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damages properly. This kind of resilience assessment requires a deeper understanding of the impact of severe storms and hurricanes on 
communities and infrastructure. 

The aftermath of a hurricane often includes a large amount of debris due to infrastructure or landscape damage. Multiple studies 
have spatially and statistically investigated the impact and damage of hurricanes. For instance, to better understand hurricane damage 
on residential buildings, Friedland [1] proposed a forecast model to describe and assess residential building damage from a hurricane 
storm surge. Unlike traditional methods, he categorized hurricane damages on a loss-consistent basis, regardless of the primary in-
tensity mechanism. In a similar study conducted by Massarra [2], a comprehensive building damage assessment was performed 
including the combination of hurricane winds and flood loads. A protocol to standardize data collection and damage assessment was 
also suggested so that the performance of multiple buildings can be addressed given various levels of a hazard. Contrary to the detailed 
assessment, rapid damage assessment was also used to capture a general impression of damaged structures. 

Roadway networks have been known to be one of the highly vulnerable infrastructure systems to hurricanes [3–7]. Therefore, it is 
crucial to better evaluate the roadway infrastructure against hurricanes. Houser [8] focused on the roadways along Santa Rosa Island 
in Northwest Florida. Their findings indicated that sections of the roadway that experienced major damage or were completely 
destroyed tended to be in narrow sections of the island where the elevation was relatively high. Ghorbanzadeh et al. [9] have studied 
the power outages and roadway closures in the City of Tallahassee based on actual data on the impact of Hurricane Hermine (2016) 
and Michael (2018) throughout the city. Conducting statistical and spatial analyses, this study showed those locations that were under 
high risk of electricity outages and roadway disruptions. 

Remote sensing technologies have been increasingly used for damage assessment purposes [3,7,10,11,40,41]. There are different 
types of remote sensing data that are useful for post-disaster damage assessment including the following: aerial photo, drone imagery, 
satellite imagery, and light detection and ranging (LIDAR) data. Jiang and Friedland [12] proposed a methodology for automatic urban 
debris zone extraction from high-resolution aerial imagery. To separate urban debris from non-debris areas, three classification ap-
proaches were used in this paper: spectral, textural, and combined spectral textural methods. The results indicated that multivariate 
texture information significantly improves debris classification performance by decreasing the confusion between debris and other 
land cover types. Wang et al. [13] developed a rapid assessment algorithm for post-hurricane forest damage estimation using moderate 
spatial resolution satellite imagery, which investigated and evaluated the performance of five commonly used vegetation indices. The 
paper suggested the use of an index, namely the Normalized Difference Infrared Index (NDII), which was identified as the optimal 
damage indicator among these. Similarly, in a recently published study [3], the authors proposed a data fusion framework combining 
multispectral satellite imagery and various vector data by comparing the performance of five different vegetation indices to find the 
most suitable one for post-hurricane debris assessment purposes. Results indicated that Modified Soil Adjusted Vegetation Index 
(MSAVI2) is slightly better than Normalized Difference Vegetation Index (NDVI) representing the variation in hurricane-caused 
vegetative debris and both are recommended in lieu of the field data collection. 

There are few methods in existence for accurately estimating urban debris in costly natural disasters. The U.S. Army Corps of 
Engineers (USACE) Emergency Management staff has developed a modeling methodology designed to forecast potential amounts of 
hurricane generated debris [14]. The model is based on several factors such as hurricane intensity, population, vegetation, and 
commercial density. The estimated quantities produced by the model have a predicted error of around 30% [15]. 

A critical problem associated with damage assessment of hurricanes is the logistics of quickly coordinating and implementing an 
extensive ground-based damage survey. Another significant challenge on developing a predictive understanding of the long-term 
effects of hurricanes on coastal communities is the development of quantitative models to explain the relationships between the 
storm intensity and the resulting severity of damage on the different zones of the impacted areas. Moreover, it is unclear that how 
urbanization and critical infrastructure may affect the extent of the damage caused by hurricanes. As such, the objectives of this paper 
are to:  

• introduce a remote sensing-based approach that can rapidly analyze the damage caused by tropical storms and hurricanes with 
different strength levels  

• provide a statistical comparative method that includes diverse demographic factors to estimate the differences between damages 
caused by these extreme weather events.  

• evaluate an existing debris estimation method developed by the USACE (14) and compare their results to validate the proposed 
model. 

2. Study area and selected disasters 

2.1. Study site 

Among the hurricane-prone areas in the U.S., Bay County of Florida has suffered substantial damages from storms and hurricanes, 
which led to a catastrophic death toll and property losses. According to the National Oceanic and Atmospheric Administration (NOAA), 
the Bay County area has experienced a total of 26 hurricanes and tropical storms since 1842 [16]. The county’s largest city is Panama 
City, best known for its white sand beaches and emerald, green water. According to the U.S. Census Bureau, the county has a total area 
of 1033 square miles, of which 758 square miles is land and 275 square miles is water. As of 2019, the population was estimated to be 
174,705 [17]. Fig. 1 highlights the location of Bay County in the State of Florida along with the selected hurricane tracks. 

2.2. Overview of selected storms and hurricanes 

In this paper, two tropical storms and three hurricanes that impacted Bay County are chosen based on their intensity, direction, and 
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data accessibility. Their names as well as their years and intensities are listed as follows:  

1. Tropical Storm Beryl (1994) was one of the reasons that made the 1994 hurricane season so peculiar. It started as a tropical 
depression and intensified into a tropical storm with maximum sustained winds of 60 mph (95 km/h) before making landfall near 
Panama City, Florida. Total damage from Beryl was estimated as $73,000,000 [18]. Although Beryl caused no direct fatalities, there 
were a large number of people injured and harmed by.  

2. Tropical Storm Fay (2008) was a strong and unusual tropical storm that moved erratically across the State of Florida and the 
Caribbean Sea. Unlike other hurricanes, Fay gained strength over Florida’s inland waters after the process of weakening due to the 
landfall. Thirteen deaths were blamed directly to Fay [19]. Damage was primarily caused by rainfall-induced floods that affected 
residential structures. The total damage of Fay in the U.S. was estimated at about $560 million (19).  

3. Hurricane Earl (1998) was a short-lived Category 2 hurricane that caused moderate damage throughout the Southeast U.S. It was 
formed on August 31, 1998 and dissipated on September 8, 1998. Hurricane Earl killed three people and caused $79 million in 
damage in 1998. Coastal communities were inundated due to severe storm surge and heavy rain induced by the hurricane. The most 
extensive damage occurred in Bay County where 1112 structures were damaged by flooding and three were destroyed [20].  

4. Hurricane Kate (1985) was the final in a series of tropical cyclones to impact the U.S. in 1985. It was formed on November 15, 1985 
and disappeared on November 23, 1985. Kate caused destructive storm surge and flooding that crashed coastal infrastructure, 
which caused many people to lose their jobs in the weeks after the storm. High-speed wind contributed to downed trees and 
building damage, and downed power poles, leading to extensive power outages. Overall, Kate resulted in 15 fatalities and $700 
million in damage [21].  

5. Hurricane Michael (2018) is the most intense and recent hurricane in this study. With maximum sustained wind speeds of 161 mph 
(259 km/h), Hurricane Michael made its landfall near Mexico Beach in the Florida Panhandle region on October 10, 2018. This 
indicates that it was a Category 5 hurricane based on the Saffir-Simpson Hurricane Wind Scale. Therefore, it became one of the four 
Category 5 hurricanes on record to have hit the U.S. mainland. It pushed a massive and destructive storm surge to the coast, which 
resulted in catastrophic damages [22]. 

Each of these events had its own intensity, which was significantly affected by the maximum wind speed associated with the event. 
Table 1 presents maximum wind speeds relative to each hurricane and storm. Fig. 1 illustrates the track (path) of each storm and 
hurricane while passing over the Bay County. The tracking data were obtained from ESRI’s Living Atlas [23] and visualized in ArcGIS 
Pro v2.9. All hurricanes were moving from Southwest (SW) to Northeast (NE) except Tropical Storm Fay, which was traveling from 
Southeast (SE) to Northwest (NW). 

2.3. The Saffir-Simpson Hurricane Wind Scale 

Wind speeds have often been used to determine the intensity of hurricanes. However, hurricane damage not only comes from the 
winds, but can also come from rain, tornadoes, floods, and very low air pressure. In the 1970s, a system was developed to characterize 
the destructive potential of hurricanes and named as the Saffir-Simpson scale after its inventor. In addition to maximum sustained wind 
speed, the Saffir-Simpson scale considers different levels of central pressure and storm-surge height [24]. The scale is listed in Table 1. 
Saffir-Simpson Hurricane wind scale includes a 1 to 5 rating based on a hurricane’s sustained wind speed. Storms that have maximum 
sustained surface winds less than 73 mph have been considered as tropical storms. This scale only estimates the potential hurricane 
damage. Hurricanes reaching Category 3 and higher are considered major hurricanes because of their potential for significant loss of 
life and damage. However, Category 1 and 2 hurricanes and tropical storms are still dangerous and require preventative measures. 

3. Methodology 

The methodology adopted in this paper consists of three modules (1): A damage assessment of the aforementioned disasters using 
the NDVI derived from satellite imagery (2), implementation of the USACE hurricane-caused debris volume estimating model, and (3) 
a comparative analysis performed between these two methods. Fig. 2 illustrates the process of hurricane damage assessment and 
comparison. The steps of the methodology are discussed in more detail in the following sections. 

Table 1 
Saffir-Simpson hurricane scale and associated strengths of selected storms and hurricanes.  

Saffir-Simpson Scale (Category) Central Pressure (inch) Wind Speeds (mph) Storm Surge (feet) Observed 
Damage 

1 ≥28.94 74–95 4–5 Minimal 
2 28.50–28.91 96–110 6–8 Moderate 
3 27.91–28.47 111–130 9–12 Extensive 
4 27.17–27.88 131–155 13–18 Extreme 
5 <27.17 >155 >18 Catastrophic 

Selected Storms and Hurricanes  
Beryl Fay Earl Kate Michael 

Year 1994 2008 1998 1985 2018 
Max Wind Speed (mph) 60 68 100 120 160 
Category Tropical Storm Tropical Storm Category 2 Category 3 Category 5  
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labeled as “low roadway density”, “moderate roadway density”, and “high roadway density”. Finally, for the NDVI Reduction data the 
normalized values were labeled as “minor damage”, “moderate damage” and “severe damage”. These were simply a measure of ur-
banization and hurricane-caused damage at a given block group which helped conceptualize the comparison of the damage caused by 
different hurricanes and storms in different urbanization settings. 

The total NDVI reduction for each storm and hurricane was calculated by summing up each pixel in the block group. Every pixel of 
NDVI reduction was then analyzed within the aforementioned categories of population and roadway density, separately. Therefore, 
NDVI reduction under each scenario and average NDVI reduction per pixel were determined. 

3.2. USACE debris estimation model 

In terms of hurricane damage assessment, the debris data is more difficult to collect than the infrastructure disruption data such as 
roadway closures and power outages. This makes it harder to evaluate the damage of a hurricane in the context of debris. This issue is 
mainly because it is difficult to quantify the debris damage. The USACE developed the first debris estimation model using data 
collected from Hurricanes Frederic (1979), Hugo (1989), and Andrew (1992) (32). This model is described in Equation (2): 

Q=H(C)(V)(B)(S) 2 

Q : Debris Volume (cubic yard (cy = ~0.76 m3)) 
V : Vegegation characteristics multiplier = {1.1, 1.3, 1.5} for vegetation cover {Light, Medium, Heavy} 
B : Commercial land use multiplier = {1.0, 1.2, 1.3} for commercial category {Light, Medium, Heavy} 
S : Precipitation multiplier = {1.0, 1.3} for precipitation characteristics {None/Light, Medium/Heavy} 
Although this was an empirical model, it had the ability to estimate the debris volume with a maximum of ±30% error [32,33]. The 

first deterministic storm-related debris volume estimation model was developed using the Federal Emergency Management Agency 
(FEMA) Project Worksheets, based on the support provided for the damage after any of the seven hurricanes during the 2004 and 2005 
hurricane season in the State of Florida [34]. 680 Project Worksheets were collected with the expense and debris volume details. The 
final model calculated the debris volume as 0.77 cubic yard (cy = ~0.765 m3 = ~27 ft3) for low damage storms, 4.44 cy for 
moderate-damage storms, and 22.85 cy for high-damage storms for every 100 ft street segment [35]. Following this concept and using 
the same dataset, an average of 488 cy vegetative debris with a cost of $21.5 was calculated [36]. Another study focused on the urban 
forest debris after Hurricane Ike (2008) using permanent plots in Houston, TX (33). The findings revealed that vegetation related 
variables explained greater variation in tree debris volume than the storm-related meteorological variables such as wind speed. 
Furthermore, Duryea et al. [37,38] collected tree damage data from the field shortly after the Hurricane Ivan (2005) to evaluate the 
resilience of single trees by their species, which is very dangerous given the hurricane aftermath conditions. These pioneering studies 
provided a great knowledge on hurricane vegetative debris generation; however, the major concern was using field data measurements 
such as tree counts, diameters, and heights for the vegetation cover inputs. These data sets might not be available in certain areas. 
Collection of such a tree database could be very expensive and intrusive as periodic updates are necessary to evaluate hurricane 
impacts. A satellite image taken before and after the hurricane can provide sufficient information about vegetation cover that could be 
used in the damage assessment. Therefore, there is a great potential for using remote sensing data to improve the performance of 
traditional hurricane damage assessment methods. 

To compare the remote sensing-based damage assessment with the USACE’s debris volume estimation, the storm category 
multiplier was determined based on the intensity of each of the selected storms and hurricanes that hit Bay County. Note that Tropical 
Storms Beryl and Fay are treated as Category 1 hurricanes since their wind speeds were very close to that of a Category 1 hurricane 
(Table 1), therefore a value of 2 cy was used as the “C” multiplier for both storms. The assumption of 3 persons per household (H) was 
used for this model. Therefore, the developed population per pixel values obtained in the population image, which was generated using 
a KDE approach, was used to determine a value for H as one-third of the population. The determination of vegetation multiplier (V) 
relayed on initial NDVI value per pixel, which was simply the value before the storm or hurricane hit. The initial NDVI value was also 
divided into three equal intervals from 0 to 1 and the associated vegetation multiplier is determined. Commercial factor (B) is the 
multiplier that considers areas that are not solely single-family residential, but it also includes small retail stores, schools, apartments, 
shopping centers, and light industrial/manufacturing facilities. Considering the development and economy of the Bay County area, the 
value of 1.1 was selected for this factor. Precipitation multiplier (S) also depends on the hurricane intensity. Hurricanes that were 
category 3 or greater were considered to have a heavy precipitation with a multiplier of 1.3, while other low-intensity hurricanes 
belonged to the group with a light precipitation having a multiplier of 1.0. Once all factors were determined, the total volume of debris 
and average debris per pixel were calculated. In addition, demographic factors of population density and roadway density were used 
for weighted debris damage evaluation. In this way, debris volume under each scenario could be estimated. 

Table 2 
Descriptive statistics of NDVI reduction in Bay County, FL.   

Beryl Fay Earl Kate Michael 

Category Tropical Storm Tropical Storm 1 3 5 
Number of pixels 2,574,805 2,574,765 2,547,831 2,467,861 2,574,656 
Mean 0.015 0.011 0.013 0.094 0.113 
Standard Deviation 0.042 0.039 0.035 0.065 0.100 
Min 0 0 0 0 0 
Max 0.586 0.699 0.639 0.701 1.157  
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