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Abstract

:

In this study, we compile and analyse 136,920 records of flood and 50,967 records of drought from a survey-based database to investigate recent changes in annual occurrence and economical cost in the United States. Results show that an average of 6520 floods has occurred per year during 1996–2016, with annual mean economic losses up to 3986 million US dollars, while 2427 drought events/year are recorded causing an average loss of 1684 million US dollars per year. Importantly, we found there is no evident changing tendency in annual economic damages of floods and droughts, despite an upward trend in their annual occurrences. This could be partly explained by changes in regional vulnerabilities, as indirectly reflected by the ratio of damaging events to total number of events experienced and the average damage per event. Spatially, vulnerability to droughts has decreased in most of the country, while increased vulnerability to floods is observed in a number of states. Despite limitations from the records and incomplete characterization of vulnerability, this study has great implications for targeted mitigation and adaptation, through identifying the regions that are most vulnerable to floods and droughts respectively and highlighting the contrasting patterns in regional vulnerability to floods and droughts.
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1. Introduction


Hydrological extremes, such as floods and droughts, have destructive impacts on economic development and human health [1,2,3,4]. Floods and droughts have been listed as two of the most devastating natural hazards in terms of economic losses exceeding $1 billion [5,6]. Within the context of global warming, hydrological extremes are expected to increase in the frequency, duration and intensity at global and regional scales [7,8,9,10,11], thus posing larger risks to economic and human systems [1,12,13]. Understanding recent changes in regional vulnerability to floods and droughts is critical for developing foundational knowledge and strategies for reducing the risks and damages in the future [2,7,14].



The United States is one of the most affected countries by floods and droughts [15,16,17]. Many studies have investigated the changing characteristics and the impacts of floods in terms of economic losses [18,19,20,21] and human casualties [22,23]. The changing patterns and impacts of droughts have also received lots of attention during the past decades [9,12,16,24,25,26]. While previous studies have provided valuable insights on the changes in these hydrological extremes, the drivers behind the risk and cost of US floods and droughts remain unclear. Variation in the risk of floods and droughts is not only dependent on the hazard itself but also on the assets exposed in the hazard-prone areas, as well as the vulnerability to hazard [3,27,28,29,30]. To date, understandings on hazards have been greatly improved in terms of the changing patterns of hydrological hazards. However, our understandings on the economic costs and regional vulnerability to floods and droughts and their spatial-temporal changing patterns are limited, due to lack of proper indicators, limitations of data availability and complex response mechanisms [3,29,31,32].



Vulnerability is dynamic and variable across temporal and spatial scales and, is a function of several factors such as geographic conditions, disaster warning and preparedness systems, defensive capacities and governance [33,34,35]. To characterize regional vulnerability is challenging, especially given the limitations of data availability. Several studies have attempted to characterize regional vulnerability through normalizing the loss trends with gross domestic product (GDP) and population growth [28,29,36,37]. Recently, Peduzzi et al. [38] assumed that the share of people killed to the total number of people exposed to tropical cyclone would be higher in vulnerable regions than in less vulnerable areas. Similar definition of vulnerability was adopted by for example, Wu et al. [39], Yasari et al. [30], and Philip et al. [32], based on reported losses as a share of exposed GDP/assets or reported fatalities as a share of exposed population.



In this study, we investigate recent changes in occurrences and economic damages by floods and droughts in the United States. The mechanisms underlying economic costs by droughts and floods are explored and dwheiscussed with a focus on the role of regional vulnerability. This study is novel in that it is completely based on survey records, thus complementing to previous studies relying on hydrological models for reproducing the hazards and estimating economic damages assuming constant vulnerability. Especially, we compare the changing patterns in economic losses and regional vulnerabilities to floods and droughts at the national and state levels to help with targeted adaptation and mitigation strategies.




2. Materials and Methods


Records of floods and droughts are obtained from the Storm Events Database (SED) (https://www.ncdc.noaa.gov/stormevents/), maintained by the National Oceanic and Atmospheric Administration’s National Weather Service (NWS). It is one of the most comprehensive and primary sources of long-term records on hydrological hazards in the United States with detailed records on the induced economic cost and casualty [40,41,42] and have been used in many studies [41,43,44,45,46,47]. The records of hydrological hazards may be provided by or gathered from sources outside the NWS, such as the media, law enforcement and/or other government agencies, emergency managers, private companies and individuals. A recent study by Gall et al. [48] pointed out that the temporal bias and geographic bias of the dataset have been largely eliminated after the year 1995, due to improvements on reporting guidelines and loss estimation methods and procedures. Thus, the homogeneity issue of recording has been addressed to certain extent for the period after the year 1995, which is selected for use in this study. More details can be found in Gall, Borden and Cutter [48], which provides a comprehensive investigation on the data quality and bias of the datasets, including hazard bias, temporal bias, threshold bias, accounting bias, geography bias and systemic bias.



According to the description of the database [40], the hazards are recorded in the database when the hazards have sufficient intensity to cause loss of life, injuries, significant property damage, disruption to commerce, or generate media attention. Given the definition of hazards and the criteria for including them in the database, it would be inappropriate to compare the records against purely climate-based metrics. The event-based records of floods and droughts are available for the period 1996–2016. There is a total of 136,920 and 50,967 records for flood and drought, respectively. Each record is associated with an event, documenting the timing (beginning and ending time), location (e.g., state, county, latitude and longitude), direct and indirect fatality and injury (the number of people affected) and economic damages (property and/or crop losses) in US dollars. We extract the information for each flood and drought event and aggregate them into country and state level for analysis.



Besides commonly used yearly aggregated metrics, several indicators are defined in this study to make full use of the event-based records. Specifically, two groups of metrics are defined (Table 1): (1) Annual total occurrences (i.e., the number of records in the database) and the ratio of events with tangible impacts (i.e., with recorded damages greater than zero) to total number of events experienced in a specific region. This indicator can be used to reflect regional vulnerability to hydrological hazards, which is similar to that adopted in for example, Peduzzi et al. [38], Wu et al. [39] and Lamond et al. [3]. However, we acknowledge that the assets exposed to the hazards are not explicitly considered due to data limitations. (2) Total impacts and average impacts per event. Investigating the changing patterns in these indicators helps better understand the hydrological risks and regional vulnerabilities. For instance, increases in the ratio of damaging events to total events and average damage per event suggest that regional vulnerability to hydrological extremes may have increased. We aim to identify the regions that are most vulnerable to floods and droughts at the state level and examine whether regional vulnerability to floods and droughts has changed in recent decades. Monetary losses are adjusted to 2016 dollars based on the CPI (Consumer Price Index) provided by the U.S. Department of Labor Bureau of Labor Statistic (https://www.bls.gov/) in order to adjust for inflation. Linear regression is conducted to estimate the changing trends during the study period, with statistical significance tested using the two-tailed Student’s t-test. Only those states that have experienced statistically significant changes (p < 0.1) are included for analysis.




3. Results


Figure 1 shows the temporal changes in annual occurrences and total economic damages of floods and droughts in the United States during 1996–2016. For the past two decades, an average of 6520 floods has occurred annually in the country, with economic costs up to 3986 million US dollars per year. Compared to floods, droughts are less frequent with 2427 events/year recorded, resulting in an average cost of 1684 million US dollars per year. Spatially, floods have caused larger economic damages and casualties across the United States compared to those by droughts, except for Texas, Georgia, Oklahoma, Delaware, Nebraska and Iowa. Among others, Texas, California, Iowa and Pennsylvania are particularly vulnerable to both types of hydrological hazards, implying more efforts are required to reduce the negative impacts in these regions.



The annual occurrences of floods peaked in the year 2015, while the year 2016 was the most devastating year in terms of economic damages (Figure 1). As for droughts, the largest number of occurrences and damages occurred both in the year 2012, consistent with previously reported extreme dry conditions [12,16]. It is possible that many of the 8000 drought records for 2012 would be part of one drought but such information is not available in the database. Importantly, no evident changing tendency is observed for annual economic damages by floods and droughts for the country as a whole, despite an upward trend in their total occurrences, which are statistically significant at the 90% confidence level. The mechanism behind this phenomenon is an open question as many factors could influence economic impacts of natural hazards. For example, it could be due to a decline in regional vulnerability to hazards, or a reduction in hazard intensity. Another possible explanation could be a shift in the spatial distributions of floods and droughts, with increasing hazards occurring in areas with fewer assets exposed to hazards. Nevertheless, one great obstacle for quantitative assessment has been lack of accurate field-level data on both hazard intensity and the assets exposed to hazard.



Here, we calculate the share of damaging events (SDE) to total events and average damage per event (DPE), as proxy for regional vulnerability. The SDE distribution for floods ranges from 25% to 43%, while the distribution of damaging droughts falls within the range of 1–18% (Figure 2a). This suggests that the likelihood of floods that causes economic cost is much larger than that of droughts. In contrast, the DPE distribution is much higher for droughts than floods. That is, the average economic costs caused by droughts are several times bigger than floods, demonstrating the catastrophic feature of droughts. In extreme case, the event damage of drought is up to 3 billion US dollars, which is almost 5 times the maximum DPE of floods (Figure 2b). The high event damage by droughts could be attributed to its larger spatial extent and longer durations compared to floods [12,49]. The differential characteristics between droughts and floods in causing economic costs call for the need of targeted adaptation and mitigation strategies.



Temporally, both SDE and DPE have decreased significantly for droughts (Figure 3). Given the rise of exposed assets with growing economy and increasing intensity of droughts [26,50], it is reasonable to assume that decreases in annual damages by droughts may be largely due to a reduction of vulnerability. However, to what extent vulnerability reduction has contributed to the observed decrease in drought-induced economic damages is unclear, since fine-scale datasets on the drought intensity and the assets exposed are not readily available. As for floods, about one-third (i.e., 31.6%) of flood events have caused tangible damages, which is approximately 12 times larger than that of droughts. It might be due to the fact that floods often develop more quickly than droughts, thus leaving less time for adaptation and mitigation. Notably, annual SDE of floods has showed an increasing tendency in the past two decades, while no significant change is observed in the DPE. This is unlikely to be caused by the reduced hazards, as an upward trend is found in annual occurrences in the records and increasing intensity of precipitation extremes is reported in the literature [51]. Nevertheless, the complex mechanisms behind flood damages and lack of proper datasets make it uncertain to attribute the observed decrease in economic damages to changes in regional vulnerability.



Spatially, a majority of the states have experienced increasing damaging events and an upward SDE for floods except for Georgia and Florida (Figure 4). Conversely, the average damage per event has decreased in most states (Figure 5). For example, the share of damaging events has increased in California, Nevada, North Dakota and Washington but with concurrent decrease in the event damage. This may imply a wider spread of flood hazards and/or an increased exposure of vulnerable assets in these regions but with better protection measures in the hazard prone areas that help reduce the magnitude or severity of damages. Floods may lead to enhanced prevention behaviour due to increased perceived risk [52] and such precautionary measures and reactive adaptation are effective in reducing damages in areas with frequent floods [53,54]. Among others, Wyoming and Louisiana are especially vulnerable to floods, as both annual damage and DPE have increased over the past two decades. Effective measures on flood impact mitigation are therefore required to mitigate flood impacts in the two states.



As for droughts, both NED and SDE have decreased across the country except for Mississippi, Arkansas and Texas (Figure 4). Among the 25 states with decreasing number of damaging events, 72% (i.e., 18 states) of which have also experienced downward trends in SDE, total damages and DPE (Figure 4 and Figure 5). This implies that drought risks may have been effectively mitigated in recent decades, which could be largely attributed to the reduction in regional vulnerability. One possible explanation could be due to the efficient management of water resources through rapid expansion of water storage and supply capacity and deployment of hydropower, irrigation and flood control measures in the 20th century [55].




4. Conclusions


Hydrological extremes such as floods and droughts have devastating impacts on the economic and human systems. Examination of recent changes in economic damages by hydrological extremes would greatly benefit adaptation and mitigation strategies. In this study, we compiled event-based records on recent floods and droughts events in the United States during 1996–2016 and inter-compared the spatial-temporal patterns in occurrences and damages between floods and droughts at the country and state levels. In total, 136,920 records of flood and 50,967 records of drought are used for analysis.



For the past two decades, an average of 6520 floods and 2427 droughts have occurred annually in the country. Floods have caused an annual average of 3986 million dollars of economic damages, which are approximately 1.5 times larger than that by droughts. However, the cumulative distribution functions show that the event damage (DPE) by catastrophic droughts can be costlier compared to floods. Importantly, no evident changing tendency is observed for annual economic damages by floods and droughts for the country as a whole, despite an upward trend in their annual occurrences. The possible mechanisms are explored with a focus on the changes in regional vulnerability, which has received limited attention in the literature. Overall, we have larger confidence on attributing the phenomenon to a possible decrease in vulnerability for droughts than floods. In addition, we also highlight the contrasting patterns in recent changes in regional vulnerability between floods and droughts. However, to what extent vulnerability has contributed to the observed changes in economic costs is unknown, due to lack of proper datasets characterizing hazard intensity and the exposed assets.



We acknowledge that there are several limitations in this study. First, the trend revealed by the analysis can be part of decadal variability rather than reflecting any multi-decadal trends, due to the relatively short time period of recording (i.e., 21 years). Second, although the dataset is one of the most comprehensive long-term records on hydrological hazards in the United States, limitations and bias are inherent in the records. Indeed, existing hazard databases are fraught with inconsistencies and suffer biases [48,56]. The uncertainties associated with data collection and compilation [40,42] can propagate and affect the reliability of the results obtained in this study. Thus, we call for standardization of data collection, documentation, accessibility and dissemination in the future to improve the data quality. In addition, more work is required in the future to better explore the mechanism behind the distinct spatial distribution patterns of damages caused by drought and flood. Nevertheless, despite the limitations and uncertainties, this study has great implications for targeted adaptation and mitigation across the United States, through identifying the regions where floods and droughts have increased significantly in occurrences and economic losses using survey-based records.
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Figure 1. Changes in annual damages (red dotted line) and total occurrences (blue solid line) of (a) floods and (b) droughts during 1996–2016. The numbers out the brackets indicate the long-term annual mean values. The two numbers in the brackets are the changing trends and associated p values, respectively. The changing trends that are statistically significant at the 90% confidence level are highlighted with asterisks (*). 
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Figure 2. Comparison of the cumulative distribution functions of (a) share of damaging events (SDE) and (b) event damage (DPE) for floods and droughts for the period 1996–2016. 
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Figure 3. Changes in (a) the share of events causing damage (SDE) and (b) damage per event (DPE) by floods and droughts during 1996–2016. The numbers indicate the long-term mean annual values and changing trends, respectively. The trends that are statistically significant at the 90% confidence level are highlighted with asterisks (*). 






Figure 3. Changes in (a) the share of events causing damage (SDE) and (b) damage per event (DPE) by floods and droughts during 1996–2016. The numbers indicate the long-term mean annual values and changing trends, respectively. The trends that are statistically significant at the 90% confidence level are highlighted with asterisks (*).
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Figure 4. Trends in annual number of events with damages (NED) (first row) and share of damaging events (SDE) (second row) of floods and droughts. Only states with statistically significant relations at the 90% confidence level are shown. 
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Figure 5. Trends in annual damage (D) (first row) and damage per event (DPE) (second row) of floods and droughts. Only states with statistically significant relations at the 90% confidence level are shown. 
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Table 1. Descriptions of impact metrics.






Table 1. Descriptions of impact metrics.





	
Group

	
Impact Metrics

	
Descriptions






	
1

	
Total occurrences

	
Annual number of recorded events (TO)




	
Number of events with impacts

	
Number of events with damages (NED)




	
Ratio of events with impacts

	
Share of damaging events (SDE = NED/TO)




	
2

	
Total impacts

	
Annual economic damages (D)




	
Impacts per event

	
Damage per event (DPE = D/TO)
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