
Appendix A – Risk and a Changing Climate 

 

The Big Ideas in This Appendix 

 Our changing climate will increase risk and uncertainty in the performance of civil infrastructure 

in ways that are difficult to predict. 

 To be sustainable, infrastructure being designed today must be resilient and must be able to 

accommodate and adapt to environmental conditions in multiple futures that a changing 

climate could bring. 

 Risk assessment and adaptive management are useful strategies for better understanding and 

adapting to risk in an uncertain future. 



A.1 The Need to Adapt 

Climate change has greatly increased the risk we face in planning, designing, and operating civil 

infrastructure. Much of this risk stems from new uncertainty in our ability to predict environmental 

conditions that will affect design and operation of infrastructure projects. For example, we already see 

significant changes in precipitation patterns and increased frequency of extreme weather-related 

events. Unfortunately, we don’t know enough about the far-reaching effects of climate change to be 

able to confidently predict future conditions, and to assume worst-case conditions may be foolhardy or 

wasteful. The following three project examples illustrate how climate change increases risk and 

uncertainty in civil infrastructure design and operation. 

 A new seawall for a city on the west coast of the United States: In the late 1990s, a new 

seawall would be considered fit for use if it met the needs of stakeholders and the public and if 

it was resilient in the face of seismic loading from earthquakes. Today, it cannot be fit for use 

unless it’s also resilient to sea level rise. But how much sea level rise will occur during the useful 

life of the new seawall? In the past, we would have relied on published information to inform us 

of tidal variations. Also, we would have analyzed the probability of extreme tidal events and 

storm surges to guide our design. Today, we should first determine if a new seawall is the right 

option—retreat from the coast may be the best choice. If retreat is not an option, we must rely 

on our best data, models, and judgment to estimate the probable range of sea level rise, and as 

good stewards of infrastructure, we should ensure we can adapt our design to levels of sea level 

rise that may vary from our best estimates. 

 A new water supply reservoir on the Texas Gulf Coast: Two decades ago, we would have relied 

on the existing hydrologic record to determine the safe yield of the reservoir and to size the 

reservoir’s spillway for safe operation. Today, the hydrologic record, no matter how long, nor 

how robust, represents a new starting point for a record that may be very different in the future 

due to climate change. We should ask, are there other options for water supply? If not, can we 

be sure that there will be enough water to fill the reservoir in future droughts brought about by 

a changing climate? Can we predict how climate change will affect extreme precipitation events 

and the ability of the spillway to safely pass floods? Relying on the existing hydrologic record 

alone may result in a reservoir that’s not fit for use, nor safe for operation. In a changing 

climate, we need to be able to adapt reservoir operation to changing conditions. 

 A new building on Alaska’s North Slope: Two decades ago, for a new building on Alaska’s North 

Slope situated on permanently frozen muskeg, we would have designed a refrigerated 

foundation to prevent the building’s heat flow from thawing the supporting permafrost. Today, 

climate change threatens the permanence of permafrost. We should ask, how will our 

refrigerated foundation perform if the permafrost surrounding it is thawing because of a 

warming climate? Though refrigerated foundations were an innovative solution when first used, 

what kinds of creative solutions can we apply to a future disrupted by climate change? How can 

we ensure that our creative solutions today will be adaptable to conditions that may differ from 

our predictions? 

These and other projects today clearly illustrate that climate change requires new approaches. In an 

opinion piece for the Engineering News-Record (ENR), William A. Wallace challenged engineers to 

develop infrastructure solutions that recognize the risk and uncertainty posed by a changing climate. To 



do that, he argues, engineers must rethink the foundational engineering assumption of stationarity, 

which presumes that “past environmental conditions are good predictors of future ones.” Until 

relatively recently, using past conditions to predict the future enabled engineers to “plan, design and 

deliver long-lived infrastructure, confident that projects would be safe, reliable, and efficient.” Climate 

change, however, has upset the apple cart. Wallace argues that engineers must embrace non-

stationarity as “the new normal” because ”long-held engineering assumptions about environmental 

conditions are no longer reliable, so projects may not function the way they’re supposed to and can 

present a significant risk to public health, safety, and welfare” (Wallace 2018). 

This is a big deal—past is no longer prologue. Risk and uncertainty have increased. 



A.2 Non-Stationarity and Living Order 

Stationarity is a geometric-order concept that presumes things remain unchanged over time. Non-

stationarity, a profoundly living-order concept, presumes the opposite—that things change over time, 

sometimes rapidly and often in unpredictable ways. Managing a project based on non-stationarity is a 

living-order undertaking, requiring flexibility, adaptability, and creativity. 

How can we learn to live in living order to best anticipate what climate change might bring? John 

Matthews of Conservation International says, “Let’s not just design for a single future; let’s think about 

multiple possible futures.” Because we cannot be sure which of the multiple futures climate change 

might bring, we must be able to adapt to the environmental conditions that develop during the useful 

life of the project. In other words, we must be able to react and adjust so that infrastructure remains 

safe and fit for use. The Federal Highway Administration (FHWA) offers guidance on adaptation 

strategies for multiple futures in its “Synthesis for Approaches for Addressing Resilience in Project 

Development” (2017). These strategies include the following: 

 Manage and maintain: Ensure that infrastructure can be maintained by responding to extreme 

events through advanced preparation. 

 Increase resiliency: Ensure the ability to recover quickly from difficulties or failure caused by 

extreme events. 

 Increase redundancy: If a process or function can be interrupted by an extreme event, ensure 

that back-up systems or workarounds can continue operation. 

 Protect: Use shields or shelters to reduce or eliminate damage caused by changing climate 

stressors. 

 Accommodate: Build in the capacity to modify or redesign infrastructure to meet changing 

conditions in a climate-stressed environment. 

 Relocate: Reduce exposure to climate stressors by relocating infrastructure; for example, retreat 

to higher ground to avoid the impacts of sea level rise on coastal infrastructure. 



A.3 Managing Risk in Living Order 

To address the living order challenge of climate change, we must evaluate adaptation strategies in our 

infrastructure projects to satisfy present-day budget constraints while maintaining the ability to adjust 

to conditions that differ from our best predictions made during design. Risk assessment is a useful tool 

to help us evaluate adaptation strategies for civil infrastructure; to tailor those strategies to meet our 

needs at a level of risk we find tolerable and acceptable; and to enable us to effectively communicate 

risk to stakeholders and the public. Recall from Lesson 8 that risk is the potential for loss or injury. Put 

simply: 

Risk = Probability of an event x Consequences of that event. 

To assess risk, we need to know: 

 What is the current hazard or threat, and how likely is it to occur? 

 How will climate change affect the nature and likelihood of hazards or threats in the future? 

 Who and what are in harm’s way now and in the future? 

 How will civil infrastructure perform in the face of the hazard, should it occur? 

 How much harm will be caused if the civil infrastructure fails to perform adequately? 

Under unchanging environmental conditions, or stationarity, risk assessment is sensitive to changes in 

input values; uncertainty associated with the input data and calculation models will affect the result. 

Non-stationarity associated with climate change introduces more knowledge uncertainty into the 

analysis, making it even more important to include both a sensitivity analysis and an uncertainty analysis 

in the risk assessment. A sensitivity analysis helps quantify the effects of small or large changes in input 

values on the result. An uncertainty analysis uses probabilistic methods to assess the level of confidence 

we can have in the result. For example, non-stationarity makes our estimates of the nature and 

likelihood of future hazards uncertain because of natural variability, and because we can only make 

rough estimates of how climate change will affect the types of hazards we will face and the probability 

of those hazards occurring. The goals of sensitivity and uncertainty analyses are 1) to understand how 

variations in input values affect the result; 2) to quantify the uncertainty in the result, and; 3) if possible, 

to identify which uncertain input values contribute most to total uncertainty 

Two key definitions are essential to risk assessment: 

 Residual risk: As we can never eliminate risk, residual risk is the risk that remains after 

considering the mitigating effects of all options to reduce risk. Residual risk is the risk that 

remains even after all reasonable and practicable measures have been implemented. 

 Tolerable risk: If risk cannot be eliminated, what level of risk is acceptable, or tolerable? 

Tolerable risk is the level of risk people are willing to accept to secure certain benefits. Tolerable 

risks range from those we encounter every day and that are broadly acceptable, like driving a 

car, to those that are unacceptable, such as mass casualties or societal disruption from a major 

natural or man-made disaster. See Figure A-1. 



Figure A-1: Range of tolerable risks (Source: Larry Roth. UNIVERSITY OF WISCONSIN-MADISON 

MADISON, WI) 

Applying the concept of tolerable risk offers an informed and appropriate basis on which to formulate 

risk management policy and to prioritize and allocate scarce resources for risk reduction. Tolerability of 

risk informs deliberations on “how safe is safe enough?” and creates a sound basis for better 

understanding of risk; improved communication of risk and risk-related issues; transparency in risk 

decision-making; and overall enhanced risk management. When we quantify risk using probability and 

consequences, we can also quantify risk reduction afforded by various adaptation strategies, which 

enables us to make quantitative comparisons of solutions that may be more resilient, sustainable, and 

cost-effective. 

In risk management, the phrase “as low as reasonably practicable” is often abbreviated as “ALARP.” 

In civil infrastructure, the basic principles of tolerable risk are that life safety is paramount, that risk 

cannot be ignored, and that absolute safety cannot be guaranteed. The goal is to reduce risk to as low as 

reasonably practicable—that is, to focus on what can be reasonably achieved without spending an 

inordinate amount of time, money, and resources to reduce risk relative to benefits. To meet this goal, 

application of the concept of tolerable risk requires consideration of 

 Individual Risk: The probability of harm to individuals and the things they value. 

 Societal Risk: The probability of adverse consequences that impact society at large; society is 

increasingly averse to risk as the scale of consequences increases. 

 Efficiency: The need for society to use available resources to achieve the greatest benefit. 

 Equity: The right of all individuals to be treated with fairness. 

Application of the concept of tolerable risk to decision-making regarding multiple possible futures 

caused by our changing climate offers many advantages. The concept of tolerable risk 

 Enables the decision-making process to focus on the most serious risks posed by climate change 

and to prioritize actions accordingly 

 Enables taking actions that are commensurate with risks, which improves cost-effectiveness 

 Enables rational consideration of a variety of adaptation strategies to reduce risk as well as 

consideration of benefits that cannot be readily monetized 



 Promotes consistency in that similar approaches can be taken in similar circumstances to 

achieve similar ends 

 Promotes equity in that everyone’s interests and safety can be treated with fairness 

 Promotes efficiency by using available resources to achieve the greatest benefit 

 Provides transparency in the decision-making process 

 Enables clear communication of the risks and risk-based decisions to those most affected 

 Provides clarity on who is responsible for identifying, managing, and communicating risk 

Using the concept of tolerable risk means we can avoid making decisions regarding risk reduction based 

on judgment and stakeholder preferences. Instead, we can consider issues such as resilience and 

sustainability, and efficient use of resources. When we quantify risk using probability and consequences, 

we can also quantify risk reduction afforded by a variety of adaptation strategies, which enables 

identification of solutions that may be more resilient, sustainable, and cost-effective. 



A.4 Adaptive Management 

Risk assessment, no matter how thorough and well-executed it might be, cannot eliminate living order 

uncertainty that civil infrastructure will face in a changing climate. Risk assessment can be useful, 

however, in improving our ability to manage uncertainty using adaptive management to incorporate 

adaptation strategies for multiple futures. Adaptive management is a framework of flexible decision-

making for ongoing knowledge acquisition, monitoring, and evaluation. It’s a process of continuous 

improvement in planning, design, and operation to ensure specified objectives are achieved. 

Adaptive management enables structured decision-making to reduce uncertainty by using a process that 

incorporates advanced planning, observation and measurement of conditions, selection of pre-

determined response actions based on conditions observed, and feedback of accrued information to 

improve future management actions. Adaptive management is useful for dealing with the effects of 

climate change because it allows us to react to changing conditions while learning more about both the 

impacts of change and the success or failure of our adaptation strategies. 

Because the complex relationship between the works of man and the environment is further 

complicated by climate change, we cannot know what the future will bring. We have, however, an 

obligation to design infrastructure that is safe and fit for use today, and that is resilient and adaptable to 

the inevitable changes we will see. Figure A-2 illustrates an adaptive management process for living 

order to provide a robust framework that can guide future actions to assure safety and fitness for use. 

Figure A-2: Adaptive management for living order (Source: Larry Roth. UNIVERSITY OF WISCONSIN-

MADISON MADISON, WI) 



As the earlier project examples demonstrate, our approach to design two decades or more ago relied on 

the geometric-order concept of stationarity. Climate change, however, dictates that we employ the 

living-order concept of non-stationarity to meet our current and future needs for safe, reliable, and 

efficient infrastructure. Risk assessment is a valuable means to better understand the risk and 

uncertainty climate change will bring. Quantifying risk using probability and consequences enables us to 

better understand, manage, and communicate that risk and uncertainty. We can also make quantitative 

comparisons of solutions to find those that are resilient, sustainable, and cost-effective by quantifying 

risk reduction afforded by various adaptation strategies. Finally, application of adaptive management 

processes can ensure that infrastructure we design and build today will be fit for use and safe in a future 

world that has been altered by climate change. 



Glossary 

Adaptive management: A framework of flexible decision-making for ongoing knowledge acquisition, 

monitoring, and evaluation. It requires continuous improvement in planning, design, and operation to 

ensure specified objectives are achieved 

Non-stationarity: “The presumption that, because of climate change, past environmental conditions are 

no longer a reliable predictor of future conditions” (Wallace 2018) 

Residual risk: The risk that persists even after all reasonable and practicable measures to eliminate risk 

have been implemented 

Stationarity: A fundamental assumption of engineering that presumes “past environmental conditions 

are good predictors of future ones.” Until relatively recently, using past conditions to predict the future 

enabled engineers to “plan, design and deliver long-lived infrastructure, confident that projects would 

be safe, reliable and efficient” (Wallace 2018) 
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