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ABSTRACT

INVESTIGATION ON THE IMPACTS OF LAND SUBSIDENCE AND

URBANIZATION CHANGE ON HYDROLOGY AND HYDRAULICS IN TEXAS
Han Jiang, Ph.D.
The University of Texas at Arlington, 2023

Floods, being a prevalent and catastrophic natural hazard, have resulted in enormous
losses to human lives and properties all over the world. Hence, there is a pressing need to
enhance urban resilience and to improve emergency response capacities in order to mitigate the
risks posed by flood hazards. Many models have been developed by engineers to simulate and
examine the hydrologic and hydraulic responses to the changes within the physical environment.
However, there are still knowledge gaps in advancing the understanding of the H&H behavior
and hydrodynamics modeling performance. This doctoral study aims to help bridge such gaps via
assessing the impacts of land subsidence and urbanization on flooding. The findings of this
research can provide valuable insights into understanding the changes of flood inundation results
regarding land subsidence and urbanization, which can assist engineers and stakeholders in

further research, decision making and flood emergency responses.
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Chapter 1: Introduction

RESEARCH GOALS

The overarching goals of this Ph.D. work are 1) to examine the change in topology due to
a historical 120-year land subsidence, 2) to establish a hydrodynamic model that accurately
reproduces the flood inundation of 2017 Hurricane Harvey, and (3) to investigate the change in
Harvey flood inundation due to the historical land subsidence and change of urbanization in
Brays Bayou. Significant efforts have been made to enhance the capabilities and functionality of
hydraulic modeling. Recent computational advances in computational provide new opportunities
to support decision-making and adaptation. My Ph.D. study primarily focuses on bridging the gap
between science and engineering via investigating hydraulic models in achieving realism and
efficiency to better facilitate water resource management. To this end, the whole dissertation

aims to answer the following research questions.

1 How is the reliability of HEC-RAS 2D modeling as an integrated hydrodynamic-
hydrologic model with 2D mesh only?

2 Will flooding always get worse with subsiding land?

3 What effect does land subsidence have on flood characteristics (e.g., flood
depth/extent/volume/velocity) in the watershed with and without the change on LULC from 1900

to 20457



DISSERTATION STRUCTURE

This dissertation consists of five chapters. Chapter 1 introduces the research goals,
questions and structure of this dissertation. Subsequent chapters contain two manuscripts
focusing on evaluation of the impact of land subsidence and urbanization on flooding using a
HEC-RAS 2D model (Chapter 2, 3, 4 and 5), Chapter 6 presents conclusions and future research

and appendix provides additional information about the model and results.

Chapter 2 introduces the literature review of the importance of studying land subsidence
and urbanization impact and related previous research. Chapter 3 presents the study area and the
data used in this study. Chapters 4 and 5 show the methods and results for investigation of impact
from land subsidence in a highly urbanized watershed using HEC-RAS software. The research
examines the retroactive alterations in regional topology caused by 145 years (1900 to 2045) of
land subsidence and investigates the impact of land subsidence and urbanization on flood
inundation using HEC-RAS model. Land cover/land use data from multiple sources are used.
These changes are analyzed using a high-resolution, physics-based model that simulates
groundwater depletion and the resulting compaction of the aquifer system. The findings suggest
that the impact of land subsidence on flood depth is very insignificant, with the flood water
deepening by six centimeters for every meter of subsided land at the most severely affected site.
The temporal relationship between land subsidence and flood depth demonstrates a significant
nonlinearity, wherein the influence of prior land subsidence hotspots may be modified by

subsequent and ongoing land subsidence.

Chapters 2 to 5 are two manuscripts published or intended for publication in peer-

reviewed journals. Their full references are as follows:



Jiang, H., Zhang, J., Liu, Y., Li, J., & Fang, Z. N. (2023). “Does flooding get worse with subsiding
land? Investigating the impacts of land subsidence on flood inundation from Hurricane Harvey”.

Science of the Total Environment, 865, 161072. DOI: https://doi.org/10.1016/j.scitotenv.2022.161072

Jiang. H., Li, D., Fakhrabadi. P., Zhang, J., Liu, Y., Li, J., & Fang, Z. N. (2024). “Investigation
on the impact of land subsidence and urbanization on flood inundation in Brays Bayou,

Texas”. (In Preparation).
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Chapter 2: Literature Review

Flood is one of the most destructive natural disasters throughout the world (Kellens et al.,
2013; Munawar et al., 2019; Ahmadlou et al., 2021; Shareef and Abdulrazzag, 2021). Not only
does it pose a great threat to human beings and their living environment, but it also causes severe
damage to the economy Flood is one of the most destructive natural disasters throughout the
world (Kellens et al., 2013; Munawar et al., 2019; Ahmadlou et al., 2021; Shareef and
Abdulrazzaq, 2021). Not only does it pose a great threat to human beings and their living
environment, but it also causes severe damage to the economy (Penning-Rowsell et al., 2005;
Khan et al., 2010; Michel-Kerjan and Kunreuther, 2011; Patel et al., 2017; Farooq et al., 2019;
Kim et al., 2020). Based on the international disaster database, flooding has resulted in a total
loss of over $870 billion globally since 1900 (EM-DAT, 2020). In the United States (U.S.) alone,
flooding has caused more than $68 billion in loss between 1970 and 2019 (FEMA, 2020). As one
of the most devastating events, 2017 Hurricane Harvey produced the largest rainfall of any U.S.
hurricane on record (Emanuel, 2017) with the maximum four-day rainfall exceeding 1000-year
return period in most of Houston-Beaumont region (HDSC, 2017). During the severe flooding
caused by Hurricane Harvey, numerous houses damaged are located even outside of the 500-year
floodplain areas (Jonkman et al., 2018; Miller and Shirzaei, 2019). The unprecedent nature of the
Harvey floods calls for a significant advancement in understanding of the processes of

determining flood risk and severity.

Besides climate variability and changes, several studies have shown that anthropogenic
and natural changes to the land surface (e.g., land subsidence) might exacerbate flooding issues

(e.g., Rodolfo and Siringan, 2006; Hanson et al., 2011; Viero et al., 2019; Ouyang et al., 2020).



Especially for the flat-lying coastal areas, land subsidence would increase the potential for
flooding caused by tides and storm surges (Holzer and Johnson, 1985). Dixon et al. (2006) found
the failure of the levees during Hurricane Katrina could be caused by land subsidence in New
Orleans. A study done by Wang et al. (2012) indicated land subsidence affects coastal seawalls
and flood-control levees in Shanghai, leading to changes in floodplain boundaries. Moreover,
Ouyang et al. (2020) analyzed the local land subsidence caused by 2011 Tohoku earthquake in
Japan and found the inundation areas would be underestimated by around 10 % if only
considering rainfalls without considering the effect of land subsidence. The cause of land
subsidence has been studied in several researches all over the world and groundwater withdrawal
is found to be one of the most important causes of land subsidence (Sun et al., 1999; Teatini et
al., 2005; Marfai and King, 2007; Pacheco-Martinez et al., 2015; Wang et al., 2019; Golian et al.,
2021). In the U.S., land subsidence happens in many urbanized areas with over 44,000 km2
across 45 states, and among all the affected areas, the Houston-Galveston area experienced land
subsidence as early as 1900s (Stork and Sneed, 2002). The main causes of land subsidence in this
area are the exploitation of groundwater, extraction of oil and gas, and depletion of hydrocarbon
reservoirs (Holzer and Bluntzer, 1984; Galloway et al., 1999). Based on a report conducted by
the United States Geological Survey (USGS), land subsidence in Houston-Galveston region
continued throughout the 20th century (Stork and Sneed, 2002). Even until recent years, land
subsidence of >10 mm/year and up to 25 mm/year is still happening in inland areas north and
west of the City of Houston (Yu et al., 2014). Hence, it is important to evaluate flood impacts in

regions prone to land subsidence.

To investigate the impacts of land subsidence on inundation, remote sensing observation
has been utilized by previous studies. For instance, Shirzaei and Burgmann (2018) utilized

interferometric synthetic aperture radar (INSAR) and global navigation satellite system to
5



estimate the land subsidence rate in the San Francisco Bay Area and generated the future 100-
year inundation maps based on probabilistic projections of sea level rise. Similarly, Catalao et al.
(2020) also used INSAR measurements to estimate land subsidence and combined with future sea
level rise scenarios to identify the projected flood inundation areas in Singapore. Other than these
projection/scenario-based studies, Miller and Shirzaei (2019) analyzed the flood inundation
extent of Hurricane Harvey derived from satellite images and correlated it with land subsidence
data in two different historical periods estimated from InSAR. Ito et al. (2015) used the digital
elevation model (DEM) data obtained from the airborne laser scanning and flood inundation area
recorded from the report to examine the relationship between land subsidence and floods in
Japan. However, a major limitation by observation-driven approaches is that inundation is often

captured via ‘snapshots’ without fully characterizing its temporal dynamics.

An alternative to remote sensing is to conduct hydrodynamic modeling of flood
inundation. Hsu et al. (2010) utilized HEC-RAS 1D and FLO-2D models to analyze the influence
of the land subsidence for flood hazards based on two designed flow rates with 1994 and 2004
DEM data. Yin et al. (2013) conducted a scenarios-based study using a 1D/2D coupled flood
inundation model to investigate compound effects of land subsidence and sea level rise on fluvial
flooding in Shanghai, China. Carisi et al. (2017) investigated the flooding intensity in Italy for
four different terrain configurations using a hydrodynamic model which includes both 1D and
2D simulations. Dang et al. (2018) used the hydrodynamic model MIKE 11 to study the impact
of land subsidence, sea level rise, and water infrastructure development in Vietnam based on
some designed scenarios. Ouyang et al. (2020) applied MIKE models over two periods (before
and after land subsidence caused by the Tohoku earthquake) to quantify the effects of land
subsidence on the inundation areas in Japan. Hydraulic/hydrodynamic modeling approach

provides significant advantages over remote sensing methods due to its ability to capture the
6



flood dynamics spatially and temporally.

Nonetheless, both remote sensing and hydrodynamic approaches to quantify the effects of
land subsidence on flood inundation heavily rely on the surveyed DEM (Hsu et al., 2010; Ito et
al., 2015; Carisi et al., 2017; Ouyang et al., 2020), field measurements/monitoring (Miller et al.,
2008; Wang et al., 2012; Yin et al., 2013, Yin et al., 2016;), and remote sensing techniques
(Dixon et al., 2006; Dang et al., 2018) to represent land subsidence information. The infrequent,
short-duration, topology surveys/monitoring inevitably requires assuming a linear land
subsidence at some constant rate, which could be unrealistic especially when the anthropogenic
activities like groundwater pumping drive the land subsidence. Therefore, few attentions have
been paid to quantifying the evolution of land subsidence influence on flood extent and depth
over an extended historical period. This is largely due to the lack of reliable methods to

realistically estimate land subsidence both continuously and at high spatial resolution.

In addition to land subsidence, many studies have demonstrated that the change of land
use/land cover (LULC) has a considerable influence on flood regimes (Li et al., 2018; Hussein et
al., 2020). The population of coastal counties in the United States has continuously increased in
recent decades with a 39 percent rise (34.8 million people) between 1970 and 2010 (Noori et al.,
2016). As human population and economic development have increased, the rate of
deforestation, urbanization, and other types of LULC changes has accelerated as well. The
changes of LULC can have an impact on hydrological processes by altering evapotranspiration
rates, flood peaks, sediment transport rates, concentrations of water quality elements, and a
variety of other processes (Eshleman 2004). According to Du et al., 2012, small flooding events
are more sensitive to urbanization than large flooding events, the impact of LULC change on
peak flow and runoff volume is observed mostly at low intensity and frequent rainfall events.

However, exceptional events may still result in higher flows in urbanizing watersheds due to
7



enhanced hydraulic efficiency (Smith et al. 2002). To check how these changes influence
streamflow, the data can be evaluated through field observations or simulation modeling. Since
field research is usually expensive and time-consuming, hydrodynamic models are commonly
used to estimate or predict the impact of urbanization on streamflow. In general, the impact of
urbanization on watersheds has been thoroughly investigated in a number of previous studies and
the majority of past studies have focused on how LULC affects flood extent, peak flow and/or
surface loss volume (Verbeiren et al. 2013). There is limited research on evaluating the impact of
LULC on other flooding aspects like flood depth and velocity together with the impact of land
subsidence in historical and future years. Therefore, the study to examine the H&H behavior in
order to understand the impact of the land subsidence and LULC is essential. Human activities
can significantly impact the flooding characteristics by altering and droughts, which can
influence aquatic and terrestrial ecosystems and people's lives and cause significant economic
losses. Land subsidence (LS), a destructive worldwide hazard which can be caused by a wide
range of anthropogenic and natural factors, is recognized as a serious issue for causing damage to
urban and civil infrastructure (Li et al., 2021; Xu et al., 2012; Gambolati and Teatini., 2015;
Pérez-Falls et al., 2022). The phenomena might also result in changes on urban flooding (Dixon
et al., 2006; Abidin et al., 2015; Yin et al., 2016; Shirzaei and Blrgmann, 2018; Jiang et al,
2023). However, the impact of land subsidence and flooding still has not been fully understood.
Most previous studies focused on the general flood hazard, and little attention has been paid to
quantifying the land subsidence influence on flood extent, depth and flow velocity at a temporal
scale. Though there is some research that assessed flood extent or flood depth resulting from land
subsidence. Yet, few attentions have been paid to quantifying the evolution of land subsidence
influence on flood extent and depth over an extended historical period (Hsiao et al., 2022;

Navarro-Hernandez et al., 2022). In addition to land subsidence, the land cover changes due to
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urbanization is another factor which might influence the flooding (Moe et al., 2017; Li and
Bortolot, 2022). To this end, this study is motivated to investigate retrospective change of
regional topology due to 145 years (1900 to 2045) of land subsidence and LULC and thus to
advance the understanding of the complex interaction between land subsidence, LULC and flood
characteristics. Being one of the most destructive natural disasters throughout the world, flood
does not only pose a great threat to human beings and their living environment, but also causes
severe damage to the economy (Penning-Rowsell et al., 2005; Khan et al., 2010; Michel-Kerjan
and Kunreuther, 2011; Kellens et al., 2013; Patel et al., 2017; Farooq et al., 2019; Munawar et
al., 2019; Kim et al., 2020; Ahmadlou et al., 2021). Based on the international disaster database,
flooding has resulted in a total loss of over $870 billion globally since 1900 (EM-DAT, 2020). In
the United States (U.S.) alone, flooding has caused more than $68 billion in loss between 1970
and 2019 (FEMA, 2020). As one of the most devastating events, 2017 Hurricane Harvey (2017)
caused severe flooding in coastal Texas, and many records reported that numerous houses
damaged during Hurricane Harvey (2017) are located even outside of the 500-year floodplain
areas (Jonkman et al., 2018; Miller and Shirzaei, 2019). The unprecedent nature of the Harvey
floods calls for a significant advancement in understanding of the processes of determining flood

risk and severity.

HEC-RAS has been developed as a software which has capabilities of performing 2D
hydrodynamic modeling since 2016 (Brunner, 2016a). HEC-RAS 5.0.7, which was released in
March 2019, has the ability to visualize and examine the results in the model itself (Brunner,
2016a). The limitations of HEC-RAS 1D model calculations are compensated by the 2D
computing capabilities, resulting in a more precise result of flood inundation with two equation
sets in HEC-RAS 5.0.7 to compute 2D flow, which are Diffusion Wave equations and Full

Momentum (Saint Venant) equations (Brunner, 2016a and Brunner, 2016b). Being studied and
9



tested in several cases, it is proved to be an efficient tool on 2D flood simulations (David and
Schmalz, 2020; Costabile et al., 2021; Edwards, 2021). Moreover, the newly released HEC-RAS
6.X provides several new features like adding a new 2D solver option, the ability to use spatially
and time varying precipitation and infiltration to 2D flow areas, storage areas, and improving the
computational speed by further parallelizing the 2D code compared to the previous HEC-RAS
5.0.7. Therefore, the latest version of HEC-RAS 6.3.1 is selected as the tool to perform 2D
simulations at the Brays Bayou watershed in this study. Land subsidence, a destructive
worldwide hazard which can be caused by a wide range of anthropogenic and natural factors, is
recognized as a serious issue for causing damage to urban and civil infrastructure (Li et al., 2021;
Xu et al., 2012; Gambolati and Teatini., 2015; Pérez-Falls et al., 2022). The phenomena may also
result in changes in urban flooding (Dixon et al., 2006; Abidin et al., 2015; Yin et al., 2016;
Shirzaei and Biirgmann, 2018). However, the impact of land subsidence to flooding still has not
been fully understood. Most previous studies focused on the general flood hazard, and little
attention has been paid to quantifying the land subsidence influence on flood extent, depth and
flow velocity at a temporal scale. Though there is some research that assessed flood extent or
flood depth resulting from land subsidence. Yet, few attentions have been paid to quantifying the
evolution of land subsidence influence on flood extent and depth over an extended historical
period (Hsiao et al., 2022; Navarro-Hernandez et al., 2022). In addition to land subsidence, the
land cover changes due to urbanization is another factor which might influence the flooding
(Moe et al., 2017; Li and Bortolot, 2022). To this end, this study is motivated to investigate
retrospective change of regional topology due to 145 years (1900 to 2045) of land subsidence
and thus to advance the understanding of the complex interaction between land subsidence, land

cover and flood characteristics.

10



Chapter 3: Study Area and Data

3.1 BACKGROUND INTRODUCTION

As one of the most devastating tropical storms, 2017 Hurricane Harvey caused severe
flooding and damage in Houston, Texas. Besides enormous rainfall amount, land subsidence
might be another contributing factor to the Harvey flood. However, few studies have numerically
quantified the evolvement of land subsidence over decades, largely due to the lack of reliable
methods to realistically estimate land subsidence both continuously and at high spatial resolution.
Therefore, this study aims to investigate retrospective changes of regional topology due to 120
years (1900 to 2045) of land subsidence and the consequent impacts on flood inundation. Based
on continuous land subsidence, a series of simulations on the 2017 Hurricane Harvey in Brays
Bayou, Texas using a hydrodynamic/hydraulic model is conducted. The results indicate that the
overall change of flood depth caused by land subsidence is relatively minor with the flood water
deepened by six centimeters per one meter of subsided land at the worst impacted location. The
impact from land subsidence on flood depth exhibits strong nonlinearity in time, where effects
from previous land subsidence hotspots could be altered by later continuing land subsidence.
Spatially, change in flood depth due to the land subsidence is not only heterogeneous but mixed
with coexisting increased and reduced flood depths. The results of this study improve the
understanding of the dynamic evolvement of flood inundation due to continuous land subsidence
so that better planning can be initiated for sustainable urban development for coastal
communities, which is imperative under ongoing climate change and sea level rise.

This study investigates retrospective changes of regional topology due to 145 years (1900 to
2045) of land subsidence, which is enabled by a high-resolution, physics-based modeling of

groundwater withdrawal and the consequent aquifer-system compaction. By analyzing the spatial
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heterogeneity of land subsidence and the consequent change over flood inundation using a
hydrodynamic model in different historical periods, we have an unprecedented chance to better
understand the complex of flood inundation and its relationship with land subsidence. The
outcome of this study can help people better understand the dynamic evolvement of flood
inundation due to land subsidence so that better planning can be initiated for sustainable urban
development for coastal communities. Research objectives of this study are (1) to examine the
change in topology due to a historical 145-year land subsidence, (2) to establish a hydrodynamic
model that accurately reproduces the flood inundation of 2017 Hurricane Harvey, and (3) to
investigate the change in Harvey flood inundation due to the historical land subsidence in Brays

Bayou, Texas.

3.2 STUDY AREA

Harris County, located in the southeastern of Texas (Fig. l1a), has experienced
tremendous increases in development in the past decades (Walker and Shelton, 2016; Chun et al.,
2021). Owing to the rapid growth and groundwater withdrawal, land subsidence in this region
has been occurring for years (Kasmarek et al., 2009) and Fig. 1a shows the cumulative land
subsidence simulated using the Houston Area Groundwater Model (HAGM, Kasmarek, 2013)
from 1900 to 2017 in this region. Not only has the increased urbanization caused subsidence, but
it also has aggravated this region's flood vulnerability (Garcia et al., 2020). From 1996 to 2019,
there are over one hundred flood events that occurred in Harris County (FEMA), with about 10.3

billion US dollars of the total estimated losses to property damage (NOAA, 2020).
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Figure 1: Land use and land cover in Brays Bayou from the National Land Cover

Database.

Located close to the land subsidence center (Fig. 1a), the Brays Bayou watershed is

selected as the study area with a drainage area of approximately 330 km2. 95 % of Brays Bayou

is developed land (Fig. 2) and it is one of the most urbanized watersheds in Harris County (Bass,

2017; Gao et al., 2021). The climatology in this region is wet and subtropical with humid, hot

summers and mild winters (Li et al., 2021). This area is vulnerable to floods due to its flat

terrain, impermeable land surface (Fig. 3), clayey soil (Fig. 4), and frequent, extreme rainfall

from tropical storms and hurricanes (Bedient et al., 2003; Bass et al., 2017; Li et al., 2021).

Previous studies have shown that land subsidence made the overland and channel slopes flatter

than 0.001 % downstream from Main Street to the East in Brays Bayou (Vieux and Bedient,

2004). Fig. 1b shows the Brays Bayou watershed with the digital elevation model (DEM) and

five stream gauges.
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Figure 4: Soil type in Brays Bayou from the gridded National Soil Survey Geographic

Database.
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3.3 DATA

3.3.1 Land subsidence and topography data

In this study, land subsidence caused by groundwater withdrawal is simulated using the
Houston Area Groundwater Model (HAGM) updated by Kasmarek (2013) with the Subsidence
and Aquifer-System Compaction (SUB) package (Hoffmann et al., 2003). HAGM simulates
groundwater flow and land subsidence in the northern part of the Gulf Coast aquifer system in
Texas from predevelopment (before 1891) through 2009. Land subsidence from 2009 to 2017 is
simulated with HAGM by using the 2009 groundwater pumping plan of a total 3 m®/day since no
significant primary compaction subsidence was observed during the stable groundwater level
period in trend for the Chicot and Evangeline aquifers (Liu et al., 2019). As much as 3.05 meters
of land subsidence was observed in 1979 in the Houston-Galveston region as a result of inelastic
compaction of aquitards in the Chicot and Evangeline aquifers between 1937 and 1979
(Galloway et al., 1999) and simulated subsidence up to 3.0 meter (300 cm) can be found in
Figure 1a.

The spatial and temporal distribution of land subsidence rates from 1900 to 2045 in the
Brays Bayou watershed can be seen in Figures 5a-5h. No significant subsidence is found for the
period of 1900 to 1930 in the study area (Figure 5a). Then the pre-consolidation pressure heads
within the Chicot and Evangeline aquifers continuously reacted to lowering groundwater levels,
which in turn was caused by continuously increasing groundwater withdrawal rates from 0.57 to
4.28 million m®/day by 1979 (Liu et al., 2019). Figures 5b, 5¢ and 5d show simulated
subsidence rates up to 40 to 55 mm/year in a small border area during 1930 to 1960, up to 40 to
55 mm/year in an extended area during 1960 to 1970, and up to 75 to 95 mm/year in a big central

area during 1970 to 1980. This land subsidence occurred without any management over
16



groundwater levels before 1979. However, it is found that the management of recovering
groundwater levels from 1979 to 2000 successfully decreased inelastic primary compaction from
up to 79 to 95 mm/year during 1970 to 1980 (Figure 5d) down to up to 40 to 55 mm/year during
1980 to 1990 (Figure 5e) and further down to less than 5 mm/year with some land rebound (less
than zero mm/year) during 1990 to 2045 (Figure 5f, 5g and 5h) through decreasing groundwater
withdrawals from 4.3 to 3.0 million m*/day as shown in Appendix Figure A4. Land subsidence
rates of 0.08 to 8.49 mm/year since 2005 observed by 13 borehole extensometers is due to creep
compaction of the Gulf Coast aquifer system (Liu et al., 2019), which is out of simulated
subsidence only due to groundwater pumping (Kasmarek, 2013). Overall, land subsidence
increases rapidly, especially from 1960 to 1970 with the mean areal rate of 38.2 mm/year and
from 1970 to 1980 with the mean areal rate of 58.8 mm/year. Then the land subsidence rate
almost stopped increasing after 1980 and ended with the rate of 1.9 mm/year during the period of

2017 to 2045.
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Figure 5: Average annual land subsidence rates during (a) 1900 to 1930, (b) 1930 to 1960,
(c) 1960 to 1970, (d) 1970 to 1980, (e) 1980 to 1990, (f) 1990 to 2000, (g) 2000 to 2017, and
(h) 2017 to 2045. These rates are calculated based on the simulated land subsidence using

the Houston Area Groundwater Model (HAGM).

DEM with 10-m spatial resolution is obtained from the USGS website
(https://apps.nationalmap.gov/downloader/#/). Since DEM cannot represent sufficient
information on channel cross-sections, bathymetry data needs to be combined with DEM if
available to better represent channel shape (Goodell, 2014). In this study, channel bathymetry
data is obtained from the Model and Map Management (M3) system (HCFCD, 2020a).

3.3.2 Land use and land cover data

LULC data used in this research are derived from Timelapse imagery from Google Earth
Pro, National Land Cover Database (NLCD) and Houston-Galveston Area Council (H-GAC).
For 1944, 1953 and 1978, the time-lapse feature to access past imagery for the three years epochs
in Google Earth Pro is utilized and the images are exported and converted to raster files in
ArcGIS and shown in Figure 6. There is information missing at the southwest and east section of

the study area in 1944 and 1953, thus assumptions are made in those two areas to generate LULC
18




maps for the whole Brays Bayou Watershed.

N
a) 1944 A b) 1953 A ) 1978

024 8 024 8 024 8
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Figure 6: Timelapse Image from Google Earth Pro in the time of year (a) 1944, (b) 1953 and (c)

1978

LULC classifications using the manual supervised classification method and the polygon
tool are conducted to quantitatively estimate the changes in the LULC. The LULC maps of 1944,
1953 and 1978 are classified into four categories (crop, impervious surface, soil and tree) using
supervised method in the image classification tool in ArcGIS. The supervised LULC map of
1944, 1953 and 1978 are shown in Figure 7. From 1944 to 1978, the area of impervious area has
increased from 4.96% to 18.95% and the area of trees has decreased from 6.71% to 5.30% with

increasing urbanization.

a) 1944 }N\ b) 1953

Legend Legend { Legend
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Figure 7: Timelapse Image from Google Earth Pro in the time of year (a) 1944, (b) 1953 and (c)
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1978

The land cover data of 1992, 2001 and 2016 is extracted from NLCD and the 2045 data is
obtained from H-GAC. Since the land use classes from H-HAC are different from the ones in
NLCD, the 10 classes of the H-GAD land use data are further recategorized into 15 classes for
conducting the comparison and assessment. The LULC maps of 1992, 2001, 2016 and 2045 are
demonstrated in Figure 8. It can be seen that in 1992, 82.40% of the watershed is developed area
(including open space, low, medium and high intensity). This proportion increased to 95.95%,
96.77 and 99.97% in 2001, 2016 and 2034, respectively. The impervious area from 1992 to 2045
is calculated from the developed areas using different ratios from the classification description
from NLCD. The areal coverage and percentage of the LULC types for 1944, 1953, 1978, 1992,

2001, 2016 and 2045 are summarized in Table 1.
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Figure 8: Land cover from NLCD in the time of (a) 1992, (b) 2001, (c) 2016, and (d) 2045.
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Table 1: Percentage of LULC Classes at different years

Land Year
Cover
1944 1953 1978 1992 2001 2016 2045
Classes
Open Water - - - 0.07% 0.09% 0.39% 0.01%
Developed,
6.38% 14.28% 5.03% 4.74%
Open Space
Developed,
Low 29.21% 19.86% 14.48% 1.64%
. 82.40% 95.95% 96.77% 99.97%
Intensity ) ) )
Seveioned Impervious | Impervious | Impervious Developed Developed Developed Developed
eveloped,

] P 4.96% 6.13% 18.95% Areas Areas Areas Areas
Medium 25.50% 40.54% 45.13% 3.80%
Intensity

Developed,
High 21.31% 21.27% 32.13% 89.79%
Intensity
Barren Soil Soil Soil
0, 0, 0, 0,
Land 31.61% 29.55% 37 76% 0.17% 0.12% 0.08% 0.00%
Deciduous
6.58% 0.58% 0.12% 0.00%
Forest
Evergreen Tree Tree Tree
0.22% 0.64% 0.21% 0.01%
Forest 6.71% 4.71% 5.30%
Mixed
1.34% 0.08% 0.19% 0.00%
Forest
Shrub/Scrub - - - 0.35% 0.26% 0.27% 0.00%
Herbaceous - - - 0.49% 0.66% 0.53% 0.00%
Hay/Pasture - - - 6.93% 1.21% 0.96% 0.00%
Cultivated Crop Crop Crop
1.05% 0.10% 0.24% 0.00%
Crops 56.71% 59.61% 37.99%
Woody
- - - 0.20% 0.29% 0.16% 0.00%
Wetlands
Emergent
Herbaceous - - - 0.18% 0.02% 0.05% 0.00%
Wetlands
Sum 100% 100% 100% 100% 100% 100% 100%
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3.3.3 Precipitation and observation data

Precipitation data used in this study is the hourly Stage IV product with 4-km spatial
resolution obtained from the National Centers for Environmental Prediction (NCEP), which
combines multi-sensor (quality-controlled radar, satellite, and rain gauge) precipitation estimates
(Lin and Mitchell, 2005; Habib et al., 2009; Nelson et al., 2016). The Stage IV radar data during
Hurricane Harvey have been systematically validated by Gao et al. (2021) and showed close

match with ground truths from a dense rain-gauge network.

Observational stage hydrographs at five (5) stream gauges (Fig. 1b) are retrieved from
the Harris County Flood Warning System website (HCFCD, 2020b). Except the most
downstream gauge which is used as the downstream boundary condition for the hydrodynamic
model, the rest four stream gauges are utilized as benchmarks to calibrate the model in this study.
Ninety-nine (99) highwater marks surveyed during the 2017 Hurricane Harvey are obtained from
the Harris County Flood Control District (HCFCD, 2020c) and this information is used to

validate the model simulation.
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Chapter 4: Methodologies and Results

4.1 Methodologies

4.1.1 Terrain data preparation

Since the year of 2017 is selected as the starting point, the 2017 terrain data is developed
by combining the DEM of 2017 with channel bathymetry in RAS Mapper. Then terrain data of
other years (1900, 1930, 1945, 1960, 1970, 1980, 1990, 2000, 2010) are developed using the
projected land subsidence of that year superimposed upon the 2017 condition as shown in Eq. (1)

below:
Ty = T017 + LSy_2017 1)
where T means Terrain, LS is Land Subsidence, and Y is year.

4.1.2 Model set-up, calibration, and simulation scenarios

In this study, the Hydrologic Engineering Center-River Analysis System 2D (HEC-RAS
version 5.0.7) is utilized as a modeling tool to simulate the flood inundation due to its broad
applications in both industry and academia fields (e.g., Tayefi et al., 2007; Shustikova et al.,
2019; Costabile et al., 2020; Ongdas et al., 2020; Shrestha et al., 2020; Karim et al., 2021).

Figure 9 illustrates the input data and workflow of the model set-up and simulations.
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Figure 9: Overarching flowchart of model set-up and simulations

Ir

The HEC-RAS 2D model is built by first importing the prepared terrain data (DEM
combined with channel bathymetry) into the RAS Mapper. A 2D flow area with grid dimensions
of 30-m x 30-m is then created as a computational mesh, and this cell size is selected in respect
to computation time and model stability. The Manning's roughness is assigned based on the land
use and land cover data from the 2016 National Land Cover Database (NLCD,

https://www.mrlc.gov).

To provide precipitation input, we process the hourly Stage 1V rainfall by calculating the
areal average values over the watershed (Fig. 10a) since the HEC-RAS (version 5.0) only
accepts a time series of spatially uniform precipitation as input. The total rainfall from Harvey
(Fig. 6) shows little spatial variability with the coefficient of variation being 0.05 for Stage IV
rainfall values within the watershed boundary. Therefore, we consider it acceptable to adopt the

watershed-averaged precipitation for HEC-RAS input. Another limitation of HEC-RAS v 5.0 is
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the inability to represent infiltration. For Hurricane Harvey, Gao et al. (2021) estimated the
runoff coefficient in Brays Bayou to be 91 % based the runoff volume received by the most
downstream USGS gauge and total rainfall, which is largely due to the 95 % urbanization rate
and 72 % imperviousness of Brays Bayou as well as the enormous rain volume from Hurricane
Harvey. Given the high runoff coefficient, neglecting loss caused by infiltration and interception

is also considered reasonable in this study.
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Figure 10: (a) Hyetograph of the mean areal precipitation for the Brays Bayou watershed, and (b)

Stage hydrograph at Gauge 410

The stage hydrograph, as shown in Fig. 10b at gauge 410 (Fig. 1b), is utilized as the
downstream boundary condition for the unsteady simulation. Additionally, an initial condition
with ramp-up option is set in order to let the flow go through the 2D area and establish the initial
wet conditions before the beginning of the simulations. Detailed model specification can be

found in Table 2.
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Table 2: HEC-RAS 2D model settings

Parameters Settings
Boundary Conditions Rainfall and downstream stage hydrograph
2D Flow Equation Set Diffusion Wave
Maximum lterations 20
Initial Conditions Ramp Up Time (hrs) 120
Boundary Conditions Ramp Up Fraction 0.5
Model Computation Interval 3-min
Model Output Interval 15-min

To consider the land subsidence, the authors build respective HEC-RAS 2D models to
represent the corresponding topography from 1900 to 2017 through modifications of terrain data.
The model of 2017 is manually calibrated for Hurricane Harvey (8/25/2017-8/30/2017) by
comparing the simulated and observed stage hydrographs at four-gauge locations (gauges 465,
440, 420, and 08075110). The Manning's roughness coefficients are modified via a uniform
multiplicative factor during the calibration process. Once the calibration is satisfactory, we use
99 surveyed highwater marks during Hurricane Harvey to validate the calibration results. After
the model calibration and validation, the optimized Manning's roughness is implemented for
models of other years between 1900 and 2017. Thus, each simulation scenario has the same
model settings except the associated terrain to represent only the impacts caused by the land
subsidence.

4.1.3 Quantitative statistics

Calibration results are evaluated using the root mean squared error (RMSE), Nash-
Sutcliffe Efficiency (NSE), and correlation coefficient (CC). RMSE describes the discrepancy
between the simulation and observation, quantifying the scale of the error (Mediero et al., 2011).
The closer the RMSE value to 0, the more accurate the model is. While NSE shows how well the

plot of observation results versus the simulation fits the 1:1 diagonal line. The higher NSE value
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is, the better the simulation performance (Legates and McCabe, 1999). CC measures the linear
correlation between simulation and observation. Because in this study we intend to analyze the
maximum flood inundation, the absolute error at the flood peak timing is evaluated. The

equations of computing RMSE, NSE, CC, and absolute error at peak timing are shown in Egs.

(2), (3). (4), (3):

i

RMSE = \/Zi=1(Hsim_H0bs)2 (2)

n

n i _gl N2
NSE — 1 _Zl=1(HSlm Hobs) (3)

Z?:l(Hébs_Hobs)z

1 HEp—tsim~ Hps—1
cc =— i=1( S‘Z-l' sm)( ob;Obsobs) (4)
Absolute Error = |HPS™* — HPeok (5)

where H',,,, is the simulated flood depth of the i data, H.,. is the observed flood depth of the i"

data, and H,, is the mean of the observed flood depth. ug;,, and ag;,, are the mean and standard
deviation of simulated data, respectively. u,,s and o,,s are those of observation, and n is

number of the total data points.

To compare the changes in maximum flood depth caused by the land subsidence, the
authors calculate the flood depth difference (FDD) by subtracting the maximum flood depth
simulated using the scenario for 1900 from the maximum flood depth simulated from other years
(e,g, year Y). Since the 1900 scenario is the baseline flood condition without land subsidence,
the subtrahend is always the maximum flood depth in the Year 1900 for this quantification, as

shown in Eq. (6) below:
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FDD = DY, — DI ©)

Y

where D, is the simulated flood depth in year Y and D;.?° is the reference flood depth in 1900.

The positive FDD means the maximum flood depth in year Y is deeper than the baseline
condition (1900), indicating the adverse impacts caused by the land subsidence between 1900
and year Y. A negative value of FDD means the maximum flood depth in year Y is smaller than

the year 1900.

After simulating all scenarios, two indices are calculated to analyze the temporal
difference in flood inundation results, which are Fit Statistic and Root Mean Square Deviation
(RMSD). The Fit Statistic exhibits the inundated areas of simulation as a fraction of the
reference, which represents a meaningful assessment of the inundation extents (Bates and De

Roo, 2000; Yin et al., 2016; Rajib et al., 2020). The metric is calculated as follows:

Ao

Fit = AT A (7

where A, refers to the overlapped inundated area of the reference and simulation, A refers to the
reference inundated area (in this case the reference is the inundated area in 1900) and As refers to
area of simulated flood extent. The Fit index ranges from O if none of the simulated areas

matches the reference to 1 for a perfect fit.

The RMSD compares flood depth between simulated results and the reference upon a

cell-by-cell basis (Yu and Lane, 2011; Grimaldi et al., 2019). It is calculated as in the following

Eq. (8):

n i i 2
Zi=0(Dsim_Dref)

n

RMSD (depth) = \/ (8)

where Dl and D! are the simulated and reference flood depth of the in cell, and n is the
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number of inundated cells.

4.1.4 Evaluation Scenarios

To evaluate and comprehend the effect of the land subsidence and LULC on flood
characteristics, three scenarios (S1, S2, and S3) are designed to be evaluated with different
combinations that illustrate the land subsidence conditions from 1900 to 2045, LULC conditions
from 1944 to 2045 and rainfall conditions from 1944 to 2045, respectively. For example, the first
scenario (S1) is executed using the terrain from different years, 2017 LULC and 2017 rainfall,
representing the impact from the land subsidence alone. The second scenario (S2) allows to
observe and compare the changes in flood characteristics in each scenario due to the impact of
land LULC changes alone. And the third scenario represents the compound impact of land

subsidence and LULC. The scenarios are summarized in Table 3.
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Table 3: Three scenarios for HEC-RAS 2D simulation

. Simulation . Urbanization Rainfall
Scenarios Land Subsidence . -
ID (Manning’s N) (Imperviousness)
1 1900 2017 2017
2 1945 2017 2017
3 1953 2017 2017
s1 4 1978 2017 2017
(Impact from
Terrain only) 5 1992 2017 2017
6 2001 2017 2017
7 2017 2017 2017
8 2045 2017 2017
1 2017 1944 1944
2 2017 1953 1953
3 2017 1978 1978
s2
(Impact from 4 2017 1992 1992
Urbanization)
5 2017 2001 2001
6 2017 2017 2017
7 2017 2045 2045
1 1945 1944 1944
2 1953 1953 1953
s3 3 1978 1978 1978
(Impact from both 4 1992 1992 1992
Terrain and
Urbanization) 5 2001 2001 2001
6 2017 2017 2017
7 2045 2045 2045
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4.2 Results

4.2.1 Model calibration and validation

The calibration results for Hurricane Harvey (Table 4) show a good fit between the
simulated and observed with CC larger than 0.9 and NSE higher than 0.8 at four gauges. The

comparisons of stage hydrographs can be found in Figure 11.

Table 4: Statistics of calibration results at four stream gauges along Brays Bayou

Absolute Error
Gauge ID RMSE (m) NSE CC at Peak Timing
(m)
465 0.87 0.84 0.95 0.28
440 1.11 0.81 0.90 0.44
420 0.99 0.87 0.94 0.40
08075110 1.07 0.88 0.94 0.36
HCFWS Gauge 465 HCFWS Gauge 440
12 a) RMSE = 0.87 12 b) RMSE =1.11
R Y e
£ o £
[+ []
[m] 4+t (] 4r
2 2
0 0
08/26 08/27 08/28 08/29 08/26 08/27 08/28 08/29  Obeervation
— Simulatio:
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c) NSE=087 d) . NSE=088
10 CC=0.94 10 CC=0.94
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Figure 11: Calibration results of the stage hydrographs for Hurricane Harvey at (a) Gauge 465, (b)
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Gauge 440, (c) Gauge 420 and (d) Gauge 08075110

Fig. 12a shows the locations of the surveyed highwater marks used for validation. The

comparison between the observed and simulated is presented in Fig. 12b. Overall, the correlation

of determination of 0.95 between the simulated flood depths and highwater marks indicates that

the model is reliable to reproduce the flood depth well and allows us to further investigate the

impacts of land subsidence on flood inundation.
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Figure 12: Highwater marks in the Brays Bayou watershed and (b) Comparison of the surveyed and

simulated water depth of Hurricane Harvey

4.1 Spatial-temporal patterns of maximum flood extent and depth

Examining the spatial and temporal patterns of the maximum flood extent and flood

depth allows the authors to identify varying degrees of the impacts of land subsidence on flood

inundation in the study area. The simulated results from the calibrated HEC-RAS 2D model for

the maximum flood depth based on the topography of 1900 and 2017 are shown in Fig. 13a and

b, respectively. To decipher the changes of the corresponding flood inundation with respect to

the impacts from the land subsidence, the authors calculate the flood depth difference (FDD)
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between 2017 and 1900 (Fig. 13c), alongside land subsidence contours for the corresponding
years (Fig. 13d). Overall, the spatial patterns of changes in flood depth are found to be consistent
with land subsidence. For example, compared to the simulated flood depth under the 1900
condition, the areas within Zones A and B are observed with much deeper water under the 2017
condition, which coincides with the higher subsidence found locally in those areas (Zones A and

B).
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Figure 13: (a) Maximum flood depth in1900, (b) Maximum flood depth in 2017, (c) Flood depth
difference (FDD) between 1900 and 2017, and (d) Land subsidence contours in the period of 1900 to

2017

In addition, the spatial differences in maximum flood depth between the baseline
condition (1900) and the subsequent years (1960, 1970, 1980, 1990 and 2045) for Hurricane

Harvey are also calculated, as shown in Figs. 14a to h. The substantial changes in flood depth
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can be identified near the subsidence centers (labeled as Zone A in Figs. 14ato h, Zone B in Fig.

14e to h) for various time periods. From the time-series of change in land subsidence, as shown

in Fig. 14b, d, f, and h, one can see that the land subsidence started from the downstream to

upstream sections of the watershed with non-uniform subsidence rates. It is found that the

changes in flood depth within Zone B became significant after 1980 (Fig. 14e and g), which

corresponds well with the larger land subsidence occurring in midstream (Fig. 14f and h).
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Figure 14: (a) Flood depth difference (FDD) between 1900 and 1960, (b) Land subsidence contours in
the period of 1900 to 1960, (c) FDD between 1900 and 1970, (d) Land subsidence contours in the
period of 1900 to 1970, (e) FDD between 1900 and 1980, (f) Land subsidence contours in the period of
1900 to 1980, (g) FDD between 1900 and 1990, (h) Land subsidence contours in the period of 1900 to
1990, (i) FDD between 1900 and 2017, (j) Land subsidence contours in the period of 1900 to 2017, (k)

FDD between 1900 and 2045, and (1) Land subsidence contours in the period of 1900 to 2045.
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Besides assessing spatial changes in land subsidence and flood depth individually, an
evaluation of the relationship between FDD and land subsidence from 1900 to 2017 is also
conducted. Fig. 15 illustrates the ratio of the flood depth difference (FDD) to land subsidence in
the period 1900 to 2017 and the period 1900 to 2045. It can be found that the highest ratio of
FDD over land subsidence is about 10 %, indicating that the flood impacts caused by land
subsidence are relatively minor compared to the magnitude of land subsidence itself. For
example, the maximum land subsidence can reach approximately 2-m, while the changes in

flood depth are significantly less with 12 cm at the same location.
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Figure 15: Ratio of the flood depth difference (FDD) to land subsidence in the period of (a) 1900 to

2017; (b) 1900 to 2045.

Table 5 quantifies and summarizes the area and percentage changes in FDD for different
time periods, in which the negative value of FDD refers to a decrease in maximum flood depth
compared to the year 1900. The results demonstrate that land subsidence may bring beneficial

impacts with negative FDD for at least 48 % of the total inundated area of all six scenarios. In
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1930 when land subsidence had just started, beneficial impacts could be found for 87 % of the

total inundated area with negative FDD. The reason could be that minor land subsidence may
help flood water drain faster downstream, resulting in shallower water depth for some places

within the watershed. Areas with the increased FDD (0 to 9 cm) constitute only 13 % of the

study domain in the period 1900 to 1930, then account for approximately 34 %, 37 %, 49 %, and

51 % in 1960, 1970, 1980, and 1990 respectively. It can be seen that major changes of FDD

happened between 1970 and 1980 (37 % to 49 %), which corresponds to the same period with

the largest land subsidence rate (Fig. 5d). The areas with relatively large flood depth difference

(>9 cm) make up the rest 1 % at most in the period of 1900 to 1990.

Table 5: Changes of flood depth difference (cm) in the area (km?) and percentage (%) of the

simulation domain for various time periods (Pct means Percentage)

Flood 1900 - 1930 1900 - 1960 1900 - 1970 1900 - 1980 1900 - 1990 1900 - 2017
Depth
D |ffe rence Area Percentage Area Percentage Area Percentage Area Percentage Area Percentage Area Percentage
(km?) (%) (km?) (%) (km?) (%) (km?) (%) (km?) (%) (km?) (%)
(cm)
<-3.0 0.09 0.05 23.04 12.55 27.96 15.25 26.85 14.68 22.37 12.21 20.80 11.35
-3.0-0.0 160.82 86.84 98.17 53.47 86.86 47.37 65.67 35.91 65.34 35.66 68.22 37.23
0.0-3.0 24.17 13.05 56.89 30.99 63.49 34.62 70.90 38.77 74.75 40.80 75.98 41.46
3.1-6.0 0.07 0.04 3.82 2.08 4.01 2.19 13.40 7.33 13.39 7.31 11.33 6.18
6.1-9.0 0.02 0.01 1.46 0.80 0.94 0.51 4.82 2.64 5.59 3.05 5.77 3.15
9.1-120 0.01 0.01 0.15 0.08 0.07 0.04 1.15 0.63 1.71 0.93 1.07 0.58
>12.0 0.02 0.00 0.07 0.03 0.03 0.02 0.07 0.04 0.07 0.04 0.09 0.05

Fit statistics and RMSD of flood depth for various scenarios using the 1900 condition as

baseline are determined and presented in Fig. 16a and b, respectively. The Fit value indicates

how similar two inundation areas are. Fig. 16a shows that the land subsidence does have an
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influence on the extent of the inundated area, yet the changes appear to be limited since the
values are always above 0.97. RMSD measures the difference in flood depth on a cell-by-cell
basis between simulated results and reference. Fig. 16b shows that compared to the 1900
condition, flood depth increases starting from 1930 and reaches its climax in 1980, followed by a
plateau and then decreases in 2045. These two indices (Fit and RMSD) demonstrate a similar
trend in terms of inundation extent and flood depth, and the rapid changes in Fit and RMSD
values between 1970 and 1980 coincide with the fast rate of land subsidence of the same time

period as illustrated in Fig. 16d.
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Figure 16: (a) Trend of the Fit Statistics of inundation area, (b) Trend of the flood depth RMSD, (c)
Bar chart of inundation area changes, and (d) Trends of percentages of positive and negative flood
depth difference (FDD)
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Fig. 16c presents the temporal changes of the area in terms of flood depth difference
(FDD). The blue bars represent the total inundated areas, and no significant changes are found
over the years, indicating the impact of land subsidence on flood extent is minor in this study.
The green and red bars represent the area of grids where the FDD is negative and positive,
respectively. The area with positive and negative FDD show opposite trends over the years: the
area with negative/positive FDD (green/red bars) tends to decrease/increase rapidly before 1980
and become stable after 1980. Areas with negative FDD (green) represent places that gain
benefits from the land subsidence compared to the baseline condition (1900), and the benefit
diminishes as land subsidence gets worse. To better quantify the relative area changes in FDD,
the authors further calculate percentages of positive and negative FDD as shown in Fig. 16d.
Both percentages of positive and negative FDD show steeper slopes during 1970 to 1980 than
any other decades, which displays an agreement with the previous results of having the largest
land subsidence rate between the same period (Fig. 5d). After 1980, these two percentages begin
to stabilize due to the deceleration in land subsidence. Overall, the results imply that land
subsidence has little impact on causing the change of flood inundation areas but does have an

impact on the change of flood depth.

4.2 Sectional analyses of flood inundation

To further evaluate the spatial and temporal patterns of flood inundation at a local scale,
the authors divide the Brays Bayou watershed into three sections: upstream (123.7 km?) from its
headwater to S. Gessner Rd., midstream (97.3 km?) from S. Gessner Rd. to Main St., and
downstream (56.9 km?) of Main St. (Fig. 17a) (Bedient et al., 2002). Fig. 17b shows the
temporal changes in median values of FDD for the upstream, midstream, and downstream
sections. It can be found that median values show a decreasing trend from 1930 to 1945 in all

three sections with negative FDD, indicating that flood water in these years is shallower than that
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in 1900 condition. Median values of FDD at the downstream section start to increase since 1945

and become stable after 1980. Median values of FDD in the midstream section are observed to

increase from 1960 and reach to their highest in 1980. Overall, median values of the upstream,

midstream, and downstream sections show similar trends among years (first decrease and then

increase) while the time of turning points varies. This may be associated with the non-uniform

changes of land subsidence in various locations. As shown in Table 6, the midstream section

features the highest annual subsidence rate during 1970 to 1980, consequently the median value

of FDD in midstream shows the largest increase (from —0.26 cm to 0.45 cm) than those in the

other two sections. After 1990, median values of FDD in all sections show minor changes,

corresponding to the decreasing land subsidence rate at the same time (Table 6).
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Figure 17: (a) Example map of dividing the Brays Bayou watershed into three sections; (b) Median

values of the flood depth difference (FDD), and (c) median values of the flood velocity ratio (FVR) for

upstream, midstream, and downstream sections.
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Table 6: Average annual land subsidence rate (mm/yr) for up-, mid-, and downstream sections in

Brays Bayou during different time periods.

Time Range Upstream Midstream Downstream
1900-1930 0.0114 0.0133 0.0153
1930-1960 3.0435 17.2324 33.1066
1960-1970 28.6643 43.9189 44.7039
1970-1980 54.8193 73.9991 42.3358
1980-1990 36.0366 18.8718 6.1340
1990-2017 5.0227 0.0275 -0.1547

With the difference of the maximum flood depth within S1 simulations are assessed
(Figure 13 and Figure 14), comparison between S1, S2 and S3 results is conducted to evaluate
the individual and compound effect of land subsidence and LULC. First, the ratio of the mean of
the maximum flood depth in the corresponding year simulations to the baseline 2017 scenario
(S1-7) are calculated and illustrated in Figure 18 and Figure 19. It can be seen that the flood
depth has been increased over time due to the growth in the land subsidence and urbanization in
all scenarios. Besides, the impact of the change of land subsidence seems to be very minimal.
Meanwhile the ratio in S2 increased from 0.499 to 1.076 from 1945 and 2045, suggesting that
urbanization has larger impact on flood depth. In S3, the ratio increased from 0.499 to 1.009
from 1945 and 2045, which indicates that the combined effect of land subsidence and LULC

may have helped with decreasing flood depth in 2045 compared with S1 and S1.
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Chapter 5: Discussions

The results of this study indicate that land subsidence in general has a relatively minor
influence on flood inundation compared to the magnitude of land subsidence itself. As shown in
Fig. 16, the ratio of positive FDD values to corresponding land subsidence is mostly from 0 to 5
%, with the highest being about 10 %, This finding is similar with Yin et al. (2016), where their
results show that the change in inundation depth is about 10 % of the magnitude of land
subsidence. Also, it’s found that flood water is deepened in places featuring evident land
subsidence at a local scale. As illustrated in Fig. 13 and 14, changes of flood depth in Zone A
and Zone B are higher than in the surrounding areas. Similar findings are also reported by Hsu et
al. (2010) and Ito et al. (2015). Hsu et al. (2010) found that areas with serious land subsidence
have increased inundation depth based on hydrodynamic modeling with hypothetical design flow
rates. Ito et al. (2015) analyzed three flood events (occurred in 1970, 2004, and 2013) and
concluded that water tends to accumulate in the area surrounded by slightly highlands (relative

elevation +1-2 m).

In the analyses, some unique characteristics in the flood inundation are revealed due to
the spatial heterogeneity and decadal evolution of land subsidence, which would otherwise be
prohibited using traditional methods (e.g., surveyed DEM, field measurements/monitoring,
remote sensing) to represent land subsidence. First, the effects of land subsidence are not only
heterogeneous but even mixed with coexisting positive and negative impacts on flood inundation
(Figs. 14, Fig. 16c and 16d). The spatial heterogeneity is also reported by Yin et al. (2016),
where they found land subsidence may have a non-linear impact on flooding. This is mainly due
to the non-uniform rates of land subsidence between different time periods (Fig. S4). In 1930,
approximately 88 % of inundated area features negative FDD compared to 1900 baseline

condition (Fig. 16c), indicating most places 4étually gain benefits from land subsidence. As



illustrated in Fig. 16d, these benefits (green line) decline as land subsidence continues increasing
until 1980. Percentages of negative (green line) and positive (red line) FDD intersect 1980,
which marks a turning point when adverse impacts on flood depth caused by land subsidence
outweigh the benefits in the study region. After 1980, land subsidence slows down and tends to

cease, causing the areas with positive and negative impacts to stabilize till the present.

Second, the decadal evolution of land subsidence exerts cumulative effects on flood
inundation, where previous land subsidence hotspots could be altered by later continuing land
subsidence, i.e., emergence of new land subsidence hotspots in the watershed. As shown in Fig.
5, we can find that land subsidence hotspots have been drifting from downstream towards
upstream over time, causing previously impacted areas to ‘recover and even benefit’. From
analyses of three sections (up-, mid-, and downstream) in Brays Bayou, flooding condition in
midstream are the worst after 1970, where the median value of FDD is higher compared to the
up- and downstream sections (Fig. 16b). The reason is that when the new land subsidence
hotspot appeared midstream, flood water generated from upstream would accumulate and be
held locally before flowing downstream. Unique from any other previous studies, the sectional
evaluation reveals the locally deepened flood inundation and accelerated flood waves near the
main channel, which could be overlooked if only the net impact (aggregated over the watershed)

were considered.

Finally, the way land subsidence affects flood inundation in this study sharply contrasts
how coastal inundation is exacerbated by land subsidence (e.g., Shirzaei and Burgmann, 2018;
Catalao et al., 2020). For instance, the future 100-yr inundation maps estimated by Shirzaei and
Birgmann (2018) showed that land subsidence would amplify flood risk up to 90 % compared
with scenarios only considering the sea level rise. Catalato et al. (2020) compared DEM with the

sum of tide height, sea level rise, and cumulati\zll% land subsidence and estimated 25 % increase in



flood area for future scenarios. In contrast, flood inundation areas simulated in this study for
different years do not show significant changes due to land subsidence (blue bars in Fig. 16c),
while areas with positive and negative FDD internally vary throughout years. The reason is that
flood inundation is dynamic due to the movement of flood wave, while coastal inundation is
static and controlled by the elevation difference between land and sea. This explains our findings
where certain levels of land subsidence could reduce overland flood depth by accelerating flood
velocity, whereas worse coastal inundation is almost definite given land subsidence (Wang et al.,

2012; Yin et al., 2013; Shirzaei and Blrgmann, 2018; Catalao et al., 2020).

This study demonstrates the capability of HEC-RAS 2D for modeling the changes of
flood inundation caused by land subsidence. However, due to some limitations related to the
model itself (HEC-RAS version 5.0), the uniform rainfall is applied, and infiltration is neglected
by our simulation, as explained before in detail in the data section. These
limitations/assumptions, though acceptable in this study, might be problematic for a different
study region or storm events. As a remedy, newer versions of HEC-RAS will allow spatially
varied precipitation as input as well as more realistic representation of the infiltration process,
which is promising for broadening the applicability of our approaches (Brunner, 2021).
Additionally, previous studies have reported sea level rise exacerbates coastal flooding, as
another major contributor (besides land subsidence) to the total relative elevation difference
between land and sea (Wang et al., 2012; Dang et al., 2018; Zeiger and Hubbart, 2021; Zhao et
al., 2021; El Shinawi, 2022). Therefore, one clear future direction is to incorporate sea level rise
into the analysis framework of this study. It’s expected that storm surge, as another hazard from
tropical cyclones, will be aggravated by sea level rise and jointly impact a coastal region along

with the rainfall-induced inland flooding.
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Chapter 6: Conclusion and Future Research

This chapter presents a summary of the findings and conclusions from previous chapters

and provides suggestions for future research.
CONCLUSIONS

This doctoral study provides fresh insights on the impact from land subsidence on flood
inundation, which is uniquely enabled by a retrospective, 145-year, physics-based modeling by
Liu et al. (2020) considering groundwater withdrawal and the consequent aquifer-system
compaction. Hydrodynamic simulation of flood inundation from Hurricane Harvey over the
topologies in different historical times from 1900 to 2045 depicts realistic pictures of how
Harvey flood could have evolved over the 145 years due to continuous land subsidence in Brays
Bayou, Texas. This research is among the first to shed light on the consequence of land
subsidence on flooding that is continuous both in space and time.

Specifically, the results show that the overall change of flood depth caused by land
subsidence is relatively minor compared to the magnitude of land subsidence itself. The results
also demonstrate that the impact from changes of urbanization is larger than that from land
subsidence. Over the course of 145 years, the worst impacted location in Brays Bayou
experiences only 12 cm deepened flood water due to approximately 2-m subsidence at the same
location. However, the impact from land subsidence on flood depth is non-linear in time, where
effects from previous land subsidence hotspots could be altered by later continuing land
subsidence, i.e., emergence of new land subsidence hotspots in the watershed. Specifically in
Brays Bayou, later-occurring subsidence in upstream counteracts the preceding downstream

subsidence, mitigating previously increased flood depth. Spatially, change in flood depth due to
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the land subsidence is not only heterogeneous but also mixed with coexisting deeper and
shallower flood water. Land subsidence could reduce flood depth but accelerate flood velocity
locally, while causing flood water to pond in other locations, e.g., lower main stem with mild
slope.

The results and analysis of this research demonstrate the change of flood characteristics
caused by land subsidence and LULC and advance the knowledge of how it changes
hydrodynamic features. The research evaluates the individual and combined effects of land
subsidence and land cover at Brays Bayou watershed by setting up three different scenarios. The
output from the models is analyzed as a whole watershed and also in three divided sections in
order to evaluate the hydrological responses. Since most previous studies focused on the analysis
with individual factors, the results of this study provide critical information for understanding
flood characteristics by relating the hydrological responses to their characteristics. The
hydrodynamic simulation reveals the impacts from land subsidence and LULC regarding flood
depth, inundation extent, and flow velocity; The effects of land subsidence and LULC on
flooding are not only heterogeneous but even mixed with both positive and negative impact.

The findings of this study highlight the need for a comprehensive assessment of human
activities in the study area and the adaptation of sustainable LULC practices, such as close
supervision of bare land restoration and bush land conservation, making grazing lands available
through the restoration of degraded and impoverished lands, and limiting further expansion of
cultivated areas. Therefore, sustainable land use planning and management, appropriate
implementation of forest, soil, and water conservation measures, and provision of alternative
livelihood strategies should be implemented for local communities in the study area in order to
reverse unfavorable situations associated with LULC changes.

This research has an influence on communities in urban planning, watershed
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management, and flood control and provides valuable insight for stakeholders of sustainable
development policies and practices (short- and long-term). Flexible and adaptable research

methodologies can be used in other watersheds in various regions both domestically and abroad.

FUTURE RESEARCH

It is important to acknowledge that there are additional aspects that can be taken into
account while conducting simulations. The assessment in this study is done with a state-of-the-
art, thoroughly validated hydrodynamic model, however, it possesses some limitations that
attention has been concentrated on Brays Bayou watershed in Harris County, with no attention
given to the impact of the surrounding regions which has the most severe land subsidence from
1900 to 2045, which make the results and findings site specific. Furthermore, the hydraulic
model itself can be further improved by using less computation time, using data with finer
resolution and adding 1D structures like road, railway embankment, etc. Storm events with other
amount of precipitation (real events and design events) can also be simulated in future studies.
Lastly, this study only considered different land cover in the model without taking the
compaction of the soils during urbanization development, which could also have a possible
influence on flood inundation aspects.

The doctoral research includes studies to examine the H&H modeling as introduced in
Chapter 2, 3 4 and 5. Future research should investigate the methods for automating the
calibration of hydrologic/hydraulic models for more applications in rapid hazard response and
mitigation. For the research on watershed response, incorporating sea level rise, storm surge or
other climate change factor into this study’s framework is one of the future directions and
incorporating aspects like soil compaction to infiltration using other storm events in the model in

a larger scale study area like other large watersheds, Harris County or other regions being
49



another direction.
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Figure Al: Land subsidence in year 1900.
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Figure Al: Land subsidence in year 2017.
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Figure A3: Land subsidence in year 2045.
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Groundwater withdrawal rate
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Figure A4: Groundwater withdrawal rate.
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Figure A6: Calibration result at gauge 465 in Scenario 1
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Table al: Stage Hydrograph at Gauge 410

Reading Date Elevation (ft)

8/23/17 12:00 PM 15
8/23/17 1:00 PM 142
8/23/17 2:00 PM 1.32
8/23/17 3:.00 PM 1.22
8/23/17 4.00 PM 1.262
8/23/17 5:00 PM 1.304
8/23/17 6:00 PM 1.27
8/23/17 7:00 PM 15
8/23/17 8:.00 PM 1.653
8/23/17 9:00 PM 1.75
8/23/17 10:00 PM 1.81
8/23/17 11:00 PM 1.527
8/24/17 12:00 AM 1.203
8/24/17 1:00 AM 0.925
8/24/17 2:.00 AM 0.647
8/24/17 3:.00 AM 0.313
8/24/17 4.00 AM 0.242
8/24/17 5:00 AM 0.17
8/24/17 6:00 AM 0.28
8/24/17 7:00 AM 0.44
8/24/17 8:00 AM 0.793
8/24/17 9:00 AM 1.14
8/24/17 10:00 AM 141
8/24/17 11:00 AM 1.63
8/24/17 12:00 PM 1.593
8/24/17 1:00 PM 1.377
8/24/17 2:.00 PM 1.18
8/24/17 3.00 PM 1.07
8/24/17 4.00 PM 0.94
8/24/17 5:00 PM 0.903
8/24/17 6:00 PM 0.89
8/24/17 7:00 PM 1
8/24/17 8.00 PM 1.213
8/24/17 9:.00 PM 1.533
8/24/17 10:00 PM 1.501
8/24/17 11:00 PM 1.469
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8/25/17 12:00 AM 1.437
8/25/17 1:.00 AM 1.405
8/25/17 2:.00 AM 0.968
8/25/17 3:00 AM 0.809
8/25/17 4:.00 AM 0.65
8/25/17 5:00 AM 0.48
8/25/17 6:00 AM 0.6

8/25/17 7:.00 AM 0.72
8/25/17 8:00 AM 1.05
8/25/17 9:00 AM 1.268
8/25/17 10:00 AM 1.555
8/25/17 11:00 AM 1.71
8/25/17 12:00 PM 1.63
8/25/17 1:00 PM 1.55
8/25/17 2:00 PM 1.4

8/25/17 3:00 PM 121
8/25/17 4:00 PM 1.357
8/25/17 5:00 PM 1.173
8/25/17 6:00 PM 0.88
8/25/17 7:00 PM 1.394
8/25/17 8:00 PM 1.706
8/25/17 9:00 PM 1.942
8/25/17 10:00 PM 2.071
8/25/17 11:00 PM 2.2

8/26/17 12:00 AM 2.103
8/26/17 1:00 AM 2.005
8/26/17 2:00 AM 1.7

8/26/17 3:00 AM 1.6

8/26/17 4:00 AM 1.49
8/26/17 5:00 AM 1.385
8/26/17 6:00 AM 1.583
8/26/17 7:00 AM 1.962
8/26/17 8:00 AM 2.045
8/26/17 9:00 AM 2.689
8/26/17 10:00 AM 3.023
8/26/17 11:00 AM 2.745
8/26/17 12:00 PM 2.85
8/26/17 1:00 PM 2.993
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8/26/17 2:00 PM 2.77

8/26/17 3:.00 PM 2.82

8/26/17 4.00 PM 2.87

8/26/17 5:00 PM 2.99

8/26/17 6:00 PM 2.763
8/26/17 7:00 PM 3.088
8/26/17 8:00 PM 3.558
8/26/17 9:00 PM 3.88

8/26/17 10:00 PM 401

8/26/17 11:00 PM 391

8/27/17 12:00 AM 4.215
8/27/17 1:00 AM 4.503
8/27/17 2:00 AM 4.044
8/27/17 3:00 AM 3.75

8/27/17 4:00 AM 3.745
8/27/17 5:00 AM 3.74

8/27/17 6:00 AM 4.339
8/27/17 7:00 AM 6.401
8/27/17 8:00 AM 8.3

8/27/17 9:00 AM 8.317
8/27/17 10:00 AM 8.186
8/27/17 11:00 AM 8.055
8/27/17 12:00 PM 7.603
8/27/17 1:00 PM 6.957
8/27/17 2:00 PM 6.151
8/27/17 3:00 PM 5.335
8/27/17 4:.00 PM 4.807
8/27/17 5:00 PM 4.533
8/27/17 6:00 PM 4.29

8/27/17 7:00 PM 4.502
8/27/17 8:00 PM 4714
8/27/17 9:00 PM 4.925
8/27/17 10:00 PM 11.298
8/27/17 11:00 PM 16.784
8/28/17 12:00 AM 18.34
8/28/17 1:00 AM 19.208
8/28/17 2:00 AM 19.25
8/28/17 3:00 AM 19.097
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8/28/17 4.00 AM 19.611
8/28/17 5:00 AM 20.226
8/28/17 6:00 AM 20.43
8/28/17 7:00 AM 20.554
8/28/17 8:00 AM 20.514
8/28/17 9:00 AM 20.492
8/28/17 10:00 AM 20.47
8/28/17 11:00 AM 20.333
8/28/17 12:00 PM 20.321
8/28/17 1:00 PM 20.31
8/28/17 2:00 PM 20.267
8/28/17 3:00 PM 20.205
8/28/17 4:00 PM 20.051
8/28/17 5:00 PM 19.898
8/28/17 6:00 PM 19.432
8/28/17 7:00 PM 19.113
8/28/17 8:00 PM 18.667
8/28/17 9:00 PM 18.655
8/28/17 10:00 PM 19.612
8/28/17 11:00 PM 20.37
8/29/17 12:00 AM 20.41
8/29/17 1:00 AM 20.26
8/29/17 2:00 AM 19.99
8/29/17 3:00 AM 19.488
8/29/17 4:00 AM 18.933
8/29/17 5:00 AM 18.578
8/29/17 6:00 AM 18.286
8/29/17 7:00 AM 18.055
8/29/17 8:00 AM 17.756
8/29/17 9:00 AM 17.36
8/29/17 10:00 AM 17.5

8/29/17 11:00 AM 17.387
8/29/17 12:00 PM 17.273
8/29/17 1:00 PM 17.035
8/29/17 2:00 PM 17.303
8/29/17 3:00 PM 17.782
8/29/17 4:.00 PM 18.057
8/29/17 5:00 PM 18.465
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8/29/17 6:00 PM 18.39
8/29/17 7:.00 PM 18.502
8/29/17 8:00 PM 18.613
8/29/17 9:00 PM 19.108
8/29/17 10:00 PM 19.085
8/29/17 11:00 PM 19.063
8/30/17 12:00 AM 18.643
8/30/17 1:.00 AM 18.6

8/30/17 2:.00 AM 18.48
8/30/17 3:00 AM 18.183
8/30/17 4:00 AM 17.817
8/30/17 5:00 AM 17.43
8/30/17 6:00 AM 16.817
8/30/17 7:00 AM 16.218
8/30/17 8:00 AM 15.522
8/30/17 9:00 AM 14.96
8/30/17 10:00 AM 144

8/30/17 11:00 AM 13.848
8/30/17 12:00 PM 13.313
8/30/17 1:00 PM 12.947
8/30/17 2:00 PM 12.585
8/30/17 3:00 PM 12.177
8/30/17 4:00 PM 11.91
8/30/17 5:00 PM 11.613
8/30/17 6:00 PM 11.277
8/30/17 7:00 PM 11.015
8/30/17 8:00 PM 10.73
8/30/17 9:00 PM 10.475
8/30/17 10:00 PM 10.29
8/30/17 11:00 PM 10.075
8/31/17 12:00 AM 9.91
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Table a2: Fit statistics during time periods

Ao Ar As F

1900 - - - -
1930 1993417645 1853723 1995322849 0.99811313
1945 1981954126 1850241 1991574871 | 0.988554307
1960 1976116881 1845860 1986859220 | 0.985091733
1970 1973740219 1845438 1986404985 | 0.982964968
1980 1968281862 1853684 1995280870 1846919 1987999114 0.97681573
1990 1972150396 1851508 1992938653 | 0.978215662
2000 1974393586 1852431 1993932158 | 0.979935742
2010 1975115841 1852859 1994392851 | 0.980421491
2017 1972683207 1853182 | 1994740524 | 0.977864405

Table a3: RMSD of Flood Depth

Year Depth RMSD (ft) Dept(hmF;MSD

1930 0.015 0.004572

1945 0.0669 0.02039112

1960 0.077 0.0234696

1970 0.085 0.025908

1980 0.125 0.0381

1990 0.118 0.0359664

2000 0.1064 0.03243072

2010 0.1063 0.03240024

2017 0.108 0.0329184
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