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Abstract: The Greater Houston metropolitan area has experienced recurring flooding events in
the past two decades related to tropical cyclones and heavy inland rainfall. With the projected
recurrence of severe weather events, an approach that outlines the susceptibility of different localities
within the study area to potential floods based on analyses of the impacts from earlier events would
be beneficial. We applied a novel C-band Sentinel-1 Synthetic Aperture Radar (SAR)-based flood
detection method to map floodwater distribution following three recent severe weather events with
the goal of identifying areas that are prone to future flood hazards. Attempts were made to calibrate
and validate the C-band-based results and analyses to compensate for possible sources of error.
These included qualitative and quantitative assessments on L-band aerial SAR data, as well as aerial
imagery acquired after one of the events. The findings included the following: (1) most urban centers
of Harris county, with few exceptions, are not believed to be prone to flooding hazards in contrast
to the densely populated areas on the outskirts of Harris county; (2) nearly 44% of the mapped
flood-prone areas lie within a 1 km distance of major drainage networks; (3) areas experiencing high
subsidence rates have persistently experienced flooding, possibly exacerbated by morphological
changes to the land surface induced by subsidence.

Keywords: Sentinel-1; coherence change detection (CCD); UAVSAR; flood hazard risk assessment

1. Introduction

Natural disasters arise from various natural processes and phenomena in the biosphere,
lithosphere, hydrosphere, and atmosphere interacting and adversely affecting humans, infrastructure,
and resources [1,2]. These events create hardship through loss of life and property, along with adverse
impacts on agriculture through loss of yields [3,4]. In 2017, the United States incurred more than USD
306 billion of damage due to severe weather-induced disasters, including wildfires, hail, tornadoes,
and flooding from extreme precipitation [5]. Flood damage from extreme precipitation following three
severe weather events during the specified year (Hurricanes Harvey, Irma, and Maria) incurred the
majority of this damage [5]. Several studies have shown that the frequency, intensity, and impact
of natural disasters, especially flood hazards resulting from severe weather events, have increased
over the years and are projected to increase in the coming decades, partly due to human-induced
alterations to the environment and climate change [2,4,6-9]. Moreover, largely anthropogenic-led
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activities, including extreme fluid withdrawal rates, have induced surface deformation processes
that have modified the land surface and have further intensified the impact and extent of inundation
following landfalling tropical cyclones and other coastal flood regimes, as the impact of storm surges
is intensified by a rise in sea levels and further exacerbated by long-term high subsidence rates [10,11].
Furthermore, flooding in areas proximal to the courses of streams and rivers following severe weather
events may be aggravated by the subsidence of flood control structures built along the courses of these
streams and rivers [11-14]. Subsidence processes on such structures could alter the flow dynamics and
enhance the spatial extent and depth of floodwaters [12,13].

1.1. Study Area

The study area encompassed part of the Greater Houston metropolitan area (surface area:
10,374 km?; Figure 1). The area has experienced recurring and intense flooding events in the past
two decades related to tropical cyclones and heavy inland rainfall. Some of the major events include
Tropical Storm Allison (2001), the April 2016 North American storm complex sometimes referred to as
the “Tax Day storm,” Hurricane Harvey (2017), and Tropical Storm Imelda (2019). Hurricane Harvey
was one of the wettest rainfall events in the history of the United States, producing an unprecedented
amount of rainfall, estimated to be between 36 and 48 inches, in Houston and the surrounding areas
from 25 to 31 August (2017). It resulted in severe flooding and associated damage amounting to
USD 125 billion [15,16]. The second and less intensive recent flood event that affected the study
area was the Tax Day storm (17-18 April 2016) that dumped more than 17 inches of rainfall over a
short period of time and caused billions of dollars of flood damage [17,18]. Tropical Storm Imelda
(18-21 September 2019) poured as much as 43 inches of rainfall (NOAA NCEI, 2020) into parts of
southeast Texas, although the severity of the flooding event and the spatial/aerial coverage over the
study area were not as significant and intense as the previous two flood events [19,20].

In addition to flooding resulting from extreme precipitation from hurricanes and cyclones over
the study area, intense rainfall in the upstream watersheds of the San Jacinto and Brazos rivers that
pass through the study area (Figure 1) further complicate the flooding problem [21]. Over time,
urbanization and other intense anthropogenic activities across the study area have led to changes
in the land cover and land surface elevation, which are believed to have aggravated the impacts
of flooding [14,22,23]. [22] estimated that over the past two decades (1997-2017), nearly 2040 km?
(+£400 km?) of land in the Greater Houston area has been changed to less permeable developed land
cover, out of which 14% were wetland areas.

1.2. Floodwater Delineation Approaches and Possible Limitations

Remote sensing datasets complement in situ observations and modeling when investigating
large-scale processes regarding the monitoring of hazards, specific disasters, and post-disaster
response and recovery activities because of the wide spatial coverage and routine data acquisition
capability [24,25]. Historically, datasets acquired by optical sensors, such as from Landsat and other
coarse- to medium-resolution Earth observation missions, have been widely used for numerous natural
hazard and disaster management and response studies, including flooding from hurricanes and
cyclones [26-30]. Floodwater delineation studies utilizing datasets from optical sensors are mostly
based on one of the three main techniques and approaches. The first, a fairly simple approach, is to
discern flooded pixels through visual interpretation of multiband composite images [31]. The second
and most widely utilized method is image classification algorithms based on the spectral properties of
pixels in images retrieved by a single or combination of sensors or platforms (e.g., [32]). Classification of
fused imagery from sensors of varying temporal and spatial resolution, such as Landsat and Moderate
Resolution Imaging Spectroradiometer (MODIS), have also been used to map the impact of flood
disasters from extreme precipitation [33]. Third, the analysis and interpretation of the derived indices
from the multispectral satellite data, such as that of the Normalized Difference Water Index (NDWI),
is another technique that is being used to detect inundations from floodwaters following extreme
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weather conditions [34]. In all the above-stated studies, the prevalence of cloud conditions has been
cited as a principal limitation for using such datasets to monitor the impacts during and following severe
weather events. Heavy rainfall events include cloud cover as the rain falls and often lingering cloud
cover post-event that obscures optical remote sensing. Night-time conditions lack the illumination
necessary for land and water mapping using optical sensors and, hence, the effectiveness of these
sensors during the hazard event and immediately following under such conditions is partly limited.

Synthetic Aperture Radar (SAR) remote sensing complements optical remote sensing approaches
in natural hazard and disaster-related studies through active acquisition of Earth observations at day
and at night and under widely varying weather conditions [35]. SAR sensors emit electromagnetic
pulses and receive the signal returned from the surface, termed as backscatter, in the form of amplitude
and phase. The amplitude component of the backscattered energy is a measure of the strength of
the reflectance or reflectivity of the surface, while the phase is proportional to the distance between
the sensor antenna and the ground target. The SAR backscatter signal from a target surface is
dependent on several factors. These can be broadly classified as radar system properties (wavelength,
polarization, etc.) and target surface properties (e.g., dielectric constant, the geometry of the target,
and surface roughness) [36-39]. The launch of the European Space Agency (ESA) Sentinel-1 SAR satellite
constellation has broadened disaster monitoring and response studies through the acquisition and free,
open access distribution of high-resolution temporal (6-12 days) and spatial (5 m range X 20 m azimuth)
wide-swath imagery of the Earth’s surface [40,41]. Sentinel-1 SAR missions operate in the C-band
wavelength (5.6 cm wavelength and 5.4 GHz frequency) and provide dual polarimetric data for a wide
range of applications [42,43].
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Figure 1. (a) The study area, including Houston city and parts of the surrounding areas (counties Harris,
Fort Bend, Waller (partial), Montgomery (partial), Liberty (partial), Brazoria (partial), and Galveston
(partial)). The two rivers (San Jacinto and Brazos) that cut through the northeastern and southwestern
parts along with the respective watersheds (West Fork San Jacinto and Lower Brazos, respectively,
shown with dotted black lines), and surface elevation data retrieved from a digital elevation model
(DEM) are also shown. The inset shows the location of the study area in the USA. (b) Land cover
distribution map derived from the National Land Cover Database (NLCD; [44]). The landcover classes
were re-grouped into the six major dominant land cover types prevalent in the study area.

Several studies have relied on the analysis and interpretations of individual SAR datasets to
assess the impacts of floods during and following extreme weather events. For instance, [45] used the
manual thresholding approach on pre- and post-Hurricane Harvey Sentinel-1 SAR amplitude images
to delineate flooded agricultural fields in Texas and Louisiana. They validated the SAR-based mapping
using manually-derived ground reference validation data from the Landsat-7/8 and Sentinel-2 satellites.
The wide time gap between the data acquisition of the two datasets (SAR and optical data) and the
dense cloud cover conditions during the event makes it difficult to reliably assess the extent of floods in
conjunction with the SAR data. Moreover, in the absence of validating data to support flooding beneath
the vegetation cover due to the limited capability of the C-band signals from the Sentinel-1 mission to
see beyond the top surface, mapping exercises might over/underestimate the extent of flooding [46,47].
However, this condition is dependent on several factors, including the crop/vegetation growth stage
(e.g., leaf-on/leaf-off conditions), distribution (e.g., sparse forest and dense forest), and crop/vegetation
type [48,49]. More importantly, the results and interpretations from single SAR scenes are complex,
affected by various forms and sources of errors and factors that affect the backscatter signal that might
impact the reliability of the derived products. For instance, SAR shadow zones or large paved and
smooth surfaces, such as airport runways, might be erroneously mapped as flooded surfaces because
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of their low backscatter values [50-53]. Change detection methods that highlight temporal changes in
the property and reflectivity of the same area on the Earth’s surface at different times observed using
multiple SAR image acquisitions have proven to be more robust in detecting surface changes that have
resulted from flooding hazards [37,54].

Two types of change detection methods are widely employed using SAR data to observe surface
changes from flooding events: Amplitude (intensity) change detection (ACD) and coherent change
detection (CCD) [55,56]. SAR datasets acquired before and after an event or series of events with
similar geometry and mode of acquisition are used in both methods. The ACD method is based
on changes in the intensity/amplitude values of the SAR backscatter signal, while the CCD method
infers surface changes through observations of changes in interferometric coherence by taking both
the amplitude and phase changes between image acquisitions into consideration [57]. A decline in
the coherence value (or a complete decorrelation) is deemed to represent surface changes that have
resulted from events and processes that disturbed or altered the arrangement of scatterers within a
pixel [58-61]. Coherence-based change detections are more capable of and sensitive to detecting subtle
surface changes that otherwise may not be noticeable in SAR amplitude images due to little changes
and variations in backscattering intensity [47,60-62].

Numerous studies have examined land surface changes that have resulted from flooding events
using change detection methods applied to SAR images and, in some instances, supported by relevant
auxiliary data. [63] applied multi-temporal amplitude change assessment to pre- and post-event
(flooding) high-resolution X-band (3.1 cm wavelength; [64]) images of the Italian COSMO-SkyMed
constellation to delineate the extent of flooding in their study area caused by the landfall of Hurricane
Harvey. They validated the SAR-based results using social media data and the hydraulic model.
However, their analysis included the assumption that all water areas will have low backscatter,
potentially excluding inundated areas with rough water surfaces resulting from different factors.
For instance, changes in the roughness of water surfaces following heavy rainfall and windy conditions
might alter the backscatter properties of the target surface and might lead to inaccurate interpretation [54].
Moreover, the developed approach did not consider temporal changes in the surface that could be
revealed through interferometric approaches. For instance, the amplitude values of contrasted surfaces
such as roads and urban areas, where there might be substantial anthropogenic-led land surface
changes between acquisitions, may not reveal the changes in the properties of the target at different
times. In the case of vegetation-covered areas, ACD-based floodwater mapping approaches might
inaccurately classify the changes resulting from seasonal changes in the growth cycle of the vegetation
as flooded pixels (beneath vegetation).

In a two-step approach, outlined by [50], to map flooding brought about by heavy rains
from Hurricane Harvey within the urbanized area of Houston, double-bounce/bright features in
SAR images were initially identified through multi-temporal SAR intensity analysis. This was
followed by CCD assessment in search of a decline in coherence over the earlier identified features
to map flooding. The presence of vegetation in the investigated area and the resulting decline in
coherence between acquisitions has been cited as a possible reason for the underdetection of flooded
areas [50]. While CCD approaches improve flood mapping by resolving the ambiguities posed by
amplitude/intensity-based detections where coherence decline between acquisitions is principally
used to map floods, caution must still be applied where surface changes from anthropogenic activities
between acquisitions might result in a decrease in coherence and, hence, an inaccurate classification.
As stated earlier, floodwater detection approaches based on data acquired by short wavelength
sensors, such as C-band Sentinel-1 and X-band COSMO-SkyMed, could potentially underdetect
floodwaters in vegetated areas. The flood mapping studies over the study area outlined above could
potentially underdetect the spatial distribution of floodwaters due to this fact in the absence of data and
approaches to validate the results. A comprehensive approach that integrates robust SAR data-based
change detection assessment techniques with relevant datasets and methods could compensate for the
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limitations stated earlier and could improve the accuracy of flood detections through the calibration or
validation of existing models.

Many flood mapping studies undertaken over parts of the study area have focused on mapping
the extent of the floods caused by Hurricane Harvey. With the projected recurrence of severe weather
events and the expected disasters and their adverse implications, an approach that outlines the
susceptibility of different localities within the study area to flooding based on assessment of the impacts
from earlier events would be beneficial. In this study, an integrated approach using novel SAR-based
techniques and ancillary datasets were developed to map land surface changes resulting from major
flooding from periods of severe weather-induced heavy rainfall over the city of Houston and parts of
the surrounding metro area. Such areas included portions or the entirety of the following counties:
Harris, Fort Bend, Waller, Montgomery, Liberty, Brazoria, and Galveston (Figure 1). The ultimate goal
of this study was to identify areas that are at a greater susceptibility of future severe weather-induced
flooding so that appropriate mitigation efforts can be undertaken.

2. Materials and Methods

We used temporal changes in coherence as a measure of land surface changes that resulted from
three severe weather events (i.e., Tax Day storm, Hurricane Harvey, and Tropical Storm Imelda) to map
the spatial extent of the recurrently flood-impacted areas in Houston city and its surrounding areas.

Eleven descending Interferometric Wide Swath (IW) mode Single Look Complex (SLC)
Sentinel-1A/B radar images acquired before and after the three investigated flood seasons (spanning
from 14 March 2016 to 25 September 2019; Table 1) were used for the multitemporal CCD-based
analyses. Four SAR images (three pre-event and one post-event) for each of the 2016 and 2017 flood
events and three images (two pre-event and one post-event) for the recent (2019) flood event were
used to generate the coherence products (Table 1). Although SAR imaging is capable of depicting
surface conditions under varying weather conditions, intense precipitation can potentially create image
distortions during heavy precipitation conditions caused by the attenuation of the SAR signal by
rain cells [65]. As a result, SAR images in which attenuation attributed to intense rainfall has been
noted over wide zones of the study area, characterized by a wide dark patch, were excluded from the
data analysis. Result generation was facilitated through the Hybrid Pluggable Processing Pipeline
(HyP3; [66])—a cloud-based platform of the Alaska Satellite Facility that uses GAMMA software to
processes Sentinel-1 SLC data.

Table 1. Synthetic Aperture Radar (SAR) datasets used for mapping and validating the flood occurrences
following severe weather events in the study area.

. Perpendicular Temporal Severe Weather
SAR Data Type Flight Path Baseline (m)  Baseline (Days) Event
20160314-20160326 Descending 97.6625 12
20160326-20160407 Descending 14.3211 12 Tax Day storm
. 20160407-20160419 Descending —-39.2588 12
Sentinel-1A/B SLC
Granule Pairs 20170812-20170818 Descending -55.1226 6
(yyyymmdd) 20170818-20170824 Descending 79.709 6 Hurricane Harvey
20170824-20170905 Descending —20.2613 12
20190907-20190913 Descending 36.2323 6 Tropical Storm
20190913-20190925 Descending 28.6556 12 Imelda

UAVSAR GRD 20170902 (Brazos_14938) Descending
Granules (yyyymmdd) 20170902 (sanjac_14939)  Descending

Note: GRD refers to ground range detected; SLC, Single Look Complex; UAVSAR, Uninhabited Aerial Vehicle
Synthetic Aperture Radar.

Hurricane Harvey

The data processing steps for generating the coherence products include co-registration of the
Sentinel-1 imagery using the matching and spectral diversity method, resampling the reference and
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secondary scenes, generation of differential interferograms, and estimation of the interferometric
coherence [67]. The final product is multilooked by a factor of 4 in azimuth and 20 in range, resulting in
a spatial resolution of 80 m. Coherence (Y), the amplitude of the complex correlation coefficient
between SAR images A and B, is estimated using the following equation [68,69]:

1 n ¥
w Li=o AiB;

Y =
‘ \/% Lilo AiA;% iz BiB;

)

where i represents individual pixels of images A and B, respectively; A* and B* are the complex
conjugates of SAR images A and B, respectively; n signifies the number of neighboring pixels to be
estimated [69]. The magnitude of ¥ ranges from 0 to 1, signifying decorrelated to coherent image pairs,
respectively. Coherence values vary as a function of the time span between SAR image acquisitions
(termed temporal baseline), as well as the spatial (perpendicular) distance between two satellites
(termed perpendicular or geometrical baseline), although the significance of these two variables is
highly dependent on the wavelength of the SAR sensor and the surface changes [70,71].

We propose a methodology herein in which two sets of coherence products derived from the
Sentinel-1A/B SLC datasets, termed hereafter as pre-event (Y},) and co-event (Y.), were analyzed to
observe the temporal change in the coherence values of individual pixels before and after a flood
event. The Y}, represents the coherence product resulting from the analysis of the image pairs before
the event, while Y. represents the coherence product resulting from the analysis of the image pairs
before and after the event. Temporal changes in the pre-event coherence stack were assessed by
applying a statistical approach: Retaining target pixels with coherence values in the range of one-third
standard deviation (<0.03) from the mean coherence value of all of the pre-event coherence pixels,
that is, a near-zero (absolute value) slope of the linear regression trend line (<0.02) over the investigated
time interval. This is expected to preserve pixels with consistent values throughout all pre-event
coherence products, ensuring that pixels whose values significantly declined in the co-event pairs
represent areas impacted by flooding rather than other processes/events such as anthropogenic surface
alterations and seasonal changes in vegetation phenology. Establishing pixels of stable coherence
conditions is beneficial for identifying pixels of reduced coherence in the co-event products indicative
of potential flooding. Therefore, a second set of coherence stack was generated using the co-event
SAR image pairs. Individual pixels in the co-event coherence products were compared qualitatively
and quantitatively with the final pre-event stable pixels to identify pixels where a significant decline
in coherence with respect to the pre-event product (greater than 45% decrease in value) indicates a
greater likelihood of surface change attributable to flooding (Yina1). A sketch showing the workflow
of the processing steps described above is shown in Figure 2. We tested the effectiveness of the
devised approach to identify flood risk areas in Houston city and its surrounding areas using datasets
from the first two flooding events (i.e., the Tax Day storm and Hurricane Harvey; Table 1). We then
validated/extended the approach of detecting flood risk areas on datasets from the most recent flooding
event (i.e., Tropical Storm Imelda; Table 1) in a bid to identify the recurrence of flooding over the areas
mapped in the previous two flood events (Figures 3-5).
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Figure 2. Flowchart portraying the procedures to map inundated areas using coherence change
detection (CCD). SARpn(n) and SAR, () refer to the pre- and post-disaster SAR images, respectively;
Ybm) and Y signify pre-disaster and co-event coherence products, respectively; YVi,5 and Y refer
to the (final) products of the pre-event and co-event pairs, respectively; Y, denotes the resulting final
coherence change product. SD denotes the standard deviation.
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Figure 3. CCD-based map of the recurrently flood-affected areas of Houston and its surrounding
areas, generated using Sentinel-1 data acquired before and after the flooding events following the
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red, respectively) were randomly selected to demonstrate the changes in the coherence of pixels,

thereby signifying flooding.
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Figure 4. Flood mapping of Houston and its surrounding areas following Tropical Storm Imelda (2019)
derived using Sentinel-1 data. The results demonstrate the reliability of the developed CCD-based
approach for identifying the recurrently flood-affected areas of Houston and its surrounding areas using
datasets from earlier severe weather events (i.e., Tax Day storm and Hurricane Harvey). The George
Bush International Airport (red box) area was selected as a test site to demonstrate the change in
coherence observed as a result of flooding following the three severe weather events.
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Figure 5. Changes in the coherence values of the pixels in the George Bush Intercontinental Airport area
(for location, see Figure 4). With few exceptions, Hurricane Harvey seems to have inflicted significant

surface changes in the area, as revealed by the higher percentage of decline in coherence values (64.64%),
followed by the Tax Day storm (58.96%) and then Tropical Storm Imelda (50.32%).
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Moderate- to high-resolution topographic datasets that depict the variation in the morphology of
the surface are critical inputs in flood models and simulations. In this study, further calibration of
the SAR-derived flood mapping product was undertaken with the support of the moderate spatial
resolution (12.5 m) Phased Array type L-band Synthetic Aperture Radar (PALSAR) Digital Elevation
Model (DEM). The products derived from analyzing the DEM data, such as slope, flow direction,
and watershed, and stream network delineation were incorporated into the SAR-based model to help
reduce false detections by eliminating flood pixels from steep slopes, shadowed regions, or on the
surface of existing water bodies [72].

Sections of the study area are covered with various types of vegetation with varying density and
distribution (Figure 2). As a result, the quality of the proposed methodology that is based on the C-band
Sentinel-1 dataset needs to be tested to see whether the approach is able to map the flood underneath
dense vegetation, noting that coherence-based detections of flood occurrence will be challenging across
scenes of varying seasons, especially if vegetation in the area experiences a strong annual growth
cycle (e.g., crops versus slower-growing forest). Land cover products from the recent (2016) National
Land Cover Database (NLCD) [44] were used to select woody and forested areas that could possibly
limit the capability of the sensor to observe the land surface conditions beyond the top canopy/woody
surfaces. We applied the polarimetric decomposition technique on targeted Uninhabited Aerial Vehicle
Synthetic Aperture Radar (UAVSAR) datasets with flight paths adjacent to the San Jacinto River and
Brazos rivers (Table 1) acquired post-Hurricane Harvey (2 September 2017) to classify/map inundation
beneath the vegetation of three selected sites (Figure 6). We then attempted to qualitatively compare
the findings with the C-band-based flood mapping approach. The UAVSAR mission acquires fully
polarimetric L-band SAR data, flying from an altitude of 12.5 km and mapping a 20 km swath area [73].
We selected two densely vegetated areas located near the courses of the two major rivers to test the
robustness of the proposed approach in detecting floods outside sparsely vegetated and urbanized areas
(Figures 1b and 6). Data analysis and result generation, that is, flood detection, were performed using
the quadrature polarization (quad-pol) ground range detected/projected (GRD) UAVSAR product as
the input in PolSARpro software [74]. The key data processing steps included: (1) Deriving coherency
matrix [T3] products from the input UAVSAR GRD files; (2) modeling/decomposing the coherency
elements as a contribution of three-component scattering mechanisms—surface (termed “Odd”)
scattering, double-bounce (termed “Dbl”) scattering, and volume (termed “Vol”) scattering—using the
Freeman-Durden polarimetric decomposition method [74-76]. An empirical threshold value of 0.5
was set to clearly distinguish the contribution of the three components. Odd scattering classification
represents the return from open water bodies, while Vol represents scattering from the vegetation
canopy. Dbl classification represents the return from corner reflectors and, in this case, it signifies
the double-bounce between the vegetation stalk and the underlying water, indicating inundated
vegetation [77,78].

A further attempt to qualitatively validate the accuracy and reliability of the proposed approach
was undertaken through a spatial correlation assessment between the output of the flood detection
analysis and the ground truth datasets acquired during the flood events. The ground truth datasets
included the aerial imagery acquired by the NOAA Remote Sensing Division and the reports from the
Federal Emergency Management Agency (FEMA).
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Figure 6. Validation of the Sentinel-1-based flood-prone areas using unsupervised classification applied
to the Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR) images (Figure 6a-d) and
National Oceanic and Atmospheric Administration (NOAA) aerial photos acquired during Hurricane
Harvey (Figure 6e—g). Four sites (Sites I-IV) in different parts of the study area were selected to
demonstrate the reliability of the floodwater detection approach using Sentinel-1 data as the input.
Two sites in which there is an overlap of UAVSAR and NOAA aerial image acquisitions (Sites I and
III) were selected to correlate the flood mapping from the two sources and to further demonstrate the
accuracy of the proposed approach.

3. Results

3.1. Sentinel-1 SAR-based Flood Mapping

Interferometric coherence change analyses were applied to 11 Sentinel-1 descending orbit SAR
images to map sections of Houston city and its surrounding areas that have recurrently been affected
by severe weather-induced flooding. The proposed approach to map flood risk areas was initially
developed based on the analyses applied to Sentinel-1 datasets acquired before and after the Tax Day
storm and Hurricane Harvey events (Table 1). The accuracy of the proposed model in identifying
flood-prone areas was tested using Sentinel-1 datasets from the recent (2019) flood event over the study
area induced by Tropical Storm Imelda (Table 1).

The following section is dedicated to analyzing the results of detecting and mapping floods over
the study area in the earlier (2016 and 2017) flood events followed by the recent (2019) event. Moreover,
attempts made to validate the Sentinel-1 SAR-based flood mapping method using different datasets
and techniques are also discussed.

3.1.1. The Tax Day Storm and Hurricane Harvey Flood Events

The results of the analysis of SAR data to detect flood recurrence during the 2016 and 2017 flood
events are shown in Figure 3. For the pre-event stack (Table 1), pixels that exhibited consistency in
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values from the overall pre-event coherence stack (mean = 0.97; standard deviation = 0.013) were
retained through the approach explained earlier. The approach retained 87% of the total pixels
in the pre-event stack, and these pixels were compared against the co-event (20160407-20160419;
20170824-20170905; Table 1) coherence pixels to identify those pixels whose values had declined by
more than 45%. The final flood map for the 20162017 flood event revealed that 7.5% of the total
initial pixels (prior to the pre-event coherence analysis) and only 8.6% of the total pixels that exhibited
coherence consistency were found to have lost their values by more than 45% when compared to the
co-event stack. These pixels are presumed to represent areas that have repeatedly experienced severe
weather-induced flooding and are assumed to be prone to the risk of flooding in possible future events.
The two flood events recurrently impacted nearly 781 km? of land surface in the Greater Houston
area (Figure 3). The predominantly inundated land cover types include forest and woody areas (28%),
agricultural fields (25%), and herbaceous and shrub-covered areas (35%) (Figures 1b and 3). It should
be noted that even though the dominant land cover types affected by the flood hazards in these areas
are those listed earlier, there are pockets of land with developed land cover type along with dense
population distribution within these areas. For instance, large swaths of land affected by flooding in
Fort Bend county (population density >600 people/square mile [79]) are covered with crops, hay, shrub,
and forest (Figures 1b and 3), yet patches of developed areas (Figures 1b and 3) inhabited by dense
populations within and surrounding these areas were also impacted by the flooding.

The impact of the flood hazards is not uniform throughout the study area. Some of the areas that
were widely impacted by the events include areas along the courses of the San Jacinto and Brazos rivers,
the creeks in Houston and its surrounding areas, the Galveston Bay area, and large swaths of land to
the northeast, southeast, and northwest of downtown Houston (Fort Bend, Waller, Harris, and Liberty
counties, respectively; Figure 3). Assessment of the temporal changes in coherence in these areas
revealed a decline in the coherence values that we attributed to changes that resulted from the severe
weather-induced flooding. In the following section, the changes/decline in the coherence values in
selected areas that represent various sections (and land cover types) of the study area, identified using
the approach outlined above as being recurrently impacted by the two flood events, are discussed.

The Cypress Creek area of Houston (yellow box in Figure 3) has a documented history of flood
recurrence [80] and the two flood events discussed herein also affected areas within and surrounding
the creek. For instance, the mean pre-event coherence value of the pixels close to the banks of Cypress
Creek (e.g., the outskirts of Cypress City in Harris county located 26 miles northwest of downtown
Houston (yellow box in Figure 3)) amounted to 0.99; however, the 2016 and 2017 flood events prompted
significant changes in the surface conditions, as noted by a substantial decline in the co-event coherence
value (mean: 0.31). Similarly, the Bear Creek area (pink box in Figure 3) was also significantly impacted
by the two flood events, as indicated by the substantial reduction in the coherence values of the
pixels in the area following the events (mean pre-event coherence = 0.97; mean co-event coherence
= (0.34). Two areas were selected here (black dotted lines in Figure 3) to demonstrate the impact of
flooding in areas proximal to the two rivers in the study area. Extensive flooding has been noted
in the Lower Brazos watershed (black dotted line near Brazos River in Figure 3), including the city
of Rosenburg (Fort Bend county) and the wide agricultural fields lying proximal (on the bank) to
the course of Brazos River (Figures 1b and 3). The pixels in this part of the study area exhibited
more than a 61% decrease in coherence values compared to the values before the severe weather
events (mean pre-event coherence = 0.96; mean post-event coherence = 0.38) that is attributed herein
to the flooding events (Figure 3). Similarly, the outskirts of Humble, located along Interstate 69
within the West Fork San Jacinto watershed (black dotted line in the upstream part of San Jacinto
River in Figure 3) and situated adjacent to the course of San Jacinto River, experienced recurrent
flooding, as noted by the vast decline (up to 70%) in the coherence pixels following the two major
events—although the impact is much more pronounced in the case of Hurricane Harvey than the
2016 Tax Day storm (mean pre-event coherence = 0.98; mean co-event coherence = 0.30). Given that
parts of the study area, including the banks/proximal areas to the major rivers and the small creeks
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and streams, are dominated by dense vegetation, an attempt to validate the CCD-based assessment
was undertaken to ascertain whether the cause for the observed decline in coherence emanated from
the surface changes attributed to flooding and not from other natural or anthropogenically driven
alterations (discussed in Section 3.2). Recurrent flooding was noted in the northeastern part of the
investigated area, including parts (south) of the George Bush Intercontinental Airport (shown in a
red box in Figure 3; mean pre-event coherence = 0.98; mean co-event coherence = 0.40). Likewise,
the pixels of the outskirts of Baytown city located near the Galveston Bay area (east of Houston city;
Figure 3) also demonstrated a similar pattern of coherence decline (mean pre-event coherence = 0.96;
mean post-event coherence = 0.38).

3.1.2. Tropical Storm Imelda Flood Event

The reliability of the developed model, based on temporal coherence change assessments of
Sentinel-1 imagery as a measure of surface changes for mapping the recurrence of flood impact on the
Greater Houston area, was tested on the two earlier flood events: Tax Day storm and Hurricane Harvey.
The flooding that arose as a result of the recent (2019) severe weather event, Tropical Storm Imelda,
was used as a validation event to test the robustness of the proposed approach to map areas that are at
greater risk of flooding following possible severe weather events. Prior to the assessment of the impact
following Tropical Storm Imelda (co-event analysis), the consistency of the pre-event coherence pixels
identified in the earlier two severe weather events was tested using the approach outlined in Section 2.
The results of the analysis of SAR data to detect flood recurrence following Tropical Storm Imelda are
shown in Figure 4. As outlined earlier, the intensity and coverage of the flooding event as a result of
the heavy rains from Tropical Storm Imelda are much smaller compared to the earlier flood events,
and hence, the potential risk of flooding in parts of the study area identified through the datasets from
the earlier two severe weather events could not be fully corroborated. Our analyses showed that the
impact of the storm, and hence the extent of flooding, was severe in the southwestern (Fort Bend county;
Figure 4), south (Brazoria and Galveston counties; Figure 4), and northeastern (Harris and Liberty
counties; Figure 4) parts of the study area. Similar to the earlier severe weather-induced flooding
events, the areas proximal to the two major rivers (San Jacinto and Brazos rivers) also experienced
large-scale flooding following the recent event (Figure 4). In general, the pattern and extent of flooding
for the areas affected by Tropical Storm Imelda highly resemble the pattern and extent of floodwater
distribution observed in the earlier events (Figures 3 and 4). Figure 5 shows a demonstration of the
flood recurrence in the George Bush Intercontinental Airport area (red box in Figure 4) in all three of
the severe weather events using the temporal change in coherence values. As revealed in Figure 5,
the three events induced a significant decline in the coherence of the pixels/surfaces located in the
airport area. All in all, our analysis shows that more than 71% of the delineated pixels that exhibited a
significant decline in coherence values following Tropical Storm Imelda lie at (same position) or within
a 500 m radius of the pixels mapped using the same approach for the earlier events. One possible
reason for this slight offset between pixels might be due to possible co-registration errors among the
Sentinel-1 pairs during data analysis; nonetheless, the assessment demonstrated the reliability of the
proposed approach to map areas that are at risk of being inundated by flooding from probable future
severe weather events using Sentinel-1 datasets acquired before and after Tropical Storm Imelda.

3.2. Validation

3.2.1. UAVSAR Data Classification

Sentinel-1 satellites and C-band SAR sensors are limited in their ability to penetrate the vegetation
canopy to sample the underlying structure of the vegetation and surface. To validate flood detections
and to develop an understanding of C-band capabilities, L-band UAVSAR datasets from Hurricane
Harvey were used to compare the C- and L-band observations and to refine the flood detections derived
based on Sentinel-1 datasets. Unsupervised classifications based on the Freeman-Durden Polarimetric
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decomposition [76] of the UAVSAR acquisitions for Hurricane Harvey were analyzed to validate the
detected floodwaters beneath dense vegetation/canopy covers using the Sentinel-1 based datasets and
techniques. Two fully polarimetric UAVSAR images adjacent to the courses of the San Jacinto and
Brazos rivers and their surrounding areas were selected (Table 1) because of the prevalence of various
forms of dense vegetation cover, as noted on the NLCD 2016 product (Figure 1b). Figure 6 shows a
comparison of the results of the UAVSAR-based classification and Sentinel-1-derived flood detection
for three localities in the study area. Sites I (George Bush Park area), II (Cedar Bayou Woods area),
and III (near Thompsons city) are covered with a wide variety of sparse-to-dense vegetation (Figure 1b)
with a wood and canopy structure that might limit the penetration depth of the C-band signals.

The unsupervised classification of the L-band UAVSAR imagery revealed that high values
(>0.2) for the Dbl compared to the Odd and Vol components were observed for the selected sites,
denoting the presence of floodwaters within and on the outskirts of the vegetated areas. For instance,
the polarimetric classification of Thompsons city (Figure 6d) that lies along the course of Brazos River
distinctly classified water from Brazos River (near-zero Dbl scattering) from the floodwater beneath
vegetation, as demonstrated by high Dbl scattering values (>0.2). Similarly, we analyzed the spatial
correlation between the floodwater pixels detected using the CCD- and UAVSAR-based approaches
for Site II (Figure 6) after resampling the UAVSAR classification product to the resolution of the CCD
product. The analysis showed that close to 62% of the pixels classified by the UAVSAR as flooded
(Dbl > 0.2) were detected by the Sentinel-1 based floodwater detection approach. The fact that the
UAVSAR classification is based on data acquisition following a single event, while the CCD-based
assessment is generated using datasets from two events, could be a plausible reason for the moderate
level of correlation observed between the two results. The discrepancy in spatial resolution between the
products even though resampling was carried out could have also led to a slight offset between the pixels,
thereby reducing the spatial correlation between the products. Potential errors or ambiguity emanating
either from the acquisition and calibration of the UAVSAR data [81] or from the misclassification of
pixels [82] could have contributed to the observed moderate correlation with the C-band SAR result.
A qualitative comparison of the Sentinel-1-derived results with the L-band UAVSAR-based method
in the selected sites is shown in Figure 6a—d. In general, the C-band-based flood detection method
(for inundated vegetation) largely corresponds well with the L-band UAVSAR-based detection in all of
the selected sites (Figure 6a—d), indicating the effectiveness of the developed method for identifying
floodwaters, even in the presence of dense-to-sparse vegetation cover over the surface.

3.2.2. NOAA Aerial Imagery

Following Hurricane Harvey, the NOAA Remote Sensing Division acquired aerial imagery
(30 August-2 September 2017) of the selected sites in the study area [83]. Even though cloud cover
partly obscured the clarity of the images over some parts of the study area, they provided a vivid
representation of the ground conditions (spatial resolution ranging from 35 to 50 cm [83]) during
the severe weather event. We visually compared the images acquired by NOAA to the SAR-derived
(Sentinel-1 and UAVSAR) flood detection over three localities in the study area (Figure 6a,e-g). In two
of these sites (Sites I and III; Figure 6), covered with dense forest and woody land cover types (Figure 1b),
there was an overlap in image acquisition by both the UAVSAR and NOAA missions (maximum gap
of one day between image acquisitions). As can be seen in Figure 6, the results of the flood detection
based on the two data sources spatially correlated well. Moreover, the floodwaters detected using the
two (UAVSAR and NOAA aerial imagery) datasets also correlated well with the flood detection based
on the approach using the Sentinel-1 datasets. Site IV (Figure 6) is largely covered with cultivated
crops, and to demonstrate the potential of the Sentinel-1-based approach to detect floodwater in similar
land cover types, a comparison between the NOAA imagery and the Sentinel-1 data-based flood
mapping was undertaken (Figure 6a,f). Similar to the case of the forest and woody land cover types,
the proposed floodwater detection based on the Sentinel-1 data was also able to capture the floodwater
in such land cover types, as seen in Figure 6f. By and large, the NOAA images correlated well with the
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SAR-derived flood detection, further confirming the accuracy and reliability of the C-band SAR-based
floodwater detection approach.

4. Discussion

Using the CCD technique applied to Sentinel-1 SAR datasets, we mapped Houston city and
its surrounding areas that are vulnerable to flooding from possible future severe weather events.
To offset the possible limitations of C-band SAR in detecting floodwaters underneath vegetation and
to validate the accuracy of the adopted method, L-band data-based unsupervised classification of
the UAVSAR data from Hurricane Harvey was undertaken. The quality and reliability of the SAR
data-based product was further tested using the NOAA aerial imagery acquired during Hurricane
Harvey. Although the validation of Sentinel-1-based flood mapping was based on datasets from a
single severe weather event (i.e., Hurricane Harvey), the notion behind the validation exercise was
to show the reliability of Sentinel-1-based floodwater detection in similar situations. Our analysis to
identify areas that are susceptible to future floods based on past flood occurrences showed that most of
the urban centers of the city of Houston, with the exception of a few localities (e.g., Bear Creek area;
Figures 3, 4 and 6), are not believed to be impacted by recurrent flooding hazards that are persistent
(standing water) and significant (spatially) enough to be detected by SAR remote sensors and validated
through other data-gathering approaches. However, the disparity in the rate and intensity of the
rainfall from the severe weather events, along with the other factors outlined above, might affect the
delineation of the flood-prone areas described in this assessment. On the other hand, the major urban
centers surrounding Harris county (e.g., Fort Bend and Galveston counties) have experienced recurrent
floods and are highly susceptible to flood hazards (Figures 3, 4 and 6).

Furthermore, our findings showed that stream networks (Figures 3, 4 and 6) have a significant
contribution to constraining the impact of flooding following severe weather events. The assessment
report by FEMA (Mitigation Assessment Team Report [84]) on the impacts of Hurricane Harvey
supports our evaluation of the role and significance of stream networks in controlling the spatial
distribution of floodwaters in Harris county [84]. Overall, our assessment revealed that nearly 44% of
the flood-prone areas mapped in all of the events lie within a 1 km radius of the drainage networks
of the study area, including along the two major rivers in the northeastern and southwestern areas
(Figures 3, 4 and 6). With the projected population increases and the accelerated anthropogenic land
use/land cover (LULC) alterations in the counties (i.e., Harris, Fort Bend, and Montgomery counties)
dissected by these two rivers [85,86], the impact from riverine flooding from future events could
potentially be greater in the absence of proper mitigation efforts.

Land subsidence has been credited for aggravating the impact of flooding following severe
weather events in parts of the study area [14,87]. For instance, the Galveston Bay area (Figure 1)
has a history of being affected by recurrent flooding from the floodwaters of freshwater (San Jacinto
River) following major severe weather events or tidal sources [14,87,88]. Land subsidence attributed to
anthropogenic-led processes, such as high fluid extraction rates, has reportedly modified the slope
and direction of flow, further exacerbating the problem [89,90]. Using the method discussed earlier,
our assessment showed that parts of the coastal Galveston Bay area (e.g., city of Baytown) have
repeatedly been affected by severe weather-induced flooding (Figure 3). Several studies have estimated
higher rates of subsidence for the Galveston Bay area, including Baytown city and its surrounding
areas (>5 mm/year; [14,91]). Large sections of these areas lie at a relatively lower elevation (<5 m;
Figure 1) and if the current extreme utilization of resources continues unabated, the subsidence rate is
expected to increase throughout the 21st century [14] and this, in turn, could potentially obliterate
flood control structures in coastal areas and near inland waterbodies [92]. The impact of subsidence
on aggravating floodwater distribution is much more pronounced in coastal areas. The combined
effects of severe weather-induced storm surges, subsidence, LULC changes, high tides from tidal
forcings, and rises in sea levels can influence the extent of flooding resulting from future landfalling
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tropical cyclones and other coastal flood regimes, and could incur serious damage to communities and
resources in coastal and near-coastal areas.

The impact of subsidence on increasing threat of flooding is not limited to coastal areas alone.
Low-lying areas proximal to the floodplains of San Jacinto River in the upstream areas experiencing
high subsidence rates [91,93] were identified in this study as being prone to flooding hazards from
severe weather events (Figures 3 and 4). The impact is particularly enhanced in the lowland areas,
such as near Crosby city and its surrounding areas (elevation <10 m; Figure 7) located along the
course of San Jacinto River and bordering (south of) the West Fork San Jacinto watershed (Figure 7).
Subsidence rates as high as 20-25 mm/year have been detected in these areas based on historical
groundwater decline rates and recent Global Positioning System (GPS) data [93]. In this case, there was
a subtle change in elevation gradient from the banks of San Jacinto River outward, heading inland,
as shown in Figure 7. Similar to the notion stated earlier, moderate-to-high subsidence rates could
change the elevation and orientation of the land surface of the river banks and the gradient of flow
during flooding events, potentially affecting wider areas beyond the floodplain boundaries.
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Figure 7. Flooding along the course of the San Jacinto River, particularly affecting the low-lying areas
proximal to the course of the flow.

In summary, the projected rise in sea levels coupled with the land subsidence processes and
increasing anthropogenic alterations to the land surface in the coastal areas, and similar processes
and activities excluding the rise in sea levels in the inland areas, are expected to exponentially
increase the vulnerability of communities and resources in the study area to flooding in the absence
of robust resource management and flood resilience and protection strategies. Future works will
concentrate on in-depth analysis of the nexus between the rise in sea levels, subsidence processes,
and LULC changes in constraining the spatial extent of storm surge flooding in the coastal areas
of the project site. Subsidence rates derived from interferometric SAR (InNSAR) and calibrated with
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ground-based observations will be integrated with elevation data, flood-induced changes detected by
SAR, optical imagery, and other relevant datasets to assess the interconnection and significance of these
processes on the overall distribution of flooding from storm surges following extreme weather events.

Although the approach managed to identify areas that are prone to flood hazards, a number of
possible factors and uncertainties could potentially have led to over/underestimation of the extent of
the impacted and flood-prone areas. One factor is the possible delay in the time that the Sentinel-1
satellite passed over the affected area. In the event of such a delay, the ground (flood) conditions might
have changed by the time of the satellite overpass and thus the SAR image may not truly reflect the
surface conditions that resulted from the event. For instance, Sentinel-1 passed over the study area
following Hurricane Harvey on 5 September, even though the Hurricane concluded on 31 August,
and this gap between the event and the SAR acquisition could have missed capturing the standing
floodwaters that dissipated by the time of the satellite overpass. Second, the high cut-off empirical
value (>45%) set in this study to identify pixels that exhibited a significant decline in coherence with
the aim of weeding out false flood detections could have underestimated the spatial extent of the
areas that are prone to flood hazards. The geometry and arrangement of the objects and structures
in urban areas create a strong backscatter of SAR signals, even in the absence of floodwater on the
surface, and, hence, change detection assessments with high threshold values as in the present study
may not detect moderate-to-subtle changes in these areas. In addition, the data analysis procedures
applied in this study, such as multilooking, that are intended to reduce the inherent noise on SAR
signals partly degraded the resolution of the final product (final ground pixel resolution of 80 m),
and thus moderate-scale flooded pixels might not have been captured in the final result.

5. Conclusions

In this study, we introduced a CCD-based approach that aims to delineate areas that are vulnerable
to future flooding from severe weather events by analyzing the impact and recurrence of floods based
on datasets from past events. The approach retains pre-event pixels that demonstrate consistent
coherence properties (values) throughout all of the pre-event coherence products. These pixels are then
compared with their corresponding pixels in the co-event coherence stack. Pixels that experienced
a decline in coherence value of the threshold value of 45% or above are judged to indicate a greater
likelihood of surface change attributable to flooding. The proposed approach was used to investigate
areas in the Greater Houston region that are susceptible to potential future flooding based on datasets
from three severe weather events that resulted in extensive flooding over the region. The quality and
robustness of the proposed approach was tested and calibrated using a variety of auxiliary datasets.
The possible factors that exacerbate the impact and distribution of floodwaters were also discussed.
The approach and quality products generated and demonstrated in the research will help improve
current floodwater detection and impact analysis techniques. Moreover, the proposed approach
demonstrated critical data processing and analysis techniques that can be replicated in areas with
similar settings to develop effective flood monitoring and early-warning systems.
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