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Abstract 

Designing infrastructure for a changing climate remains a major challenge for engineers. In 

popular discourse a narrative has emerged that infrastructures are likely undersigned for the 

future. Weather-related hazards are directly embedded in the infrastructure design process. 

Yet the codes and standards that engineers use for this risk analysis have been changing for 

decades, sometimes increasing and other times decreasing design values. Further 

complicating the issue is that climate projections show increasing or decreasing intensities 

depending on the hazard and region. Thus, it is not clear that infrastructure is universally 

underdesigned. Here, analyses are developed at both regional and national scales using 

precipitation and roadway drainage systems to answer this question. First, it is shown that 

modeling uncertainty can pose challenges for using future projections to update region-

specific standards. Second, the results show that depending on the historical design 

conditions and the direction of projections, roadway drainage infrastructure may be designed 
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appropriately in some regions while in others they are possibly underdesigned. Given these 

uncertainties, the authors believe that there is a need for alternative design paradigms, and 

these needs are discussed.  

Keywords: climate change; infrastructure; resilience; failure; uncertainty 

 

Introduction  

Infrastructure systems are the front line of defense against climate and weather-related disruptions. 

While infrastructure normally operate well when subjected to hazards, extreme events can push 

systems close to or beyond their capacities, leading to failure in one of two ways:  

1)  structural, where physical components of the infrastructure break down due to use beyond 

design expectations: e.g., Oroville dam (ASDSO 2018; Vahedifard et al. 2017) and the 

San Bernardino, California, Interstate 10 bridge washout; and  

2)  functional, where despite the structure remaining intact, operating conditions are exceeded 

and an infrastructure element or system cannot be used as intended: e.g., flooding of 

Interstate 10 in downtown Phoenix in Fall 2014 (NBC News 2014).  

Current engineering design uses a risk-based approach to account for hazards in the 

operation of infrastructure. Hazards may exist in many forms including loading, use, and climate. 

Risk-based approaches quantify the uncertainty of the critical factors that affect performance 

(either indirectly through pre-selected design safety factors or more directly using statistical 

uncertainty of environmental factors like precipitation or heat), then select acceptable levels of 

failure, and finally design the physical elements to function to the chosen risk levels.  

With respect to climate, current design standards are based on the analysis of historical 

records under the hypothesis of stationarity (USACE 1996; Olsen et al. 2015; ASCE 2018). While 
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this has been a practical and effective approach to deal with largely unpredictable events, two 

factors challenge the efficacy of this practice. First, federal and state infrastructure design manuals 

direct engineers to precipitation frequency atlases to obtain rainfall characteristics. These atlases 

have been updated over time as new historical climate observations become available and 

statistical analyses improved (USDOC 1943-1966; Hershfield 1961; Bonnin et al. 2011). As a 

result, the magnitude of climate variables predicted by these standards for the same level of risk 

may have changed over time. A recent study by Lopez-Cantu and Samaras (2018) has shown that 

differences among currently used United States (U.S.) precipitation estimates compared to 

previously used precipitation estimates obtained by stormwater engineering standards released 

over the period 1961-2000 are statistically significant in about 90% of the area of the 43 states 

where data were available. The practical implications of this finding are that (i) existing 

infrastructure may be over- or underdesigned according to the current standards, and (ii) the risk 

level of infrastructure that are designed with today’s standards may change in the future.  

The second factor challenging current risk-based approaches is that theoretical analyses 

(Trenberth 1999; Emori and Brown 2005) and an increasing number of studies based on 

observations (e.g., Barros and Evans 1997; Mallakpour and Villarini 2015) and climate model 

outputs (Milly et al. 2008, IPCC 2014) suggest that climate dynamics may evolve in a 

nonstationary fashion due to climate change. Some researchers have developed a theoretical 

background to compute climatological design factors under nonstationary conditions as a function 

of climate model outputs (e.g., Cheng and Kouchak 2014; Read and Vogel 2015; Salas and 

Obeysekera 2013). However, several sources of model, data, and scenario uncertainties still 

prevent the practical and standardized implementation of such methods. For example, the main 

sources of uncertainties of General Circulation Models (GCMs) are due to model structure (the 
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representation of the physical processes varies across models), forcings (future human activities 

and natural events influencing climate are unknown), and internal climate variability (climate 

naturally exhibits fluctuations that can be larger than changes caused by human activities) (Deser 

et al. 2014). These uncertainties raise two main questions about using climate projections within 

the traditional design process: 1) what kind of future with respect to greenhouse gases and land 

use should be considered? and 2) which model(s), and which output values within selected models, 

within any future scenario should be selected? These choices are often made by climate modelers, 

by determining which scenarios and models to focus model output. In addition, engineers, 

researchers, and other stakeholders interpreting climate projections for design process inputs also 

make these choices, which implicitly project risk preferences and can affect the resulting size and 

cost of resilient infrastructure (Cook et al. 2020). As a result, traditional risk-based methods may 

currently be more useful than nonstationary approaches (Serinaldi and Kilsby 2015). It should be 

mentioned that researchers are exploring how minimum regret, robust decision making, and deep 

uncertainty approaches can be used to modernize the infrastructure design process as well (Walker 

et al. 2013; Dittrich et al. 2016) 

While there may be utility in the risk-based approaches now, there are strong arguments 

that because of the large future uncertainties there is a need to transition away from this paradigm. 

In this paper, this issue is examined by examining two case studies in detail: 1) a regional study of 

design storms that elucidates the challenges of climate downscaling and uncertainty, and 2) a 

national scale study of the U.S. Interstate system involving changing design standards relative to 

future climate forecasts. Both cases are examined through the lens of risk-based analysis to expose 

the complications with adapting design standards for climate uncertainty with such an approach. 

These case studies serve as explicit examples to support four specific objectives for this paper:  
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1)  show how the evolution of design standards have created stormwater infrastructure systems 

with elements that vary with respect to robustness to current and future climate,  

2)  show that this effect is spatially varied,  

3)  show the challenges with respect to using GCM outputs for stormwater infrastructure 

design, and  

4)  discuss how under future climate projections this inhomogeneous system may create 

adaptation challenges for designers that rely on risk-based approaches.  

The authors believe that the challenges examined in this paper are relevant to most infrastructure 

and a broad suite of climate hazards; however, the examples in the paper focus on stormwater 

because these infrastructures are one of the few whose primary purpose is to directly manage the 

hazard.  

Infrastructure Design 

Climate Effects on Infrastructure 

Infrastructure consists of multiple elements that must work together to reliably deliver services 

and protect against extreme events. Regardless of the infrastructure system, its elements have a 

specific role in the overall function and can fail in their own ways, which the design process strives 

to reduce to a standardized level of risk. For example, major elements of stormwater systems are 

surface channels, sub-surface pipes, culverts, pumps, storage basins, and drop inlets (Mays 2010). 

For each of these elements the governing design criteria may differ somewhat, but all ultimately 

focus on water flow, either in terms of volume, velocity, or both (e.g., Thompson and Kilgore 

2006). A key step in the design process is the selection of the design storm, which is defined as 

the precipitation depth associated with a certain return period occurring over a given duration, in 
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the contributing watershed (McCuen 2005). The design storm is used along with terrain, soil and 

land use information of the watershed to estimate the flow conditions for design. Depending on 

flow conditions, structural failures (collapse or undermining of the element support) can occur 

through foundation/channel scour, physical washing away of the element, and debris related 

damage. Functional failures (overtopping and bank overflow) can occur when the heavy 

precipitation results in a maximum peak flow that exceeds the conveyance capacity of the element. 

Functional failures can also take place due to debris build-up and operational failures in associated 

systems, such as when pumps are blocked and cause retention basins to overflow their banks.  

Design Process using Codes 

Regardless of the infrastructure system, the design of individual elements is generally performed 

with codes and specifications that empirically articulate observed performance measures, 

analytical/computational structural and functional analysis, and broad engineering experience. 

These codes vary from one agency to another although, in some cases, multiple agencies may 

come together to define some aspects of the design protocols. As is often the case, new knowledge, 

observations of systematic limitations in current strategies, catastrophic failures of infrastructure 

elements in one location, and reanalysis of previous information lead to revisions to these codes. 

Under these cases, it is rare that older, functioning infrastructure elements are redesigned and 

reconstructed. Thus, each element is designed and constructed based on the prevailing standards 

of the day, which may vary in time and space. For example, agencies may expand into new 

geographical areas and/or revise their standards due to newly emerging science or statistical 

reanalysis of historical data. In some cases, this process may take a very long time (Lopez-Cantu 

and Samaras 2018). For example, the Texas Atlas 14 was just updated in 2018. Prior to its release, 
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the only state-wide analysis was TP40, which means nearly 60 years passed between updated 

precipitation intensity guidance for the State. Infrastructure, especially stormwater infrastructure, 

can function in place for many decades or more. Thus, infrastructure systems often contain 

elements designed using different techniques, assumptions, risk-tolerances, and methods. In many 

cases, and especially when elements are not physically connected, these differences may be 

cataloged in a formal way when designing new elements. These differences impart inconsistent 

risk across the elements of real infrastructure systems and assessing the cumulative risk to the 

system is therefore difficult or impossible.  

The process of updating and adopting new design standards may involve a significant 

coordination (communication with national and local professional communities, attendance at 

nationally organized conferences and workshops, etc.) and an analysis of the costs and other 

impacts from more stringent standards in the technical practice. The findings are then articulated 

into a formal recommendation to the governing body, which ultimately decides whether to adopt 

the changes. This process can often take years before mass adoption happens. For most 

infrastructure, agencies provide technical manuals that articulate this technical guidance. Since 

these guidelines may not be applicable to every agency, modifications can be used to incorporate 

local experiences and balance costs-benefits appropriately for the jurisdiction. For example, 

Lopez-Cantu and Samaras (2018) found large differences in the design storm return periods used 

by state agencies with respect to roadway hydrological design, even within similar climatic 

regions. These differences varied by not only stormwater infrastructure element, but also by the 

type of roadway. 
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Consideration of Climate  

As demonstrated with stormwater systems, climate directly affects infrastructure and since the 

design process considers these effects by using historical records, any deviation from what was 

observed in the historical record introduces potential vulnerability. Consistent with the U.S. 

Department of Homeland Security, vulnerability is defined as a physical feature or operational 

attribute that renders an entity, asset, system, network, or geographic area open to exploitation or 

susceptible to a given hazard (DHS 2010). To understand this vulnerability, the evolution of 

climate records used for design must be examined.  

Stormwater infrastructure design is based on precipitation intensity-duration-frequency 

(IDF) curves, which provide the probability of occurrence of precipitation intensities for a given 

event duration. This probability is often expressed as return period (Read and Vogel 2015). 

National guidance for IDF curves has evolved from technical papers (USDOC 1943-1966) 

(notably TP40), to NOAA Atlas 2 (NOAA-2) (Miller et al. 1973), and now NOAA Atlas 14 (e.g., 

Bonnin et al. 2011), which was first introduced in 2004. Each of these documents derive the IDF 

curves across the U.S. by applying different statistical methodologies to records of rain gauges 

(gauge coverage varies but is most densely concentrated in urban areas). While most states have 

adopted NOAA Atlas 14 (hereafter referred to simply as NOAA-14 for brevity), some still use 

previous releases or use their own estimates (Lopez-Cantu and Samaras 2018).  

One example of the changes that have occurred from TP40 to NOAA-14 can be seen from 

the 50-year, 24-hour event for the United States. NOAA-14 applies an updated statistical analysis 

method to a historical dataset that includes a denser network of gauges with longer records than 

was used in developing TP40 guidance. These differences, coupled with the changes in observed 
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rainfall events over the longer analysis period, result in changes to the intensity of the 50-year, 24-

hour event. In some areas, NOAA-14 produces higher estimates than TP40 (as high as +187%) 

and in some areas NOAA-14 produces lower estimates than TP40 (as low as -75%). These 

differences are spatially varied, which can be inferred from Figure 4 that is described in detail 

later. Differences also exist for other return periods and durations as well (Lopez-Cantu and 

Samaras 2018). The importance of these changes is the fact that infrastructure systems are designed 

over multiple decades using guidelines available to engineers at the time of design. In areas where 

intensities increased from NOAA-14 and TP40, this process may mean that the infrastructure 

elements designed prior to the adoption of NOAA-14 may be at greater risk of failure than those 

designed more recently (Lopez-Cantu and Samaras 2018). Of particular importance is the fact that 

in some regions, estimates have gone down and in others the estimates have gone up, which is an 

important dynamic when trying to answer the question of whether infrastructure are underdesigned 

for climate change. 

Design events also carry statistical uncertainty from the estimation process due to the 

sample size and statistical techniques adopted. The uncertainty can be translated into confidence 

intervals using the mean intensity or the mean return period. For example, the largest value of a 

record of 50 samples may be assumed as the expected value of the 50-year event. The exceedance 

probability of this event is often estimated through the Weibull plotting position as (1 – 50/51) = 

0.0196, whose 95% confidence interval has been demonstrated to be included between 0.0005 to 

0.071 (Serinaldi and Kilsby 2015). These values, in turn, correspond to return periods of 2000 and 

14 years, respectively. Similar considerations can be drawn when the sample is analyzed 

statistically by fitting a probability distribution function. To account for this type of uncertainty, 

NOAA-14 provides the expected value for the precipitation intensity associated with a given return 
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period and duration and the 90% confidence intervals, a feature that was not provided in previous 

governmental releases of this precipitation information. Despite this, design is almost always based 

on mean estimates. 

Methods  

Two case studies are used here to characterize the challenges associated with infrastructure design 

and climate uncertainty at national and regional scales. The first study uses the metro area of 

Phoenix, Arizona to demonstrate how uncertainties in future climate models manifest with respect 

to design. Phoenix is an interesting study location because it represents a confluence of several 

important climatological, hydrological, infrastructural, and social variables. The region already 

experiences severe flash floods during the summer monsoon season that inundate infrastructure 

(Yang et al. 2014; Mascaro 2018). The second study involves analysis of interstate roadway 

stormwater infrastructure across the contiguous U.S. This system is compelling because it is very 

large and governed by a diverse set of agencies, standards, and practices.  

Challenges with Climate Uncertainty at Local Scales 

Designing infrastructure systems for future climate presents challenges, especially at local scales. 

These challenges exist because additional uncertainty is introduced as a result of a mismatch 

between the resolution needed and what is provided by climate models (Fowler et al. 2007; Cook 

et al. 2017). Precipitation conditions at the Sky Harbor International airport (a centrally located 

piece of infrastructure in Phoenix) (Figure 1) were used to demonstrate how these challenges 

complicate the integration of future climate projections into infrastructure design. This case study 

focuses on the 50-year design storm for a 24-hour duration (P50). The return period of 50 years 

was chosen because in 1956 the Bureau of Public Roads issued a policy that required a 50-year 
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minimum code for the newly initiated Interstate System and because it continues to be the standard 

for most states in the U.S. (Lopez-Cantu and Samaras 2018; Supporting Information).The value of 

P50 was derived from the current standard, NOAA-14, along with the associated 90% confidence 

interval. NOAA-14 estimates are based on the application of a statistical distribution describing 

annual maxima with parameters estimated through regionalization techniques (Hosking and Wallis 

2005; Bonnin et al. 2011). The 90% confidence interval is used for the analysis here because 

NOAA-14 only provides this significance level, which is commonly adopted for statistical 

inference (Wilks 2011). To quantify the effects of different statistical methods and lengths of the 

precipitation records, four additional estimates of P50 were obtained. The first two estimates were 

derived from TP40 and NOAA-2 standards that were previously used in Arizona. The other two 

values were based on the at-site estimation of P50 using the Generalized Extreme Distribution 

(GEV) and Generalized Pareto (GP) distributions. For each downscaled GCM, the GEV was fit to 

the annual precipitation maxima extracted at each pixel, and the quantile associated with the return 

period of 50-year was calculated. The GEV distribution is commonly used to model extremes of 

climate variables (e.g., Villarini et al. 2011) and was fitted here through the maximum likelihood 

method (Coles 2011). The GP is an alternative distribution also commonly used to model extremes 

of climate variables through the peak-over-threshold series (e.g., Mascaro 2018). The GEV and 

GP distributions were fitted to the daily precipitation observations from NOAA’s National Center 

for Environmental Information database for Sky Harbor airport, available from 1950 to 2010.  
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Figure 1. (a) Location of the Phoenix Metropolitan region in the state of AZ, along with the 

county boundaries. (b) Map of the P50 provided by NOAA-14 in the region, with the centers 

of the coarse and BCCA GCM grids, as well as the rain gauge at Phoenix Sky Harbor airport. 

 

To quantify potential changes of the design storm in future climate, precipitation outputs 

from 20 GCMs of the Climate Model Intercomparison Project phase 5 (CMIP5; Taylor et al. 2012) 

were obtained from the database of Brekke et al. (2013) for the historical period (1950-2010) and 

the future period (2011-2100) under the Representative Concentration Pathway (RCPs; Vuuren et 

al. 2011) 8.5 scenario. The outputs of the 20 GCMs were downloaded at the original resolution 

and downscaled and bias corrected with two techniques, including the Bias-Correction 

Constructed Analogues (BCCA; Maurer et al., 2010) and the Localized Construct Analogs 

(LOCA) (Pierce et al. 2014). These two downscaling products are routinely used in climate change 

impact studies (Gutmann et al., 2014; Cook et al., 2017), and were both downloaded to assess the 

uncertainty associated with the downscaling methodologies. In doing so, the observed precipitation 
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products of Maurer at al. (2002) and Livneh et al. (2013) that were used as reference in BCCA and 

LOCA, respectively were also obtained. A table listing the GCMs used in the study is shown in 

the Supplementary Materials. RCP 8.5 was used for this case because the more extreme predictions 

best highlight the aforementioned challenges. The original GCM data were provided in a common 

grid at 1º horizontal spacing (~100-km), which is shown through plus markers in Figure 1 along 

with the map of the NOAA-14 estimates of P50 and the BCCA and LOCA downscaled outputs 

were obtained at 0.125º and 0.0625º resolution respectively. For each climate model, this 

calculation involved computing P50 multiple times with samples ranging from 1950 to year j, with 

j = 2010, 2011… 2100. Such analysis is based on a stationary approach, conceptually similar to 

the ones adopted by NOAA that has the goal of updating the estimate of P50 every year as new 

data become available. 

Changing Design Criteria of the U.S. Interstate System 

Analyses were conducted to assess the vulnerability of stormwater infrastructure in the U.S. 

Interstate System. The approach required knowing how infrastructure age varies spatially, 

associating roadway links with age-appropriate design criteria, and assessing how these design 

criteria have changed over time and compare to future precipitation forecasts. 

The U.S. Interstate System began in 1956 with the signing of the Federal-Aid Highway 

Act. Precise records of the construction history of the system are difficult to obtain in lieu of the 

fact that some components were already in place in 1956 (i.e., some parts of the Interstate System 

were built by simply connecting existing roadways) and the fact that individual states were 

responsible for construction record keeping. However, an estimate of the construction year was 

obtained based on published decadal maps of the growth of the system available from the Federal 
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Highway Administration. Segments shown in the 1960 decadal map were considered to be built 

prior to TP40 guidance (adopted after 1961) and segments built after the 2000 decadal map were 

considered to use NOAA-14 (adopted after 2004) standards.  

In this case study, the differences in P50 from TP40 and NOAA-14 standards were first 

computed in the states where NOAA-14 is currently available. Digitized TP40 contour maps 

developed by Lopez-Cantu and Samaras (2018) were acquired from the authors, while NOAA-14 

grids at ~500-m resolution were retrieved from the NOAA Hydrometeorological Design Studies 

Center. Next, the U.S. Geological Survey (USGS) Watershed Boundary Dataset (ten- and twelve-

digit hydrologic units) was used to obtain the boundaries of all basins that intersect the Interstate 

System. The analysis is carried out on the basis of watersheds because the infrastructure is designed 

based on water volumes computed from analysis of flow across a watershed. For each design 

standard, the spatial mean P50 was computed in each basin to approximate the design storm used 

to size the infrastructure of the Interstate system located within each watershed.  

As a next step, future projections of percent changes in P50 were obtained from 32 GCMs 

from CMIP5 downscaled with LOCA for RCP 4.5 and 8.5 scenarios (see Table in the 

Supplementary Materials). Note that, for the sake of simplicity and the different goals of these 

analyses, the downscaled product with the largest number of GCMs, (LOCA) was selected, thus 

allowing the evaluation of a more robust ensemble (Knutti and Sedlacek 2013). As in the Phoenix 

case study, the GEV was fit to the annual precipitation maxima extracted at each pixel, and the 

quantile associated with the return period of 50-year was calculated for each GCM. This analysis 

was done for the historical experiment and the RCP 4.5 and RCP 8.5 scenarios, thus producing 

three geospatial datasets of P50 for each model. The ensemble means of P50 across the 32 GCMs 
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were then calculated and, from these, two maps of percent changes from historical to RCP 4.5 and 

RCP 8.5 were obtained.  

To validate the reliability of the outputs from the downscaled climate models and the 

analysis approach in general, the spatial distribution of the ensemble mean P50 for the historical 

climate was compared with the map of P50 from NOAA-14. As expected, the two datasets did not 

perfectly match possibly because of errors due to climate models and downscaling technique, 

differences in the statistical methods used to estimate P50, as well as the scale mismatch between 

the 6-km gridded observational product used to bias correct the climate models and the point-based 

records used to generate the NOAA-14 map. Despite the fact that the exact magnitudes did not 

perfectly agree, the two maps are highly correlated (spatial correlation coefficient of 0.83); thus, 

GCM projections were incorporated into the analysis by using the change factor approach (Cook 

et al. 2017). In this method, the percentage difference between (i) the map of P50 estimated in the 

historical experiment and (ii) the map of P50 estimated in future scenarios was first computed. This 

calculation was done for each model individually. Then, this percentage difference was multiplied 

by the map of P50 from NOAA-14 values (used as reference) to compute the predicted future 

intensity for each model. Finally, the model results were averaged and used for analysis. 

Uncertainties and Challenges to Incorporating Forecasts into Design 

Differences in the estimation of the design storm associated with a given return period due to the 

evolution of design manuals represent a complication for engineers. Another important aspect of 

climate change impacts analyses that may not be well understood by engineers and practitioners 

in general, is the uncertainty associated with GCM projections (Cook et al., 2017). While this is 

true for all climate metrics, uncertainties are particularly prevalent with precipitation projections 
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(e.g., Piras et al. 2016). Thus, adoption of GCM projections into design standards is still prevented 

by a number of challenges, which are discussed through a study in the Phoenix metropolitan area. 

Uncertainties in the Definition of the Current Design Storm 

At Phoenix Sky Harbor, current and past design standards and the at-site analyses provide a wide 

range of values for P50. NOAA-14 estimates a mean P50 of 74 mm, with a 90% confidence interval 

from 66 to 83 mm. The older design standards, TP40 and NOAA-2, suggest instead a P50 of 107 

and 86 mm, respectively, thus above the confidence interval of NOAA-14. Both at-site estimations 

of P50 based on GEV and GP distributions return instead a value of ~65 mm, which is slightly 

below the lower bound of the 90% confidence interval of NOAA-14. The significant differences 

among the design standards and the at-site estimates are evidence of the uncertainty in the 

definition of a single value of the design storm intensity in current conditions (or when the 

infrastructure was built), which is due to the selected statistical method and the sample length. This 

uncertainty represents a first challenge for the use of climate projections for future design, because 

it is not immediately clear which reference value should be used to evaluate the climate models’ 

ability to simulate the historical climate. 

Uncertainties in Downscaling and Bias Corrections 

Figure 2 presents the time evolution of P50 simulated from 2010 to 2100 by the GCM at their 

original resolution (part a), as well as downscaled with BCCA (part b) and LOCA (part c). In each 

panel, the mean P50 of TP40 and NOAA-2 (shown as dashed lines), as well as the mean and 90% 

confidence interval (CI) of NOAA-14 (shown as a dashed line and a gray semi-transparent filled 

band respectively) are reported along with the at-site estimate (Gauge, which is shown as blue 

points and line). For the GCM model predictions, the time evolution of P50 is plotted as the 
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ensemble mean (solid line) and 90% CI (shown as hatched areas) across the 20 models. The value 

of P50 for 2010 accounts for the period 1950-2010 and, thus, is obtained only from the historical 

simulations. The values after 2010 include additional data from the RCP 8.5 simulations. For the 

downscaled models in panels (b) and (c), P50 estimated from the observed dataset of Maurer et al. 

(2002) and Livneh et al. (2013), respectively, are used to bias correct and downscaled the GCM 

outputs. The important items to observe from this figure are how the CI (uncertainty band) changes 

with downscaling (size of the hatched area between the panels), how the CIs from the GCMs 

compare with the CI from NOAA-14 (hatched areas versus grayed band), and how the mean of 

the GCM outputs compare with the TP40, NOAA-2, and NOAA-14 (solid lines versus the different 

dashed lines). 
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Figure 2. Time evolution of P50 computed for (a) coarse GCMs, (b) GCMs downscaled with 

the BCCA method (GCM–BCCA), and (c) GCMs downscaled with the LOCA method 

(GCM–LOCA). In each panel: results of the climate models are shown as ensemble mean 

and 90% confidence interval (CI); P50 from NOAA-2, the mean and 90% confidence interval 

of P50 from NOAA-14, and P50 estimated at the gauge are reported. In (b) P50 estimated 

from the observed dataset of Maurer et al. (2002) is shown and in (c) P50 from Livneh et al. 

(2013) is shown. 

 

The ensemble mean of the GCMs increases over time from 60 mm in 2010 to 

approximately 65 mm to 2100, Figure 2(a). However, the inability of the GCMs to capture local 

precipitation features results in a very large uncertainty, quantified through the width of the CI 

(39-74 mm in 2010). When the GCM output is statistically downscaled through the LOCA and 

BCCA methods (Figures 2(b)-(c)), the ensemble mean of P50 also increases with time, but the 

uncertainty across the 36 models is much lower because the downscaling tools act as a filter. For 
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example, in 2010 the range becomes 36-53 mm for BCCA and 45-65 mm for LOCA, respectively. 

However, since the observed datasets used to apply BCCA and LOCA are negatively biased 

compared to the local NOAA-14 estimate, the values of P50 are significantly lower than the other 

estimates. As a result, the CIs of these two products do not overlap or only partially overlap with 

the NOAA-14 confidence interval for most of the future period. From the practical point of view, 

this outcome does not give enough confidence in the ability of these datasets to reproduce P50 in 

the historical climate, thus limiting the utility of the direct use of its future projections. This finding 

also reveals that a challenge with applying bias correction and downscaling techniques to support 

future design is the use of observed products that are consistent with the datasets adopted in current 

design standards. A simple approach to remove the bias effect is the use of percent differences 

between future and historical downscaled climate simulations (see Cook et al., 2017 and references 

therein). 

Roadway Infrastructure Design Under Historical and Future Climate  

Another challenge in the issue of climate and infrastructure is related to the fact that future climate 

may not be readily predicted from historical records. The differences between the design storms 

returned by TP40 and NOAA-14 were first analyzed to characterize the current infrastructure 

vulnerability. Next, projections of future precipitation changes for the two scenarios were used to 

analyze the implications on future vulnerability. 

Infrastructure Dating 

Figure 3(a) shows the cumulative number of centerline interstate system miles built since 1956, 

while Figure 3(b) shows the estimated age of the individual roadway segments across the U.S. 

When TP40 was published in 1961, approximately 12,000 miles, or 25% of today’s system, had 
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already been built (USDOT 2017). Prior to TP40, guidance for engineering designs requiring 

rainfall frequency were likely drawn from another series of less comprehensive technical papers 

released by the U.S. Department of Commerce (Hershfield 1961). However, it is unclear what 

standard may have been used for interstate segments built between 1956 and 1961. The vast 

majority, 72%, of the system was built between 1961 and 2004. Here, it was assumed that the 

drainage infrastructure along these segments were designed using data derived from TP40 and 

drainage infrastructure was not reconstructed on these segments after 2004, nor designed to values 

than higher than TP40 because of local factors. The remaining 3% of the system, built between 

2004 and present, would have relied on a mix of TP40 and NOAA-14 depending on whether 

NOAA-14 data had been released for that location and whether the section was newly designed 

and constructed or redesignation of an existing roadway. Nearly all of the miles added to the 

interstate system since 2004 are the result of designating existing state and highways as interstates 

(ex. Interstate 22 brought online in 2012). When this happens, the roadway geometry and safety 

features are upgraded to the current design standards, but drainage infrastructure may not be 

updated. Thus, there exists considerable uncertainty about the design standard used for the 3% that 

has been added since 2004. The overall impact from this assumption is expected to be minimal 

since, as noted earlier, the vast majority of the interstate was created between 1961 and 2004. 
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Figure 3. Results of infrastructure dating analysis; (a) cumulative interstate system miles 

1956-Present and (b) map showing the design standards by interstate segment. 

 

Over/Underdesign Challenges for Current Climate 

Figure 4 shows the absolute change in P50 between TP40 and NOAA-14 in the watersheds 

intersecting the interstate system. In Figure 4, locations shown in red (green) are those where 

NOAA-14 gives a higher (lower) value for P50 when compared to TP40. The differences exhibit 

both inter and intra-state variability. If NOAA-14 is assumed accurate for the current climate 

conditions, a conservative assumption given recent heavy storm activity since 2004, stormwater 

infrastructure designed using TP40 in the coastal regions in the eastern and southern U.S. and in 

the Midwest are mostly underdesigned. In these areas, changes in P50 range up to 98 mm. In 

contrast, stormwater infrastructure designed with TP40 in the western U.S. and Ohio River valley 

(with the exception of southeastern California and, western Arizona, and central Colorado) are 

potentially over-designed, with differences in P50 up to -141 mm.  

(a) (b)

■ Pre TP40 

■ Post TP40 

■ Post NOAA14 

Period of Construction
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Figure 4 Absolute change in precipitation intensity for P50 between TP40 and NOAA-14. 

Note: NOAA 14 is not currently available for the Pacific Northwest States (upper left). 

 

At the continental scale, the changes follow a bell-shaped distribution with mean close to 

zero and standard deviation of ~20 mm (not shown), indicating the lack of a substantial bias and 

similar chance to observe positive and negative changes. In fact, isolating the road segments 

assumed to be designed using TP40 precipitation intensity guidelines, 47% of the contributing 

watersheds are expected to receive the same amount of or larger precipitation for the 50 year-24 

hour event based on NOAA-14 mean estimates. As a result, the stormwater infrastructure in these 

locations may be currently underdesigned. Conversely, 53% of the watersheds (49.8% of the total 

watershed area) contributing to stream flows that interact with interstate drainage infrastructure 

are expected to receive less water based on the NOAA-14 estimate, e.g., 53% of watersheds may 

be overdesigned infrastructure for the current climate. These numbers are based on the mean of 

the NOAA-14 values, but as the Phoenix study demonstrated, Figure 2, this mean value can have 

considerable uncertainty. When considering the confidence intervals in the P50 values, the number 
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of watersheds with overdesigned infrastructure could be considerably higher or lower. In addition, 

the percent of watersheds that are potentially over or underdesigned is one metric, but roadway 

risks under climate change could also be based on average annual daily traffic, or by population 

living near each segment. 

Characterizing Current Capacity to Identify Needs in a Future Climate  

Given the consensus that, in the future, rainfall extremes will increase in magnitude and frequency 

in many regions, a common narrative is that infrastructure is systematically underdesigned to 

withstand these changes. However, the evidence presented in Figure 4 showing that, while many 

regions may be underdesigned, in some regions, infrastructure may be over-designed. This may 

lead to different conclusions about future adaptive decisions. To demonstrate this, future 

projections of P50 were obtained by applying the percent changes in P50 derived from the 

downscaled climate simulations to P50 from NOAA-14, which provides the most up-to-date 

estimate available. These future projections of P50 were then compared with TP40, which is the 

standard that has been used to design most of the Interstate System (Figure 3). The differences 

between these future and past products are presented in Figure 5 for both RCP 4.5 and 8.5 

scenarios.  
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Figure 5. (a) Difference between P50 estimated for the RCP 8.5 scenario and P50 from TP40. 

(b) Same as (a) but for the RCP 4.5 scenario. Note: NOAA 14 is not currently available for 

the Pacific Northwest States (upper left) 

 

It is found that, with respect to TP40, P50 is expected to rise in the majority of the study 

area, consistent with the consensus that storm intensity is expected to increase in the future due to 

climate change. On average, the change between TP40 and RCP 4.5 (RCP 8.5) is 12.5 mm (20 

mm), with a range between approximately 125 mm and -100 mm (150 mm and -100 mm). 

Interestingly, results show that, under RCP 4.5, 23% of the study watersheds (25.6% of the total 

watershed area) will experience decreased precipitation intensity in the future, while this number 

reduces to 18% (21.7% of the total watershed area) under RCP 8.5. While it is generally accepted 

that most civil infrastructure will become more vulnerable to disruption and failure due to climate 

change, these findings suggest that, if infrastructure was built using TP40 guidance in areas where 

storm intensity decreases in the future relative to this guidance, it may actually be more robust than 

the original risk tolerance guidelines called for. Changes in precipitation depths from TP40 to 

NOAA-14, NOAA-14 to future climate, and TP40 to future climate exhibit both inter- and intra-

state variability. For example, parts of the Southwest (including parts of California) and 
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Appalachia show decreases from TP40 to the future. Conversely, much of the Midwest and East 

Coast show increases. These changes should again be considered in light of the analysis shown for 

the Phoenix case study, which demonstrated the considerable uncertainty that can be associated 

with the GCM projections. There, for a single location, it was found that the GCM model 

uncertainty can be as high as 50%. Due to the scale and number of watersheds, in this paper the 

implications of this uncertainty on the probability of over/underdesign for the entire interstate 

network is not examined in detail. However, were a design to be completed that used projected 

model ensembles, then accurate assessment of potential risk would need to consider the potentially 

large uncertainty that the Phoenix study showed.  

Discussion 

Summary of Results 

The Phoenix case study illustrates that using climate projections for infrastructure design presents 

many challenges. There are additional complications not explicitly found in the results. The 

analyses presented in Figure 2 has been obtained under the assumption of climate stationarity, 

which despite research that suggest climate may evolve in non-stationary fashion, is also an 

assumption found in several other studies (Jain and Lall 2000; Milly et al. 2008; Commission for 

Hydrology 2012; Cheng and Kouchak 2014). Recent work has refined and adopted this theoretical 

basis to model stochastically non-stationary hydrologic time series to support engineering design, 

as done for stationary analyses (Salas and Obeysekera 2013; Cheng and Kouchak 2014). While 

useful and theoretically sound, methods accounting for non-stationarity add more uncertainty into 

the estimation process that limits their practical use (Serinaldi and Kilsby 2015) and thus a number 
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of studies suggest that stationary assumptions should still be the default approach (Montanari and 

Koutsoyiannis 2014).  

Similarly, and in simple terms, the science of future climate projections has not been 

developed enough to produce accurate predictions at the spatial and temporal resolution currently 

used in the decision making process for many types of infrastructure. To use these climate models 

into the decision making process therefore introduces additional uncertainty, which would be 

largely unaccounted for. Yet, omitting climate projections from design decisions also omits the 

characterization of a changing hazard that is critical to the design.  This mismatch between climate 

model outputs and the input values needed for engineering design means that standards have not 

yet emerged on how engineers should prepare and use these climate model data (Cook et al. 2017). 

First, the definition of a single value of the design storm in current conditions is subject to 

uncertainty. This uncertainty must be properly quantified and considered when evaluating the 

accuracy of climate models to simulate the past and predict future conditions. It should also be 

considered when assembling a robust ensemble of models for analysis (Madsen et al. 2017). 

Second, the spatial resolution of GCM outputs is still too coarse for direct use in design standards. 

Downscaling via RCMs and statistical techniques are required to increase the resolution and 

capture local climatological features. Third, when applying downscaling and bias correction tools, 

it is important to verify that the reference dataset is consistent with the records used in current 

design standards. Fourth, all sources of uncertainty associated with climate projections (model 

structure, future projections, climate internal variability, and downscaling techniques) should be 

taken into account to develop confidence intervals of future design storms. In the Phoenix example, 

only the uncertainty of model structure was accounted for. Finally, while statistical models based 

on non-stationary conditions of climate are available, the uncertainty in the definition of the link 
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between model parameters and time is still quite high, thus preventing their immediate use. These 

challenges were mitigated in the first case study by using the projected change from the multi-

model GCM ensemble to simply scale the NOAA-14 IDFs. As a result, it is likely that some 

infrastructure is adequately robust (i.e., overdesigned) for future climate changes while others are 

underdesigned.  

Alternative Design Paradigm 

Considering the challenges identified, engineers are not currently prepared to accurately 

incorporate GCM outputs for design. The likely adaptation is to consider the worst case scenario 

with respect to predicted precipitation and develop designs capable of dealing with these demands. 

However, as the analysis here demonstrates some infrastructure may already be sufficiently 

designed. Collectively, all of this uncertainty suggests that more complex resilience approaches 

may be needed in place of traditional risk-based approaches. The examination of NOAA Atlas 

data and its use to define design parameters that govern against particular failure mechanisms 

reveals challenges for planning under climate change. First, normative assumptions about the 

future may create serious problems as 1) there is no consensus as to which climate scenario and 

corresponding uncertainty to use (Knutti et al. 2013; Knutti and Sedlacek 2013) and 2) the 

infrastructure will likely persist long into the future and could easily be under- or even over-sized. 

Over-sized infrastructure is not, in the context of failure, a concern but does have unintended 

consequences (increases capital, maintenance, and rehabilitation costs at a time when many 

infrastructure agencies are short on funds, and potentially larger impacts on people and the 

environment). 
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The traditional risk-based design process is insufficient in the face of climate change. In 

this paper, two analyses are presented that demonstrate the substantial uncertainties with 

incorporating climate projections into traditional design and in interpreting how climate change 

may affect already in-place infrastructure. Though not shown in this paper, greater uncertainty 

embeds the need for more robust designs when risk-based approaches are adopted. In place, it is 

recommended that a fundamental shift towards resilience-based thinking of how infrastructure is 

planned should occur. A specific outcome of how a resilience-based instantiation of stormwater 

infrastructure should emerge for climate change is not presented; however, the various 

characteristics of this approach can be described based on emerging thinking. Because 

infrastructure are socio-technical systems, these characteristics do not just apply to physical assets. 

A resilient stormwater system should be able to sense changes in environmental conditions, 

anticipate the consequences of those changes, adapt structure or function to mitigate or manage 

the consequences, and learn from the outcomes to improve behavior in the future (Park et al. 2011). 

These processes could be aided by sensors or social networks, coupled infrastructure simulations 

that estimate the consequences or failures and the benefits of various adaptation strategies (from 

hardening and strengthening to green infrastructure), and education programs that support 

knowledge transfer and cross-disciplinary training. Adaptation is an important component of this 

overall system. Research has shown that active adaptation in the face of changing climate can have 

substantial economic impacts (Neumann et al. 2015). In this paper focus is placed on the technical 

roadblocks related to the uncertainty of climate projections and the historical non-uniformity of 

engineering standards. However, other technical roadblocks exist, for example the role of 

infrastructure materials and the effects of potentially increasing numbers of non-critical events on 

the ability of the infrastructure to withstand less frequent and higher intensity events. Perhaps more 
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importantly there are social roadblocks related to the form and function of the organizations that 

are responsible for the delivery and management of the infrastructure.  

Resilience strategies may take on forms that are atypical to current gray infrastructure 

solutions. While green infrastructure solutions are possible strategies (e.g., bioswales and green 

roofs), it may also be the case that safe-to-fail approaches are preferred (Kim et al. 2017). 

Stormwater management systems that are designed to fail while the consequences of failure are 

minimized have been successfully implemented. The Phoenix area’s Indian Bend Wash is an 18-

km greenbelt through the heart of the city filled with parks, golf courses, and public spaces 

(Scottsdale 1985). During dry times, the wash sees little more than a trickle of water, maybe a 

meter or two wide. During heavy rains, the wash turns in to a raging river, which can destroy park 

and public infrastructure in the greenbelt. However, the benefits of this infrastructure design 

(increased activities and public spaces) far outweigh the small costs of replacing pieces of park 

infrastructure after some rain events. This is in contrast to a design like the Los Angeles River, 

where channelized concrete provides little to no value to the city outside of the conveyance 

functionality and at the same time the costs of failure are high. Again, a particular solution for a 

resilience-based implementation is not prescribed, but instead emerging thinking around what 

characteristics these solutions might have is highlighted. 

The time scale of climate change is congruent with the infrastructure’s lifetime and thus 

infrastructure deployed today are likely to experience the more intense effects that climate change 

forecasts predict by mid to end-of-century. As such, there is pressing need to ensure that 

infrastructure are resilient to climate change and are able to manage the uncertainty that exists 

today and for several decades from now. Part of the challenge is that today’s infrastructure have 

long lives– they are locked in to particular forms that largely resemble what has been deployed for 
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the past decades if not century. This lock in results from several reasons including financing that 

focuses on a handful of technologies, increasing interconnectedness with other infrastructure, and 

a lack of flexibility in components (Chester and Allenby 2018). The implementation of resilient 

solutions will likely require the breaking of this lock in, targeting not only the form of the physical 

infrastructure but also the economic, political, and legal forces that perpetuate risk-based designs. 

New forms of infrastructure that are agile and flexible may provide opportunities to more closely 

match the replacement time of infrastructure with that of climate change, to reduce concerns of 

many of the long-term uncertainties associated with climate change (Chester and Allenby 2018).  

Climate hazards intersect infrastructure in many ways. In this paper, precipitation, its 

evolving characteristics, and the effects on stormwater infrastructure have been examined more 

closely. Precipitation also affects roadways, sanitary sewers (due to interconnectedness with 

stormwater), water treatment systems, and electrical generation and distribution systems. Each of 

these systems are designed using the same overall risk-based paradigm discussed earlier and 

consideration of future weather events would require similar estimation to what is shown here. 

However, climate hazards are not limited to precipitation and can include temperature (extreme 

heat and cold, but also mean changes), drought, wildfires, hurricanes, and other effects. The 

importance of these hazards depends on geographical location, the infrastructure (types of systems 

but also the specific elements in place), and the assumptions made during design. Similar to 

precipitation, each hazard involves uncertainties, which are estimated using historical data. Thus, 

the challenges outlined here can be generalized across multiple climate hazards and infrastructure 

due to similarities in the way climate is considered in current design methods (i.e., risk-based 

approaches based on historical measurements). However, detailed analysis similar to the one 
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presented in this paper, but specific to the hazard and infrastructure system in question is warranted 

to understand and accurately quantify the potential impacts. 

Conclusions 

Based on the two case studies and analysis in this paper some specific conclusions can be made. 

The case study in Arizona suggests the following specific conclusions:  

• The design standards that have been gradually published over the years as new data and 

methodologies have become available provide a large range of values for the design storm 

(from 74 mm to 107 mm for P50), which differ from at-site estimations (65 mm). 

• The P50 derived from the ensemble mean of both GCMs and downscaled GCMs in the 

historical period (1950-2010) are, in this site, negatively biased when compared to NOAA-

14 (mean value of ~60 mm for the original GCMs and ~50 mm for the two downscaling 

products). 

• The uncertainty of climate projections from GCMs at their native resolution is larger than 

the uncertainty of downscaled products (almost double), as shown by the width of CIs. 

• The mean predicted values from the GCMs at native and downscaled resolutions generally 

grow in time and the limits of the uncertainty bands vary with time. 

This single site study shows that modeling uncertainty and the models inability to be consistent 

with the datasets adopted in current design standards still poses challenges for using future 

projections to update region-specific standards because unified methods to deal with these 

inconsistencies and uncertainties do not yet exist.  

From the study involving the U.S. interstate system the following conclusions are made. 
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• The majority of U.S. interstates were designed at a time when TP40 guidelines formed 

the basis of hydrological design standards 

• The NOAA-14 estimates P50 are lower than the P50 estimate from TP40 for 53% of the 

total watersheds that intersect the U.S. interstate system. 

• The average and range of change in P50 from the RCP 4.5 (RCP 8.5) model ensemble 

to TP40 P50 is 12.5 mm (20 mm) and 125 mm to -100 mm (150 mm to -100 mm) 

respectively. 

• The RCP 4.5 (RCP 8.5) ensemble suggests that 23% (18%) of the study watersheds 

will experience smaller P50 in the future compared to TP40.  

• Future climate projections suggest that parts of the Southwest (including parts of 

California) and Appalachia will see decreases in P50 from TP40 while much of the 

Midwest and East Coast will show increases. 

This case study shows that depending on the historical design conditions and the direction of 

projections forecasts, roadway drainage infrastructure may be designed appropriately in some 

regions, overdesigned in some, and underdesigned in others. 

It must be emphasized that these conclusions and the studies that supported them have 

limitations that warrant considerations before generalizing these findings across all stormwater 

infrastructure and across other infrastructures. First, the Phoenix study highlights the uncertainty 

and challenges for updating regional specific standards, but this study encompassed only a single 

geographic area. Other areas, particularly those with longer records of measurement may not 

encounter the exact same challenges and if they do the magnitude of the challenges may be less. 

Nevertheless, the fact that the study found difficulties for this site, demonstrates that careful 
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attention to the historical and projected records is needed when embarking on an effort to update 

regionally specific standards. Likewise, the U.S. interstate system study does not consider the “on-

the ground” decision making that might have taken place during the delivery of the infrastructure 

assets nor does it consider other factors that may figure into the design process of individual assets. 

Thus, while the analysis suggest that some infrastructure are already overdesigned and may have 

the capacity to absorb future climate stressors, local conditions should be considered before 

overextending these findings to include all infrastructure everywhere.  
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Acknowledgements 

We acknowledge the World Climate Research Programme's Working Group on Coupled 

Modelling, which is responsible for CMIP, and we thank the climate modeling groups (listed in 

Table 1 in the appendix of this paper) for producing and making available their model output. For 

CMIP the U.S. Department of Energy's Program for Climate Model Diagnosis and 

Intercomparison provides coordinating support and led development of software infrastructure in 

partnership with the Global Organization for Earth System Science Portals. We also acknowledge 

the U.S. Geological Survey (USGS) for creating and distributing the watershed boundary dataset. 



Please cite the final version of this paper: Underwood, B.S., Mascaro, G., Chester, M., Fraser, A., Lopez-Cantu, T., Samaras, C. 
(2020). Past and Present Design Practices and Uncertainty in Climate Projections are Challenges for Designing Infrastructure 
to Future Conditions. Journal of Infrastructure Systems. 26(3) 04020026. https://www.doi.org/10.1061/(ASCE)IS.1943-
555X.0000567  

 

34 

This research was partially supported by the National Science Foundation (NSF Collaborative 

Award Number CMMI 1635638/1635686) and the UCAR Next Generation Fellowship. Student 

support for T. L.-C. was also provided by Consejo Nacional de Ciencia y Tecnologa (CONACYT). 

 

References 

American Society of Civil Engineers (ASCE). (2018). Climate-Resilient Infrastructure: Adaptive 

Design and Risk Management.  Committee on Adaptation to a Changing Climate, Ayyub, 

B.M. (Editor). Reston, Virginia, U.S. 

Association of State Dam Safety Officials (ASDSO). (2018). “Independent Forensic Team Report, 

Oroville Dam Spillway Incident.” https://damsafety.org/sites/default/files/files/Independent 

%20Forensic%20Team%20Report%20Final%2001-05-18.pdf (January 5, 2018). 

Barros A.P. and Evans, J.L. (1997), “Designing for climate variability.” J. Prof. Issues Eng. Educ. 

Pract., 123, 62–65. 

Bonnin G.M., Martin, D., Lin, B., Parzybok, T., Yekta, M., and Riley, D. (2011). Precipitation 

frequency Atlas of the United States, Volume 1 Version 5.0: Semiarid Southwest, National 

Oceanic and Atmospheric Administration (NOAA), Silver Spring, MD. 

Brekke L., Thrasher, B.L., Maurer, E.P., and Pruitt, T. (2013). “Downscaled CMIP3 and CMIP5 

climate projections: release of downscaled CMIP5 climate projections, comparison with 

preceding information, and summary of user needs.” US Department of the Interior, Bureau 

of Reclamation, Denver, CO. 

Bürger G., Sobie, S.R., Cannon, A.J., Werner, A.T., and Murdock, T.Q. (2013) “Downscaling 

extremes: an intercomparison of multiple methods for future climate.” J. of Clim., 26, 3429-

3449.  

Cheng L. and Kouchak A.A. (2014). “Nonstationary precipitation intensity-duration-frequency 

curves for infrastructure design in a changing climate.” Sci. Rep., 4, 1-6.  

Chester M. and Allenby B. (2019). “Towards adaptive infrastructure: flexibility and agility in a 

non-stationarity age.” Sust. and Resil. Inf., In Press. doi: 10.1080/23789689.2017.1416846 

Coles S. (2001) An Introduction to Statistical Modeling of Extreme Values. London: Springer 

London, doi:10.1007/978-1-4471-3675-0. 



Please cite the final version of this paper: Underwood, B.S., Mascaro, G., Chester, M., Fraser, A., Lopez-Cantu, T., Samaras, C. 
(2020). Past and Present Design Practices and Uncertainty in Climate Projections are Challenges for Designing Infrastructure 
to Future Conditions. Journal of Infrastructure Systems. 26(3) 04020026. https://www.doi.org/10.1061/(ASCE)IS.1943-
555X.0000567  

 

35 

Commission for Hydrology (CHy). (2012). “Fourteenth session of the commission for hydrology.” 

Proceedings, Part I.  http://www.wmo.int/pages/prog/hwrp/chy/chy14/documents/final_ 

report/1105_en.pdf (October 15, 2017). 

Cook L.M., Anderson, C.J., and Samaras, C. (2017). “Framework for incorporating downscaled 

climate output into existing engineering methods: application to precipitation frequency 

curves.” J. of Inf. Sys., 23(4), doi: 10.1061/(ASCE)IS.1943-555X.0000382. 

Cook, L.M., McGinnis, S. and Samaras, C. (2020). “The effect of modeling choices on updating 

intensity-duration-frequency curves and stormwater infrastructure designs for climate 

change.” Clim. Change. doi: 10.1007/s10584-019-02649-6 

Department of Homeland Security (DHS) (2010). “DHS Risk Lexicon.” https://www.dhs.gov/ 

xlibrary/assets/dhs-risk- lexicon-2010.pdf (November 15, 2017). 

Deser C., Phillips, A.S., Alexander, M.A., and Smoliak, B.V. (2014). “Projecting North American 

climate over the next 50 years: Uncertainty due to internal variability.” J. of Clim. 27, 2271-

2296.  

Dittrich, R., Wreford, A. and Moran, D. (2016). “A survey of decision-making approaches for 

climate change adaptation: Are robust methods the way forward?.” Eco. Econ., 122, 79-89. 

Emori S. and Brown S.J. (2005). “Dynamic and thermodynamic changes in mean and extreme 

precipitation under changed climate.” Geophys. Res. Lett., 32, L1770.  

Fowler, H. J., Blenkinsop, S., and Tebaldi, C. (2007). “Linking climate change modelling to 

impacts studies: recent advances in downscaling techniques for hydrological modelling.” Int. 

J. of Climatol., 27(12), 1547–1578. doi: 10.1002/joc.1556  

Ganin, A. Massaro, E., Gutfraind, Al, Steen, N., Keisler, J.M., Kott, A., Mangoubi, R., and Linkov, 

I., (2016). “Operational resilience: concepts, design and analysis.” Sci. Rep., 6, doi: 

10.1038/srep19540 

Gutmann, E., Pruitt, T., Clark, M.P., Brekke, L., Arnold, J.R., Raff, D.A. and Rasmussen, R.M. 

(2014). “An intercomparison of statistical downscaling methods used for water resource 

assessments in the United States.” Water Res. Res. 50(9), 7167-7186. 

Hershfield, D.M. (1961). “Rainfall frequency atlas of the United States for durations from 30 

minutes to 24 hours and return periods from 1 to 100 years.” Technical Paper No. 40. US 

Department of Commerce. Washington DC. 



Please cite the final version of this paper: Underwood, B.S., Mascaro, G., Chester, M., Fraser, A., Lopez-Cantu, T., Samaras, C. 
(2020). Past and Present Design Practices and Uncertainty in Climate Projections are Challenges for Designing Infrastructure 
to Future Conditions. Journal of Infrastructure Systems. 26(3) 04020026. https://www.doi.org/10.1061/(ASCE)IS.1943-
555X.0000567  

 

36 

Hosking J.R.M and Wallis J.R. (2005). Regional frequency analysis: an approach based on L-

moments, Cambridge University Press. Cambridge, U.K. 

Intergovernmental Panel on Climate Change (IPCC) (2014). Climate Change 2014: Impacts, 

adaptation, and vulnerability-regional aspects, Cambridge, U.K. and New York, N.Y. 

Jain S. and Lall U. (2001). “Floods in a changing climate: does the past represent the future?” 

Water Res. Res., 37, 3641-3651.  

Kim, Y., Eisenberg, D.A., Bondank, E.N., Chester, M.V., Mascaro, G., and Underwood, B.S. 

(2017). “Fail-safe and safe-to-fail adaptation: decision-making for urban flooding under 

climate change.” Clim. Change, 145(3-4), 397-412.  

Knutti, R., Masson, D., and Gettelman, A. (2013). “Climate model genealogy: generation CMIP5 

and how we got there.” Geo. Res. Lett., 40(6) 1194-1199.  

Knutti R. and Sedlacek, J. (2013). “Robustness and uncertainties in the new CMIP5 climate model 

projections.” Nat. Clim. Change, 3, 369-373.  

Livneh B., Rosenberg, E.A., Lin, C., Nijssen, B., Mishra, V., Andreadis, K.M., Maurer, E.P., and 

Lettenmaier, D.P. (2013). “A long-term hydrologically based dataset of land surface fluxes 

and states for the Conterminous United States: update and extensions.” J. of Clim., 26, 9384–

9392. 

Lopez-Cantu T. and Samaras C. (2018). “Temporal and spatial evaluation of stormwater 

engineering standards reveals risks and priorities across the United States.” Environ. Res. 

Lett., 13, doi: 10.1088/1748-9326/aac696. 

Madsen, M. S., Langen, P. L., Boberg, F., and Christensen, J. H. (2017). “Inflated uncertainty in 

multimodel-based regional climate projections.” Geo. Res. Lett., 44(22), 11,606-11,613.  

Mallakpour, I. and Villarini, G. (2015). “The changing nature of flooding across the central United 

States.” Nat. Clim. Change, 5, 250-254.  

Mascaro, G. (2018). “On the distributions of annual and seasonal daily rainfall extremes in central 

Arizona and their spatial variability.” J. Hydrol., 559, 266-281. 

Maurer E.P., Hidalgo H.G., Das T., Dettinger, M.D., and Cayan, D.R. (2010). “The utility of daily 

large-scale climate data in the assessment of climate change impacts on daily streamflow in 

California.” Hydr. and Earth Sys. Sci., 14, 1125-1138.  



Please cite the final version of this paper: Underwood, B.S., Mascaro, G., Chester, M., Fraser, A., Lopez-Cantu, T., Samaras, C. 
(2020). Past and Present Design Practices and Uncertainty in Climate Projections are Challenges for Designing Infrastructure 
to Future Conditions. Journal of Infrastructure Systems. 26(3) 04020026. https://www.doi.org/10.1061/(ASCE)IS.1943-
555X.0000567  

 

37 

Maurer E.P., Wood, A.W., Adam, J.C., Lettenmaier, D.P., and Nijssen, B. (2002). “A long-term 

hydrologically based dataset of land surface fluxes and states for the conterminous United 

States.” J. of Clim., 15, 3237-3251.  

Mays, L.W. (2010). Water resources engineering. John Wiley & Sons, New York, U.S. 

McCuen, R.H. (2005). Hydrologic Analysis and Design. 3rd ed. Pearson Prentice Hall, New 

Jersey, U.S. 

Miller J.F., Frederick R.H., and Tracy R.J. (1973) Precipitation-frequency atlas of the western 

United States. National Oceanic and Atmospheric Administration (NOAA), Silver Spring, 

MD. 

Milly P.C.D., Betancourt, J., Falkenmark, M., Hirsch, R.M., Kundzewicz, Z.W., Lettenmaier, 

D.P., and Stouffer, R.J. (2008). “Stationarity is dead: whither water management?” Science, 

319, 573-574. 

NBC News (2014). “High water on I-10 stalls cars in Phoenix.” https://www.nbcnews.com/video/ 

high-water-on-i-10-stalls-cars-in-phoenix-326393923944 (November 15, 2018) 

Neumann, J.E., Price, J., Chinowsky, P., Wright, L., Ludwig, L., Streeter, R., Jones, R., Smith, 

J.B., Perkins, W., Jantarasami, L. and Martinich, J. (2015). “Climate change risks to US 

infrastructure: impacts on roads, bridges, coastal development, and urban drainage.” Clim. 

Change, 131(1), 97-109. 

Olsen, J.R., Ayyub, B.M., Barros, A., Lei, W., Lombardo, F., Medina, M., Samaras, C., Smith, 

O.P. Stakhiv, E.Z., Tan, J.,  Vinson, T.S., Walker, D., Wright, R., Beucler, B., Harding, B., 

Heller, M., Krakauer, N.Y., Lund, J.R., and Smith, J. (2015). Adapting Infrastructure and 

Civil Engineering Practice to a Changing Climate. American Society of Civil Engineers, 

Committee on Adaptation to a Changing Climate, Reston, Virginia, U.S. 

Park J., Seager T.P., and Rao P.S.C. (2011). “Lessons in risk- versus resilience-based design and 

management.” Int. Env. Assess. Mgt., 7(3), 396-399.  

Pierce, D.W., Cayan, D.R., and Thrasher B.L. (2014). “Statistical downscaling using localized 

constructed analogs (LOCA).” J. Hydrometeor., 15, 2558–2585. 

Piras M., Mascaro, G., Deidda, R., and Vivoni, E.R. (2016). “Impacts of climate change on 

precipitation and discharge extremes through the use of statistical downscaling approaches in 

a Mediterranean basin.” Sci. Tot. Envi., 543, 952-964.  



Please cite the final version of this paper: Underwood, B.S., Mascaro, G., Chester, M., Fraser, A., Lopez-Cantu, T., Samaras, C. 
(2020). Past and Present Design Practices and Uncertainty in Climate Projections are Challenges for Designing Infrastructure 
to Future Conditions. Journal of Infrastructure Systems. 26(3) 04020026. https://www.doi.org/10.1061/(ASCE)IS.1943-
555X.0000567  

 

38 

Read L.K. and Vogel R.M. (2015). “Reliability, return periods, and risk under nonstationarity.” 

Wat. Res. Res., 51, 6381-6398.  

Salas J.D. and Obeysekera J. (2013). “Revisiting the concepts of return period and risk for 

nonstationary hydrologic extreme events.” J. Hydr. Eng., 19, 554-568.  

Serinaldi F. and Kilsby C.G. (2015). “Stationarity is undead: uncertainty dominates the distribution 

of extremes.” Adv. Wat. Res., 77, 17-36.  

Scottsdale (1985). Indian bend wash. Scottsdale, AZ: City of Scottsdale, Arizona. 

Thompson, P.L. and Kilgore R.T. (2006). Hydraulic design of energy dissipators for culverts and 

channels hydraulic engineering, Circular number 14, Third edition, U.S. Department of 

Transportation, Federal Highway Administration, Washington, D.C. 

Trenberth K.E. (1999). “Conceptual framework for changes of extremes of the hydrological cycle 

with climate change.” Clim. Change, 42, 327-339.  

United States Army Corps of Engineers (USACE) (1996). Risk-based analysis for evaluation of 

hydrologic/hydraulics, geotechnical stability, and economics in flood damage reduction 

studies, Engineering Regulation 1105-2-101, Washington, D.C. 

United States Department of Commerce (USDOC) (1943-1966). Weather bureau technical papers 

Nos 1-57.  http://www.nws.noaa.gov/oh/hdsc/relevant_publications.html #4_section. (July 

15, 2017).  

United States Department of Transportation (USDOT). (2017). “Highway statistics 2017.” 

https://www.fhwa.dot.gov/policyinformation/ statistics/2017/ (November 15, 2018). 

Vahedifard, F., Kouchak, A.A., Ragno, E., Shahrokhabadi, S., and Mallakpour, I., (2017). 

“Lessons from the Oroville Dam.” Science, 355, 1139-1140.  

Villarini G., Smith, J.A., Baeck, M.L., Vitolo, R., Stephenson, D.B., and Krajewski, W.F. (2011). 

“On the frequency of heavy rainfall for the Midwest of the United States.” J. Hydrol., 400(1–

2), 103–120. 

Walker, W., Haasnoot, M. and Kwakkel, J. (2013). “Adapt or perish: a review of planning 

approaches for adaptation under deep uncertainty.” Sustainability, 5(3), 955-979. 

Wilks, D.S. (2011). Statistical methods in the atmospheric sciences (Vol. 100). Academic Press. 

Oxford, UK. 



Please cite the final version of this paper: Underwood, B.S., Mascaro, G., Chester, M., Fraser, A., Lopez-Cantu, T., Samaras, C. 
(2020). Past and Present Design Practices and Uncertainty in Climate Projections are Challenges for Designing Infrastructure 
to Future Conditions. Journal of Infrastructure Systems. 26(3) 04020026. https://www.doi.org/10.1061/(ASCE)IS.1943-
555X.0000567  

 

39 

Yang, L., Smith, J., Baeck, M.L., Morin, E. and Goodrich, D.C. (2017). “Flash flooding in 

arid/semiarid regions: Dissecting the hydrometeorology and hydrology of the 19 August 2014 

storm and flood hydroclimatology in Arizona.” J. of Hydrometeorology, 18(12), 3103-3123. 

 

  



Please cite the final version of this paper: Underwood, B.S., Mascaro, G., Chester, M., Fraser, A., Lopez-Cantu, T., Samaras, C. 
(2020). Past and Present Design Practices and Uncertainty in Climate Projections are Challenges for Designing Infrastructure 
to Future Conditions. Journal of Infrastructure Systems. 26(3) 04020026. https://www.doi.org/10.1061/(ASCE)IS.1943-
555X.0000567  

 

40 

SUPPLEMENTARY INFORMATION 

 

Table 1. Climate Projection Models Used in this Study. 

Modeling Center (or Group) Institute ID Model Name 

Commonwealth Scientific and Industrial Research Organization 

(CSIRO) and Bureau of Meteorology (BOM), Australia  
CSIRO-BOM 

ACCESS1.0* 

ACCESS3.0 

Beijing Climate Center, China Meteorological Administration BCC 
BCC-CSM1 
BCC-CSM1.1* 

Canadian Centre for Climate Modeling and Analysis CCCMA CanESM2* 

National Center for Atmospheric Research NCAR CCSM4* 

Community Earth System Model Contributors 
NSF-DOE-
NCAR 

CESM1-BGC* 
CESM1-CAM5 

Centro Euro-Mediterraneo per I Cambiamenti Climatici  CMCC CMCC-CM 

CMCC-CMS 

Centre National de Recherches Météorologiques / Centre Européen 
de Recherche et Formation Avancée en Calcul Scientifique 

CNRM-
CERFACS 

CNRM-CM5* 

Commonwealth Scientific & Industrial Research Organization in 

collaboration with Queensland Climate Change Centre of 

Excellence 

CSIRO-
QCCCE 

CSIRO-Mk3.6.0* 

EC-EARTH consortium EC-EARTH EC-EARTH 

LASG, Institute of Atmospheric Physics, Chinese Academy of 

Sciences and CESS, Tsinghua University 
LASG-CESS FGOALS-g2 

NOAA Geophysical Fluid Dynamics Laboratory 
NOAA 

GFDL 

GFDL-CM3* 
GFDL-ESM2G* 

GFDL-ESM2M* 

NASA Goddard Institute for Space Studies NASA GISS 
GISS-E2-H 

GISS-E2-R 

National Institute of Meteorological Research/Korea 

Meteorological Administration 
NIMR/KMA HadGEM2-AO 

Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais) 

MOHC 

(additional 
realization by 

INPE) 

HadGEM2-CC 
HadGEM2-ES 

Institute for Numerical Mathematics INM INM-CM4* 

Institute Pierre-Simon Laplace IPSL 
IPSL-CM5A-LR* 
IPSL-CM5A-MR* 

Japan Agency for Marine-Earth Science and Technology, 

Atmosphere and Ocean Research Institute, and National Institute 
for Environmental Studies 

MIROC 

MIROC-ESM* 

MIROC-ESM-CHEM* 
MIROC5* 

Max Planck Institute for Meteorology MPI-M 
MPI-ESM-LR * 

MPI-ESM-MR* 

Meteorological Research Institute MRI MRI-CGCM3* 

Norwegian Climate Centre NCC NORESM1-M* 

* Models were also used in the analysis used for the Phoenix case study 


