
The study compared the benefit-cost ratio 
of the proactive vs.  reactive strategies 
over a wide range of assumptions regar-
ding future climate and the future cost 
of disruption due to climate change. As 
shown in Figure 4.12, in all but a small num-
ber of countries in a relatively small num-
ber of futures, the proactive strategies for 
investments in road surfaces (e.g., type of 
pavement) had higher benefit-cost ratios 
than the reactive strategies over a wide 
range of such uncertainties. The proacti-
ve strategies were even more favored for 
investments in bridges and other longer-li-
ved infrastructure.  

Source: (Cervigni et al. 2017)

Figure 4.12 | Distribution of break-even costs >>
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Implications 
and Recom-
mendations 

05.
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This section offers some practical advice 
for using DMDU to support iterative Risk 
Management for transportation projects 
and systems. 

When to use which method
When should transportation engineers and 
planners use DMDU methods and when 
should they use traditional predict-then-act 
methods?
  
DMDU methods provide many benefits, but 
also impose costs. Figure 5.1 summarizes 
the main factors that determine when the 

benefits of scenario planning and more 
quantitative DMDU methods are likely to 
exceed the costs. Most clearly, DMDU is 
more useful the more uncertainties are 
deep, rather than well-characterized. In 
addition, RDM can prove more useful when 
the set of decision options has more, rather 
than fewer degrees of freedom. When 
uncertainties are well-characterized and/
or few degrees of decision freedom exist, 
DMDU yields fewer benefits over traditional 
predict-then-act approaches, but DMDU 
can prove valuable when high confidence 
probabilistic forecasts are not available and 
when opportunities exist for constructing 
strategies robust against such uncertainty.

Figure 5.1 | When to Use DMDU Approaches>>

Predict-them-Act

Uncertainty

Decision 
OptionsDeep RichLow

Well-characterized

Sparse

Qualitative DMDU
(e.g., Scenarios)

Quantitative DMDU
(e.g. RDM)

DMDU

Source: (Marchau et al. 2019 display a variant of this figure in their Box 1.1. 
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In transportation planning and manage-
ment applications, Figure 5.1 can be used 
to guide how and when DMDU, scenario 
planning or predict-then-act may be rele-
vant to strategic services planning, capital 
improvement plans or project-level plan-
ning, design, and operations. Using the di-
mensions in Figure 5.1, planners and mana-
gers will need to consider the complexity, 
decision space and magnitude of uncer-
tainty of a given application. The Balkans 
and Africa road network studies both used 
DMDU methods because of Deep Uncer-
tainty in the climate hazard. The Balkans 
example also considered a rich array of 
decision options, creating opportunities 

for robust strategies. The Africa transporta-
tion resilience study considered a narrower 
range of decision options, proactive vs. 
reactive Adaptation to climate change, but 
examined the conditions that would favor 
one option over the other. DMDU is useful 
in this latter case because proactive Adap-
tation strategies dominate in most cases.  

Table 5.1 below highlights a few example 
applications and which method is likely 
relevant in each case. Deep Uncertainty is 
the most important attribute, but in some 
cases the richness of the decision options 
is also important.

Example Attributes Method

Planning

Project

Capital 
improvement 
(infrastructure)

Services

Planning and 
Design

Operations

Operations

A long-term capital improvement 
plan for a regional rail system 
exposed to flooding; in a region 
with stable population and 
economic growth

A strategic urban transportation 
services plan considering 
multiple modes in a rapidly-
growing area prone to various 
climate hazards 

A road planning and design 
project with limited vulnerability 
to climate change and limited 
options on size, material and 
route

A bridge planning and design 
project, vulnerable to climate 
change and with many decision 
options and potential for 
flexible design

Operational adjustments to a 
city-wide metro bus line over 
the next month based upon 
well-known demand

Change in bus fare

Medium to long-term time 
horizon
Some deep uncertainties
Rich set of decision options

Medium to long-term time 
horizon
Many deep uncertainties
Rich set of decision options

Short-term time horizon
Uncertainty well-
characterized
Sparse set of decision 
options

Long-term time horizon
Many deep uncertainties
Rich set of decision 
options

Short-term time horizon
Uncertainty well-
characterized
Rich set of decision options

Short-term time horizon
Some deep uncertainties
Spare set of decision 
options

DMDU

DMDU

DMDU

Predict-
then-Act

Predict-
then-Act

Predict-
then-Act

>> Table 5.1 | Example Transportation Planning and Management Applications
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When a DMDU method seems appropriate, 
which method should transportation engi-
neers and planners use? In addressing this 
question, it is first important to note that 
DMDU methods are not distinct, but rather 
represent variations on the same theme. 
Scenario Planning, Adaptive Pathways, 
and RDM all embody the basic principles 
discussed in Section 4:

 » Consider multiple futures, not one 
single future, in planning. Choose 
these futures to stress test the orga-
nization’s plans;

 » Seek robust plans that perform well 
over many futures, not optimal plans 
designed for a single, best-estimate 
future, and that perform well over 
comprehensive set of metrics (that is, 
are multi-objective);

 » Make plans flexible and adaptive, 
which often makes them more robust;

 » Use available analytics to explore 
many futures and options, not tell 
what to do.

Figure 5.1 also uses a third condition, 
complexity, to distinguish between situa-
tions when qualitative DMDU methods, 
such as scenarios, and quantitative DMDU 
methods, such as RDM, prove more useful. 
Complexity is used here as heuristic for 
how well appropriate experts can intuit an 
appropriate set of scenarios are robust res-
ponses. When expert intuition is sufficient-
ly good that they can identify the most 
important combinations of uncertainties 
affecting a decision, and link potential ac-

tions to all the relevant consequents, then 
qualitative scenario planning may suffice. 
However, when simulation models have the 
potential to surprise, then a quantitative 
RDM analysis may prove valuable. 
  
Table 5.2 provides a richer comparison of 
the conditions under which engineers and 
planners may find the various DMDU me-
thods more useful. Scenario Planning can 
handle situations in which vulnerabilities 
arise from multiple uncertainties, and does 
not require a simulation model that links 
actions to consequences. However, scena-
rio planning is less valuable for evaluating 
alternative strategies, and is more reliant 
on expert intuition and judgement than the 
other methods. Adaptive Pathways excel 
at helping engineers and planners develop 
plans that are robust over many scenarios 
by adapting over time in response to new 
information. While many Adaptive Pa-
thways analysis use simulation models, the 
approach can also be usefully combined 
with qualitative scenario planning. It is wor-
th noting that Adaptive Pathways becomes 
difficult to implement if the vulnerabilities 
arise from more than a few uncertainties. 
RDM is the most general of the three me-
thods, incorporating concepts from scena-
rio planning and Adaptive Pathways. RDM 
is particularly useful when vulnerability can 
arise from combinations of more than a 
few uncertainties and/or when engineers 
and planners want to supplement expert 
judgment with analytic evidence in deter-
mining which uncertainties are most impor-
tant and which strategies are most robust. 
Furthermore, RDM generally requires a 
simulation model that relates actions to 
consequences. 

Expect vulnerabilities to arise 
from multiple uncertainties

Need to evaluate 
robust strategies

Require a simulation 
model

Scenario Planning
Adaptive Pathways
RDM

Yes
No
Yes

No
Yes
Yes

No
No
Yes

Figure 5.1 | When to Use DMDU Approaches>>
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List of consultants
and tools

An increasing number of consultants, 
researchers, governments, and non-gover-
nmental organizations are using DMDU me-
thods and tools. The Society for Decision 
Making Under Deep Uncertainty provides 
one of the best sources of information on 
these groups, as well as a number of open 
source software tools.  The Society’s web-
site is www.deepuncertainty.org. Here is a 
brief overview of these resources.
RAND Corporation in the United States 
and TU Delft in The Netherlands are among 
the leaders in applying DMDU methods to 
transportation. 

Available software tools for conducting 
DMDU analyses include:

 » Exploratory Modeling and analysis 
(EMA) workbench, an open source 
platform that has been developed at 
TU Delft to support a wide range of 
DMDU functions: https://emawork-
bench.readthedocs.io/en/latest/index.
html

 » Rhodium, an open-source platform 
that has been developed at Penn Sta-

te, Cornell, and RAND to support RDM 
and a wide range of DMDU functions: 
https://github.com/RANDCorporation/
Rhodium

 » Scenario discovery toolkit, an R-ba-
sed package developed by RAND to 
support scenario discovery: https://
cran.r-project.org/web/packages/sd-
toolkit/index.html

 » TMIP-EMAT, an Exploratory Modeling 
package developed by the US Trans-
portation Modeling Improvement 
Program (TMIP) at the US Federal 
Highway Administration,  https://tmip.
org/content/tmip-exploratory-mode-
ling-and-analysis-tool-tmip-emat

 » Tableau, a commercial visualization 
package widely used to support 
DMDU analysis: https://www.tableau.
com

The best survey of DMDU methods can be 
found in the recent book, Decision Making 
Under Deep Uncertainty: From Theory to 
Practice, edited by Marchau, Walker, Bloe-
men and Popper (2019). The DMDU Socie-
ty, RAND, TU Delft, and other organizations 
also provide training in the use of DMDU 
methods.
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