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Abstract: Flooding, including hurricanes and tornadoes, accounts for approximately 40 percent of
natural disasters worldwide and kills 100 people on average in the United States each year, which is
more than any other single weather hazard. Since flooding is a common hazard in the U.S. and
flood-related casualties have been increasing in recent years, it is important to understand the spatial
patterns of different vulnerable population groups in the flooding regions. To achieve this objective,
spatial scan statistics were used to identify the spatial clusters of different demographic groups
(children and elderly, poor, White, African American, and Hispanic) in the 100-year floodplain areas
of Birmingham. Using the decennial census data from 1990 to 2015, this research examined whether
these vulnerable population groups had aggregated more in the flooding areas or moved away
from the flooding areas in the past thirty years. The findings of this research indicate that most of
the minorities are increasingly aggregating in the floodplain areas of Village Creek in Birmingham.
The findings also suggest that the non-minorities are moving away from the flooding regions in
Birmingham, AL. As part of the minorities and non-minorities group, approximately 50 percent of
African Americans and 4 percent of White populations aggregated in the Village Creek flooding areas
in 2015. Although the percentage of White populations is very low, the findings suggest that they are
still exposed to floods. The multi-decadal analysis of flood risk will help the local governments to
understand which population groups could be more affected by floods historically and need more
attention in future flood hazards. This understanding will help them prepare for future flood hazards
by allocating resources efficiently among the different racial and ethnic groups.

Keywords: urban flood; demographic vulnerability; spatial scan statistics; spatial clusters; shifting
patterns; decadal analysis

1. Introduction

Floods are considered the most devastating natural hazard worldwide because they can destroy
human lives and properties [1–3]. In the water year 2019 (1 October 2018 to 30 September 2019),
floods alone in the United States caused USD 3.93 billion property damages and 101 deaths [4].
Flash floods are very common in urban areas, causing the highest number of deaths in the
United States [5,6]. The Southeast region of the United States mostly faces flash floods because
of the extreme rainfall caused by tropical storms and hurricanes [7]. Recent studies also found that the
urban areas are expanding in the Southeast region, and communities in this region are less resilient
to natural disasters [8,9]. Although flash flood is more common in the Southeastern United States,
this region has recently faced hurricane-induced floods such as Hurricane Irma, Maria, and Harvey.
According to the National Centers for Environmental Information [10], Hurricane Irma caused USD
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50 billion in property damages and 84 deaths in the United States [11]. It has also been estimated that,
out of the USD 50 billion, approximately USD 30 to USD 35 billion property damage was caused by
floods that include residential and commercial properties [11]. Hurricane Harvey was more devasting
than Hurricane Irma. Houston, in Texas, faced the record of urban flooding as much of the rain
fell in the greater Houston Metropolitan area due to Hurricane Harvey [12,13]. Federal Emergency
Management Agency (FEMA) estimated that more than 80,000 homes were affected, and professionals
and volunteers rescued more than 120,000 people in the Houston area [14]. After Hurricane Katrina,
which caused USD 161 billion in property damage, Hurricane Harvey is the worst hurricane that
caused more than USD 125 billion property damages and 64 deaths [12]. However, the cumulative cost
of the worst five hurricanes (Hurricane Katrina, Harvey, Maria, Sandy, and Irma) in the United States
between 2005 and 2017 caused a total of USD 497 billion property damages [15].

Although the United States experiences flood hazards every year, not every population group
is equally exposed to flood hazards [16]. There is a general concept that poor people and minority
neighborhoods are more exposed to environmental hazards and natural disasters [17–19]. Some studies
suggest that the most inferior groups in developing countries tend to live in more hazardous areas
because they have the least choice about where to live [20]. Recent studies also found a positive
correlation between elevation and poor neighborhoods [21]. These studies revealed that minority
neighborhoods, such as racial–ethnic minorities, tend to live in low elevated areas that make them
more vulnerable to flooding [21,22]. In social vulnerability research, most of the studies considered the
children and elderly population, poor people, and the minority population, such as African American
and Hispanic populations, as the most socially vulnerable population [17,23–26]. The mortality
rates are higher for socially vulnerable groups as they experience more adverse consequences of
flood disaster [27–29]. However, recent social vulnerability research shows that not only minority
populations, but also White populations are exposed to flood hazards [30]. However, during the
Hurricane Frederick, White communities received more food, assistance, and shelter than black
communities [31]; emergency response workers gave priority to White communities while restoring
the power after the disaster event [31]. The racial, ethnic, and socio-economic factors also play a vital
role during the recovery stage of a disaster. Usually, low-income households face more difficulty
recovering from the disaster as they have little or no savings and may not have disaster insurance.
The recovery process is also slow for racial–ethnic minorities, and low-income households as they lack
access to resources whereas the recovery process is much faster in White communities as they know
how the system works and can easily access the information [32,33]. There are some other studies that
also have similar findings that the socially advantaged people experience more pre-event exposure to
flood hazards than the socially disadvantaged people [34–38].

The literature review supports that both minority and non-minority populations experience flood
hazards. Therefore, the research was designed to identify whether these minority and non-minority
population groups are aggregating more or moving away from the flood hazard areas over the past
thirty years. In this research, the spatial scan statistics method was used to identify the spatial cluster of
children and elderly, poor people, White, and minority populations in the 100-year floodplain areas of
Birmingham, AL, USA. Kulldorff (1997) developed a spatial scan statistic for identifying spatial cluster
and many studies have already used it to detect spatial cluster in a geographic region [39–47]. By using
Spatial Scan Statistics, first, the spatial high and low clusters were identified for each population group
at each decennial census year and mapped them using GIS. Then, the number of population and
number of residential buildings were calculated at each cluster for all census years in the past thirty
years. The findings of this research improve local governments’ and communities’ understanding
of the shifting patterns spatially between the minorities and the non-minorities population due to
urban flood hazards. The understanding of temporal changes in the spatial patterns will help the local
governments and communities to understand which population groups have been affected most over
the decades and in the future due to floods in Birmingham city.
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2. Study Area

Birmingham is the largest Metropolitan Statistical Area in Alabama, which covers approximately
163 square miles. It is located in North-Central Alabama and is also known as the most populous city
in Alabama, with approximately 209,403 people [48]. In the United States, the African American and
Hispanic population groups are considered as minorities, and the White population group is considered
non-minority. The city of Birmingham is predominantly African American, with 70.5 percent of the
total population; White and Asian makeup approximately 25.3 percent and 0.9 percent of the total
population, respectively [48]. Hispanic or Latino can be of any race, and they make up approximately
3.7 percent of the total population [48]. This city faces a lot of environmental hazards primarily from
rain, high winds, and tornado. Flash flooding is very common in Birmingham city due to extreme
rainfall in spring and summer months. Birmingham is the most vulnerable to flash floods because
of urban development and the high density of the population. Urbanization of areas contributes to
flooding by reducing the water infiltration rate and removing vegetation that increases surface runoff

from rainfall [49]. Past studies reveal that the urban areas with high population density possess a
higher risk to flooding [50,51].

Birmingham has a total of ten watersheds such as Village Creek, Valley Creek, Five Mile Creek,
Cahaba River, Little Cahaba River, Shades Creek, Little Shades Creek, Turkey Creek, Cane Creek,
and Big Black Creek. Each of these watersheds at least contains some portion of 100-year floodplain
areas that covers more than 8000 acres areas of the Birmingham city limits. Among these creeks,
Village Creek, Valley Creek, and Five Mile Creek possess a higher risk of flash flooding because these
watersheds are located in a highly urbanized area. These areas also have a history of repetitive flooding
in the past, especially the Village Creek area, where several residential areas repeatedly flooded in
the past.

FEMA usually defines the 100-year floodplain area, and the Village Creek area in Birmingham
makes up approximately 53 percent of Birmingham’s Special Flood Hazard Area [52]. Village Creek area
has a history of repetitive flooding, and this area has flooded more than thirty times between 1977 and
2015 [52,53]. Apart from Village Creek, Valley Creek also has a history of repetitive flooding. The notable
historical flood events occurred in Valley Creek in April 1979, December 1983, September 2011,
April 2014, December 2015, December 2016, April 2017, and April 2018 [54]. The frequency of flooding
in this area possesses a significant threat to human lives and their properties. Since Birmingham, AL,
has a repetitive history of flooding, Birmingham’s 100-year floodplain areas are considered as the study
area (Figure 1).
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3. Methods

This research consists of two steps of analysis: (1) detect the spatial cluster for each demographic
factor using Spatial Scan Statistic for each census year, map them using GIS, and (2) calculate the
population of each demographic factor and number of residential buildings that fall within each
spatial cluster.

3.1. Data Sources

In this research, we collected and analyzed three types of data: flood data, census data, and building
data. Birmingham area’s 100-year floodplain data was collected from FEMA’s website [55]. Here,
the term “100-year floodplain” means there is a 1 percent chance of annual flood in that floodplain
areas. FEMA usually defined the floodplain areas based on the various level of risk. The 100-year
floodplain areas are considered high flood risk areas, whereas 500-year floodplain areas are considered
moderate to low-risk areas [56]. FEMA identified these high flood risk areas in their Flood Insurance
Rate Map (FIRM) and labeled it as Special Flood Hazard Area (SFHA). These SFHA areas are further
divided into different flood zones, such as Zone A, AE, AH, AO, AR, and A99 [56].

In this research, we considered five demographic factors, such as children and the elderly,
people that are living below the poverty level, White, and minority populations (e.g., African American
and Hispanic) who are vulnerable to flood hazards. Each demographic factor was analyzed for each
decennial census year, such as 1990, 2000, 2010, and 2015. Since the data of the decennial census year,
2020, are not available yet, the American Community Survey data of 2015 were used. Census block
group data were collected from the Census Bureau and Integrated Public Use Microdata Series National
Historical Geographic Information System (IPUMS NHGIS) website [57,58].

The buildings’ data were collected from the City of Birmingham’s office. In this research,
we considered only the residential buildings to calculate and estimate the number of populations that
lived in each residential unit. Four types of residential units were considered, such as single-family
detached, single-family attached, duplex, and multi-family rooming. The populations at each residential
unit were estimated for each decennial census year. To estimate the population, first, we did the spatial
join between the residential buildings and the block group. The number of persons per household
in each block group was calculated and multiplied with the number of households to obtain the
total number of populations; more details of the population estimation method have been explained
in [22]. Based on the total number of populations, the numbers of children and elderly, poor, White,
African American, and the Hispanic population at each residential unit were estimated (Table 1).
This process has been repeated for each decennial census year. However, in this research, we excluded
the Little Cahaba River and Black Warrior areas since these areas do not have any residential buildings.
The Shades Creek area was also excluded from the analysis as this area did not have any residential
buildings in 1990, and very few residential buildings were there in other decennial census years.

3.2. Spatial Cluster Detection Using Spatial Scan Statistics

The spatial scan statistic has been widely used to identify the spatial clusters and their approximate
locations in a geographic region [39]. Kulldorff’s spatial scan statistic typically uses a circular shape
window to identify high-risk clusters by using either purely spatial, purely temporal, or combined
both spatial–temporal methods. It is also used to test whether the distribution of events is random or
clustered. Meng and Cieszewski (2006) used spatial scan statistic to temporally examine significant
spatial clusters of tree mortality and their changes in patterns across the State of Georgia [46].
The log-likelihood ratio (LLR) is calculated by moving the circular window over the study area in the
spatial scan statistic. The circular window, which has the highest log-likelihood ratio, is considered as
the most likely cluster. However, it could identify more than one cluster, and in that case, the cluster
with the highest maximum LLR is considered the most likely cluster. The p-value for the most likely
cluster is calculated by using the Monte Carlo 999 iterations. The Monte Carlo 999 iterations were



Sustainability 2020, 12, 9139 5 of 32

used to obtain the p-values. The number of simulations were restricted to 999, so it is always clear
whether to reject or not reject the null hypothesis. Here, the p-value less than 0.05 is considered as
statistically significant.

Table 1. Total number of populations of each demographic factor in the 100-year floodplain areas of
Birmingham (IPUMS NHGIS and U.S. Census Bureau).

Total Number of Populations

Decennial Census Year

Demographic Factors
Village Creek Valley Creek Five Mile Creek

1990 2000 2010 2015 1990 2000 2010 2015 1990 2000 2010 2015

Children (under 5 years)
and elderly (over 65 years) 2160 1896 1857 1884 988 838 890 1492 43 57 16 100

Below poverty level 2158 2430 2802 3429 944 1285 1360 1461 0 2 66 85
White 812 339 554 386 308 58 80 70 102 100 67 30

African American 5863 5248 6095 7418 3336 4069 4005 4743 0 69 97 239
Hispanic 0 102 279 514 0 9 28 31 0 0 0 0

Total number of
populations in 100-year

floodplain areas
6704 5911 6716 8670 3829 4360 4251 5153 102 129 210 334

Total number of
residential buildings 1851 1878 2185 2833 1098 1271 1348 1757 51 62 73 118

There are some limitations to using spatial scan statistics. For instance, the circular scanning
window is unable to detect irregularly shaped clusters [59]. The irregularly shaped clusters could
be identified as a series of circular clusters. The small circles could miss much of the cells, and the
large circles could include many unwanted cells. Although the spatial scan statistics have some
limitations, it has been used over other spatial cluster detection methods such as spatial filtering and
local Moran’s I. One of the main advantages of using spatial scan statistics over the spatial filtering
method is identifying the cluster, which is not statistically significant [60]. In addition, compared to
local Moran’s I, spatial scan statistics can identify the largest and most circular clusters that inform
general policing initiatives and highlight possible variables to be included in confirmatory research [61];
furthermore, the objective of both Moran’s I and local Moran’s I is to detect whether similar values
are clustered (positive spatial autocorrelation) or dissimilar values are clustered (negative spatial
autocorrelation), while in this study values of an attribute do not need to be considered because
a pure point pattern analysis is required to identify the significant aggregations of nominal data
(e.g., Hispanic or African American).

In this research, the spatial scan statistic was used to identify each population group’s spatial
cluster and their approximate locations in the 100-year floodplain areas. The point data were used,
which have attributes of the number of populations for each population group living in residential
units. Since we are interested in the number of populations, whether these population groups are
aggregated in the floodplain areas or not, the SaTScan software (version 9.6, Martin Kulldorff and
Information Management Services Inc., Boston, MA, USA) [62] was used, using a purely spatial Poisson
model to identify the high or low cluster by a circular window. The high cluster identifies that the
population is aggregating more in the floodplain areas, whereas the low cluster identifies that they
are aggregating less in the floodplain areas. Based on the p-value, the cluster was categorized into
four categories, such as high cluster (significant), high cluster (not significant), low cluster (significant),
and low cluster (not significant). After identifying the cluster for the population groups for each
decennial census year, we compared whether these population groups are more aggregated in the
floodplain areas or have moved away from the floodplain areas over the past 30 years. The number of
populations and residential buildings was also calculated at each cluster, which helps understand the
percentage of population and buildings at higher risk of flooding. Finally, the result from SaTScan was
mapped using the ArcGIS to identify clusters in the floodplain areas.
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4. Results

4.1. Spatial Cluster of Demographic Factors in Floodplain Areas

4.1.1. Children and Elderly

Spatial cluster analysis shows that from 1990 to 2015, all most likely clusters in the Village Creek
areas are statistically significant low cluster (Appendix A, Tables A3, A6, A9 and A12). The low
spatial clusters found in 2000 have the highest percentage (approximately 5.67 percent) of children,
and the elderly population lived in the floodplain areas compared to other census years (Table A1).
The locations of these low spatial clusters are quite similar for the years 2000, 2010, and 2015, and they
are located in the north-east of Village Creek (Figures 2, A1 and A2). However, the location of the most
likely cluster is different for the census year 1990, and it is located in the Central Village Creek (Figure 3).
Although the most likely cluster is a statistically significant low cluster, the spatial cluster analysis shows
that statistically significant both high and low clusters exist in the Village Creek area. The percentage
of children and elderly population that are highly clustered in the floodplain areas of Village Creek
in 1990, 2000, 2010, and 2015 is approximately 0, 20.08, 14.82, and 10.97, respectively (Tables 2 and 3,
Tables A1 and A2). This percentage is also higher compared to the percentage of children and the
elderly population lived in a statistically significant low cluster area. Since the percentage of highly
clustered children and the elderly population decreased after the census year 2000, it suggests that
this population group was initially more aggregated in the floodplain areas but gradually moving
away from these areas. The number of residential buildings that are located within the statistically
significant high cluster area in 1990, 2000, 2010, and 2015 is 0, 1129, 974, and 916, respectively (Tables 2
and 3, Tables A1 and A2).
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Table 2. Total number of populations and residential buildings located in each spatial cluster in
decennial census year 1990.

Demographic
Factors

Spatial Cluster
Number of Population and % Number of Residential Buildings

Village
Creek

Valley
Creek

Five Mile
Creek

Village
Creek

Valley
Creek

Five Mile
Creek

Children
(under 5 years and

elderly
(over 65 years)

High Cluster-Significant 0 (0) 375 (9.79) 0 (0) 0 105 0
High Cluster-Not Significant 546 (8.14) 111 (2.90) 0 (0) 473 356 0

Low Cluster-Significant 191 (2.85) 110 (2.87) 0 (0) 127 287 7
Low Cluster-Not Significant 167 (2.49) 0 (0) 0 (0) 81 0 0

Below poverty level

High Cluster-Significant 409 (6.10) 509 (13.29) 0 (0) 86 283 0
High Cluster-Not Significant 0 (0) 166 (4.34) 0 (0) 0 165 0

Low Cluster-Significant 37 (0.55) 81 (2.12) 0 (0) 266 348 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

White

High Cluster-Significant 757 (11.29) 249 (6.50) 0 (0) 426 229 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 3 (0.04) 12 (0.31) 0 (0) 1213 659 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 63 0

African American

High Cluster-Significant 3276 (48.87) 0 (0) 0 (0) 882 0 0
High Cluster-Not Significant 838 (12.50) 1217 (31.78) 0 (0) 263 392 0

Low Cluster-Significant 0 (0) 331 (8.64) 0 (0) 49 111 0
Low Cluster-Not Significant 0 (0) 152 (3.97) 0 (0) 0 73 0

Hispanic

High Cluster-Significant 0 (0) 0 (0) 0 (0) 0 0 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 0 (0) 0 (0) 0 (0) 0 0 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0
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Table 3. Total number of populations and residential buildings located in each spatial cluster in census
year 2015.

Demographic
Factors

Spatial Cluster
Number of Population and % Number of Residential Buildings

Village
Creek

Valley
Creek

Five Mile
Creek

Village
Creek

Valley
Creek

Five Mile
Creek

Children
(under 5 years) and

elderly
(over 65 years)

High Cluster-Significant 951 (10.97) 555 (10.77) 0 (0) 916 540 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 109 (1.26) 138 (2.68) 0 (0) 1079 431 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 11

Below poverty level

High Cluster-Significant 949 (10.95) 748 (14.52) 0 (0) 237 489 0
High Cluster-Not Significant 0 (0) 0 (0) 31 (9.28) 0 0 31

Low Cluster-Significant 124 (1.43) 92 (1.79) 1 (0.30) 640 651 27
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 18 0

White

High Cluster-Significant 344 (3.97) 62 (1.20) 27 (8.08) 250 144 27
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 15 (0.17) 0 (0) 0 (0) 1959 835 57
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 134 0

African American

High Cluster-Significant 4224 (48.72) 0 (0) 0 (0) 1594 0 0
High Cluster-Not Significant 0 (0) 0 (0) 22 (6.59) 0 0 11

Low Cluster-Significant 185 (2.13) 749 (14.54) 0 (0) 101 126 0
Low Cluster-Not Significant 0 (0) 328 (6.37) 0 (0) 0 268 0

Hispanic

High Cluster-Significant 476 (5.49) 0 (0) 0 (0) 295 0 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 0 (0) 0 (0) 0 (0) 1693 0 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

In Valley Creek areas, all most likely clusters were identified as statistically significant low
clusters from 1990 to 2015 (Tables A4, A7, A10 and A13). The locations of all these clusters are
very similar, and they are in the north-east of Valley Creek (Figures 2 and 3, Figures A1 and A2).
However, some significant high clusters exist in the Valley Creek area for children and the elderly
population, but they are not most likely clusters. The percentages of the children and elderly population
located within the spatial significant high clusters in Valley Creek in 1990, 2000, 2010, and 2015 are
approximately 9.79, 10.80, 8.77, and 10.77, respectively (Tables 2 and 3, Tables A1 and A2). This finding
suggests that the aggregation of children and the elderly population in floodplain areas of Valley Creek
remains the same over time. In addition, the percentages of the children and elderly population that are
highly clustered are much higher compared to significant low cluster areas. The number of residential
buildings that are significantly highly clustered in the Valley Creek area in 1990, 2000, 2010, and 2015 is
105, 469, 341, and 540, respectively (Tables 2 and 3, Tables A1 and A2).

The spatial cluster analysis findings are different for Five Mile Creek areas compared to Village
Creek and Valley Creek areas. In the Five Mile Creek area, the most likely cluster of children and
elderly populations is the statistically significant low and high clusters in 1990 and 2010, respectively
(Tables A5 and A11). For 2000 and 2015, the result indicates that the most likely spatial cluster of
children and elderly populations is low and statistically insignificant (Tables A8 and A14). The high
spatial cluster was located on the eastern side of the Five Mile Creek in 2010 (Figure A2). The percentage
of the population and number of residential buildings in the high cluster area in the Five Mile Creek
area in 2010 is 7.62 and 16, respectively (Table A2). However, the result indicates that there was no
significant spatial cluster in 2015, which suggests that the children and elderly are moving away from
the floodplain areas of Five Mile Creek.

4.1.2. Below Poverty Level

The spatial cluster of the people who lived below the poverty level in the Village Creek area suggests
that the most likely cluster for 1990 is a statistically significant high cluster; this cluster is in central
south-west of the Village Creek (Figure 4, Table A3). The most likely cluster for the rest of the census
years, such as 2000, 2010, and 2015, is a statistically significant low cluster (Tables A6, A9 and A12).
The location of all these clusters are very similar, and they are located in the south-west of Village
Creek (Figures 5, A3 and A4). However, for 2000 and 2015, we found the second most likely cluster
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as a significant high cluster, and they are located at the central south-west of Village Creek (Figure 5,
Figure A3). The percentage of poor people highly clustered in the floodplain areas of Village Creek in
1990, 2000, 2010, and 2015 is approximately 6.10, 7.43, 16.99, and 10.95, respectively (Tables 2 and 3,
Tables A1 and A2). The spatial and temporal trend of these clusters suggests that until 2010 they were
more aggregated in the floodplain areas, but in 2015 some were moved away from the floodplain areas
of Village Creek. The number of residential buildings located in the significant high cluster areas in
1990 and 2015 is 86 and 237, respectively (Tables 2 and 3).
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In Valley Creek, the most likely cluster for poor people found as a statistically significant low
cluster for all census years (Tables A4, A7, A10 and A13). However, the location of all these clusters
varies over time. In 1990, 2000, 2010, and 2015, the significant low cluster is located in central,
north-east, central south-west, and south-west of Valley Creek, respectively (Figures 4 and 5, Figures A3
and A4). However, the second most likely cluster was found as a statistically significant high cluster
in 2015, and it is in north-east of Valley Creek (Figure 5). The percentage of poor people located in a
significant low cluster area in 1990, 2000, 2010, and 2015 is approximately 2.12, 0.50, 2.12, and 1.79,
respectively (Tables 2 and 3, Tables A1 and A2). The percentage of poor people who were highly
clustered in 1990, 2000, 2010, and 2015 is approximately 13.29, 8.26, 20.91, and 14.52, respectively
(Tables 2 and 3, Tables A1 and A2). The finding suggests that the poor people in the Valley Creek
area were more aggregated in the floodplain areas from 1990 to 2010, but they started to move
away after 2010 and were less aggregated in 2015. The number of residential buildings located in
a statistically significant high cluster area in 1990, 2000, 2010, and 2015 is 283, 239, 632, and 489,
respectively (Tables 2 and 3, Tables A1 and A2).
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In Five Mile Creek, there was no spatial cluster found for 1990 since there were no poor people
living in that area (Table 1). However, spatial cluster analysis shows that in 2000, 2010, and 2015 the most
likely cluster of poor people is the statistically not significant high cluster, low cluster, and significant
low cluster, respectively (Figures 5, A3 and A4, Tables A8, A11 and A14). Although there was no
significant cluster found from 1990 to 2010, the significant low cluster in 2015 indicates that the poor
people were less aggregated in the floodplain area of Five Mile Creek. The number of residential
buildings that are located within the significant low cluster in 2015 is 27 (Table 3). These buildings are
located in the north-east of the Five Mile Creek area (Figure 5).

4.1.3. The White Population

The spatial cluster analysis shows that the most likely cluster for the White population in the
floodplain areas of Village Creek found as a statistically significant high cluster for all census years
(Figures 6 and 7, Figures A5 and A6, Tables A3, A6, A9 and A12). The location of a significant high
cluster for 1990 and 2000 is very similar, and they are in the north-east part of the Village Creek
(Figures 6 and 7, Figures A5 and A6). Gradually these populations moved from the north-east to
the central part of the Village Creek area and formed a significant high cluster in 2010 and 2015
(Figures 7 and A6). The second most likely cluster for the White population from 1990 to 2010 found
as a significant low cluster, but in 2015, the second most likely cluster also showed a significant high
cluster (Figures 6 and 7, Figures A5 and A6, Tables A3, A6, A9 and A12). The percentage of the White
population who are located within the statistically significant high cluster in 1990, 2000, 2010, and 2015
is approximately 11.29, 5.18, 6.08, and 3.97, respectively (Tables 2 and 3, Tables A1 and A2). The finding
suggests that gradually White populations are moving away from the floodplains area of Village Creek
and less aggregated in the floodplain areas. The number of residential buildings that are located within
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the statistically significant high cluster area of Village Creek in 1990, 2000, 2010, and 2015 is 426, 435,
388, and 250, respectively (Tables 2 and 3, Tables A1 and A2).
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In the Valley Creek area, the most likely spatial cluster of the White population found as a
statistically significant high cluster for all of the census years from 1990 to 2015 (Figures 6 and 7,
Figures A5 and A6, Tables A4, A7, A10 and A13). The locations of all these high clusters are very
similar for all census years except 1990. In 1990, the most likely significant high cluster found in the
central north-west part of the Valley Creek, whereas for the rest of the census years, it was located
in the west part of the Valley Creek area (Figures 6 and 7, Figures A5 and A6). The results indicate
that the second most likely cluster for the White population in the floodplain areas of Valley Creek
for all census years is the statistically significant low cluster (Figures 6 and 7, Figures A5 and A6,
Tables A4, A7, A10 and A13). The second most likely cluster location is very similar from 1990 to 2010,
and it is in the north-west part of the Valley Creek area (Figures 6, A5 and A6). However, in 2015,
this cluster moved slightly upward and located in the central north-west part of the Valley Creek
area (Figure 7). The percentage of the White population who are highly clustered in 1990, 2000, 2010,
and 2015 is approximately 6.50, 0.83, 1.62, and 1.20, respectively (Tables 2 and 3, Tables A1 and A2).
The lower percentage of the White population living in the high clustered area suggests that this
population group is less aggregated in the floodplains area of Valley Creek. The number of residential
buildings highly clustered in the floodplain area of Valley Creek in 1990 and 2015 is 229 and 121,
respectively (Tables 2 and 3, Tables A1 and A2).



Sustainability 2020, 12, 9139 12 of 32

Sustainability 2020, 12, x FOR PEER REVIEW 14 of 39 

 
Figure 7. Spatial cluster of the White population in the floodplain areas in 2015. 

In the Valley Creek area, the most likely spatial cluster of the White population found as a 
statistically significant high cluster for all of the census years from 1990 to 2015 (Figures 6 and 7, 
Figures A5 and A6, Tables A4, A7, A10 and A13). The locations of all these high clusters are very 
similar for all census years except 1990. In 1990, the most likely significant high cluster found in the 
central north-west part of the Valley Creek, whereas for the rest of the census years, it was located in 
the west part of the Valley Creek area (Figures 6 and 7, Figures A5 and A6). The results indicate that 
the second most likely cluster for the White population in the floodplain areas of Valley Creek for all 
census years is the statistically significant low cluster (Figures 6 and 7, Figures A5 and A6, Table A4, 
A7, A10 and A13). The second most likely cluster location is very similar from 1990 to 2010, and it is 
in the north-west part of the Valley Creek area (Figure 6, Figures A5 and A6). However, in 2015, this 
cluster moved slightly upward and located in the central north-west part of the Valley Creek area 
(Figure 7). The percentage of the White population who are highly clustered in 1990, 2000, 2010, and 
2015 is approximately 6.50, 0.83, 1.62, and 1.20, respectively (Tables 2 and 3, Tables A1 and A2). The 
lower percentage of the White population living in the high clustered area suggests that this 
population group is less aggregated in the floodplains area of Valley Creek. The number of residential 
buildings highly clustered in the floodplain area of Valley Creek in 1990 and 2015 is 229 and 121, 
respectively (Tables 2 and 3, Tables A1 and A2). 

Although more than a hundred White people lived in the floodplain areas of Five Mile Creek in 
1990, the spatial cluster analysis did not find any spatial cluster in this area for that year (Table 1). 
However, for the rest of the census years, the results indicate that the most likely cluster for the White 
population in the Five Mile Creek area is the statistically significant low cluster, not significant low 
cluster, and significant high cluster for the year of 2000, 2010, and 2015, respectively (Figures 6 and 
7, Figures A5 and A6, Tables A5, A8, A11 and A14). The spatial cluster location is very similar for 
2000 and 2010, and they are in the south-west part of the Five Mile Creek area (Figures A5 and A6). 
The most likely cluster location has changed for 2015, and it moved to the east part of the Five Mile 
Creek area and formed a statistically significant high cluster (Figure 7). The percentage of the White 

Figure 7. Spatial cluster of the White population in the floodplain areas in 2015.

Although more than a hundred White people lived in the floodplain areas of Five Mile Creek
in 1990, the spatial cluster analysis did not find any spatial cluster in this area for that year (Table 1).
However, for the rest of the census years, the results indicate that the most likely cluster for the White
population in the Five Mile Creek area is the statistically significant low cluster, not significant low
cluster, and significant high cluster for the year of 2000, 2010, and 2015, respectively (Figures 6 and 7,
Figures A5 and A6, Tables A5, A8, A11 and A14). The spatial cluster location is very similar for
2000 and 2010, and they are in the south-west part of the Five Mile Creek area (Figures A5 and A6).
The most likely cluster location has changed for 2015, and it moved to the east part of the Five Mile
Creek area and formed a statistically significant high cluster (Figure 7). The percentage of the White
population highly clustered in the floodplain areas of Five Mile Creek in 2015 is approximately 8.08
(Table 3). This cluster’s spatial and temporal trends suggest that initially, the White populations were
not aggregated in the floodplain areas, but currently, they are more aggregated in the floodplain areas
of Five Mile Creek. The number of residential buildings located within the high cluster area of Five
Mile Creek in 2015 is 27 (Table 3).

4.1.4. African American

The spatial cluster analysis shows that the most likely cluster of African American populations in
the floodplain areas of Village Creek area was found to be a statistically significant low cluster for all
the census years from 1990 to 2015 (Figures 8 and 9, Figures A7 and A8, Tables A3, A6, A9 and A12).
The locations of all these clusters are very similar, and they are in the central part of the Village Creek
area (Figures 8 and 9, Figures A7 and A8). However, the second most likely cluster for this population
group was found to be a statistically significant high cluster for the census year of 1990, 2000, and 2015
(Figures 8 and 9, Figure A7, Tables A3, A6 and A12). In 2010, the second most likely cluster was
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found as a significant low cluster (Table A9 and Figure A8). The percentage of African American
populations that are highly clustered in the floodplain areas of Village Creek in 1990, 2000, 2010,
and 2015 is approximately 48.87, 49.92, 49.60, and 48.72, respectively (Tables 2 and 3, Tables A1 and A2).
The percentage of the African American population living in the high cluster area did not change much
over the past thirty years, which indicates this population did not move away from the floodplain areas
of Village Creek. The number of residential buildings that are located within the significant high cluster
area in Village Creek in 1990, 2000, 2010, and 2015 is 882, 1022, 388, and 250, respectively (Tables 2 and 3,
Tables A1 and A2).
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Figure 8. Spatial cluster of the African American population in the floodplain areas in 1990.

In the Valley Creek area, the most likely cluster for the African American population was a
statistically significant low cluster in 1990 and 2015 and a statistically insignificant low cluster in
2000 and 2010 (Figures 8 and 9, Figures A7 and A8, Tables A4, A7, A10 and A13). The spatial cluster
analysis did not find any significant spatial high cluster in this area for any census year. The locations
of all these low clusters are very similar for all census years except 2010, and they are in the central
south-west of the Valley Creek area (Figures 8 and 9, and Figure A7). In 2010, the most likely cluster was
located in the eastern part of the Valley Creek area (Figure A8). The percentage of African American
populations located in the significant low cluster area in 1990 and 2015 is approximately 8.64 and 14.54,
respectively (Tables 2 and 3). The number of residential buildings is located in a significant low cluster
area in the floodplain area of Valley Creek in 1990 and 2015 is 111 and 126, respectively (Tables 2 and 3).
Overall, the findings suggest that the African American people in the floodplain area of Valley Creek
were less aggregated from the census year of 1990 to 2015.
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In the Five Mile Creek area, there is no spatial cluster found in 1990 for the African American
population. In addition, there is no statistically significant cluster found for other census years, such as
2000, 2010, and 2015. Since the results indicate that there is no significant spatial cluster for the African
American population in the floodplain area of Five Mile Creek, it can be concluded that this population
group was not aggregated in the floodplain areas over the past thirty years.

4.1.5. Hispanic

There was no Hispanic population living in the floodplain areas of Birmingham in 1990,
and therefore, the census year 1990 was excluded from the analysis of the Hispanic population.
The analysis has been performed for the rest of the census years for the Hispanic population in
Birmingham’s floodplain areas.

The spatial cluster analysis shows that the most likely cluster for the Hispanic populations in Village
Creek is a statistically significant high cluster for the census years 2000, 2010, and 2015 (Figures 10 and 11,
Figure A9, Tables A6, A9 and A12). This finding suggests that, after 1990, the Hispanic population
was increasingly aggregated in the floodplain areas of Village Creek. The percentage of the Hispanic
population highly clustered in the floodplain areas of Village Creek in 2000, 2010, and 2015 is
approximately 1.69, 4.11, and 5.49, respectively (Tables 3, A1 and A2). The locations of these statistically
significant high clusters are very similar for all census years, and they are in the central part of the
Village Creek area (Figures 10 and 11, and Figure A9). The number of residential buildings located in the
statistically significant high cluster area in 2000, 2010, and 2015 is 49, 71, and 295, respectively (Tables 3,
A1 and A2). The percentage of the Hispanic population and the number of buildings they were living
in were getting higher gradually; it indicates that they became more aggregated in the floodplain areas
of Village Creek over time.
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Like the Village Creek area, the result indicates the most likely cluster as a statistically significant
high cluster in the Valley Creek area for the Hispanic population for the years 2000 and 2010 (Figure 10,
Figure A9, Tables A7 and A10). Although the result of these census years shows that the Hispanic
populations were highly clustered in the Valley Creek area, there was no spatial cluster found in 2015.
This finding indicates that the Hispanic populations were aggregated in the floodplain areas of Valley
Creek in 2000 and 2010 but moved away in 2015. The percentage of the Hispanic population within the
statistically significant high cluster areas in 2000 and 2010 is approximately 0.21 and 0.64, respectively
(Tables A1 and A2). There was no Hispanic population living in the Five Mile Creek area from 1990 to
2015. Therefore, the Five Mile Creek floodplain areas were excluded from the spatial cluster analysis
for the Hispanic population.

4.2. Spatiotemporal Cluster Pattern Comparison between Minority and Non-Minority Populations

In this research, the White populations were considered as a non-minority group and African
American and Hispanic populations as a minority group. The spatial cluster maps show that the
cluster’s spatial pattern is almost opposite between the White and African American populations.
For instance, the spatial cluster map of 1990 shows that the White people were highly clustered in
the north-east part of the Village Creek area, whereas there is no spatial cluster found for the African
American population in that area (Figure 6). Similarly, for Valley Creek area in 1990, the White
populations were highly clustered in the central south-west part of this area, where the spatial cluster is
low for African Americans in the same area (Figure 6). However, the result indicates some similarities
between the spatial cluster pattern of the White and Hispanic populations. For instance, in 2000,
Hispanic and White populations were low clustered in the south-west part of the Village Creek area
(Figures 10 and A5). The similar pattern was found for the Village Creek area in 2015, where it
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shows that both Hispanic and White populations were highly and low clustered in the north-east and
south-west parts, respectively (Figures 7 and 11).
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Although the spatial cluster analysis finds several clusters for White, African American,
and Hispanic population in the floodplains area of Birmingham, for the White and Hispanic populations,
all most likely clusters are the statistically significant high clusters. In contrast, for the African American
population, most of them are the statistically significant low cluster. Overall, the spatial cluster pattern
indicates that there is a similarity between the White and Hispanic population and dissimilarity
between the White and African American populations.

5. Discussion

Very few studies have been conducted in this case study area to understand the spatial cluster
of different demographic factors that are vulnerable to flood hazards. It is important to understand
the spatial pattern of the cluster of these population groups because not every population group is
affected by flood hazards equally. In this research, we examined which population groups are most
affected by flood hazards in Birmingham over the past thirty years. The objective of this research was
to identify whether the vulnerable population groups are more aggregating in the flood hazard zones
or moving away from the flood hazard areas. The spatial scan statistics method was used to achieve
this objective by identifying the spatial cluster for each population group at each decennial census year.
The findings of this research revealed that the children and elderly populations were moving away
from most of the part of the floodplains of Birmingham; poor people were more aggregated in the
floodplain areas till 2010, and after that they started to move away; the aggregation of African American
populations has remained the same in the Village Creek area over the past thirty years, which is much
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higher (approximately 50 percent), and they were less aggregated in the rest of the floodplain areas
of Birmingham; Hispanic populations were more aggregated in the Village Creek area and moved
away from the Valley Creek area. The findings indicate that both minority and non-minority groups
were being affected by the flood, although the percentage for a non-minority population group is
low. The finding is consistent with the recent studies, which showed that White populations are also
vulnerable to flood hazards in Birmingham, Alabama [30]. Although the White populations were less
aggregated in the flood hazard areas, spatial cluster maps showed that they were also highly clustered
in the highly elevated area of the flood hazard zones (Figures 6 and 7, Figures A5 and A6). For instance,
in the Village Creek area of Birmingham, the direction of water flows from north-east to south-east,
and the spatial cluster maps revealed that White populations are mostly clustered in the north-east
part of the area. The spatial cluster map shows that the low cluster of White populations is found in
the low elevated areas. Typically, the highly elevated areas are considered as low risk of flooding.
Therefore, the findings suggest that the White populations are less aggregating in flood hazard areas,
and highly clustered in the low flood risk areas.

The findings suggest that children and elderly and poor populations are less aggregated in
Birmingham’s flood hazard areas over the past thirty years. Although they are less aggregated in the
flood hazard areas, most of them are clustered in the high flood risk areas. For instance, the spatial
cluster map of the poor population in 1990 showed that this population group is highly clustered in
the south-west part of the Village Creek area, which is a high flood risk area as the elevation is low
(Figure 4). The possible reason could be that due to their financial situation, they cannot afford the
better place to live, and in this case, the highly elevated place was considered as a better place since it
possesses a lower risk of flooding. The comparison between the spatial cluster map of the poor and
White population also supports this argument, which shows that the White populations are highly
clustered in the highly elevated areas, whereas poor people are clustered in low elevated areas.

As part of the minority population, the spatial cluster maps showed that either high or low, most of
the clusters are located in low elevated areas of Birmingham flood hazard areas. These population
groups are clustered in the high flood risk areas, and the findings suggest that these minorities are
more aggregated in the flood hazard areas of Birmingham. There is also a similarity between the
spatial cluster pattern of the poor and the Hispanic population. This finding gives us an insight that
most of the Hispanic population could be poor people in Birmingham since their spatial cluster pattern
is similar.

In this research, the dynamic vulnerability of both minorities and non-minorities populations was
included, which is different than typical social vulnerability research. In typical social vulnerability
research, the researchers mostly used the minority populations as factors of social vulnerability to
develop social vulnerability index, which typically is static study. Rufat et al. [63] recently had reviewed
67 flood disaster studies where they identified the demographic characteristics, socioeconomic status,
and health as the leading drivers of social vulnerability to floods. Although they mentioned that
demographic characteristics influence social vulnerability, none of these case studies considered
the White population a socially vulnerable group and did not include them in their demographic
variables. The findings of this research indicate that not only minorities, but also non-minorities
groups are vulnerable to floods and historically exposed to flood hazards. In future social vulnerability
research, we suggest that non-minorities should be added as a factor of social vulnerability and that
spatiotemporal vulnerability modeling is also needed, which will provide further insights into the
social vulnerability assessment and hazard mitigation.

The findings of this research provide a better understanding of which population groups were
historically affected due to flood hazards in Birmingham. Typically, the emergency management
agency thinks that the minority populations are most affected by floods. However, this research will
provide the City of Birmingham officials with a better understanding that not only the minorities but
also the non-minorities are affected by floods. The findings of this paper will also help the Birmingham
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officials allocate resources efficiently after flooding disasters since they will know which population
groups will be more affected by floods.

6. Conclusions

In this paper, the spatial scan statistics method was used to identify the spatial cluster of different
population groups at each decennial census year vulnerable to flood hazards. The spatial cluster of each
population group for each census area provides us with a better understanding of which population
groups are historically being affected by flood hazards in Birmingham. The findings revealed that
mostly the minorities are more aggregated in the flood hazard areas than the non-minority population.
Although the non-minority population groups are less affected by floods, it is significant since very few
research studies include the non-minority populations in the flood hazard research. The spatial cluster
maps deeply revealed the location of the high and low cluster of each population group, which also
gives us an understanding of the spatial pattern of each vulnerable population group in the flood
hazard areas of Birmingham.

The spatial scan statistics, showing both spatial high and low clusters of each population group,
can help the Emergency Management Agency (EMA) to achieve a better understanding of the location
of each vulnerable group. The findings will give Birmingham officials some ideas of where the
population groups are that have been affected by a flood historically and their spatiotemporal trends
in the Birmingham floodplain areas, which is critical information for flood mitigation planning and
assistance. This understanding will help them gain the insight into where and what populations
need more resources in the post-disaster periods to recover from a hazardous situation. Typically,
the White population gets privileged during the post-disaster situation, but the findings will help
them understand that the minority population groups are aggregating more in the flood hazard areas.
They would need more attention during the flood hazard situation.

To the best of our knowledge, only very few research studies have been carried out on the
multi-decadal analysis of flood risk. However, most of these research studies were based on historical
flood frequency assessment. Those research studies considered only the historical flood events for
a particular area but did not consider the changes of spatial patterns of the demography in the
flood risk areas over the past decades. Hence, this proposed study will help understand the shifting
patterns spatially between the minority and the non-minority population due to flood vulnerability.
The understanding of changes in the spatial clustering patterns will help the local government and
communities to understand which population groups are more vulnerable to floods and most potentially
affected spatially and over the decades in Birmingham city, and then help them to design urban
planning strategies and aid communities in developing policy to address demographical vulnerability
issues at the community levels.
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Appendix A

Table A1. Total number of populations and residential buildings located in each spatial cluster in
decennial census year 2000.

Demographic
Factors

Spatial Cluster
Number of Population and % Number of Residential Buildings

Village
Creek

Valley
Creek

Five Mile
Creek

Village
Creek

Valley
Creek

Five Mile
Creek

Children (under 5
years) and elderly

(over 65 years)

High Cluster-Significant 1187 (20.08) 471 (10.80) 0 (0) 1129 469 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 335 (5.67) 66 (1.51) 0 (0) 398 230 3
Low Cluster-Not Significant 0 (0) 2 (0.05) 0 (0) 0 134 0

Below poverty level

High Cluster-Significant 439 (7.43) 360 (8.26) 0 (0) 86 239 0
High Cluster-Not Significant 0 (0) 0 (0) 2 (1.55) 0 0 1

Low Cluster-Significant 484 (8.19) 22 (0.50) 0 (0) 449 204 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 9 0

White

High Cluster-Significant 306 (5.18) 36 (0.83) 0 (0) 435 34 0
High Cluster-Not Significant 0 (0) 14 (0.32) 40 (31.01) 0 16 20

Low Cluster-Significant 2 (0.03) 1 (0.02) 19 (14.73) 1309 569 5
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 214 3

African American

High Cluster-Significant 2951 (49.92) 0 (0) 0 (0) 1022 0 0
High Cluster-Not Significant 0 (0) 0 (0) 6 (4.65) 0 0 1

Low Cluster-Significant 700 (11.84) 199 (4.56) 0 (0) 327 77 0
Low Cluster-Not Significant 160 (2.71) 0 (0) 0 (0) 73 0 0

Hispanic

High Cluster-Significant 100 (1.69) 9 (0.21) 0 (0) 49 23 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 0 (0) 0 (0) 0 (0) 405 0 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 589 0

Table A2. Total number of populations and residential buildings located in each spatial cluster in
decennial census year 2010.

Demographic
Factors

Spatial Cluster
Number of Population and % Number of Residential Buildings

Village
Creek

Valley
Creek

Five Mile
Creek

Village
Creek

Valley
Creek

Five Mile
Creek

Children (under 5
years) and elderly

(over 65 years)

High Cluster-Significant 995 (14.82) 373 (8.77) 16 (7.62) 974 341 16
High Cluster-Not Significant 0 (0) 57 (1.34) 0 (0) 0 90 0

Low Cluster-Significant 49 (0.73) 90 (2.12) 0 (0) 609 541 0
Low Cluster-Not Significant 23 (0.34) 33 (0.78) 0 (0) 61 44 35

Below poverty level

High Cluster-Significant 1141 (16.99) 889 (20.91) 0 (0) 401 632 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 14 (0.21) 90 (2.12) 0 (0) 429 355 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 11 0 5

White

High Cluster-Significant 408 (6.08) 69 (1.62) 0 (0) 388 121 0
High Cluster-Not Significant 0 (0) 9 (0.21) 0 (0) 0 11 0

Low Cluster-Significant 0 (0) 0 (0) 0 (0) 1123 311 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 249 5

African American

High Cluster-Significant 0 (0) 0 (0) 0 (0) 0 0 0
High Cluster-Not Significant 3331 (49.60) 0 (0) 42 (20.0) 1229 0 21

Low Cluster-Significant 348 (5.18) 0 (0) 0 (0) 153 0 0
Low Cluster-Not Significant 0 (0) 259 (6.09) 0 (0) 0 119 0

Hispanic

High Cluster-Significant 276 (4.11) 27 (0.64) 0 (0) 71 45 0
High Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 0 0

Low Cluster-Significant 0 (0) 0 (0) 0 (0) 527 0 0
Low Cluster-Not Significant 0 (0) 0 (0) 0 (0) 0 637 0
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Table A3. Spatial cluster of each demographic factor in the Village Creek area in decennial census
year 1990.

Demographic Factors Cluster Observed Expected LLR p-Value

Children (under 5 years)
and elderly

(over 65 years)

1 191 277.411 17.078 0.00

2 120 77.327 10.501 0.07

3 167 221.348 8.052 0.45

4 426 364.726 5.939 0.98

Below poverty level
1 409 201.186 93.813 0.00
2 6 108.801 87.951 0.00
3 31 164.490 86.128 0.00

White

1 757 218.638 1023.822 0.00

2 0 1464.875 233.598 0.00

3 0 1410.653 233.436 0.00

4 3 732.875 149.706 0.00

African American

1 0 218.638 222.819 0.00
2 1673 1464.875 19.134 0.00
3 1603 1410.653 16.771 0.00
4 838 732.875 8.288 0.39

Note: LLR, Log-likelihood ratio.

Table A4. Spatial cluster of each demographic factor in the Valley Creek area in decennial census
year 1990.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5 years) and

elderly (over 65 years)

1 110 245.645 58.971 0.00
2 0 20.900 21.125 0.00
3 123 73.797 14.982 0.00
4 0 11.353 11.419 0.01
5 252 195.329 9.600 0.06
6 111 77.409 7.044 0.54

Below poverty level

1 75 223.118 80.622 0.00
2 6 91.466 73.269 0.00
3 140 48.075 62.604 0.00
4 166 84.563 34.515 0.00
5 134 74.948 20.861 0.00
6 0 15.532 15.661 0.00
7 69 37.967 10.724 0.03
8 166 123.763 7.610 0.34

White

1 185 58.157 126.919 0.00
2 0 45.448 49.172 0.00
3 12 74.486 48.279 0.00
4 0 35.232 37.415 0.00
5 48 17.616 19.379 0.00
6 16 2.574 16.107 0.00
7 0 11.101 11.306 0.01
8 0 8.929 9.061 0.06
9 0 5.470 5.519 0.88

African American

1 331 441.722 17.299 0.00
2 652 571.537 6.598 0.75
3 565 492.254 6.067 0.85
4 152 195.159 5.464 0.97
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Table A5. Spatial cluster of each demographic factor in the Five Mile Creek area in decennial census
year 1990.

Demographic Factors Cluster Observed Expected LLR p-Value

Children and Elderly 1 0 6.745 7.337 0.02

Table A6. Spatial cluster of each demographic factor in the Village Creek area in decennial census
year 2000.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5 years) and

elderly (over 65 years)

1 3 137.284 127.815 0.00
2 601 416.023 48.177 0.00
3 216 347.702 34.320 0.00
4 586 445.853 27.026 0.00
5 116 177.058 13.075 0.01

Below poverty level

1 8 87.975 62.144 0.00
2 439 258.170 59.973 0.00
3 0 26.721 26.869 0.00
4 476 607.192 19.932 0.00

White

1 306 84.650 325.837 0.00
2 0 84.707 97.467 0.00
3 0 82.757 94.877 0.00
4 2 64.749 62.480 0.00

African American

1 700 1048.535 79.766 0.00
2 1477 1311.334 13.586 0.00
3 1474 1311.334 13.104 0.01
4 160 204.202 5.365 1.00

Hispanic 1 100 5.177 288.339 0.00
2 0 25.487 29.326 0.00

Table A7. Spatial cluster of each demographic factor in the Valley Creek area in decennial census
year 2000.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5 years) and

elderly (over 65 years)

1 66 194.893 69.559 0.00
2 213 118.781 36.636 0.00
3 0 24.794 25.168 0.00
4 153 88.221 22.345 0.00
5 58 24.602 17.039 0.00
6 47 21.142 12.103 0.01
7 0 8.457 8.500 0.23
8 0 8.457 8.500 0.23
9 2 12.685 7.060 0.56

Below poverty level

1 0 47.745 48.655 0.00
2 7 54.819 34.330 0.00
3 360 257.295 23.524 0.00
4 15 55.408 21.465 0.00
5 0 21.220 21.397 0.00
6 0 8.842 8.872 0.17

White

1 24 0.958 59.715 0.00
2 0 11.893 13.309 0.00
3 1 12.252 10.029 0.03
4 12 2.754 9.238 0.04
5 0 8.022 8.633 0.06
6 9 2.022 6.914 0.25
7 5 0.865 4.792 0.91

African American 1 199 248.246 5.560 1.00

Hispanic
1 9 0.403 27.965 0.00
2 0 2.250 2.589 0.93
3 0 2.248 2.586 0.95
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Table A8. Spatial cluster of each demographic factor in the Five Mile Creek area in decennial census
year 2000.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5 years) and

elderly (over 65 years)
1 0 3.977 4.122 0.36

Below poverty level 1 2 0.093 6.136 0.06

White
1 0 10.536 11.036 0.00
2 40 28.095 3.052 0.74
3 19 28.798 2.416 0.98

African American 1 6 3.179 1.037 1.00

Hispanic 1 0 0.244 0.280 1.00

Table A9. Spatial cluster of each demographic factor in the Village Creek area in decennial census
year 2010.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5‘years) and

elderly (over 65 years)

1 2 177.792 175.713 0.00
2 0 127.468 132.054 0.00
3 664 393.189 103.876 0.00
4 21 118.067 63.466 0.00
5 331 211.802 33.009 0.00
6 15 58.066 23.274 0.00
7 11 49.771 22.579 0.00
8 23 48.665 8.608 0.35

Below poverty level

1 8 129.753 102.196 0.00
2 1 102.634 98.893 0.00
3 3 101.383 89.592 0.00
4 597 403.027 48.659 0.00
5 2 54.655 46.540 0.00
6 256 166.051 22.422 0.00
7 288 199.845 18.596 0.00
8 0 9.179 9.194 0.26

White
1 408 138.500 288.104 0.00
2 0 138.500 159.376 0.00
3 0 129.179 147.085 0.00

African American

1 69 311.284 143.334 0.00
2 279 418.373 28.030 0.00
3 1669 1516.490 9.993 0.14
4 1662 1522.842 8.312 0.52

Hispanic 1 276 14.581 798.183 0.00
2 0 69.708 80.208 0.00
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Table A10. Spatial cluster of each demographic factor in the Valley Creek area in decennial census
year 2010.

Demographic
Factors Cluster Observed Expected LLR p-Value

Children (under 5
years) and elderly

(over 65 years)

1 28 135.458 70.629 0.00
2 220 104.263 57.516 0.00
3 0 55.690 57.509 0.00
4 29 121.012 55.880 0.00
5 153 78.720 30.904 0.00
6 0 11.306 11.378 0.02
7 33 63.437 9.424 0.10
8 90 65.112 4.624 1.00

Below poverty level

1 76 231.945 81.461 0.00
2 14 106.215 67.156 0.00
3 0 61.426 62.856 0.00
4 470 336.561 32.623 0.00
5 249 159.323 24.942 0.00
6 0 23.035 23.232 0.00
7 170 110.054 15.436 0.00

White

1 24 1.355 49.965 0.00
2 0 19.986 22.996 0.00
3 29 7.283 21.979 0.00
4 16 4.140 10.749 0.02
5 0 7.076 7.409 0.20
6 0 7.076 7.120 0.25
7 9 2.861 4.428 0.98

African American
1 131 175.236 6.378 0.82
2 128 170.526 6.043 0.90

Hispanic

1 14 1.080 26.713 0.00
2 13 1.001 24.513 0.00
3 0 6.995 8.049 0.12
4 0 6.995 8.049 0.12

Table A11. Spatial cluster of each demographic factor in the Five Mile Creek area in decennial census
year 2010.

Demographic Factors Cluster Observed Expected LLR p-Value

Children (under 5 years)
and elderly

(over 65 years)

1 16 3.657 23.615 0.00
2 0 3.962 4.552 0.20
3 0 3.962 4.552 0.20

Below poverty level 1 0 3.143 3.220 0.68

White 1 0 3.190 3.269 0.82

African American
1 32 22.171 2.589 0.96
2 10 4.619 2.503 0.96
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Table A12. Spatial cluster of each demographic factor in the Village Creek area in decennial census
year 2015.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5 years) and

elderly (over 65 years)

1 44 348.116 241.406 0.00
2 848 420.043 237.516 0.00
3 65 258.806 115.118 0.00
4 103 53.891 18.276 0.00

Below poverty level

1 96 501.180 273.355 0.00
2 364 172.387 86.196 0.00
3 333 173.020 62.043 0.00
4 28 85.631 26.825 0.00
5 66 28.169 18.575 0.00
6 186 117.328 17.749 0.00

White

1 185 31.558 213.164 0.00
2 111 19.477 114.169 0.00
3 0 96.500 111.045 0.00
4 0 76.271 84.974 0.00
5 48 4.113 76.679 0.00
6 15 66.661 33.257 0.00

African American
1 185 633.140 235.012 0.00
2 2149 1854.072 30.262 0.00
3 2075 1821.560 22.693 0.00

Hispanic

1 286 43.871 371.181 0.00
2 146 25.493 150.558 0.00
3 0 128.470 147.829 0.00
4 0 122.127 139.441 0.00
5 44 6.462 48.288 0.00
6 0 38.179 39.672 0.00

Table A13. Spatial cluster of each demographic factor in the Valley Creek area in decennial census
year 2015.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5 years) and

elderly (over 65 years)

1 130 372.059 129.816 0.00

2 234 137.532 31.415 0.00

3 321 215.418 26.944 0.00

4 8 44.010 22.814 0.00

Below poverty level

1 92 364.896 177.594 0.00
2 617 365.179 103.231 0.00
3 0 55.004 56.066 0.00
4 0 26.651 26.897 0.00
5 131 71.448 21.158 0.00
6 0 10.207 10.243 0.06

White

1 42 1.712 109.447 0.00

2 0 17.497 20.133 0.00

3 0 16.125 18.327 0.00

4 20 5.121 14.222 0.00

5 0 6.466 6.785 0.33

African American
1 749 890.060 14.371 0.00
2 328 410.514 9.693 0.13
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Table A14. Spatial cluster of each demographic factor in the Five Mile Creek area in decennial census
year 2015.

Demographic Factors Cluster Observed Expected LLR p-Value

Children
(under 5 years) and

elderly (over 65 years)
1 0 6.587 6.814 0.09

Below poverty level 1 1 21.123 19.953 0.00
2 31 20.868 2.983 0.98

White

1 27 7.455 28.697 0.00

2 0 7.365 8.451 0.01

3 0 7.275 8.333 0.02

African American 1 22 15.743 1.194 1.00
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