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Abstract
This article contributes to research on social vulnerability to natural hazards by analyz-
ing the relationship between spatial patterns of flooding caused by Hurricane Harvey and 
subsidized rental housing residents. Our study area is Harris County, the most populous 
county in Texas, which includes the city of Houston and was severely impacted by Harvey-
induced flooding. We sought to determine whether: (1) federally subsidized housing units 
and residents were disproportionately located in areas with greater flood extent and (2) 
areal extent of flooding around subsidized housing developments was greater for develop-
ments where higher proportions of socially vulnerable households  reside. We integrated 
information from the US Federal Emergency Management Agency’s Harvey flood depths 
grid with US Department of Housing and Urban Development data on relevant rental assis-
tance programs. Results from multivariable generalized estimating equations indicated 
significantly higher percentages of subsidized housing units and residents in neighbor-
hoods with greater flood extent, after accounting for pertinent spatial and social factors. 
We also found subsidized housing developments with more extensive flooding nearby 
to contain significantly higher percentages of extremely low income, female-headed and 
older (62 + years) households. Findings have important implications for future research and 
policy, since these socio-spatial inequalities are likely to be reproduced through climate 
change-related disasters projected to affect many cities within and outside Texas.
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1  Introduction

Hurricane Harvey made landfall on the Texas Gulf Coast as a category 4 storm in August 
2017 and caused catastrophic flooding across the Greater Houston metropolitan statistical 
area (MSA). More than 156,000 homes were damaged and at least 70 people died (Ema-
nuel 2017). Total damages were estimated to be about $125 billion, making it the second-
costliest disaster in US history (Blake and Zelinsky 2018). Although the media referred to 
Hurricane Harvey as an ‘equal opportunity’ disaster (e.g., Grabar 2017; Linderman 2017), 
recent research indicates that socially vulnerable groups experienced unequal exposure 
to Harvey-induced flooding in the Greater Houston MSA. Specifically, the areal extent of 
flooding was significantly greater in neighborhoods with higher percentages of non-His-
panic Black and lower socioeconomic status residents (Chakraborty et al. 2019a) and peo-
ple with disabilities (Chakraborty et al. 2019b), after controlling for relevant factors. In one 
of the few household-level studies of Harvey flood exposure based on primary survey data, 
Collins et al. (2019) found the areal extent of flooding within 100 m of residents’ home 
sites to be significantly greater for racial/ethnic minority and lower socioeconomic status 
households.

Research on social vulnerability to hazards has drawn attention to higher risk exposures 
and subsequent differential impacts associated with flood events for people with the lowest 
capacities to prepare, respond and recover from such events (Wisner et al. 2004). Race/eth-
nicity, income, gender and age (Cutter et al. 2003; Walker 2012; Rufat et al. 2015) as well 
as housing tenure and type (Lee and Van Zandt 2019; Mehta et al. 2020) have been found 
to be strongly associated with unequal flood vulnerability across multiple disaster stages, 
from pre-disaster flood risk to post-disaster outcomes. Residents of federally subsidized 
housing represent a particularly vulnerable subgroup that is adversely and disproportion-
ately impacted by natural disasters. By definition, federal housing assistance in the USA is 
only available to households with significantly lower incomes with respect to those living 
in the same urban area. Subsidized rental housing is often characterized by higher propor-
tions of minorities and households in poverty compared to the general population within a 
given jurisdiction (Hamideh and Rongerude 2018). These housing developments are also 
inhabited by other vulnerable populations such as elderly residents, people with preexisting 
health conditions and others with limited resources or capacity for evacuation.

Although a limited number of hazard vulnerability studies have focused specifically on 
subsidized housing residents (Hamideh and Rongerude 2018; Hernandez et al. 2018), pre-
vious research on low-income renters is relevant to this population. These studies found 
substantially higher vulnerability for low-income renters compared to more economically 
affluent renters and homeowners. This vulnerability has been linked to poorer quality con-
struction of affordable rental housing, location in hazardous areas and lower pre-disaster 
preparedness, as well as greater difficulties in finding adequate shelter, temporary homes 
and affordable housing after the disaster (Fussell and Harris 2014; Hamideh and Ronger-
ude 2018; Lee and Van Zandt 2019). While previous studies have examined the vulner-
ability of subsidized housing residents and low-income renters based on post-disaster out-
comes and recovery, unequal exposures experienced by subsidized housing developments 
and their inhabitants have not been adequately examined. With regard to Hurricane Har-
vey, recent estimates indicate that more than 2,000 subsidized housing units were damaged 
in the state of Texas (Vanderpool 2018), including 25% of Houston’s affordable housing 
stock (NLHIC 2019). The storm caused the displacement of numerous low-income rental 
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housing residents in Houston, which led to a 18% increase in homelessness in the city 
(Ward 2018).

More research is necessary to elucidate the unequal impacts of natural disasters and 
exposure to flooding caused by Hurricane Harvey, in particular, for residents of subsidized 
rental housing. Our study responds to this need with the first systematic analysis of the 
relationship between spatial patterns of flooding caused by Hurricane Harvey and feder-
ally subsidized housing developments, as well as social inequalities within the popula-
tion of subsidized housing residents in flooded areas. Our study area is Harris County, the 
most populous county in Texas, which encompasses the city of Houston and was severely 
affected by Harvey-induced inundation.

Our analyses are framed to answer two related research questions. First, we seek to 
determine whether federally subsidized rental housing units and their residents are sig-
nificantly overrepresented in neighborhoods with greater Harvey-induced flood extent, 
after controlling for relevant social factors and clustering. Following this neighborhood-
level analysis of Harris County, we explore additional social inequalities within subsidized 
housing developments. Our second question thus seeks to determine whether the areal of 
extent of flooding was significantly greater around subsidized housing developments where 
higher proportions of socially vulnerable households reside. Our analyses are conducted at 
the census tract level for the first research question and housing development level for the 
second research question.

This study combines cartographic information from the Harvey Flood Depths Grid 
developed by the US Federal Emergency Management Agency (FEMA) with the US 
Department of Housing and Urban Development (HUD) data for public housing and 
project-based assistance programs and census tract-level sociodemographic data from the 
2016 American Community Survey (ACS). Statistical analyses are based on generalized 
estimating equations (GEEs) that account for spatial clustering of tracts and subsidized 
housing development locations in our study area and provide statistically valid inferences 
regarding relationships relevant to our research questions.

2 � Study area: disaster and vulnerability context

Harris County is located in southeastern Texas and is part of the nine-county Greater Hou-
ston MSA. With a population of about 4.4 million (2016), Harris is the third-largest county 
in the USA. Its county seat is Houston, the largest city in Texas and fourth largest nation-
ally. While Houston is among the most economically segregated cities in the USA (Taylor 
and Fry 2012; Dickerson 2018), it is also highly diverse in terms of race and ethnicity. 
Hispanics and non-Hispanic Blacks comprise 41.8 and 18.5% of the Harris County popula-
tion, respectively. Additionally, 17.4% of county residents had incomes below the federal 
poverty level in 2016. Before Hurricane Harvey, this county was already experiencing a 
substantial shortage in the availability of affordable rental homes for low-income individu-
als. Recent data for Houston indicate that there were only 18 affordable homes available for 
every 100 of the lowest income households and 75% of all extremely low income house-
holds paid more than 50% of their income on rent because affordable alternatives were 
absent (NLIHC 2019). Socioeconomically disadvantaged residents of this urban area thus 
had limited resources to evacuate during a disaster or adequately support themselves dur-
ing recovery.
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Harris County is considered to be one of the most exposed urban areas in the world with 
regard to tropical storms and hurricanes, because of its location in the humid Gulf Coast ecore-
gion. In the last two decades, this urban area has been impacted by as many as eight major 
events: Tropical Storm Allison (2001), Hurricane Rita (2005), Hurricane Katrina (2005), Hur-
ricane Ike (2008), Memorial Day floods (2015), Tax Day floods (2016), Hurricane Harvey 
(2017) and Tropical Storm Imelda (2019). The frequency and intensity of such flood events 
are expected to increase because of climatic change and future land use conversion associated 
with population growth and urbanization (Hsiang et al. 2017; Wang et al. 2018). Additionally, 
the Greater Houston MSA has become more susceptible to flooding because of exponential 
growth in impervious cover and substantial wetland losses, which have collectively reduced 
the region’s ability to absorb and slow flood water (Zhang et al. 2018). Harris County, in par-
ticular, has lost almost 30% of its freshwater wetlands between 1992 and 2010 (Jacob et al. 
2012). Subsidence has also increased likelihood of flooding, as parts of this county have lost 
10–12 feet in elevation since the 1920s (Harden 2016).

Hurricane Harvey made landfall in Texas on August 25, 2017, and caused widespread 
flooding due to record rainfall, which severely impacted Harris and other counties of the 
Greater Houston MSA. Four-day rainfall totals ranged from 26 to 47 inches across Harris 
County, including two feet in the first 24 h (Linderman 2017). Consequently, almost 70% of 
Harris County was covered by a foot and a half of water (Amadeo 2018), as creeks and bay-
ous reached water levels that had never been recorded before. Controlled releases of water 
from both the Addicks and Barker Reservoirs by the US Army Corps of Engineers to manage 
flood levels also led to increased flooding (US Army Corps of Engineers 2017). Most flood-
ing receded within a week, but some areas remained flooded for several weeks (Jonkman et al. 
2018).

Reports indicate that about one-third of Houston’s housing stock was damaged or destroyed 
by Harvey-induced flooding (Elliott 2017). Although detailed estimates of Harvey’s impact on 
federally subsidized housing residents in Harris County are unavailable, recent reports suggest 
that Harvey flooded or damaged 25% of the Houston Housing authority’s public housing and 
low-income housing tax credit developments, which led to a substantial shortage of afford-
able rental housing (Dickerson 2018). Given the limited supply of affordable housing before 
Harvey and increased demand for rental housing after the disaster, low-income renters and 
affordable housing residents of Harris County are likely to face years of housing insecurity 
(Dickerson 2018).

Recent studies have drawn attention to social inequalities in exposure to flooding caused 
by Harvey in the Houston area (Chakraborty et  al. 2019a, b; Collins et  al. 2019), as men-
tioned previously. To our knowledge, no previous study has examined the distribution of flood 
exposure with respect to subsidized rental housing developments or populations at the neigh-
borhood level. Additionally, prior research has not investigated whether social vulnerability 
characteristics of subsidized housing development residents are associated with greater or 
lesser flood extent around their locations. Our study seeks to address these gaps by focusing 
on federally subsidized housing developments and sociodemographic characteristics of their 
residents in Harris County, Texas.
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3 � Data and methods

3.1 � Key data sources

3.1.1 � Hurricane Harvey flood exposure

Our data source for estimating flooding caused by Hurricane Harvey is a cartographic data 
product referred to as the Harvey flood depths grid developed by the FEMA Region 6 Miti-
gation Division (TX-DR-4332) to support response and recovery operations (FEMA 2018). 
High water marks and related information from many different federal, state, local and 
private sector resources were used to derive this flood inundation database that has been 
used in several recent studies on flooding caused by Hurricane Harvey (e.g., Chakraborty 
et al. 2019a, 2019b; Collins et al. 2019; Flores et al. 2020a; Grineski et al. 2020). A more 
detailed description of this geographic information systems (GIS) raster map layer which 
contains flood extent and depth values for each 3  m by 3  m grid pixel is available in 
Chakraborty et al. (2019a).

3.1.2 � Federally subsidized housing

Rental assistance programs administered by the US Department of Housing and Urban 
Development (HUD) subsidize rents for low-income tenants who meet specific program 
eligibility requirements. Households typically pay rent equaling 30% of their incomes, 
while the federal government pays the remaining rental costs. To qualify for a subsidy, an 
applicant’s income must fall below a certain income limit based on median family income 
estimates and fair market rent definitions specified for each metropolitan area. There are 
five main HUD rental assistance programs (Perl and McCarty 2017), including Section 8 
Housing Choice Vouchers (HCVs) which provide rent subsidies tenants can use to subsi-
dize their rents in the private market housing of their choice. Our analysis focuses on the 
following four HUD programs:

•	 Public housing: Includes housing developments owned and operated by local Public 
Housing Authorities for which the federal government provides capital and operating 
assistance.

•	 Section  8 project-based rental assistance: Subsidies are provided directly to private 
owners of multifamily housing to subsidize the rents of specific units.

•	 Section  202 supportive housing for the elderly: Multifamily housing developments 
owned by private nonprofit organizations for which the federal government provides 
capital grants and project-based rental assistance.

•	 Section 811 supportive housing for persons with disabilities: This program is similar to 
Section 202, but serves people with disabilities.

Information on federally subsidized rental housing for our study area was derived from 
the online HUD Picture of Subsidized Households for 2016 (HUD 2020). For each housing 
development, this database provides detailed data on geographic location, number of occu-
pied and unoccupied rental units, sociodemographic characteristics of resident households and 
other attributes. It covers housing developments associated with public housing and project-
based programs (i.e., Section 8 project-based, Section 202 and Section 811); units affiliated 
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with the Section 8 HCV program are not included. As of December 31, 2016 (latest inven-
tory before Hurricane Harvey) there were 124 federally subsidized housing developments in 
Harris County, Texas: 18 public housing, 64 Section 8 project-based, 12 Section 202 and 30 
Section 811 projects. These housing developments included a total of 13,216 occupied rental 
housing units and 27,657 residents. In their Picture of Subsidized Households database, HUD 
suppresses data for variables with values smaller than 11 (coded as -4) for reported house-
holds to preserve confidentiality. There were five subsidized housing developments (out of 
124) in Harris County where the number of housing units and resident population were listed 
as − 4, respectively. To address suppressed data for these two variables, we substituted a value 
of 1 for − 4, which likely undercounts actual subsidized housing units and residents but pro-
vides a conservative nonzero estimate.

3.2 � Dependent variables

The dependent variables for this study include the areal extent of flooding caused by Hurri-
cane Harvey within each census tract and the area surrounding each subsidized housing devel-
opment site, respectively. We used a multistep GIS-based methodology to estimate these two 
variables, as detailed below. Additionally, a high-resolution version of the National Hydrog-
raphy Dataset for Texas was utilized to remove all permanent water features (areas contain-
ing water during nonflood periods) from grid pixels in the Harvey’s flood depths grid raster 
database.

For the first phase of our study (census tract-level analysis), a map layer representing tract 
boundaries without water areas was first overlaid on the 3 m by 3 m resolution flood depth 
grid. Second, we counted the total number of flooded pixels (depth > 0) within each tract. 
Third, the total area covered by these pixels was divided by the land area of the tract to derive 
the proportion of the tract area flooded by Hurricane Harvey. This areal tract proportion, 
referred to as flood extent, was used as a continuous dependent variable.

For the second phase (housing development-level analysis), the locations of all 124 sub-
sidizing housing developments in Harris County were first geocoded using ArcGIS 10.6.1 
software and geographic coordinates provided in the HUD Picture of Subsidized Households 
database. Second, circular buffers (100 m and 200 m radii) were constructed around all geo-
coded housing development locations. Third, we summed the area covered by all flooded pix-
els (depth > 0) within each buffer. Fourth, the flooded area sum was divided by the area of 
the circular buffer (square meters) to derive the proportion of the area surrounding each sub-
sidized housing development that was flooded due to Hurricane Harvey. We used this areal 
proportion measure (flood extent within 100 m) as a continuous dependent variable in the sec-
ond phase of our analysis. The use of this variable and the 100-m circular buffer are both con-
sistent with a recent study that estimated Harvey-induced flooding around home locations of 
residents (survey respondents) in the Greater Houston area (Collins et  al. 2017). To exam-
ine whether statistical results from phase two were sensitive to the circular buffer radius used 
to measure flood extent, we conducted a sensitivity analysis using an alternative flood extent 
measure based on a 200-m radius circular buffer.
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3.3 � Independent variables

3.3.1 � Census tract‑level analysis

The first phase of our study sought to examine whether federally subsidized housing 
units and residents are overrepresented in tracts with greater Harvey-induced flood 
extent, after controlling for relevant sociodemographic factors. Our key independent 
variables thus included the number of occupied subsidized housing units and residents, 
respectively, expressed as a percentage of the total number of occupied housing units 
and population in each tract from the 2012–2016 ACS five-year estimates. To ensure 
stable proportions for our variables, we first removed tracts with incomplete data or 
small population counts. The first phase of our analysis encompasses 783 tracts in Har-
ris County with at least 500 persons and 50 housing units. The names, definitions and 
summary statistics associated with all explanatory variables are provided in Table 1.

We also created categorical variables for our two subsidized housing variables 
(i.e., percentages of occupied subsidized housing units and residents), since they had 
skewed distributions due to a small number of tracts in the county hosting a relatively 
large number of housing developments and residents. Specifically, we recoded each of 
these two continuous variables into four categories: none (0), smaller than mean (low); 
1 standard deviation greater than the mean (medium); and more than 1 standard devia-
tion greater than the mean (large). These categorical versions of the subsidized hous-
ing variables are used in a sensitivity analysis.

To control for neighborhood-level sociodemographic characteristics, we used vari-
ables from the 2012–2016 ACS  estimates that have been found to be significantly 
related to flood risks in previous research (Maantay and Maroko 2009; Chakraborty 
et al. 2014; Rufat et al. 2015) and Harvey-induced flooding in recent studies conducted 
in the Houston area (Chakraborty et  al. 2019a, b; Collins et  al. 2019). To examine 
the effect of race/ethnicity, our analysis included the percentages of individuals who 
identified themselves as non-Hispanic Black, Hispanic, non-Hispanic Asian and non-
Hispanic non-White race, other than Black or Asian. To measure socioeconomic sta-
tus, we used a combination of five variables: the proportions of the population aged 
25 + with no high school education, population aged 5 + with limited English language 
proficiency, individuals with an annual income below the federal poverty level, house-
holds with no vehicles available and civilians aged 16 + who are unemployed. Follow-
ing Chakraborty (2019a, 2019b), we created an index of socioeconomic deprivation 
based on these five variables (Cronbach’s  alpha = 0.79) using principal components 
analysis, since they were significantly and positively correlated with each other. We 
included two additional control variables that represent housing characteristics, as 
recommended by recent studies on Harvey flood impacts. The first was the propor-
tion of owner-occupied housing units, which is often used as an indicator of wealth or 
assets (Chakraborty et  al. 2014) and lower vulnerability to natural disasters (Fussell 
and Harris 2014). The second variable was the proportion of vacant housing units clas-
sified as vacant for seasonal, recreational, or occasional use, referred to as vacation 
homes. Prior studies have used this variable as a proxy for water-related amenities and 
found significantly higher vacation home percentages in neighborhoods with greater 
flood risks (Chakraborty et al. 2014; Montgomery and Chakraborty 2015) and flooding 
(Chakraborty et al. 2019a).



2192	 Natural Hazards (2021) 106:2185–2205

1 3

Ta
bl

e 
1  

V
ar

ia
bl

e 
de

fin
iti

on
s a

nd
 su

m
m

ar
y 

st
at

ist
ic

s f
or

 v
ar

ia
bl

es
 u

se
d,

 H
ar

ris
 C

ou
nt

y,
 T

ex
as

Va
ria

bl
es

D
efi

ni
tio

n
M

in
M

ax
M

ea
n

SD

C
en

su
s t

ra
ct

 le
ve

l (
n =

 78
3)

:
Pr

op
or

tio
n 

of
 tr

ac
t a

re
a 

flo
od

ed
A

re
a 

of
 c

en
su

s t
ra

ct
 fl

oo
de

d 
by

 H
ar

ve
y 

di
vi

de
d 

by
 to

ta
l a

re
a 

of
 tr

ac
t

0.
04

9
0.

96
4

0.
55

2
0.

14
4

Pe
rc

en
t o

cc
up

ie
d 

su
bs

id
iz

ed
 h

ou
si

ng
 u

ni
ts

10
0 

* 
nu

m
be

r o
f o

cc
up

ie
d 

fe
de

ra
lly

 su
bs

id
iz

ed
 h

ou
si

ng
 u

ni
ts

 d
iv

id
ed

 b
y 

to
ta

l n
um

-
be

r o
f o

cc
up

ie
d 

ho
us

in
g 

un
its

 in
 tr

ac
t

0.
00

0
42

.2
69

0.
94

6
3.

77
5

Pe
rc

en
t s

ub
si

di
ze

d 
ho

us
in

g 
po

pu
la

tio
n

10
0 

* 
po

pu
la

tio
n 

re
si

di
ng

 in
 fe

de
ra

lly
 su

bs
id

iz
ed

 h
ou

si
ng

 u
ni

ts
 w

ith
in

 tr
ac

t d
iv

id
ed

 
by

 to
ta

l t
ra

ct
 p

op
ul

at
io

n
0.

00
0

41
.4

39
0.

74
2

3.
49

8

Pe
rc

en
t n

on
-H

is
pa

ni
c 

B
la

ck
Pe

rc
en

ta
ge

 o
f t

ra
ct

 p
op

ul
at

io
n 

id
en

tif
yi

ng
 a

s n
on

-H
is

pa
ni

c 
(e

th
ni

ci
ty

) a
nd

 B
la

ck
 

(r
ac

e)
0.

00
0

92
.4

10
18

.7
11

20
.8

70

Pe
rc

en
t H

is
pa

ni
c

Pe
rc

en
ta

ge
 o

f t
ra

ct
 p

op
ul

at
io

n 
id

en
tif

yi
ng

 a
s H

is
pa

ni
c 

(e
th

ni
ci

ty
)

2.
16

0
98

.8
60

41
.9

92
25

.8
05

Pe
rc

en
t n

on
-H

is
pa

ni
c 

A
si

an
Pe

rc
en

ta
ge

 o
f t

ra
ct

 p
op

ul
at

io
n 

id
en

tif
yi

ng
 a

s n
on

-H
is

pa
ni

c 
(e

th
ni

ci
ty

) a
nd

 A
si

an
 

(r
ac

e)
0.

00
0

52
.1

10
6.

21
9

7.
42

3

Pe
rc

en
t n

on
-H

is
pa

ni
c 

O
th

er
 n

on
-W

hi
te

Pe
rc

en
ta

ge
 o

f t
ra

ct
 p

op
ul

at
io

n 
id

en
tif

yi
ng

 a
s n

on
-H

is
pa

ni
c 

(e
th

ni
ci

ty
) a

nd
 n

ot
 

W
hi

te
, B

la
ck

, o
r A

si
an

 (r
ac

e)
0.

00
0

17
.2

60
1.

70
9

1.
66

9

So
ci

oe
co

no
m

ic
 d

ep
riv

at
io

n
Fa

ct
or

 b
as

ed
 o

n 
fiv

e 
va

ria
bl

es
 (p

er
ce

nt
ag

es
): 

po
p 

ag
ed

 2
5 +

 w
ith

 n
o 

hi
gh

 sc
ho

ol
 

ed
uc

at
io

n,
 p

op
 a

ge
d 

5 +
 w

ith
 li

m
ite

d 
En

gl
is

h 
la

ng
ua

ge
 p

ro
fic

ie
nc

y,
 in

di
vi

du
al

s 
w

ith
 a

nn
ua

l i
nc

om
e 

be
lo

w
 fe

de
ra

l p
ov

er
ty

 le
ve

l, 
ho

us
eh

ol
ds

 w
ith

 n
o 

ve
hi

cl
es

 a
nd

 
ci

vi
lia

ns
 a

ge
d 

16
 +

 un
em

pl
oy

ed

−
 1

.5
85

4.
63

9
0.

12
6

1.
07

1

Pe
rc

en
t o

w
ne

r-o
cc

up
ie

d 
ho

us
in

g 
un

its
Pe

rc
en

ta
ge

 o
f o

cc
up

ie
d 

ho
us

in
g 

un
its

 in
 tr

ac
t t

ha
t a

re
 c

la
ss

ifi
ed

 a
s o

w
ne

r-o
cc

up
ie

d
0.

00
0

99
.0

80
55

.4
12

24
.6

04
Pe

rc
en

t v
ac

an
t: 

se
as

on
al

 o
r r

ec
re

at
io

na
l u

se
Pe

rc
en

ta
ge

 o
f v

ac
an

t h
ou

si
ng

 u
ni

ts
 in

 tr
ac

t c
la

ss
ifi

ed
 a

s v
ac

an
t f

or
 se

as
on

al
, r

ec
re

a-
tio

na
l o

r o
cc

as
io

na
l u

se
0.

00
0

10
0.

00
0

6.
30

8
14

.2
64

Su
bs

id
iz

ed
 h

ou
si

ng
 d

ev
el

op
m

en
t l

ev
el

 (n
 =

 11
9)

:
Pr

op
or

tio
n 

of
 a

re
a 

w
ith

in
 1

00
 m

 ra
di

us
 fl

oo
de

d
A

re
a 

flo
od

ed
 b

y 
H

ar
ve

y 
w

ith
in

 c
irc

le
 c

en
te

re
d 

on
 h

ou
si

ng
 d

ev
el

op
m

en
t d

iv
id

ed
 b

y 
to

ta
l a

re
a 

of
 c

irc
le

 (1
00

 m
 ra

di
us

)
0.

00
0

0.
99

4
0.

54
0

0.
28

5

Pr
op

or
tio

n 
of

 a
re

a 
w

ith
in

 2
00

 m
 ra

di
us

 fl
oo

de
d

A
re

a 
flo

od
ed

 b
y 

H
ar

ve
y 

w
ith

in
 c

irc
le

 c
en

te
re

d 
on

 h
ou

si
ng

 d
ev

el
op

m
en

t d
iv

id
ed

 b
y 

to
ta

l a
re

a 
of

 c
irc

le
 (2

00
 m

 ra
di

us
)

0.
00

3
0.

99
0

0.
52

5
0.

24
8

Pe
rc

en
t m

in
or

ity
 h

ea
de

d 
ho

us
eh

ol
ds

Pe
rc

en
ta

ge
 o

f h
ou

se
ho

ld
s:

 ra
ce

 o
f h

ea
d 

of
 h

ou
se

ho
ld

 is
 B

la
ck

, N
at

iv
e 

A
m

er
ic

an
, o

r 
A

si
an

/P
ac

ifi
c 

Is
la

nd
er

, o
r e

th
ni

ci
ty

 is
 H

is
pa

ni
c

0.
00

0
10

0.
00

0
80

.5
90

24
.4

73

Pe
rc

en
t e

xt
re

m
el

y 
lo

w
 in

co
m

e 
ho

us
eh

ol
ds

Pe
rc

en
ta

ge
 o

f h
ou

se
ho

ld
s:

 in
co

m
e 

be
lo

w
 3

0%
 o

f l
oc

al
 a

re
a 

m
ed

ia
n 

fa
m

ily
 in

co
m

e,
 

as
 d

efi
ne

d 
by

 H
U

D
, a

dj
us

te
d 

fo
r h

ou
se

ho
ld

 si
ze

44
.0

00
10

0.
00

0
84

.2
50

10
.3

03

Pe
rc

en
t f

em
al

e-
he

ad
ed

 h
ou

se
ho

ld
s

Pe
rc

en
ta

ge
 o

f h
ou

se
ho

ld
s h

ea
de

d 
by

 a
 fe

m
al

e 
re

si
de

nt
28

.0
00

98
.0

00
72

.9
40

16
.3

62



2193Natural Hazards (2021) 106:2185–2205	

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

Va
ria

bl
es

D
efi

ni
tio

n
M

in
M

ax
M

ea
n

SD

Pe
rc

en
t a

ge
d 

62
 o

r m
or

e 
ye

ar
s h

ea
de

d 
ho

us
eh

ol
ds

Pe
rc

en
ta

ge
 o

f h
ou

se
ho

ld
s i

n 
w

hi
ch

 th
e 

ol
de

r o
f t

he
 h

ou
se

ho
ld

 h
ea

d 
or

 sp
ou

se
 is

 a
ge

 
62

 o
r o

ld
er

2.
00

0
10

0.
00

0
51

.1
60

40
.3

07

Pu
bl

ic
 h

ou
si

ng
 d

ev
el

op
m

en
ts

Ty
pe

 o
f H

U
D

 a
ss

ist
an

ce
 p

ro
gr

am
: p

ub
lic

 h
ou

si
ng

 (1
); 

Se
ct

io
n 

8 
pr

oj
ec

t-b
as

ed
, S

ec
-

tio
n 

20
2,

 o
r S

ec
tio

n 
81

1 
(0

)
0.

00
0

1.
00

0
0.

15
0

0.
36

0



2194	 Natural Hazards (2021) 106:2185–2205

1 3

3.3.2 � Housing development‑level analysis

The second phase of our study focused on determining whether areal flood extent in circu-
lar buffers surrounding subsidized housing development sites was greater for developments 
containing higher proportions of socially vulnerable households. This phase utilizes 119 
out of 124 subsidized housing developments in Harris County for which detailed sociode-
mographic data on resident household characteristics were available (no missing data for 
included variables) in the Picture of Subsidized Households  database for December 31, 
2016. Variable definitions and summary statistics are provided in Table 1.

For racial/ethnic minority status, we included the percentage of households where the 
head of the household was non-White, i.e., either Hispanic or belonged to a non-Hispanic 
minority group such as Black, Asian, Pacific Islander or Native American. Information on 
the percentage of households belonging to specific racial/ethnic subcategories (e.g., non-
Hispanic Black and Hispanic) is available, but data on these variables were missing or 
underreported for a majority of developments in Harris County. To measure socioeconomic 
status, we used the percentage of extremely low-income households (HUD definition), as 
described in Table 1. A considerable amount of empirical research has documented dis-
proportionate housing damages and recovery associated with major flood events for both 
minority and economically disadvantaged residents (e.g., Elliott et al. 2009; Highfield et al. 
2014; Rufat et al. 2015; Graham et al. 2016). Our analysis included two additional indica-
tors of social vulnerability: the percentage of female-headed households and those in which 
the eldest of the household head or spouse was aged 62 or older. Female-headed house-
holds are likely to experience increased difficulties coping with health problems during a 
disaster because of their relative lack of resources and, for those with children, reliance on 
a single provider (Grineski et  al. 2013). Previous studies have also documented unequal 
disaster recovery for female-headed households that is linked to their lower wages and mul-
tiple social burdens (Van Zandt et al. 2012; Rufat et al. 2015). Elderly populations are con-
sidered to be more vulnerable because of their potential limitations during and following a 
disaster, budget inflexibility due to fixed incomes and constrained access to medical assis-
tance due to structural damages and higher demand (Cutter et al. 2003; Fatemi et al. 2017). 
Other measures of social vulnerability such as disability status of subsidized housing resi-
dents were also considered, but not included due to missing or underreported data for a 
large proportion of housing developments. Finally, we also included a variable to represent 
the type of federally assisted housing program. This variable was coded with a value of 1 
for public housing developments and 0 for developments funded by project-based HUD 
programs (i.e., Section 8 project-based, Section 202 and Section 811).

3.4 � Statistical analysis

For the first phase of the analysis, multivariable statistical models are used to indepen-
dently examine the association of the proportion of occupied subsidized housing units and 
population residing in these units with tract flood extent (proportion of area flooded), after 
controlling for sociodemographic variables using in prior studies on social vulnerability 
to Harvey flooding in Houston area. In the second phase, multivariable models are used 
to examine the relationship between flood extent around each subsidized housing devel-
opment location (100 m and 200 m circular buffers) and selected variables that represent 
sociodemographic characteristics of housing developments.
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Our multivariable models for both phases are based on generalized estimating equa-
tions (GEEs) with robust (i.e., Huber/White) covariance estimates, which extend the 
generalized linear model to accommodate clustered data (Liang and Zeger 1986). GEEs 
relax several assumptions of traditional regression models and impose no strict distri-
butional assumptions for the variables analyzed (e.g., normality), while accounting for 
clustering of analytic units. Recent studies indicate that GEEs are more advantageous 
for analyzing social inequalities in the distribution of environmental hazards compared 
to other techniques such as spatial autoregressive models, mixed models with random 
effects and multilevel modeling approaches (Collins et  al. 2015; Chakraborty et  al. 
2019a, b).

For estimating a GEE, clusters of observations are defined based on the assumption 
that observations from within a cluster are correlated, whereas observations from dif-
ferent clusters are independent. The cluster definition for our study was based on the 
city within which the tract (phase one) or subsidized housing development site (phase 
two) is located. This definition yielded 12 spatial clusters for our tract-level analy-
sis (N = 783) and nine clusters for the subsidized housing development-level analysis 
(N = 119).

GEEs also require the specification of an intracluster dependency correlation 
matrix, known as the working correlation matrix. For the GEEs presented here, the 
working correlation matrix structure was specified as exchangeable, since this speci-
fication assumes constant intracluster dependency (Garson 2012; Collins et al. 2015). 
For selecting the best-fitting model, we explored six model specifications: normal, 
gamma and inverse Gaussian distributions with identity and log link functions. An 
identity link function models relationships between the dependent and independent 
variables linearly, while a log link function represents natural logarithmic relation-
ships. We selected the inverse Gaussian distribution with log link function for our 
tract-level models and the normal distribution with a log link function for the housing 
development-level models. These specifications yielded the lowest values of the quasi-
likelihood under the independence (QIC) model criterion, indicating the best statistical 
fit. The QIC is considered to be the most appropriate statistic for evaluating several 
aspects of GEE model fit, including the distribution and link function (Pan 2001).

All independent variables were standardized before inclusion in these models, and 
standardized GEE coefficients are provided to compare the relative contribution of 
each variable. The multicollinearity condition index was calculated for the combina-
tion of explanatory variables included in each GEE. The values of this index for our 
multivariable models ranged from 3.02 to 4.48, indicating the absence of serious col-
linearity problems. The statistical significance of independent variables was estimated 
on the basis of the Wald Chi-squared test.

For the sensitivity analysis, we reran the Phase 1 GEE models using the percent-
ages of subsidized housing units and residents variables recoded as discrete catego-
ries. This included three dummy variables: values smaller than mean (low), 1 standard 
deviation greater than the mean (medium) and more than 1 standard deviation greater 
than the mean (large), with no subsidized housing units/residents (0) treated as the 
reference category. These variables were used to replace the continuous versions (i.e., 
percentages of subsidized housing units and residents) variables and examine whether 
our statistical results were sensitive to our treatment of these two subsidized housing 
variables as continuous measures.
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4 � Results

The spatial distributions of Harvey-induced flooding and federally subsidized housing 
developments are depicted in Fig. 1, where tracts are grouped into four quartiles based 
on the proportion of the tract area flooded by Hurricane Harvey. Tracts in the highest 
quartile (top 25%) of flooding are located in western, central and eastern areas of Harris 
County, including the entire northeastern section of the City of Houston which contains 
several large public housing developments. Tracts in the lowest quartile (bottom 25%), 
in contrast, are more evenly dispersed throughout the county.

Before conducting multivariable analysis, we used descriptive comparisons to exam-
ine the distribution of federally subsidized housing developments across the flood extent 
tract quartiles shown in Fig. 1. Specifically, the number of occupied subsidized hous-
ing units and total population residing in these units within the set of tracts associated 
each quartile are estimated and compared (as a percentage of each total). These results 
are summarized in Table  2, which also includes the corresponding percentages of all 
occupied housing units and population in each tract quartile. The percentages of both 
occupied subsidized housing units and population indicate a gradual increase from the 
lowest (bottom 25%) to the highest (top 25%) quartile. More than 38% of all occupied 
subsidized housing units and almost 40% of the subsidized housing population reside 
within tracts in the highest quartile of areal flood extent, compared to only about 17% 
and 15%, respectively, in the lowest quartile. The z test of proportions indicated that 
these percentage differences between the highest and lowest quartile were signifi-
cantly greater than zero for both subsidized housing units and populations, as shown in 
Table 2. In contrast, percentages of all occupied housing units and the overall popula-
tion do not suggest an increasing pattern from the lowest quartile, with these variables 
reaching their minimum values in the highest quartile of flood extent. Only about 20% 
of all occupied housing units and 20% of the entire population in Harris County are 
located within tracts in the highest flood extent quartile.

Fig. 1   Proportion of census tract area flooded by Hurricane Harvey and locations of federally subsidized 
housing developments in Harris County, Texas
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The results from GEEs summarizing associations between tract flood extent and the per-
centages of subsidized housing units and residents, respectively, are presented in Table 3. 
Numbers in the Exp(Beta) column can be interpreted as the percentage change in the pro-
portion of tract area flooded by Harvey for every one standard deviation increase in each 
of the independent variables (after subtracting one and multiplying by 100). After control-
ling for sociodemographic and housing characteristics of tracts (Models 1 and 2), the areal 
extent of flooding indicates a statistically significant and positive relationship with both the 
percentage of subsidized housing units (p = 0.004) and the percentage of subsidized hous-
ing residents (p < 0.001). More specifically, a one standard deviation increase in the per-
centages of subsidized housing units and population is, respectively, associated with 1.10% 
and 1.11% increases in the proportion of tract area flooded. With regard to the sociodemo-
graphic and housing variables used as controls, both GEEs (Models 1B and 2B) indicate 
similar statistical associations. The proportion of flooded area is significantly greater in 
tracts characterized by higher percentages of non-Hispanic Black (p < 0.001) and socioeco-
nomically deprived residents (p < 0.001), as well as higher percentages of owner-occupied 
(p < 0.001) and seasonal/vacation homes (p < .05).

In our sensitivity analysis using discrete measures (tables not shown), results from both 
Models 1 and 2 aligned closely with those in Table 3. Tracts hosting medium and large per-
centages of both subsidized housing units and residents had significantly greater tract area 
flooded than tracts with no units/residents (p < 0.01 for both dummy variables). Switching 
these subsidized housing variables did not impact associations between our sociodemo-
graphic control variables and flooded area in terms of direction and statistical significance.

Multivariable GEEs summarizing the association between flood extent around housing 
development sites and sociodemographic characteristics of resident households are sum-
marized in Table 4. The proportion of flooded area within the 100-m circular buffer around 
development sites reveals a positive and significant relationship with the percentages of 
extremely low-income (p = 0.002) and female-headed households (p < 0.001), as well as 
households headed by residents aged 62 or more years (p < 0.001). Specifically, a one 
standard deviation increase in the percentages of extremely low-income, female-headed 
and older (aged 62 or more)-headed households is, respectively, associated with 13.8%, 
33.8% and 21.0% increases in the proportion of buffer area (100 m radius) flooded. Flood 
extent is also significantly higher within the 100-m buffer around public housing develop-
ments (p < 0.001), compared to housing developments funded by other federal assistance 
programs. The percentage of minority-headed households was the only nonsignificant vari-
able in this model (p > 0.05). Table 4 also depicts that GEE results for the 200-m buffer are 
almost identical to those for the 100-m buffer in terms of the direction and significance of 
relationships for the explanatory variables with areal flood extent. A one standard devia-
tion increase in the percentages of extremely low-income, female-headed and older-headed 
households is, respectively, associated with 10.5%, 24.9% and 12.5% increases in the pro-
portion of buffer area (200 m radius) flooded.

5 � Discussion

This study sought to extend research on social vulnerability to natural hazards by focusing 
on exposure to flooding caused by Hurricane Harvey in Harris County, Texas, for residents 
of federally subsidized rental housing developments. Our first research question focused on 
determining whether subsidized rental housing units and populations are overrepresented 
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in tracts with greater Harvey-induced flood extent. Descriptive comparisons indicated that 
both occupied subsidized housing units and their residents were almost twice as likely to 
be located in neighborhoods with greater flood extent (tracts in the top 25%) compared 
to the corresponding proportions of all occupied housing units and population. Multivari-
able GEE analysis indicated that the overall percentages of both subsidized housing units 
and residents are significantly greater in neighborhoods with higher proportions of flooded 
area, even after accounting for spatial clustering-, race/ethnicity-, socioeconomic depri-
vation- and housing-related factors. This spatial concentration of subsidized housing in 
high-flood areas can be partially explained by their disproportionate location in segregated 
neighborhoods containing significantly higher proportions of non-Hispanic Black and soci-
oeconomically deprived residents (Chakraborty et al. 2019a).

The second research question focused on investigating whether areal flood extent in 
circular buffers around subsidized housing development sites was greater for develop-
ments characterized by higher percentages of socially vulnerable households. Multivari-
able GEEs revealed that housing developments with greater flooded area within both the 
100-m and 200-m buffers contained significantly higher percentages of extremely low 
income, female-headed and older (62 + years)-headed households, after controlling for spa-
tial clustering and HUD subsidy program. Additionally, public housing developments were 
associated with significantly greater flood extent compared to those affiliated with other 
federal assistance programs. These findings reflect higher concentrations of public housing 
developments hosting a disproportionately large number of socially vulnerable households 
in northeastern Houston and other areas of the county that experienced more extensive 
flooding.

While we documented more extensive Hurricane Harvey-induced flood exposures based 
on the prevalence of subsidized housing developments with Harris County neighborhoods 
and social vulnerability indicators within the subsidized housing developments, we did not 
assess the consequences of these unequal exposures. Measures of Harvey-induced flood 
exposure such as the extent of flooding around homes, mold in homes, home damage and 
personal exposure are documented predictors of increased physical health problems, post-
traumatic stress, depression, anxiety, adverse event experiences, food insecurity and unmet 
recovery needs (Schwartz et  al. 2018; Bevilacqua et  al. 2020; Clay and Ross 2020; Flo-
res et  al. 2020b). Additionally, post-Harvey studies have found social vulnerability indi-
cators that characterize Harris County’s subsidized housing residents to independently 
predict (i.e., adjusting for flood exposures) those same disparate consequences as well as 
constrained access to health care (Karaye et  al. 2019; Clay and Ross 2020; Flores et  al. 
2020b). Thus, the increased risks associated with greater hazard exposure and amplified 
social vulnerability found across post-Harvey studies and the disaster literature more gen-
erally (Cutter et al. 2003; Wisner et al. 2004; Walker 2012; Rufat et al. 2015; ; Lee and Van 
Zandt 2019; Mehta et al. 2020) suggest that Harris County’s public housing residents in all 
likelihood experienced myriad disproportionate impacts in the hurricane’s aftermath.

A particularly debilitating consequence for Harris County’s public housing resi-
dents was the exacerbation of their short- and long-term housing insecurity. Since Hurri-
cane Harvey damaged a substantial proportion of Houston’s affordable and public housing 
stock (Dickerson 2018; NLHIC 2019; Vanderpool 2018), many residents experienced dis-
placement, difficulties accessing shelter or temporary accommodation and, in some cases, 
homelessness over the short term (Ward 2018). Additionally, because Harvey reduced the 
already short supply of affordable rental housing in Harris County—and at the same time 
increased the overall demand for rental accommodation—housing insecurity among public 
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assistance-eligible residents was substantially worsened over the long term (Dickerson 
2018).

It is important to consider the limitations of this study, which need to be addressed in 
future research. First, our study focused only the areal extent of flooding and not flood 
depth, duration, intensity and other factors that are likely to adversely affect subsidizing 
housing developments or residents. Second, our analysis is limited to subsidized housing 
developments associated with public housing and project-based programs in the HUD 
Picture of Subsidized Households database. Although our development-level data cover 
four of the five main HUD assistance programs, they do not include other housing sub-
sidy programs such as Section 8 HCVs, Community Development Block Grants, HOPE 
and Indian Housing, as well as programs affiliated with the US Department of Agricul-
ture’s Rural Housing Service, unless they also received subsidies from the four HUD pro-
grams considered in this study. The exclusion of residents receiving Section 8 HCVs is an 
important limitation, given that almost 46% of US households receiving rental assistance 
use vouchers in the private housing market (Center of budget and policy priorities 2019). 
With regard to rental assistance, neoliberal policies such as HOPE VI have contributed to a 
major shift away from affordable public housing and project-based programs to the use of 
vouchers that subsidize private owners of rental properties (Khare 2013). Although loca-
tions of households using Section 8 HCVs are not publicly available and renter-related data 
published by the ACS do not provide rental assistance information, future research should 
explore local data sources that can be used to evaluate vulnerabilities faced by residents in 
private housing markets.

6 � Conclusion

Our results indicate that federally subsidized housing residents of Harris County were dis-
proportionately located in neighborhoods with more extensive Harvey-induced flooding, 
in addition to living in rental housing developments around which more extensive flood-
ing occurred. These findings have important implications for future research and practice. 
Future analyses should focus on actual damages suffered by subsidized housing develop-
ments, displacement of residents and other relevant disaster-related impacts. Although our 
analysis was based on secondary data sources, the use of surveys and/or interviews could 
help clarify factors influencing statistical relationships presented here and determine the 
specific ways in which households residing in subsidized rental housing developments 
were negatively impacted by Hurricane Harvey. Future research should explore additional 
data sources to include low-income households in tenant-based programs such as Section 8 
HCVs, as well as low-income housing tax credit units listed in other databases. However, 
some of these units are likely to overlap with subsidized housing developments listed in 
the HUD dataset utilized for this study which provides more detailed information on each 
housing development compared to other data sources (HUD 2020).

The socio-spatial inequalities associated with subsidized rental housing and flood-
ing reported in this article have several policy implications, because socially vulnerable 
households residing in subsidized housing face multiple difficulties at all disaster stages. 
Public and nonprofit sector institutions seeking to build flood resilience through various 
programs in Harris County and other metropolitan areas should pay greater attention to 
the needs of subsidized housing populations, including extremely low income, female-
headed and elderly-headed households and residents of public housing developments. 
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Since a disproportionately large percentage of socially vulnerable households reside in 
housing developments that were severely exposed to Harvey-induced flooding, identify-
ing appropriate evacuation routes and contingencies should become key priorities, in addi-
tion to ensuring the availability of emergency shelters and affordable temporary housing 
during future disasters. Public officials must also consider whether to rebuild or relocate 
subsidized housing developments that suffered higher Harvey-induced flood damage or are 
located in flood-prone areas. Additionally, it is necessary to develop more equitable hous-
ing development policies that make it more difficult for economically affluent residents to 
prevent developers from siting affordable housing in higher income areas with better pro-
tections from flood risks (Dickerson 2018). Because residential land market forces continue 
to encourage developers to build homes in areas at high risk to flooding, officials should 
consider designating such areas as unsuitable for residential construction. Without address-
ing the inequitable processes that lead socially vulnerable residents to pursue affordable 
housing options in highly exposed areas, the patterns we observed for Hurricane Harvey 
are likely to be reproduced following future climate change-related disasters, which are 
projected with a high degree of certainty to impact not just the Houston area, but numerous 
other cities within and beyond Texas.
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