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ABSTRACT  

   

Pluvial flooding is a costly, injurious, and even deadly phenomenon with which 

cities will always contend. However, cities may reduce their risk of flood exposure by 

changing historically dominant patterns of development that have removed natural 

landscape features and reduce the damages that flooding causes by identifying and 

supporting vulnerable populations. Accomplishing either goal requires the development 

and application of appropriate frameworks for modeling or recording flood exposure. In 

this dissertation, I used modeling and surveying methods for assessing pluvial flood 

exposure in two cities, first in Valdivia, Chile, and then in Hermosillo, México. I open 

with a summary on pluvial flood risk in the present day and the threat it may pose under 

changing climates. In the second chapter, I explored how a form of urban ecological 

infrastructure (UEI), the wetland, is being wielded in Valdivia toward pluvial flood 

mitigation, and found that wetland daily, seasonal, and interannual changes in wetland 

surface and soil water storage alter pluvial flood risk in the city. In the third chapter, I 

used a mixed methodology, including projections of future land cover generated by 

cellular automata models with inputs from visioning workshops conducted by the Urban 

Resilience to Extremes Sustainability Research Network (UREx SRN), and found that 

wetland loss in future land configurations may lead to increased pluvial flood risk. In the 

fourth chapter, I combined these land cover models from the third chapter with 

downscaled climate data on precipitation, also generated by the UREx SRN, and found 

that wetland conservation can help to mitigate the pluvial flood risk posed by changing 

patterns of rainfall. In the fifth chapter, I applied the Arc-Malstrøm method for pluvial 

flood assessment in Hermosillo, México, and compared it with the more traditional 
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rational method for flood assessment, and through accompanying surveys found that 

perception of flood risk is significantly affected by flood dimensions and impacts. This 

dissertation concludes with a synthesis of pluvial flood risk assessment, suggestions for 

improvements to modeling, as well as suggestions for future research on pluvial flood 

risk assessment in cities. This dissertation advances the understanding of the utility of 

inland wetland UEI in cities under present and future land cover and climate conditions. 

It also qualifies the utility of common and new pluvial flood risk assessments and offers 

research directions for future pluvial flood assessments. 
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CHAPTER 1 

INTRODUCTION 

Discussions over the contours and content of urban resilience are robust and lively 

(Alberti et al., 2003; Ahern, 2011; Meerow, Newell, & Stults, 2016), but under the course 

of this dissertation, I have noted a sort of tension and growing professional disconnection 

in myself between researcher and subject. The widely employed definition provided by 

Meerow, Newell, & Stults (2016) defines resilience as: 

         “…the ability of an urban system—and all its 

constituent socio-ecological and socio-technical networks 

across temporal and spatial scales—to maintain or rapidly 

return to desired functions in the face of a disturbance, to 

adapt to change, and to quickly transform systems that limit 

current or future adaptive capacity.” 

Working on resilience to extreme events has at many times for me during this dissertation 

become an anodyne matter of examining figures on structural damages, displacement, 

morbidities and deaths from heat waves, droughts, and floods, and applying resilience 

practices and methods to figure out a way to get the figures to go down. Much like the 

Meerow, Newell, & Stults (2016) definition of resilience, the work in my dissertation 

research has at times felt more like a technical engagement with the “what” and “how” of 

resilience at the expense of the other more emotional elements, specifically the “where,” 

“for whom,” and “why” of the work. To their great credit, Meerow, Newell, & Stults 

(2016) argue for the importance of considering these latter, more emotional elements in 
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resilience work. In the course of my dissertation and in working on manuscripts for 

publication, I have identified a pressure to put these concerns at a distance and to find 

justifications that are a matter of academic intrigue rather than a personal one. In this 

dissertation and elsewhere, I have found ways to justify my study sites that elide the 

truth: that these systems are interesting primarily because I lived in them, among hosts 

and friends and neighbors, and I care about them. The function of this work is to learn 

lessons that can be useful to them and, after vetting among the scientific community, to 

share lessons that may be useful to the communities of others. 

         In this opportunity to reflect on and explain the origins of this work, I begin with 

a re-engagement with the “why” of everything accomplished here. My personal 

motivation has been a deep-seated concern about the coerced or forced displacement of 

people. My focus is not the result of an abundance of research concerned with this 

outcome, and in fact in my corner of urban resilience I almost never come across it. 

Rather, I dwell on such consequences because of personal experiences working with and 

living among migrant and refugee communities. Life as a forced migrant or refugee 

struck me as an incredibly difficult one and I have been deeply affected by the plights of 

migrants and refugees close to me. The evidence in the academic literature confirms this. 

Migration journeys are dangerous and asylum laws, when they exist, may lock in or 

worsen the precarious condition of displaced peoples once they have arrived in their host 

geographies (Ertorer, 2021; Oner, Durmaz-Drinkwater, & Grant, 2021; Papatzani, 

Psallidaki, Kandylis, & Micha, 2021). Even when migrants are able and willing to adapt 

to the new work and life conditions of their host geographies, they must contend with 
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economic insecurities, bigotries, and laws that ensure their lack of political representation 

indefinitely (Bentz, 2012; Logie, Daniel, Ahmed, & Lash, 2017). 

         My own work in resilience is the result of working with refugees in India, which 

evolved into a more specific concern for people that were referred to as “climate 

refugees.” Climate refugees are a special category of migrants and refugees, whose 

continued living on their land has been made impossible or highly unfavorable due to the 

impacts of climate change on their immediate environments (Stern, 2008). Bierman and 

Boas (2010) define climate refugees “people who have to leave their habitats, 

immediately or in the near future, because of sudden or gradual alterations in their natural 

environment related to at least one of three impacts of climate change: sea-level rise, 

extreme weather events, or drought and water scarcity.” While climate refugees are 

afforded a special distinction from traditional forms of migrants and refugees (Levy and 

Patz, 2015), I find compelling argumentation that the forces behind displacement are 

shared with more traditional forms of refugees, which are socioeconomic and political at 

their core, and often overlap with the causes of mobility among people who would not be 

considered climate refugees (Munoz, 2021). These common forces behind the creation of 

all forms of refugees and migrants imply the possibility of interventions that mitigate or 

erase the stresses of climate drivers without having to contend directly with climate 

change itself. The examination and manipulation of these common forces are the 

essential forms of work for resilience scholars, and thus I have maneuvered over time to 

work in this field. 
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         Of course, the creation of refugees and migrants is only one concerning outcome 

of a lack of resilience to climate change in cities: there is a range of concerning impacts 

on communities from climate change-inflicted disturbances, from occasional nuisance to 

death. The degree and frequency of temporary disruptions to urban life, such as those to 

transportation networks due to pluvial flooding (Chang et al., 2010), can be affected by 

the work of resilience scholars. At the more extreme end of possible outcomes, resilience 

research may aid in the reduction of death tolls of extreme events like heat waves 

(Hondula, Balling, Vanos, & Georgescu, 2015) and flooding (Falconer et al., 2009), 

which, depending on our response, may worsen under a changing climate. These 

possibilities, too, motivate my work in urban resilience. 

         Our collective and regional responses to climate change may in turn provoke their 

own problems, and thus the good urban resilience scholar must be cognizant of the 

literature detailing the impacts of our responses. For example, managed retreat (Siders, 

Hino, & Mach, 2019), or the displacement of populations resulting from a lack of policies 

curtailing unmanaged retreat, from areas at elevated risk from the effects of climate 

change may coerce the mobilization of populations within cities. Additionally, market 

forces may coerce economically marginalized groups out of areas in cities that are safe 

from extreme events and climate change, in a process broadly known as “climate 

gentrification” (Keenan, Hill, & Gumber, 2018). Thus, in pursuing solutions to stop 

forced or coerced mobility on certain populations, we may burden other populations with 

the same type of problems we seek to address. Implementation of green infrastructure in 

cities to combat climate change may increase demands on scarce resources such as water 

(Pincetl, Bunje, & Holmes, 2012), may create maintenance burdens on populations that 
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already feel stretched thin (Pincetl, 2010), or may be undesirable for more nuanced 

reasons of landscape preference (Teixiera et al., 2019). The literature of these sort of 

knock-on effects of climate change and the responses of cities is growing and will 

certainly become a greater part of resilience research as time goes on. 

         Thus, my work is motivated by the desire to mitigate the effects of climate 

change, and the effects of our responses to climate change, on the communities of which 

I am a part. In the course of completing this dissertation, I have also become focused on 

the ways in which urban resilience work presents opportunities for reversing many of the 

deleterious effects than urbanization has had on the environment and the communities 

that occupy it. Of particular interest to me is combatting urbanization’s historical 

competition with other forms of land cover. Wetlands are one of the more notable victims 

of such competition, with 87% of global wetland cover being lost since the 1700s, and 

half of that loss occurring during urbanization and agricultural expansion in the 20th 

century (Davidson, 2014). Rates of wetland loss differ by region, and so do their causes. 

Groffman et al. (2003) estimated that the majority of the pre-settlement ecosystems of 

urban floodplains have been converted to industrialized or arable land, as well as to 

impermeable forms such as structures used for housing, commerce, and transit. Not 

captured in these figures on wetland loss are other forms of wetland alteration, such as 

sedimentation, siltation, eutrophication, changes in prevailing patterns of surface and soil 

storage of water, introduction of novel species, habitat disconnection, and the loss of 

charismatic species (Grayson, Chapman, & Underwood, 1999; Shields et al., 2008; Xu, 

Chen, Yang, Jiang, & Zhang, 2019; Zedler & Kercher, 2005). 
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         Research on the loss and alteration of wetland cover has emerged 

contemporaneously to predictions about storm intensity and frequency, and consequent 

flooding. Climate models project an increase in the frequency of present-day 100-year 

flood events in many parts of the globe (Intergovernmental Panel on Climate Change, 

2021; Milly et al., 2002). By the end of the 21st century, 50-year magnitude floods may 

become 13-year magnitude flood events in the climate of 2071-2100 (Li et al., 2021). 

Globally, climate and water disasters have increased five-fold between 1970 and 2019, 

with floods causing an estimated 58,700 deaths and roughly US$ 1.1 trillion in damages 

during this period (World Meteorological Organization, 2021). 

         Storm characteristics are not under the control of cities, but many other factors 

that control flooding are affected by the development decisions that cities make. There 

are many forms of flooding that cities manage, such as fluvial and coastal flooding; 

however, this dissertation is concerned only with pluvial flooding. Pluvial flooding is 

characterized as surface ponding or overland flow that occurs when rates of precipitation 

exceed the capacity of drainage systems and/or surfaces to remove it (Falconer et al., 

2009). Pluvial floods threaten many aspects of urban communities, causing loss of life, 

damage to property, disruption of transportation networks, and displacement (Chang et 

al., 2010; Douglas et al., 2010; Falconer et al, 2009; Yin et al., 2016). The ways in which 

precipitation, urban stormwater management practices, and biophysical characteristics of 

the urban and peri-urban landscape interact to determine characteristics of pluvial 

flooding, such as location, duration, and depth, are increasingly better understood 

(Rosenzweig et al. 2018; Westra et al., 2014). The tools to assess pluvial flood risk are 

improving but remain in need of further improvement (Rosenzweig et al., 2021). 
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Consideration of the long-term risk of pluvial flooding is critical for urban 

communities, as the components (e.g., pipes, canals, drains) of the stormwater 

management systems of cities typically have expected lifespans on the order of 50-100 

years or more (Zhou, Mikkelsen, Halsnæs, Arnbjerg-Nielsen, 2012). Such long-lived 

infrastructure is then expected to perform under several different climate conditions over 

the course of its lifetime. And yet, in the United States and many other countries, 

conventional gray stormwater management infrastructure in urban areas is typically 

designed for managing two- to fifteen-year design storms (ASCE/Environmental & 

Water Resources Institute 2006), rendering it unequipped for managing increasingly 

common extreme precipitation events brought about by climate change (Ashley et al., 

2005). Though this gray infrastructure can be designed or upgraded to manage storms of 

greater magnitude (ASCE/Environmental & Water Resources Institute, 2006), this is a 

costly and spatially disruptive process that requires considerable time from idea 

conception to execution. 

In the past several decades, urban communities have explored alternatives to 

traditional forms of stormwater management system design to be more adaptive to 

changing climates and extreme events beyond the two- to fifteen-year design storm (Kim, 

Chester, Eisenberg, & Redman, 2019). There has been a particular interest in the use of 

new forms of infrastructure, particularly urban ecological infrastructure (UEI; Childers et 

al., 2019; otherwise known as (GI), green stormwater infrastructure (GSI), or, more 

broadly, nature-based solutions (NBS)), which may provide similar or greater 

benchmarks of performance, under a broader range of climate conditions, than traditional 

“gray” infrastructure, while providing other services, known as ecosystem services, that 
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gray infrastructure cannot (Demuzere et al. 2014; McPhearson, 2014). Cities pursuing 

UEI solutions may expand their stormwater management system by designating new 

areas as sites of GI, for example by constructing new urban parks to facilitate greater 

infiltration. Or cities may retrofit portions of the existing system to incorporate more GI 

elements, which may synergize with other initiatives to enhance degraded urban 

landscapes and thus provide desired ecosystem services beyond stormwater management 

(Haaland & van den Bosch. 2015). Additionally, cities may incorporate existing (referred 

to in the literature as “remnant”) wetlands into the urban environment as they expand 

(Holzer, 2014). 

Many urban communities have set their sights on wetland UEI as a potential 

solution to the threats posed by present-day and future pluvial flood risk, which include 

injury, displacement, and death. They are thus presented with a serendipitous opportunity 

to reverse the trend of wetland loss while simultaneously relieving cities of pluvial flood 

risk and making cities more pleasant habitat for humans. However, critically absent from 

current studies on the flood mitigation services of wetlands are city-wide studies on 

whether and how the performance of urban stormwater management systems changes 

when urban wetlands are constructed, restored, or incorporated. Furthermore, in drainage 

systems that already include wetland features, there are no city-wide studies on the 

effects of changes in wetland extent or configuration on drainage system performance. 

Researchers have previously argued that, at least outside the urban context, system-

specific knowledge is necessary to accurately estimate effects of various wetland 

characteristics on the flood regulation services that wetlands may provide (Acreman & 

Holden, 2013; Kadykalo & Findlay, 2016). Wetland dimensions, extent, antecedent 
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storage conditions, rates of infiltration and evapotranspiration, and configuration are all 

likely to influence the performance of any stormwater management systems into which 

urban wetlands may be included. 

Conventionally, urban communities rely in part on models to assess flood risk and 

the effectiveness of planned or existent stormwater management systems in mitigating 

pluvial flood risk. Pluvial flood modeling is critical to predicting flood locations and 

damages, even though model architecture and estimates have their limitations 

(Rosenzweig et al., 2020). Models in practice in urban watersheds are often two-

dimensional and predict areas of elevated runoff (HEC-RAS), one-dimensional and 

predict flooding locations and volumes within urban drainage areas (EPA SWMM, Arc-

Malstrøm (Balstrøm and Crawford, 2018)), and coupled 1D-2D models (PCSWMM) that 

predict flooding locations and even flood depths. Tu, Wadzuk, and Traver (2019) 

reviewed all of the major models of these types currently being used to simulate functions 

of stormwater management systems, with a special focus on those incorporating UEI (in 

the paper, referred to as GSI), such as GIFMod, MOUSE, and EPA SWMM, and found 

that none of them had comprehensive abilities to model runoff generation, routing, GSI 

vadose zone/groundwater, evapotranspiration, and programmable control in urban 

settings. New, so-called “data-driven” models are of increasing interest among academics 

(Heonin et al., 2013; Penning-Roswell & Kordenwall, 2019; Wolfs & Willems, 2016) 

and offer advantages over other models insofar as they are computationally faster and not 

deterministically constructed (Li & Willems, 2020). The adoption of data-driven models 

by practitioners in cities is, in my experience, quite low, and older, more deterministic 

forms of flood modeling still dominate the field. 
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Developing accurate and useful models of pluvial flooding in urban watersheds 

requires accurate model inputs and validation, but these data are not presently available to 

cities. Different models accommodate different model inputs, including digital elevation 

models (DEMs), stormwater management networks, design storms, land cover typologies 

and their rates of infiltration, and building footprints, among other elements. In many 

cities, it is difficult for researchers to provide all of these elements as inputs even though 

their availability improves the characterization of pluvial floods. If an urban community 

wishes to assess pluvial flood risk in the future, they commonly will not have access to 

scenarios of urban development and land cover or to climate model data that have been 

downscaled to the city. In the U. S., present-day layouts of stormwater management 

networks are commonly inaccessible due to national security concerns. However, given 

changing climates in cities, the expectation of long lifespans of stormwater infrastructure, 

and the various factors that contribute to pluvial flooding, there is a clear rationale for the 

creation and sharing of such data. 

In the case that urban communities have data on future land cover and climates, 

such data come with substantial uncertainty. Consequently, there is a need to design 

stormwater management systems to perform well under a range of plausible land cover 

and climate scenarios (Measham et al., 2011; Fig. 1.1). The development and use of 

scenarios reflecting a range of future city land cover configurations have increasing 

purchase among academics and practitioners. Such scenarios are defined as plausible, 

coherent narratives about the future of a place or a situation and are used to produce 

anticipatory knowledge (Millennium Ecosystem Assessment, 2005). Scenarios are also 

characterized by the exploration of desirable configurations of cities (Iwaniec et al., 2020; 
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McPhearson, Iwaniec, & Bai, 2016), and often incorporate transdisciplinarity and co-

production to capture a range of visions from a broad cross-section of sociodemographic 

characteristics (Cook et al., 2021; Jahn, Bergmann, & Keil, 2012; Lang et al., 2012). 

These scenarios may be used as inputs to models that estimate land cover change at some 

time in the future (Iwaniec et al., 2020; Ortiz et al., 2020; Sauer et al., in revision), and 

the outputs of these models can give researchers and urban communities an idea of the 

range of possible land cover futures. 

Model estimates of a range of future climates are necessary to assess expected 

future storm and climate conditions in which a stormwater management system must 

perform. Changes in annual rainfall volumes and timing may shift conditions away from 

those for which stormwater management systems were designed. In the case that annual 

rainfall diminishes, and the intensity of the average storm also diminishes, cities may 

experience a reduced number of floods due to a drier stormwater management system and 

reduced load during storms. However, if annual precipitation increases and/or the 

intensity of the average storm increases, cities may contend with greater numbers of 

floods in a year due to a waterlogged stormwater management system and increased load 

during storms. There are also intermediate scenarios with which to contend, such as 

increased annual precipitation through an increase in the number of storms of lesser 

intensities, or reduced annual precipitation with an increase in the intensity of extreme 

storms, among others–all of which have their potential impacts on flood risk. The 

direction and degree of these effects may in turn vary depending on the configuration and 

inventory of a stormwater management system and its urban drainage shed. Where 

downscaled climate model data are available for cities, they should then be used to assess 
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a range of future climates for the construction of a range of input design storms and for 

establishing a range of antecedent storage conditions of system elements that may be 

present. 

Current models for estimating pluvial flood risk are recognized as incomplete 

and/or insufficient for representing all hydrological processes and for assessing impacts 

that pluvial flooding has on the lives of citizens (Rosenzweig et al., 2021; Tu, Wadzuk, & 

Traver, 2019). There are other forms of flood risk assessment, such as participatory 

mapping, that do not rely on modeling but that can nonetheless be used to direct the 

efforts of modelers to improve their capabilities for flood risk assessment (Mercer et al., 

2009). Participatory mapping, whereby individuals or groups from communities are 

invited to provide geographical information in easy-to-access ways (Cadag & Gaillard, 

2012), is common among development workers and researchers (Chambers, 2008; 

International Fund for Agricultural Development, 2009). It offers the advantages of 

relative ease of setup and low cost of execution (Cadag & Gaillard, 2012), and has low 

barriers to deployment and citizen participation compared with other methods of 

collecting citizen knowledge of hazards that may not be captured in quantitative models 

(Schumann, Binder, & Greer, 2018). Participatory mapping may also be considered a 

form of transdisciplinary work, which emphasizes the inclusion of knowledge from non-

academics (Scholz, 2017) and the active inclusion of “civil society actors as an external 

corrective on the ‘blind spots’ in the science system” (Schneidewind, Singer-Brodowski, 

& Augenstein, 2016). 
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Thus, both the stakes and the benefits are high to design urban environments and 

their stormwater management systems to manage pluvial flood risk. Viable pathways 

toward this goal involve the considered use of models of climate, models of land cover, 

models of stormwater management systems, and implementation of UEI—and our ways 

of using them must be improved in the process. The objective of this dissertation is to 

explore the use of wetland UEI, climate models, scenario models, and participatory 

mapping to better characterize flood risk from extreme storm events now and into the 

future. Four dissertation chapters address the following questions: 

1. How do characteristic hydrologic functions of wetlands, particularly surface and 

soil water storage, change across seasons, and how do these changes affect their 

abilities to mitigate pluvial flood risk during extreme storms? 

2. How will pluvial flood risk from extreme storms change across a range of 

potential urban development scenarios in a city that uses wetland UEI in its 

stormwater management network? 

3. How will pluvial flood risk change in combination with the effects of future land 

cover change on wetland and contributing watershed area, and climate change on 

average climate and extreme storm events, in a city that uses wetland UEI in its 

stormwater management network? 

4. How can new forms of pluvial flood risk assessment improve upon our 

understanding of pluvial flood risk, and what are their limitations? 

I address these questions in an interdisciplinary way, using mixed methods, 

including field and computational modeling methods, to improve upon our understanding 
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of pluvial flood risk more generally and how wetland UEI may be used to mitigate 

pluvial flood risk. In chapter 1, I use data I collected on surface and soil storage of 

wetland UEI in Valdivia, Chile, and the city’s model of the stormwater management 

system in EPA SWMM, to demonstrate how intra- and interannual fluctuations in 

antecedent storage conditions affect pluvial flood risk from extreme storm events (Sauer 

et al., in preparation-a). In Chapter 2, I combine projected changes in land cover 

generated from a scenarios workshop and cellular automata-based model to estimate 

changes in wetland UEI and impervious cover in EPA SWMM, and estimate consequent 

pluvial flood risk during extreme storm events (Sauer et al., in revision). In Chapter 4, I 

combine these same models estimating changes in wetland UEI and impervious cover 

with downscaled climate model data in the city to estimate pluvial flood risk under 

changing climates and changing urban configurations (Sauer et al., in preparation-b). In 

chapter 5, I assess the strengths and limitations of using Arc-Malstrøm and participatory 

mapping methods in estimating areas of pluvial flood risk in the context of Hermosillo, 

México, and consider the ways these approaches can improve upon our current methods 

(Sauer et al. in preparation-c). In Chapter 6, I summarize the lessons learned in this 

process, situating this dissertation in a context of pluvial flood risk assessment more 

broadly, and suggest pathways forward to developing future cities that are more resilient 

to a range of possible climates and urban configurations. 

         Returning for a moment to the motivations of this dissertation, it is my hope that 

the lessons contained herein are directly useful to communities of Valdivia and 

Hermosillo, which hosted me during the process of its completion. It is also my hope that 

other urban communities around the globe can benefit from its findings. Though it may 
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not be explicit in the rationales of each chapter, I have accomplished this work only out 

of care for my family, friends, and greater community. Publishing on my work will 

accomplish a general dissemination of lessons among academic communities, but I also 

seek to work directly with city officials and wetland conservationists in Valdivia toward 

ensuring its direct utility to citizens.  
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Figure 1.1. Conceptual diagram of important contributing factors of pluvial flooding in cities considered in this dissertation.  
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CHAPTER 2 

WETLAND STORAGE DYNAMICS AND VARIABLE FLOOD RISK MITIGATION 

SERVICES IN VALDIVIA, CHILE 

2.0. Abstract 

Pluvial flooding, or flooding that results from precipitation rates that exceed the 

removal rates of drainage systems and of the permeable landscape, poses a major 

challenge to cities. Flood risk managers are looking to new forms of infrastructure, 

particularly green stormwater infrastructure or urban ecological infrastructure, to better 

manage this problem under present and future conditions. Wetlands, whether natural, 

modified, or constructed, have been proposed as a particularly promising form of 

infrastructure for this purpose, but real-world studies of wetland characteristics and flood 

risk are in short supply, do not consider temporal changes in wetland surface and soil 

storage conditions, and most often are not conducted at city scales. In the present study, I 

monitored six wetlands for changes in wetland water levels for two separate years and 

soil water storage in one year in Valdivia, Chile: a city notable for the presence of 

wetlands throughout its formal stormwater management system. For each season, I then 

used EPA SWMM to construct models with no additional storage capacity of soils, 

models where soil storage is simply added to the surface storage, and models that allowed 

for infiltration, for four drainage catchments of the city and for each season. I found 

slight but significant positive relationships between systemic flooding and wetland 

storage volumes in one drainage catchment, and for the aggregate flood risk of all four 

catchments. I also found that models that allowed for infiltration had substantially lower 

amounts of flooding than models that did not, and that this reduction was much greater 
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than any reduction between wetland water levels between seasons. Broadly, I concluded 

that wetland characteristics such as surface and soil storage and infiltration play major 

roles in potential flood risk reduction, but that system- and condition-specific 

considerations confound narratives that wetlands universally reduce flood risk.  

 

2.1. Introduction 

The frequency of pluvial floods is expected to increase with climate change-

driven increases in the intensity and frequency of rainfall in cities across the globe 

(O’Donnell & Thorne, 2020), and from the replacement of natural, more permeable 

landscape features with less permeable ones as part of dominant patterns of urbanization 

(Lashford et al., 2019). Pluvial flooding is surface ponding or overland flow that occurs 

when rates of precipitation exceed the capacity of drainage systems and/or surfaces to 

remove it (Falconer et al., 2009; Rosenzweig et al., 2018). Pluvial flooding can lead to 

loss of life, damage to property, and disruption of transportation networks (Chang et al., 

2010; Douglas et al., 2010; Falconer et al., 2009; Yin et al., 2016). 

In response to the increasing threat and impacts of pluvial flooding, many cities 

have developed strategies to restore or construct natural landscape features, or 

alternatively incorporate and maintain them, in order to harness their stormwater 

management services (Chan et al., 2018; Fletcher et al., 2013). Such natural landscape 

features are variably referred to as green infrastructure, green stormwater infrastructure 

(GSI), urban ecological infrastructure, or nature-based solutions. The practice of 

constructing, restoring, incorporating, and maintaining them may be considered key to 

low-impact development strategies or sustainable urban drainage systems to reduce 
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pluvial flooding (Chan et al., 2018; Fletcher et al., 2015; Lashford et al., 2019; Li et al., 

2020). 

Wetlands have been of particular interest to cities in managing their pluvial flood 

risk (Chan et al., 2018; Elmqvist et al., 2015), though their abilities to actually 

accomplish this are under-studied. I find no published studies examining the effects of 

urban wetlands on pluvial flooding at the city scale (Sauer et al., in revision), though one 

modeling exercise examined the flood mitigation effects of a proposed constructed urban 

wetland in a smaller urban drainage catchment scale (Kumar et al., 2021). Nonetheless, 

wetlands have been included as part of a broader low-impact development strategy in 

cities in China (Zhou, Leng, & Huang, 2020). From my conversations with practitioners 

in the U.S.A. and Chile, other cities are already managing wetlands to augment their 

flood mitigation abilities (personal communication).  

Many key features of urban wetlands differ from other forms of urban stormwater 

infrastructure, and affect overall stormwater management system performance (Line et 

al., 2012). Wetlands store large volumes of water as a function of their basin morphology 

(Mitsch & Gosselink, 2015) and, in an urban context, depending on the locations and 

elevations of inlet and outlet pipes. Wetlands may also store or remove water from urban 

stormwater management systems through evapotranspiration and infiltration to soils and 

groundwater (Gülbaz & Kazezyilmaz-Alhan, 2016). Both surface and soil storage reduce 

downstream or downdrain rates of flow and slow the propagation of peak flows 

compared to artificially or naturally channelized forms of landscape cover (Fletcher et al., 

2013; Kadykalo & Findlay, 2016), and these effects may also be controlled in part by 

wetland soil type (Gülbaz & Kazezyilmaz-Alhan, 2016). Wetland storage levels may 
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change substantially according to year, season, and potentially even daily hydrological 

cycles (Mitsch & Gosselink, 2015). Wetland storage can also be actively managed 

through the use of engineered controls on flow (Kumar et al., 2021). The most similar 

GSI element to a wetland that has been well-studied and deployed widely, the retention 

pond (Keyvanfar, Shafaghat, Ismail, Mohamad, & Ahmad, 2021; Verstraeten & Poesen, 

1999), has several of these hydrological features in common with wetlands, but they may 

be lined to prevent infiltration and may not be vegetated to the same degree as wetlands. 

The abilities of models to fully consider the effects of the presence and 

characteristics of wetlands on urban hydrology are limited. Tu, Wadzuk, and Traver 

(2019) reviewed all the major models currently being used to simulate functions of 

stormwater management systems, particularly those incorporating green stormwater 

elements, such as GIFMod, MOUSE, and EPA SWMM, and found that none of them had 

comprehensive abilities to model runoff generation, routing, GSI vadose 

zone/groundwater, evapotranspiration, and programmable control (such as in flow control 

gates) in urban settings. The authors (Tu, Wadzuk, & Traver, 2019) focused on the 

inability of SWMM to model multiple soil layers with differing properties that would 

affect rates of infiltration and potential storage volumes, particularly when the vadose 

zone is full. Nonetheless, modeling pluvial flooding in cities remains a critical need for 

stormwater managers to understand flood risk and evaluate the benefits of infrastructure 

solutions, green or otherwise (Rosenzweig et al., 2020).  

This study investigates the relationship between inland urban wetland storage 

dynamics and systemic flooding at the city scale. For my study system, I first asked the 

following question: How does surface and soil water storage change in urban wetlands 



 

21 

across days, seasons, and years? I hypothesized that storage would change substantially 

between years and seasons, and that there may be detectable diurnal patterns of change as 

well in the drier, warmer seasons due to evapotranspiration. Additionally, I asked: How 

does systemic flooding change as a result of these changes in water storage across days, 

years, and seasons? I hypothesized that there would be a positive correlation between 

water storage in inland urban wetlands and systemic flooding, and that flood risk would 

be greatest during the wetter, cooler seasons. Finally, I also asked: How do different 

modeling conceptions of wetland water storage affect estimates of systemic flooding? I 

hypothesized that models allowing for soil infiltration and storage would estimate lower 

systemic flood volumes than models that only allowed for surface retention. 

 

2.2. Materials and Methods 

2.2.1. Study Site 

Valdivia, Chile is a city of approximately 170,000 people in the southern half of 

Chile, 850 km south of the capital Santiago, in the Región de los Ríos (Fig 2.1). The city 

experiences high annual precipitation (1760 mm; 69.29 in), with a pronounced wet 

season that typically begins in March and ends in October. The city center is located 

about 12 km inland from the Pacific Ocean at the confluence of three major rivers. Its 

ecosystem is classified as a temperate rainforest, and the low areas of the landscape often 

feature expansive wetland cover. 

In general, wetland soil textures in Valdivia are classified as silty loam (Instituto 

Nacional de Investigación de Recursos Naturales, 1978). However, soils toward the edges 

of wetlands may be a mixture of silty loam and other coarser grain types due to 
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intentional or unintentional partial infill. Soils in wetland interiors may also be a mixture 

of silty loam and other soil textures, due to processes of sediment production and 

transport characteristic of urban and urbanizing watersheds (Allmendinger, Pizzuto, 

Moglen, & Lewicki, 2007; Gellis et al., 2017), and from exchange of soils from wetland 

peripheries and the wetland interior. 

Valdivia’s stormwater management system depends heavily on the hydrological 

function of wetlands that run from the city’s center to its peripheries, and ultimately to 

the Río Valdivia (Fig. 2.1). A magnitude 9.5 earthquake in 1960 created many of these 

wetlands, which as of 2015, according to spectral analysis of a 2015 orthophoto of the 

city conducted by the Universidad Austral de Chile, cover 22% of the city’s total area. 

Though some proportion of the wetlands has been lost since 1960 due to sanctioned 

development or unsanctioned infilling, city planners in Valdivia made the uncommon 

decision to incorporate the wetlands as components of the stormwater management 

system rather than follow the traditional route of urban development that converts 

wetlands to other land cover/land use classes and approximates their conveyance function 

via pipes and canals (Ministerio de Obras Públicas de Chile, 2012). Grassroots 

organizations have also conserved some of these wetlands primarily for their cultural 

services and reasons of environmental justice and equity (Correa et al., 2018), though as 

part of the stormwater management system they nonetheless provide stormwater 

management services. 
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2.2.2. Continuous wetland surface water monitoring 

Wetland surface storage is a changing and potentially critical factor in 

determining the flood mitigation services of wetlands. I installed HOBO Water Level 

Loggers (U20L-04) in six wetland sites across Valdivia to monitor surface water levels at 

fifteen-minute intervals (Fig. 2.1). I selected sites from a variety of configurations 

(updrain and downdrain, urban and periurban, riverine and inland) in order to capture a 

range of considerations that might affect wetland storage conditions. These wetlands are 

linked to either downdrain wetlands or downdrain pipe systems, in either case via 

constructed pipes or canals, that ultimately flow into the rivers that surround the city. 

Outflow pipes from the wetlands were typically situated between 0.25 - 0.5 meters above 

the wetland thalweg. Depending on wetland stage, updrain wetlands may be variably 

connected or disconnected via surface flow to downdrain portions of the drainage system. 

Sensors were hung from cables strung through the sides of a polyvinyl chloride 

(PVC) pipe housing, and sensors rested just above the surface of the soil of the wetlands. 

This PVC housing was perforated to allow water and air to exchange freely across the 

housing at all wetland water stages. 

I collected wetland stage data at wetlands 1-5 across two different field seasons 

(2017-2018 and 2019-2020), and for wetland 6 in only one field season (2017-2018; 

Table 1). The sensor in wetland 6 was either destroyed or lost in the construction of a 

park enhancement that extended into the wetland. Additionally, due to user error, I did 

not collect data in wetland 5 between the dates of 11/28/2017 and 1/17/2018 (Table 1). 

Data from the sensors were downloaded on-site to a laptop every two to four weeks, with 
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the exception of the period between December 28, 2017 and January 17, 2018 when data 

retrieval was delayed.  

I divided Valdivia’s seasons into four categories: (1) early dry (November and 

December), (2) late dry (January and February), (3) early wet (March - May), and late 

wet (June - October). Valdivia’s wettest month is typically July, for which I have no data; 

however, precipitation events may still occur 3-6 days a week through late October, 

depending on the year. 

 

2.2.3. Estimating daily changes in wetland storage 

To explore daily surface-water storage dynamics in my wetlands, I developed a 

method for detecting the presence of a daily tidal phenomenon, which potentially would 

have been driven by evapotranspiration (ET; Bois et al. 2017). For each wetland I 

monitored, I removed from its depth data all days when precipitation was recorded as 

being greater than or equal to 2 mm, in order to control for daily wetland depth 

differences due to direct precipitation input and runoff influxes to wetlands. Further, I 

removed wetland stage data for all days when the daily minimum stage of a wetland was 

0 m, indicating that there was no surface water available to monitor for daily stage 

changes. I also removed data for days when the sensor was installed or removed. I then 

separated the stage data by day. 

In order to examine my daily stage data for diurnal tidal patterns, I converted 

stage into a metric, “relative stage.” That is, for each day, d, stage was normalized at a 

given time step, t, by its minimum and maximum recorded daily values, according to the 

following equation: 
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑔𝑒𝑑,𝑡 =  
𝑠𝑡𝑎𝑔𝑒𝑑,𝑡−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑠𝑡𝑎𝑔𝑒𝑑

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑡𝑎𝑔𝑒𝑑−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑠𝑡𝑎𝑔𝑒𝑑
 (1) 

Thus, for a given day and time step, relative stage ranges between 0 (the minimum daily 

stage) and 1 (the maximum daily stage minus the minimum daily stage).  

 

2.2.4. Calculating daily and seasonal minimum, average, and maximum wetland stages 

In order to calculate daily minimum and maximum wetland stages, I sorted my 

stage data by day and selected the minimum and maximum values. To calculate daily 

mean wetland stages, I calculated the mean for all stage data collected in a given day. For 

seasonal minimum and maximum wetland stages, I calculated the mean of all daily 

minimum and maximum values for each season. To calculate seasonal mean wetland 

stages, I calculated the mean of all stage data collected in each season.  

 

2.2.5. Estimating wetland surface-water storage volumes 

To estimate the volumes of wetland surface storage, I first converted a 2016 

contour map (1-m resolution) of Valdivia to a triangulated irregular network (TIN). Then, 

using ArcGIS Pro (ESRI), and its “Calculate TIN Volume” tool, I generated virtual 

surfaces at 0.25-m intervals from the wetland base to the height of the lowest wetland 

edge, and calculated the volume underneath the virtual surfaces. I used these calculated 

volumes and depths in EPA SWMM for wetland volumes. 

 

2.2.6. Soil water storage surveys 

I estimated soil water storage using the results of two surveys. In both surveys, I 

extracted soil cores to a 20-cm depth using a semi-cylindrical gouge auger with a 3.175-
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cm diameter. Also in both surveys, soil cores were divided into two segments, 

representing soils from depths of 0–10 cm and 10–20 cm. Soil segments were wrapped in 

foil before being placed in an airtight plastic bag and transported to the lab within 45 

minutes of collection. Once in the lab, cores were cut to a regular “puck” shape using a 

loop knife, and placed on a scale to determine their wet mass. Cores were then dried in a 

drying oven at 105° C for 24 hours. Dried cores were returned to the scale to determine 

their dry mass. Using the difference between wet and dry mass, a water density of 997 

kg/m3 and the dimensions of the wet sample, I determined the soil water storage of a 

given core, in units of m3 water/m3 soil: 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  

𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝜌𝑤𝑎𝑡𝑒𝑟

𝑉𝑐𝑜𝑟𝑒
 (2) 

In my survey to collect saturated cores, which occurred in July of 2017, I 

collected soil samples from all wetlands within the SWMM that had public access points 

accessible by vehicle. I also collected at least one saturated soil core from each wetland in 

which I had installed stage sensors. Soils were considered saturated if they had visible 

standing water above their surface. I did not collect soil samples in instances where the 

soil core was too unstable to maintain structural integrity during collection, transport, and 

pre-oven preparation. Ultimately, I collected soil cores from 27 different wetland sites 

across Valdivia, including at least one saturated soil core from each of my wetland sites 

(Fig. 2.2).  

In my survey to collect data on unsaturated soils, which I conducted in the driest 

part of the dry season in February of 2018, I developed a sampling strategy that would 

allow me to extract unsaturated soils with a range of moisture conditions. Additionally, I 
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surveyed only those wetlands in which I had installed stage sensors. I divided the 

wetlands into three different zones, referred to as top, middle, and bottom, that represent 

the top third, middle third, and bottom third of the wetlands in terms of relative elevation 

using the ArcGIS Pro (ESRI) and the TIN generated from Valdivia’s contour map. For 

each wetland, I generated four random locations in each zone to sample unsaturated soils 

(Fig 2.3). During the dry season campaign, I was able to collect a total of 20 unsaturated 

soil samples and 14 saturated soil samples across the six monitored wetlands (Fig. 2.2).  

 

2.2.7. Modeling soil storage in EPA SWMM 

Among urban flood models, EPA SWMM (EPA) is one of the most 

comprehensive programs for modeling GSI. It is commonly used by municipalities 

worldwide to model the performance of their stormwater management system and to 

evaluate the utility of GSI for stormwater management systems. To examine the effects 

of changes in soil storage capacity of my study wetlands on flooding, I constructed nine 

models in EPA SWMM: one that assumes no soil storage (the “base” model), four that 

assume wetlands allow for infiltration at different rates according to seasonal soil-

moisture conditions (the “infiltration” models), and four that model wetland soil storage 

as additional surface storage (the “surface storage” model).  

EPA SWMM allows for, but does not require, infiltration in wetlands. 

Furthermore, the EPA SWMM effectively removes water from the system at the point of 

infiltration, such that water that infiltrates into wetlands will not return as surface or 

groundwater flow elsewhere in the model unless the model is otherwise modified. 

Finally, infiltration in EPA SWMM occurs throughout the entire duration of the model 
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run, rather than for a specific period of time or until a specific volume of water has 

infiltrated the available soil pore space. 

Soils in my wetlands, depending on the season and antecedent rainfall conditions, 

may have high water tables that sit above the base of the wetland. In real-world 

conditions, a high water table will lead to a reduction in infiltration rates. Consequently, 

some accuracy in modeling infiltration is lost in my system due to EPA SWMM’s 

modeling mechanisms. Still, infiltration rates for silty loam are typically 6.9 mm/hour, 

and given that my soil cores represent soil conditions of the top 20 cm of soil, I can 

reasonably expect infiltration to proceed at around this rate during seasons when the 

water table is low. 

I constructed infiltration models using the soil-moisture data collected during soil 

surveys. I divided the observed range of soil moisture between the wet and dry seasons 

into quartiles, increasing in soil moisture content from the late dry season to the early dry 

season to the early wet season to the late wet season. These values were used in the 

infiltration models as the “initial deficit” values for soils in my monitored wetlands. 

As an alternative to allowing for infiltration processes that permanently remove 

water from the system, and that proceeded indefinitely at a constant rate, I constructed a 

model of soil-water storage where I increased surface water storage such that it included 

the volume of soil pore space available up to 20 cm depth. I called this model the surface 

storage model. Mechanistically, this conception of soil storage would be equivalent to 

assuming that water infiltrates instantaneously up to a volumetric limit. This model then 

removes the temporal aspect of transferring water from surface to soil compartments, but 
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may nonetheless be a more accurate representation of the finite storage volume that 

wetland soils provide. 

Similar to the infiltration models, using the same seasonal gradient of soil 

moisture described earlier, I increased wetland volume according to available soil-

moisture content. I calculated the area of wetlands under water at various stages, 

multiplying this value by 20 cm (representing the depth of soil available for infiltration), 

and then multiplying this value by the volumetric soil moisture volume. 

 

2.2.8. Determining relationship between antecedent surface and soil water storage 

conditions in wetlands and systemic flooding 

To examine the relationship between antecedent surface and soil-water storage 

conditions and systemic flooding, I input seasonally averaged minimum, mean, and 

maximum wetland stage values in the “initial depth” field in EPA SWMM for the 

monitored wetlands. In the base models, the differences in these seasonally averaged 

stages were the only source of difference between models. In the infiltration models, I 

also allowed for infiltration and altered the “initial deficit” field to reflect seasonal 

differences in soil water storage. In the surface storage models, I increased wetland 

volumes to reflect seasonal differences in soil water storage between seasons and did not 

allow for infiltration. 
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2.3. Results 

2.3.1 Changes in surface storage 

Wetland stage varied substantially between wetlands, and within the same 

wetlands, between seasons and campaigns (Fig. 2.4). In campaign 1, wetland stage 

generally decreased from September/October through mid-March. An exception to this 

trend, stage in wetland 2 increased during the early dry season. In campaign 2, wetland 

stage generally decreased from September/October through January, except for after 

major storms, such as in late October. Stages in all wetlands, for any given season, were 

generally lower in campaign 2 than they were in campaign 1 (Fig. 2.4).  

Mean, minimum, and maximum daily stages for a given wetland were all greater 

in campaign 1 than campaign 2 (Table 2). In campaign 1, these values all tended to be 

greater in the wet seasons than they were in the dry seasons, and for wetlands 2, 3, 4, and 

5 were greater in the early wet season than they were in the late wet season. Also in 

campaign 1, minimum, mean, and maximum stages tended to be lowest in the late dry 

season, with the exception of wetland 3, which had its lowest values in the early dry 

season, and wetland 2, which had lower values in the late wet season. In campaign 2, 

minimum, mean, and maximum values were all highest in the late wet season and 

declined to their lowest point in the late dry season, when data collection ended. Across 

both campaigns, wetlands 2, 3, 4, and 5 all had their highest minimum, mean, and 

maximum stages during the late wet season and declined through the late dry season. 

Wetlands 3 and 4 tended to have the highest water levels of any wetlands in any season 

and reduced to 0 m in campaign 2; while wetland 5 tended to have the second lowest 

minimum, mean and maximum stages of the wetlands in any season or any campaign, yet 
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never reached a stage of 0 m even when wetlands starting with higher stages dried (Table 

2). In campaign 1, some wetlands progressively dried from the late wet season to the late 

dry season, though some did not, whereas in campaign 2, all wetlands dried from the late 

wet to the late dry season. Wetlands tended to have greater differences in stage between 

campaigns than they did between seasons (Fig. 2.5; Fig. 2.6). Distribution of wetland 

stages in campaign 2 was generally lower than in campaign 1 than in campaign 2, though 

for wetlands 1 and 2, the distribution of wetland stages did overlap between the two 

campaigns. 

 

2.3.2. Changes in soil storage 

Average soil moisture content was 0.386 m3/m3 for saturated soils and 0.308 for 

unsaturated soils. Thus, the soil moisture deficit (the difference between soil porosity and 

soil moisture content) in the dry season averaged 7.8%. Across seasons, soil moisture 

deficit was 0.0%, 5.2%, 7.8%, and 2.6% in the late wet, early dry, late dry, early wet 

seasons, respectively. 

 

2.3.3 Detecting and estimating daily changes in wetland storage 

Days when precipitation was greater than 0.002 m or the minimum stage was 0 m 

were removed from the data, and the remaining data were analyzed for daily changes in 

wetland stage (Fig. 2.7). For all wetlands, across both campaigns, the average difference 

between the maximum water level and minimum water level was 0.037 ± 0.029 m, in 

campaign 1 was 0.038 ± 0.035 m, and in campaign 2 was 0.033 ± 0.011 m, which I have 

also separated by wetland (Tab. 2.3). Maximum daily difference for all wetlands was 
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0.315 m in campaign 1 and 0.122 for campaign 2; minimum daily difference was 0.010 in 

campaign 1 and 0.009 in campaign 2 (Fig. 2.8). The average daily difference in wetland 

volumes across both seasons equated to 14,800 ± 9,900 m3 of water between the daily 

minimum volume and the daily maximum volume. 

Raw daily stage data were transformed according to equation 1 to produce values 

for relative daily stage (Fig. 2.8). For the majority of days, wetlands had higher stages 

during the early and later parts of the day, with and their lowest stages generally 

occurring around midday. Drawdown in all wetlands typically began around 04:00. 

Among monitored wetlands, wetland 5 most frequently diverged from this pattern. 

 

2.3.4. Effects of antecedent surface and soil water storage on flooding 

For the base and surface storage models, flood volumes increased with average 

wetland stage in the southeast sector (base: R2 = 0.653, p < 0.05; surface storage: R2 = 

0.579, p < 0.05) and when data were aggregated across all sectors (base: R2 = 0.676, p < 

0.05; surface storage: R2 = 0.617, p < 0.05; Fig 2.9). This trend resulted in very small 

increases in flood volume for the southeast sector, and was not significant in any 

direction for the other individual sectors. All flooding occurred in system elements that 

were downdrain of the wetlands. 

In models that allowed for infiltration at different rates according to antecedent 

soil moisture conditions, I found that systemic flooding generally increased with average 

wetland stage in the southeast sector (LW: R2 = 0.377, p < 0.05; ED: R2 = 0.690, p < 

0.05; LD: R2 = 0.717, p < 0.05; LW; EW: R2 = 0.657, p < 0.05), and when data were 

aggregated across all sectors (LW R2 = 0.263, p < 0.05; ED: R2 = 0.500, p < 0.05; LD: R2 
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= 0.651, p < 0.05; EW: R2 = 0.549, p < 0.05; Fig. 2.10), but this trend was not significant 

for any other individual sector. Flood volume was lower for all average wetland stages 

using the infiltration model, regardless of season, than in the base and surface storage 

models. All flooding occurred in system elements that were downdrain of the wetlands. 

 

2.3.5. Seasonal differences in systemic flood risk between seasons and between models 

In the base and surface storage models, during campaign 1, flood risk decreased 

from the late wet to the early dry season, increased from the early dry season to the late 

dry season, and then increased again from the late dry to the early wet season (Fig. 2.11). 

For both models during campaign 1, flood risk was greatest in the early wet season, and 

least in the early dry season. In the base and surface storage models, during campaign 2, 

flood risk decreased from the late wet season to the early dry season, and again from the 

early dry season to the late dry season. For both models during this campaign, flood risk 

was greatest in the late wet season and least in the late dry season. 

For any given season, for either campaign, flooding was estimated to be lower in 

the infiltration models than in the base or surface storage models. In the models that 

allowed for infiltration, for both campaigns, flood volumes were greatest in models with 

soils with the highest initial moisture content (late wet), and decreased with initial 

moisture content from late wet, to early wet, to early dry, to late dry. For all models 

during campaign 1, flood risk was greatest in the early wet season, and least in the early 

dry season. For all models during campaign 2, flood risk decreased from the late wet 

season to the early dry season, and again from the early dry season to the late dry season.  
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2.4. Discussion 

For my study system, I first asked the exploratory question: How does surface and 

soil water storage change in urban wetlands across days, seasons, and years? I 

hypothesized that storage would change substantially between years and seasons, and that 

there may be detectable diurnal patterns of change as well in the drier, warmer seasons 

due to evapotranspiration. My findings support this hypothesis at all three temporal 

scales, indicating that wetlands are dynamic GSI features that may operate differently 

than their more static gray counterparts. This dynamism of urban wetland GSI is not 

represented in the present literature, and, from the findings in this chapter, may be critical 

toward understanding the range of flood mitigation services that wetlands provide, as 

well as the conditions in which they may provide them.  

 

2.4.1. Effect of antecedent surface and soil conditions on urban flood risk 

I found that antecedent surface and soil storage conditions in wetlands, which 

were controlled by interannual, seasonal, and perhaps daily forces, had significant 

positive but small effects on systemic flooding during an extreme storm event, in one 

watershed and aggregated across all watersheds. In three other watersheds, I detected no 

such significant effects on flooding. Thus, antecedent conditions may impact flood risk 

but this likely depends on other characteristics of wetlands, such as dimensions, flow 

path, outlet/inlet placement, and the characteristics of the stormwater management system 

to which they are connected, such as conduit slope and diameter. I found that estimates of 

systemic flood volumes were on average greater in my model that did not account for 

infiltration, and least in models that allowed for infiltration. Studies on the utility of 
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wetlands toward reducing flood volume should then take care to include this infiltration 

component or risk missing a major contributing mechanism for flood volume reduction. 

However, many studies do not take infiltration into account (Kumar et al., 2021; Sauer et 

al., in revision). Finally, I found that systemic flood volume was generally greater in the 

seasons when wetlands were at their highest stages and when soil moisture content was 

higher. In none of my models, under any surface and soil water storage condition, did the 

monitored wetlands flood. Rather, in all cases, downdrain areas in the system were the 

locations of changes in flood volumes, indicating that wetlands have distal effects on 

stormwater management systems, and that flooding and flood mitigation in relation to 

wetland characteristics in urban systems should be measured at scales that capture all 

downdrain elements. 

Our findings on the relation between wetland storage conditions and systemic 

flooding complicate the almost uniform characterization of wetlands as reducers of flood 

risk for cities (Arkema et al., 2013; Bullock & Acreman, 2003; Nicholls et al., 1999; 

Narayan et al., 2017; Rojas et al., 2019; Li et al., 2020; Van Coppenolle & Temmerman, 

2019; Van Coppenolle & Temmerman, 2020). I affirm arguments that system-specific 

understanding is necessary to understand what, if any, flood risk reduction might be 

gained by the incorporation, management, restoration, or construction of wetlands 

(Acreman & Holden, 2013; Sauer et al., in review). It may be that under low storage 

conditions, some wetlands do reduce flood risk in urban areas compared with traditional 

gray infrastructure, but under high storage conditions the effect will be lessened. In a 

review of 28 modeling and empirical studies of the effects of wetlands on flow regimes in 

rivers, Kadykalo and Findlay (2016) theorized that wetlands could even increase the risk 
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of flooding by causing sustained, elevated downstream/downdrain flow compared to 

other natural or synthetic elements of the landscape that are designed to maximize rates 

of flow through the system. The authors developed this theory based on the results of one 

outlier study (Lundin, 1994), which found that the presence of wetlands in a forested 

system actually increased the frequency and magnitude of flooding. A recent modeling 

exercise on the flood mitigation effects of a proposed wetland in an urban drainage 

catchment found that such a wetland could reduce flood risk, with the caveat that the 

wetland should be paired with an engineered flapgate to stop backflow between two 

subcatchments during heavy rainfall (Kumar et al., 2021). Care must then be taken to not 

make sweeping statements about the utility of wetlands, or cities could risk 

overestimating the flood risk reductions that wetlands provide, or even potentially 

increase the risk of flooding in their systems. I recommend modeling wetlands within the 

system context in which they will exist in order to estimate the direction and magnitude 

of their effects on flooding. 

 

2.4.2. Changes in surface and soil water storage 

I found substantial differences in soil water storage between years (campaigns), 

seasons, and days. Differences in the surface storage of monitored wetlands between 

years were likely primarily attributable to annual differences in rainfall. In the eight 

months leading up to the first monitoring campaign, precipitation records from Valdivia’s 

Pichoy Airport were 1016 mm, compared to 890 mm in the eight months leading up to 

the second monitoring campaign, and both campaigns occurred during years that were 

dryer than the 30-year average (1760 mm). Differences in surface storage between 
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seasons were likely due to differences in precipitation, given the relationship between 

wetland stage and rainfall events (Fig. 2.4). Additionally, I found substantial differences 

in soil-water storage between seasons, with soils tending to have more storage capacity in 

the dry season than in the wet season, which is in accordance with seasonal patterns of 

precipitation. 

The source, or sources, of daily changes in wetland surface storage were more 

difficult to parse. Given previous scholarship on baseflow in urban waterways (Fillo & 

Bhaskar, 2021; Shepherd, Ellis, & Rivett, 2006), I considered that the patterns I saw in 

my wetlands were driven by urban effluent and groundwater pumping. Human 

contributions to urban effluent, such as from tap water usage and watering lawns, would 

normally occur during daylight hours, when humans are most active (Fillo & Bhaskar, 

2021). Yet wetland stage consistently dropped during this period. Conversely, pumping 

might be more active during daylight hours, to provide water for human consumption. 

However, a 2017 census shapefile from Valdivia revealed the presence of fewer than ten 

pumps, used by individual households, near the wetlands (Fig. 2.12). Using triangulated 

irregular network (TIN) shapefiles of the monitored wetlands and calculating wetland 

volumes under different wetlands stages, I estimate that a drawdown of several 

centimeters in monitored wetlands would equate to tens of thousands of cubic meters of 

surface water. Water in Valdivia is typically drawn from riverine sources that are distant 

and upstream from the wetlands examined in this study; however, under low flow 

conditions, Valdivia has relied at least partially on groundwater pumping to meet daily 

water supply needs. Pumping by residents or by the municipality may be the primary 
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cause of change in wetland stage, but from the available information on pumping, I 

cannot make conclusions in the affirmative or negative. 

Evapotranspiration was also a probable cause of daily changes in wetland stage, 

but I was again unable to make a definitive case for this. First, contrary to what I 

expected, I found many of the highest mean values for daily change in stage occurred in 

the late wet season. If evapotranspiration was the primary driver of daily changes in 

wetland stage, daily decreases in wetland stage should have been greatest in the drier 

months when insolation lasts longer each day and temperature is generally higher.  

Furthermore, driven by longer daylight hours during the spring and summer dry seasons, 

I would have expected the wavelength (the distance between wave crests) of the stage 

curves to be greater in these seasons than in the fall and winter wet seasons. But I find no 

significant differences in the timing of wave crests between seasons. In contrast to my 

study, previous scholarship on a “biological tide,” driven by evapotranspiration, in an 

experimental treatment wetland in Phoenix, AZ, found strong seasonal patterns of 

evapotranspiration, closely following seasonal patterns of wetland biomass increase in 

the warmer months and decrease in the winter months (Bois et al., 2017). From visual 

inspection in the monitored wetlands, biomass increased during the summer and 

decreased during the winter, but I see no such pattern of daily wetland stage differences 

to reflect these seasonal differences in biomass. 

Summarily, I observed a dominant sinusoidal diurnal pattern of changes in 

relative stage that is most consistent with pumping and/or evapotranspiration. While I 

reject simple drainage as the cause of observed diurnal changes in wetland stage, I 
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nonetheless leave a definitive diagnosis of the cause(s) for the dominant sinusoidal 

diurnal pattern I observed in the study wetlands to future research. 

 

2.4.3. Holistic modeling of wetland hydrological processes 

The difference in flood volume estimates varied more by model than by storage 

conditions, with the additional surface storage model producing lower flood volume 

estimates than the base model, and the infiltration model producing by far the lowest 

flood volume estimates. These results signal the importance of the inclusion and 

appropriate conceptualization of soil water storage in wetlands. Nonetheless, I expect that 

models allowing for infiltration likely produced underestimates of flood volumes because 

they allowed infiltration to proceed at the same rate once pore space was filled. This 

effectively bottomless infiltration potential is unrealistic, perhaps especially in this model 

system, due to changes in soil type with depth and the elevation of the water table. 

Previous scholarship (Tu, Wadzuk, & Traver, 2019) has identified that no urban flood 

model is equipped to account for all major hydrologic pathways in urban settings, but that 

models like EPA SWMM may be modified with some effort to simulate critical 

hydrologic features like changes in soil type, and one could theoretically simulate the 

water table as well via a soil with an effective infiltration rate of near zero. Of course, 

even with such modifications, any model will overestimate rates of water removal and 

conveyance from some features of the model and underestimate rates from others. While 

no urban hydrological model is perfect, they are nonetheless useful for estimating ranges 

of expected flooding values under present and future configurations of hydrologic 

elements in cities (Rosenzweig et al., 2020; Sauer et al., in review). my findings here 
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from testing different models indicate that cities should collect basic soil data (e.g., soil 

type, seasonal soil moisture content) on wetlands connected to their stormwater 

management systems and include in their models the possibility of infiltration to some 

depth or volume, or risk underestimating the flood risk mitigation services of their 

wetland GSI. 
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Table 2.1. Monitoring periods during the two monitoring campaigns, between 2017-2018 

and 2019-2020.  

Wetland 

Start 

date 

2017 

End 

date 

2018 

Start 

date 

2019 

End 

date 

2020 

Number of days 

monitored 

Missing days in 

recording period 

1 10/16 05/02 09/13 02/11 351  

2 10/16 05/02 09/14 02/11 351  

3 09/29 05/02 09/14 02/11 367  

4 09/29 05/02 09/14 02/11 367  

5 09/28 05/02 09/14 02/11 313 

11/28/2017 - 

1/17/2018 

6 10/16 05/02   199  
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Table 2.2. Average values for minimum, mean, and maximum stages, in meters, across seasons and campaigns, and for the 

combination of data from campaigns 1 and 2. Blank values indicate a lack of data available for analysis. 

 

Campaign 1 Late wet   Early dry   Late dry   Early wet   

Wetland Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum 

1 0.382 0.397 0.412 0.321 0.334 0.348 0.178 0.195 0.213 0.338 0.366 0.388 

2 0.340 0.352 0.364 0.311 0.325 0.339 0.220 0.238 0.256 0.452 0.472 0.492 

3 0.607 0.633 0.670 0.525 0.545 0.571 0.572 0.591 0.610 0.755 0.778 0.800 

4 0.605 0.625 0.647 0.657 0.672 0.689 0.606 0.652 0.699 0.879 0.898 0.916 

5 0.386 0.402 0.420 0.374 0.391 0.406 0.536 0.567 0.592 0.583 0.605 0.626 

6 0.603 0.621 0.649 0.531 0.546 0.563 0.447 0.463 0.478 0.471 0.493 0.524 

Campaign 2 Late wet   Early dry   Late dry   Early wet   

Wetland Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum 

1 0.081 0.098 0.110 0.014 0.025 0.036 0.000 0.000 0.000    

2 0.186 0.204 0.216 0.105 0.117 0.129 0.000 0.000 0.000    

3 0.263 0.284 0.305 0.172 0.188 0.205 0.054 0.072 0.088    

4 0.201 0.223 0.239 0.159 0.175 0.189 0.020 0.031 0.044    

5 0.161 0.184 0.203 0.092 0.110 0.126 0.042 0.061 0.075    

6             

Combined campaigns Late wet   Early dry   Late dry   Early wet   

Wetland Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum 

1 0.155 0.172 0.184 0.167 0.180 0.192 0.121 0.133 0.145    

2 0.224 0.241 0.253 0.208 0.221 0.234 0.150 0.162 0.175    

3 0.403 0.426 0.454 0.349 0.367 0.388 0.407 0.426 0.444    

4 0.366 0.387 0.405 0.408 0.423 0.439 0.419 0.455 0.491    

5 0.254 0.274 0.293 0.179 0.196 0.212 0.349 0.375 0.396    

6             
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Table 2.3. Mean daily changes in stage for all wetlands in all seasons. Data for the late 

wet season for wetland 6 was not included as data were available for only three days. 

Mean daily change in stage for the early wet season is derived only from campaign 1, as I 

did not collect during campaign 2. Days in which precipitation exceeded 2 mm or the 

minimum daily stage was 0 were excluded from this analysis. 

 

Mean daily 

change in stage (m)    

Wetland ID Late wet Early dry Late dry Early wet 

1 0.026 ± 0.007 0.028 ± 0.009 0.031 ± 0.020 0.039 ± 0.025 

2 0.030 ± 0.008 0.027 ± 0.007 0.033 ± 0.012 0.033 ± 0.017 

3 0.047 ± 0.020 0.038 ± 0.017 0.031 ± 0.014 0.036 ± 0.012 

4 0.032 ± 0.011 0.030 ± 0.012 0.085 ± 0.081 0.028 ± 0.013 

5 0.033 ± 0.017 0.032 ± 0.013 0.043 ± 0.025 0.034 ± 0.019 

6  0.030 ± 0.009 0.028 ± 0.006 0.030 ± 0.012 
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Figure 2.1. Left: Location of study site, Valdivia, in the context of greater Chile (39.8336 

S, 73.2154 W; left). Right: Valdivia’s main urban area, its wetlands, including the 

wetlands monitored in this study in red, and its stormwater management system. 

Valdivia’s stormwater management system includes gray elements such as pipes and 

canals, and also formally includes natural and modified wetlands. 
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Figure 2.2. Locations where soil samples were collected during dry season and wet 

season campaigns.  
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Figure 2.3. Soil sampling locations in a monitored wetland during the dry season. Color 

gradation from light blue to dark blue indicates increasing wetland depth, from the 

shallowest third of the wetland to the deepest third of the wetland.  
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Figure 2.4. Wetland stage and hyetographs in monitored wetlands across the two 

campaigns. Lines represent daily mean stage, ribbons represent daily maximum and 

minimum stage, and bars represent daily precipitation. Data collection ended in May of 

2018 and February of 2020 in campaigns 1 and 2, respectively.  
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Figure 2.5. Daily minimum, mean, and maximum stages by season by wetland, for (top) campaign 1, and (bottom) campaign 2. 

Labels on the x axis indicate wetland ID. No data were collected in campaign 2 for the early wet season in any wetland. No data 

were collected in campaign 2 for any season in wetland 6. 
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Figure 2.6. Daily minimum, mean, and maximum values by campaign by wetland, where all seasons are combined. Numbers on the 

x axis indicate wetland ID. No data were collected in campaign 2 for any season for wetland 6.  
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Figure 2.7. Wetland stage versus decimal hour of the day, grouped by day, for both 

campaigns. Each line represents a single full day of wetland depth measurements. Days 

in which precipitation in Valdivia exceeded 2 mm or the minimum daily stage was 0 

were excluded from this analysis. 
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Figure 2.8. Relative wetland stage versus decimal hour of the day, grouped by day, for 

both campaigns. Raw wetland stage data for a given day were normalized according to 

that day’s maximum and minimum stage values. Maximum relative stage is 1 and 

minimum daily stage is 0 for all days. Days in which precipitation in Valdivia exceeded 2 

mm or the minimum daily stage was 0 were excluded from this analysis. 
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Figure 2.9. Systemic flooding versus average wetland stage in the Southeast sector and 

across All sectors, for the base model and the model where soil storage was modeled as 

additional surface storage. Presence of trendline indicates p < 0.05, and trends were 

significant for both models. No other sector showed significant trends. 
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Figure 2.10. Systemic flooding versus average wetland stage in the southeast sector and 

aggregated across all sectors, for the model with infiltration. Presence of trendline 

indicates p < 0.05, and trends were significant for all soil infiltration rates. No other 

sector showed significant trends.  
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Figure 2.11. Systemic flood volumes for each campaign for (top) base and surface 

storage models, and (bottom) infiltration models. Gray ribbons represent maximum and 

minimum flood volumes during maximum and minimum stages in each season. 
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Figure 2.12. Residential well presence in the census blocks of Valdivia and their spatial 

relationship with wetlands monitored in the study. 
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CHAPTER 3 

IMPACTS OF CHANGING WETLAND COVER ON PLUVIAL FLOOD RISK IN 

VALIDIVA, CHILE 

3.0. Abstract 

Globally, the footprint of inland cities is expanding into areas with existing 

wetland cover, and many cities are planning to restore or construct wetlands in extant 

urban areas. However, information is lacking about how systemic flood risk in urban 

stormwater management systems changes with urban wetland areas. I present a case 

study on changes in urban wetland extent and their impacts on flood risk in an urban 

drainage system in Valdivia, Chile, where urban wetlands comprise ~22% of municipal 

area and ~17% of stormwater management system length. I used outputs from 

stakeholder workshops that determined four plausible scenarios of urban development of 

Valdivia through 2080, and developed a fifth scenario according to historical trends. I 

used EPA SWMM and GIS software to model changes to wetland area and volume for 

each scenario. I examined the effects of changing wetland extent in this system on flood 

volume, flood duration, and flooding location at the scale of the entire city stormwater 

management system resulting from a 100-year return period storm event. Such a storm 

event may become more common by the year 2080 and representative of a more frequent 

storm event than in the present day. I found that flood volume, the flood duration, and the 

number of locations that flooded increased with increasing wetland loss. Further, the 

contribution of wetlands to flood volume and flood duration increased with wetland loss. 

Finally, downdrain flooding generally increased with updrain wetland loss, indicating an 

important role of wetland configuration. I discuss the practical implications of inclusion 
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and stewardship of inland wetlands in urban stormwater management systems and offer 

suggestions for improving the modeling of wetland hydrological function. 

 

3.1. Introduction 

Pluvial flooding is a major concern for urban areas, and can lead to loss of life, 

damage to property, and disruption of transportation networks (Chang et al., 2010; 

Douglas et al., 2010; Falconer et al., 2009; Yin et al., 2016). Pluvial flooding is surface 

ponding or overland flow that occurs when rates of precipitation exceed the capacity of 

drainage systems and/or surfaces to remove it (Falconer et al., 2009). Pluvial floods 

threaten many aspects of urban communities, causing loss of life, damage to property, 

disruption of transportation networks, and displacement (Chang et al., 2010; Douglas et 

al., 2010; Falconer et al, 2009; Yin et al., 2016). 

As a physical phenomenon, pluvial flooding results from interactions between 

rates of precipitation, urban stormwater management practices, and biophysical 

characteristics of the urban and peri-urban landscape (Westra et al., 2014). In many cities, 

one or all three of these interacting factors are changing in ways that exacerbate pluvial 

flood risk—both in terms of chance of occurrence and potential damages. Subdaily 

extreme rainfall events have become more frequent and intense due to anthropogenic 

climate change (Westra et al., 2014; Wuebbels et al., 2014). Yet cities have prioritized 

mitigating the risks of fluvial and coastal flooding over pluvial flooding (Guerreiro et al., 

2017). Pluvial flooding has in recent years captured attention of researchers and planners 

(Rosenzweig et al., 2018; Goodrich et al., 2020), but my understanding of how to 

mitigate its causes and effects in urban areas needs improvement.  
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The construction, use, or conservation of wetlands have all been suggested as 

measures to mitigate the risk of various forms of flooding in many different ecosystem 

types. The ability of coastal wetlands to reduce coastal flooding has been explored in 

depth and in a diverse array of ecosystems (Arkema et al., 2013; Nicholls et al., 1999; 

Narayan et al., 2017; Rojas et al., 2019; Van Coppenolle & Temmerman, 2019; Van 

Coppenolle & Temmerman, 2020). The effects of wetland presence on riverine flooding 

have received notable attention as well. Neri-Flores et al. (2019) modeled the effects of 

wetland preservation on reducing riverine flooding caused by hurricane storm surges. 

Pomeroy et al. (2014) modeled how preserved inland wetlands can reduce riverine 

flooding driven by snowmelt. Yang et al. (2010) modeled how the restoration of wetlands 

in a Canadian prairie watershed can reduce peak river discharge and flooding. In a review 

of 28 modeling and empirical studies of the effects of wetlands on flow regimes in rivers, 

Kadykalo and Findlay (2016) found that wetlands generally reduced the frequency and 

magnitude of flooding, with one notable exception in a forest wetland system (Lundin, 

1994). Historically, declarations about the flood mitigation services of wetlands have 

their bases in studies in wetlands of these types and in these ecosystems. 

Only recently has research explored the abilities of inland urban wetlands to 

reduce urban pluvial flood risk, or how the incorporation of wetlands in an urban 

stormwater management system might alter the system's performance. The theory and 

practice of inland wetland restoration and construction in urban areas to reduce pluvial 

flood risk is relatively new in academia and among stormwater managers (Chan et al., 

2018; Elmqvist et al., 2015), and modeling and empirical studies of the effects of wetland 

restoration and construction in urban areas are rare. Some cities have added inland 
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wetlands to their portfolios of urban ecological infrastructure (UEI; Childers et al. 2019; 

otherwise known as green infrastructure (GI), green stormwater infrastructure (GSI), or, 

more broadly, nature-based solutions (NBS)) or suggested that the construction, 

restoration, or incorporation of inland wetlands be included in sustainable urban drainage 

systems (SuDS) or low-impact development strategies (LiDS) to reduce pluvial flooding 

(Chan  et al., 2018; Fletcher et al., 2015; Li et al., 2020).  

Wetlands may provide water management services to cities through a variety of 

hydrologic mechanisms, though cities often only build or manage for one or two 

mechanisms. Depending on wetland morphology, wetland vegetation, environmental 

conditions, soil characteristics, water-table depth, and the drainage systems to which 

wetlands may be connected, wetlands may manage stormwater via some combination of 

impoundment (the temporary storage of water), infiltration (the removal of surface water 

via percolation into wetland soils), evapotranspiration (the removal of surface and soil 

water from the system via evaporation or plant-mediated transpiration), and conveyance 

(the movement of water through and out of the drainage system via passive flow; Bullock 

& Acreman, 2003). For many cities considering the use of wetland UEI, the key 

hydrologic functions of wetlands are those of impoundment and infiltration (Li et al., 

2020). Previous scholarship has demonstrated that impoundment of stormwater in 

wetlands delays or reduces stormwater release to downstream waterways (Kadykalo & 

Findlay, 2016). Infiltration is of interest to cities correcting course from the proliferation 

of impervious surfaces, as impervious surfaces increase the relative amount of 

precipitation that converts to runoff relative to pervious surfaces (Fletcher et al., 2013). 

This elevated conversion of precipitation to runoff in turn increases peak flows in 
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drainage systems and overwhelms their capacities to remove stormwater from the city 

surface (Ogden et al., 2011).  

Critically absent from studies on the flood mitigation services of wetlands are 

city-wide studies on whether and how urban stormwater management system 

performance changes when urban wetlands are constructed, restored, or incorporated. 

Furthermore, in drainage systems that already include wetland features, there are no city-

wide studies on the effects of changes in wetland extent or configuration on drainage 

system performance. Researchers have previously argued that, at least outside the urban 

context, system-specific knowledge is necessary to accurately estimate effects of various 

wetland characteristics on the flood regulation services that wetlands may provide 

(Acreman & Holden, 2013; Kadykalo & Findlay, 2016). Wetland dimensions, extent, 

antecedent storage conditions, rates of infiltration and evapotranspiration, and 

configuration within a stormwater management system are all likely to influence the 

performance of any stormwater management systems into which urban wetlands may be 

included.  

To detail the links between inland urban wetland dimensions and configuration 

and stormwater management system performance, I modeled the individual and coupled 

effects of inland wetland loss and urban watershed expansion on the performance of an 

urban stormwater management system. For my study system, I asked the following 

question: How does loss of wetland UEI in an urban stormwater management system 

alter flood volume, flood duration, and the locations of flooding within the system? I 

hypothesized that flood volume, flood duration, and the number of locations flooded in 

the urban stormwater management system would increase with increasing wetland UEI 
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loss. Further, I hypothesized that gray components of the drainage system would 

experience increasing flood volume and flood duration as wetland UEI loss increased. 

Additionally, I asked: in urban drainage systems, to what degree are changes in 

flood volume, flood duration, and locations flooded caused by wetland loss or watershed 

area gain resulting from urban growth? I hypothesized that I would see greater increases 

in flood volume, flood duration, and flood locations in drainage systems from the loss of 

wetland UEI rather than the gain of impervious watershed area, but that wetland loss 

combined with watershed gain would result in the greatest increase in these three aspects 

of flooding. 

 

2. Materials and Methods 

2.1. Study site 

Valdivia, Chile (area: 93.94 km2) is a city of approximately 170,000 people in the 

southern half of Chile, 850 km south of the capital Santiago, in the Región de los Ríos 

(Fig. 3.1). Citizens and city managers of Valdivia must contend with a high risk of fluvial 

and pluvial flooding owing to high annual precipitation (1780 mm), a long wet season, 

and the city’s location 12 km inland from the Pacific Ocean, at the confluence of three 

major rivers. Its ecosystem is classified as a temperate rainforest (Hajek & Ramirez, 

1975; Amigo & Ramirez, 1998). Wetlands are a characteristic feature of Valdivia, 

covering 20.64 km2 (22.7%) of the municipal area. 

Valdivia’s stormwater management system is composed primarily of gray 

infrastructure components (e.g., pipes and canals) and wetlands. As of 2012, Valdivia’s 

stormwater management system consists of roughly 245.7 km of drainage infrastructure, 
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of which 41.19 km (16.8%) is wetland UEI. The origin of most of this wetland cover is a 

1960 earthquake of magnitude 9.5, which caused up to 20 m of uplift in some areas 

(Barrientos & Ward, 2007) and subsidence and rifting in others. Since 1960, the city has 

deliberately incorporated these wetlands into its stormwater management system (CMOP, 

2012). In addition, the continued presence of wetlands in the city is owed in part to local 

conservation movements to maintain the cultural services of wetlands (Correa et al., 

2018) and their function as habitat to charismatic species tied to Valdivian identity (Silva 

et al., 2015).  

The flow of stormwater through gray infrastructure components and wetlands in 

Valdivia is variable and complex. For example, stormwater may first enter the system as 

runoff via gray infrastructure components, flow to a wetland, and then to a river outlet. 

Alternatively, stormwater may first enter the system as runoff via wetlands, which may 

then flow into gray infrastructure components, which then may flow to river outlets. In a 

more complex scenario, stormwater may first enter the system via a wetland, then flow 

through gray infrastructure components for some distance, pass through a second, 

downdrain wetland, and flow through several other gray infrastructure components and 

wetlands before reaching a river outlet. The stormwater management system of Valdivia 

thus depends heavily on the coupled performance of gray infrastructure components and 

wetlands, and I would expect to see changes in either element affecting the performance 

of the other.  
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3.2.2. General approach 

I employed mixed methods over four phases of work (Fig. 3.2). Phase 1 involved 

the convening of an in-person workshop in Valdivia, Chile to co-develop with 

practitioners the goals and objectives of four different scenarios of development for the 

city to achieve by the year 2080. Phase 2 involved combining historical data on land-

cover change in Valdivia and scenario goals and objectives into rules governing land-

cover change in the Dinamica EGO cellular automata-based model (Soares-Filho et al., 

2001, 2002). The outputs of this model were land cover maps for the four scenarios 

developed in the workshop in phase 1, along with an additional “business-as-usual” 

scenario estimating land cover change in the absence of interventions to the status quo. 

Phase 3 involved using ArcGIS Pro (ESRI) to estimate changes in wetland land cover and 

subcatchment area as a result of the changes in land cover in the five outputs from phase 

2. Phase 4 involved including the changes to wetland and subcatchment area for each 

scenario from phase 3 in the Environmental Protection Agency’s Stormwater 

Management Model (EPA SWMM; U.S. EPA) and modeling the changes in flood 

characteristics for Valdivia’s stormwater management system.  

 

3.2.3. Phase 1: UREx SRN scenarios workshop in Valdivia envisioning land cover 

change  

In May of 2017, the Urban Resilience to Extremes (UREx) Sustainability 

Research Network (SRN) hosted a workshop in Valdivia, Chile, to envision a series of 

long-term (2080) future scenarios and desirable future pathways of urban development. 

Participants in the workshop represented a diverse array of Valdivia’s stakeholders, such 



 

64 

as municipal and regional government employees, university professors, students, and 

members of community action groups. Participants collaborated to develop a suite of 

visions and strategies to undertake in order to achieve four unique, plausible scenarios for 

a future Valdivia: an Inclusive City, a Friendly City, an Eco-Wetland City, and a Flood 

Resilient City. The scenario themes emerged from the concerns of the citizens of 

Valdivia and an analysis of Valdivia’s governance documents, as well as a publication 

from the Inter-American Development Bank (IDB, 2015). The visioning and scenario 

development process in the workshop followed methods described by Iwaniec et al. 

(2020). 

 

3.2.4. Phase 2: Modeling land cover changes using cellular automata-based model 

The qualitative strategies of four scenarios—Inclusive, Flood Resilient, Friendly, 

and Eco-Wetland—developed in Valdivia’s workshops were translated by the UREx 

SRN modeling team into quantitative rules, spatial and temporal, and introduced into 

cellular automata-based models of land-use/land cover (LULC). This phase represents an 

iterative process in which the modeling team gathered feedback from various 

stakeholders on the four co-produced scenarios, adjusted the quantitative rules based on 

that feedback, and released updated simulations. Paired with historical information on 

LULC changes (observed 1983 and 2010 LULC maps) in Valdivia, the cellular automata 

model generated predictions of LULC configuration in Valdivia in 2080 for each 

scenario, as well as for a ‘Business-as-usual’ (BAU) scenario, which assumes LULC 

proceeded entirely according to historical patterns of development.  
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3.2.5.1. Phase 3: Estimating changes to wetland area and volume  

To simulate the effects of changes in wetland cover based on the cellular 

automata-based model outputs, I translated changes in wetland area to changes in wetland 

volume. First, I considered any wetland area in the present day that converts to either 

low-density urban or high-density urban area in the scenarios to be lost, because such 

changes necessitate the in-filling and elevating of the area’s surface, thus reducing the 

capacity of the converted area to store water. In contrast, conversion of wetland cover to 

either pasture/green or forest land cover types would not necessarily be associated with 

in-filling and reduction of a wetland’s overall area or volume. I overlaid the present-day 

land cover layer with each of the scenario land cover layers in ArcGIS Pro (ESRI), and 

subtracted the portion of the present-day wetland that was converted to low- or high-

density urban land cover. I then identified a subset of wetlands used in the city’s official 

SWMM, and calculated the change in wetland area in each scenario by comparing the 

wetland area in this subset in the present day with the wetland area in this subset in each 

scenario. It should be noted that with this methodology that it is possible for change in 

wetland area in the subset of SWMM wetlands to differ from change in wetland area for 

the whole city. 

To determine changes in wetland volume that resulted from changes in wetland 

area, I first converted a 2019 contour map (1 m vertical resolution) of Valdivia into a 

triangulated irregular network (TIN), which represented the three-dimensional 

topography of the landscape. Then, for each of the wetlands, and for each scenario and 

the present day, I used the wetland boundaries exhibiting lost wetland area (delineated in 

the previous step) to generate pseudo-surfaces every 0.25 m from the base of each 
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wetland to the lowest bank of each wetland and calculated the volume of the TIN 

underneath the surface using the Surface Volume tool in ArcGIS Pro.  

 

3.2.5.2. Phase 3: Translating changes in wetland area, wetland volume, and  

subcatchment area to inputs to the EPA SWMM 

The 28 wetlands included in my base SWMM were modeled as one of two 

hydrological features: storage units or conduits. Wetlands with relatively small areal 

extents were generally modeled as storage units, through which stormwater moves in and 

out instantaneously, according to inlet and outlet heights and slope, and according to the 

morphology of the wetland. The calculated volume of these wetlands was equivalent to 

that of the storage unit alone. Wetlands of relatively large areal extents were modeled as 

one conduit or a series of conduits linked by nodes. Stormwater moves into and out of 

conduit wetlands similarly to how it would through an irregularly shaped conduit, which 

requires time and is affected by factors such as slope, roughness, and morphology. The 

calculated volume of these wetlands was divided proportionally among all its constituent 

conduits. Thus, in a given conduit wetland, longer conduit segments were attributed 

greater volumes than were shorter conduit segments, while the sum of the volumes of all 

conduit segments in the wetland equaled the calculated volume of the entire wetland.  

In this part of phase 3, I made a key decision about how to represent cellular 

automata-based model outputs depicting changes in wetland LULC in EPA SWMM. 

According to my assumptions about land cover conversion, subcatchments connected to 

wetlands increase in size as wetlands are lost to low- and high-intensity urban land cover. 

As such, I decided that subcatchment area in the SWMM would increase by the exact 
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amount of area that wetlands lost in each of my scenarios. In the case that multiple 

subcatchments were directly connected to a wetland, the amount of area that the wetland 

lost was distributed proportionally among the subcatchments, according to the relative 

area of a given subcatchment, such that the sum of the area added to all subcatchments 

equaled the total area of wetland that was lost to development. 

 

3.2.6.1. Phase 4: Hydrologic modeling in the EPA SWMM  

Converting calculated changes in wetland cover in Valdivia to changes in the 

stormwater management model for each scenario required me to make many decisions on 

wetland representation and various model assumptions informed in part by the limitations 

of my data in phase 3. I moved between phases 3 and 4 several times in order to obtain 

tenable model representation of SWMM structure and function. 

 

3.2.6.2.  Phase 4: Characterizing the base stormwater management model and design 

storm for Valdivia, Chile 

The Chilean Ministry of Public Works (CMOP), which is tasked with managing 

flooding in Valdivia and other cities across Chile, commissioned in 2002 the 

development of a stormwater management model using EPA SWMM. This model was 

designed to represent the function of the gray infrastructure (e.g., pipes and canals), as 

well as the wetlands to which these gray components are connected, given precipitation 

inputs designed to simulate storms of varying return periods (e.g., 2-year, 10-year, 100-

year) and durations (e.g., 6-hour, 8-hour, 24-hour). This model was updated by the 

CMOP in 2012 to represent a more current configuration of the system, to include a city-
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wide assessment of subcatchment areas via on-the-ground observation of surface flow 

paths. The model also uses the dynamic wave option to determine flow routing, which 

allows for closed conduits (pipes) to become pressurized once they fill with water and, as 

a result, to flow at more elevated rates than would be otherwise possible by conduit 

dimensions and roughness.  

I used a design storm simulating a rainfall event with a 100-year return period that 

occurs over the span of six hours, which is the typical duration for an extreme rainfall 

event in Valdivia. I selected a 100-year return period storm for my analysis in order to 

simulate particularly hazardous storms in the present-day configuration of the city, that 

may or may not increase in frequency by the year 2080 (IPCC, 2021). In this design 

storm, precipitation intensity proceeds in a gaussian manner, increasing until its third 

hour, and decreasing thereafter. The simulation runs for a total of 36 hours, though 

rainfall occurs only within the first six. In contrast to the design storm used in my models, 

the CMOP uses a 2-year return period storm that occurs over the span of six hours in 

order to determine areas of the city in need of flood resilience interventions. I used the 

100-year return period event instead because the intention of this chapter was an 

exploration of how well the system performs under more extreme precipitation 

conditions, which may become more common in Valdivia’s future given projections of 

climate change. 
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3.2.6.3. Phase 4: Modeling initial surface water depth, soil infiltration, and 

evapotranspiration in wetlands 

The base SWMM does not include information on surface water depths for any of 

its 28 wetlands, and it simulates wetland response to rainfall events based on the 

assumption that they start with a surface water depth of 0 m. I left unaltered the base 

SWMM assumption for lack of representative surface water data for the wetlands. I also 

left unaltered the base SWMM assumption of a water table that is level with or higher 

than the bottom of the modeled wetlands, which prevents infiltration. Models do not 

account for rate of water removal due to evapotranspiration, or for other processes that 

would impede precipitation from reaching wetlands, such as through interception. 

 

3.2.6.4 Phase 4: Detecting flooding in the stormwater management model 

The base SWMM considers any volume of water that rises above the maximum 

elevation of a storage unit wetland or a node in a conduit wetland to be flood water (Fig. 

3.3). The base SWMM tallies flood volumes at the location and time that they are 

generated, and then removes this stormwater from the system at the location where it 

occurs. Thus, if flooding occurs in an updrain node, that volume of flood water does not 

move via surface flow or downdrain conduits to downdrain nodes. In the modified 

SWMMs that simulate whole-system flooding, I allow flooding to be recorded this way. 

Additionally, in two SWMMs of two subsystems of the city-wide system, I reconstructed 

features to instead allow for ponding. 
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3.2.6.5. Phase 4: Isolating the effects of wetland loss, watershed gain, and combined 

wetland loss and watershed gain 

Wetland loss in the cellular automata-based model outputs represented a 

combination of two phenomena: a loss of wetland area and a gain in contributing 

watershed area. That is, during typical urban development processes, wetlands are filled 

in (thereby reducing wetland storage volumes) and replaced with low- and high-density 

urban land cover (thereby increasing the area of the remaining wetland’s subcatchment). I 

wanted to examine how these two phenomena independently affect flooding and compare 

the results to their combined effect. Toward this end, I created three separate SWMMs for 

each scenario: one SWMM characterized by only losses to wetland area, one SWMM 

characterized by only gains to contributing watershed area, and one SWMM 

characterized by both losses to wetland area and gains to contributing watershed area; 

hereafter, WETLOSS, WSHEDGAIN, and LOSS+GAIN, respectively. 

 

3.2.6.6. Phase 4: Exploring two characterizations of model flooding 

I applied two methods for tabulating flooding volume and location, depending on 

whether I were examining systemic flooding or the effects of updrain wetland loss on 

downdrain flooding in a subsystem. In models of the entire drainage system, modeled 

flood volume was likely underestimated, because EPA SWMM removes stormwater from 

the system once it rises above the banks of a wetland or a node. Once EPA SWMM 

removes stormwater from the system at the points of flooding like this, this stormwater 

no longer travels through the system, and thus downdrain nodes that may in the real 

world eventually receive that water instead receive a reduced load. There is no way to 
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toggle off this mechanism of removal, and modelers who want to keep this flood water in 

the system would have to construct additional elements in EPA SWMM to simulate any 

surface ponding and surface routing that might occur in the real world—though I have 

seen no papers that have attempted to do so. 

In order to more accurately model the effects of updrain wetland loss on 

downdrain flooding, I modified models in two subsystems such that flood water was no 

longer removed at the flood source. My modifications allowed stormwater to pond above 

wetlands and nodes, with an area equivalent to the subcatchments to which they were 

attached, to a depth of several meters. Additionally, use of dynamic wave routing caused 

any ponded water to generate pressure within the closed, connected components of the 

drainage system. In the model, such pressurization will increase flow rates and potentially 

alter flood timing and rate of stormwater flux, as pressurized water moves more quickly 

between nodes linking these closed components. Thus, modifications in these subsystems 

more accurately account for stormwater volume by not removing it from the system when 

it is considered flood water, and they allow for more accurate representation the timing of 

stormwater movement through the system by allowing it to become pressurized where 

ponding occurs and flow more quickly.  

 

3.3. Results 

3.3.1. Wetland land cover characteristics of the five modeled scenarios 

The cellular automata-based model yielded land cover maps of the five 

scenarios—Inclusive, Flood Resilient, Friendly, Eco-wetland, and BAU—that exhibited a 

gradient of change in city-wide wetland area compared to the present day: -33.9%, 
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+16.0%, -30.4%, 27.4%, and -49.0% of wetland area, respectively. Within the subset of 

wetlands used in the SWMM, all scenarios exhibited loss in wetland area compared to the 

present day: 9.72%, 13.3%, 18.3%, 24.0%, and 37.3% loss in wetland area in the 

Inclusive, Flood Resilient, Friendly, Eco-wetland, and BAU scenarios, respectively (Fig. 

3.4).  

 

3.3.2. Flooding 

Systemic flooding generally increased with increasing wetland loss (circle 

markers, dashed trendline, R2 = 0.77, p < 0.05), watershed gain (R2 = 0.90, p < 0.05), and 

both wetland loss and watershed gain (triangle markers, solid trendline, R2 = 0.82, p < 

0.05; Fig. 3.5a). In the LOSS+GAIN model for the case of 37.3% wetland loss (the BAU 

scenario), flood volume increased by 131% compared to the Present Day. 

The time that nodes were flooding increased in WETLOSS (R2 = 0.73, p < 0.05) 

and LOSS+GAIN models (R2 = 0.73, p < 0.05). The WSHEDGAIN model (R2 = 0.51, p 

= 0.07 5; Fig. 3.5b) was not significant. In the LOSS+GAIN model, for the case of 37.3% 

wetland loss (the BAU scenario), the time that nodes flooded increased by 118% 

compared to the Present Day.  

The number of flooded nodes increased in WETLOSS (R2 = 0.68, p < 0.05) and 

LOSS+GAIN (R2 = 0.68, p < 0.05), but not WSHEDGAIN models (R2 = -0.16, p ≥ 0.05; 

Fig. 3.6a). In LOSS+GAIN models, the scenario featuring the greatest amount of wetland 

loss (BAU scenario, 37.3%) exhibited the following differences and similarities in 

flooding characteristics compared to the scenario featuring the least amount of wetland 

loss (Present Day, 0.00%): nine additional locations experienced flooding; 28 locations 
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flooded in both scenarios, but had greater flood volume with greater wetland loss; and 49 

locations had equal flooding regardless of wetland loss (Fig. 3.6f). In any scenario, only 

one location exhibited reduced flood volume and time spent flooding compared to the 

present day (Fig. 3.6f). 

Model estimates for all scenarios indicated that the majority of flooding locations 

and the greatest flood volume occurs in parts of the drainage system that are not 

wetlands. However, wetlands generally did produce greater flood volumes as wetland 

loss increased in WETLOSS (R2 = 0.76, p < 0.05), WSHEDGAIN (R2 = 0.90, p < 0.05), 

and LOSS+GAIN models (R2 = 0.82, p < 0.05; Fig. 3.6b). Further, the proportion of 

flooding that occurred at wetland nodes compared to non-wetland nodes generally 

increased as wetland loss increased in WETLOSS (R2 = 0.76, p < 0.05) and LOSS+GAIN 

models (R2 = 0.85, p < 0.05), but not in WSHEDGAIN models (R2 = 0.04, p ≥ 0.05; Fig. 

3.6c). In the LOSS+GAIN model in the Present Day scenario, only 5 of 69 locations that 

experience flooding occurred within wetlands, and accounted for 38.8% of total system 

flooding. In the BAU model, 10 of 78 locations that experience flooding occur within 

wetlands, and account for 43.1% of total system flooding.  

Model estimates for all scenarios indicated that the majority of the time the 

system spent flooding occurred in parts of the system that are not wetlands; however, 

wetlands generally did spend more time flooding with increasing wetland loss in 

WETLOSS (R2 = 0.83, p < 0.05), LOSS+GAIN (R2 = 0.83, p < 0.05), but not 

WSHEDGAIN models (R2 = 0.30, p ≥ 0.05; Fig. 3.6d). Further, the proportion of time 

that wetland nodes flooded compared to non-wetland nodes generally increased as 

wetland loss increased in WETLOSS (R2 = 0.69, p < 0.05) and LOSS+GAIN models (R2 
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= 0.68, p < 0.05), but not in WSHEDGAIN models (R2 = -0.16, p ≥ 0.05; Fig. 3.6e). In 

the LOSS+GAIN model in the Present Day scenario, wetland nodes contributed 5.84% of 

the total time the system was flooded, while in the BAU scenario their contribution more 

than doubled, to 13.4% of the total time the system was flooded. 

 

3.3.3. Updrain wetland loss and its effect on flooding in downstream nodes 

I modeled the effects of updrain wetland loss on downdrain flooding 

characteristics in two subsystems of my SWMM. The relevant components of subsystem 

1 (Fig. 3.7a) consist of one wetland, modeled as a storage unit; its contributing 

watershed; three downdrain nodes that experience flooding; and a park where some 

portion of stormwater may flow between downdrain nodes 2 and 3 once a threshold stage 

is reached at downdrain node 2, which is below the stage at which downdrain node 2 

floods. Proportional wetland loss for the wetland in subsystem 1 was greater than 

proportional wetland loss of wetlands in the entire SWMM, ranging from 29.2% in the 

Friendly scenario to 96.5% in the BAU scenario (Table 1).  

 In subsystem 1, flood volume increased with WETLOSS (R2 = 0.53, p < 0.05) 

and LOSS+GAIN (R2 = 0.89, p < 0.05), but not with WSHEDGAIN, where no change in 

flood volume occurred for any amount of watershed gain (Fig. 3.7b). Flood volume 

increased in downdrain node 1 with WSHEDGAIN (R2 = 0.90, p < 0.05) and 

LOSS+GAIN (R2 = 0.90, p < 0.05; Fig 7c), but not with updrain wetland loss. Flood 

volume increased in downdrain node 2 with LOSS+GAIN (R2 = 0.91, p < 0.05), but not 

with WETLOSS (R2 = 0.71, p ≥ 0.05) or WSHEDGAIN (R2 = -0.11, p ≥ 0.05; Fig. 3.7d). 

Flood volume in downdrain node 3 did not show any significant trends for any of the 
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three model characteristics (p > 0.10; Fig. 3.7e). The park space, though connected to 

nodes 2 and 3, never experienced flooding under any model characteristic or degree of 

wetland loss, watershed gain, or combined wetland loss and watershed gain.  

Additionally, I explored the differences in flood volume between the models that 

allowed for ponding and those that did not allow for ponding across all subsystem 1 

components (Table 1). I found that the difference in flood volumes between the two 

models generally increased with increasing wetland loss, and that these correlations were 

significant for WETLOSS (R2 = 0.78, p < 0.05) and LOSS+GAIN (R2 = 0.68, p < 0.05), 

but not with WSHEDGAIN (p ≥ 0.05)). 

The relevant components for subsystem 2 (Fig. 3.8) consist of two updrain 

wetlands that are downdrain of independent drainage systems, which are connected by 

pipes to the same downdrain wetland; and the subcatchments that drain into these 

wetlands. Subsystem 2 (Fig. 3.8) is more complex than subsystem 1, with updrain 

wetlands serving as downdrain nodes to small drainage subsystems of their own, before 

draining into the downdrain wetlands of this subsystem. My model results for subsystem 

2 were that no flooding occurred in any scenario or in any model characterization.  

 

3.4. Discussion 

Although there is enthusiasm among researchers and practitioners for the 

inclusion of wetlands as UEI in cities to reduce the risk of pluvial flooding, there remains 

a need for systemic studies of flood risk in stormwater management systems that include 

wetlands. Further, as cities are not static in their layouts and land cover, and rather are 

constantly evolving and rearranging, there is a need to study how changes in wetland 
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cover might impact the performance of the stormwater management systems into which 

they are incorporated. My study represents the first city-wide exploration of the effects of 

changing wetland areas and volumes, according to various potential scenarios of 

development, on systemic flooding using an urban stormwater management system 

model. Further, my study is the first to isolate and compare the effects that increasing 

wetland areas, decreasing impervious surface area, and both increasing wetland area and 

decreasing impervious surface area have on flooding. Broadly, I found strong evidence 

that increasing wetland cover in a stormwater management system does reduce flood risk 

in urban stormwater management systems.  

 

3.4.1. The effects of wetland loss on flood risk in a stormwater management system 

The models projected strong positive and significant relationships between flood 

volumes, wetland loss, watershed gain, and combined wetland loss and watershed gain. 

Further, they exhibited strong and significant relationships between time the network 

spent flooding and wetland loss and coupled wetland loss and watershed gain. Finally, 

more nodes tended to flood as wetland loss increased. Though some of the increase in 

flood volume and time the network spent flooding could be attributed to increases in 

wetland flooding, the majority of the increase of both variables occurred in gray 

components of the stormwater management system outside of wetland areas. Thus, I find 

strong support for my first hypothesis that flood volume, flood duration, and the number 

of locations flooded in the urban stormwater management system would increase with 

increasing wetland loss. I also found strong support for my second hypothesis, that the 

gray components of the stormwater management system would experience increasing 
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flood volume and flood duration with increasing wetland loss. My findings indicate the 

existence of two important features of this network incorporating natural wetland areas: 

(1) the effects of wetland area loss in a stormwater management system are both local 

and dispersed, and (2) the wetlands have excess storage and conveyance capacity that is 

untapped by the modern stormwater management system. I explore feature (2) more 

extensively in section 4.4.  

Toward feature (1), it is crucial to conceive of the stormwater management 

system used in my analysis as being designed with assumptions of wetland performance. 

Chile’s Ministry of Public Works, which commissioned the original SWMM and which 

is generally tasked with managing flood risk in cities across Chile, has planned the gray 

components of the infrastructure with the assumption that wetland performance remains 

constant through time. As Valdivia’s footprint has expanded and additional pipe conduits 

have been added to the stormwater management system, the reliance of the system on the 

performance of wetlands has likely increased and become more complex. I explored the 

downdrain effects of wetland loss using models of two subsystems that allowed for 

surface ponding to occur, and generally found flooding to increase linearly with wetland 

loss at downdrain locations until either a wetland or a storage unit was able to intercept 

stormwater. I advise cities considering incorporating wetlands into their stormwater 

management systems to balance any performance gains with an imperative to maintain 

wetland characteristics that are key determinants of wetland function, particularly 

wetland area and volume. 
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3.4.2. Prioritizing updrain wetland conservation for urban flood resilience 

Our results lead me to recommend that cities prioritize the conservation of 

upstream wetland areas in order to mitigate risk of flooding in downdrain areas. In study 

of subcatchment 1 (Figure 9), flood volume in the upstream wetland and downdrain 

nodes 1 and 2 increased with increasing wetland loss. In the LOSS+GAIN models, which 

are the most comprehensive representations of the effects of wetland loss, I found 

positive correlations between combined wetland loss and watershed gain on downdrain 

flooding. Downdrain node 3, where flooding occurred but was insensitive to changes in 

wetland or watershed area, was linked to the updrain components of the subsystem in a 

way that allowed large quantities of stormwater to first route to depression storage at a 

connected park space (which was formerly a wetland). If this park space and its storage 

were absent from the subsystem, I would have expected increasing flood volume for at 

least the WETLOSS and LOSS+GAIN models. 

Adding some complexity to this recommendation, my results also suggest that 

wetland conservation for flood mitigation in a system of interconnected wetlands may be 

a lower priority than in systems where wetlands are simply updrain of gray infrastructure. 

In subsystem 1, I found downdrain flooding increased with wetland loss until stormwater 

was able to enter a park space that was formerly a wetland. In subsystem 2, I found no 

flooding at all downdrain from these updrain wetlands, which my analysis suggested was 

the result of excess storage capacity of the wetlands in this subsystem. 

The sum of these results suggests that the conservation of updrain wetland extent 

should be of high importance to stormwater managers, especially for wetlands situated 

updrain of gray stormwater infrastructure. Wetlands in urban stormwater management 
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systems provide storage for runoff, and also may delay the release of stormwater to parts 

of the system that are overwhelmed for finite periods of time. Kadykalo and Findlay 

(2016) theorized in their review of wetland flow regulation literature that these 

hydrological properties could have beneficial and harmful effects: the beneficial effect of 

storing flood waters and release them more slowly into the system, which could more 

evenly distribute the load the system must manage; and the harmful effect of 

overwhelming downstream (or in my urban setting, downdrain) components of the 

system with constant elevated flow. However, in my study system, I found without 

exception that wetlands reduced the strain on downdrain components. 

 

3.4.3. Planning for flood-resilient futures in urban spaces 

Our results in this study demonstrate how co-producing scenarios of urban 

development may be an effective strategy for promoting urban resilience and 

sustainability, to be used and adapted by other cities across the globe facing similar 

issues. For all of the scenarios co-produced with local stakeholders in my scenarios 

workshop, flooding was reduced compared with the scenario where development simply 

proceeded as it had historically, represented by the BAU scenario. This reduction in flood 

risk compared with the BAU scenario was present in all co-developed scenarios, in spite 

of all these scenarios experiencing some degree of wetland loss. A previous study 

(Iwaniec et al., 2020) has estimated that similarly co-produced scenarios of urban 

development were likely to reduce heat stress, flood risk, and stress on water supplies 

during drought in Phoenix, Arizona, USA, and other authors have also recommended co-

produced visioning exercises in order to achieve resilience and sustainability goals in 
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cities (Iwaniec et al., 2020; McPhearson et al., 2017; Miller & Wyborn, 2018). As 

described in the scenario-development process detailed in Iwaniec et al. (2020), the 

results from my study would ideally be used as part of an iterative revision of the 

scenario visions with the same workshop participants in Valdivia, to allow for the 

examination the LULC model outputs, comparison of the flood risk implications of each 

scenario, and weighing of the tradeoffs of each development pathway. Workshop 

participants may then, for example, refine objectives in certain scenarios to increase the 

amount of wetland cover in the city compared to present day, introduce other forms of 

UEI landcover to increase infiltration, and/or upgrade gray components of the stormwater 

management system in order to further reduce future flood risk. As part of this iterative 

process of revision and modeling, Valdivia and other cities using this process may set 

even more transformative objectives than they previously staked out, and further reduce 

their flood risk accordingly. 

 

3.4.4. The (lack of) effect of increasing watershed areas on flood risk 

I did not find strong relationships between watershed gain alone and most of my 

response variables. I hypothesized that the effect of watershed gain would be lesser than 

the effects of wetland loss and combined wetland loss and watershed gain, but would 

nonetheless be significant. Thus, my hypothesis was only partially supported.  

These results may contradict previous scholarship on the effect of increasing 

impervious area on watershed flooding (Sohn et al., 2020; Westra et al., 2014), but I find 

them likely to be consistent in the context of the particular drainage system I studied. I 

theorize that my results provide evidence that wetland storage units and wetland conduits 
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in my drainage system could be considered “overdesigned” in the engineering sense. That 

is, the naturally formed wetlands in my study featured excess capacity for storing and 

conveying stormwater, even during extreme precipitation intensities and volumes. In 

contrast, an engineering firm tasked with constructing or restoring a wetland may be 

bound in their wetland designs by considerations of parcel size and stormwater 

management system design criteria, such as that the system is only expected to manage 

water up to a storm with a 10-year return period occurring over the span of six hours. A 

wetland designed with these limits may generate local or distal flooding during storms of 

greater return periods or longer durations, when a natural wetland might not.  

Thus, the incorporation of natural or designed wetlands with storage and 

conveyance capacity in excess of the needs of the modern day may be particularly 

valuable to cities with high-intensity urban land cover with abundant impermeable 

pavement or scarce low-impact development practices. Such incorporation would allow 

flexibility in development of the built environment of cities, and may even align with 

emerging safe-to-fail infrastructure design practices (Kim et al., 2017). 

 

3.4.5. Accounting for surface routing and ponding in models of stormwater management 

systems 

In my examination of the effects of updrain wetland removal on downdrain 

flooding in two subsystems, I found that models that allowed for ponding above wetlands 

and nodes experienced greater flood volumes than models that did not allow for ponding. 

Further, the differences in flood volume between the models that allowed for ponding and 

those that did not allow for ponding increased with increasing wetland loss and watershed 
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gain. Outside of model simulations, this water, once ponded and once having achieved a 

certain depth, may route along the surface, such as along streets and down historic 

channels of lower relative elevation, and may not re-enter the system at the location it 

was produced, if it re-enters at all. Other recent studies on urban flood risk that use 1-D 

stormwater management system models like EPA SWMM for their analysis (Hou et al., 

2020; Zhou et al. 2018) do not account for the removal of flood water from the system at 

the point of flooding and make no effort to account for surface routing or ponding. Based 

on my simulations, I expect such studies to produce underestimates of systemic flood 

risk.  

Other studies that estimate pluvial flood risk in urban areas have opted to instead 

use modeling techniques that estimate runoff production and surface routing rather than 

flooding produced via inadequate drainage system performance (Kaspersen et al., 2020; 

Verbieren et al. 2013). Though runoff generation is a critical consideration in urban areas, 

given the prevalence of impervious surfaces, studies in urban areas only considering 

runoff generation and flow may overestimate pluvial flooding, as the drainage systems 

will manage some portion of this runoff—as they were designed to do. 

Of course, the optimal model for estimating flood risk in urban areas would have 

robust representation of surface and stormwater management system characteristics. EPA 

SWMM does allow modelers to estimate runoff generation and routing, but it is much 

simplified compared to surface runoff generation models with more complex surface 

routing and runoff generation calculations. In cases where 1-D models like EPA SWMM 

are used, researchers and practitioners should attempt to account for ponding and surface 

routing or risk underestimating flood risk. To accomplish this, I recommend that cities 
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generate high-resolution digital elevation models of their urban areas appropriate to 

estimate with a high degree of accuracy how water is likely to route along the surface. 

 

3.4.6. Note on novel methodologies 

Our study is the first, to my knowledge, to relate wetland loss to systemic 

flooding characteristics for a stormwater management system that incorporates wetlands. 

I presented a novel methodology for translating changes in wetland land cover to changes 

in wetland dimensions in EPA SWMM, allowing estimation of the effects of wetland loss 

on a whole urban drainage system. Further, though this study is focused on the example 

of one city, the lessons my data provide will allow for other cities considering the 

construction of new wetlands, restoration of removed or degraded wetlands, or the 

incorporation of natural wetlands in their stormwater management systems to understand 

the importance of wetland conservation as their drainage network matures and expands. 

 

3.5. Conclusions 

The present study developed unique stormwater management models to simulate 

the effects that wetland area loss, watershed area gain, and combined wetland area loss 

and watershed area gain would have on flood volume and durations of flooding in an 

urban drainage system. The amounts of wetland area loss in these models derived from 

the outputs of a cellular automata model estimating future LULC in five scenarios of 

future urban development in the city of Valdivia, Chile. The LULC transition rules for 

the cellular automata model were based on historical data and objectives developed by 

city stakeholders in a workshop setting. The stormwater management models are 
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distinguished by both the amount of wetland loss they simulate and whether the model 

includes only loss of wetland area, gain of watershed area, or both the loss of wetland 

area and the gain of watershed area.  

 

The following are the key findings of the present study: 

 

● Systemic flooding increased with loss of wetland area, gain of watershed area, 

and combined loss of wetland area and gain of watershed area. 

● The number of locations in the models that flooded increased with increasing 

wetland area loss. The majority of these flooded locations were outside of 

wetlands. 

● Wetland locations produced increasing flood volume with increasing wetland area 

loss, and a greater proportion of systemic flood volume was produced in wetlands 

as wetland loss increased. 

● Increasing loss of updrain wetland area was generally correlated with increasing 

volume of downdrain flooding, until stormwater was allowed to flow to storage.  

 

Future studies on the performance of drainage systems incorporating wetland UEI 

may include a more accurate representation of wetland function and antecedent 

conditions to major precipitation events. Wetlands may be either sinks or sources of 

groundwater, depending on the location of the water table, the elevation of which, in turn, 

in settings not heavily influenced by humans, may depend on seasonal patterns of 

precipitation, tidal patterns, or other environmental factors. In urban areas, the elevation 
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of the water table may even depend on the so-called “urban baseflow” of runoff from 

human water uses. Further, vegetated wetlands may intercept substantial amounts of 

precipitation on emergent vegetation, and in the process remove this precipitation from 

the stormwater management system. Vegetation may also remove substantial amounts of 

surface and/or groundwater from the system through transpiration.  

Future studies should also incorporate the ponding and routing of floodwater 

along the surface of the city and determine how it is routed back into stormwater 

management systems. My system models removed floodwater from the system. 

However, in the case of one subsystem, in which I allowed for water to pond at the 

surface and re-enter the drainage system, I found substantial and significant increases in 

downdrain flood volume with increasing wetland loss. Further, in this subsystem, I found 

that the number of downdrain locations that flooded increased with increasing wetland 

loss. Further studies that account for ponding and surface flow may then more accurately 

represent flood volume, flood duration, and the more distal effects of wetland loss on the 

stormwater management system. 
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Figure 3.1. Left: Location of study site, Valdivia, Chile (39.8336 S, 73.2154 W). Right: 

Valdivia’s land cover, as delineated via spectral analysis of an 2010 orthophoto, and 

drainage system, as described in 2012 by the Chilean Ministry of Public Works. 
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Figure 3.2. The four phases of work conducted in this study: (1) Conducting a workshop 

with stakeholders to develop scenario goals for Valdivia for the year 2080; (2) Modeling 

land cover changes for each scenario using historical data and the workshop outputs; (3) 

Estimating changes to wetland land cover and subcatchment area using geospatial 

software; (4) Modifying wetlands and subcatchments in the EPA Stormwater 

Management Model and modeling changes in flood characteristics. Phase 3 required 

some anticipation of the needs of EPA SWMM, and thus it is depicted as interacting with 

phase 4. 
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Figure 3.3. Example representation of the relationship between precipitation, surface 

water depth, and flooding rate for a modeled storage unit wetland. Wetland flooding 

occurs when surface water depth exceeds the height of the wetland banks. Flood volume 

is then calculated as the integral of the rate of flooding above 0 m3/s. 
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Figure 3.4. Land cover in the present day (2010) and under five scenarios of development 

by the year 2080. Wetland loss generally increases from left to right, and from top to 

bottom, compared to the present day. City-wide wetland loss for each scenario was: 

9.72% in Inclusive, 13.3% in Flood Resilient, 18.3% in Friendly, 23.98% in Eco-

Wetland, and 37.3% in Business-as-usual compared to Present Day wetland coverage. 
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Figure 3.5. Linear regressions of (a) node flood volume (1000 m3), and (b) time that 

nodes spent flooding (in hours), as a function of lost wetland area. Results for WETLOSS 

are indicated by circle markers and dashed trendlines; results for WSHEDGAIN are 

indicated by square markers and dotted trendlines; results for LOSS+GAIN are indicated 

by filled triangles and solid trendlines. Presence of trendline indicates a significant 

regression (p < 0.05). 
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Figure 3.6. (a-e) Linear regressions for (a) total number of flooded nodes, (b) total flood 

volume for the SWMM, (c) proportion of wetland flood volume contribution to whole 

SWMM flood volume, (d) flood duration, and (e) proportion of flood time that wetlands 

contributed to whole SWMM flooding, vs. wetland loss. Wetland loss as in Fig. 3.4, 

symbols, markers, and trendlines as in Fig. 3.5. Presence of trendline indicates a 

significant regression (p < 0.05). (f) Locations and directions of change in flood volume 

between the present day and the BAU scenario. 
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Figure 3.7. Effects of updrain wetland loss on downdrain flooding in subsystem 1. (a) 

EPA SWMM representation of the updrain wetland, the updrain wetland’s subcatchment, 

the downdrain nodes that experience flooding, and a park space where a portion of 

stormwater is sent between downdrain nodes 2 and 3. (b-e) Regressions of (b) flood 

volume in the updrain wetland node as a function of wetland loss, (c) flood volume in 

downdrain node 1 vs. updrain wetland loss, and (d) flood volume in downdrain node 2 vs. 

updrain wetland loss, and (e) flood volume in downdrain node 3 vs. updrain wetland loss. 

(f) Differences in flood volume across all subsystem 1 nodes between the models that 

allowed for ponding and the models that did not allow for ponding, as a function of 

wetland loss. Wetland loss as in Fig. 3.4, symbols, markers, and trendlines as in Fig. 3.5. 

Presence of trendline indicates p < 0.05 except in the case of the results for the model 

characterized by wetland loss in downdrain node 2, where p = 0.06. 
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Figure 3.8. EPA SWMM representation of subsystem 2, with two updrain wetlands that 

ultimately drain to the same downdrain wetland. Updrain wetland 1 first drains to 

downdrain wetland 1, which in turn drains to downdrain wetland 2, while updrain 

wetland 2 drains only to downdrain wetland 2. The conduit leading downward from 

downdrain wetland 2 leads to a system outlet, which is incapable of flooding. 
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CHAPTER 4 

ESTIMATING FUTURE FLOOD RISK DUE TO CLIMATE CHANGE AND LAND 

COVER CHANGE IN VALDIVIA, CHILE 

 

4.0. Abstract 

Cities are struggling to cope with pluvial flooding, which is flooding that results 

from precipitation rates that exceed the removal rates of drainage systems and of the 

permeable landscape. This type of flooding has become more prevalent as precipitation 

intensity has increased, but cities must make management decisions that will meet the 

needs of future eras as heavy rainfall events become even more common. Stormwater 

managers are pressing for accessible climate-change data at appropriate scales for cities, 

but most climate-change models operate at much coarser scales. Further, speculations and 

models of future city land cover are rare, leaving flood risk managers without the tools to 

consider how different land-cover configurations will affect flooding. In this study, I 

combined downscaled climate data generated by an asynchronous regional regression 

model with estimates of changes in land cover from a cellular-automata model, to assess 

flood risk under a variety of climate and land-cover scenarios in the South American city 

of Valdivia, Chile. Climate modeling projected a drier overall climate in Valdivia with 

more intense storms by the year 2080. In two sectors of the city, as well as for the 

combined sectors, projected wetland loss significantly increased the risk of flooding 

under all present and future rainfall volumes during extreme storm events. In sectors 

where this finding was significant, there was no threshold value of wetland loss beyond 

which the finding was not true. Equally important, I did not find significant relationships 
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between wetland loss and increased flooding under any rainfall volume in two other 

sectors of the city, indicating the need to consider other features of the wetland within the 

stormwater management system, such as wetland configuration. I identify strong 

arguments for the conservation and stewardship, and perhaps by extension even the 

construction, of wetlands in urban stormwater management systems. However, I 

emphasize that this should only be part of a city’s stormwater management strategy. 

Further, I discuss the practical implications of managing wetland infrastructure under 

drier climates and under changing legal protections of wetlands. 

 

4.1. Introduction 

Pluvial flooding is a major concern for urban areas, and can lead to loss of life, 

damage to property, and disruption of transportation networks (Chang et al., 2010; 

Douglas et al., 2010; Falconer et al., 2009; Yin et al., 2016). Pluvial flooding is surface 

ponding or overland flow that occurs when rates of precipitation exceed the rates of 

removal by drainage systems and/or rates of infiltration of surfaces (Falconer et al., 

2009). 

Only recently has research begun exploring with depth the abilities of inland 

urban wetlands to reduce urban pluvial flood risk, or how the incorporation of wetlands 

in an urban stormwater management system might alter the system's performance. The 

theory and practice of inland wetland restoration and construction in urban areas to 

reduce pluvial flood risk is relatively new in academia and among stormwater managers 

(Chan et al., 2018; Elmqvist et al., 2015), and modeling and empirical studies of the 

effects of wetland restoration and construction in urban areas are rare. Some cities have 
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added inland wetlands to their portfolios of urban ecological infrastructure (UEI; Childers 

et al. 2019; otherwise known as green infrastructure (GI), green stormwater infrastructure 

(GSI), or, more broadly, nature-based solutions (NBS)) or suggested that the 

construction, restoration, or incorporation of inland wetlands be included in sustainable 

urban drainage systems (SuDS) or low-impact development strategies (LiDS) to reduce 

pluvial flooding (Chan et al., 2018; Fletcher et al., 2015; Li et al., 2020). 

The long-term viability of such UEI in mitigating pluvial flood risk has yet to be 

adequately explored. In previous chapters, it was demonstrated how the flood risk 

mitigation services of wetland UEI in a stormwater management system are negatively 

correlated with surface and soil water storage conditions preceding a storm, and 

positively correlated with wetland volumetric capacity. As such, the ability of wetlands to 

maintain flood-risk mitigation services in the future at levels comparable to the present 

day depends on wetland management for these factors. That is, wetland storage 

conditions can be modified through technological means, such as gating and 

channelization, and wetland volumetric capacity can be maintained or expanded through 

city policy. 

However, one factor, climate change, has the potential to alter flood risk in cities 

in ways that are more complex to manage. First, changes in annual rainfall amount and 

timing may shift conditions away from those for which stormwater management systems 

were designed. In the case that annual rainfall reduces and the intensity of the average 

storm also reduces, cities may experience a reduced number of floods due to a drier 

stormwater management system and reduced load during storms. However, if annual 

precipitation increases and/or the intensity of the average storm increases, cities may 
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contend with a greater number of floods in a year due to a waterlogged stormwater 

management system and increased load during storms. There are also intermediate 

scenarios to contend with, such as increased annual precipitation through an increase in 

the number of storms of lesser intensities, or reduced annual precipitation with an 

increase in the intensity of extreme storms, among others–all of which have their 

potential impacts on flood risk. The direction and degree of these effects may in turn vary 

depending on the configuration and inventory of a stormwater management system and 

its urban drainage shed.  

In this study, I use projections from long-term, downscaled climate models and 

land-cover change models in a Chilean city, Valdivia, to estimate the change in flood risk 

under a range of future city configurations and precipitation conditions, compared to the 

present day. I asked: What is the range of future flooding conditions in Valdivia, given 

scenarios of urban development and projections of climate change, and how can the city 

best manage for one or several of them? My goal was to provide a viable methodology 

for cities worldwide to bound their future flood risk, and to provide a more specific guide 

for cities doing so with an inventory of wetlands, either current or proposed, in their 

stormwater management systems. 

 

4.2. Materials and Methods 

4.2.1. Study site 

Valdivia, Chile (area: 93.94 km2) is a city of approximately 166,000 people in the 

southern half of Chile, 850 km south of the capital Santiago, in the Región de los Ríos 

(Fig. 4.1). Citizens and stormwater managers in Valdivia must contend with a high risk of 
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pluvial flooding owing to high average annual precipitation, a long rainy season, and the 

city’s location 12 km inland from the Pacific Ocean, at the confluence of three rivers. Its 

ecosystem is classified as a temperate rainforest (Hajek & di Castri, 1975; Amigo & 

Ramirez, 1998). Wetlands are a characteristic feature of Valdivia, covering 20.64 km2 

(22.7%) of the municipal area.  

Although Valdivia’s average annual rainfall was approximately 1760 mm 

between 1985 and 2015, it has in recent years faced problematic drought (Dirección 

General de Aeronáutica Civil, 2020). Of note, in 2015, rainfall in the region and 

snowpack in the Andés were low enough that the river from which the city derives its 

potable water became too saline for treatment due to tidally forced saltwater intrusions 

from the nearby ocean, and the city was forced to pump nearly all of its supply from 

groundwater sources (Vargas et al., 2020). In 2021, for the first time since the city began 

measuring precipitation at the Pichoy Airport meteorological station in 1969, the city 

registered less than 1,000 mm of precipitation (Sepúlveda, 2021). This recent spate of 

drought has provoked concern about the changes Valdivia will face in a future with 

potentially less precipitation (Sepúlveda, 2021; Vargas et al., 2020). 

Valdivia’s stormwater management system is composed primarily of gray 

infrastructure components (e.g., pipes and canals) and wetlands. As of 2012, Valdivia’s 

stormwater management system consists of roughly 245.7 km of drainage infrastructure, 

of which 41.19 km (16.8%) is wetland UEI. The origin of most of this wetland cover is a 

1960 earthquake of magnitude 9.5, which caused up to 20 m of uplift in some areas 

(Barrientos & Ward, 2007) and subsidence and rifting in others. Since 1960, the city has 

deliberately incorporated these wetlands into its stormwater management system (CMOP, 
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2012). In addition, the continued presence of wetlands in the city is owed in part to local 

conservation movements to maintain the cultural services of wetlands (Correa et al., 

2018) and their function as habitat to charismatic species tied to Valdivian identity (Silva 

et al., 2015). 

The flow of stormwater through gray infrastructure components and wetlands in 

Valdivia is variable and complex. For example, stormwater may first enter the system as 

runoff via gray infrastructure components, flow to a wetland, and then to a river outlet. 

Alternatively, stormwater may first enter the system as runoff via wetlands, which may 

then flow into gray infrastructure components, which then may flow to river outlets. In a 

more complex scenario, stormwater may first enter the system via a wetland, then flow 

through gray infrastructure components for some distance, pass through a second, 

downdrain wetland, and flow through several other gray infrastructure components and 

wetlands before reaching a river outlet. The stormwater management system of Valdivia 

thus depends heavily on the coupled performance of gray infrastructure components and 

wetlands, and I would expect to see changes in either element affecting the performance 

of the other. 

     

4.2.2. General approach 

I employed mixed methods that incorporated work previously accomplished for 

chapter 3 (Fig. 4.2). I included SWMM model outputs from chapter 3 that reflect the 

stormwater management system under the present day, as well as the stormwater 

management system in the year 2080 under four desirable development pathways and one 

business-as-usual pathway. Unique to this chapter, I used daily precipitation estimates of 
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23 climate models that were downscaled using daily precipitation data from the Pichoy 

Airport meteorological station to estimate annual rainfall volumes and to estimate the 

rainfall volume of a 100-year return period, 24-hour duration storm by the year 2080. 

These outputs were used as design storms in the Environmental Protection Agency’s 

Stormwater Management Models (EPA SWMM; U. S. EPA) from chapter 3 with 

present-day and possible future wetland extent in order to estimate a range of 

characteristics of flooding in 2080. 

 

4.2.3. Estimating future land cover scenarios and wetland characteristics 

In May of 2017, the Urban Resilience to Extremes (UREx) Sustainability 

Research Network (SRN) hosted a workshop in Valdivia, Chile, to envision a series of 

long-term (2080) future scenarios and desirable future pathways of urban development. 

Participants collaborated to develop a suite of visions and strategies to undertake in order 

to achieve four unique, plausible scenarios for a future Valdivia: an Inclusive City, a 

Friendly City, an Eco-Wetland City, and a Flood-Resilient City, according to a visioning 

and scenario development methods described in Iwaniec et al. (2020). The strategies of 

these four scenarios were then translated by the UREx SRN modeling team into 

quantitative rules, spatial and temporal, and introduced into cellular automata-based 

models of land-use/land cover (LULC), and paired with historical information on LULC 

transformations, to produce LULC estimates for the year 2080. This process produced 

LULC map outputs for the scenarios, as well as for a “business-as-usual” (BAU) 

scenario, which assumed LULC change proceeded entirely according to historical 

patterns of development (Fig. 4.3). 
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As detailed in chapter 3, these LULC maps were used to estimate changes in 

wetland volumes and contributing watershed areas for each of the scenarios by the year 

2080 using ArcGIS Pro (ESRI). These changes in wetland volume were then converted 

into changes in the EPA SWMM model that Valdivia’s Ministry of Public Works 

(Ministerio de Obras Públicas) uses to estimate flood risk in the city. This process 

produced six SWMMs, one for the present-day land cover, and five for the future land-

cover scenarios. Each SWMM can be further reduced into four separate sectors of 

Valdivia: Southeast, Barrios Bajos, Las Animas, and Isla Teja. In this study, when these 

sectors and their results are referred to in aggregate, they are identified as the “combined 

sectors.” 

 

4.2.4. Downscaling climate models to Valdivia, Chile 

I used a form of asynchronous regional regression models (ARRMs) to downscale 

precipitation estimates from atmosphere-ocean general circulation models (AOGCMs) to 

Valdivia, Chile. This technique was demonstrated by Stoner et al. (2012) to be an 

efficient, robust, and easily generalizable method for producing more regionally 

appropriate estimates of temperature and precipitation from coarser AOGCMs by training 

them on local observational data of temperature and precipitation. Using methods 

detailed in Stoner et al. (2012), I trained 23 AOGCMs (Table 4.1) on observational data 

between 1969–2015 from the Pichoy Airport meteorological station in Valdivia and 

produced daily estimates of precipitation localized to the station for the years 1969–2080 

(Table 4.2). This station is within the urban boundary and the closest in proximity to the 
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city center of Valdivia of any other meteorological station in the region, and it has a 

rainfall record beginning in 1969. 

 

4.2.5. Estimating rainfall volume of 100-year, 24-hour storms  

Historical precipitation data in this study consisted of daily precipitation reported 

by the meteorological station located at the Pichoy Airport of Valdivia between the years 

1969 and 2021. Rainfall data used for estimating rainfall beyond this historical record 

were the daily estimates of rainfall produced by the 23 downscaled climate models.  

Rainfall of historical and future 100-year, 24-hour storms were estimated using 

the generalized extreme value (GEV) distribution. The GEV distribution is the 

combination of three extreme value distributions (the Gumbel (𝑒−𝑒−𝑦
), Frechet (𝑒−𝑒−𝛾

), 

and Weibull (𝑒−(−𝑦)𝛾
) distributions), and is given by the following equation: 

𝐺(𝑧) = 𝑒
−[1+ξ(

𝑧−𝜇

𝜎
) ]

+

−1/ξ

 (1) 

Where, 

G(z) is the probability that the monthly precipitation will be greater than or equal 

to z mm  

𝜇 is the location parameter 

𝜎 (𝜎 > 0) is the scale parameter 

𝜉 is the shape parameter 

The return period T of a rainfall amount greater than z is understood to be: 

 𝑇 =  
1

𝑃(𝑒𝑥𝑐𝑒𝑒𝑑𝑒𝑛𝑐𝑒)
    (2) 

Where P(exceedance) is the probability of event exceeding rainfall amount z.  
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Thus, the return period T can be related to the GEV by: 

 𝐺(𝑧) = 1 −  
1

𝑇
 (3) 

 𝑒
−[1+ξ(

𝑧−𝜇

𝜎
) ]

+

−1/ξ

= 1 − 
1

𝑇
 (4) 

 𝑧 =  𝜇 +  
𝜎

ξ
((−𝑙𝑛 (1 − 

1

𝑇
))

−ξ

− 1) (5) 

Using equation (5), 1200 months for T (or 100 years), and the 𝜇, 𝜎, and 𝜉 parameters 

from fitting the GEV model to the data, I was able to estimate the precipitation expected 

to fall in a 100-year, 24-hour storm in any period of interest. The GEV distribution is 

commonly employed for modeling extremes in rainfall such as extreme events of various 

return periods (Bella, Dridi, & Kalla, 2020; Reiss & Thomas, 2007). 

Observational and modeled daily precipitation data were first used to determine 

monthly maximum rainfall. These monthly extremes were then grouped into periods of 

30 years (for example, 1986–2015) in R (R Core Team, 2022) and fitted to a GEV 

distribution using the extRemes package (Gilleland & Katz, 2016). From this fitted 

model, I was able to estimate the mean rainfall expected during a 100-year event, along 

with the 95% confidence interval, using my historical data and ensemble average 

precipitation data for the RCP 4.5 and RCP 8.5 climate scenarios (Table 4.2). Rainfall 

was distributed along a normal distribution over a 24-hour period, such that rainfall 

peaked at hour 12 of the model run. 

Because annual rainfall and event frequency were both expected to decrease by 

2080 compared to the mean values from 2021, I expected that wetland stage would be at 

or below the levels that I observed in campaign 2 of Chapter 2. In this campaign, annual 

rainfall in the first year was abnormally low (1071.3 mm in 2019), leading to wetland 
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stage at or near 0 m. A drier climate on average by 2080 would likely reduce surface and 

soil water stores in the region, leading to low wetlands stage, perhaps at or near 0 m 

except during the onset and peak of the rainy season. I demonstrated the effects of 

antecedent wetland surface and soil storage in chapter 2, and so I expect that infiltration 

in particular may reduce system-wide flooding. However, due to the added complexity of 

comparing models with and without infiltration, I was unable to model system-wide 

infiltration in the SWMM in this study. However, I did set wetland stage to 0 m at the 

start of modeling, reflecting drier surface storage conditions.  

In one subwatershed of the southeast sector, where I modeled the effects of 

downstream flooding in chapter 3, I were able to allow for infiltration in one wetland and 

one park space (a former wetland; Fig. 4.4). I tested the limits of the effects of infiltration 

by using as design storm inputs the same rainfall as the mean, lower CI, and upper CI for 

the 2021 and 2080, RCP 8.5 storms (Table 4.2). I used a soil moisture deficit of 7.8%, 

which corresponds to the deficit in the driest soils I were able to collect during my dry 

season campaign in a relatively dry year (2017; see chapter 2), and which would be the 

most representative soil moisture deficit of those I measured in wetlands in 2080. Initial 

wetland stages were set at 0 m. All flooding at the wetlands and downdrain nodes in the 

image were summed to produce estimates of subsystem flooding. 

 

4.3. Results 

4.3.1. Trends in annual rainfall in the observed and modeled datasets 

Based on the prior 30 years of observational data, mean annual rainfall in 2015, 

which represents the end of the training dataset for the models, was 1750.81 ± 58.58 mm, 
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and modeled mean ensemble average annual rainfall was 1800.62 ± 15.63 mm and 

1803.50 ± 14.71 mm in the RCP 4.5 and RCP 8.5 climate scenarios, respectively (Fig. 

4.5). Root mean square error (RMSE) of the ensemble average annual rainfall during this 

period was 331.86 and 318.67 for the RCP 4.5 and RCP 8.5 climate scenarios, 

respectively. Based on the prior 30 years of observational data, mean annual rainfall in 

2021 was 1693.43 ± 64.55 mm, and modeled mean ensemble average annual rainfall was 

1765.86 ± 13.46 mm and 1784.04 ± 12.50 mm in the RCP 4.5 and RCP 8.5 climate 

scenarios, respectively. Root mean square error (RMSE) of the ensemble average annual 

rainfall during this period was 373.21 and 379.10 for the RCP 4.5 and RCP 8.5 climate 

scenarios, respectively (Fig. 4.5). 

Ensemble average predictions of average annual rainfall between 2051–2080 

were projected to be 1581.28 ± 14.09 mm under the RCP 4.5 climate scenario or 1449.86 

± 17.78 mm under the RCP 8.5 climate scenario (Fig. 4.5). Model projections of mean 

annual precipitation represented a 9.68% and 17.19% reduction in annual precipitation 

compared with the observed mean annual rainfall in 2015, and a 6.62% and 14.38% 

reduction in annual precipitation compared with the observed mean annual rainfall in 

2021, for the RCP 4.5 and RCP 8.5 climate scenarios, respectively (Fig. 4.5).  

Observed mean annual rainfall did not significantly decrease between 1969–2015, 

nor between the 30-year window of 1986–2015, but did significantly decrease between 

1969–2021 (R2 = 0.09, p < 0.05; Table 3). Ensemble average annual rainfall decreased 

significantly between 2016 and 2080 for both the RCP 4.5 (R2 = 0.40, p < 0.01) and RCP 

8.5 (R2 = 0.80, p < 0.01) climate scenarios. The majority of individual models predicted a 
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significant decrease in annual rainfall in the periods 1969–2080 and 2016–2080, but not 

for the periods 1969–2016 or 1969–2021 (Appendix A).  

Rainfall of the mean 100-year, 24-hour duration storm in 2015 was 233.02 ± 3.17 

mm in the observed data, and 218.98 ± 1.74 mm and  220.41 ± 1.53 mm from the 

ensemble averages of the RCP 4.5 and RCP 8.5 climate models, respectively (Fig. 4.6). 

The RMSE of the mean ensemble average annual rainfall from 1998–2015 was 18.96 and 

17.50 for the RCP 4.5 and RCP 8.5 climate scenarios, respectively. In 2021, the return 

period of the same storm was 231.32 ± 3.32 mm in the observed data, and 221.16 ± 1.62 

mm and 222.22 ± 1.39 mm in the RCP 4.5 and RCP 8.5 climate scenarios, respectively. 

The RMSE of the mean ensemble average annual rainfall from 1998–2021 were 16.93 

and 15.97 for the RCP 4.5 and RCP 8.5 climate scenarios, respectively (Fig. 4.6). 

Ensemble average model predictions of mean rainfall of a 100-year, 24-hour 

duration storm between 2051–2080 were 262.92 ± 1.27 mm under the RCP 4.5 climate 

scenario and 297.14 ± 1.28 mm under the RCP 8.5 climate scenario (Fig. 4.6). These 

mean estimates of the rainfall of such a storm represented increases of 15.91% and 

30.99% in rainfall, for the RCP 4.5 and RCP 8.5 climate scenarios, respectively, 

compared to the year 2021(Fig. 4.6). The lower 95% CI, mean, and upper 95% CI 

estimates for rainfall during a 100-year, 24-hour return-period storms used in models can 

be found in Table 2.  

The rainfall from an observed mean 100-year, 24-hour duration storm 

significantly decreased between 1998 and 2015 (R2 = 0.58, p < 0.01), but not for the full 

observational period between 1998 and 2021 (p > 0.05). The ensemble average of the 

rainfall of a 100-year, 24-hour return period storm significantly increased between 2016–
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2080 in the RCP 4.5 (R2 = 0.88, p < 0.01) and RCP 8.5 (R2 = 0.95, p < 0.01) climate 

scenarios, and between 2051–2080 in the RCP 4.5 (R2 = 0.45, p < 0.01) and RCP 8.5 (R2 

= 0.79, p < 0.01) climate scenarios. The majority of models predicted significant 

increases in the rainfall of a 100-year, 24-hour storm over any period examined, and the 

ensemble average significantly increased over all periods examined (Appendix B).  

 

4.3.2. Flood modeling in EPA SWMM 

Flood duration and flood volume increased significantly with wetland loss and 

with storm intensity in two sectors of the city as well as city-wide (Fig. 4.7; Table 4.3). 

Mean values of flood duration and flood volume did not overlap between emission 

scenarios; however, for storms representing the lower and upper 95% CI of each 

scenario, flood duration and flood volume did overlap between emission scenarios. 

Flooding significantly increased in two sectors and in the combined sectors with 

increasing rainfall (p < 0.05; Table 4.3).  

For the combined sectors, using mean rainfall and holding the present-day land-

cover configuration constant, flood volume from an RCP 4.5 and RCP 8.5 100-year, 24-

hour return-period storm increased flooding by 40.1% and 80.0%, respectively, compared 

to a present-day event (Fig. 4.7). Holding the BAU land cover configuration constant, 

flood volume from an RCP 4.5 and RCP 8.5 100-year, 24-hour return-period storm 

increased flooding by 36.5% and 72.5%, respectively, compared to a present-day storm. 

Comparing an RCP 8.5 storm in the BAU land-cover configuration to a present-day 

storm in the present-day land-cover configuration, flooding increases by 99.1%, which 
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represents the greatest difference in flood volumes between any land-cover configuration 

for the mean estimated rainfall of the three emissions scenarios.  

Additionally, for the Southeast, Barrios Bajos, and combined sectors, there were 

significant positive correlations between the rate of conversion of rainfall to flooding and 

wetland loss, indicating that more rainfall volume was converted to flood volume as 

wetland loss increased (Southeast: 0.0198 ± 0.0025 m3/mm/% wetland loss, p < 0.05; 

Barrios Bajos: 0.0169 ± 0.00381 m3/mm/% wetland loss; combined sectors: 0.0369 ± 

0.00535 m3/mm/% wetland loss, p < 0.01; Fig. 4.8). However, conversion rate of rainfall 

to flood duration was not correlated with wetland loss in any sector nor across combined 

sectors (p > 0.05). 

 

4.3.3. Infiltration in subwatershed 

Flood volume significantly increased with increasing wetland loss in the 

subwatershed for the models that did not allow for infiltration and for those that did 

involve infiltration under all rainfall volumes (Table 4.4; Fig. 4.9). However, the 

difference between models that allowed for infiltration and those that did not diminished 

with increasing wetland loss. For a given amount of wetland loss, differences in flood 

volume were greater with increasing rainfall (i.e., difference between present-day and 

RCP 8.5 scenarios; Fig. 4.9).  

 

4.4. Discussion 

The Intergovernmental Panel on Climate Change is predicting dramatic changes 

in rainfall amount and timing across the globe (IPCC 2021) that will worsen the load on 
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stormwater systems, many of which are already underperforming, and render many more 

inadequate. Cities are also facing increasing flood risk due to historical patterns of 

development and urban designs that promote the proliferation of impervious surfaces, 

which are known to exacerbate pluvial flood risk (Morita, 2014). The combined effects of 

these phenomena will likely include a worsening of existing pluvial flood zones or the 

creation of new ones. To evade such a future, stormwater managers must consider a range 

of future climate and land-cover scenarios and develop stormwater management systems 

that can account for a broad range of uncertainty. 

From the results of this study, I identify strong arguments for the conservation and 

stewardship, and perhaps by extension even the construction, of wetlands in urban 

stormwater management systems. First, flood duration and volume increased with 

projected wetland loss under any climate scenario examined, for two sectors of the city 

and for the combined sectors. This was true even for the upper confidence intervals of 

precipitation, which in the case of RCP 8.5 represented a 278% increase above the mean 

rainfall volume of the mean 100-year, 24-hour duration storm event in 2021. Thus, I did 

not find an exhaustion point in these sectors for wetlands in terms of stormwater inputs, 

i.e., a storm producing an amount of rainfall beyond which wetlands did not significantly 

reduce flooding. Further, I did not observe exhaustion even at my upper bound of wetland 

loss under the business-as-usual scenario, indicating that the presence of urban wetlands 

may still provide stormwater mitigation even at high rates of wetland loss. However, the 

ability of wetlands to reduce flood volume through infiltration decreased as wetland loss 

increased, indicating that the contribution of infiltration toward flood mitigation may be 

lesser in small urban wetlands than the contribution of other hydrologic processes, such 
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as flow rate reduction and surface storage (Fletcher et al., 2013; Kadykalo & Findlay, 

2016). Additionally, because the construction of the EPA SWMM model allows 

infiltration to proceed infinitely rather than up to a certain level of saturation or depth, the 

reduction of flood volume found in this study may be greater than what occurs in the real 

world. Thus, the emphasis on the infiltration function of inland urban wetlands in the 

literature (Gülbaz & Kazezyilmaz-Alhan 2016; Chan et al., 2018) may mislead cities and 

researchers as to the major sources of the flood mitigation services of their current or 

proposed wetlands.  

To qualify these recommendations toward wetland conservation, stewardship, and 

construction, I emphasize that these trends were significant for only two of the four 

sectors of the city. That is, I found two sectors (representing six of the 28 wetlands 

modeled in this study) in which wetland loss had no effect at any modeled extent. These 

results are consistent with the results of Sauer et al. (in revision), which examined the 

effects of wetland loss on flooding in the same system using a 100-year return period, 6-

hour duration storm under present climate. Similar to that study, the wetlands in the two 

sectors that did not experience an increase in flooding did not themselves flood under any 

degree of wetland loss or rainfall volume. In an alternative land cover scenario where 

these wetlands are reduced to a size such that they themselves flood under a given rainfall 

event, I would then expect to see a significant correlation between wetland loss and flood 

volume. Additionally, Sauer et al. (in revision) identified that loss of upstream or 

“updrain” elements led to increased downstream or “downdrain” flooding. Thus, the 

spatial relationship, or configuration, of the wetlands in these two sectors may also have 
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contributed to their flood-risk mitigation abilities in the systems to which they are 

connected. 

Thus, I find qualified support for urban inland wetlands reducing flood risk in 

cities. Urban wetlands may have the ability to reduce flood risk under a variety of rainfall 

amounts depending on wetland dimensions and configuration within the stormwater 

management system. However, the difference in flooding between different wetland 

extents is much smaller than the difference in flooding between present-day and future 

100-year, 24-hour storms. Valdivia features 22.7% wetland cover, and I estimate that 

16.8% of its stormwater management system’s length is wetland, which are figures that 

most cities that attempt to incorporate wetlands into their stormwater management system 

will never achieve–yet storms still generate flooding in Valdivia. It may be that cities can 

produce greater reductions in flooding through the strategic placement of wetlands in 

their network, or perhaps by engineering them (e.g., adding channels, adding gates to 

reduce water levels before storms) to a greater extent than does Valdivia. Urban wetlands 

are then perhaps best used as one form of UEI among many others to reduce the risk of 

flooding under a changing climate rather than as the only tool. Furthermore, urban 

wetlands can reduce flood risk while providing a host of other ecosystem services not 

afforded by other forms of UEI (Davidson et al., 2019, Millennium Assessment, 2005, 

Wong et al., 2017; Xu et al., 2020), such as habitat for increased biodiversity, local 

climate regulation, aquifer recharge, aesthetics, educational opportunities, and spiritual 

connection. (Correa, Blanco-Wells, Berrena, & Tacón, 2018; Millennium Assessment, 

2005).  
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Changing patterns of precipitation will likely impact the characteristics of a city’s 

UEI, and consequently the abilities of its inventory to provide flood-mitigation services 

as well as many other ecosystem services. This is particularly true for wetland UEI. In 

Chapter 2, the positive correlation between wetland storage conditions of surface and soil 

water was demonstrated. Thus, I may expect that a drier future for a city may increase the 

available storage of wetlands soils and surfaces through drying, and in doing so provide a 

reduction in flood risk, or conversely that a wetter future for a city may reduce the 

available storage of wetlands and increase flood risk. But of course whether or not a 

wetland persists as a wetland also depends on prevailing patterns of precipitation. In a 

drier future, a wetland may not be able to support characteristic wetland communities, its 

soils may compact, and it may not feature surface water for long durations. Under such 

conditions, wetlands may convert to another ecosystem in the views of ecologists as well 

as legal experts. To this point, the definition of a wetland according Chile’s law number 

20.283, which is used to delineate wetlands as part of the National Inventory of 

Wetlands, is an ecosystem associated with substrates that are temporarily or permanently 

saturated with water, which permit the existence and development of aquatic biota 

(Ministerio de Agricultura, 2011). Without aquatic plants and saturated soils, wetlands 

may lose their classification as wetlands in the view of the law, along with their attendant 

protections, such as those proposed in the Chilean law 21202 that affords elevated 

protections for wetlands located in urban boundaries that meet these characteristics 

(Ministerio del Medio Ambiente, 2020). Thus, to maintain the full suite of ecosystem 

services of wetlands, including their flood mitigation services, cities would benefit from 

wetland-management strategies and stormwater-management system design that would 
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allow flood-mitigation services of wetlands to persist under a range of future climate 

conditions. This may mean the adoption of strategies that divert water to wetlands from 

elsewhere in the city, maintaining groundwater flows through construction restrictions, or 

reductions of pumping during drier seasons, among others.  

Finally, I emphasize the criticality of modeling in assessing the effectiveness of 

urban UEI for reducing pluvial flood risk in a future characterized by climate change–for 

cities both with and without wetlands. Rosenzweig et al. (2021) highlighted many of the 

strengths and shortcomings of existing methods for pluvial flood modeling, but limited 

their analysis to the modeling of hydrological processes. Globally, many cities lack 

downscaled climate data necessary to produce general estimates of climate and intensity 

of extreme storm events to configure their model elements (e.g., starting values for 

wetland stage and soil storage) and produce design storms to input into those models. 

Once this preliminary work is done, cities then require robust pluvial flood models that 

account for several key hydrological pathways (e.g., surface flow, flow through 

stormwater management systems, groundwater flow, infiltration, and evapotranspiration) 

and account for other sources of water in the system (e.g., rivers, oceans, storm surges). 

Very few models in existence can even account for these pathways and water sources 

(Tu, Wadzuk, & Traver, 2019). Such models are rarely found in practice. However, to 

develop strategies to reduce the threat of flooding that future extreme events evidently 

pose, such models, and the data to support such models, are critical to building, 

maintaining, and improving resilient urban spaces. 
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Table 4.1. The names, host institutions, atmospheric resolutions, and oceanic resolutions 

of the 23 CMIP5 models used in this study to produce downscaled climate data. lat(i,j) 

and lon(k,l) indicate latitudes and longitudes defined by these indices that have rotated 

poles and cannot be reduced to values simple enough for this table. 

Model name Host institution 

Atmospheric 

resolution Oceanic resolution 

ACCESS1-0 CAWCR 1.25° × 1.875° lat(i,j) × lon(k,l) 

ACCESS1-3 CAWCR 1.25° × 1.875° lat(i,j) × lon(k,l) 

BCC-CSM1-1 BCC 2.7906° × 2.8125° 0.3333° × 1° 

BCC-CSM1-1-M BCC 2.7906° × 2.8125° 0.3333° × 1° 

BNU-ESM BNU 2.7906° × 2.8125° 0.3344° × 1° 

CanESM2 CCCma 2.8° × 2.8° 1° × 1° 

CCSM4 NCAR 0.9424° × 1.25° lat(i,j) × lon(k,l) 

CMCC-CM NCAR 0.75° × 0.75° 2° × 2° 

CNRM-CM5 CNRM/CERFACS 1.4° × 1.4° 1° × 1° 

CSIRO-MK3.6 CSIRO 1.875° × 1.875° 1.875° × 1.875° 

GFDL-ESM2G GFDL 2° × 2° 0.375° × 1° 

GFDL-ESM2M GFDL 2° × 2° 0.3344° × 1° 

HadGEM2-CC MOHC 1.25° × 1.875° 0.3396° × 1° 

HadGEM2-ES MOHC 1.25° × 1.875° 0.3396° × 1° 

INM-CM4 INM 1° × 2° 0.5° × 1° 

IPSL-CM5A-LR IPSL 1.875° × 3.75° lat(i,j) × lon(k,l) 

IPSL-CM5A-MR IPSL 1.25° × 2.5° lat(i,j) × lon(k,l) 

MIROC5 AORI/NIES/JAMEST 2.8125° × 2.8125° 1.4° × 2° 

MIROC-ESM AORI/NIES/JAMEST 2.8125° × 2.8125° 

Orthogonal curvilinear 

coordinates 

MIROC-ESM-

CHEM AORI/NIES/JAMEST 2.8125° × 2.8125° lat(i,j) × lon(k,l) 

MPI-ESM-LR MPI-M 1.8653° × 1.875° lat(i,j) × lon(k,l) 

MPI-ESM-MR MPI-M 1.8653° × 1.875° lat(i,j) × lon(k,l) 

Nor-ESM1 NorClim 1.8975° × 2.5° lat(i,j) × lon(k,l) 
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Table 4.2. Estimated rainfall volumes from 100-year return period, 24-hour duration 

storms. 
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Table 4.3. Flood duration and flood volume increased significantly in two sectors of the city as well as in the combined sectors. 

Values represent R2 values from linear regressions of flood duration and flood volume vs. wetland loss in each sector of the city. 

Presence of values indicates significant results. * indicates p < 0.05. ** indicates p < 0.01. 

 Flood duration       

 2021 RCP 4.5 RCP 8.5 

 Lower 95%  Mean Upper 95%  Lower 95%  Mean Upper 95%  Lower 95%  Mean Upper 95%  

Southeast 0.83* 0.82* 0.77* 0.82* 0.78* 0.74* 0.81* 0.79* 0.73* 

Barrios Bajos 0.97** 0.94** 0.87** 0.94**  0.72* 0.94** 0.88**  

Isla Teja          

Las Animas          

Combined sectors 0.85** 0.85** 0.83* 0.85** 0.75* 0.79* 0.85** 0.84* 0.77* 

          

 Flood volume       

 2021   RCP 4.5   RCP 8.5   

 Lower 95% Mean Upper 95% Lower 95% Mean Upper 95% Lower 95% Mean Upper 95%  

Southeast 0.85** 0.94** 0.96** 0.92** 0.95** 0.97** 0.94** 0.96** 0.98** 

Barrios Bajos 0.89** 0.90** 0.91** 0.89** 0.90** 0.91** 0.89** 0.91** 0.91** 

Isla Teja          

Las Animas          

Combined sectors 0.96** 0.98** 0.98** 0.98** 0.98** 0.99** 0.98** 0.98** 0.98** 
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Figure 4.1. Left: Location of study site, Valdivia, Chile (39.8336 S, 73.2154 W). Right: 

Valdivia, and its land cover as delineated via spectral analysis of a 2010 orthophoto, 

drainage system, as described in 2012 by the Chilean Ministry of Public Works, and 

location of the Pichoy Airport meteorological station (39.656666 S, 73.087721 W; 

altitude: 18 m). 
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Figure 4.2. Process diagram detailing inputs and processes involved in this study. The left 

branch represents work that was accomplished in chapter 2, the model outputs of which 

were used in the present study. The right branch, bounded by the colored boxes, 

represents data and processes accomplished in the present study.  
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Figure 4.3. Land cover in the present day (2010) and under five scenarios of development 

by the year 2080. Wetland loss generally increases from left to right, and from top to 

bottom, compared to the present day. City-wide wetland loss for each scenario was: 

9.72% in Inclusive, 13.3% in Flood Resilient, 18.3% in Friendly, 23.98% in Eco-

Wetland, and 37.3% in Business-as-usual compared to present-day wetland coverage. 
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Figure 4.4. Subwatershed from the southeastern sector of Valdivia used for testing the 

effects of infiltration on flood volumes 
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Figure 4.5. Annual rainfall volumes over time. Top: Results for the RCP 4.5 warming scenario. Bottom: Results for the RCP 8.5 

warming scenario. The thick dark black line and band ending at 2021 represents the observed period data from Pichoy Airport 

station. The thick dark purple line and band represents the ensemble average mean and 95% CI for the models. Gray dotted lines 

represent starts and ends of important periods. 
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Figure 4.6. Mean (solid lines), and 95% confidence intervals (transparent bands) of 100-year return period, 24-hour duration storms 

over time. Top: Results for the RCP 4.5 warming scenario. Bottom: Results for the RCP 8.5 warming scenario. The thick dark 

black line and band ending in 2021, represents the observed period data from Pichoy Airport station. The thick dark purple line and 

band represents the ensemble average mean and 95% CI for the models. Gray dotted lines represent starts and ends of important 

periods. 
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Figure 4.7. Flooding and wetland loss in different sectors of Valdivia where findings were significant. Values for the lower and 

upper extents of the gray bands represent flood volume for the lower and upper CI of rainfall volume in each climate scenario. 
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Figure 4.8. Rate of change in flood volume per unit of rainfall with wetland loss for 

sectors for which this trend was significant (p < 0.05). 
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Figure 4.9. Total flood volume in the subwatershed using input rainfall volume from the 

lower CI, mean, and upper CI estimates of the 2021 and RCP 8.5 climate scenarios. 

Values for the lower and upper extents of the colored bands represent flood volume for 

the lower and upper CI of rainfall volume in each climate scenario. 
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CHAPTER 5 

PLUVIAL FLOOD MODELING WITH THE ARC-MALSTRØM METHOD AND 

GROUND TRUTHING IN HERMOSILLO, MÉXICO 

 

5.0. Abstract 

Pluvial flooding is of increasing concern to cities contending with the dual 

challenges of climate change and development. Cities often estimate their flood risk 

using one or several relatively simple flood models that capture very few of the processes 

by which they might flood, such as through runoff generation or overland flow. I 

compared estimates of flood risk from three methods—the classic rational method in 

HEC-RAS, the relatively new Arc-Malstrøm method in Python, and a sketch mapping 

form of participatory mapping—to examine whether and how these easy-to-deploy 

methods might improve upon flood estimation in Hermosillo, Sonora, México. I 

conducted surveys on flood risk perceptions and a participatory mapping exercise with a 

total of 87 respondents across Hermosillo, 85% of which were at the respondent’s place 

of employment. The survey included questions about perceptions of city-wide and 

survey-area flood risk, specific impacts from flooding, and flood depth and duration. This 

allowed examination of the relationships between responses, as well as the characteristics 

of salient flooding events and the potential biases of respondents during participatory 

mapping exercises. I found less than 4.60% average overlap between the estimated areas 

of flooding in all three methods, 39.0% average overlap between the rational and the 

sketch mapping method, 9.66% average overlap between the Arc-Malstrøm and sketch 

mapping methods, and 7.25% overlap between the Arc-Malstrøm and rational methods. I 
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also found that perceived flood risk was likely to be higher with respondents who had 

experienced impacts to commerce and their commute over other categories of impacts 

such as vehicles, structures, personal belongings and persons, and all other impacts. 

Though my responses in the sketch mapping exercises were biased toward reporting on 

street flooding, I nonetheless found it to be a useful tool to identify areas of flood risk that 

have an actual impact on citizens. Additionally, I found that sketch mapping is a useful 

method to use to foster transdisciplinarity and transformative science through its easy 

deployment and ability to engage traditionally excluded populations from flood resilience 

planning. 

 

5.1.  Introduction 

The frequency of pluvial floods is expected to increase with climate change-

driven increases in the intensity and frequency of rainfall in cities across the globe 

(O’Donnell & Thorne, 2020), and from the replacement of natural landscape features 

with synthetic ones as part of dominant patterns of urbanization (Lashford et al., 2019). 

Pluvial flooding is surface ponding or overland flow that occurs when rates of 

precipitation exceed the capacity of drainage systems and/or surfaces to remove it 

(Falconer et al., 2009; Rosenzweig et al., 2018). Pluvial flooding can lead to loss of life, 

damage to property, and disruption of transportation networks (Chang et al., 2010; 

Douglas et al., 2010; Falconer et al., 2009; Yin et al., 2016). It is also a global issue; for 

example, severe pluvial flooding accounts for 40% of losses from weather events in the 

UK (Douglas et al., 2010), and affects more than 200 cities across China (Jiang et al., 

2018).  
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Pluvial flood modeling is critical to predicting flood locations and damages, even 

though model architecture and outputs have their limitations, particularly in urban areas. 

(Rosenzweig et al., 2020). Models in practice in urban watersheds are often two-

dimensional and predict areas of elevated runoff (HEC-RAS), one-dimensional and 

predict flooding locations and volumes within urban drainage areas (EPA SWMM, Arc-

Malstrøm (Balstrøm and Crawford, 2018)), and coupled 1D-2D models (PCSWMM) that 

predict flooding locations and even flood depths. Tu, Wadzuk, and Traver (2019) 

reviewed all of the major models currently of these types, such as GIFMod, MOUSE, and 

EPA SWMM, being used to simulate functions of stormwater management systems, with 

a special focus on those incorporating green stormwater infrastructure. They found that 

none of them had comprehensive abilities to model runoff generation, routing, GSI 

vadose zone/groundwater, evapotranspiration, and programmable control in urban 

settings. New, so-called “data-driven” models are of increasing interest among academics 

(Heonin et al., 2013; Penning-Roswell & Kordenwall, 2019; Wolfs & Willems, 2016) 

and offer advantages over these other forms of models insofar as they are 

computationally faster and not deterministically constructed (Li & Willems, 2020). The 

adoption of data-driven models by practitioners in cities is, in my experience, quite low, 

and older, more deterministic forms of flood modeling still dominate the field. 

Participatory mapping has been identified as a non-modeling risk estimation 

approach that is crucial for successful disaster risk reduction (Mercer et al., 2009). 

Participatory mapping is common among development workers and researchers 

(Chambers, 2008; International Fund for Agricultural Development, 2009). It is also 

commonly used for community-based disaster risk reduction work (Twigg, 2004; Benson 



 

129 

et al., 2007). Participatory mapping allows communities to identify hazard-prone and 

vulnerable areas, which may or may not be included in modeling estimates of flood risk. 

Cadag and Gaillard (2012) provide a review of the many forms of participatory mapping 

in the literature, which includes a form called “sketch mapping.” Sketch mapping 

involves respondents drawing on a provided map with pens or colored markers either 

points or shapes or both, indicating the dimensions and locations of a given disaster risk. 

It offers the advantages of relative ease of setup and low cost of execution, but also the 

disadvantages of being difficult to correct and adjust and that it is not georeferenced or 

scaled by the participants (Cadag & Gaillard, 2012). In urban areas, where flooding 

occurs among large populations of people, and where flood modeling is particularly 

difficult (Rosenzweig et al., 2020), sketch mapping exercises may be able to make up for 

the shortcomings of model estimations and to expand my understanding of the spatial 

characteristics of problematic flooding. 

In this study, I compared three methods for flood risk estimation in a city, 

Hermosillo, Sonora, México, with one another: the rational method (HEC-RAS), the Arc-

Malstrøm method, and the sketch mapping form of participatory mapping. Among the 

forms of flood risk modeling, the Arc-Malstrøm method (Balstrom and Crawford, 2018) 

is one of the newest, and as such its outputs have not been compared with other accepted 

methods for its potential overlaps and differences, nor has it been ground-truthed. I 

hypothesized that the rational method and the Malstrøm method overlap substantially, 

particularly along roadways and canals, and in large paved areas of the city like parking 

lots; I hypothesized that they would diverge on large, flat, and open areas of land, where 

infiltration might be high but which might still collect water during large storms. I also 
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hypothesized that the participatory mapping method of flood estimation would overlap 

with both forms of flooding, but would have greater overlap with the Arc-Malstrøm 

method for its likelihood of identifying areas of pooled water.  

Additionally, I wanted to examine several variables for their potential impact on 

the results of the sketch mapping form of participatory mapping, by pairing a 

participatory mapping exercise with a survey of participants regarding their flood risk 

perceptions and experiences. I hypothesized that people who had experienced greater 

numbers of impacts or more locations of flooding would rate flood risk as greater than 

those with fewer flood risk experiences or that had experienced flooding in fewer 

locations.  

  

5.2. Methods 

5.2.1. Study site 

Hermosillo, population 810,000, is the capital city of the state of Sonora in 

México (Fig. 5.1). Hermosillo’s climate is categorized as a hot desert climate according 

to the Köppen-Geiger climate classification system, with daily mean temperatures 

ranging from 24°C in winter to 32°C in the summer, with summer highs sometimes 

reaching 48°C. Hermosillo has a range of mean annual precipitation from 350 to 700 mm 

(Hallack-Alegria & Watkins, 2007), divided into two precipitation seasons: a mild rainy 

season in the winter, and a more extreme rainy season, driven the North American 

Monsoon (NAM) from the Gulf of California (Sea of Cortés) in the summer (Hallack-

Alegria & Watkins, 2007). The majority of Hermosillo’s annual precipitation arrives in 

short-duration, high-intensity events during the NAM (Vivoni et al., 2008). 
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The primary water source for Hermosillo is the Río Sonora, which enters the city 

after first being detained at a dam to the east of the municipal boundary, at about the 

middle latitudes of the city. The Sonoran River flows through Hermosillo via a cement 

canal, which serves as the end point for much of the city’s stormwater management 

system. Stormwater is routed along the surface of the city’s roads toward minor canals 

and ultimately to the Sonoran River canal. Toward these ends, many of the city’s 

roadways are intended to serve as “calle canales,” or street canals, and feature curbs that 

may exceed 1 meter in height in order to accommodate stormwater. Calle canales empty 

into drainage system openings that then flow through either surface canals or 

underground conduits to the Sonoran River. Thus, surface routing is a major form of 

stormwater management in Hermosillo and in most parts of the city, there is no drainage 

system alongside or underneath roadways to remove water draining from impervious 

surfaces. 

 

5.2.2. Previous flood modeling and accounting work in Hermosillo 

Hermosillo’s Ministry of Public works hires contractors to assess flood risk in the 

city. A flood-risk map was produced by Hemek Ingeniería (Hemek), which is a 

corporation focused on hydrological engineering and stormwater management in 

Hermosillo, and is updated annually. In their assessment of Hermosillo’s flood risk, 

Hemek primarily employed the HEC-RAS two-dimensional model, using a 100-year 

return period/24-hour design storm, and identified areas of high runoff (typically 

characterized by high slopes and impervious surfaces) and routing as areas of major flood 

risk. Hemek also conducts their own ground-truthing exercises, visiting sites of flooding 
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reported to them by citizens and developers, and updates their flood risk assessment to 

reflect the presence of any of these areas not already included in their model outputs. 

Hemek provided to me their shapefile of flood-risk polygons in Hermosillo that resulted 

from their modeling and ground-truthing work. 

 

5.2.3. Flood modeling with Arc-Malstrøm 

To estimate areas where pluvial flooding is likely to occur during intense 

precipitation events, I employed the Arc-Malstrøm method developed by Balstrøm and 

Crawford (2018). The Arc-Malstrøm model (Balstrøm & Crawford, 2018) is a two-

dimensional hydrological model that distributes precipitation along a network of 

topographic depressions. It is a hydrologically incomplete but simple and quick method 

to estimate areas of flood risk, relative to other forms of hydrodynamic modeling (Zhao, 

Balstrøm, Mark, & Jensen, 2021). It has been used to assess surface flooding depths and 

locations in areas with abundant impervious surface, such as cities, and intense rain 

events such as cloudbursts and monsoon storms (Balstrøm & Crawford, 2018; Hamstead 

& Sauer, 2021). The input value for precipitation for Hermosillo, based on estimates 

provided by Hemek, was 98 mm for a 100-year return period, 24-hour duration storm.  

The Arc-Malstrøm method assumes that the rainfall rate exceeds rates of 

infiltration and evapotranspiration in the landscape, and also the rate at which any 

drainage infrastructure can effectively remove water from the surface. As such, the Arc-

Malstrøm method is most accurate when modeling pluvial flooding that occurs as a result 

of very intense (e.g., of 100-year return period or more) storms, such as monsoon and 

cloudburst events. Arc-Malstrøm produces more accurate estimates of pluvial flooding in 
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areas where there is very low infiltration, such as urban areas with extensive impervious 

surfaces, and less accurate estimates in areas with natural land-cover types or engineered 

land covers that promote infiltration.  

The original Arc-Malstrøm model was designed for use in Python 2.7 (Python) 

environments and has not been maintained to function on more recent Python releases. In 

order to run the model on more recent Python architecture, I used the Septima fork 

(Septima.dk & Balstrom, 2020) of the original Arc-Malstrøm repository (Septima.dk & 

Balstrom, 2016), which as of June 2020 functioned without issue on Python 3.6. 

 

5.2.4. Survey instrument and participatory mapping 

Our survey instrument consisted of 10 questions (Appendix C). It began with 

questions about flood-risk perceptions of individuals, and whether or not they have 

experienced flooding in their neighborhoods (Appendix C). In the case that I was 

interviewing an individual in their home, they were answering questions about the 

neighborhood in which they live. If I were speaking to an individual in their workplace, 

they were answering questions about the neighborhood in which they worked. All survey 

respondents fell into either the “Home” or “Work” category and were not simply visiting 

or passing through the survey area. The location in which the survey was conducted was 

also recorded. 

Respondents were also asked to perform sketch mapping of flooding in their 

locality, a form of participatory mapping that has respondents indicate flood locations 

(points), flood dimensions (area), or both. In the case that a respondent indicated a point 

of flooding, they were asked to instead outline the area of flooding, but not all 



 

134 

respondents complied. Respondents were further asked to indicate, on a scale of 1-5, 

where 5 is the highest value, the level of danger they felt that flooding represented in the 

areas they drew. Additionally, respondents were asked to describe the kinds of impacts 

they experienced, and for how long the impacts they suffered lasted. Respondents were 

also asked if they had flood insurance. Finally, respondents were asked to provide their 

primary form of transportation. Respondents who indicated that they had not experienced 

flooding in the survey area were all assigned a “1” for the level of danger that they 

perceived in the area. 

I selected six areas in Hermosillo to conduct these surveys (Fig. 5.1). Areas were 

selected for either having substantial flood risk according to rational method or Malstrøm 

models. Survey areas were all roughly 1 km in diameter, except for one that was 

extended in order to get enough interviews. Survey areas were located in areas with 

mixed commercial, residential, and industrial zoning. All questions and answers were 

originally in Spanish, and have been translated by the interviewer (the lead author) for 

this study. Exposure, or the time in which the respondent participated in the participatory 

mapping and survey exercise, averaged approximately 20 minutes. However, due to 

many interviewees being at work during the interview, and often the sole employee at 

work, this exposure may have been in non-consecutive portions of time. 

Participatory mapping results were later digitized by drawing the flood areas 

depicted on the respondents’ maps in ArcGIS Pro (ESRI) using the Create tool. A 

comparison of the key features of the three flood-area estimation methods (rational, 

Malstrøm, and participatory mapping) are included in Table 5.1. Flood areas identified 
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through participatory mapping were also coded according to the characteristics of the 

identified areas: streets, critical infrastructure, buildings, and general areas. 

 

5.2.5. Analysis of relationships between flood risk perception, flooding impacts and 

characteristics, and flooding locations 

In order to draw relationships between binary responses to questions (e.g., “Yes” 

to the question, “do you believe that flooding is a problem in this area?”) and other 

responses, I employed binary logistic regression analysis in R (R Core Team, 2021). 

Binary logistic regression is used to model the relationship between a binary target and 

any number of independent variables, either qualitative or quantitative. The general 

formula for logistic regression is: 

𝑙𝑜𝑔𝑖𝑡(𝑝) = 𝑏0 + 𝑏1𝑋1 + 𝑏2𝑋2+. . . + 𝑏𝑘𝑋𝑘 (1) 

Where  

p represents the odds ratio 

bk represents the coefficient of variable k 

X represents the value of variable k.  

The odds ratio (OR) represents the probability of the presence of a variable 

divided by the probability of the absence of a variable. After screening predictor variables 

to verify no violation of the assumption of the linearity of the logit, I used binary logistic 

regression to relate question 1 (Q1: “Do you think flooding is a problem in Hermosillo?”) 

to question 2 (Q2: “Do you think flooding is a problem in this area?”) and the other 

predictor variables:  
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Q1 ~ Q2 + ImpactCommerce
 + ImpactCommute + ImpactStructure + ImpactVehicle + ImpactPersons + ImpactOther + 

FloodDepth + FloodDuration + OrdinalRisk + TransportType + FloodLocationStreet + 

FloodLocationCriticalInfrastructure + FloodLocationHomeBusiness + FloodLocationGeneralArea 

 

Similarly, I related Q2 to my variables using binary logistic regression according to the 

following equation: 

Q2 ~ ImpactCommerce
 + ImpactCommute + ImpactStructure + ImpactVehicle + ImpactPersons + ImpactOther + 

FloodDepth + FloodDuration + OrdinalRisk + TransportType + FloodLocationStreet + 

FloodLocationCriticalInfrastructure + FloodLocationHomeBusiness + FloodLocationGeneralArea 

 

To relate ordinal perceptions of flood risk (Question: “On a scale of 1 to 5, how 

dangerous do you believe flooding to be in this area?”) to my other survey variables 

using ordinal logistic regression in R (R Core Team, 2021). After screening predictor 

variables to verify no violation of the assumption of the linearity of the logit, I used 

ordinal logistic regression to relate ordinal perceived danger of flooding (on a scale 

between 1 and 5, where 5 is the most perceived danger) to my predictor variables 

according to the following equation:  

OrdinalRisk  ~ ImpactCommerce
 + ImpactCommute + ImpactStructure + ImpactVehicle + ImpactPersons + ImpactOther 

+ FloodDepth + FloodDuration + TransportType + FloodLocationStreet + 

FloodLocationCriticalInfrastructure + FloodLocationHomeBusiness + FloodLocationGeneralArea 

 

  



 

137 

5.3. Results 

5.3.1. City-wide flooding 

Flood models from the rational method (the HEMEK flooding estimates) and 

Malstrøm methods differed substantially in terms of total area estimated to be at risk of 

flooding (Table 5.2) as well as the locations where that flooding was projected to occur 

(Fig. 5.2). HEMEK estimates 3,717.8 ha at risk of flooding  (21% of Hermosillo’s 

municipal area), whereas the Malstrøm model estimates 730 ha of flood-risk areas (4.2% 

of municipal area); only 209 ha of flood-risk areas between the two models overlap 

(1.2% of municipal area). Areas at risk of flooding according to the rational method were 

largely along waterways and major arterials in the city; areas at risk of flooding according 

to the Malstrøm model also included many major waterways, particularly the Río Sonora 

which runs through the middle of the city, but also along historical waterways not 

included in the waterways polyline file. In many locations, the Malstrøm model identified 

large parking lots, roofs, and intersections as areas likely to accumulate flood water. 

 

 

5.3.2.1. Survey results 

I successfully conducted 87 interviews across six sites. Because of local customs 

regarding answering doors and construction practices for residences, access to homes was 

difficult or impossible in most locations. Consequently, 85% (n = 74) of all surveys (N = 

87) were conducted at business locations with business owners, business employees, or 

designated representatives for businesses. Surveys conducted at homes with residents 

represented 13% (n = 11) of all surveys. Surveys conducted at locations serving as both 

businesses and homes represented 2% of all surveys (n = 2). 
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5.3.2.2. Participatory mapping and comparisons with other methods of flood area 

estimation 

The six areas surveyed comprised 573.80 ha, or roughly 3.27% of the urban area 

(Fig. 5.1). Within the survey areas, the rational method estimated 146.80 ha of flooding, 

or 25.5% of the survey areas; the Malstrøm estimated 40.30 ha of flooding, or 7.02% of 

the surveyed area; and participatory mapping estimated 64.40 ha of flooding, or 11.22% 

of the surveyed area (Table 5.2). For each site except 6, where there was no flooding 

according to the rational method, there was generally more overlap between the 

participatory-mapping flooding and the rational-method flooding than the Malstrøm-

method flooding. In any given site, overlap between participatory, rational, and 

participatory methods was 15.5% or less of total flood areas identified by the 

participatory-mapping method in survey areas, and averaged across all sites was 4.98%. 

Overlap between flood areas estimated by the rational and Malstrøm methods was less 

than 15% of rational-method flood areas in survey areas, or 6.04% on average, indicating 

that these methods generally identified unique flood-risk areas (Table 5.2). Areas that 

respondents identified as areas of flooding were divisible into five categories: streets, 

critical infrastructure buildings, businesses, and general area (Fig. 5.2). The number of 

responses in each category were 85, 1, 2, and 14, respectively, with 102 total flood areas 

identified in the exercise.  
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5.3.2.3. Impacts of flooding 

 I determined six categories into which survey responses about impacts of flooding 

fell: commerce, commute, structural, vehicle, persons, and other inconvenience (Table 

5.3). Impacts in the first five categories represented 97.8% of all impacts provided by 

respondents. One impact, “car collisions with buildings” was included in the category of 

“damage to structures and infrastructure” rather than “damage to vehicles” because the 

emphasis from the respondent was the impact to the building, and also to avoid creating 

multicollinearity between categories. 

 

5.3.2.4. Relationships between survey variables and perceived flood risk 

Logistic regression revealed that respondents were more likely to say that 

flooding was a problem in Hermosillo if they had experienced flooding in the survey area 

(OR = 6.10; 95% confidence interval (CI): 1.11, 46.44; p < 0.05). No other factor was 

significantly correlated with city-wide flood risk perception.  

Survey respondents were more likely to report having experienced flooding in the 

survey area if they were impacted by flooding in the categories of commerce (OR = 25.9; 

95% CI: 4.64, 543; p < 0.05) and commute (OR = 8.82; 95% CI: 2.19, 70.7; p < 0.05). 

Survey respondents with greater numbers of any category of impact (OR: 18.2; 95% CI: 

5.69, 98.38; p < 0.05), and with multiple categories of impacts (OR: 87.2; 95% CI: 5.69, 

98.4; p < 0.05) were more likely to report flooding being an issue in their survey area. 

The perceived danger of flooding posed to respondents in the survey area increased with 

the number of flooding impacts to commerce (OR = 2.61; 95% CI: 1.71, 4.10; p < 0.05), 

commute (OR = 1.77; 95% CI: 1.09, 2.95; p < 0.05), vehicles (OR = 3.02; 95% CI: 1.21, 
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7.77; p < 0.05), and persons (OR = 3.40; 95% CI: 1.58, 7.54; p < 0.05). This was also 

true with increasing flood depth (OR = 36.7; 95% CI: 7.89, 232; p < 0.05), but not with 

increasing duration of flooding. Perceived flood risk was not significantly related with 

any particular category of flood location identified in the participatory mapping exercise, 

or the total number of elements identified, but it was generally higher with greater 

numbers of flood location categories (OR = 18.5; 95% CI: 5.70, 75.8; p < 0.05).  

Greater durations of flooding were correlated with more impacts to commerce 

(Spearman’s Rank correlation, ⍴ = 0.298, p < 0.05) and to the total number of impacts (⍴ 

= 0.365, p < 0.05), but not to location types or total locations of flooding identified by 

participatory mapping. Greater depth of flooding was also positively correlated with more 

impacts to persons (⍴ = 0.375, p < 0.05) and to the total locations of flooding identified 

by participatory mapping (⍴ = 0.313, p < 0.05).  

 

5.4. Discussion 

This study compared flooding characteristics and overlap among three methods of 

risk estimation. Although all three methods produced overlapping areas of flood risk, 

they identified unique areas at risk of flooding in the majority of cases, indicating that the 

use of multiple methods of flood estimation will increase the likelihood of estimating 

areas of flooding that impacts urban residents. Overlap between the rational and Arc-

Malstrøm modeling methods of flood estimation and the participatory mapping method 

was highly variable in survey areas, with more overlap between the rational method and 

the participatory mapping method than the Arc-Malstrøm method and the participatory 

mapping method in each survey area and on average. Thus, in the absence of 
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participatory mapping in a city, the use of multiple models may increase the likelihood of 

identifying areas that are problems for people. However, the use of either or both is 

unlikely to identify all or even most of the areas of flooding that pose salient risk to urban 

residents. 

Participatory mapping and surveys may provide an incomplete picture of flood 

risk in a city, even in relatively small survey areas (~1 km in diameter). Since 

respondents were more likely to identify flooding as a problem if they were impacted in 

the areas of commerce or commute, it may be that participatory mapping is not effective 

in ground-truthing areas identified by modeling methods where people are not being 

directly affected by flooding—perhaps particularly in these two categories of impacts. 

Also, respondents over-emphasized streets as locations of flooding in the participatory 

mapping exercise (83% of all identified areas of flooding) relative to the number of 

reported impacts about disruptions in commutes (30.7% of all reported impacts). Further, 

while respondents were able to identify flood areas that affect access to and function of 

transportation infrastructure (streets and general area location categories), they did not 

identify flooding at the sites of any critical infrastructure that would be related to impacts 

like loss of electricity (7.39% of all reported impacts).  

Analysis also indicated that the number of areas identified as at risk of flooding is 

significantly correlated with the amount of time that flood waters stay present in the area, 

such that areas with more transient flooding were less often identified in participatory 

mapping. The areas identified in participatory mapping may then be limited in scope: 

biased toward flooding that lasts for longer and in areas that affect people’s abilities to 

ply their trades and move about the city. That said, mapping and surveys were done 
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typically at businesses, and respondents in this study may be biased to answer along these 

lines given their locational and personal identities. Unfortunately, the sample size of 

surveys and mapping exercises done at locations that were not businesses was too small 

to test for biases within these groups with any certainty. The literature explorations is 

silent onthese sorts of biases in participants or responses for sketch mapping (Cadag & 

Gailard, 2012) or related forms of participatory mapping (Dennis, Gaulocher, Carpiano, 

& Brown, 2009; Schumann, Binder, & Greet, 2018), yet identification of such biases may 

be critical to understand the utility and scope of such methods.  

In the context of desert cities such as Hermosillo where precipitation is 

infrequent, survey responses and participatory mapping may also be influenced by 

relationships between time and risk perception. I conducted my study in June and July, 

just before the annual monsoon season started; consequently, respondents were speaking 

to flood risk perceptions and remembered locations of flooding from storm events at 

minimum nine or ten months prior to the time of the survey. Impactful flooding areas 

may then have been forgotten or remembered as less severe at the time of survey, and a 

different response may have been received if the survey were done at the time of or just 

after the monsoon season. Additionally, in areas where flooding is only a potential 

inconvenience for a few hours of a few days in a very limited season, flood risk may not 

be remembered as severe, even if respondents felt that flooding was severe during the 

period in which it is occurring. This may be complicated further by the severity of 

impact, such that a lesser impact like needing to move cars from streets from flooding 

three years ago is not so memorable, but having your home collapse due to flooding any 

time in a respondent’s past is quite memorable. Indeed, previous scholarship on the 
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cognitive aspects of risk perception revealed that the nature and severity of the damage 

experienced can affect flood-risk perception (Bubeck, Boltzen, & Aerts, 2012; Takao, 

Motoyoshi, Sato, & Fukuzono, 2004). However, I identify a clear need for more temporal 

considerations of risk perception–particularly of instrument-specific relationships 

between time and risk perception that are pertinent for exercises such as participatory 

modeling. 

Nonetheless, there remain compelling reasons to pursue the sketch mapping form 

of participatory mapping in order to verify or extend upon estimated flood risk areas 

according to hydrological models. Participatory mapping in general may help to achieve 

various government agencies’ goals of obtaining more active community stakeholder 

engagement in hazard preparedness and risk reduction efforts (Federal Emergency 

Management Agency, 2016; United Nations, 2015), although México’s Centro Nacional 

de Prevención de Desastres (CENAPRED) in particular does not call for this (Salinas & 

Espinosa, 2004). Participatory mapping may also be considered a part of transdisciplinary 

work, which emphasizes the inclusion of knowledge from non-academics (Scholz, 2017) 

and the active inclusion of “civil society actors as an external corrective on the ‘blind 

spots’ in the science system” (Schneidewind, Singer-Brodowski, & Augenstein, 2016). 

Sketch mapping in particular is a method with broad potential participation by the public, 

including marginalized groups with low scientific training but high local experience and 

expertise, such as youths and the illiterate (Cadag & Gaillard, 2012). These group 

members participate through the use of simple tools and without complex instruction. At 

minimum, my work has demonstrated the utility of sketch mapping toward revealing 

some of these blind spots in hydrological modeling. If science is to be a tool for change in 
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cities, methods such as sketch mapping will help resolve some of the weaknesses of other 

forms of flood risk management. 

 Sketch mapping has a much lower barrier to deployment and participation than 

other methods of collecting citizen knowledge of hazards, such as photovoice 

(Schumann, Binder, & Greer, 2018), given that materials are cheap (GIS software, pens 

and paper) and the time required to complete a participatory mapping exercise and survey 

is relatively short (~20 minutes on average for this study). For the respondents in this 

study, most of whom were either at their place of employment or were the employers 

themselves, lack of time was the most frequent barrier to participation or completion. Yet 

it is still less of a commitment than these other methods like photovoice (Schumann, 

Binder, & Greer, 2018) or workshops (Shrestha, Kröckler, Flacke, Martinez, & van 

Maarseveen, 2017), though these other forms may benefit from the inclusion of other 

processes such as social learning and knowledge co-production. Additionally, 

governmental organizations like FEMA recognize the important roles that the private 

sector can play in disaster preparation and recovery, emphasizing that the need for the 

business community’s involvement in pre-disaster planning in order to reduce risk and 

retain jobs, goods and services, and a stable tax base for cities (Federal Emergency 

Management Agency, 2016). Sketch mapping may be a way to bring in businesses to 

these resilience planning processes, or to reach businesses with owners or employees who 

cannot participate in forms of planning that require greater time commitments. 

As for the accuracy of the Arc-Malstrøm model, which is relatively new among 

hydrological models being deployed in cities (Balstrøm & Crawford, 2018; Hamstead & 

Sauer, 2021; Pallathadka, Sauer, Chang, & Grimm, 2022) and developed further in the 
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academy (Thrysøe et al., 2021; Zhao, Balstrøm, Mark, & Jensen, 2021), much 

examination remains to be done. While my study revealed that the overlap between 

estimated flood areas of Arc-Malstrøm, the rational method, and the participatory 

mapping method were low, thereby indicating the potential of Arc-Malstrøm to reveal 

areas of flooding not readily identified by the other two methods, the veracity of these 

areas unique to Arc-Malstrøm being at risk of flooding was not evaluated. In an earlier 

version of my proposed study, I had envisioned respondents first identifying areas of 

flooding in the same manner as was done here, to be followed by the presentation of a 

map showing the Arc-Malstrøm estimated areas of flooding in the survey area. 

Respondents would then be asked to identify areas that they could, from personal 

experience, say flooded or did not flood, and to what extent, among other characteristics. 

However, this second map was deemed too much of a time burden for the format in 

which my surveys and mapping exercises were conducted and abandoned in the final 

form. Thus, I do not feel that my present study should be used to decide the ultimate 

veracity of the Arc-Malstrøm method. However, based on the overlap between methods, 

and from expert verification by Hermosillo’s Hemek engineering firm in some locations, 

Arc-Malstrøm appears to have some degree of accuracy and modeling value in this urban 

context. 
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Table 5.1. Key model features of the rational, Malstrøm, and participatory mapping 

methods of flood estimation. “O” indicates that a feature is optional. 

 Method   

Model consideration Rational Arc-Malstrøm Participatory 

Slope Y Y N 

Curve number Y N N 

Stormwater management system flow N N N 

Groundwater flow N N N 

Catchment scale Y Y N 

Evapotranspiration N N N 

Community knowledge O O Y 
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Table 5.2. Estimated flood areas and flood area overlaps in each of the six surveyed sites 

for all flood area estimation methods. R = rational method; M = Malstrøm method; P = 

participatory mapping method. 

Site 

number 

R flood 

area (ha) 

M flood 

area (ha) 

P flood 

area (ha) 

P-R-M 

Overlap 

P-R 

Overlap 

P-M 

Overlap 

R-M 

Overlap 

1 24.8 16.7 3.06 15.5% 69.6% 27.6% 14.2% 

2 27.2 5.45 12.8 1.43% 17.3% 11.1% 4.15% 

3 21.1 1.23 1.70 1.87% 42.3% 2.95% 1.87% 

4 42.7 11.6 12.5 2.68% 28.7% 7.13% 14.5% 

5 30.6 0.931 9.56 1.48% 36.9% 2.36% 1.53% 

6 0.00 4.56 24.8   6.87%  

Sum 146 40.3 64.4     

Average 29.3 6.72 10.7 4.60% 39.0% 9.66% 7.25% 
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Table 5.3. Survey responses of flood impacts and their parent categories. Number of 

responses indicating impact in parentheses, of 176 total responses. 

Commerce (73) Commute (54) 

Damage to structures and 

infrastructure (4) 

Interruption of custom 

(25) Cannot walk (16) 

Flood damage  to office 

building (1) 

Damage to 

merchandise (8) Difficulty walking (3)  Canal collapse (1) 

Loss of electricity (12) Cannot drive (19) Car collisions with buildings (1) 

Damage to computers 

(1) Difficulty driving (6) Ceiling leaks (1) 

Must relocate business 

(1) Delay in commute (3)  

Cannot work (1) Buses delayed (1)  

Business floods (19) Traffic delayed (2)  

Must close business 

(2) Cannot cross street (4)  

Damage to office 

furniture (4)   
   

Damage to vehicles 

(18) 

Damage to persons and 

personal property (21) Other inconvenience (4) 

Cars lifted by flood 

water (7) Person carried away (1)  Flash flooding (1) 

Cars damaged (1) 

Damage to personal clothing 

(1) Emergence of rats (1) 

Car collisions with 

cars (4) 

Pay to pump water from home 

(1) Emergence of roaches (1) 

Car collisions with 

potholes (3) Damage to home furniture (4) Drainage backs up (1) 

Must move car from 

street (3) 

Home floods (11) 

Home collapsed (2)  

 Loss of electricity in home (1)  
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Figure 5.1. Upper left: Hermosillo in the context of North America and the Mexican state 

of Sonora. Lower right: City of Hermosillo overlaid with major waterways, roadways, 

and different methods of flood estimation.  
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Figure 5.2. Left: Locations of survey sites in Hermosillo. Right: Detailed view of 

identified areas of pluvial flooding from participatory mapping, and estimated areas of 

pluvial flooding from the Arc-Malstrøm and rational methods. 
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CHAPTER 6 

CONCLUSION 

6.1. Summary 

Pluvial floods present threats to the livelihoods and lives of urban communities 

across the globe, but this threat is manageable under appropriate research direction and 

development decisions. This dissertation highlights the interactions between internal 

changes in wetland UEI, stormwater management systems, changes in urban land cover, 

changes in climate, and the methods I use to assess pluvial flood risk. The work displayed 

here was interdisciplinary, employed mixed methods, and explored pluvial flood risk at 

multiple scales to expand the ways in which pluvial flood risk can be understood by 

researchers and lay people alike. In this final chapter, I will conclude with a summary of 

key findings, synthesize the view of this dissertation toward pluvial flood risk 

assessment, and offer compelling pathways forward for research. 

In chapter 2, I demonstrated the effects of a range of antecedent storage 

conditions in six wetlands on flood duration and flood volume in Valdivia, Chile. I 

combined field measurements of surface and soil water storage across two campaigns, 

during which rainfall volumes were less than the climate average, with stormwater 

management models that characterized wetland storage in several ways. I found that 

flood duration and flood volume were positively correlated with wetland stage and soil 

storage, though the overall effect was small relative to total flood duration and volume. 

Allowing the model to account for infiltration increased the amount of flood mitigation, 

but this effect was also small relative to systemic flooding. Studies on the benefits of 

wetlands toward pluvial flood mitigation have so far not considered how the range of 
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storage conditions that wetlands can exhibit, which are dependent on long-running 

climate and short-term seasonal storm conditions, will alter flood mitigation services. 

Daily changes in wetland storage were on the order of several centimeters, perhaps due to 

evapotranspiration (ET); thus, ET and storm timing may contribute to flood volume and 

duration in cities with wetland UEI. This research complicates broad statements about the 

universal benefits of wetlands in reducing flood volumes (Kadykalo & Findlay, 2016), as 

there appear to be other characteristics of wetlands that may reduce or increase flood 

risk.  

In chapter 3, I examined how projected changes in wetland land cover and 

contributing watershed land cover affect pluvial flood risk in Valdivia. I used model 

estimates of future landcover in Valdivia, generated from the work of local decision-

makers and leaders at UREx SRN scenarios workshops, to estimate changes in wetland 

and impervious cover using GIS software. These changes in land cover were then 

translated to changes in wetland dimensions in EPA SWMM using a novel methodology. 

I found that flood duration and volume increased with increasing wetland loss in some 

sectors of the city, such that the worst flooding occurred in scenarios that did not 

conserve wetlands within the city. Through modeling subsystems of the larger 

stormwater management system, EPA SWMM likely underestimated the effects of 

wetland loss on systemic flood volumes in portions of the stormwater management 

system. Further, in one subsystem, flood volumes decreased at locations downdrain of the 

wetlands rather than at the wetlands, indicating the impacts of wetland reduction may 

extend some distance into the network.  
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In chapter 4, I explored the combined effects of climate change and urban land-

cover change on pluvial flooding in Valdivia. I examined downscaled climate data 

produced by UREx SRN researchers using the ARRM method for changes in 30-year-

average annual rainfall volumes and 100-year, 24-hour storms in RCP 4.5 and RCP 8.5 

warming scenarios. The data indicated diminished annual rainfall volumes but elevated 

rainfall volumes during 100-year, 24-hour storms. I used the ensemble average of the 

climate model estimates to create mean, lower and upper bounds of rainfall volumes for 

storms in 2080 under each warming scenario, and input these values as design storms into 

EPA SWMM. I combined future rainfall volumes with the EPA SWMM models used in 

chapter 2 to estimate the combined effects of climate change and land-cover change on 

flood duration and flood volume. In some sectors of the city, modeled wetland loss 

produced significant increases in flood duration and volume during all storm intensities. 

In other sectors, flood duration and volume responded significantly only to increased 

rainfall volume, and wetland loss had no detectable effect on flooding. In one subsystem 

of the city where I allowed for infiltration in the model, projected flood volume 

significantly increased with wetland loss under all rainfall volumes. These findings 

indicated that wetlands may provide significant and substantial flood mitigation services 

under a range of rainfall volumes, and thus can help to reduce flood risk under a range of 

climate conditions. However, this flood mitigation service diminished with wetland loss. 

Other factors likely determine whether and to what extent wetlands provide flood 

mitigation services in urban stormwater management systems, such as configuration of 

wetlands within the overall system. 
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In chapter 5, I explored the utility of a new form of pluvial flood risk assessment, 

the Arc-Malstrom method, in Hermosillo, Sonora, México, by comparing it to citizen 

assessments of pluvial flood risk generated through participatory mapping, as well as to 

existing projections of pluvial flood risk generated from rational method modeling. I 

conducted a survey and mapping exercise with 87 respondents to collect spatial 

information (e.g., location, size, depth) and impacts of pluvial flooding in the survey area. 

I found little overlap (maximum 16.0%; average 4.60%) of pluvial flood areas between 

the methods in any given survey area. Perceived flood risk was likely to be higher with 

respondents who had experienced impacts to commerce and their commute over other 

categories of impacts such as vehicles, structures, personal belongings and persons, and 

all other impacts. The Arc-Malstrøm and participatory mapping methods provided 

additional useful information on the pluvial flooding that was problematic to citizens. 

Perceived pluvial flood risk in the city can be managed through targeted reduction of 

particular areas where pluvial flooding occurs, such as in businesses and along walkways 

and intersections. Models do not by themselves indicate pluvial flood areas that should be 

of higher or lower priority to stormwater managers in cities, and so the methods in this 

chapter may be used by managers to prioritize intervention. 

  

6.2. Synthesis 

Pluvial flooding presents a major risk to urban communities under present climate 

and development practices. Whether future urban communities will contend with 

elevated or diminished pluvial flood risk depends on their development decisions. City 

development has historically been accomplished through measures that increase the 
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impervious cover of the urban watershed and remove natural landscape features, such as 

wetlands, that would otherwise store and transport water away from frequently used 

surfaces (Greiner, Shtob, & Besek, 2020). Urban communities have also designed their 

stormwater management systems for storms of return periods of 2 to 15 years under 

historical climate conditions (ASCE/Environmental & Water Resources Institute, 2006) 

rather than for climate conditions they anticipate as possible in the near or distant future. 

Urban communities wishing to increase their resilience to pluvial floods should consider 

these temporal elements lest they find themselves in an avoidable future of increased 

pluvial flood risk. Further, in many cities across the globe, climate change is proceeding 

such that extreme storm events will become more common, so planning for an extreme, 

100-year storm event in the present day will leave cities unprepared for extreme storms 

several decades before the lifespan of a typical stormwater management system element. 

Depending on climate change projections, strategies for reducing long-term pluvial flood 

risk that also prioritize the functionality of stormwater infrastructure through its full 

lifespan should extend design criteria to more intense storm events, such as 200- or 500-

year storm events under present climate conditions. 

In order to extend these design criteria to more intense storms, or to more 

specifically anticipate the range of events likely for a city or a region, stormwater 

managers will also need to contend with a considerable range on the high-end estimates 

of rainfall volumes under several climate pathways. In my dissertation research, I used 

the ensemble average of 23 downscaled models in Valdivia, Chile, under two different 

warming scenarios, which rendered these estimates conservative. That is, roughly half of 

input climate models predicted even greater rainfall volumes under both climate 
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pathways, one estimating an upper 95% CI of nearly double the upper 95% CI of the 

ensemble average. If these other models end up being more accurate than the ensemble 

average, planned stormwater management systems may be under-designed and in need of 

upgrading before their lifespans are over. On the other hand, if these models end up being 

overestimates, then cities may overcommit scarce resources to stormwater management 

infrastructure.  

This is a problem with no clear pathway to absolute solution, as cities are 

constrained by finances and space in designing their stormwater management systems 

and are balancing the reduction of pluvial flood risk with other priorities that require the 

same resources. In terms of partial solutions, the findings in this dissertation indicate the 

utility of two strategies: managing for pluvial flooding where it is most impactful on the 

lives of citizens and use of flexible stormwater management elements such as UEI. By 

targeting particular forms of pluvial flooding and by siting UEI appropriately, cities may 

achieve impactful pluvial flood risk reduction with the lowest use of resources.  

Toward the first strategy, pluvial flood risk is dispersed throughout cities, but the 

proportion of it that is impactful on citizens is likely to be much more localized. In 

chapter 5 of this dissertation, I found that the perception of pluvial flood risk at scales of 

the city and the survey area are correlated with particular types of damage, which in turn 

occur in particular locations. My findings in this dissertation indicate that shielding 

businesses from pluvial flooding is critical, so focusing on improving retention and 

infiltration updrain of concentrated commercial centers may have a disproportionate 

impact on the perception and experience of pluvial flood risk. Similarly, cities should 

prioritize the reduction of pluvial flooding along major arterial roadways, as citizens 
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correlated pluvial flood risk with disruptions to commuting. Areas necessary for the 

access and function of public transport should also be prioritized, both for public 

perception of pluvial flood risk and because economically marginalized groups may lose 

access to essential services during pluvial floods (de Sousa Silva, Viegas, Panagopoulos, 

& Bell, 2018). 

Toward the second strategy, cities should expand their use of UEI such as 

wetlands, which may mitigate pluvial flood risk under any future rainfall volume, but 

they will need modeling resources to do this with any detectable effect. In this 

dissertation, I identified one subsystem in Valdivia where updrain wetlands mitigated 

downdrain pluvial flood risk at several different locations, and one subsystem where a 

downdrain wetland did not mitigate pluvial flooding anywhere in the system, which 

indicates that UEI such as wetlands provide their benefits conditionally on siting within 

the stormwater management system. As a general recommendation, cities may obtain the 

most benefit from siting UEI such as wetlands in updrain portions of their systems. 

However, cities should model the effects of such placement within their specific 

stormwater management system, and, in the case of using wetland UEI, consider a range 

of wetland dimensions. Wetlands of different dimensions will have different storage 

volumes and rates of infiltration and conveyance, so the presence and degree of the effect 

of wetland UEI on pluvial flooding may be detectable with some dimensions but not with 

others. Placement is potentially key to finding any effect of wetland UEI, but altering 

wetland dimensions may enable cities to ensure impactful pluvial flood risk reduction 

under projected future conditions. In the case that climate change models overestimate 

future precipitation, and cities find themselves with an “overdesigned” stormwater 
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management system, the use of UEI such as wetlands will yield additional ecosystem 

services (Mitsch, W., & Gosselink, J., 2015) that are much needed in urban areas and 

which cannot be produced by traditional gray infrastructure (McPhearson, 2014).  

 

6.3. Future Research Directions 

            Pluvial flood risk assessments would benefit greatly from being paired with other 

land-cover information to move beyond pluvial flood risk and into pluvial flood impact. 

As of now, discussions of pluvial flood risk, and most other forms of flood risk, concern 

issues of differential risk almost purely in areal terms (Messager, Ettinger, Murphy-

Williams, & Levin, 2021; Pallathadka, Sauer, Chang, & Grimm, in review). That is, in 

deciding if different populations experience disproportionate amounts of pluvial flood 

risk, researchers typically compare pluvial flood area with proximity to marginalized 

populations, for example at the scale of the census block group. This provides an idea of 

broad pluvial flood exposure, but it does not communicate specific impacts or suggest 

measures that cities might wield to reduce the threat that pluvial floods pose to citizens. 

For example, in reducing pluvial flood risk in areas with high rates of poverty, it may be 

more impactful to these citizens to target flooding along walkways near critical 

infrastructure, at stops for public transportation, and in first-floor housing units than it 

would be to reduce flooding in nearby parks. In wealthier areas, pluvial flood-risk 

reduction may be more impactful along roadways where citizens feel that they are at risk 

of damaging themselves or their personal vehicles. Cities may find more value in pluvial 

flood models if researchers are able to pair basic exposure information with location and 

sociodemographic information to estimate impacts. Such paired information allows for 
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more targeted, and potentially more resource-economical, interventions to reduce the 

threat that pluvial floods present to urban communities. Researchers may be able to 

identify more nuanced, and perhaps more impactful, forms of inequity between different 

citizen groups in cities, and make recommendations to reduce that inequity. 

            Of the hydrological processes in wetland UEI that can contribute to pluvial flood 

risk, I find no studies quantifying the effects of evapotranspiration (ET) on pluvial flood 

risk mitigation. Bois et al. (2017) found a large enough ET effect in a constructed 

wetland that it generated a sort of "biological tide," drawing water strongly during 

daylight hours and reducing the pull during twilight hours. In an individual wetland in a 

large urban area, the effect of ET may be rather small, and depending on other wetland 

characteristics such as configuration within the stormwater management system, may 

produce no notable effect on pluvial flooding. But scaled up to a city like Valdivia, where 

wetlands covered more than 20% of the urban area, and where much of the wetland area 

was vegetated, this ET effect may be quite large. I was unable to confirm an ET process 

as the source in my diurnal changes in wetland stage, but if it is the chief contributor of 

the effect, pluvial flood volumes may be reduced city-wide by a few thousand cubic 

meters simply by ET removing water during and after rainfall. Research into the ET 

effect of wetlands on pluvial flooding would be entirely novel, and would add another 

hydrological pathway by which wetland UEI can remove water that would not be wholly 

available with gray infrastructure (which would still allow for evaporation but not 

transpiration). 

            There remains a lack of studies examining differences in wetland UEI hydrology 

between natural, altered, and anthropogenic forms even though there are likely to be 
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significant differences in the hydrological processes between them. In my dissertation 

proposal from three years ago, I referred to natural wetlands instead as “heritage” 

wetlands and distinguished them from anthropogenic wetlands such as constructed 

wetlands, restored wetlands, and "accidental" wetlands (Palta, Grimm, & Groffman, 

2017). I defined heritage wetlands as natural wetlands that were not designed to perform 

a particular function or set of functions, although they may have been intentionally 

altered by humans from their spontaneous state to do so. In broader academia, heritage 

wetlands may be lumped into a broader category of "remnant" landscape features (Aliste 

& Musse, 2014). The bulk of academic literature concerned with UEI solutions to 

flooding focuses almost exclusively on urban stormwater GI expansion, either through 

engineered quasi-restoration of landscape features (Jia, Ma, & Wei. 2011) or by 

construction of wholly new GI projects (Belete 2018, Chan et al., 2018). There are many 

studies on differences between heritage wetlands and restored or constructed wetlands in 

terms of their other processes, such as nutrient cycling (Land et al., 2016), but none on 

flood mitigation. Key hydrological processes of wetlands, such as storage and infiltration, 

are likely different between heritage and other forms of wetlands, particularly in urban 

areas. Heritage wetlands for example may have different underlying soils than other 

forms of wetlands by virtue of being developed over longer periods, via spontaneous 

processes, and/or via different source materials, which will alter rates of infiltration. They 

may also have different dimensions than typical constructed or restored wetlands (Burgin, 

Franklin, & Hull, 2016), which are subject to urban land use constraints and geomorphic 

processes in urban areas that would not have been present under pre-urbanization 

formation. These differences in dimensions would alter storage and conveyance 
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properties. Additionally, if ET does contribute substantially to water removal during and 

after storm events, heritage wetlands and other forms of wetlands are likely to host 

different plant communities (Burgin, Franklin, & Hull, 2016), which in turn will lead to 

differences in average rates of infiltration and ET. 

            There are no long-term studies of wetland hydrology in urban areas, but there are 

processes in urban areas that will alter wetland hydrology over time. Sedimentation in 

urban waterways tends to be higher than in natural waterways (Vietz, Walsh, & Fletcher, 

2016), thus wetland dimensions and soil properties will be altered over time. 

Industrialization and other urban processes can increase transport and buildup of heavy 

metals in urban waterways, which can alter biodiversity of plants and in turn potentially 

infiltration and ET (Wu et al., 2016). Thus, the pluvial flood mitigation services of 

wetland UEI are likely to change, and likely diminish, over time. For the sake of 

understanding the true investment cost of wetland UEI, these long-term trends and needs 

for management should be studied. 

            Finally, future work on extreme events and pluvial flooding should engage more 

with reinsurance and post disaster payments (Hallegatte et al., 2012; Surminski, 2018) to 

ensure that citizens are able to recover their losses. Countries such as the United States 

only require flood insurance for areas designated at high risk of flooding according to 

FEMA, which are generally areas in fluvial and coastal flood zones but not pluvial flood 

zones. But given the potential of pluvial flood damages both now and in the future there 

is a clear need for insurance against pluvial flooding. The sharing of risk and the broad 

distribution of costs and compensations inherent to programs like reinsurance can 

potentially reduce the burden on individuals and households (Mechler et al., 2014), which 
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may help to keep communities solvent and free of the need to mobilize when impacted by 

pluvial flooding. 
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APPENDIX A 

TABLE OF RESULTS OF LINEAR REGRESSION FOR ANNUAL RAINFALL 

OVER VARIOUS TIME PERIODS 
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Values indicate R2. * indicates p < 0.05; ** indicates p < 0.01. 

 RCP 4.5    RCP 8.5    

Model 1969–2015 1969–2021 2016–2080 1969–2080 1969–2015 1969–2021 2016–2080 1969–2080 

ACCESS1-0 0.165** 0.189**  0.127**   0.239** 0.240** 

ACCESS1-3   0.125**   0.149** 0.150** 

BCC-CSM1-1   0.039*   0.070* 0.177** 

BCC-CSM1-1-M 0.088** 0.104**  0.067** 0.186** 0.101* 0.098* 0.216** 

BNU-ESM    0.094**   0.073* 0.136** 

CanESM2   0.123** 0.263**   0.357** 0.413** 

CCSM4       0.105** 0.083** 

CMCC-CM   0.14**   0.197** 0.216** 

CNRM-CM5      0.180** 0.099** 

CSIRO-MK3.6  0.085* 0.042*    0.056* 

GFDL-ESM2G 0.174** 0.217** 0.079* 0.218** 0.083* 0.156** 0.097* 0.260** 

GFDL-ESM2M 0.084* 0.087* 0.100* 0.233**   0.169** 0.319** 

HadGEM2-CC  0.063* 0.065**  0.102*  0.143** 

HadGEM2-ES  0.149** 0.123**   0.177** 0.217** 

INMCM4 0.129* 0.104*     0.120** 0.150** 

IPSL-CM5A-LR 0.122*  0.211**  0.119* 0.173** 0.299** 

IPSL-CM5A-MR  0.138** 0.295** 0.084*  0.154** 0.239** 

MIROC5   0.138** 0.125**   0.429** 0.286** 

MIROC-ESM  0.084* 0.100**   0.283** 0.229** 

MIROC-ESM-CHEM 0.091*  0.110*   0.302** 0.253** 

MPI-ESM-LR   0.044*   0.238** 0.201** 

MPI-ESM-MR 0.085* 0.076*  0.054*   0.192** 0.187** 

NorESM1-M   0.07**   0.067* 0.190** 

Ensemble average 0.434** 0.514** 0.404** 0.700** 0.344** 0.306** 0.803 0.830** 
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APPENDIX B 

TABLE OF RESULTS OF LINEAR REGRESSION FOR 100-YEAR RETURN 

PERIOD, 24-HOUR DURATION STORM OVER VARIOUS TIME PERIODS 
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Values indicate R2 * indicates p < 0.05; ** indicates p < 0.01. 

 

 RCP 4.5    RCP 8.5    

 

1998–

2015 
1998–

2021 
2016–

2080 
1998–

2080 
1998–

2015 
1998–

2021 
2016–

2080 
1998–

2080 

ACCESS1-0 0.723** 0.775** 0.718** 0.429**  0.581** 0.531** 0.069* 

ACCESS1-3 0.326* 0.471** 0.177** 0.131** 0.853** 0.889** 0.205**  
BCC-CSM1-1 0.871** 0.854** 0.237** 0.180** 0.648** 0.626** 0.097* 0.423** 

BCC-CSM1-1-M  0.866** 0.860** 0.296*  0.097*  
BNU-ESM 0.870** 0.648** 0.650** 0.595** 0.553** 0.388** 0.739** 0.773** 

CanESM2 0.557** 0.797** 0.249** 0.625** 0.573** 0.776** 0.355**  
CCSM4 0.734** 0.795** 0.473** 0.455** 0.719** 0.745** 0.312** 0.615** 

CMCC-CM 0.311*  0.647** 0.766** 0.222* 0.282** 0.420** 0.528** 

CNRM-CM5 0.719**   0.140**  0.492** 0.319** 0.052* 

CSIRO-MK3.6 0.351**  0.199** 0.888** 0.906** 0.664** 0.800** 

GFDL-ESM2G 0.832** 0.195* 0.824** 0.776**   0.812** 0.838** 

GFDL-ESM2M 0.747** 0.670** 0.304** 0.194**   0.841** 0.736** 

HadGEM2-CC 0.799** 0.889** 0.335** 0.107** 0.782** 0.872** 0.813** 0.900** 

HadGEM2-ES 0.314*  0.339** 0.537**  0.392**   

INMCM4 0.786* 0.707** 0.179**  0.585**  0.101*  
IPSL-CM5A-LR 0.681** 0.681** 0.092*    0.580** 0.325** 

IPSL-CM5A-MR 0.788** 0.773** 0.229**  0.429**  0.389** 0.465** 

MIROC5 0.845** 0.712**    0.435**  0.270** 

MIROC-ESM 0.695** 0.858** 0.484** 0.653** 0.870** 0.927** 0.515** 0.754** 

MIROC-ESM-

CHEM 0.547** 0.686** 0.182**  0.459** 0.277** 0.806** 0.843** 

MPI-ESM-LR 0.574** 0.418** 0.774** 0.874** 0.578** 0.450** 0.590** 0.779** 

MPI-ESM-MR 0.313**  0.58** 0.410** 0.853** 0.781** 0.780** 0.284** 

NorESM1-M 0.645** 0.282** 0.068*  0.439** 0.750** 0.493** 

Ensemble average 0.944** 0.909** 0.884** 0.916** 0.914** 0.889** 0.953** 0.973** 
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APPENDIX C 

SURVEY QUESTIONS IN SPANISH, FOLLOWED BY SURVEY QUESTIONS IN 

ENGLISH 
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Survey questions in Spanish 

P1: Cree que las inundaciones son un problema en la ciudad de Hermosillo? 

P2: Ha experimentado una inundación en esta área? 

A los participantes se les mostrará un mapa con una zona demarcada con un círculo azul 

claro. El mapa tendrá los puntos de referencias locales, como gasolineras, bancos, etc. 

P3: Por favor, podría dibujar un círculo alrededor de las ubicaciones en el mapa 

donde ha experimentado personalmente o sabes que otras han experimentado 

inundaciones que se producen durante la temporada de lluvias? La idea de 

“experiencias” puede describir impactos personales, tal como daño a propiedad, la 

interrupción del uso de aceras o calles, o puede describir un lugar donde ha visto 

inundación. 

P3a: Para cada ubicación, podría describir cómo el área le impactó? Por ejemplo, 

el área inundada le impidió andar en algún lado como una tienda de 

abarrotes? Le impidió manejar? La inundación causó colapso en las tuberías 

en el drenaje en su casa? 

P3b: Para cada ubicación, podría estimar que tan profunda fue la inundación? 

Hasta el tobillo, la rodilla, la cintura, o más alta? 

P3c: Por cuanto tiempo experimentó los impactos de inundación en las áreas que 

proporcionó? 

P3d: Si experimentó daño de una inundación, como una interrupción de trabajar o 

daño a su propiedad, recuerda cuánto dinero tuvo que pagar para solucionar 

el problema causado por el evento de inundación? 

P3e: Podría valorar en una escala del 1a 5 cada área de inundación que ha 

indicado por el peligro que se presenta a ud. o a su propiedad. 1 es el menos 

peligroso, 5 es el más peligroso. 

P3f: Ha considerado comprar seguro de inundación para su casa, propiedad, o 

negocio? Recuerda el costo? 

P4: Cuál es su principal medio de transporte? 
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Survey questions, in English 

 

P1: Do you believe that flooding is a problem in Hermosillo? 

P2: Have you experienced flooding in this area? 

Show the participants a map with an area marked with a clear blue circle. The map will 

have local reference points, such as gas stations, banks, etc. 

P3: Could you please draw a circle around the locations in the map where you 

have personally experienced flooding or where you know others have experienced 

flooding during the rainy season? The idea of experiences here can describe 

personal impacts, such as damage of property, interruption of the use of sidewalks 

or streets, or it could describe a location where you have seen flooding. 

P3a: For each location, could you describe how the area impacted you? For 

example, the flooded area impeded you from walking on some side, like 

near a grocery store. Did it impede you from driving? Did flooding 

overwhelm the drainage system at your house? 

P3b: For each location, could you estimate how deep was the flooding? To the 

ankle, knee, waist, or higher? 

P3c: For how much time were you impacted by flooding in the areas you 

provided? 

P3d: If you experienced damage from a flood, such as interruption of work or 

damage to property, do you remember how much money you had to pay to 

resolve the problem caused by the flooding event? 

P3e: On a scale of 1 to 5, could you evaluate for each of the areas of flooding you 

indicated the danger that flooding presented to you or your property? 1 is the 

least dangerous, 5 is the most dangerous.Podría valorar en una escala del 1 a 

5 cada área de inundación que ha indicado por el peligro que se presenta a 

ud. o a su propiedad. 1 es el menos peligroso, 5 es el más peligroso. 

P3f: Have you considered buying flood insurance for your house, property, or 

business? Do you remember the cost? 

P4: What is your main form of transportation? 

 


