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Abstract 

Nonstationarities in both climate and socioeconomic systems play a role in flood risk. Based on a 

data-driven case study in an urbanized watershed subjected to nonstationary factors in climate 

(rain, snow, and rain on snow) and socioeconomic conditions (e.g., built environment market 

changes), a multi-scale, multi-model approach was adopted to develop local-scale flood hazard 

predictions and an analytical framework was developed to quantify the associated flood risk. The 

case study shows that socioeconomic development can have a comparable contribution as 

climate variability when evaluating the expected annual damage. The relative contributions from 

socioeconomic development, in some cases, do not necessarily compound the risk, but can, in 

fact, act as a mitigating factor in annualized risk. Timelines of risk management planning are an 

important factor to consider. Socioeconomic factors such as market value can produce non-linear 

and reversed trends in flood impact assessments within the 10-year time frame. Further, the 
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nonstationarity of climate and development conditions together was shown to cause up to 43% of 

the variation in risk estimates and up to 70% of the variation in the benefit-cost effectiveness.  

 

Keywords: Benefit-cost appraisal; climate change; flood mitigation; risk assessment.  

 

Introduction 

Flooding causes more fatalities and economic losses on average than any other natural hazard in 

the United States. An annual loss of more than $10.4 billion since 2001 was estimated due only 

to flooding (FEMA, 2013). There are new concerns that such flood impacts may escalate in the 

near future due to anthropogenic climate change (Jongman et al., 2012b; Kundzewicz et al., 

2014). In particular, urban flooding in riverine and coastal areas has been recognized as one of 

three key climate-related risks for North America, although there is still uncertainty relative to 

the ability to accurately predict the magnitude and frequency of future floods (IPCC, 2014). 

 

While there remains uncertainty in the magnitude of change, it is important to begin developing 

approaches to understand potential consequences associated with these events. The purpose of 

doing so is to develop actionable information that can be leveraged in the management of flood 

risk in our communities (Arnbjerg-Nielsen et al., 2013; Kerle and Alkema, 2011). In many cases, 

the current practice for quantifying change for floodplain management is based on an assumption 

of stationarity (Te Linde et al., 2011), which essentially assumes unchanging precipitation 

conditions (e.g. historic conditions are representative of future conditions) or a nominal change 

in precipitation utilizing a change factor (Bouwer et al., 2010; Löschner et al., 2016). However, it 

is becoming increasingly accepted that precipitation should be viewed as a non-stationary 
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parameter in flood management (Gilroy and McCuen, 2012; Kavvas et al., 2017; Merz et al., 

2014). Systematic approaches (e.g., multi-model, multi-scale) to evaluate climate change 

projections are necessary to consider nonstationarity in future flood management. 

 

Precipitation is not the only nonstationary parameter that impacts floodplain management. It is 

well known that urban development impacts flood risk and has been identified as a major 

contributor to change in the magnitude and timing of floods (Hollis, 1975; James, 1965). While 

flood impacts relative to urban development often focus on land use change, such as increases in 

impervious surfaces, there are other factors associated with urban development that compound 

the consequences associated with floods. For example, socioeconomics associated with urban 

development, including population variations and economic dynamics, also contribute to changes 

in flood risk (Bouwer et al., 2007; Hallegatte et al., 2013; Kundzewicz et al., 2014). It has been 

suggested that the socioeconomic impact of urban development could have an equal or greater 

contribution to flood risk when compared to climate-related changes (Bouwer et al., 2010; 

Bouwer et al., 2007). Consideration of the broader socioeconomic components of flood risk has 

the potential to have a profound impact on risk management policy and approaches, including 

both structural (e.g., elevation, physical hardening, or stormwater management) and non-

structural (e.g., regulatory policy, financial incentives, or insurance) mitigation strategies 

(Dawson et al., 2011; McAneney et al., 2013). Recent attempts to include socioeconomics 

related to urban development have utilized temporally steady and spatially uniform variation 

scenarios (Alfieri et al., 2016b; Bouwer et al., 2010; Hattermann et al., 2014; Jongman et al., 

2012b; Te Linde et al., 2011; Tezuka et al., 2014). Research is needed to provide insight into 

nonstationary scenarios of urban development using either long-term historic observations of 
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socioeconomic change or non-linear land use forecasting models. The former can provide insight 

into the relative contribution of socioeconomics in flood risk, but does little to project future risk. 

The latter provides insight into future risk, but does so with a high degree of uncertainty. 

 

Understanding the independent and interactive mechanisms of climate variability and urban 

socioeconomics is essential for effective management of future flood risk. As a start, the relative 

contributions of each must be quantified in order to develop actionable information. 

Interpretation of the quantified individual and interactive contributions from climate and 

socioeconomics, based in science, would help shape policies regarding priority actions and the 

funding decisions regarding floodplain management. However, studies that attribute changes in 

risk to either of the factors are limited and, therefore, the interactive nature of the factors is not 

understood (Arnbjerg-Nielsen et al., 2013). Previous studies that evaluated flood risk factors as 

independent variables have used simplified flood projections by assuming an unchanged future 

inundation extent (Te Linde et al., 2011) or by simplified modeling approaches to quantify 

inundation extent (Bouwer et al., 2010). To robustly quantify the relative contributions of climate 

change and urban development to changing flood risk, there is a need to develop integrated 

methods that utilize readily-available climate scenarios to develop future realizations of flood 

events at scales and resolutions by which flood risk in urban area can be quantified. 

 

The above overview highlights the lack of a well-established analytic framework to assess flood 

risks in a nonstationary environment with variations in both climate conditions and the 

socioeconomic development stages. The objective of this study is, therefore, to propose and 

demonstrate a methodology to quantify the contributions of climate change and socioeconomic 
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development to flood risk, using best available data and a multi-scale, multi-model approach. 

The adopted multi-scale, multi-model approach consisted of (1) using existing downscaled 

projections of temperature and precipitation to drive distributed hydrologic modeling, (2) 

developing historic and projected flood frequency distributions and associated flood extents, (3) 

creating spatial intersections between flood extents and three historic urban development 

conditions, and (4) quantifying flood loss using infrastructure fragility relationships (Judi et al. 

2018). In this case, the three historic development conditions span the socioeconomic states just 

before and after the 2007-2008 global financial crisis. This purposely creates an opportunity to 

evaluate nonstationarity in socioeconomics compared to climate changes while effectively 

avoiding the need to develop highly uncertain projections of future land use changes.  

 

Methods 

Case study 

A case study was selected in a near-coastal urban region (Figure 1) within Snohomish County, 

WA, U.S.A. Snohomish County has experienced disastrous riverine flood events along the 

Snohomish River and its two primary tributaries: the Snoqualmie and Skykomish Rivers. 

Flooding in this watershed is expected every 2 to 5 years (Snohomish County Emergency 

Management, 2015). The exposed population and structures for the entire county were estimated 

as 75,389 and 7,370 (62% was residential structures) within the 100-year floodplain, respectively. 

Most residents of Snohomish County are familiar with the annual conditions responsible for the 

potential of riverine flooding. A total of 170 critical infrastructures exists within the 100-year 

floodplain (Snohomish County Emergency Management, 2015). Approximately 56% of the 

insurable buildings in the County planning area are covered by a flood insurance policy with 
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2,911 flood insurance policies in force. Currently, 19 jurisdictions in the County participate in 

the National Flood Insurance Program (NFIP), which requires new buildings and developments 

to be elevated to protect against damage by the 100-year flood as a minimum. In most locations, 

the County’s flood-warning system provides at least 2 hours of lead-time before floodwaters 

reach damaging levels. The County has instituted a Voluntary Floodplain Home Buyout Program, 

with 41 acquisitions completed from 1995 to 2014. The County has also provided a Voluntary 

Floodplain Home Elevation Program that partially reimburses the cost of elevating at-risk 

structures. While only 7 home elevations were completed through this program, many more 

homes have been elevated with flood claims and private financing (Snohomish County 

Emergency Management, 2015).  
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Figure 1. Study area with simulated historic 100-year flood extent 

 

To project the impacts from climate change and socioeconomic development on the local flood 

risks, this case study overlaid two flow conditions (historic: 1964-2014 and projected: 2067-2100) 

with three historic socioeconomic development states (2001, 2006, and 2011). Although no 

future socioeconomic development states were projected and used, the collected historic datasets 

capture the observed nonstationarities and can be used to provide insight into the sensitivity of 

socioeconomic development states on future flood risk. 
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To represent the climate change, a historic and a projected annual peak discharge distribution 

were developed (Figure 2). The historic flow condition was developed based on the streamflow 

observations (1964-2014) from the United States Geological Survey (USGS) stream gauge 

(#12150800, 47°49’52”N, 122°02’50”W) located on the Snohomish River, downstream of the 

Snoqualmie River and Skykomish River confluence (Figure 1). The future flow condition is 

represented using a projected annual peak discharge distribution derived from downscaled 

climate projections (Judi et al., 2018). Specifically, the climate outputs of the general circulation 

model (GCM) from the Platform for Regional Integrated Modeling and Analysis (PRIMA) were 

extracted for the Snohomish basin (Gao et al., 2014; Kraucunas et al., 2015) and dynamically 

downscaled using the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008). 

These dynamically downscaled climate simulations were then bias corrected to match the North 

American Land Data Assimilation (NLDAS-2) monthly data (Xia et al., 2012) as mentioned in 

Hejazi et al. (2015) using the Bias-Correction Spatial Disaggregation (BCSD) method described 

by Wood et al. (2004). The generated 1/8
th

-degree hourly climate projections for the time period 

of 2067-2100 based on the representative concentration pathway 4.5 (RCP4.5) and RCP8.5 

(Kraucunas et al., 2015) were used as the projected climate forcings to drive the high-resolution 

hydrology simulations. The hydrology was represented by the Distributed Hydrology Soil 

Vegetation Model (DHSVM) (Wigmosta et al., 1994) (150 m resolution) that performed a 

continuous simulation of the time period using hourly intervals. The Bulletin 17C flood-

frequency method (England et al., 2015) was used to quantify the frequency distribution of 

annual peak discharge for both historic and projected flow conditions. The Bulletin 17C analysis 

showed that the RCP4.5 pathway had slightly larger peak flows than the RCP8.5 in the less 

frequent but more destructive extreme events (Judi et al., 2018). The RCP8.5 pathway was also 
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found to have relatively lower peaks than RCP4.5 by Madsen et al. (2014) as a result of reduced 

winter snowpacks due to increased winter temperatures, so the RCP 4.5 was chosen for use in 

this study to represent the flood hazard with more serious consequences. The DHSVM model 

had been previously calibrated using observed flows from the same USGS stream gauge on the 

Snohomish River for the 1983-1993 period with a validation period from 1996 to 2006 and using 

weather forcing data from the NLDAS-2 (Judi et al., 2018). By comparison, the annual peak 

discharge of the projected climate state was 19%, 22%, and 24% larger than the annual extreme 

of the historic climate state for the 10, 100, and 1000-year return intervals, respectively (Figure 

2). 
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Figure 2. Flow distribution curves 

 

The historic and future flood frequency distributions were further used to quantify flood 

exposures associated with the annual peak flows. To accomplish this, 137 samples were selected 

across each of the historic and projected frequency distributions of peak flows and then used as 

the boundary condition to drive the hydrodynamic simulations. For each selected event, a 

shallow water equation-based two-dimensional hydrodynamic model (Judi et al., 2010) 

simulated the riverine inundation until a steady-state condition was reached. The resolution of 

the hydrodynamic simulations was 30 meters, a slight improvement over previous studies which 
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generally considered future flood risk at resolutions ranging from 100 meters to 1 kilometer 

(Alfieri et al., 2016b; Hattermann et al., 2014; Te Linde et al., 2011; Tezuka et al., 2014). The 

digital elevation model (DEM) data were collected from the USGS 3D Elevation Program 

(3DEP). The base flood elevation (BFE), conventionally viewed as the 100-year flood (Burby, 

2001), increased by 0.21 m (9.12%) on average with a maximum local increase by 4.60 m due to 

the projected climate change only.   

 

The socioeconomic development states were quantified using Snohomish County-assessed parcel 

information, excluding additional uncertainty associated with future land use projections. The 

parcel information included geospatial representation of the parcel boundaries, the market value 

of the structure and land improvements, and the land use code. This information was collected 

for years 2001, 2006, and 2011. Because the intent was to characterize the socioeconomic 

development contribution to flood risk only as a function of structural damage, an approach was 

developed to filter out the non-developed areas within a parcel using percentages of 

imperviousness (30 m) from the U.S. National Land Cover Database (2001, 2006, 2011). The 

assessed structural value for a given parcel was distributed as a function of imperviousness 

across the grid cells within the parcel such that the sum of the distributed structural value of the 

grid cells was equal to the county-assessed value of the parcel. Only agricultural, commercial, 

industrial, and residential land uses were examined.   

 

The context of the socioeconomic development states for the selected years is important. From 

2000 to 2010, the study area (Figure 1) experienced a 15% population growth as measured using 

census blocks collected from the Office of Financial Management of the State of Washington, 
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U.S. The total area of commercial and residential lands increased slightly both in 2006 and 2011 

(Figure 3). The nominal structural values, i.e. not adjusted for inflation, increased among all the 

sectors. To account for inflation, published price indices were used to adjust the nominal 

structural value (Figure 4) and later nominal damage to 2011 U.S. dollar value: 

      
   

  
 (1) 

where V’ represents the 2011 U.S. dollar value of assets adjusted for inflation, V represents the 

nominal or market value of assets of a study year, PI’ represents the price index of 2011, and PI 

represents the price index of the studied year. The price indices were selected based on sectors. 

For example, the U.S. farm real estate values
†
 were used for the agricultural sector; the 

composite price indices
‡
 were used for the commercial and industrial sectors; the House Price 

Index
§
 was used for the residential sector. With the exception of the consistently increasing trend 

of the agricultural index, the price indices of the other sectors show a nonstationary pattern with 

peaks in 2006 (Figure 4). Both area (i.e., footprint) and the real value of the agricultural 

structures had been consistently decreasing since 2001. The real value of the remaining sectors 

peaked in 2011 but became the lowest in 2006. This indicates that within the study area, the 

increase of the nominal asset value in 2006 (Figure 3) did not catch up with the increasing speed 

of the inflation effect in 2006. 

                                                 
†
 Published by the United States Department of Agriculture (USDA) (http://www.ers.usda.gov/topics/farm-

economy/land-use,-land-value-tenure/farmland-value.aspx, last accessed: Oct. 11, 2016). 
‡
 Published by the Moody’s/RCA Commercial Property Price Indices (Moody’s/RCA CPPI

TM
) 

(https://www.rcanalytics.com/Public/rca_cppi.aspx, last accessed: Oct. 11, 2016). 
§
 Published by the U.S. Federal Housing Finance Agency (FHFA) 

(http://www.fhfa.gov/DataTools/Downloads/Pages/House-Price-Index.aspx, last accessed: Oct. 11, 2016). 
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Figure 3. Land use change of the developed area (a) and the structure’s nominal market value 

without inflation adjustment (b). Note: the percent represents the change compared to the 

previous study year. 

 

 

Figure 4. Price indices for each sector (a) and the real asset value adjusted for inflation (b). Note: 

price indices were rescaled based on 2011 conditions (assumed as 100); real values were 
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normalized to 2011 U.S. dollars by equation 1, the percent represents the change compared to the 

previous study year. 

 

Damage modeling 

Flood risk is quantified based on flood-induced damage to socioeconomic development. Flood-

induced damage can be categorized as tangible, intangible, direct, and indirect types (Jonkman et 

al., 2008). This study focuses on the direct and tangible monetary damage to structures using 

depth-damage fragility curves available from HAZUS-MH, which offered region-dependent 

curves for the United States and has shown the ability to achieve a good estimation of direct 

damage for multiple sectors (e.g., residential, commercial) when compared to other available 

fragility models (FLEMO, Damage Scanner, Flemish method, Multi-Coloured Manual, Rhine 

Atlas, and JRC Approach) (Jongman et al., 2012a). The direct damage can be determined by 

intersecting the structural value and the percent damage as a function of depth from the fragility 

curve. 

               
 
   , (2) 

where D is damage ($), g is the spatial aggregation unit (e.g., grid cell for distributed analysis), n 

is the total number of the flooded spatial units, h is the flood depth, fcg,h is the percent damage 

(%) corresponding to the flood depth h from the fragility curve for the g
th

 spatial unit, and SVg is 

the structural value for the g
th

 spatial unit ($). One U.S. foot (~0.3 m) freeboard was assumed to 

compute flood depths, since no better information exists to determine the elevation of a structure 

(FEMA, 2001). The annualized risk is calculated as the product of damage and the corresponding 

flood probability (Kalyanapu et al., 2015): 

      , (3) 
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where R is the annualized flood risk, and P is the exceedance probability. Expected annual 

damage (EAD) was used to summarize the overall flood risk (FEMA, 2016; Tariq, 2013): 

       
   

      

 
           

 
   , (4) 

where i is the rank of the exceedance probability, m is the number of probability increments,    
 

is the damage corresponding to the i
th

 exceedance probability,      
 is the damage corresponding 

to the (i-1)
th

 exceedance probability, Pi is the i
th

 exceedance probability, and Pi-1 is the (i-1)
th

 

exceedance probability. 

 

Comparison of climatic versus development impacts for flood risk estimation 

A baseline scenario is defined as a climate condition (in this case: historic) overlaid with a 

socioeconomic development state associated with a specific year (in this case: 2001). The 

relative contribution of climate change and socioeconomic development on flood risk can be 

evaluated by quantifying the change in EAD for various combinations of climate (historic and 

projected) and socioeconomic development (various years of development). The underlying 

principle is that the total EAD change is equivalent to the sum of the respective EAD changes 

due to climate, socioeconomic development, and their interactive effect:  

                        , (5) 

where ∆EADT represents the total EAD change between the baseline scenario and a specific 

climate-socioeconomic development combination, ∆EADC represents the independent EAD 

change attributed to climate nonstationarity, ∆EADD represents the independent EAD change 

attributed to socioeconomic development nonstationarity, and ∆EADI represents the non-linear 

EAD change attributed to a combined effect from both factors. The total EAD change can be 
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determined directly by comparing a climate-socioeconomic development scenario with the 

baseline scenario as follows: 

                      , (6) 

where EADC1D1 represents the EAD calculated for a combination of altered climatic and 

socioeconomic development states, and EADC0D0 represents the EAD calculated for the baseline 

scenario. The EAD change attributed to climate nonstationarity can be quantified by holding the 

socioeconomic development state constant:  

                      , (7) 

where EADC1D0 represents the EAD calculated for a combination of an altered climate state and 

the fixed baseline socioeconomic development state. By contrast, the EAD change attributed to 

socioeconomic development can be quantified by holding the climate state constant:  

                      , (8) 

where EADC0D1 represents the EAD calculated for a combination of a fixed baseline climate state 

and a changed socioeconomic development state. Lastly, the EAD change attributed to the 

combined effect can be quantified as the residual of equation 5:  

                                      . (9) 

The combined effect can be explained by an enhanced/suppressed impact of one factor due to a 

changed state of the other factor. For example, the negative interactive effect could be caused by 

a declining real value of assets located within the areas newly affected by floods due to climate 

variation. The positive interactive effect could be initiated by a positive contribution of urban 

development (such as the rising real value of structures) that compounds the EAD within the 

newly inundated areas due to a changed climate. 
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Benefit-cost analysis 

A simple benefit-cost analysis was conducted to evaluate the economic returns of elevating 

structures, which was used as an example of conventional structural mitigating measures. The 

benefit-cost ratio (BCR), representing the cost-effectiveness of investing in the flood controls, 

was calculated as follows (FEMA, 2012): 

          , (10) 

where B is the project benefit ($), and C is the elevation costs ($). The project benefit was 

calculated as follows:  

                                              
         

 
   (11) 

where EADbefore mitigation is the expected annual damage before mitigation ($), EADafter mitigation is 

the expected annual damage after mitigation ($), r is the annual discount rate to convert the 

uniform series cash flow to the equivalent present worth, and T is the estimated lifetime when the 

project will be effective (FEMA, 2012). The annual discount rate and the project useful life were 

selected as standard values at 7% and as 30 years, respectively (FEMA, 2009). 

 

A linear relationship was assumed as follows to simulate the elevation cost, based on the 

published unit cost data per square foot of a house footprint for U.S. frame houses with the 

basement or crawlspace (Aerts et al., 2013):  

                        (12) 

where C2009 is the elevation cost in 2009 U.S. dollars, h is the elevating height (ft), and A is the 

building’s footprint (ft
2
). The cost was also converted to the 2011 value. 
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Results and discussion 

Nonstationarity of climate and development impacts 

Climate and development nonstationarity together could cause up to 43% overall difference in 

flood risk estimation represented by EAD (Figure 5a). Compared to a fixed baseline (2001 

development stage overlaid with the historic climate), the total EAD (∆EADT) could be raised by 

7-30% due to the combinations of varied development and climate conditions. These total EAD 

changes were then partitioned according to the proposed scheme (Figure 5b and Figure 5c), 

which exposed that the socioeconomic development could reinforce or counterbalance the 

impact of climate variations on the flood risk. Such nonstationarity in rain intensity and 

distribution as well as house price, if unrecognized, could further expand the uncertainty bounds 

with regard to flood risk projections and the effectiveness of proposed mitigating measures. 

 

One might assume that because only 10 years of socioeconomic development states were used 

compared to 71 years of climate variation considered, the effect of socioeconomic development 

on flood risk would be minimal when compared to the effect of climate change. However, the 

influence of socioeconomic development on EAD was found to be as much as 51-57% of the 

influence of climate change on flood risk (Figure 5b and Figure 5c). This finding validates the 

need to consider the role of socioeconomic development as a sensitive factor in flood risk, 

consistent with previous assertions (Bouwer et al., 2010) but quantified here. However, the trend 

of the relative contribution is different from previous findings that have assumed a linear 

increase in the socioeconomic development contribution or a monotonically increase in flood 

risk (Alfieri et al., 2016b; Bouwer et al., 2010; Jongman et al., 2012b; Te Linde et al., 2011). In 

this case, a nonstationary contribution of the socioeconomic development state, quantified in 
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terms of EAD, actually reverses sign and counters the overall flood risk within the observed 10-

year time frame (Figure 5). To justify this circumstance, it is necessary to recall that the 2007-

2008 global financial crisis occurred within the 10-year period considered in this study 

(Helleiner, 2011; Reinhart and Rogoff, 2008). The strengthened inflation prior to and during the 

financial crisis tended to effectively devalue the actual economic loss. Therefore, simplified 

socioeconomic development projections with an assumption of monotonically increasing 

economic value, as has been done in previous studies, may falsely predict flood risk.  

  

 

Figure 5. Expected annual damage (EAD) estimates among the combinations of climate 

conditions and socioeconomic development states (a); the partial contributions to the total EAD 

change from the 2001 development stage forced by the historic climate (baseline) to the 2006 

development stage forced by the projected climate condition (b); and the partial contributions to 

the total EAD change from the same baseline to the 2011 development stage forced by the 

projected climate condition (c). Note: all of the costs were normalized to 2011 U.S. dollars. 

 

Dynamics of development progress 

Figure 6 shows the change in flood damage and risk when considering only triggering changes in 

socioeconomic development. The difference in flood damages among three socioeconomic 

development states becomes larger (up to 25%) for more extreme and rare events. On the 
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contrary, the annualized risk has a wider range of variation for frequently occurring, lower 

magnitude events. In this case, the difference in flood risk considering a change in 

socioeconomic development state is as high as 19% for frequently occurring events.  

 

Figure 6. Distributions of flood damage (a) and flood risk (b) considering the change in 

socioeconomic development state only. Note: Historical climate state was used, and all of the 

damage estimates were normalized to 2011 U.S. dollars. 

 

The collected socioeconomic development dataset was further analyzed to reveal more 

mechanisms associating development dynamics with flood risk. Four mechanisms underlying 

socioeconomic development were examined within the historic 100-year floodplain while 

maintaining a consistent contribution from climate change. The studied four mechanisms include 

1) change in the building area, 2) change in structural spatial density, 3) change in base flood 

elevation due to the development progress only, and 4) change in structural assessed value within 

the flood zone. The building area and density were treated as two distinct factors because an 

increase in the building area may not necessarily lead to a higher building density. Although the 

total constructed area of the case study increased slightly from 2006 to 2011 (Figure 3), the 
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building area within the 100-year flood zone actually decreased, with a noted exception for 

industrial area (Figure 7). This change was partially due to a gradually stricter zoning regulation 

by Snohomish County implemented in 2003 and further amended after the 2006 overbank-flood 

resulting in county-wide damages exceeding $17.7 million (Snohomish County Emergency 

Management, 2015). The amendment in the county code became effective in 2007, requiring a 

flood hazard permit for any development within the flood hazard area. However, the new policy 

seems to have a limited effect since the building density of the commercial and residential 

sectors increased after 2006. Although the overall structural area within the 100-year flood zone 

experienced a reduction, more structures were developed in the concentrated regions. The 

reduction in base flood elevation seems to be related to the County’s buyout and elevation 

programs and the asset owners’ elevation activities. For example, both commercial and 

residential sectors had reduced BFEs, though their building density both increased. Notably, the 

residential sector had the largest area and asset value among four sectors (Figure 3, Figure 4), 

which would determine the overall trend of flood risks for the study area. If only viewing the 

residential sector, the inundated structural area, base flood elevation, and asset value all 

decreased in 2006 (Figure 7), which together explain why the 2006 development condition 

resulted in the lowest estimates of EAD (Figure 5), damage, and annualized risk (Figure 6). 

Meanwhile, in 2011, only the building density and asset value increased, which could explain 

why the estimates of EAD, damage, and peak annualized risk were highest based on 2011 

development condition. Therefore, out of these four mechanisms, the change in the asset value 

due to the market fluctuations seems to be the main reason dominating the impact of 

socioeconomic development on the flood risk estimation. 
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Figure 7. Relative changes in the inundated structural area (a), the building density of inundated 

area (b), the base flood elevation (c), and the real asset value (d) within the historic 100-year 

flood zone, among the agricultural (Ag.), commercial (Com.), industrial (Ind.), and residential 

(Res.) sectors, by comparing the 2006 and 2011 with the 2001 development conditions, 

respectively.  

 

Mitigation and evaluation metrics 

Since elevating structures is one of the major adaptation measures promoted by Snohomish 

County as well as the NFIP, the EAD-based benefit-cost ratio, as a conventional metric 
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determining the cost-effectiveness of a mitigation project (FEMA, 2009), was calculated to 

evaluate the cost-effectiveness of elevating structures. The 100-year floodplain was used as an 

example domain, where all structures were uniformly elevated by 0.3 m to 7.3 m. Based on the 

various combinations of development and climate conditions, elevating structures achieved 

benefits ranging from $8M to $44M, while the corresponding costs rose from $88M to $275M, 

which led to a variation of BCRs (Figure 8). If benchmarking all the achieved BCRs based on the 

minimum level (2001 development condition + projected climate) for each elevation height, the 

variations of BCRs caused by the nonstationarity of climate and development in the case study 

were approximately 65-70%. This indicates that besides flood risk estimates, the determination 

of the cost-effectiveness of mitigating strategies could be also significantly affected by the 

nonstationarity of climate changes and development progress.  
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Figure 8. The benefit-cost ratios of elevating structures by various heights within the 100-year 

floodplains of historic and projected climates. 

 

Since the BCRs were overall less than 0.35, elevating all structures within the 100-year flood 

zone might not be worthwhile from a cost-effectiveness perspective. However, the cost analysis 

relying on EAD and BCR might not consider all the necessary pieces for future flood risk 

management requiring an integration of the social, economic, and environmental perspectives 

(Nam, 2015). In spite of achieving the highest BCR, preparing for the least intense flooding can 

be a high-risk approach, which exposes the society to less frequent but more catastrophic floods 
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with potentially longer recovery processes (Alfieri et al., 2016a). Taking the asset value into 

consideration for flood damage estimation and mitigation decision-making only accomplishes a 

part of the mission. Other types of damage, like the service disruption of critical infrastructures 

or injuries to vulnerable people, can be important and should be considered on a case-by-case 

basis (Jonkman et al., 2008). However, an EAD-based BCR, as the core metric used by the 

conventional benefit-cost analysis, struggled to carry more unpriced perspectives in its current 

formulation. New metrics are particularly needed to emphasize the weights of the social 

perspectives of proposed mitigating strategies. So nonstructural mitigating measures, like 

changing population density and distribution (relocating vulnerable groups outside hazard zones), 

relocating the critical infrastructures or restricting their coverage or services, could gain more 

weight in a multi-criteria decision-making approach.  
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Conclusion 

This study aimed to provide new insights into the influence of the nonstationarity of climate 

variations and socioeconomic development on flood risk management and mitigation decision-

making. A case study was developed at a riverine urban watershed based on the best available 

datasets, with a time frame covering the 2007-2008 global financial crisis. A multi-scale, multi-

model approach was adopted to provide the dynamically-downscaled flood hazard predictions. 

An analytical framework was developed to estimate the flood risk and to optimize the elevation-

based mitigating strategies. The following summarizes the key findings of this study. (1) 

Socioeconomic development has been shown to have a comparable impact as climate variability 

on the flood risk estimates. Even though the time frame of the studied development variation is 

only one-seventh of the duration of that of the climate variation, the absolute contribution of 

socioeconomic development to EAD equals to approximately 51-57% of the contribution of 

climate variation for the entire study area. (2) The development-triggered flood risk fluctuations 

can be non-linear with reversed directions within the 10-year time frame. Rather than making a 

linear assumption with a steadily increasing rate to project the future economic conditions, we 

argue that short-term flood risk predictions may need to further consider the influence of 

socioeconomic dynamics. (3) Nonstationarity of climate and development conditions together 

was shown to cause up to 43% of the overall variations in flood risk estimation. (4) 

Nonstationarity of climate and development conditions was also shown to cause up to 65-70% of 

the variations in the absolute value of the benefit-cost effectiveness of the mitigation strategies. 

(5) New metrics incorporating social perspectives, like population vulnerability and the coverage 

and service of critical infrastructures, should be used to supplement the conventional cost-

effectiveness analysis to determine the mitigation strategies. 
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