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Abstract: Hurricane Harvey (2017) caused widespread flash flooding by extremely heavy rainfall
and resulted in tremendous damage, including 82 fatalities and huge economic loss in the Houston,
Texas area. To reduce hazards, loss, and to improve urban resilience, it is important to understand the
factors that influence the occurrence of flooding events. People rely on natural resources and different
land uses to reduce the severity of flood impacts and mitigate the risk. In this study, we focused the
impacts of land use on Hurricane-Harvey-induced flooding inside and outside the Houston city center.
With the recent trend that more citizen scientists serve in delivering information about natural disaster
response, local residents in Houston areas participated in delineating the flooded areas in Hurricane
Harvey. The flooding information used here generated a published map with citizen-contributed
flooding data. A regional model framework with spatial autocovariates was employed to understand
those interactions. Different land use patterns and types affected the potential of flooding events
differently inside and outside Houston's city center. Explicitly, we found agricultural and open space
were associated with high risk of flooding outside the city center, industrial lands increased the high
risk of flooding in city center, and residential areas reduced the potential of flooding both inside and
outside the city center. The results can assist with future land use strategy in Houston and other
areas, and mitigate potential flash flooding. This study also highlighted the contribution of citizen
science to responses to natural hazards.
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1. Introduction

Natural disasters and their attendant infrastructure damage, economic losses, and effects
on human population increasingly arouse public concern [1]. Among different types of natural
disasters, tropical cyclones (TCs) are one of the most severe and costly disasters in the United States,
often impacting highly populated areas and threatening coastal communities [2]. Significant loss of life
and properties directly result from heavy rainfalls, strong winds, and storm surges [3]. In particular,
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intense flooding events and storm surge from tropical cyclones have been reported to be responsible
for over 80% of hurricane-caused mortality [4]. Additionally, recovery from direct flood damage to
residential property, public infrastructure, and utilities requires large financial expenditures. In 2005,
flood damage in New Orleans after Hurricane Katrina was estimated at 23 billion USD, and the flood
damage of Hurricane Sandy in 2012 in New Jersey includes 12,900 housing and 6,500 business units [5].

The probability of a TC-induced flash flooding event is determined by the intensity and duration of
rainfall, as well as the topographical characteristics such as slope and elevation [6,7]. It is also common
that vulnerable people depend on natural resources to mitigate the severity of hurricane-induced flood
impacts and the potential risk [8,9]. Various land use types could have different influences on physical
mitigation services [10]. One of the primary factors that affect flooding magnitude and impact is
increasing surface imperviousness and urbanization [11]. Open space with fewer impervious surfaces
than other developed land use types has been used explicitly for flood mitigation purposes since the
early 1990s in the United States [12,13]. Developed open spaces, including stadiums, recreational
areas, and airports, are usually equipped with well-maintained drainage systems and thus have
lower flooding risk [13,14]. Some types of open spaces, like wetlands in riparian areas and city
parks, are designed to maximize the water storage capacity and to minimize the flooding potential
in other protected places [15,16]. Undeveloped lands with trees and vegetation cover also play a role
in preventing flooding, since the woody plants can absorb and trap surface runoff [14]. Numerous
researchers have examined the impact of urban development on surface runoff and hydrological
function [17,18] or the effects of one type of land use on flooding [19,20], or have reviewed the
relationships between land management and flooding in other places [21,22]. However, little has
been focused on analyzing and quantifying (1), the effects of different land uses on the occurrence
of TC-induced flooding, and (2), which land use types have the most significant impact, especially
at parcel levels. Here, we address this question by exploring the impacts of land use on Hurricane
Harvey induced flooding event in Houston areas, Texas.

Hurricane Harvey stalled over Texas from 25 to 30 in August 2017. Hurricane Harvey first made
landfall over the Texas coast on 25 August, and remained nearly stationary inland before returning to
the Gulf of Mexico [23]. Its second landfall was on 30 August in the nearby state of Louisiana. Harvey’s
stationary position near the coast caused it to produce the largest rainfall of any US landfalling
hurricane [23,24]. The significant moisture picked up by the rotation of the eye in the Gulf was
released as extreme precipitation. Intense rainfall in metropolitan Houston and the surrounding area
was recorded from 25 August to 1 September, with most areas receiving over 36 inches and some
areas receiving up to 49 inches [24]. The more than 19 trillion gallons of rainwater dumped onto
southeastern Texas caused extensive flooding, especially across the Houston area, which resulted in
over 80 deaths and more than 100,000 homes damaged (Federal Emergency Management Agency [25]).
The floodwater of approximately 80,000 homes reached over 18 inches, and 23,000 homes had more
than 5 feet of floodwater [25].

Citizens scientists play a key role in delivering information during responses to natural
disasters [26]. Crowdsourced mapping, data curation, and social media communication provide
the citizens another way to contribute and make efforts. Online crowdsource-based platforms
(e.g., Humanitarian OpenStreetMap, Zooniverse) offer the citizen scientists a way to help with disaster
response efforts globally by providing the emergency locations, producing the best hotspot map
of urgent priorities for response teams on the ground [27,28]. Geographic information created and
disseminated by amateur citizens and residents via the web-based mapping interface, termed volunteer
geographic information (VGI), has been widely used in disaster management, since it helps to enhance,
update, and complete existing datasets (e.g., the base map) [1,29].

The contribution of VGI mappers is often based on perceptions rather than scientific measurements,
which leads to complexity in measuring the VGI mapping quality and positional accuracy. However,
an increasing number of citizen science programs have achieved examinations of the quality of spatial
big data [26,29,30]. Firstly, there always exist ‘superusers’ in such VGI mapping projects. Those
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‘superusers’ make tremendous contributions by providing a large amount of near-real-time accurate
information [31]. In addition, the quality control of VGI itself is also a multi-user environmental
validation process. Based on its ‘wiki” principle, the community of VGI mappers can act as quality
filters, which means the dataset is self-validated by other contributors numerous times. Finally, because
of the vast amount of VGI data, mapping effects are mostly aggregated based on the ground truth data
provided by VGI mappers [32].

In this study, we integrated the Hurricane Harvey induced flooding information adapted from a
published map with citizen-contributed flooding data, and analyzed the impact of land use on flooding
events in the Houston area during Hurricane Harvey. We expected that land use could significantly
influence the occurrence of TC-induced flooding events. Specifically, we hypothesized that the places
with agricultural, commercial, residential, and industrial land types would increase the probability
of flooding events, while open space would prohibit flooding events. To test these hypotheses, three
different logistic regression models with or without autocovariate terms were developed to identify
the drivers that affect hurricane-induced flooding inside and outside the city center of the Houston
metropolitan region.

2. Materials and Methods

2.1. Study Area

The study area consisted of four counties in the Greater Houston area: Harries, Fort Bend, Brazoria,
and Galveston County (Figure 1). Houston is located on the Gulf Coastal Plain at an average elevation
of 27 m, with an annual rainfall of 140 cm [33]. The Houston metropolitan region is one of the most
sprawling urban landscapes, and is also the only major metropolitan area without zoning laws in the
United States [30,34]. With a population of 2.30 million (reported in 2016), Houston is the leading
oil refining, economic, and space technology center in Texas. In 2017, the study area was affected by
Hurricane Harvey, which caused catastrophic rainfall-induced flooding. Since the land use inside
and outside of Houston’s city center is different, the study area was separated into the city center and
outside of the city center, based on the city center extent acquired from TIGER [35].
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Figure 1. Study area with red polygon representing the city center extent.
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2.2. Land Use Data and Class Regroup

2.2.1. Land Use Database

In this study, the parcel level land use data was acquired from the Houston-Galveston Area
Council (H-GAC), which is a regional planning organization that provides leadership and guidance in
managing change throughout the Houston—Galveston region. The spatial resolution of H-GAC land
use data is 30 m, which was retrieved in 2010. Based on the major research objective of this study,
the classification mapping strategy of the H-GAC map was reframed and reclassified it into seven
main land use classes: residential, open spaces, industrial, commercial, agricultural, undeveloped land,
and water body.

2.2.2. Land use Class Regroup

Land use type designations for each parcel in the study area were originally assigned by H-GAC
and listed as ‘commercial’, ‘gov/med/edu’, ‘industrial’, ‘multiple’, ‘other’, ‘parks and open spaces’,
‘residential’, ‘undevelopable’, ‘unknown’, and ‘vacant developable (includes farming)’. In the original
land use map of the Houston metropolitan area, the lands with the ‘multiple’ tag refer to parcels with
more than one land use type, and the lands designated ‘others’ include the following specific land
use types: religious (with building), cemeteries, parking garage, parking lot, and truck and trailer
parking/storage.

We reframed the classification strategy and reclassified the database based on detailed description
of the parcels. The database’s parcels were regrouped into one of the following semantic groups:
residential, open spaces, industrial, commercial, agricultural, undeveloped land, and water body.
To clarify the difference between ‘undeveloped’ and ‘open spaces,” an undeveloped state is defined in
this study as some type of open space without developing plans, or a natural state. The lands with
the tag of ‘open space’ refer to places like parks and preserved lands with specific management plans.
Open space may provide various ecological benefits, such as maintaining the urban wildlife habitat
and improving water storage capacity [36]. For parcels tagged ‘multiple,” we reclassified them based
on the principal use of the land, as detailed in the attributes provided by H-GAC. The aforementioned
re-definition and reclassification of land use types applied both inside the city center and outside of it.
To better understand the relationship between land use and flooded areas or floodplains in the city
center and outside the city center, geospatial zonal statistics were applied to analyze the distribution of
different land uses in Harvey-induced flooded regions and floodplains. Additionally, to prepare the
data for the later spatial statistical analysis, we converted each land use type into a binary raster layer
with a resolution of 90 m, to match the resolution of the composite flooding data.

2.3. Hurricane Harvey Flooding Data

2.3.1. Dartmouth Flood Observatory Flooding Data

The flooding map comes from a combination of Dartmouth Flood Observatory data (DFO;
published on 8 September 2018) and a volunteered flooding geodatabase, which was contributed
to by citizens during Hurricane Harvey. The database of DFO is currently the only comprehensive
public dataset of flood observation that could meet the objectives in this study. The DFO database is
produced based on a serious of earth observation satellite images (e.g., Moderate Resolution Imaging
Spectroradiometer—MODIS, Sentinel 1, Cosmo SkyMed, and Radarsat 2) and weather conditions.
The DFO Hurricane-Harvey-induced map was resampled to be consistent with NASA Shuttle Water
Boundary Data (SWBD) surface water extent at a spatial resolution of 90 m. The Maximum Observed
Flooding map was extracted from DFO products and clipped to the Houston metropolitan area; this
map presents the current flooding situation by 8 September, with a spatial resolution of 90 m [37].
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2.3.2. Citizen Science Contributed Flooding Data

Citizen science enables participants to make direct contributions to science and research, increasing
their scientific understanding and immersing themselves deeply in learning and understanding the
surrounding environments from different scales. Hurricane Harvey brought Houston citizens together
and significantly influenced the research direction. During Hurricane Harvey, local citizens marked
the flooded streets and areas, reported to the map organizer, and got the data published in a Google
Map format (accessed from shorturl.at/kBCHO) immediately. There are 711 polylines and 53 polygons
marked as flooded areas in this citizen-contributed map. Google Maps allows users to create VGI in all
forms of mapping projects based on different objectives. VGI is widely used in responding to natural
disasters, and also helped the local residents navigate around flooded streets and told the government
in real-time where the flooded areas were. During the week of Hurricane Harvey, the map project
got more than 1.3 million views, and peaked at 3.7 million during the following month. The vector
features extracted from the citizen flood map were rasterized with a spatial resolution of 90 m to match
up with the resolution of DFO map, and buffered with a 1 pixel radius. This rasterization allows us to
compare and summarize the descriptive analysis for the patterns of the two datasets.

2.3.3. Assessing the Patterns of Flooding Data Sources and Combining Them

Given there were two different data sources for flooding areas, we assessed the spatial patterns
and contributions of the two flooding data sources based on descriptive analyses and summaries.
The spatial patterns of differences between those two datasets inside Houston city and outside the
city were compared based on the summaries of the areas of flooding captured by two datasets and
the overlaps between the two datasets. Additionally, the flooded areas identified by the two datasets
under different groups of land use types were summarized and compared for both inside and outside
the Houston city center.
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Figure 2. Hurricane-Harvey-induced flooding map areas.
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Figure 2 shows the flooded areas caused by Hurricane Harvey in Houston areas identified in
the DFO data and the citizen map. The flooded areas extracted from DFO data include a total area
of 2,896,703 ha, with 183,737 ha in the Houston city center and 2,712,966 ha outside the city center.
The citizen-contributed data includes 14,667.5 ha of flooded areas, with 6,021.5 ha in the city center and
8646 ha outside the city center. By overlapping the citizen contributed flood data with the DFO map,
there are 1676.7 Ha of areas outside the city center and 933.1 Ha inside city center that were identified
by both data sources. This indicates that most data provided by the local citizens were not captured by
the DFO map. The flooded areas under different land use types captured separately by DFO maps and
citizen science inside and outside the city center are summarized in Figure 3. Most areas contributed
by citizens were the residential lands and commercial lands.
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Figure 3. The flooded areas (in ha) under different land use types captured separately by Dartmouth
Flooding Observation (DFO) maps and citizen science. (A) Land use compositions in flooded areas
inside the city center; (B) land use compositions in flooded areas outside the city center.
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Given the above analyses, we found citizen science data could provide information that was not
identified by remotely sensed data, especially in residential and commercial lands, and inside the
city center. These contributions indicate that citizen science data could help to increase data integrity.
Therefore, we combined the two datasets to serve as the final flooded region map for the rest of
the analyses.

2.4. Precipitation Interpolation Map and Topographic Wetness Index

For estimation of the rainfall intensity, the land-based station data was accessed from National
Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center (https://www.
ncdc.noaa.gov/). The total precipitation from 25 August to 1 September 2017 for each of the 62 station
sites was calculated. We then interpolated the distribution of the total precipitation of Hurricane
Harvey using Inverse Distance Weighting (IDW) in ‘gstat’ R-Package via R version 3.4.0, with a spatial
resolution of 90 meters [38—40]. The interpolated distribution of total precipitation of Hurricane Harvey
is shown in Figure A1.

Land surface characteristics, like topography, are another factor that affects the water balance
in a catchment, influencing the chance of flooding [41]. The Compound Topographic Index (CTI),
also known as Topographic Wetness Index, is a steady-state product of upslope areas, the flow slope,
and a couple of geometric functions [42]. The CTI has been widely used to predict solum depth [43],
characterize soil moisture wetness patterns [44], evaluate water balance variabilities of watersheds [45],
and to indicate the potential of surface runoff production [46]. Recently, CTI was employed to inform
decisions vis-a-vis urban flooding in the state of Illinois [47].

The spatial distributed CTI values were calculated following [48]:

CTI=In (AS/tanf) 1)

where AS is the specific catchment area (m?) per unit width orthogonal to the flow direction, and f3 is
the slope angle in radians. The spatial distribution of CTI of the study is shown in Figure A2.

2.5. Modeling Framework

Before modelling the effects of different land use types on the likelihood of flash flooding,
we employed some descriptive analyses to explore the proportions of flooded areas under different
land use categories for the city center and outside the city center. Additionally, the proportions of
floodplains areas under different land use categories were summarized.

Three different models using logistic regression, some with and some without autocovariate
terms, were designed to identify drivers, including precipitation, floodplains, CTI, and different land
use types, that influenced Harvey-induced flooding events both inside and outside of the city center
of the Houston metropolitan region. The models were developed based on the pixel levels (i.e., 90 m
resolution grids) with information extracted for potential predictors (i.e., precipitation, floodplains,
CTL and land use types) and the occurrence of flooding. The variables were screened prior to inclusion
in model development based on tests of multicollinearity among variables (Pearson’s correlation
coefficient |r| > 0.7). The continuous variables (i.e., precipitation and CTI) were standardized to allow
for a direct comparison among model coefficients. The logistic regression models were developed using
the ‘glm’ function with the distribution family as ‘Bernoulli’ distribution in R v3.4.2 (Equation (2)) [49].

w(flooding) = ePotPrxitPrxattpuxu @

where w(x) is the relative probability of a pixel being flooded, By is the intercept, and Bi is the estimated
coefficient of the aforementioned potential factors (xi) that influence flooding events. The values of
these covariates (xi) were extracted to each pixel centroid. If Bi > 1, the factor is indicated to increase
the probability of flooding, and a i < 1 indicates a decreased chance of flooding due to this factor.
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For the baseline models, we assumed that the flooding events are only associated with precipitation
and CTL Specifically, flooding is more likely to occur at places with more rainfall and drainage
depressions. For the second group of models, we added the floodplains predictor and an additional
autocovariate term into the baseline model. Here, it was assumed that there is a higher chance of
flooding at places located within floodplains with more drainage depressions and increased rainfall.
The autocovariate is a weight matrix that accounts for local effects: locations adjacent or closer to where
flooding events occur are more likely to be affected. To adjust for autocorrelation in the model residuals,
an autocovariate component was incorporated as spatial lags to remove spatial autocorrelation [50].
The autocovariate component was calculated as the inverse-distance weighted average of the outcome
variable within a predefined distance around a given location (Equation (3)).

Ap =) wiy, @)
jek

where k is the set of neighboring pixels included in a user-defined distance, yj is the outcome variables
at each location j, and wij the inversed-distance weights given the influence of site j on site i. A set of
permutation-based Moran’s I values were calculated for the model residuals without the autocovariate
component based on different spatial neighbor matrices for different distance classes (i.e., 1 km
increasing interval). Given those Moran’s I values, we used 25 km and 10 km as the predefined
distances to calculate the autocovariate component for both the model outside city limits and the
model within city limits.

For the third group of models, to estimate the role each land use type plays on flooding,
we incorporated different land use types, including residential, industrial, commercial, open spaces,
undeveloped land, and agricultural land (compared to undeveloped land), as additional predictors
based on the second type of models. The autocovariate component was also included in this model,
with 25 km and 10 km as the predefined searching distances for the city center areas and outside
city center areas. Finally, the significance of the three different models was assessed by comparing
model likelihood estimates to the likelihood of the baseline model, with only precipitation and CTI as
covariates [51].

3. Results

3.1. Hurricane-Harvey-Induced Flooded Regions and Floodplains under Different Land Uses

Figure 4 shows the reclassification of the H-GAC’s land use parcel data. Figure 5A presents a
summary of the different land use types in the Harvey-induced flooded regions inside and outside the
city center. In the Houston metropolitan city center, the largest flooded area was open space, followed
by commercial, industrial, residential, agriculture, and undeveloped lands. For the flooded area
outside the city center, the largest flooded area was agriculture, followed by residential, undeveloped,
open space, commercial, and industrial lands. Only 4% of the total flooded region in the Houston city
center was agricultural lands, compared with 46% of the total flooded region outside the city center.
The proportion of residential area flooded inside and outside of the city center was 20% and 16%,
respectively. For undeveloped land, 13% was flooded outside of the city center and 3% was flooded
inside the city center.

Figure 5B summarizes different land use types in the Federal Emergency Management Agency
(FEMA) 100-year floodplain in and outside the city center. In the floodplain of the city center, open
space lands consume the largest area, followed by residential, industrial, commercial, undeveloped,
and agriculture lands. For the floodplain outside of the city center, agricultural lands cover the largest
flooded area, followed by open space, undeveloped, residential, commercial, and industrial lands.
A similar pattern of the proportion of the 100-year floodplain in different land use types is suggested,
compared to the proportion of flooded areas in different land use types. About 4% of total floodplain
in the Houston city center are agricultural lands, but 36% outside the city center. Another 4% of
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floodplain in the city center is undeveloped lands. Undeveloped lands outside of the city center cover
17% of the total floodplain. Commercial and industrial lands both take 13% of floodplain in the city
center, but only occupy 7% outside the city center. About 38% and 28% of floodplain in the Houston
city center are open space and residential areas, respectively. There are 17% and 16% of floodplain
outside of the city center identified as open space and residential areas.
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Figure 5. Summary of different land use types in Harvey-induced flooded regions and Federal
Emergency Management Agency (FEMA) 100-year floodplains inside and outside of Houston city
center areas. (A) Land use composition in composite flooding regions, and (B) land use composition in
FEMA 100-year floodplain.

3.2. Factors Influencing Harvey-Induced Flooding

There was no multicollinearity in the datasets, since there were no variables with a Pearson’s
correlation coefficient || > 0.7. Table 1 gives the model constructions of the three types of models,
and the model comparison results based on log-likelihood ratio tests. As compared to other models
based on the log-likelihood ratio test, we selected the model with structure ‘CTI + precipitation +
floodplain + agricultural + industrial + commercial + open space + residential + autocovariate” as
the final model for both the city center and outside of the city center areas. This indicated that land
use in both areas significantly affected the probability of rainfall-induced flooding. Places with more
rainfall, more drainage depressions, located within 100-year floodplains (Figure A3), and classified as
agricultural, commercial, and open spaces land use types (compared to undeveloped areas) were all
significantly associated with higher risks of flooding outside the city center areas, while residential
areas (compared to undeveloped areas) were associated with lower probability of flooding (Table 2).
For the city center areas, the places with more rainfall, more drainage depressions, located within
100-year floodplains, and classified as agricultural and commercial land use types (compared to
undeveloped areas) significantly increased the probability of flooding, while residential areas decreased
the probability of flooding (Table 2).
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Table 1. Model comparisons for tests of the driving factors influencing the occurrences of flooding
events in Hurricane Harvey.

Models Log-Likelihood x> p-Value
Outside city center
flood ~ CTI + precipitation —20,661 - -
flood ~ CTI + precipitation + floodplain + autocovariate term —16,185 8951.49 2.2e-16
flood ~ CTI + precipitation + ﬂoodplam + agricultural + industrial 15,952 46594 2216
+ commercial + open space + residential + autocovariate term
Inside city center
flood ~ CTI + precipitation —9308.2
flood ~ CTT + precipitation + floodplain + autocovariate term —7671.2 3274.03 2.2e-16
flood ~ CTT + precipitation + floodplain + agricultural + industrial 75345 27341 2216

+ commercial + open space + residential + spa autocovariate term

Table 2. Standardized coefficient estimates and Wald’s type 95% confidence intervals for covariates
included in the final logistic regression models for the estimation of influence on flooding events in
Hurricane Harvey.

Outside of City Center City Center
Variables Coefficient Variables Coefficient
intercept 2 —3.85(—3.89, —3.81) intercept 2 —3.35(—3.29, —3.41)
CTIP —0.04 (—0.06, —0.02) CTI1? —0.16 (—0.14, —0.18)
precipitation @ 0.28 (0.26, 0.30) precipitation @ 0.20 (0.18, 0.22)
floodplain @ 1.44 (1.41,1.47) floodplain @ 1.02 (0.96, 1.08)
agricultural @ 0.33 (0.29, 0.37) agricultural € 0.16 (0.04, 0.28)
industrial © 0.01 (—0.07, 0.09) industrial 2 0.23 (0.16, 0.30)
commercial 2 0.77 (0.71,0.83) commercial 0.16 (0.10, 0.22)
open space @ 0.25 (0.20, 0.30) open space € —0.08 (—0.16, 0.00)
residential @ —0.44 (—0.49, —0.39) residential @ —0.76 (—0.69, —0.83)
spatial lags ? 18.27 (17.99, 18.55) spatial lags ? 13.06 (12.68, 13.44)

2: indicates significance with 99% confidence. ®: indicates significance with 95% confidence. ©: indicates insignificance.

4. Discussion

Hurricane Harvey’s preliminary damage assessment reached $12.5 billion [52], which makes it
one of the costliest natural disasters in United States history, second only to Hurricane Katrina in 2005.
This study combined both public remotely sensed data and citizen-contributed data to quantitatively
estimate the effects of different land use types on Hurricane-Harvey-induced flooding. Overall, the
results suggested that land uses significantly affected the occurrence of flooding events, and that
the effects varied inside and outside of the city center of the Houston metropolitan area. The results
suggested that agricultural and open space were associated with high risk of flooding outside the
city center, and industrial lands increased the high risk of flooding in the city center. Residential
areas reduced the potential of flooding both inside and outside the city center, while commercial areas
increased the risk of flooding events.

Regarding the concept of crowdsourcing, VGI provides different data collection mechanisms
from the traditional authoritative geographic information obtained from official or governmental
institutions, agencies, or earth observations. During Hurricane Harvey in 2017, volunteer citizens
and residents in disastrous areas become the producers of geographical and spatial information [1,53].
While often being ignored by traditional data collection methods, some detailed, specific information,
such as local knowledge and conditions, can be collected by local people who can move freely and
are aware of the surrounding situations [54-56]. Given the limited access to the flooded areas and the
difficulties in commuting, local residents supported the rescue organizations to understand the scale
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of crisis, to guide the helpers to deliver aid to those worst affected areas efficiently by reporting the
location, emergency descriptions, and real-time flooded areas [25].

To ensure the integrity of information for natural disaster management, it is crucial to integrate
data from multiple sources. In particular, we highlight the incorporation of citizen-contributed
data. For the earth observation datasets, there exist various uncertainties, such as noisy sensor
measurements with limited accuracy, obstacles of targeted objects by other objects, aerosol effects,
and coarse resolutions [57]. However, those uncertainties might be minimized by incorporating
citizen-contributed information. Humans could serve as moving sensors on the landscape, and
provide the filtered and contextual information based on their knowledge and sense. Citizen science
participatory mapping can be important in the face of disaster management in a timely manner,
especially where the disastrous areas are not accessible. Here, residents in the study areas provided
14,667.5 Ha of flooded area, which was not identified by the DFO map (5088.4 Ha inside of Houston city
center; 6969.3 Ha outside of Houston city center (Figure 2; Figure 3). Those citizen science-contributed
data were primarily found in highly populated areas, such as commercial and residential land.

The descriptive analysis found that about half of the flooded area did not show up on the floodplain.
The FEMA floodplain map was generated based on the risk of flooding in 100 years, and the estimation
of topography, drainage pressure, and landscape changes. However, in the face of flash flooding events,
like Hurricane-Harvey-induced flooding, the floodplain is not the only factor that determines the
occurrence of flooding events. A zoning strategy that considers human development factors, such as
land use patterns, is therefore strongly needed in Houston metropolitan areas to estimate the potential
of flooding events. Based on the summary of land use on the floodplain and in the flooded areas in the
Houston, Texas, flooding caused significant damage to all land use types. Lands used by commercial
and industrial enterprises are clustered (Figure 3) and cover over 14% of the floodplain. Despite the
residential coverage of ~16%, the study area is still an industrialized landscape marked by an array of
energy facilities, which suffered a huge economic loss during Hurricane Harvey. It is therefore critical
to reassess and decrease the vulnerability of commercial and industrial infrastructure. To avoid future
TC-induced flooding risk, in April 2018, Houston city councilors voted to mandate that all new homes
must be built 2 feet above the water level of a 500-year storm, instead of a 100 year floodplain [58].

The effects of some land use types on flash flooding supported the results from some previous
research [7,13,14,59], but varied inside and outside the city center. This study found that agricultural
areas and open space outside the city center were associated with the high risk of flooding, but had
no significant effects in the city center areas. Extensive agricultural lands with compact soil due to
ploughs and little vegetation cover were found to reduce the functionality of the natural hydrological
system and cause flooding, as suggested by O’Connell et al. [22] and Wheater et al. [21]. In Houston
areas, agricultural lands and residential lands account for the majority of land (39.11% and 27.19%,
respectively) outside the city center. Most extensive agricultural lands are located outside the city
center in the southern part, with undeveloped lands sparsely distributed among those areas. However,
in the city center, there were only a few areas identified for agricultural use along the city boundaries;
few areas have not been developed. The study found TC-flooding occurred more in open space,
which actually confirmed the role that open space plays in preventing flooding effects on the adjacent
protected parcels, as suggested by Morris [60] and Bullock et al [16]. Generally, open space serves
as an ‘avoidance’ strategy in flood mitigation [61]. Besides some recreational areas, open spaces are
often designed to protect people and structures in flood-prone areas [13]. Of the open space areas
in the study, there are two major parks in the western part of the city center, George Bush Park and
Bear Creek Pioneers Park, and several small city parks and cemeteries sparsely located within the city.
Most open spaces outside the city center are wildlife refuge protection areas, wetlands, and state parks.
There are three large conservation areas, Brazoria National Wildlife Refuge, Justin Hurst Wildlife
Management Area, and San Bernard National Wildlife Refuge, located to the south along the coastal
areas. These open spaces along the coast leave space for the hydrological and riverine system, and
reduce the potential impacts to structures. In particular, wetlands have the ability to store floodwater,
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minimizing flooding to adjacent structures like residential areas [59]. Industrial lands in the city center
are associated with high chances of flooding, but show no significant influence outside the city center.
Only 7% of the lands out of the city center were industrially used. Most of these lands are surrounded
by undeveloped areas or open space, which help to prevent flooding. Insignificant effects of industrial
lands on the flooding events were thus identified outside the city center.

It is interesting that the results suggested the residential areas in Houston city and outside city
were associated with low risk of flooding. This result was different than some previous research,
which suggests that residential areas are often highly compacted and impervious and should result in
high risk of flooding [17,18,62]. One possible reason for the differences is that only 15% and 20% of
the area located within the FEMA floodplain was residential inside and outside the city, respectively.
This indicates that most residential areas are built outside the risky zones and away from watersheds.
Another possible reason is that residential housing and green infrastructures in Houston, the modern
metropolitan city, are equipped with well-maintained drainage systems and thus have lower flooding
risk [14,63].

The catastrophic flooding caused by Hurricane Harvey in the Houston area was the product of
multiple geophysical factors and neighborhood effects, as suggested in some other studies [6,43,46,64].
The total precipitation map shows a large amount of rainfall in the east close to Trinity Bay, which
also includes the southwest part of the city center. However, extensive areas were flooded outside
the city center and in the south of the study area. The CTI surface, a flow accumulation raster layer,
shows the north part of the study area has low saturation potential, while most southern parts are
under high drainage depressions. The relatively high coefficient values of the spatial autocovariate
term in Table 2 and high deviance explained by this spatial lag (Table 2) indicate the major factor
that influenced the risk of hurricane-induced flooding to be the neighborhood effects. The flooding
condition of neighbors could significantly affect the potential of flooding at the location; in other words,
a location is more likely to be flooded if its neighbor(s) is flooded [59,63,65]. The different land use
types also accumulatively explained large deviances in the models for both inside and outside of the
city center (Table 2), which indicates the significant role different land uses play on flooding events.

5. Conclusions

This study analyzed the relationship between different land use types and the occurrence of
Hurricane-Harvey-induced flooding events in Houston metropolitan areas. The results suggested
that land use patterns and types significantly affect flooding in Houston areas. Overall, we found
agricultural and open space were associated with high risk of flooding outside the city center, industrial
lands increased high risk of flooding in the city center, and residential areas reduced the potential
of flooding both inside and outside the city center. The neighborhood-flooding condition was also
detected as the major factor that affects the flooding risk. These results underscored the consideration
of different land use types in the mitigation of TC-induced flooding events, which could assist with
future land use strategies in the Houston metropolitan areas and prevent potential flash flooding risk.
Given the significant contribution from citizen science data to the estimation of flooding information,
this study also highlighted the application of citizen science data in natural disaster management and
prevention. Nowadays, citizen science applications have been found in pre, during, post stages of
natural disaster management, and will show more potential contributions in the near future.
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Figure A1l. Cumulative rainfall pattern map during hurricane Harvey, 2017.
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Figure A2. The distribution of Compound Topographic Index (CTI) across the study area.
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