
Linkages between Flooding Risk and Economic
Damage over the Continental United States
Alfredo Cisneros-Pineda  (  cisnero0@purdue.edu )

Purdue University https://orcid.org/0000-0002-0291-8726
Jing Liu 

Purdue University
Danielle Grogan 

University of New Hampshire
Thomas W. Hertel 

Purdue University

Research Article

Keywords:

Posted Date: April 26th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1514227/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1514227/v1
mailto:cisnero0@purdue.edu
https://orcid.org/0000-0002-0291-8726
https://doi.org/10.21203/rs.3.rs-1514227/v1
https://creativecommons.org/licenses/by/4.0/


Linkages between Flooding Risk and Economic Damage over the Continental United States 

Abstract:  

Economic damages from flooding are expected to grow, given the connection between hydrological systems and 

climate change. Yet, there are few studies analyzing flooding damages for the entirety of the contiguous U.S. that 

clearly measure the role of hazard, exposure, and vulnerability variables, and that are also suitable to perform 

spatially detailed predictions of future damages. We constructed a panel database for all U.S. counties between 

1999-2018 encompassing: (1) property and human damages from fluvial and pluvial flooding, (2) river discharge, 

(3) the construction patterns of buildings, and (4) the incidence of flooding events to create proxy variables of 

flooding risk and its hazard, exposure, and vulnerability. Because damages are censored at zero, we perform an 

econometric regression using the method of trimmed least squares estimators described by Honoré (1992). The 

resulting estimates indicate the exposure variable as the main driver of flooding risk. We use these estimates to map 

the counties with highest predicted flooding risk for the next decade. 

1. Introduction 

Floods are among the costliest natural hazards in the U.S. Since 1980, 35 flooding events with damages exceeding 

$1 billion occurred within American territory (NOAA 2022). The losses attributable to flooding in 2016 ($186 

billion) were the second highest in terms of property and crop damages from natural disasters, and the fourth highest 

in terms of fatalities (4,245 deaths), according to the summary report of losses published by the Center for 

Emergency Management and Homeland Security at Arizona State University (ASU 2018). Evidence shows that 

anthropogenic climate change is a causal driver of recent trends in mean and extreme river flow at the global scale 

(Gudmundsson et al. 2021) and has increased the probability of heavy precipitation associated with flooding 

damages (Davenport et al. 2021). Expanding coastal development and the multiple dimensions of community 

vulnerability further elevate the risk of flooding and associated economic losses. Understanding the relationship 

between flooding damage and risk factors including hazards, exposure, and vulnerability (henceforth HEV), as well 

as their interactions, are critical to prepare for future disasters (Zhou et al. 2017). The goal of this paper is to further 

elucidate the spatial and temporal dimensions of flooding risk and help policy makers to adjust their mitigation 

strategies for better flood management. 

Recent studies assessing flooding risks in the U.S. have explored the HEV components, but most of them focus on 

measurement of individual factors (KC et al. 2021; Khajehei et al. 2020; Qiang et al. 2017; Tate et al. 2021; Iglesias 

et al. 2021), without further exploring the implications for flooding damages. Other studies have been conducted at a 

coarse scale (Bouwer 2019; Coronese et al. 2019; Davenport et al. 2021; Slater and Villarini 2016) or employing 

case-study-style analysis of particular areas and events. Wing et al. (2022) incorporate recent inundation models to 

depict a comprehensive and high-resolution flood risk map of the U.S., but the methodology is so complex that 

incorporating new information to predict future damages is not straightforward. Addressing these gaps motivates the 

present research. 

Our research builds on and extends the previous analysis by Liu et. al (2014) that studied flooding damages in 

Indiana. First, we expand the area of study to the contiguous U.S. (CONUS). Second, we adopt a better measure of 

flooding hazard by using river discharge from the Water Balance Model (WBM). Third, we analyze the spatial 

heterogeneity of historic damages, attributions, and their evolution over time. And finally, we improve the statistical 

methodology by introducing instrumental variables and the method of trimmed least squares estimators. 

 

2. Methodology 

The classical model defines flooding risk in terms of three factors and their interactions: (1) flooding hazard, (2) 

wealth exposure, and (3) vulnerability (Kron 2005). Hazard refers to the probability and magnitude of a weather 

event that leads to flooding. Exposure describes the value of assets, such as buildings, factories, and public 

infrastructure at risk. Vulnerability measures the preparedness of individuals, families, firms, and governments to 

protect their lives and assets. The classical HEV approach is useful to understand why some areas suffer greater 



damages, but it does not distinguish between climatic conditions (hazard) and decisions that result from weighing 

the tradeoffs of investing in self-protection (vulnerability) and allocating more resources in areas prone to flooding 

(exposure). Instead, we propose a model that encompasses economic perspectives of individuals, firms and 

government, each taking action to safeguard against flooding. Our framework assumes optimizing behavior by each 

agent in response to the risk of flooding damages (see the supplementary information for details of the model). 

Flooding damages are censored because the records contain only non-negative values. However, communities with 

zero-damage reports do not necessarily face the same flooding risk (e.g., a community in a desert vs. one next to a 

river but heavily invested in flood mitigation). To ‘correct’ the biased estimator resulted from using a linear model 

with censored data, we apply the method of trimmed least absolute deviated and trimmed least square estimators 

proposed by Honoré (1992). His method compares pairs of observations of two different years from the same county 

and chooses the contribution of the HEV variables to flooding damages for all possible combinations. Because the 

locational characteristics for the same county do not change over time, the differences in damages for any given pair 

must fluctuate randomly (error disturbances) around the differences in the HEV contributions. 

The econometric estimation avoids the direct use of a vulnerability variable by instead relying on a human damage 

index as a proxy. This is problematic because shocks explaining human damages may be correlated to shocks in 

property damages. For example, faulty construction that results in building collapse during flooding events would 

translate into both human and property damages. Research on the participation in the Community Rating System 

(CRS) presents evidence that local authorities respond to historic experience with flooding in North Carolina 

(Landry and Li 2012) and Florida (Brody et al. 2009). We employ previous human damages as an instrumental 

variable to address this issue. Human damages are related to the current level of vulnerability, but not related to the 

current property damage.  

To measure the hazard of flooding, we use simulations from the gridded hydrology model developed at the 

University of New Hampshire (Grogan et al. 2022). The WBM considers the components of the hydrological cycle 

in a grid-based water balance and transport model that represents the vertical water exchange between the land 

surface and the atmosphere and the horizontal water transport along a prescribed river network (Wisser et al. 2010). 

The WBM framework allows for a high level of configurability and can capture spatial and temporal trends in 

hydrological cycle components. Our proxy measure of flooding hazard is based on the maximum daily discharges 

reported by the WBM model. Because the water discharge of the model is spatially distributed on a grid of 30 min 

resolution, we extracted the maximum daily discharge (m3/s) of all grid cells within each county. 

The geographical forecasts of future flooding damages integrate the resulting estimates from the econometric 

regressions. We use the simulations of WBM based on two different regional climate models from the North 

American CORDEX program, where each model assumes different dynamics for downscaling results from the 

global climate models.  The first one is the fifth-generation Canadian regional climate model developed at the 

Université du Québec à Montréal (CRCM5-UQAM), and the other one is the Weather Research and Forecasting 

Model (WRF) developed by the National Center for Atmospheric Research and the University of Arizona.  The 

CORDEX data considers output from regional climate models run over North America using boundary conditions 

from global climate model simulations in the Coupled Model Intercomparison Project 5 archive (Mearns et al. 

2017). These simulations cover 1950–2100 and have a spatial resolution of 0.22°/25km. 

3. Results 

Using the databases described in the supplementary information, we accounted for 3,108 counties in the CONUS 

(48 adjoining states and the District of Columbia) between 1999 and 2018. In the first stage of the instrumental 

variable regression of current human damages (table 1), only the hazard and vulnerability variables are significant at 

a 10% level. As expected, the number of extreme days is the main variable explaining fatalities and injuries. The 

estimate for the proportion of historical damaging events has a larger value but it is not as prominent if we consider 

that the variable value only ranges between 0 and 1. This result indicates that fewer human damages occur when the 

governments are more experienced in dealing with flooding. On average, a county experiences 5.02 non-damaging 

flooding events per year and 8.07 flooding events overall. The historical human damages are also significant at the 

5% level, reinforcing the hypothesis that vulnerability is slow to reflect investments in self-protection. Using the 



coefficients of the first stage, we estimate the human damages index and use it as an instrument in the second stage 

of regression, which we will show next. Instead of relying on public expenditure to improve self-protection, that 

may not capture all relevant aspects of vulnerability, or participation in the CRS that is still limited in the U.S., we 

focus on an index that reflects fatalities and injuries.  

For a county that experienced 18.25 extreme days and $3.29M flooding property damages (annual average 1999-

2018), an increase of 0.18 (1%) more extreme days leads to an increase of $41,302 in damages. For a similar county 

with 40,933 housing units, an increase of 409 units (1%) leads to an increase of $454,900 (13.84%) in flooding 

property damages. The impact of housing units on damage is dominant, indicating the critical importance of exposure 

to increasing flooding risk. The estimate of extreme days is also significant, but much less influential than the exposure 

variable. While exposure is dictated by the rate of construction, which tends to grow over time, the distribution of 

extreme days is more stable across years. These findings are robust when flooding hazard is measured based on the 

monitoring data from the United States Geological Survey (USGS). 

The human damages index estimate represents the number of fatalities and injuries during flooding events that are not 

correlated to property damages. This index reflects any potential deficiencies of self-protection investments that 

resulted into fatalities or injuries (after controlling for HE), as well as the experience in dealing with flooding events 

which could potentially induce governments to prepare for future flooding events. For a county with a human damage 

index of 7.14 and $3.24M flooding damages, an increase of 0.7 deaths or injuries lead to an increase of $117,432. 

Finally, the negative sign of the time trend estimate indicates that the overall growth of property damages between 

1999-2018 is fully described by the change in HEV variables. One explanation is that the impacts of climate change 

are completely portrayed by the extreme days. Also, the construction growth rate is likely capturing most of the 

increases in flooding damages from the additional exposed properties. 

In several specifications of the model (such as weighted vulnerability indexes), the importance of the exposure 

component is about twelve times more relevant than the hazard and vulnerability components. But the impact of an 

additional extreme day or fatality is not equivalent to the construction of an additional house. For example, the 

county Craighead in Arkansas has an average of 18.1 extreme days and 7.29 average human damage index between 

1999-2018 and 19,620 houses by 2018; this county is predicted to experience an increase of $1,000 (with respect to 

average property damages of $250,017) if the number of extreme days increase by 5.8 days or if the human damages 

index increases by 0.81, but it would take the construction of 567 houses to results in a comparable increase in 

damages. 

4. Future Damages Projections 

Projections of the exposure variable are aligned with the georeferenced population projections from the second 

Shared Socioeconomic Pathway 2020-2100 (SSP2; Hauer and CIESIN 2021). We applied this population growth 

rate to the housing units in 2019 (the last data entry in our econometric database) to project future housing growth 

until the year 2030. The underlying assumption is that the construction rate of housing is related to population 

growth. 

The index of vulnerability that results from the first stage of the instrumental variable methodology isolates the 

human damages associated to poor investments in self-protection but not correlated to property damages. We 

estimate the trend of this vulnerability index between 1999-2018 for each county.  

Figure 1 shows two projections for the percentage change in damages owing to the hazard variable, for the WRF and 

UQAM models; and two projections for the exposure variable based on the NASA SSP2 projections and the 

vulnerability variable based on the trend of historical data. Note that we are not focusing on coastal flooding here – 

only river discharge. Figure 2 shows the counties in which the highest (last quintile) predicted impact occurs for 

each scenario: hazard (WRF or UQAM), exposure, and vulnerability; and the counties in which more than one 

pressure is present. Interestingly, not all locations will suffer higher losses from hazard (California), exposure 

(Maine), or vulnerability (Colorado, New Mexico). The geographic distribution of counties with predicted highest 

risk for the HEV projections vary greatly by type of pressure. Nevertheless, Texas is predicted to receive more 

pressure from all sources. Meanwhile, regions like the Northeast coast, Florida, and the Carolinas, are largely 



pressured by a single source. Instead of focusing on aggregated damages, these maps allow decision makers to 

identify the potential source of pressure. 

The expected property damage of counties on the coasts, especially in California, Texas, Florida, the Dakotas, and 

some sections along the east coast of the U.S. is largely driven by growth in the number of exposed housing units. 

There are several reasons for this: these counties are highly populated and have a higher average income, and this 

result may reflect that new buildings are being constructed closer to flooding prone areas. Yet we are not controlling 

for specific location relative to danger areas, nor for the value of the constructions. There is evidence that 

individuals may wrongly assess the real distance to a hazard zone (O’Neill et al 2016). 

The hazard associated with the closeness to the Mississippi river system is dominant in the Midwest. Using the 

predicted change in extreme days, we can infer that increases in surface discharge may affect more harshly counties 

that are closer to the main river systems of the U.S. Climate change may intensify this effect. Our hypothesis is that 

counties stop preparing after long periods of not experiencing extreme flooding events, which makes them more 

vulnerable once flooding occurs. 

Finally, the impact of variables related to vulnerability dominates in the Midwest, Texas, Nevada, and the Carolinas. 

This impact is mainly driven by the importance of fatalities in previous flooding experiences.  

5. Conclusions 

This paper focuses on the pattern of historical property damages from flooding events related to river discharge in 

the CONUS. We propose an alternative measure of hazard and vulnerability using county level observations, which 

had only been done at the state level and using indirect measures of vulnerability (Zhou et al. 2017). Our findings 

reinforce earlier discoveries that damages from extreme events will vary greatly by the county’s location, with the 

damages from increased water discharge depending critically on socioeconomic characteristics. 

We present a novel methodology to infer the vulnerability of counties by tracking the historical data of fatalities, 

injuries, and the proportion of damaging flooding events from the total (damaging and non-damaging). Other 

authors have proposed the use of social indexes of vulnerability and participation in the CRS. We propose instead 

the use of measurable experience of local governments. Our main assumption is that any policies and investments at 

the local level that prevent human damages spill over or are highly correlated with actions that prevent physical 

damages. 

The main contribution of this research paper is to distinguish areas of high flooding risk across CONUS. Providing 

precise estimates of the value of damages is more challenging. Counties of large populations, such as the ones in the 

Northeast or Texas, should focus on carefully evaluating new construction permits if they want to minimize future 

damages. Also, counties in close relationship to the Mississippi river system might experience harsher damages due 

to climate change. And finally, the findings in this paper highlight the value of community organization and 

investment in mitigation measures. 

 



Figures

Figure 1

Estimation of percentage increase in �ooding damage due to surface discharge between 2019-2030 with
respect to a baseline constructed with data from 2007-2018.



Figure 2

Counties with one or more pressure of �ooding risk from hazard, exposure, or vulnerability
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