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Abstract 

This study examines the long history of surface deformation observed in the Willowbend 

neighborhood of Houston, Texas utilizing seven Houston-Galveston Subsidence District GPS 

stations (2000-2013) and one USGS borehole extensometer (1980-2012). The Willowbend 

neighborhood is located southwest of downtown Houston, near an area of recent and rapid 

subsidence (the Jersey Village subsidence bowl). GPS positions are generated in reference to a 

global reference frame, IGS08, using the GIPSY-OASIS (version 6.2) software package, which 

employs the Precise Point Positioning with a Single Receiver Phase Ambiguity (PPP-SPRA) 

method. GPS observations were then transformed from a global reference frame to a local 

reference frame, the Stable Houston Reference Frame, in order to highlight motion on a local 

scale. 

Rapid subsidence events were observed in both the GPS vertical component and 

extensometer record, in 2005 and 2011. From 2004-2013, GPS and extensometer recorded 

compaction in the vertical component below one centimeter per year. During 2005 the GPS 

stations and extensometer recorded vertical compaction between three and four centimeters; for 

2011 vertical compaction was up to five centimeters. Both of the rapid vertical deformation 

events (2005 and 2011) are coincident with droughts that occurred in Texas. Water levels in the 

area of Willowbend were investigated further. A shallow monitoring well in the vicinity of 

Willowbend registered a loss in water level for both 2005 and 2011 at a depth of 588-590 meters. 

Groundwater data were obtained from the USGS Active Groundwater Watch for water wells in 

the vicinity of Willowbend.  

Along with observing vertical deformation of the GPS stations, horizontal motion was 

also analyzed to determine a three dimensional perspective on surface deformation in 

Willowbend. For 2005 and 2011, no discernible pattern was observed from the GPS data in the 
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horizontal components.  An advantage of referencing GPS observations to a local reference frame 

is the ability to assess whether motion observed is localized versus a regional trend. Current data 

suggest that surface deformation in the Willowbend area (and to a larger extent, the Houston metropolitan 

region) is a local, site specific hazard. Varying rates of motion between GPS stations is explained by 

the complex, heterogeneous nature of the Texas Coastal Plain’s geology. The aquifer system in 

the Houston area is composed of facies that alternate cyclically from continental sediments to 

marine sediments. This is important for future regulation to consider when dealing with surface 

deformation in the Houston area. 
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1 Introduction 

 Subsidence, or sinking of the land surface is a major problem faced by coastal 

cities worldwide (Galloway et al., 1999; Engelkmeir et al., 2010; Yi et al., 2010; 

Galloway and Burbay, 2011; Santos et al., 2012). According to the National Research 

Council (1991), more than 17,000 square miles (45,000 square kilometers) across forty-

five U.S. states are adversely affected by subsidence (Figure 1-1). Subsidence has been 

attributed to several different causes; including mining, sinkholes, salt tectonics, organic 

soil drainage, sediment compaction (both naturally and human induced), aquifer 

compaction, and/or surficial faulting (Abidin et al., 2008; Engelkmeir et al., 2010).  

Surface deformation has the potential to cause and/or exacerbate numerous 

hazards in an urban setting such as Houston. Harris and Galveston counties are located 

along the coast of Southeastern Texas, and have been negatively affected by surface 

deformation for decades. The City of Houston is located within Harris County, and much 

of the county contains extensive urban infrastructure which increases the risks involved 

with subsiding the land surface. In the past, subsidence in the Harris-Galveston region 

has been focused along the coast in areas around Galveston Bay and the Houston Ship 

Channel (Danskin et al., 2001). Recently, however, with the increase of groundwater 

extraction regulations that was implemented by the Harris-Galveston Subsidence District 

(HGSD) these historic subsidence regions have seen a drastic decrease in surface 

deformation.  

The City of Houston has recognized that subsidence in the area is an issue and 

steps must be taken in order to understand and mediate this problem. The National 
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Geodetic Survey (NGS) along with the Harris-Galveston Subsidence District (HGSD) 

have continually cooperated to document and improve surface elevation observations 

along the Gulf Coast region of Texas. Archiving historical elevation measurements of the 

region has allowed researches the opportunity to study the impact humans have had along 

the coast of the Gulf of Mexico. Satellite-based tools such as Global Positioning System 

(GPS) and Interferometric Satellite Aperture Radar (InSAR) have recently been 

employed to enhance these measurements by increasing elevation measurement accuracy 

(Buckley et al., 2003; Engelkmeir et al., 2010; Wang and Soler, 2012). Along with 

collecting data on elevation measurements, the HGSD has also outlined strict regulations 

on the volume of groundwater that can be withdrawn across Harris and Galveston 

counties (Harris Galveston Subsidence District, 2013A). 

The purpose of this study is to examine the spatial and temporal variability in 

surface deformation that has been recorded around the Willowbend neighborhood of 

Houston, Texas and to assess the roles that groundwater withdrawal and precipitation 

rates play in surface deformation. Willowbend neighborhood is located approximately 

one and a half miles from the southwest corner of Interstate 610 (Figure 1-1). 
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Figure 1-1: Location of Study Region 
The top figure depicts areas in the United States that are experiencing subsidence as a direct result 

of aquifer compaction due to groundwater withdrawal (Galloway et al., 1999). The bottom figure 

shows the location of the study area, Willowbend, Houston, TX situated in southeastern Texas. 

Political lines and urban areas compiled from U.S. Census Bureau (2010); Basemap (Economic 

and Social Research Institute, 2010). 
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Willowbend was chosen as the site for this study for several reasons. The first is 

the presence and proximity of tools that can be used to measure surface deformation, land 

surface subsidence and sediment compaction (i.e. aquifer compaction). These tools 

include one borehole extensometer, sixty groundwater wells, and five surficial GPS 

stations. All these tools are located within ten miles of each other, making this area a 

unique place to study surface deformation on a tightly controlled, spatial scale. In 

addition to the proximity of these tools to one another, they all have long data history 

(more than 10 years). A long data history gives the ability to study surface deformation 

on a temporal scale.  

The second reason for choosing to study subsidence in the Willowbend area is its 

proximity to one of the most rapidly subsiding areas in the Houston-Galveston area, 

presently. Jersey Village, a Houston suburb, is located less then fifteen miles to the 

northwest of the Willowbend neighborhood and has been identified as the area 

experiencing the most rapid rate of subsidence in recent years (Stork and Sneed, 2002; 

Buckley et al., 2003; Engelkemeir et al., 2010). 

Figure 1-2 illustrates the continual subsidence recorded by the GPS station PAM 

07 that is located in the middle of Jersey Village. PAM 07 has observed nearly fifty 

centimeters of subsidence since 1999 (thirteen years). The rate of surface deformation 

before 2005 was over five centimeters per year and decreases to around two centimeters 

per year after 2005. Even at this slowed down rate; Jersey Village is experiencing a much 

more rapid rate of subsidence than other areas of Houston (Stork and Sneed, 2002; 

Engelkmeir et al., 2010).  
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Figure 1-2: Subsidence seen in Jersey Village, Houston, TX, at PAM 07 
Varying rates of subsidence have been observed at PAM 07: from more than 5 cm/year to around 

2 cm/year. The proximity of Willowbend to Jersey Village was one of the reasons behind the 

choice of Willowbend as an area to study the affect of subsidence seen with GPS observations. 

GPS data sourced from Harris Galveston Subsidence District (2013C) 
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Finally, the third reason for the selection of Willowbend as the area to study 

ground surface deformation is that it lies on the border of three groundwater regulatory 

zones. The HGSD-defined regulatory areas two and three, along with the Fort Bend 

Subsidence District (FBSD) defined regulatory area A (Figure 1-3). There are three 

regulatory areas within the HGSD, and each maintains different groundwater extraction 

regulations. Area one permit holders may not supply more than ten percent of their water 

demand with groundwater, but Area two permit holders are allowed to supply up to 

twenty percent of their water demand with groundwater. Area three of the HGSD did not 

start regulating groundwater extraction until 2010 and currently permit holder are 

allowed to supply up to seventy percent of their water demand with groundwater (Harris 

Galveston Subsidence District, 2013).  Permit holders within regulatory Area A of the 

FBSD are allowed to supply up to seventy percent of their total water demand with 

groundwater. Presently, Fort Bend County is averaging around sixty percent groundwater 

use and forty percent surface water (Fort Bend Subsidence District, 2013). With 

Willowbend spanning three different regulatory areas in close proximity this gives this 

region a unique perspective on the effects of groundwater use on surface deformation. By 

assessing the vertical deformation of GPS stations in varying groundwater extraction 

areas this will aid in future regulation by the HGSD and FBSD. If it is found that areas 

with stricter groundwater extraction rules are subsiding slower than areas that are more 

liberal it may be beneficial to enforce more regulation on a regional scale. 
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Figure 1-3: Proximity of Willowbend to Various Groundwater Regulatory Zones 
Willowbend is located approximately at the junction of Areas Two and Three of the Harris 

Galveston Subsidence District (HGSD) and Area A of the Fort Bend Subsidence District (FBSD). 

Just to the north of the Southwest Extensometer is the city of Jersey Village, the most adversely 

affected area by subsidence in the Houston metropolitan region (Buckley et al., 2003). The 

location of Willowbend to various subsidence districts’ regulatory zones, along with its proximity 

to Jersey Village creates a unique locale with the ability to aid in future regulation decisions. 

Regulatory areas are defined by Harris Galveston Subsidence District (1999); GPS equipment 

locations were digitized from Interactive Maps (Harris Galveston Subsidence District, 2013B); 

political lines were obtained from U.S. Census Bureau (2010); Basemap from the Economic and 

Social Research Institute (2010). 
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This study is aimed at analyzing ground deformation through the application of 

modern GPS processing techniques to more than ten years of surface observations. When 

studying the effects of subsidence it is important to adequately define vertical 

displacements of the land surface. For this study, the term “vertical” has been defined as 

a measurement of distance from the ellipsoid, and does not necessarily mean a position 

on a plumb line. Ellipsoid height will be discussed further in Chapter 4. 

Subsiding the land surface has the potential to cause and/or intensify numerous 

hazards to low-lying areas such as Harris and Galveston counties, especially along the 

coast. Due to the high rates of subsidence seen in the area, the Houston-Galveston region 

is more susceptible to the hazards of rising sea levels than many other coastal areas 

(Anderson and Rodriquez, 2001). Flooding becomes more of a problem as a direct result 

of the lowering of the land surface. Furthermore, differential lowering of the land surface 

across the coastal plain has the potential to disrupt drainage pathways and force 

precipitation runoff to be stalled (Galloway and Burbey, 2011). Houston resides in a low 

lying part of the country, with elevations that range from sea level in the southeast to 

approximately 91.4 meters above sea level in the northwest (Harris County Flood Control 

District, 2010). Downtown Houston is located only around fifty miles from the Gulf of 

Mexico.  

Flooding in the Houston-Galveston region comes in two forms. The first is the 

slow, steady rise of sea level as the land subsides, eventually covering the surface; this is 

known as inundation (Holzer, 1988). An example of this type of flooding in the Houston 

area occurred in the Brownwood subdivision along Galveston Bay. Brownwood was an 



9 

 

upper middle class subdivision in the late 1930s and ‘40s, and due to decades of 

unregulated groundwater and oil extraction in the region, the neighborhood was lowered 

into the bay. By the mid-1980’s Brownwood was deemed “uninhabitable” and the city of 

Baytown was forced to purchase the land from the homeowners and convert the 

peninsula into a wildlife sanctuary (Baytown Nature Center, 2013; Grey, 2013). 

Along with slowing submerging coastal neighborhoods into the bay and gulf 

waters, researchers must also recognize that the Texas Gulf Coast is subjected to frequent 

low pressure weather systems such as tropical storms, tropical depressions, and 

hurricanes (Tropical Storm Allison Recovery Project, 2002). The floods that are caused 

by moderate-to-severe rainfall, storms, or tidal surges are less predictable than inundation 

and can be severely destructive. Differential lowering of the land surface by subsidence 

has the potential to dramatically increase the intensity and devastation brought on by 

flooding of these storms. A great example of this occurred in June of 2001 when Tropical 

Storm Allison rolled through the Houston area devastating the city. This storm and the 

flooding associated with the massive rainfall that follows tropical storms, claimed 

twenty-two lives and caused nearly $5 billion in damages (Tropical Storm Allison 

Recovery Project, 2002). To date, Tropical Storm Allison is considered the eleventh 

costliest cyclone in U.S. history (Dolce, 2013) (Figure 1-4). 
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Figure 1-4: Downtown Houston after Tropical Storm Allison June 2001 
Picture of downtown Houston after Tropical Storm Allison devastated the area. This is an 

example of the type of flooding Houston is subject to with low pressure tropical storms. With 

differential lowering of the land surface by subsidence this type of flooding has the potential to 

dramatically increase in intensity and destruction. Picture courtesy of Dolce (2013). 
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There is no question that the main cause of subsidence in the Houston area is 

attributed to the excessive withdrawal of subsurface fluids (Pratt and Johnson, 1926; 

Gabrysch, 1975; Coplin and Galloway, 1999). Compaction within the subsurface occurs 

as fluids are pulled from the ground creating a loss of pore space within the fine-grained 

(clay-rich) deposits when the grain matrix of these lenses rearrange in a response to 

changes in the effective stress state in the aquifer system which results in compaction 

(Zilkoski et al., 2001).  

For a coastal city, such as Houston, it is imperative to have an extensive 

understanding of the relationship between groundwater extraction and land surface 

subsidence. This will enable the creation of effective regulation, anticipate, and mitigate 

potentional hazards, and construct infastructure that can accomidate such hazards (Abidin 

et al., 2008). This study used GPS, extensometer, and groundwater withdrawal 

observations to determine the extent of surface deformation in Willowbend, Houston, 

TX. In order to calculate change in land surface elevation, version 6.2 of the GIPSY-

OASIS software package was used in its Precise Point Positioning (PPP) mode, which 

outputs GPS positions with single-receiver phase ambiguity (PPP-SRPA). 

In summary, this study is intended to constrain the precise extent of land surface 

deformation at the Willowbend neighborhood in Houston, TX – particulary the rapid 

subsidence events observed in 2005 and 2011, and to identify the mechanisms that caused 

these events. The precision and temporal resolution of the GPS data allows the short-

lived events to be studied in greater detail. GPS observations were correlated with 
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groundwater withdrawal rates and precipitation patterns in order to identify relationships 

between these factors for future regulations in the Houston-metropolitan area. 

 

2 Geology and Hydrology 

In order to understand the mechanisms controlling subsidence, it is imperative to 

understand the Gulf Coast geology and the subsequent aquifer system beneath Houston, 

TX. Aquifer dynamics are controlled largely by their geologic history and character 

(Kreitler et al., 1977). The relationship between groundwater withdrawal and the 

accompanying sediment compaction has been outlined by Gabrysh and Bonnet (1975) as 

a decrease in hydrostatic pore pressure associated with the removal of groundwater from 

an artesian aquifer system. This reduction in pore pressure will manifest as an increased 

load, equal to the lost pressure, and will be applied to the affected deposits. Due to the 

pressure differential between the fast-draining sands and the less-permeable clays, water 

migrates from the clays into the sands resulting in clay grain rearrangement and 

compaction.  

Even if it were possible to re-establish artesian pressure within the aquifer system, 

the compacted clays are only theorized to regain around ten percent of the height lost to 

compression (Gabrysch and Bonnet, 1975). This has been defined as irreversible/inelastic 

compaction, and its prevention requires a deep understanding of Texas Gulf Coast 

sediment composition and distribution, recharge, and discharge of water within the 

aquifers, and the science that describes these factors.  



13 

 

2.1 Regional Geology 

 The Houston-Galveston region resides within the wide Gulf Coast margin (Figure 

2-1), an area that is composed of thousands of meters of Cenozoic sedimentary deposits 

(Baker, 1978). The present-day Texas Gulf Coast is composed of similar coastal plain 

deposits, and the coastal plain itself stretches from Mexico in the south to Florida in the 

east (Kasmarek and Strom, 2002). The Texas Coastal Plain ranges from 110 to 140 

kilometers in width, and consists of sediments deposited during relatively high sea levels 

by successive repetitions of fluvial to shallow marine depositional systems (Engelkemeir 

et al., 2010). According to Knox et al. (2006), the current coastline resides at 

approximately the same position as previous high-stand coasts.  

 The complexity of the Texas Gulf Plain’s geology is attributed to several factors; 

variability of sedimentation over time and space, the motion of ancient Jurassic salt, and 

the presence of re-activated growth faults that parallel the coast. The earliest sediments in 

the Gulf of Mexico were first deposited as the most recent supercontinent, Pangea, began 

rifting apart in the Late Triassic (Chowdhury and Turco, 2006). Sediment deposits within 

the Gulf of Mexico region are characterized primarily by the composition of clays, silts, 

sands, and gravel. Grain size is dependent on depositional facies (i.e. depositional 

environment) (Kreitler et al., 1977; Kasmarek et al., 2009). Depositional environment, in 

the Gulf of Mexico, is a direct function of sea level. 

 Global sea-level fluctuations generally reflect polar ice sheet changes. The most 

recent glaciation, from approximately 22,000 to 16,000 years ago, dominated the planet’s 

climate (Anderson and Rodriguez, 2001). This time period was dominated by massive ice 
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sheets covering the continents, trapping huge volumes of sea water which in turn, 

lowered sea level to approximately 120 meters below current position. This allowed for 

sediments to be carried by rivers to approximately 100 kilometers beyond the present 

shoreline (Burkett et al., 2001; Anderson and Rodriguez, 2001). Over time the ice sheets 

began to melt, causing the sea level to rise and transgress the coastline. This rise in sea 

level took place at nearly five centimeters per year, until around 4,000 years ago when 

this rate dropped to approximately three millimeters per year (Anderson and Rodriguez, 

2001; Burkett et al., 2001). It is during this time of slow sea level rise that the modern 

Gulf of Mexico coast line formed. 

 The sediments that were deposited along the coastline are interpreted to represent 

varying degrees of fluvial to shallow marine environments (Chowdhury and Turco, 

2006). The variation in depositional environments is dependent upon climate, sea-level 

transgression, and the location of river channels. Shoreface deposits progressed across the 

continental shelf (Gulf Coast Plain) during sea-level regression; these rivers then 

reworked recent sediment deposits as the shoreface transgressed back to its high-stand 

position during sea-level rise. During periods of sea-level decline, fluvial deltaic 

processes deposited continental sediments (sands, gravels, and silts). As sea level rose, 

the continental deposits were reworked and marine sediments were deposited (clays). It is 

because of this complex depositional environment that gives rise to facies that alternate 

cyclically from predominately continental sediments that compose the more permeable 

aquifer layers to predominately marine sediments that create the clay lenses and 

confining units. Therefore, the aquifer system in the Houston area has a high degree of 

heterogeneity both laterally and vertically (Kasmarek and Strom, 2002). 
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Figure 2-1: Geologic Formations of Harris and Surrounding Counties 
This figure illustrates the geologic formations found in the Harris-Galveston County region. 

According to Kreitler et al. (1977), the Texas Gulf Coast is composed of alternating deposits of 

fluvial to shallow marine environments. This gives rise to a complex geologic setting that is 

heterogeneous both laterally and vertically.  Geologic formations were sourced from the U.S. 

Geologic Survey- State Specific site (U.S. Geologic Survey, 2012); County lines were sourced 

from U.S. Census Bureau (2010). 
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2.2 Faulting and Other Tectonics 

 Subsidence is not the only geologic hazard the Houston-Galveston region faces; 

damage in the area is also associated with the motion of surface faults (Holzer and 

Gabrysch, 1987). The first documentation of faulting due to fluid extraction in scientific 

literature occurred at Goose Creek Oil Field along the east bank of Galveston Bay in 

1918 (Pratt and Johnson, 1926; Coplin and Galloway, 1999). Goose Creek was a 

prominent oil field along the Texas Gulf Coast early in the 20
th

 century, and enabled 

scientists to study human-induced subsidence and faulting that was directly caused by 

hydrocarbon extraction. Prior to the development of technologies that permits scientists 

the ability to systematically map surface faults, many were only identified by damage 

they caused to infrastructure (Verbeek et al., 1979). Since then, nearly 150 faults (with an 

aggregate length of 500 km) have been identified and recorded in the area. Researchers, 

at this time, believe this number only represents a small portion of the true number of 

faults (Verbeek et al., 1979; Shah and Lanning-Rush, 2005). 

 The faults that characterize the Gulf Coast are deep-seated and ancient, and are 

incredibly difficult to locate. Surficial expressions of these faults can sometimes be 

identified by cut-and-fill scarps, as well as damages to surrounding buildings and 

infrastructure (Engelkmeir and Khan, 2008). The faults are defined as aseismic and 

therefore, motion of the faults does not result in earthquake activity. It has been 

calculated that the maximum rate of motion is around three centimeters per year (Holzer 

and Gabrysch, 1987; Buckley et al., 2003; Shah and Lanning-Rush, 2005). 
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 Most of the faults in the Houston region are growth faults, meaning that they were 

active throughout the period of sedimentation. Displacement along a growth fault 

increases with increasing depth; therefore, the older sediments have experienced more 

fault motion. This also means that sediments along the downthrown side of the fault are 

thicker than the upthrown side (Shah and Lanning-Rush, 2005). If a growth fault has 

sufficient displacement, it can act as a barrier, or partial barrier, to groundwater 

movement (Kreitler et al., 1977). This could serve to limit the lateral effects of over-

pumping groundwater from the aquifer system. None of the growth faults in the Houston 

region, however, exhibit a large enough throw to completely isolate hydrologic units, 

especially with the large deposits of sand in the study area (Kasmarek and Strom, 2002). 

Fault depth has been estimated to be between 1,000 to 4,000 meters (approximately 3,000 

to 12,000 feet) and that the surficial fault traces are expressions of this deeper surface 

motion (Shah and Lanning-Rush, 2005). Faults in the region generally parallel the coast; 

this trend is more pronounced in the northwest part of Harris County. Alternatively, faults 

that are proximal to salt domes tend to be more radial in nature (Van Siclen, 1968). 

 Salt tectonics in the area also has an impact on groundwater flow, surface 

faulting, and even subsidence. The salt is Jurassic in age, and was deposited when the 

Gulf of Mexico was still rifting open to the primordial Atlantic Ocean (Kasmarek and 

Strom, 2002). Salt is mobile in the subsurface, and large diapers penetrate upwards 

through younger, denser sediments, and in some cases nearly reaches the surface 

(Jorgensen, 1975). 
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2.3 Hydrogeologic Setting 

 The hydrostratigraphic units that underlay the Houston area are composed of 

multiple geological formations. Since 1903, the Gulf Coast Aquifer system has been 

organized and re-organized into various classification schemes (Kreitler et al., 1977). 

This study will follow the widely accepted work of E.T. Baker Jr. (1978), which 

subdivided the Gulf Coast Aquifer system into five main hydrostratigraphic units, or 

aquifer components, which can be seen in Figure 2-2 (Baker, 1978, Chowdhurry and 

Turco, 2006). The Gulf Coast Aquifer System underlies the Houston-Galveston region, 

and each component of the aquifer system can be observed by outcrops that roughly 

parallel the coast just north and west of Harris County. 

 In order of increasing depth (and age), these units are named: (a) the Chicot 

Aquifer, (b) the Evangeline Aquifer, (c) the Burkeville Confining Unit, (d) the Jasper 

Aquifer, and (e) the Catahoula Aquifer (Baker, 1978). All five units dip and thicken 

towards the coast (northwest to southeast), as illustrated by Figure 2-2. 

 The two shallowest aquifer units, the Chicot and Evangeline, have been described 

as being hydrologically connected. This means that changes in the hydraulic properties of 

one will affect the properties of the other (Baker, 1978). Both the Chicot and Evangeline 

aquifers are defined as confined in the Willowbend area by the presence of the clay-rich 

Beaumont Formation at the top of the Chicot Aquifer (Kasmarek and Strom, 2002). 
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Figure 2-2: Cross-Section of the Gulf Coast Aquifer System 
Location of cross-section A-A’ can be seen on the inset map through Galveston, Harris, Waller, 

and Grimes Counties. All units within the Gulf Coast Aquifer system in the Houston area outcrop 

to the northwest, and dip and thicken to the southeast. The upper most sections (the Chicot and 

Evangeline Aquifers) have been the historic groundwater bearing units the Gulf Coast has 

exploited for its potable water. They are separated from the lower Jasper Aquifer by the 

Burkeville Confining Unit. The cross-section was modified from Baker (1978) and Kasmarek et 

al. (2012).  

 

 The Chicot Aquifer is composed of Holocene and Pleistocene aged clays, sands, 

silts, and gravels. Studies using electric logs in the vicinity of the Willowbend 

neighborhood have interpreted the shallowest sediments to be around fifty and sixty 

percent sand (Kreitler et al., 1977). The remaining forty to fifty percent is composed of 
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laterally, and vertically, discontinuous clay-rich layers, or interbeds. Using the definition 

by Leake and Prudic (1991), an interbed is a unit that: (a) has sufficient porosity and 

permeability to inhibit fluid flow, (b) is much less hydraulically conductive than the 

surrounding aquifer units, (c) is laterally and vertically discontinuous (i.e. is not a 

regionally confining unit), and (d) has a larger horizontal component relative to vertical 

thickness. The presence, and abundance, of interbedded clays in the subsurface explains 

the inelastic, irreversible tendency of aquifer compaction in the study area. 

 It has been stated that, in general, the deposits within the Chicot Aquifer are 

roughly equal parts sand and clay (Kreitler et al., 1977; Jorgensen, 1975). The Chicot is 

composed of, from top to bottom, general Quaternary alluvium, followed by the 

Beaumont, Montgomery, Bentley, Lissie, and Willis Formations (Ashworth and Hopkins, 

1995; Jorgensen, 1975) (Table 2-1). The Beaumont formation is the shallowest regionally 

pervasive unit in the Coastal Plain, and varies from sand-rich in the north to clay-rich in 

the south (Kasmarek and Strom, 2002). The base of the Chicot Aquifer is thick and 

hydraulically conductive, making it a target for groundwater exploitation in the area 

(Jorgensen, 1975). 

 The Evangeline Aquifer is composed primarily of the Goliad Formation and the 

uppermost section of the Fleming Formation (Kasmarek and Strom, 2002). Like the 

Chicot, the Evangeline Aquifer is characterized by the presence of coarse-grained sands 

with interbedded clays and silts. The Evangeline is laterally extensive unless pierced by 

salt domes (Jorgensen, 1975). The Burkeville Confining Unit underlies the Evangeline 

Aquifer, effectively sealing it from the lower hydraulic sections (Table 2-1). 
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 The Burkeville Confining Unit is a regionally extensive, low permeability clay 

unit with minor sand bodies in the northern areas (Jorgensen, 1975). The Burkeville is 

composed of the Fleming Formation and restricts vertical flow of water. Because of this 

vertical restriction, coupled with its regional extent, the Burkeville has been described 

and treated as a regional confining unit (Knox et al., 2006). One advantage to having such 

a pervasive sealing unit is the prevention of deeper, more saline-rich waters from 

reaching the potable waters of the Chicot and Evangeline Aquifers (Kasmarek and Strom, 

2002). 

 The Jasper and Catahoula Aquifers are very rarely targeted for groundwater 

exploitation in the Houston-Galveston area. The Jasper Aquifer is the deepest viable 

aquifer in the study area, and is segregated from the upper most aquifer units by the 

Burkeville Confining Unit (Baker, 1978). The Catahoula and Jasper Aquifers only 

produce from limited sand units near the outcrop area. This is due, in part, to the 

increasing depth and salinity of these units near the coast (Baker, 1978; Ashworth and 

Hopkins, 1995). Table 2-1 illustrates the correlation of hydrologic units discussed in this 

section with the stratrigraphic units found in the Texas Gulf Coast.  
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Table 2-1: Hydrologic Units Correlated with Stratrigraphic Units* 

 

*This table depicts the relative position of the various stratrigraphic units correlated to the 

hydrologic units within the Gulf Coast Aquifer System in the Houston area. Cell size has not been 

drawn to scale. Stratigraphy has been modified from Baker (1978); age picks have been sourced 

from Walker et al. (2012). 
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2.4 Aquifer Recharge and Discharge 

 The groundwater that is exploited in the Houston-Galveston region is meteoric in 

nature (meaning it is delivered by precipitation) and therefore, recharge occurs in outcrop 

areas (Kreitler et al., 1977). Precipitation enters the aquifer system in the outcrop areas in 

the northwest and flows downward and laterally towards the coast in the southeast. It is at 

the coast that the freshwater encounters a denser saline water and is redirected upwards as 

diffuse leakage, which will eventually discharge in the coastal areas and Galveston Bay 

(Kasmarek and Strom, 2002).  

 Figure 2-3 depicts graphs of precipitation data recorded at the Intercontinental 

Airport (IAH) in Houston for the past ten years (Roeseler, 2012; Weather Underground 

Inc, 2013). The lower graph illustrates monthly recordings by the National Oceanic and 

Atmospheric Administration (NOAA) and monthly averages have been overlain on top to 

highlight anomalies that may have arisen. The upper graph depicts a running total of 

daily data that was collected at IAH Airport by NOAA. The use of a running total was 

done in order to systematically determine “severe drought” years by observing changes in 

the slope. The two years in question, 2005 and 2011, demonstrate varying degrees in 

slope change. According to the figure, the 2011 event appears to have been a much drier 

year than 2005. However, when monthly totals are taken into account, it is apparent that 

both years experienced lower than average precipitation, correlating with an increase in 

subsurface compaction in the study area.  
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Figure 2-3: Weather Pattern at George Bush Intercontinental Airport, Houston, TX 
This figure depicts precipitation records from the George Bush Intercontinental Airport. The top 

figure demonstrates a running total of precipitation from 1985 to present. A running total was 

used in order to systematically determine drought years based on slope change. The bottom figure 

is a visualization of average monthly precipitation rates (red line) laid on top of actual National 

Oceanic and Atmospheric Administration (NOAA) observations (blue bars) (National Oceanic 

and Atmospheric Administration, 2013). It is clear that the two years in question (2005 and 2011) 

experienced relatively dry precipitation records. Precipitation data was sourced from Roeseler 

(2012) and Weather Underground Inc. (2013). 
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 On average, the Houston area receives around 121.5 centimeters of annual 

precipitation (~47.8 inches) (National Oceanic and Atmospheric Administration, 2013). 

For 2005, Houston only recorded 90.48 centimeters (35.6 inches) of rainfall; and for 2011 

only 60.47 centimeters (23.81 inches) of precipitation was observed. As a comparison, in 

2007 NOAA recorded over 160 centimeters of rainfall (64.05 inches). Weather patterns 

play a role in human influences on the subsurface. During periods of rain and heavy 

precipitation, less groundwater is needed for human use. However, during periods of 

drought and below average rainfall, more groundwater is required in order to maintain 

industrial, agricultural, and personal consumption. With the over exploitation of 

groundwater there is a decline in water level which other studies have demonstrated 

cause subsurface compaction (Gabrysch, 1969; Jorgensen, 1975; Leake and Prudic, 1991; 

Kasmarek and Strom, 2002). 

 Groundwater is discharged both naturally and through human-induced pumping at 

wells. According to Galloway et al. (1999), over 80% of subsidence in the continental 

United States is attributed to the over-exploitation of groundwater resources. Identifying 

the extent to which subsidence is depended upon groundwater withdrawal in the 

Willowbend neighborhood will offer vital information to the local regulatory agencies 

that are responsible for mitigating subsurface compaction.  

 As seen in Figure 2-4, Texas has one of the highest rates of groundwater 

withdrawal in the United States. Nearly 8.5 billion gallons of water was pumped per day 

by wells in the state, making it five times the average groundwater use of the other U.S. 

states (Kenny et al., 2009). Texas is responsible for one-tenth of groundwater use in the 
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United States and is the second highest by volume of groundwater use (following 

California). 

 

 

Figure 2-4: Total Groundwater Withdrawal by State For 2005 
This map depicts groundwater exploitation for the continental United States. Texas pumps more 

water than any other state except for California. This has a serious impact on subsidence since 

according to Coplin and Galloway (1999) nearly eighty percent of subsidence is attributed 

directly to fluid withdrawal. Groundwater withdrawal data was compiled from Kenny et al. 

(2009); State boundaries were sourced from U.S. Census Bureau (2010).   
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 When Houston was first settled in 1836, water demands were met with the 

abundance of surface water supplies (Kasmarek et al., 2002). The first groundwater well 

was drilled in 1886 and groundwater use was vastly unregulated until 1975 when the 

Harris-Galveston Subsidence District was founded. Harris County, home to the city of 

Houston, exploits over ten times as much groundwater as the average U.S. county (Kenny 

et al., 2009) (Figure 2-5). Historically, the western part of Harris County, near 

Willowbend, was an agricultural hub, and most groundwater that was exploited was used 

in the development of large rice fields (Jorgensen, 1975).  

 

Figure 2-5: Texas Groundwater Exploitation by County for 2005 
This map depicts groundwater exploitation for the state of Texas by county. Harris County 

extracted nearly 250 million gallons of water per day. Groundwater data was compiled by Kenny 

et al. (2009); County lines were sourced from U.S. Census Bureau (2010). 
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2.5 Aquifer Compaction 

 Aquifer dynamics are controlled largely by their geologic history and character 

(Kreitler et al., 1977). In order to maintain rigidity, any arbitrary depth within an aquifer 

system must support the weight of overlying sediment, pore fluids, and atmosphere (all 

this combined is known as overburden). The support to withstand the overburden comes 

from both the solid matrix formed by the individual grains as well as the pressure exerted 

by the fluid within the pore spaces between the sediment grains (Galloway et al., 1999; 

Bawden et al., 2012). 

 The total normal stress at any arbitrary point within the aquifer is defined as the 

weight of the entire overburden; sediment plus fluid. This weight is supported by the 

effective stress (upward force from the grain matrix) and the pore pressure (the pressure 

that is created by the fluid within the pores of the surrounding sediment). This 

relationship is defined as (Galloway et al., 1999): 

         

where: 

  : total weight of overlying material (overburden) 

  : pore pressure 

  : effective stress contributed by the sediment matrix 

 

 The effective stress (  ) represents the portion of the stress mechanism that drives 

compaction in the subsurface (Terzaghi, 1943). It is important to note that in a confined 
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aquifer (e.g. The Gulf Coast Aquifer beneath Willowbend); a decline in the 

potentiometric surface does not result in a change in the total stress. Instead, the result is 

an increase in the effective stress (Leake and Prudic, 1991).  

 

 

Figure 2-6: Compaction Model 
This figure demonstrates the stress state within an aquifer system as compaction occurs causing 

the surface to subside. The top panel demonstrates that the total weight of the overlying material 

is supported by the granular matrix and pore fluids. In a confined aquifer, decreasing the pore 

pressure (by lowering the hydraulic head, i.e. pumping) will result in an equal increase of the 

effective stress (Leake and Prudic, 1991). This increase of effective stress within an aquifer 

composed of clay interbeds will result in their re-orientation, and compaction. This clay lense 

compaction, when applied to numerous interbeds, can cause the surface to subside (Kasmarek and 

Strom, 2002). Aquifer compaction figure was modified from Galloway et al. (1999). 
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 A potentiometric surface is the height to which water within a securely cased well 

will equilibrate, and is also known as the hydraulic head (Jorgensen, 1975). A 

potentiometric surface represents the pressure within the aquifer (Gabrysch and Bonnet, 

1975; Abidin et al., 2008). Before pumping of the aquifer system in the Houston area 

began, enough pressure existed within the subsurface for the system to be considered an 

artesian aquifer. This means that the potentiometric surface was above land surface 

(Holzer, 1981; Kasmarek and Strom, 2002). Artesian pressure occurs when there is rapid 

burial of sediments causing overpressuring between the pore spaces in the sediment 

(Chowdhurry and Turco, 2006). 

 As a comparison, the potentiometric surface at the Southwest Piezometer No. 2 

(nearest to Willowbend) was approximately 122 meters below land surface when 

measurements began in 1982. There has been a steady rise in potentiometric surface 

within the Southwest Piezometer No. 2 since installation, and by 2000 the surface had 

risen to nearly 91.4 meters below the land surface. Even with an increase in the 

potentiometric surface over the course of 30+ years, there are noticeable cyclic variations 

in the measurements. When the potentiometric surface falls there is a decrease in the 

hydraulic pressure which increases the effect stress, or load, on the sediments which 

make up the skeletal matrix of the aquifer (Gabrysch, 1969; Jorgensen, 1975; Kasmarek 

and Strom, 2002). This becomes a problem if the effective stress increases beyond the 

previous maximum stress for a particular unit, resulting in permanent, inelastic 

compaction (Leake and Prudic, 1991). 
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 Groundwater pumping has a definite localized and major effect on groundwater 

levels. The closest pumping well to the Southwest Piezometer No. 2 is the U.S. 

Geological Survey pumping well LJ-65-21-144. This well will be referred to as the “144-

well” from henceforth.  

 The 144-well is completed in the Evangeline Aquifer at a depth of 425.8 meters. 

The top of the first casing is at 198.7 meters, and the bottom of the last casing is at 398.7 

meters. Measurements of the piezometric surface are taken two to three times a year at 

the 144-well. This provides data for researches to monitor groundwater fluctuations 

within pumped wells for the Houston area. The first measurement at the 144-well was 

approximately 101.5 meters below the land surface on April 14, 1975. Over the course of 

around thirty years the 144 well experienced an all-time low of 135.3 meters below the 

land surface in November of 1998 and an all-time high of 66.7 meters below the land 

surface in January of 2013. It is apparent, though, looking at Figure 2-9, that the 144-

well, and all other pumping wells, experience dramatic variations of groundwater levels. 

This is because active pumping will locally lower the head of subsurface water reservoirs 

(Galloway and Burbay, 2011). 

 At the most basic level, Houston’s geology can be broken down into two main 

categories, sand-rich and clay-rich. As stated before, because of the Gulf Coast’s 

complex geologic history, the aquifer system is composed of large deposits of sand with 

clay interbeds. According to Galloway and Burbey (2011), the more sand-rich layers are 

capable of elastic compaction, so long as the amount of stress within the aquifer remains 

less than any previous state. At the Southwest Extensometer, the greatest recorded stress 



32 

 

occurred as a result of decline in hydraulic head in the early 1990s. Elastic compaction 

appears when the aquifer recharges, generally due to heavy precipitation, diminished 

groundwater withdrawal, or water injection (Pavelko, 2004). Alternatively, the clay-rich 

interbeds lose so much permeability and porosity upon compaction that they are treated 

as permanently compacted (Galloway and Burbey, 2011). As the clay-layers de-water, 

the grains rearrange in response to the added stress, and permeability is irreversibly lost 

(Leake and Prudic, 1991) (Figure 2-6). 

 Recharge to the aquifer system is important in order to maintain potable water for 

future generations. Typical recharge rates have been estimated to be around six inches per 

year (Kasmarek and Strom, 2002), but due to the cyclic nature of storms in the region this 

number varies from year to year. As the aquifer system recharges, the hydraulic pressure 

“lifts-up” the surrounding coarse-grained sediment, allowing for some recovery of 

compacted thickness. 
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Figure 2-7: Groundwater Levels at Monitoring Wells near Willowbend 
This figure demonstrates the full records for the two monitoring wells in the vicinity of 

Willowbend; the Southwest Monitor No. 1 (LJ-65-21-226) and the Southwest Piezometer No. 2 

(LJ-65-21-230). Both wells are nearly collocated and measure the Evangeline aquifer, but at 

varying depths. Water levels within the Evangeline Aquifer in the study area are increasing over 

the past 30 years. However, only the Southwest Piezometer experiences a loss in hydraulic head 

over the two years in question, 2005 and 2011. Location of the monitoring wells can be seen on 

Figure 2-8. Groundwater data from U.S. Geological Survey (2013). 
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Figure 2-8: Location of Water Wells Around Willowbend 
This map depicts the location of sixty water wells in the vicinity of Willowbend. All but two of 

the water wells seen in this figure were pumped during 2005 and 2011. Those two wells, the 

Southwest Monitor No. 1 and the Southwest Piezometer No.2, are collocated near the blue star. 

All wells seen in the figure take measurements of the piezometric surface at various depths. Well 

locations sourced from U.S. Geological Survey (2013); Political lines sourced from U.S. Census 

Bureau (2010); Regulatory areas were modified from Harris Galveston Subsidence District 

(1999); Basemap from Economic and Social Research Institute (2010). 



35 

 

 

Figure 2-9: Groundwater Levels in Pumping Wells, Chicot and Evangeline Aquifers 
There are numerous pumping wells in the vicinity of Willowbend that, along with extracting 

groundwater, monitor potentiometric surface fluctuations. The locations for these wells, along 

with all other water wells in the area, can be seen in Figure 2-8. Even though water levels are on 

the rise in the area, fluctuations are observed in the data. A decline in the potentiometric surface 

indicates a decrease in pore pressure support, and may result in compaction (Gabrysch, 1969). 

Groundwater regulation in the area has allowed for the potentiometric surface to rise. 

Groundwater data sourced from U.S. Geological Survey (2013). 
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 It has been observed that an aquifer’s head will naturally fluctuate due to seasonal 

fluctuations in internal pressure that is caused by variations in recharge and discharge. 

Examining Figure 2-7 and Figure 2-9, it is apparent that groundwater extraction causes 

unnatural hydraulic head variations. Wells in Figure 2-9 are screened in both the Chicot 

and Evangeline aquifers. In fact, active pumping is the primary mechanism behind 

critically lowering the hydraulic head within the well (Galloway and Burbay, 2011). 

Excessive exploitation of groundwater will locally lower the hydraulic head of the 

reservoir. 

 Leake and Prudic (1991) were able to directly correlate potentiometric surface 

declines with ground subsidence. An example of this occurred along the Houston Ship 

Channel in the first half of the twentieth century. Groundwater withdrawal steadily 

increased along the shores of the ship channel through the 1940’s, resulting in a decrease 

of the local potentiometric surface by over 91.4 meters in the Chicot and Evangeline 

Aquifers from 1943 to 1977 (Danskin et al., 2001). The decline in the potentiometric 

surface was shown to be responsible for close to three meters of land surface subsidence 

(Gabrysch and Bonnet, 1975; Danskin et al., 2001).  

 Groundwater that is exploited in the aquifer system is pumped, primarily, from 

the coarse-grained sediments, because of their higher porosity and permeability 

characteristics. The fine-grained, clay-rich interbeds also have high porosity, meaning 

they can store large amounts of fluid. However, because of their smaller grain size they 

have a reduction in permeability potential, which causes them to drain slowly. When the 

water has been removed from the sand-rich layers, the clays drain vertically as a result of 
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pressure differentials. Since the clay layers drain slower they are subjected to an 

increased stress state for longer periods of time. This allows the plate-like clay grains to 

re-orient themselves perpendicularly to the vertical stress (Kasmarek and Strom, 2002). 

The result of re-orientating the clay grains is a loss in porosity, expulsion of water, and 

permanent, irreversible compaction (Kasmarek and Strom, 2002). Therefore, it has been 

concluded that compaction in Harris County, and all along the Gulf Coast, is a product of 

dewatering of the clay interbeds (Kasmarek and Strom, 2002; Engelkmeir et al., 2010).  

   

3 Ground Deformation Monitoring 

 The National Geodetic Survey (NGS) along with the Harris-Galveston 

Subsidence District (HGSD) have continually cooperated to document and improve 

surface elevation observations along the Gulf Coast region of Texas. Several techniques 

have been used in the past to calculate and document surficial changes in the Houston 

area. One such method, releveling, used benchmarks to conduct conventional differential 

leveling calculations. Releveling provided excellent spatial data for surface elevation 

estimates. The other technique employed the use of deep borehole extensometers. An 

extensometer consists of a borehole with an inner pipe that rests on a concrete plug at the 

bottom of a pre-determined depth. The motion of the ground surface relative to the top of 

the inner pipe provides a measure of compaction (Engelkmeir et al., 2010). Borehole 

extensometers provide exceptional subsidence data (Zilkoski et al., 2001). Both of these 

methods are able to calculate subsidence accurately; however, due to the cost associated 

with each technique their use has been inhibited. 



38 

 

3.1 A Look at the History of Surface Deformation in Houston 

 Several counties along the Gulf of Mexico have been monitoring land surface 

elevation changes and groundwater levels for decades. Harris and Galveston Counties 

have decided to collaborate in the regulation of groundwater withdrawal within the two 

counties by the establishment of the Harris-Galveston Subsidence District (HGSD). 

Currently, there are four groundwater regulation districts in the region. The other three 

are the Fort Bend Subsidence District (FBSD), the Brazoria County Groundwater 

Conservation District (BCGCD), and finally the Lone Star Groundwater Conservation 

District (LSGCD). The FBSD regulates Fort Bend County, the BCGCD regulates 

Brazoria County, and the LSGCD regulates Montgomery County. 

 Due to variations in population density, both the HGSD and the FBSD are broken 

into smaller sub-regions in order to control water demand. Each sub-region operates 

under different regulation rules which have been implemented in order to address historic 

and future subsidence predictions, the spread of population centers, and the availability of 

surface water sources to meet local demands. 

 The HGSD was founded in 1975 in order to curtail the increasing subsidence 

problems affecting the coastal region. The goal of the HGSD, currently, is to decrease the 

dependence of groundwater use across Harris and Galveston counties. By 2030, the plan 

is to supply no more than twenty percent of total water demand with groundwater (Harris 

Galveston Subsidence District, 1999). Due to the extensive nature of subsidence, the 

HGSD has tackled the problem by focusing on areas most at risk. At its inception in 

1975, the emphasis was on the Pasadena area, because at that time this was the area most 
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severely affected by subsidence (Gabrysch and Bonnet, 1975). Over the course of nearly 

four decades, the HGSD has been able to demonstrate that subsidence closely parallels 

groundwater use in the Houston area (Stork and Sneed, 2002; Harris Galveston 

Subsidence District, 2013A). 

 

Figure 3-1: GPS Monitoring Network 
Map depicting the four main subsidence and groundwater regulation districts that operate in the 

Houston metropolitan region. The location of the various tools used by these districts has been 

added to the figure. These tools include Port-A-Measure (PAM) stations, non-extensometer 

Continuously Operating Reference Stations (CORS), deep-monument CORS, and deep-borehole 

extensometers. The blue circle outlines the boundaries of the study area. Tool locations were 

digitized from Interactive Maps (Harris Galveston Subsidence District, 2013B); Regulatory areas 

defined by Harris Galveston Subsidence District (1999); Political lines were sourced from U.S. 

Census Bureau (2010). 
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3.2 Monitoring Historical Deformation 

 Currently, the HGSD employs the most cutting-edge technologies in order to 

monitor and calculate surface motion in the Houston-Galveston region. This new 

technology, mainly GPS, has been able to decrease cost while simultaneously increasing 

availability. However, there is no substitute for the incredibly extensive records that have 

been compiled by older methods used in the past.  

 One of the first techniques employed in the region, and possibly the most accurate 

when calculating compaction (Zilkoski et al., 2001), was the implementation of deep 

borehole extensometers. An extensometer consists of a borehole that contains a standpipe 

that can move vertically within a slip-jointed casing (Gabrysch, 1984). The standpipe is 

anchored by a concrete plug to a site-specific depth. The rigid standpipe is able to 

“travel” freely within the slip-joint casing, virtually unhindered by movements of the 

surrounding strata. By allowing the standpipe to move independently the extensometer is 

capable of measuring changes in the distance between the anchor point and the surface. 

There are thirteen extensometers across Harris and Galveston Counties. Figure 3-2 

demonstrates the complete compaction history recorded by the Southwest Extensometer 

from 1980 through 2012. The Southwest Extensometer is the closest extensometer to 

Willowbend and was utilized in this study in order to measure subsurface compaction. 

The two rapid vertical deformation events that are being investigated in this study can be 

observed in the subset graphs within Figure 3-2. In 2005, the Southwest Extensometer 

recorded a compaction event of -3.06 cm/yr; and in 2011, the extensometer observed a 

rate of -3.14 cm/yr in compaction. 
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Figure 3-2: Complete Compaction Record for the Southwest Extensometer 
This figure demonstrates the complete compaction record observed by the Southwest 

Extensometer from 1980 through 2012. Over half a meter of compaction has taken place at this 

location in thirty years. The two subset graphs within the figure are of the rapid compaction 

events that occurred in 2005 and 2011. For 2005, the Southwest Extensometer experienced 3.06 

cm of compaction, and 3.14 cm for 2011. On average, the Southwest Extensometer recorded 1.1 

cm of compaction per year from 2004 to present. This indicates that over 2005 and 2011 the 

extensometer experienced nearly three times its yearly average compaction in less than twelve 

months. Location of the Southwest Extensometer can be seen in Figure 1-3. Extensometer data 

were collected from U.S. Geological Survey (Kasmarek et al., 2010).  
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 In 1994, the HGSD started utilizing GPS in its study of regional subsidence 

(Neighbors and Mitchell, 2010). GPS data allows researchers and policy makers to 

establish absolute positions and calculate displacements over time within specific 

reference frames, relating local measurements to a regional or global scale, whichever is 

more relevant (Abidin et al., 

2008). Monitoring agencies, such 

as HGSD, are switching their 

approach in studying subsidence 

from expensive techniques like 

extensometers, estimated cost of 

over $650,000 USD per station 

(Zilkoski et al., 2001), to the more 

cost-friendly GPS method. This 

allows for more data points in 

area, covering larger extents of 

counties prone to subsidence 

hazards. However, in order to 

study historic trends of compaction, 

extensometer data sets are essential. 

 The HGSD employs two 

types of GPS stations. The first is a campaign-style Port-A-Measure (PAM) station, and 

the other is a Continuously Operating Reference Station (CORS). Both have been utilized 

by previous researchers in the Houston area (e.g. Zilkoski et al., 2001; Engelkmeir et al., 

 Figure 3-3: Surficial GPS Station Schematic 
The Harris Galveston Subsidence District (HGSD) 

secures Port-a-Measure (PAM) stations to a depth of 

twenty feet in order to minimize bias from surface 

clays shrinking and swelling. Modified from Zilkoski 

et al. (2010). 
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2010). CORS and PAM stations will both be used in this study to determine land 

deformation in the Willowbend area. 

 PAM stations are constructed with anchor points secured to twenty feet below the 

land surface. This is to minimize small-scale deformation that is caused by the shrinking 

and swelling of expansive clays in response to precipitation (or lack of) in the study area. 

This type of deformation was noted during the 2011 drought when shallow soils 

dewatered, damaging numerous structures along the Gulf Coast (Stanton, 2011).  

 NGS and HGSD have also experimented with retrofitting three extensometer 

standpipes with GPS antennas (Zilkoski et al., 2001). These are referred to as “Deep-

Monument GPS Stations” and are providing geospatial data for a point far below the land 

surface. Since the length of the standpipe at the extensometer is known, any displacement 

observed by the GPS antenna reflects changes in position at the subsurface reference 

point. These Deep-Monument GPS Stations are able to provide a reference that is 

unaffected by regional aquifer compaction (Burkett et al., 2001). 

 This study incorporates both modern technologies (PAM and CORS GPS 

Stations) with older techniques (Deep Borehole Extensometers) in order to calculate and 

understand surface deformation in the Willowbend area. Integrating these technologies 

creates a high level of spatial and temporal resolution that will aid in the mediation of 

future hazards in the region.  
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3.3 Sources of Water 

 Groundwater first began to be exploited from the Chicot and Evangeline Aquifers 

late in the nineteenth century (Danskin et al., 2001). The first groundwater well was 

drilled in 1886 to a total depth of forty-two meters (Kasmarek and Strom, 2002). By 

1887, the City of Houston purchased its first water supply company. Groundwater 

demand at this time was around one to two million gallons per day (Gabrysch and 

Bonnet, 1975). Water was primarily used for agricultural and municipal purposes in the 

late 1800’s. However, on the onset of the completion of the Houston Ship Channel in 

1914, industrial use for water began to play a major role in groundwater demand. 

 By 1942, surface water began to be diverted from the San Jacinto River and Lake 

Sheldon in order to augment groundwater use. Surface water from the Brazos River 

began to be used by 1948. However, it was not until the completion of Lake Houston in 

1954 that a large and more reliable source of surface water became available to help 

alleviate groundwater demand. In 1976, Lake Livingston began to also provide surface 

water sources for the Houston area (Danskin et al., 2001). The use of surface water 

sources is critical if the Texas coastal region wants to end its dependence on groundwater 

supply. A major downfall in surface water supply occurs during severe drought years. 

With a lack of precipitation the demand for water increases, however, recharge to surface 

water sources (e.g. Lake Houston, Lake Livingston) is greatly diminished.   
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3.4 Previous Work 

 In order to understand the mechanisms causing ground deformation in the 

Houston area, an examination of similar studies from around the world must be taken into 

account. Subsidence is a global issue faced by numerous cities around the planet; both 

coastal and inland cities. This section is going to take a look at some studies that have 

been conducted on the affects of subsidence on urban metropolitan regions.  

 One of the most adversely affected cities in the United States by flooding is New 

Orleans, Louisiana. New Orleans is located just east of Houston along the Gulf of Mexico 

and has a similar geologic history as Houston. Subsequently, New Orleans experiences 

the same mechanisms of subsidence as Houston (e.g. growth faults, aquifer compaction, 

clay dewatering). Just like Houston, the first technique used to monitor elevation changes 

in New Orleans was the use of leveling benchmarks constructed throughout the city. With 

the onset of modern GPS and noticing the success of HGSD, Louisiana created the 

Louisiana Spatial Reference Center to employ a network of GPS stations to study 

deformation along the Gulf Coast of Louisiana (Burkett et al., 2001).  

 The city of Tianjin, China has experienced over three meters of cumulative 

subsidence from 1957 to 2007 (Yi et al., 2010). Just as in Houston, subsidence is being 

induced by the unregulated extraction of groundwater from nearby aquifer systems. 

Before 1985, the use of conventional re-leveling surveys was utilized in order to map 

surface deformation. Currently, the Chinese government employs 2100 benchmarks, two 

bedrock marks, twelve groups of multilevel layer compression monitoring wells, and 

twelve continuous GPS stations to monitor land subsidence (Yi et al., 2010). Through the 
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use of modern technology, the city of Tianjin was able to locate areas being adversely 

affected by subsidence and took appropriate actions to mitigate this hazard.  

 There is probably no better example of aquifer system compaction adversely 

affecting a metropolitan area than Mexico City, Mexico. Due to excessive groundwater 

withdrawal below the city, rapid land subsidence has damaged numerous historical, 

colonial-era buildings, disrupted water supply and waste-water drainage, and buckled 

infrastructure (Coplin and Galloway, 1999). Osmanoglu et al. (2010) were able to utilize 

nine continuous GPS stations within Mexico City to calculate rates of vertical 

displacement utilizing the GIPSY-OASIS software package within the ITRF-2000 global 

reference frame. Rates of subsidence were calculated to be around 300 millimeters per 

year, with an RMS accuracy of around six millimeters. It was concluded that no 

significant annual variation existed in the GPS data for Mexico City, and therefore, the 

aquifer system is not recharging (Osmanoglu et al., 2010). 

 In 2010, a study was conducted on the Houston-metropolitan region to map out 

areas that are being adversely affected by subsidence. Engelkmeir et al. (2010) utilized 

the extensive GPS network present in Houston to calculate vertical rates of change at 

each GPS station from 1995 to 2005. The study conducted by Engelkmeir et al. (2010) 

utilized the PAGES processing software package to deliver geocentric coordinates (X, Y, 

and Z), along with latitude, longitude, and ellipsoidal height within the WGS84 regional 

reference frame. It was concluded that the city of Jersey Village, just northwest of 

downtown Houston, was experiencing the greatest rate of subsidence at around 5.6 

centimeters per year from 1995 to 2005. It was also hypothesized that subsidence is 
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propagating to the northwest away from the coast (historic sites for subsidence) 

(Engelkmeir et al., 2010). Lateral propagation of subsidence is closely paralleling the 

population expansion seen in the area. Engelkmeir et al. (2010) also noted a 

concentration of regional normal faults to the northwest of Houston and salt domes are 

concentrated to the southeast. If there is an ongoing rise of the salt domes in the 

southeast, this may drive the current reactivation of the faults to the northwest, as well as, 

the regional faults at depth.  

 Another study was conducted on a specific site in the Houston area, the Addicks 

Reservoir, by Ortega (2013). The Addicks site was chosen mainly because of the 

collocation of a surficial PAM station, deep-monument CORS, the Addicks 

Extensometer, and several water pumping wells. This site was described as a “microcosm 

for the study of subsidence in the Houston area” (Ortega, 2013). The study conducted by 

Ortega (2013) concluded that rates of groundwater extraction more severely impacted 

surface deformation than total volumes removed. In other words, compaction within the 

aquifer system was more severe during a month of high groundwater use if it was 

preceded by a lull in pumping.  

 The tools that were utilized in these analogous studies are similar to those that 

have been used in the Houston area to monitor surface deformation. There have also been 

other techniques employed recently to gain a different perspective of changes to the land 

surface. Two of these methods are Interferometric Satellite Aperture Radar (InSAR) and 

Light Detection and Ranging (LiDAR).  
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3.5 Other Methods Employed to Observe Ground Deformation 

 Several techniques other than GPS have been employed by researchers in the 

Houston area (and globally) in order to monitor ground deformation. One such technique 

used is known as Satellite Aperture Radar (SAR) surveys, or scenes. This is due to the 

lateral resolution of SAR surveys, i.e. the ability to monitor a larger area rather than a 

specific point (Bawden et al., 2012). SAR surveys have been used in several areas to 

observe land surface deformation, such as Mexico City (Osmanoglu et al., 2011), 

Northern Italy (Baldi et al., 2009), and Houston (Buckley et al., 2003; Bawden et al., 

2012). SAR is extremely effective in arid regions because of the diminished atmospheric 

interference (Buckley et al., 2003). 

 Taking multiple SAR scans of a region and differencing (or interfering) them is 

known as Interferometric Satellite Aperture Radar (InSAR). InSAR is effective at 

quantifying all points in a region (i.e. the entire county and not a single point). This 

advantage is a limitation of GPS surveys and has been noted by researchers like Abidin et 

al. (2008). GPS tools are only capable of effectively portraying deformation at a single 

point, and interpolation techniques must be involved to interpret larger areas. InSAR is a 

great tool to “connect” the gaps between GPS data. 

 The U.S. Geological Survey (USGS) cooperated with the HGSD and the Federal 

Emergency Management Agency (FEMA) to conduct a Light Detection and Ranging 

(LiDAR) scan of the Houston region in 2001 (Shah and Lanning-Rush, 2005). The 

LiDAR scan was conducted on the area in order to better understand Houston’s flood 

plains after several devastating tropical storms hit the region (Harris County Flood 
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Control, 2001). The USGS and HGSD were able to use this LiDAR survey to map out 

surficial locations of faults within the Houston area.  

 

Figure 3-4: GPS Stations within Study Area 
This map defines the locations of the GPS tools and the Southwest Extensometer in the vicinity of 

Willowbend. The greatest distance from one station to another is approximately ten miles. This 

enables an in-depth investigation on the variability of surface deformation on a spatial scale in a 

tightly controlled study area. Regulatory areas are defined by Harris Galveston Subsidence 

District (1999); GPS equipment locations were digitized from Interactive Maps (Harris Galveston 

Subsidence District, 2013B); Political lines sourced from U.S. Census Bureau (2010); Basemap 

from Economic and Social Research Institute (2010). 
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4 GPS Observations 

 The Harris-Galveston Subsidence District (HGSD), along with the National 

Geodetic Survey (NGS), has been collecting GPS data of the region for nearly two 

decades, since 1993 (Zilkoski et al., 2001). GPS was proposed in order to achieve both an 

accurate and affordable method for measuring and monitoring land surface changes in the 

two counties. Recently, the National Science Foundation (NSF) granted the University of 

Houston a research project to install a real-time network of forty continuously operating 

GPS stations, known as HoustonNet, to monitor the numerous geologic and atmospheric 

hazards the Houston area faces. GPS networks, such as HoustonNet, assist in the ability 

to understand surface and subsurface deformation by increasing the spatial resolution of 

the position solutions (GPS stations), while concurrently improving the accuracy of these 

solutions (Zumberge et al., 1997). Adding stations has the benefit of improving the 

repeatability of positions by identifying signal noises that may be analogous to a region 

and using this to correct for common errors (Firuzabadi and King, 2012). 

 For this study, the accuracy of the GPS for all three components (Northing, 

Easting, and Vertical) is less than one centimeter. Accuracy in GPS is also known as the 

RMS repeatability (e.g. Wang, 2011; Wang and Soler, 2012). The following section 

discusses what GPS is and how it was utilized to investigate surface deformation in the 

Willowbend neighborhood of Houston, TX. 
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4.1 What is GPS? 

 In today’s society, Global Positioning Systems (GPS) is an invaluable tool 

utilized by a vast degree of different industries. GPS was first developed by the 

Department of Defense (DoD) in the early 1970’s for U.S. security (El-Rabbany, 2006). 

Currently, the National Coordination Office (NCO) for Space Based Positioning, 

Navigation, and Timing (PNT) maintains GPS for the U.S. government as well as 

providing the general public with information required to utilize this technology 

(National Coordination Office, 2013). 

 

Figure 4-1: GPS Constellation 
 GPS satellites orbit the earth at approximately 20,200 km and pass by twice daily. 

Currently, there are thirty-two GPS satellites in use. GPS is an integral tool used by a vast array 

of different applications. Figure from National Coordination Office (2013). 
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 In order to use GPS as a scientific tool, it is imperative to have a fundamental 

understanding of how this technology works. At the most basic level, a GPS satellite in 

orbit around the Earth submits a signal to the ground where it is collected by a receiver, 

and a position is output. The current GPS satellites broadcast two signals; these are 

known as carrier signals. Each signal is generated at a unique frequency allowing 

researchers to calculate and remove common errors that arise due to signal behavior. The 

first carrier signal, L1, is submitted at a frequency of 1557.42 MHz and a wavelength of 

19 cm. The second carrier signal, L2, is submitted at a frequency of 1227.60 MHz and a 

wavelength of 24.4 cm. Both signals, L1 and L2, are generated as sine waves (El-

Rabbany, 2006). The instruments employed by the HGSD and NGS are capable of 

collecting both L1 and L2 signals, enhancing accuracy (Harris Galveston Subsidence 

District, 2013A). 

 GPS signals that are transmitted from a satellite are modified through the addition 

of satellite specific codes. The L1 signal is modulated by the use of two codes; the 

Coarse/Acquisition (C/A) and the Precision (P or Y) code. The L2 signal is modulated by 

the P code only (El-Rabbany, 2006). The codes attached to the signals are a series of 

binary values, and contain information about the satellite that is needed to decrease 

errors, such as predicted satellite position and internal clock calculations. If either of 

these parameters is inaccurate, errors are introduced into the calculated GPS positions, 

and therefore reducing RMS accuracy. Globally derived estimates of satellite position, or 

ephemeris, and internal clocks were used when processing GPS data. 
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 GPS satellites are currently grouped into six orbital planes, with at least four 

satellites in each. The satellites orbit around the earth twice daily at around 20,200 km 

above the surface (National Coordination Office, 2013). Located around the world are 

sixteen Monitoring Stations that observe local atmospheric conditions, while 

coincidentally collecting the various range, phase, and navigational information from the 

visible satellites. The information collected by these stations is transferred to the Master 

Control Station at Schriever Air Force Base in Colorado, USA (National Coordination 

Office, 2013).  

 The use of a globally distributed network of monitoring stations as a technique to 

calculate GPS positions is utilized by the International GNSS Service (IGS). The IGS 

currently employs more than 350 continuously operating, dual frequency GPS receivers 

in order to produce the highest quality data for researchers across the globe (IGS Central 

Bureau, 2013). Users of IGS products expect a delay in delivery times of IGS products in 

order to increase precision (Table 4-1). Final IGS products were utilized in this study to 

account for errors that occur with GPS.  

 As shown in Table 4-1, real-time transmitted clock and ephemeris estimates are 

significantly less accurate than final IGS derived positions. Taking orbit estimates as an 

example, the transmitted estimates are provided in real-time but are only accurate to 

around 100 centimeters (IGS Central Bureau, 2013). However, the ultra-rapid observed 

estimates of satellite orbits are available from IGS within three to nine hours and improve 

accuracy to around 3 centimeters. If the research being conducted does not require real-
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time observations, the longer latency, higher precision estimates are the go to procedure 

(Gao and Chen, 2004).  

 

 

Table 4-1: International GNSS Service (IGS) Products Table (Latency and Accuracy)* 

   

  

GPS Satellite Ephemerides/Satellite and Station Clocks 

Monitoring System and Product Accuracy Latency 

Broadcast 

Orbits   100 cm 

Real-Time 
Satellite Clocks 

  5 ns RMS 

  2.5 ns StDEV 

Ultra-Rapid 

(Predicted) 

Orbits   5 cm 

Real-Time 
Satellite Clocks 

  3 ns RMS 

  1.5 ns StDEV 

Ultra-Rapid 

(Observed) 

Orbits   3 cm 

3-9 hours 
Satellite Clocks 

  150 ps RMS 

  50 ps StDEV 

Rapid 

Orbits   2.5 cm 

17-41 hours 
Sat & Station Clocks 

  75 ps RMS 

  25 ps StDEV 

Final 

Orbits   2.5 cm 

12-18 days 
Sat & Station Clocks 

  75 ps RMS 

  20 ps StDEV 
   

Geocentric Coordinates of IGS Tracking Stations (> 250 sites) 

Monitoring System and Product Accuracy Latency 

Final Positions 
Horizontal 3 mm 

11-17 days 
Vertical 6 mm 

Final Velocities 
Horizontal 2 mm/year 

11-17 days 
Vertical 3 mm/year 

  

Atmospheric Parameters 

Monitoring System and Product Accuracy Latency 

Final 
Tropospheric Zenith 

Path Delay 
4 mm < 4 weeks 

Final Ionospheric TEC Grid 2-8 TEC  11 Days 

*This table demonstrates the importance and benefits behind the use of the International GNSS 

Survey (IGS) products for precise satellite orbits and station clocks. The information was 

compiled from the IGS (International GNSS Survey Central Bureau, 2013). 
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4.2 GPS Data Processing Methods and Tools 

 In order to obtain the highest precision for GPS positions, raw data from the 

various stations must be post-processed to maintain reliability and increase accuracy. In 

the world of GPS there are two general methods for converting raw data into usable 

positions. These are known as relative positioning (or double differencing) and absolute 

positioning (or Precise Point Positioning, PPP). The PPP technique was utilized in this 

study for the stations in Willowbend, TX and the methods involved for each processing 

tool will be described below. 

Double Differencing Processing: 

 The Double Differencing approach to processing GPS measurements was 

historically the most utilized technique to achieve precise position estimates. This method 

requires a minimum of two receivers; one station has to be fixed with a known position 

and the other station is known as a “rover” station (Soler at al. 2001; Gao and Chen, 

2004). In order to compensate for common errors, these stations must observe the same 

satellites at the same time. By using simultaneous observations and comparing these 

measurements, any mutual errors that are due to hardware biases can be differenced and 

significantly reduced. The reduction of errors significantly increases as the distance 

between the reference station and the rover station decrease, this is also known as a 

baseline. Furthermore, an increase in the number of reference stations decreases the 

amount of error (Firuzabadi and King, 2012). 
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 There are several publicly available software packages that are capable of 

calculating GPS measurements utilizing the Double Differencing technique. One of the 

more popular programs, OPUS, provides relative positions, along with the option to 

select various reference frames. OPUS is an automated, web-based, differential GPS 

postprocessing service that provides its users with accurate and reliable positional 

coordinates by processing user’s data with a set of control stations automatically selected 

from the CORS network that is managed by the National Geodetic Survey (NGS). OPUS 

is capable of computing highly accurate geospatial coordinates from a single GPS data 

file provided by the user (Wang and Soler, 2012).   

Precise Point Positioning: 

 Precise Point Positioning, or PPP, is an absolute positioning GPS technique that 

allows users to employ undifferenced data from a single receiver to generate positions 

(Gao and Chen, 2004). The way this method works is by estimating many aspects of the 

GPS system (such as satellite orbits and clocks) from a global network of stations and 

applying these estimates to individual receivers which may not have even contributed to 

estimate calculations (Zumberge et al., 1997). Each receiver must be able to acquire the 

dual-frequency carrier phase and pseudo-range signals from orbiting satellites in order to 

employ PPP. Zumberge et al. (1997) summarized the technique of absolute positioning as 

follows: 

 A globally-distributed network of GPS receivers collect data on satellite orbits, 

atmospheric conditions and clock timing and analyzes the results 
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 The network must be extensive enough that the addition of a single receiver will 

not alter the existing estimates significantly 

 Non-network receivers then use the information collected by the network in order 

to estimate transmitter and signal properties 

 Just like with the Double Differencing technique, there are several software 

packages that are capable of generating Precise Point Positions. For this study, NASA’s 

Jet Propulsion Laboratory’s (JPL) GNSS-Inferred Positioning System and Orbit Analysis 

Simulation Software (or GIPSY-OASIS; GIPSY for short) was utilized in the post-

processing step (Desai, 1999). Version 6.2 of the GIPSY-OASIS software package was 

used in the Precise Point Position mode which generates GPS positions with a single-

receiver phase ambiguity resolution (PPP-SRPA).  

 NASA’s JPL records the wide-lane and dual frequency phase bias estimates, 

along with satellite identification and receiver information (Bertiger et al., 2010). The 

assemblage of this information allows GIPSY software users to generate precise 

precisions from a single receiver. GIPSY also has the added bonus of allowing users the 

opportunity to augment several specific parameters in the processing step in order to 

achieve the highest precision and most relevant position estimates. The parameters that 

were chosen for this study will be discussed below. 

 The PPP processing method has been described as a modified differencing 

technique. Unlike the Relative Positioning approach that uses two transmitter-receiver 

pairs, GIPSY-OASIS combines the single receiver data with the globally-generated list of 

error biases. This ambiguity-resolved solution has been demonstrated as improving 
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precision and accuracy, specifically in the East-West component (Wang and Soler, 2012). 

Bertiger el al. (2010) used the GIPSY-OASIS software to demonstrate repeatable daily 

solutions (twenty four hour duration) of approximately 6 millimeters in the vertical 

component and 2 millimeters in the northing and easting directions. 

  

4.3 GPS Accuracy and Removal of Outliers 

 When dealing with complex tools, such as GPS, errors and inaccuracies are 

inevitable. Some of the more significant errors that arise with GPS are phase ambiguity 

bias, clock (or timing) inaccuracies, incorrect satellite position estimate, and signal delay 

(or disruption) due to atmospheric interference. Many of these errors can be corrected or 

estimated utilizing current processing techniques, as illustrated in this section. 

 In order to process GPS carrier phase data an estimation of the number of 

wavelengths between transmitter and the receiver is required (Remondi, 1985). Distance 

is calculated from the carrier signal that is transmitted from the GPS satellite, after all the 

modulations are removed and the waveform is isolated (Remondi, 1985). In an ideal 

situation, the number of wavelengths (or cycles) transmitted from the satellite would 

increase linearly with time (i.e. no variation in the rate of signal propagation). However, 

because the GPS system is in “motion”, the transmitted signals do not behave perfectly 

linear. The process of estimating the number of phase cycles is known as bias-

optimization, and a network of GPS stations with varying lengths of baselines is useful in 

improving the reliability of data (Blewitt, 1989). 
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 Ephemeris (or satellite position) errors occur when the predicted position of a 

satellite does not accurately align with the true position.  Even though the distance 

between the predicted and actual prediction is fixed, any discrepancy will manifest itself 

differently based on the viewing angle of any particular receiver. This is where having a 

short baseline is useful (El-Rabbany, 2006); as the distance between monitoring stations 

decreases, the accuracy of their ephemeris estimates increases. To improve precision of 

GPS position, the most precise ephemeris data must be used. For this study, this data was 

acquired from the International GNSS Service (IGS). 

 Carrier signals are also affected by atmospheric conditions. As the signal travels 

from the satellite to receiver there is sometimes a “delay” associated with conditions that 

occur in the troposphere and ionosphere. Typical tropospherical delays are generally 

associated with both hydrostatic and wet parameters (Davis et al., 1985). Nearly ninety 

percent of the total observed delay is due to the presence of dry gases and non-dipole 

water vapor and is highly dependent on surface pressure (Bar-Sever et al., 1998). Wet 

delay is caused by the dipole component of water vapor and is much more variable (Bar-

Sever et al., 1998; Davis et al., 1985). 

 Tropospheric delay varies along both the zenith path and the azimuthal 

(horizontal) directions around the receiver (Bar-Sever et al., 1998). As elevation 

approaches the zenith position the magnitude of horizontal variations decreases. It has 

been determined through experimentation that the repeatability of coordinates vastly 

improves with a cutoff of seven degrees of elevation (Bar-Sever et al., 1998). 
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  In order to simplify the modeling of tropospheric delay, the Vienna Mapping 

Function (VMF) that was designed by Boehm and Schuh (2004) was used in this study. 

The vertical repeatability of ground stations has been demonstrated to greatly improve 

with the use of the VMF (Bertiger et al., 2010). In general, mapping functions, like the 

VMF, are designed to define the relationship between elevation angle and signal delay 

(Davis et al., 1985). The most recent VMF model, VMF1, includes improved constraints 

on the hydrostatic portion of the delay and also employing a mapping function that is 

dependent on latitude and day of year (Boehm and Shuh, 2004). 

 Along with tropospheric delays, ionospheric delays also play a role in carrier 

phase error. Ionospheric delay can be broken down into two main categories: large first-

order delays, and much smaller second-order delays. First-order delays are dependent 

upon several factors, e.g. local time of day, solar activity, local season, and satellite 

elevation (Kedar at al. 2003). Second-order ionospheric delays result in only millimeter-

centimeter scale errors; however, as GPS solutions continually improve, these small 

errors become more important (Kedar et al., 2003). Correcting for first-and second-order 

ionospheric delays reduces motion that is typically attributed to seasonal variations, and 

improves coordinate repeatability (Kedar et al. 2003). 

 Errors can also arise from solar and lunar tides that can displace estimates of 

positions of orbiting satellites. These effects are corrected by the use of internet-based 

software, i.e. The Ocean Tidal Ocean Loading interface that is operated by Chalmers 

University’s Onsala Space Observatory (OSO) in Sweden (Bos and Scherneck, 2011). 

The OSO interface has the benefit of allowing users to selective their preferred tidal 
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modal from over twenty choices. This study utilizes the FES2004 atlas, which is the most 

current FES (Finite Element Solutions) atlas (Lyard et al., 2004). The FES calculates the 

major diurnal and semi-diurnal tides with its internal algorithms. The calculated values 

are then correlated with altitude data gathered by altimetry-satellites (Lyard et al., 2004). 

 Even after all known errors have been corrected for through rigorous processing, 

outlier GPS positions still arise. These outliers must be removed in a systematic manner. 

The processing software used in this study, GIPSY-OASIS, calculates a sigma value for 

each coordinated (X, Y, and Z) for each daily position. The sigma value indicates the 

average “noise” level for that daily position. The sigma value for the daily position 

represents the standard deviation for the approximate 3000 positions collected in the 

twenty-four hour period (two readings per minute * 1440 minutes per day). These sigma 

values are the most logical approach when removing outlying positions. However, they 

cannot be simply assessed on a daily basis. On any particular day when a point lies far 

beyond the bounds of reasonable data, the standard deviation increases because that point 

is much larger than its neighbors. This can occur if the signal was interrupted by 

multipath, cycle slip, or inaccurate estimation of delays. Therefore, when removing 

outliers based on sigma values, one must consider the entire time series and not one day 

at a time. 

 The approach used in this study to identify outliers follows previous works by 

Firuzabadi and King (2012) and Wang (2011). Firuzabadi and King (2012) studied the 

relationship between position precision, observation duration and reference station 

position for GPS stations in central Italy in 2012. A local reference frame was utilized for 
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the Firuzabadi and King (2012) study and any positions lying outside the “2x average 

sigma” range was treated as an outlier. Similarly, in this study, the average daily values 

were collected for each position component (Northing, Easting, and Vertical). The daily 

positions twice the average sigma were treated as outliers and removed. An example of 

outlier removal was conducted by Ortega (2013) on a GPS station located at the Addicks 

Facility west of downtown Houston. Outlier removal was shown to “clean” up the data 

set in order to illustrate true position displacement without interference from outside 

factors not corrected for in post-processing. Figure 4-2 illustrates outlier removal for 

PAM 05 at the Addicks Facility. 

 

Figure 4-2: Outlier Removal 
This plot demonstrates the removal of outliers from GPS data and how it “cleans-up” the data set. 

The blue stars represent the complete GPS record of PAM 05, and the red triangles represent the 

cleaned record after outliers were removed. Figure modified from Ortega (2013). 
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4.4 Reference Frames Used in GPS 

 In order to adequately assess GPS positions on a research level, they must be 

presented relative to an established reference point and/or frame. A reference frame may 

be celestial, global, regional, national, or local (Matsuzaka, 2012). In the past, the 

Houston-Galveston region has referenced surface GPS positions to stable, deep 

monument CORS stations. An alternative to this approach is to use the observed motion 

of stable sites to generate the origin, orientation, scale and time-dependency of a local 

reference frame (Wang et al., 2013). An advantage to referencing positions to a local 

reference frame is the ability to confidently illustrate internal, or local deformation for the 

study area that is not affected by any regional motion.  

 In order to effectively relate GPS displacements to earth processes, a stable 

reference frame must be used (Bawden et al., 2012). Processing GPS data with the 

GIPSY-OASIS software package, positions are referenced to the Earth-Centered, Earth 

Fixed International GNSS Service Reference Frame, the most current being IGS08. The 

use of the IGS08 reference frame is generally considered appropriate because of the 

global coverage of IGS products, the wide availability of processing software like 

GIPSY, BERNESE, GAMIT, etc. and GPS data in general. 

 With an increase of GPS usage on a localized, specific scale, there has been a 

parallel increase in the creation of local or regional reference frames. A couple examples 

include the North American Datum of 1983 (NAD 83), the European Terrestrial 

Reference System of 1989 (ETRS 89), the South American Geocentric Reference System 

(SIRGAS), and the Geodetic Datum of Australia of 1994 (GDA 94) (Soler and Snay, 
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2004; Soler and Marshall, 2003). These reference frames have been created in part, due 

to researchers needing to demonstrate local, intra-regional processes rather than global-

scale processes. The use of regional reference frames greatly enhances the 

comprehension of GPS-derived positions and displacements.  

 For this study, a local reference frame, the Stable Houston Reference Frame 

(SHRF) (Wang et al., 2013) was employed in the investigation of GPS-derived time 

series. This local reference frame gives researchers the ability to study intra-regional 

surface deformation in the Houston-Galveston area that is caused by fault movement, salt 

tectonics, subsidence, etc. Since the software package used to generate GPS positions, 

GIPSY-OASIS, references a global reference frame, a 14-parameter Helmert 

transformation is used to realize local movement. This transformation is described below 

and follows the methodology and definitions of previous studies (Wang et al., 2013). 

 In 1994, the IGS began formatting its precision products within the International 

Terrestrial Reference Frame (ITRF) (Kouba, 2002). According to Kouba (2002), the 

ITRF is currently the most comprehensive geocentric coordinate system employed by the 

GPS research community. Over time, the coordinates within the ITRF have been 

improved, causing sequential realizations of the international reference frame (ITRF 

1992, ITRF 2005, ITRF 2008). Whenever the ITRF has an update, IGS products must be 

updated coincidentally in order to record the most precise satellite orbits and clocks to 

remain in step with ITRF realizations. According to Ray et al. (2011), since 2000 the 

sequential iterations of the ITRF have not had a serious impact on the IGS, and the most 

recent iteration (ITRF05 to ITRF08) indicates internal translational stability.  
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 In 2011, the IGS adopted its most current reference frame, IGS08, which replaced 

the previous IGS05 reference frame. This new realization (IGS08) is based off the current 

ITRF08 frame. Since 2000, the IGS defines its own unique and global reference frames 

based on the most current ITRF realizations (Ray et al., 2011). All IGS products are now 

referred to the new IGS08 reference frame. 

 The study of subsidence, in the past, has been primarily focused on vertical land 

surface displacement over a set time. However, some studies have identified that 

horizontal motion may be related to land surface subsidence. In this investigation, both 

vertical and horizontal displacements are going to be analyzed in order to determine 

three-dimensional surface changes in the Willowbend neighborhood of Houston, TX. The 

ellipsoid was used in this study as the datum to define vertical positions and their 

variations.    

 

4.5 Transformation to a Local Reference Frame (SHRF) 

 In order to adequately assess localized, intra-regional surface displacement the 

globally derived IGS08 reference frame had to be transformed into a local reference 

frame. The following equations were used in the realization of the Stable Houston 

Reference Frame (SHRF) and are defined as functions of time. This time-dependency 

allows the transformation process to accommodate any change in position through time.  
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SHRF Transformation Equations: 

                                                                  

                                                                  

                                                                  

 From the equations, X(t)IGS08, Y(t)IGS08, and Z(t)IGS08  represent the X,Y, and Z 

position of the GPS station at time t, calculated by the GIPSY-OASIS software package 

(which is referenced within the IGS08 global reference frame). Comparatively, X(t)SHRF, 

Y(t)SHRF, and Z(t)SHRF  are representative of the X,Y, and Z position of the ground station 

within the Stable Houston Reference Frame, at time t. The equations shown demonstrate 

that the X, Y, and Z coordinates in the IGS08 reference frame are transformed into the 

SHRF through the following processes: (a) A translation along the respective axis (in 

meters). This is represented by the Tx(t), TY(t), and TZ(t) terms; (b) Differential scaling of 

the respective axis. This is represented by the s(t) term; and (c) Counterclockwise 

rotations (in radians) around the remaining two axis, represented by the Rx(t), RY(t), and 

RZ(t) terms (Wang et al., 2013). Table 4-2 provides the values and more insight into the 

fourteen parameters that were used in the transformation process of IGS08 into both the 

SHRF and NAD83 (a regional reference frame). Comparing GPS results in three different 

reference frames allows for an in depth analysis of motion at varying scales. Due to the 

long history of available data in the Houston-Galveston region, the SHRF was able to 

account for all seven parameters and their rates.  
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Table 4-2: Fourteen Parameters for Helmert Transformation (Wang et al., 2013)*  

Transformation 

Parameter 
Unit 

IGS08 to SHRF 

t0 = 2012 

IGS08 to NAD83(2011) 

t0 = 1997 

Tx(t0) cm 0.00000 99.34300 

Ty(t0) cm 0.00000 -190.33100 

Tz(t0) cm 0.00000 -52.65500 

    Rx(t0)**       mas*** 0.00000 25.91467 

Ry(t0) mas 0.00000 9.42645 

Rz(t0) mas 0.00000 11.59935 

s(t0)        Ppb**** 0.00000 1.71504 

dTx cm/year -1.07250 0.07900 

dTy cm/year -1.05876 -0.06000 

dTz cm/year -3.54574 -0.13400 

dRx mas/year 1.15720 0.06667 

dRy mas/year -0.93885 -0.75744 

dRz mas/year -0.33224 -0.05133 

ds Ppb/year 1.37220 -0.10201 

    

**Counterclockwise rotations of axes are positive. 

***mas = milliarc second.  

radians to mas coefficient:  206264806.24709636;   

mas to radians coefficient: 4.848137E-09.  

**** ppb=parts per billion 

 *This table provides the values for the fourteen parameters used in the transformation from a 

global reference frame, IGS08, to the regional NAD83 and local SHRF. Table was sourced from 

Wang et al. (2013). 
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The values for all seven parameters used in the transformation are defined after Pearson 

et al. (2010) as: 

               
         

               
         

               
         

               
         

               
         

               
         

                     

 Some important factors to note about the above parameters: The time-dependency 

of these equations is explained through a linear trend with a fixed initial value, defined at 

a specific epoch, and denoted by t0. This variable, t0, is a constant; therefore, Tx(t0), TY(t0), 

TZ(t0), Rx(t0), RY(t0), RZ(t0), and s(t0) will also be constants. The values for the second set 

of seven parameters (  x    Y    Z    x    Y    Z, and s’) are defined after Pearson et al. (2010) 

as time-derivatives, or velocities, of the original seven parameters. Therefore, this 

provides the rates of change for translation, rotation, and scaling with respect to time, t 

(Soler and Marshall, 2003). 

 Figure 4-3 depicts the locations of the ten stations that were used in the 

establishment of the SHRF. The sites were chosen on the basis of (a) installed before 

2006; therefore, began operation before this time; (b) have seven years of continuous, 
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archived data; (c) demonstrate sigma values less than 0.1 mm/year within the IGS08-

referenced velocities; and (d) display little to no vertical displacement in the vertical time 

series profile. Frame sites were also chosen for good lateral distribution (Wang et al., 

2013). The results of the transformations can be seen for all seven GPS stations in 

Figures 4-4 through 4-10. 

 

 

 

Figure 4-3: Location of Stable Houston Reference Frame Sites 
This figure depicts the location of the ten stations that were used in the establishment of the 

Stable Houston Reference Frame. The resulting velocities of the transformation are also shown, 

with the blue arrows representing motion within IGS08, and the red arrows representing motion 

within NAD83. Figure sourced from Wang et al. (2013). 
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Figure 4-4: COH1 Displacement within Three Reference Frames 
This figure demonstrates the Northing, Easting, and Vertical positions for COH1 within all three 

reference frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF 

(Local). GPS data sourced from Harris Galveston Subsidence System (2013C). 
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Figure 4-5: COH2 Displacement within Three Reference Frames 
This figure demonstrates the Northing, Easting, and Vertical positions for COH2 within all three 

reference frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF 

(Local). GPS data sourced from Harris Galveston Subsidence System (2013C). 
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Figure 4-6: TMCC Displacement within Three Reference Frames 
This figure demonstrates the Northing, Easting, and Vertical positions for TMCC within all three 

reference frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF 

(Local). GPS data sourced from Harris Galveston Subsidence System (2013C). 
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Figure 4-7: PAM 04 Displacement within Three Reference Frames 
This figure demonstrates the Northing, Easting, and Vertical positions for PAM 04 within all 

three reference frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF 

(Local). GPS data sourced from Harris Galveston Subsidence System (2013C). 
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Figure 4-8: PAM 16 Displacement within Three Reference Frames 
This figure demonstrates the Northing, Easting, and Vertical positions for PAM 16 within all 

three reference frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF 

(Local). GPS data sourced from Harris Galveston Subsidence System (2013C). 
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Figure 4-9: PAM 39 Displacement within Three Reference Frames 
This figure demonstrates the Northing, Easting, and Vertical positions for PAM 39 within all 

three reference frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF 

(Local). GPS data sourced from Harris Galveston Subsidence System (2013C). 
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Figure 4-10: PAM 41 Displacement within Three Reference Frames 
This figure demonstrates the Northing, Easting, and Vertical positions for PAM 41 within all 

three reference frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF 

(Local). GPS data sourced from Harris Galveston Subsidence System (2013C). 
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5 Ground Deformation and Groundwater Withdrawal 

 The Willowbend neighborhood of southwest Harris County is a great place to 

study surface deformation on a temporal and spatial scale. The reliable history of data in 

the area, coupled with the recent restriction of groundwater withdrawal provides a 

comprehensive look into the relationship between groundwater usage and potential urban 

hazards. 

 The Texas Gulf Coast is no stranger to subsidence hazards; this is why in the 

1970’s, the USGS, NGS, and HGSD installed thirteen borehole extensometers across 

Harris and Galveston Counties. The purpose of the borehole extensometers was to 

differentiate intra-aquifer compaction from a more regional trend in subsidence. In the 

early 1990’s the Global Positioning System (GPS) came to the forefront of the geodetic 

community, and the subsidence districts took advantage of this new technology by 

installing receiver stations across the counties. There are two styles of GPS stations in the 

region: campaign-style stations (PAM) and Continuously Operating Reference Stations 

(CORS). Figure 5-1 illustrates the compaction recorded by the Southwest Extensometer 

correlated with the vertical displacements of the GPS stations in the region. This 

correlation is important in that it indicates that vertical deformation experienced by the 

surficial GPS stations in the Willowbend neighborhood can be concluded as subsurface 

compaction.  The various GPS and extensometer stations are all located within a ten mile 

radius of one another, giving this area a unique perspective on subsidence on a spatial 

scale. 



78 

 

 

Figure 5-1: Correlation between GPS Displacement and Extensometer Compaction 
This figure demonstrates the correlation between vertical displacements seen at the GPS sites 

with the measured compaction from the Southwest Extensometer. The trends from the Southwest 

Extensometer and the GPS stations mimic one another closely; however, the GPS records tend to 

display rebound more than the extensometer. GPS data were provided from Harris Galveston 

Subsidence System (2013C); extensometer data were sourced from USGS (Kasmarek et al., 

2010). 
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 The following chapter will present the results from the combined analysis of data 

from the Southwest Extensometer, CORS sites (COH1, COH2, and TMCC), PAM sites 

(PAM 04, PAM 41, and PAM 39), and the GPS processing technique developed by 

members of the HoustonNet team at the University of Houston, and groundwater levels in 

the study area. 

 

5.1 The Southwest Extensometer 

 The USGS began recording data from the Southwest Extensometer in June of 

1980. The depth to which the Southwest Extensometer is measuring compaction is at 

718.7 meters, this enables the extensometer to monitor compaction in both the Chicot and 

Evangeline aquifers. Data points are collected once a month in order to suppress changes 

due to the shrinking/swelling of near surface clays (Kasmarek et al., 2012). Since its first 

measurement, nearly half a meter of compaction has been recorded at the Southwest 

Extensometer. For comparison, the Pasadena Extensometer has only recorded twenty 

centimeters of compaction from 1975-2012. Pasadena was at one time the most adversely 

affected suburb by subsidence in the Houston area and was the reason the HGSD began 

its campaign against subsidence (Harris Galveston Subsidence District, 2013A; 

Kasmarek et al., 2012). This demonstrates that the Southwest Extensometer has 

experienced over twice the amount of compaction over roughly the same time period. 

The total compaction observed by all extensometers since their inception is listed in 

Table 5-1 and compaction history can be seen in Figure 5-2. 
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Table 5-1: Compaction/Rebound Recorded for all Borehole Extensometers* 

Extensometer 

Name 
Year Established 

Compaction (-) or Rebound (+) 

Displacement from Year 

Established to 2012 

Texas City 1973 -3 cm 

Baytown Deep 1973 -36 cm 

Baytown Shallow 1973 -33 cm 

East End 1973 -41 cm 

Seabrook 1973 -48 cm 

NASA 1973 -35 cm 

Addicks 1974 -110 cm 

Pasadena 1975 -19 cm 

Clear Lake 424 1976 -21 cm 

Clear Lake 428 1976 -22 cm 

Northeast 1980 -28 cm 

Southwest 1980 -50 cm 

Lake Houston 1980 -19 cm 

*This table quantifies the total displacement seen at all thirteen sites of Borehole Extensometers 

in the Houston metropolitan area. The severity of compaction in western Houston is apparent by 

examining the values in this table. Texas City and Pasadena are to the east of Houston, while the 

Southwest Extensometer and Addicks are to the west and south of Houston. The Southwest 

Extensometer has experienced nearly half a meter of compaction since it began recording. Data 

for the table were sourced from USGS (Kasmarek et al., 2012). 



81 

 

 

Figure 5-2: Compaction/Rebound Recorded for all Borehole Extensometers 
This figure depicts the values of compaction/rebound seen in Table 5-1. This time series plot 

enables an investigation into anomalous compaction/rebound events measured at the borehole 

extensometers- i.e. the rapid compaction events at the Southwest Extensometer during 2005 and 

2011. Extensometer data sourced from USGS (Kasmarek et al., 2012). 
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 By analyzing compaction data, no extensometer in eastern Harris County has 

recorded more than fifteen centimeters of compaction since 1980. In comparison, the 

Southwest Extensometer has recorded more than fifty centimeters of compaction. It is 

important to remember, though, that eastern Harris County has some of the strictest 

regulations on groundwater withdrawal in the region because of its placement at the 

historic subsidence spot. If compaction data went as far back as early 1900 the recorded 

compaction history certainly would look much different. The groundwater restrictions 

that govern southeast Harris County lie within Area 1 of HGSD (Figure 3-4), and this has 

helped decrease, and in some cases- reverse, observed compaction. 

    

5.2 GPS Stations around Willowbend 

 The Willowbend neighborhood resides in an area close to several GPS stations 

that were utilized for this study. In total, the greatest distance from one station to the next 

is less than ten miles. This gives Willowbend a unique perspective on surface 

deformation on a small, detailed temporal scale. Before comparison of displacement 

between the GPS stations could commence, time series plots for all GPS stations was 

generated using GIPSY-OASIS in the PPP-SRPA mode. The resulting displacements (in 

all three reference frames) are illustrated in Figures 4-3 through 4-9. According to 

previous investigations on the accuracy of GIPSY-PPP solutions, the daily PPP 

observations will achieve subcentimeter horizontal accuracy and one centimeter vertical 

accuracy in the Houston area (Bertiger et al., 2010; Wang and Soler 2013).  The solutions 

derived by GIPSY-OASIS in the PPP-SRPA mode are referenced to a global reference 
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frame, IGS08. Global reference frames are useful but are not convenient when studying 

localized deformation. Therefore, a Helmert Transformation is required to transform GPS 

observations from a global reference frame (IGS08) to a local reference frame (SHRF). 

The use of a local reference frame is capable of “highlighting” localized deformation 

measured by GPS observations (Wang et al., 2013). 

 Time series plots were generated for the Northing, Easting, and Vertical 

components of each GPS station within the local SHRF. This study is aimed at describing 

motion on a local scale that is not influenced by regional or global movements. Each 

station can be observed in Figures 5-3 through 5-9. These graphs demonstrate that several 

GPS stations have experienced localized horizontal motion in either the northing 

direction, easting direction, or both. Comparison figures of each component (Northing, 

Easting, and Vertical) for all the GPS stations can be seen in Figures 5-10 through 5-12. 

A detailed table of velocity calculations can be seen in Table 5-2 for each GPS station. 
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Figure 5-3: COH1 North, East, and Vertical Displacement 
This figure demonstrates the displacement observed by COH1 in the Northing, Easting, and 

Vertical components referenced to only the local Stable Houston Reference Frame (SHRF). GPS 

data provided courtesy of the Harris Galveston Subsidence System (2013C). 
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Figure 5-4: COH2 North, East, and Vertical Displacement 
This figure demonstrates the displacement observed by COH2 in the Northing, Easting, and 

Vertical components referenced to only the local Stable Houston Reference Frame (SHRF). GPS 

data provided courtesy of the Harris Galveston Subsidence System (2013C). 
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Figure 5-5: TMCC North, East, and Vertical Displacement 
This figure demonstrates the displacement observed by TMCC in the Northing, Easting, and 

Vertical components referenced to only the local Stable Houston Reference Frame (SHRF). GPS 

data provided courtesy of the Harris Galveston Subsidence System (2013C). 
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Figure 5-6: PAM 04 North, East, and Vertical Displacement 
This figure demonstrates the displacement observed by PAM 04 in the Northing, Easting, and 

Vertical components referenced to only the local Stable Houston Reference Frame (SHRF). GPS 

data provided courtesy of the Harris Galveston Subsidence System (2013C). 
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Figure 5-7: PAM 16 North, East, and Vertical Displacement 
This figure demonstrates the displacement observed by PAM 16 in the Northing, Easting, and 

Vertical components referenced to only the local Stable Houston Reference Frame (SHRF). GPS 

data provided courtesy of the Harris Galveston Subsidence System (2013C). 
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Figure 5-8: PAM 39 North, East, and Vertical Displacement 
This figure demonstrates the displacement observed by PAM 39 in the Northing, Easting, and 

Vertical components referenced to only the local Stable Houston Reference Frame (SHRF). GPS 

data provided courtesy of the Harris Galveston Subsidence System (2013C). 
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Figure 5-9: PAM 41 North, East, and Vertical Displacement 
This figure demonstrates the displacement observed by PAM 41 in the Northing, Easting, and 

Vertical components referenced to only the local Stable Houston Reference Frame (SHRF). GPS 

data provided courtesy of the Harris Galveston Subsidence System (2013C). 
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Figure 5-10: Comparison of Northing Motion for GPS Observations 
 Figure demonstrating a comparison of northerly displacement for the GPS sites in the 

Willowbend area within the Stable Houston Reference Frame (SHRF). COH 2, PAM 16, PAM 

04, and PAM 41 experience horizontal motion in the northerly component. GPS data courtesy of 

Harris Galveston Subsidence System (2013C). 
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Figure 5-11: Comparison of Easting Motion for GPS Observations 
Figure demonstrating a comparison of easterly displacement for the GPS sites in the Willowbend 

area within the Stable Houston Reference Frame (SHRF). COH2, TMCC, PAM 04, PAM 16, 

PAM 41, and PAM 39 experience horizontal motion in the easterly component. GPS data 

courtesy of Harris Galveston Subsidence System (2013C). 
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Figure 5-12: Comparison of Vertical Motion for GPS Observations 
Figure demonstrating a comparison of vertical displacement for the GPS sites in the Willowbend 

area within the Stable Houston Reference Frame (SHRF). This figure highlights the two rapid 

vertical deformation events (2005 and 2011) that were investigated for this study. GPS data 

courtesy of Harris Galveston Subsidence System (2013C). 
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Table 5-2: Velocity Calculations within Stable Houston Reference Frame (SHRF)* 

Station Name 

Vertical 

2004-

Present 

cm/yr 

Vertical 

2005 

cm/yr 

Vertical 

2011 

cm/yr 

Easting 

2004-

Present 

cm/yr 

Easting 

2005 

cm/yr 

Easting 

2011 

cm/yr 

Northing 

2004-

Present 

cm/yr 

Northing 

2005 

cm/yr 

Northing 

2011 

cm/yr 

COH1 -0.63 -3.75 -3.90 0.028 -0.12 0.027 0.018 0.28 -0.39 

COH2 -0.39 -0.82 -2.73 -0.17 -1.04 -0.58 0.18 -0.6 1.03 

TMCC** 0.093 -0.66 -1.42 0.034 -0.73 -0.8 0.025 -0.01 -0.37 

PAM 04 -1.63 -4.24 -5.1 -0.116 1.31 -2.30 -0.48 -1.32 -2.31 

PAM 16 -0.73 -2.42 -4.12 -0.93 -0.53 -4.7 -0.14 0.41 -0.75 

PAM 39 N/A N/A -2.13 N/A N/A -1.23 N/A N/A 0.33 

PAM 41 N/A N/A -4.92 N/A N/A 3.8 N/A N/A 2.6 

Southwest 

Extensometer 

-0.53 -3.06 -3.14 N/A N/A N/A N/A N/A N/A 

*Velocity calculations for the seven GPS stations and the Southwest Extensometer in the area of Willowbend. From the table, the two rapid 

subsidence events from 2005 and 2011 have been calculated to be several times the magnitude than the yearly average. GPS data courtesy of Harris 

Galveston Subsidence System (2013C). 

**Near the location of TMCC a trench was dug in 2009 that disrupted observations for that year, especially in the northing component. Therefore, 

velocities spanning over 2009 were calculated before and after 2009 and averaged together. 
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Horizontal Motion 

 Horizontal motion for the GPS stations is referenced to either Northing or 

Easting. A positive number indicates movement to the north or east; a negative number 

indicates movement to the south or west, where applicable. For this study, horizontal 

velocity calculations below 5 mm/yr are deemed as stable, i.e. little to no motion. 

Analysis of horizontal motion starts with long-term averages from 2004 to present, and 

then the two rapid deformation events are analyzed (2005 and 2011). 

 TMCC (Figure 5-5, Figure 5-10, Figure 5-11, and Table 5-2) experienced a 

relatively rapid rate of change in the northing component in 2009. According to 

Middleton (2013) with the HGSD, a trench was dug in the area of TMCC during 2009 

and could have played a role in the motion seen. From 2004 to 2009 TMCC experienced 

-0.045 cm/yr of motion in the northerly component and from 2009 to present experienced 

0.094 cm/yr in the northerly direction. This indicates that from 2004 to 2009 and from 

2009 to present TMCC experienced less than 5 mm of displacement, indicating stability 

in the northing component from 2004 to present with the exclusion of the year 2009. For 

2005, TMCC experienced -0.01 cm/yr of motion in the northing component; and for 2011 

TMCC experienced -0.37 cm/yr in the northing. Both of these velocities are below 

5mm/yr, indicating little to no northerly deformation for TMCC during 2005 or 2011. 

From 2004 to present, TMCC experienced 0.034 cm/yr of motion in the easterly 

component and does not seem to be as affected by the trench that was dug in 2009 as the 

northing component. For 2005, TMCC experienced -0.73 cm/yr in the easting 

component, and -0.8 cm/yr for 2011. Overall, TMCC is relatively stable in both 
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horizontal components from 2004 to present. For both rapid subsidence events, 2005 and 

2011, TMCC experienced motion only the west. 

 PAM 16 (Figure 5-7, Figure 5-10, Figure 5-11, and Table 5-2) experienced -0.14 

cm/yr of motion in the northerly component from 2004 to present. For 2005, PAM 16 

experienced 0.41 cm/yr in the northing component, and -0.37 cm/yr in 2011. In the 

easting component, PAM 16 experienced -0.93 cm/yr from 2004 to present. For 2005, 

this motion actually dropped to -0.53 cm/yr in the easting. However, for 2011 PAM 16 

experienced the greatest easterly motion of all the GPS stations at -4.7 cm/yr. Overall, 

PAM 16 was relatively stable in the northing component from 2004 to present, but did 

experience motion to the west over that time-frame. In 2005, PAM 16 experienced 

motion to the west and very subtly to the north (below 5mm); and in 2011 PAM 16 

experienced the greatest horizontal motion of any other GPS station in the area to the 

west and to the south. All movement seen by PAM 16 in the horizontal components is 

attributed to local deformation and not influenced by outside forces.  

 PAM 04 (Figure 5-6, Figure 5-10, Figure 5-11, and Table 5-2) experienced -0.48 

cm/yr of movement in the northerly component from 2004 to present. In 2005, PAM 04 

experienced -1.32 cm/yr in the northerly component; and for 2011 PAM 04 experienced 

the greatest motion in the northing component than all the other GPS stations at -2.31 

cm/yr. In the easting component, PAM 04 experienced -0.116 cm/yr from 2004 to 

present. For 2005, PAM 04 experienced 1.31 cm/yr in the easting; and -2.30 cm/yr for 

2011. Overall, PAM 04 was relatively stable in both the northing and easting components 

from 2004 to present (below 5 mm/yr). For 2005, PAM 04 experienced movement to the 
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south and east; and for 2011 PAM 04 experienced strong motion to the south and west. 

All movement seen by PAM 04 in the horizontal components is attributed to local 

deformation and not influenced by outside forces.  

 COH1 (Figure 5-3, Figure 5-10, Figure 5-11, and Table 5-2) experienced 0.018 

cm/yr of movement in the northerly component from 2004 to present. In 2005, COH1 

experienced 0.28 cm/yr in the northing component; and -0.39 cm/yr for 2011. In the 

easting component COH1 experienced only 0.028 cm/yr from 2004 to present. For 2005, 

COH1 experienced -0.12 cm/yr in the easting component; and only 0.027 cm/yr in 2011. 

Overall, velocity calculations in both horizontal components for COH1 from 2004 to 

present are below 5 mm/yr and indicate stability during this time frame. For both rapid 

deformation events, 2005 and 2011, COH1 did not experience any horizontal motion 

above 5 mm/yr and indicates that COH1 was unaffected by the rapid subsidence seen 

during those years. 

 COH2 (Figure 5-4, Figure 5-10, Figure 5-11, and Table 5-2) experienced 0.18 

cm/yr of motion in the northerly component from 2004 to present. In 2005, COH2 

experienced -0.6 cm/yr in the northing component; and 1.03 cm/yr in 2011. In the easting 

component, COH2 experienced -0.17 cm/yr from 2004 to present. For 2005, COH2 

experienced -1.04 cm/yr in the easting component; and -0.58 cm/yr in 2011. Overall, 

velocity calculations in both horizontal components for COH2 from 2004 to present are 

below 5 mm/yr and indicate stability during this time frame. For 2005, COH2 

experienced movement to the south and west; and for 2011 COH2 experienced motion to 



98 

 

the north and west. All movement seen by COH2 in the horizontal components is 

attributed to local deformation and not influenced by outside forces 

 PAM 41 (Figure 5-9, Figure 5-10, Figure 5-11, and Table 5-2) was installed in 

2007 and was only used for the 2011 rapid deformation event. In the northing component, 

PAM 41 experienced 2.6 cm/yr for 2011; and 3.8 cm/yr in the easting component for 

2011. PAM 41 experienced the greatest motion in the easting component than all other 

GPS stations for 2011. Overall, PAM 41 experienced motion to the north and east for the 

2011 rapid deformation event. Motion observed by PAM 41 in the horizontal components 

is attributed to local deformation and not influenced by outside forces. 

 PAM 39 (Figure 5-8, Figure 5-10, Figure 5-11, and Table 5-2) was installed in 

early 2011 and was also only used for the 2011 rapid subsidence event. In the northing 

component, PAM 39 experienced 0.33 cm/yr for 2011; and -1.23 cm/yr in the easting 

component for 2011. Overall, PAM 39 experienced motion only to the west for the 2011 

rapid subsidence event as the northing velocity calculation was below 5 mm. Motion 

observed by PAM 39 in the horizontal components is attributed to local deformation and 

not influenced by outside forces 

 Horizontal motion for the GPS stations within the SHRF does not follow any 

discernible pattern. Only one GPS station, PAM 16, observed horizontal motion from 

2004 to present in the easting component. All the other GPS stations observed horizontal 

velocity calculations below 5 mm/yr from 2004 to present in both horizontal components, 

rendering them relatively stable over that time frame. For the 2005 rapid deformation 

event, two GPS stations (TMCC and PAM 16) experienced motion due  west; COH2 
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experienced motion to the south and west; PAM 04 experienced movement to the south 

and east; and COH1 was relatively stable (below 5 mm/yr) during 2005..For the 2011 

rapid deformation event, two GPS stations (PAM 04 and PAM 16) experienced motion to 

the south and west; two GPS stations (TMCC and PAM 39) displayed motion due west; 

COH2 experienced movement to the north and west; PAM 41 experienced motion to the 

north and east; and COH1 was relatively stable (below 5mm/yr) during 2011. No visible 

pattern was observed in horizontal displacements. Current data suggest that surface 

deformation in the Willowbend neighborhood is a localized and site specific hazard.  

Vertical Motion 

 Vertical deformation seen by the GPS stations in the Willowbend neighborhood is 

referenced to the “vertical component” of the GPS data. A positive number indicates 

uplift at the GPS station and a negative number indicates a loss in vertical position (i.e. 

downward motion or subsidence). 

 In the past, vertical motion was the only component of GPS derived positions that 

were studied when investigating surface deformation for regulation procedures in the 

Houston area (Middleton, 2013). This is because vertical motion causes the most 

infrastructural damage and can be visualized easier. After careful analysis of each GPS 

station in the Willowbend region, vertical motion has been concluded as following the 

pattern that subsidence is propagating laterally away from the city of Houston 

(Engelkmeir et al., 2010). After careful examination of Figure 5-12, it was determined 

that all the GPS stations in Willowbend experienced varying rates of vertical velocity; 

however, each station also experienced a rapid rate of displacement over the years 2005 



100 

 

and 2011. The following analysis of vertical motion breaks the time series plots into three 

parts; total trend from 2004-2013, and the 2005 and 2011 rapid deformation events. 

Analysis follows the pattern of Figure 5-12 from the most subtle vertical displacement to 

the most rapid. 

 TMCC (Figure 5-5, Figure 5-12, and Table 5-2) experienced the slowest rate of 

vertical displacement from 2004 to present at only 0.093 cm/yr; this slow uplift velocity 

value is an indication that TMCC was stable from 2004 to present. For 2005, TMCC 

experienced -0.66 cm/yr in vertical deformation; and -1.42 cm/yr in 2011. Overall, 

TMCC appears to be rather stable from 2004 to present; however TMCC did register 

vertical displacement for the two rapid subsidence events in 2005 and 2011. 

 COH2 (Figure 5-4, Figure 5-12, and Table 5-2) experienced -0.39 cm/yr of 

vertical deformation from 2004 to present. In 2005, COH2 experienced -0.82 cm/yr in 

vertical decline; and -2.73 for 2011 in vertical deformation. Overall, COH2 was relatively 

stable from 2004 to present in the vertical component. In 2005, COH2 displayed over two 

times its average in vertical displacement; and in 2011, COH2 experienced nearly seven 

times its average in vertical compaction.   

 COH1 (Figure 5-3, Figure 5-12, and Table 5-2) experienced -0.63 cm/yr of 

vertical deformation from 2004 to present. In 2005, COH1 experienced a vertical 

displacement of -3.75 cm/yr; and -3.90 cm/yr in 2011. Overall, COH1 displayed subtle 

vertical deformation from 2004 to present. For both rapid deformation events, 2005 and 

2011, COH1 experienced nearly six times its average in vertical displacement. 
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 PAM 16 (Figure 5-7, Figure 5-12, and Table 5-2) experienced -0.73 cm/yr of 

vertical deformation from 2004 to present. In 2005, PAM 16 experienced -2.42 cm/yr in 

vertical deformation; and -4.12 cm/yr in 2011. Overall, PAM 16 displayed subtle vertical 

deformation from 2004 to present. In 2005, PAM 16 experienced a little over three times 

its yearly average in vertical deformation; and in 2011 PAM 16 displayed over five and 

half times its yearly average in vertical decline. 

 PAM 04 (Figure 5-6, Figure 5-12, and Table 5-2) experienced the greatest rate of 

vertical deformation for all three time frames, 2004 to present, the 2005 rapid subsidence 

event, and the 2011 rapid subsidence event, than all other GPS stations in the 

Willowbend area. From 2004 to present, PAM 04 experienced -1.63 cm/yr in vertical 

deformation. For 2005, PAM 04 experienced -4.24 cm/yr in vertical decline; and -5.1 

cm/yr in 2011. PAM 04 is the most westerly GPS station in the study area and by 

experiencing the greatest rate of vertical decline demonstrates that vertical deformation is 

propagating to the west in Harris County. 

 PAM stations 41 and 39 did not start collecting data until 2007 and 2011, 

respectively. Because of this, calculations for these two PAM stations are only focused 

on the 2011 rapid deformation event (Figure 5-8, Figure 5-9, Figure 5-12, and Table 5-2). 

PAM 39 experienced -2.13 cm/yr in vertical displacement for 2011, and PAM 41 

experienced -4.92 cm/yr in vertical deformation for 2011.   

 When considering vertical displacement, the Southwest Extensometer must also 

be taken into account. Its long data history, coupled with its ability to demonstrate 

vertical compaction, aids in analysis of displacement in the area (Figure 3-2, Table 5-2). 
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From 2004 to present, the Southwest Extensometer experienced a rate of -0.53 cm/yr in 

vertical compaction. For 2005, the Southwest Extensometer experienced -3.06 cm/yr in 

vertical compaction. And for 2011, the Southwest Extensometer experienced -3.14 cm/yr 

of vertical compaction. Figure 5-1 demonstrates the correlation between GPS-derived 

vertical displacement with compaction recorded by the Southwest Extensometer. This 

correlation is important in that it indicates that vertical deformation experienced by the 

surficial GPS stations in the Willowbend neighborhood can be concluded as subsurface 

compaction.   

 In order to demonstrate spatial variability in vertical displacement, velocity 

calculations were added to the GPS locations and weighted values were output based on 

vertical velocity calculations. Figure 5-13 demonstrates the overall vertical change from 

2004 to present. PAM 39 and PAM 41 were omitted from this figure due to their short 

data sets not starting till after 2007. Figure 5-13 demonstrates that, overall, vertical 

velocity in the Willowbend area is less than one centimeter per year, with the exception 

of PAM 04, from 2004 to present. The 2005 and 2011 rapid displacement events can be 

seen in Figure 5-14 and Figure 5-15, respectively. Examining these two figures, it is 

apparent that subsidence rates were more rapid during 2011 than 2005. According to 

precipitation data for the Harris County region, these two years were extremely dry 

(Figure 2-3). 

  On average, the Houston area receives around 121.5 centimeters of precipitation 

(~47.8 inches) (National Oceanic and Atmospheric Administration, 2013). For 2005, 

Houston only recorded 90.48 centimeters (35.6 inches) of rainfall; and for 2011 only 



103 

 

60.47 centimeters (23.81 inches) of precipitation was observed. Weather patterns play a 

role in human influences on the subsurface. During periods of rain and heavy 

precipitation, less groundwater is needed for human use. However, during periods of 

drought and below average rainfall, more groundwater is required in order to maintain 

industrial, agricultural, and personal consumption. With the over exploitation of 

groundwater there is a decline in water level which other studies have demonstrated 

cause subsurface compaction (Gabrysch, 1969; Jorgensen, 1975; Leake and Prudic, 1991; 

Kasmarek and Strom, 2002). Groundwater levels of the Willowbend neighborhood were 

then examined in order to investigate whether a correlation exists between fluctuations in 

potentiometric surfaces with vertical displacement. 

 

  



104 

 

 

Figure 5-13: 2004 – Present Vertical Deformation in Willowbend, TX 
This figure demonstrates the average rate of change in the vertical component for the GPS 

stations in the Willowbend area over the course of 2004 through present. PAM 41 and PAM 39 

were omitted from this figure since their installation did not occur until 2007. From the figure, 

GPS observations in the study area average one to two centimeters per year in vertical change 

with PAM 04 the fastest at two to three centimeters per year. GPS data courtesy of Harris 

Galveston Subsidence System (2013C); political lines sourced from (U.S. Census Bureau, 2010); 

Regulatory areas are defined by Harris Galveston Subsidence District (1999); GPS equipment 

locations were digitized from Interactive Maps (Harris Galveston Subsidence District, 2013B). 
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Figure 5-14: 2005 Vertical Deformation Event in Willowbend, TX 
This figure demonstrates the 2005 rapid subsidence event observed by the GPS stations in the 

Willowbend area. PAM 41 and PAM 39 were omitted from this figure since their installation did 

not occur until 2007. From the figure, subsidence is more severe to the west at PAM 04. GPS data 

courtesy of Harris Galveston Subsidence System (2013C); political lines sourced from (U.S. 

Census Bureau, 2010; Regulatory areas are defined by Harris Galveston Subsidence District 

(1999); GPS equipment locations were digitized from Interactive Maps (Harris Galveston 

Subsidence District, 2013B). 
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Figure 5-15: 2011 Vertical Deformation Event in Willowbend, TX 
This figure demonstrates the 2011 rapid subsidence event observed by the GPS stations in the 

Willowbend area. PAM 41 and PAM 39 were used in this figure since their installation occurred 

in 2007. From the figure, subsidence is more severe to the west at PAM 04. GPS data courtesy of 

Harris Galveston Subsidence System (2013C); political lines sourced from U.S. Census Bureau, 

(2010); Regulatory areas are defined by Harris Galveston Subsidence District (1999); GPS 

equipment locations were digitized from Interactive Maps (Harris Galveston Subsidence District, 

2013B). 
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5.3 Groundwater Levels 

 Groundwater data was obtained from the USGS Active Groundwater Level 

Network database (also known as Groundwater Watch) for Harris and Fort Bend 

Counties (U.S. Geological Survey, 2013). The USGS employs over 20,000 wells across 

the United States to measure and monitor groundwater levels in the subsurface annually. 

These wells are measured for a variety of reasons, such as statewide monitoring 

programs, hydrologic research, aquifer tests, and even earthquake effects on local water 

levels (U.S. Geological Survey, 2013). For the purpose of this study, all water wells that 

reside within the area designated by the location of the GPS stations were used (Figure 2-

8). 

 In total, sixty water wells are located within the study area boundaries. In order to 

systematically analyze all the water wells in the area they were broken down into: 1) 

county location and 2) depth to screened interval (i.e. aquifer unit). Time series plots 

were generated based on which county and what aquifer the wells were located in. 

Results can be seen in Figures 5-16 through Figure 5-20. The majority of the water wells 

that reside in the study area boundaries are located in Harris County and are completed in 

either the Evangeline Aquifer or the Chicot and Evangeline Aquifer. Wells that are 

completed in the Chicot and Evangeline Aquifer are screened over multiple intervals that 

span from the upper Chicot Aquifer down to the lower Evangeline Aquifer. This is to not 

be confused with individual wells that are screened in the either the Chicot Aquifer or the 

Evangeline Aquifer. A maximum of ten wells were used per figure in order to reduce 

overcrowding on the time series and aid in interpretation. 
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Figure 5-16: Water Wells Completed in the Chicot Aquifer; Fort Bend County 
This figure depicts water wells levels in the Chicot Aquifer located in Fort Bend County over the 

last decade. The wells in the figure are pumping wells, which cause can unnatural water level 

fluctuations. Water levels for both the 2005 and 2011 events declined over the two years. 

However, potentiometric surface for the study area are generally on the rise. Refer to Figure 2-8 

for water well locations. Water level data sourced from the USGS Active Groundwater Watch 

(U.S. Geological Survey, 2013). 
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Figure 5-17: Water Wells Completed in the Evangeline Aquifer; Fort Bend County 
This figure depicts water wells levels in the Evangeline Aquifer located in Fort Bend County over 

the last decade. The wells in the figure are pumping wells, which can cause unnatural water level 

fluctuations. Water levels for both the 2005 and 2011 events declined over the two years. 

However, potentiometric surface for the study area are generally on the rise. Refer to Figure 2-8 

for water well locations. Water level data sourced from the USGS Active Groundwater Watch 

(U.S. Geological Survey, 2013). 
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Figure 5-18: Water Wells Completed in the Chicot Aquifer; Harris County 
This figure depicts water wells levels in the Chicot Aquifer located in Harris County over the last 

decade. The wells in the figure are pumping wells, which can cause unnatural water level 

fluctuations. Water levels for both the 2005 and 2011 events declined over the two years. 

However, potentiometric surface for the study area are generally on the rise. Refer to Figure 2-8 

for water well locations. Water level data sourced from the USGS Active Groundwater Watch 

(U.S. Geological Survey, 2013). 
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Figure 5-19: Water Wells Completed in the Chicot and Evangeline Aquifers; Harris 

County 
This figure depicts water wells levels in the Chicot/Evangeline Aquifers located in Harris County 

over the last decade. The wells in the figure are pumping wells screened in both aquifer units, 

which may cause unnatural water level fluctuations. Water levels for both 2005 and 2011 

declined over the two years. However, potentiometric surface for the study area is generally on 

the rise. Refer to Figure 2-8 for water well locations. Water level data sourced from the USGS 

Active Groundwater Watch (U.S. Geological Survey, 2013). 
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Figure 5-20: Water Wells Completed in the Evangeline Aquifer; Harris County 
This figure depicts water wells levels in the Evangeline Aquifer located in Harris County over the 

last decade. The wells in the figure are pumping wells, which may cause unnatural water level 

fluctuations. Included in this figure are the monitoring wells located in the study area. This 

demonstrates the unnatural fluctuation in water level seen at pumping wells. Refer to Figure 2-8 

for water well locations. Water level data sourced from the USGS Active Groundwater Watch 

(U.S. Geological Survey, 2013). 
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 Of the sixty wells that were analyzed from Figure 5-16 through Figure 5-20, only 

two were not pumped during the time period of this study (2004 to present). Active 

pumping will severely and unnaturally lower the hydraulic head within a well (Galloway 

and Burbay, 2011). Therefore, wells that were not being pumped during the time period 

of the study are the best indication into piezometric surface fluctuations for the 

Willowbend neighborhood. Those two wells are the Southwest Piezometer No. 2 and the 

Southwest Monitor No. 1. The location for the two monitoring wells can be seen on 

Figure 2-8 at the location of the Southwest Extensometer.  

 The Southwest Piezometer No. 2 and the Southwest Monitor No. 1 are located 

less than 40 meters from each other on the surface, but are screened at different depths. 

The Southwest Monitor No. 1 is drilled to a depth of 719 meters and is screened over the 

interval of 706 to 712 meters. The Southwest Piezometer No. 2 is drilled to a depth of 

598 meters and is screened over the interval of 588 to 590 meters (USGS, 2013). Both 

monitoring wells are screened within the Evangeline Aquifer. Due to the hydraulic 

connectivity between the Chicot and Evangeline Aquifers, groundwater that is pumped 

from one aquifer will have an effect on the other (Baker, 1978). Time series plots for the 

two monitoring wells and their correlation with the Southwest Extensometer compaction 

can be seen in Figure 5-21. Water level displacement and extensometer compaction is 

quantified in Table 5-3.  
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Figure 5-21: Monitor Well Fluctuation and Extensometers Compaction 
This figure demonstrates water level fluctuation from the two monitoring wells compared to 

compaction seen at the Southwest Extensometer. Over the two rapid subsidence events only one 

monitoring well recorded a loss in potentiometric surface, the shallower Southwest Piezometer 

No. 2. Refer to Figure 2-8 for water well and extensometer locations. Water level data sourced 

from the USGS Active Groundwater Watch (U.S. Geological Survey, 2013); Extensometer data 

sourced from Kasmarek et al. (2012). 
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Table 5-3: Monitoring Well Calculations Correlated with Extensometer Compaction* 

Station Name Depth 

Monitoring/Drilled 

Average  

2004 - Present 

2005 Event 2011 Event 

Southwest 

Monitor No. 1 

706-712 meters 1.12 m/yr 2.84 m/yr 0.71 m/yr 

Southwest 

Piezometer No. 2 

588-590 meters 1.15 m/yr -5.22 m/yr -6.76 m/yr 

Southwest 

Extensometer 

718.7 meters -0.53 cm/yr -3.062 cm/yr -3.14 cm/yr 

*This table quantifies Figure 5-21; water level fluctuations for the Southwest Monitor No. 1 

and the Southwest Piezometer No. 2 correlated with the measurement seen by the Southwest 

Extensometer. A positive number indicates a rise in water level or rebound and a negative number 

indicates a loss in water level or compaction. Groundwater data was sourced from the USGS 

Active Groundwater Watch (U.S. Geological Survey, 2013); Extensometer data were sourced 

from USGS (Kasmarek et al., 2012). 

 

 

 From Figure 5-21, the overall trend for both monitoring wells is up over the 

course of 2004 to present. The Southwest Monitor No. 1 has recorded a gain in water 

level of 1.12 m/yr from 2004 to present and the Southwest Piezometer No. 2 has 

experienced a rise in water level of 1.15 m/yr from 2004 to present. However, for the two 

rapid vertical displacement events being investigated the monitoring wells display 

different variations (Figure 5-21, and Table 5-3). The shallowest monitor, the Southwest 

Piezometer No. 2 (588-590 meters), indicates a loss of water level for both 2005 and 
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2011; -5.22 and -6.76 meters per year, respectively. On the contrary, the deepest monitor, 

the Southwest Monitor No. 1 (706-712 meters), saw a rise in water levels for both 2005 

and 2011; 2.84 and 0.71 meters per year, respectively. This indicates that piezometric 

surface fluctuations are occurring in the shallowest 590 meters of the subsurface below 

Willowbend. According to several studies conducted in the Houston-Galveston region, 

subsurface compaction is dependent upon water level decline (Gabrysch, 1969; 

Jorgensen, 1975; Leake and Prudic, 1991; Kasmarek and Strom, 2002). Permanent, 

inelastic compaction occurs if the effective stress within the aquifer increases beyond the 

previous maximum stress (Leake and Prudic, 1991); i.e. when the potentiometric surface 

falls below the previous level.  

 The Southwest Extensometer, which is located near both groundwater monitoring 

wells, experienced an average vertical compaction of -0.53 cm/yr from 2004 to present, 

while both the Southwest Monitor No. 1 and the Southwest Piezometer No. 2 

experienced a rise in water level over the same time interval. For the 2005 rapid 

subsidence event, the Southwest Extensometer experienced -3.062 cm/yr of compaction, 

which saw a decline in water level at the Southwest Piezometer No. 2 of -5.22 m/yr. For 

the 2011 rapid subsidence event, the Southwest Extensometer experienced -3.14 cm/yr of 

vertical compaction, while the Southwest Piezometer recorded a loss in water level of -

6.76 m/yr over the same time period. Therefore, if compaction is dependent on water 

level fluctuations, then compaction is occurring in the shallowest 590 meters of 

subsurface.  
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 Water levels in both the Southwest Monitor No. 1 and Southwest Piezometer No. 

2 experienced a rise of approximately 1.1 meters of water per year from 2004 to present. 

Over this same time frame, however, GPS and extensometer observations recorded 

displacements at 1 centimeter per year. Compaction will continuously occur as long as 

groundwater levels are still below the preconsolidation stress threshold within the aquifer 

system in the area (Kasmarek et al., 2012). Therefore, the city of Houston will 

continuously subside until groundwater levels are restored to a pre-pumping state. 

 

6 Discussions and Conclusions 

 This study was aimed at investigating ground surface deformation and its relation 

to groundwater level fluctuations and weather patterns in the Willowbend neighborhood 

of southwest Houston. The following conclusions were developed utilizing long-term 

GPS observations, one borehole extensometer measurement, local groundwater level 

fluctuations, and precipitation records.  

GPS Observations 

 Several GPS stations were analyzed for this study- three CORS stations: COH1, 

COH2, and TMCC; and four campaign-style stations: PAM 04, PAM 16, PAM 39, and 

PAM 41. Each GPS station was processed utilizing NASA’S JPL’S GIPSY-OASIS 

software package in the PPP-SRPA mode to deliver time series plots. GIPSY-OASIS 

provides GPS results within a global reference frame, IGS08. A fourteen parameter 

Helmert Transformation was used to transform GPS positions from a global reference 
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frame to a local reference frame, the SHRF. GPS results within this local frame were able 

to provide several conclusions for surface deformation locally for Willowbend: 

1. Horizontal Motion:  

An advantage of referencing GPS positions within a local reference frame is the 

ability to assess whether horizontal motion is a local problem versus a 

regional/global trend. Several GPS stations experienced horizontal movement 

within the local SHRF. From 2004 to present all the GPS stations recorded little 

to no horizontal motion in both the easterly and northing components, with the 

exception of PAM 16. Over the time period from 2004 to present PAM 16 

experienced horizontal motion to the west at 0.93 cm/yr. TMCC did register a 

rapid horizontal displacement in the northing component during 2009; which is 

being attributed to a trench that was dug in the area during that year and not 

influenced by subsidence (Middleton, 2013). The next step taken for the 

horizontal component of the GPS data was to analyze the rapid vertical 

deformation events of 2005 and 2011 in order to determine if there was a 

horizontal component during those years. For the 2005 rapid deformation event, 

two GPS stations (TMCC and PAM 16) experienced motion due west; COH2 

experienced motion to the south and west; PAM 04 experienced movement to the 

south and east; and COH1 was relatively stable (below 5 mm/yr) during 2005. For 

the 2011 rapid deformation event, two GPS stations (PAM 04 and PAM 16) 

experienced motion to the south and west; two GPS stations (TMCC and PAM 

39) displayed motion due west; COH2 experienced movement to the north and 
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west; PAM 41 experienced motion to the north and east; and COH1 was relatively 

stable (below 5mm/yr) during 2011. No discernible pattern was observed from the 

GPS data in the horizontal components. There was also no consistent spatial and 

temporal correlation between horizontal and vertical ground displacements. 

Current data suggest that surface deformation in the Willowbend neighborhood is 

a localized and site specific hazard. This analysis is quantified in Table 5-2. 

2. Rapid Vertical Deformation Events: 

 Overall, vertical deformation in the Willowbend neighborhood for all the GPS 

stations and the Southwest Extensometer were below one centimeter per year 

from 2004 to present; with the exception of PAM 04, which experienced an 

average of -1.63 cm/yr in vertical decline from 2004 to present. However, after 

analyzing Figure 5-12, two rapid vertical deformation events were noted at every 

GPS station and the Southwest Extensometer during the years 2005 and 2011. 

PAM 04 experienced the strongest vertical deformation for both 2005 and 2011 at 

-4.24 cm/yr and -5.1 cm/yr, respectively. Over 2005 and 2011, all GPS sites 

recorded a vertical change of at least five times the magnitude of their average 

yearly fluctuation (Table 5-2); with the exception of PAM 04, which only 

recorded approximately three times the magnitude of its yearly fluctuation. Both 

2005 and 2011 correlate with extreme drought seasons, as demonstrated in Figure 

2-3. The two rapid vertical deformation years also correlate in a decline in water 

level at the Southwest Monitor No. 1 water monitoring well. It is not correlated, 

however, with the much deeper Southwest Piezometer No. 2 water monitoring 
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well. Both of these correlations, weather patterns, and groundwater fluctuation, 

are discussed below in further detail. 

3. Subsidence is Site Specific: 

 Current data suggests that surface deformation in the Willowbend area (and to a 

larger extent, the Houston metropolitan region) is a local, site specific hazard. 

According to velocity calculations in both the horizontal and vertical components; 

each station experienced differing rates of motion (see Table 5-2). Having a 

tightly constrained study area demonstrate varying rates of horizontal and vertical 

motion indicates subsidence is strongly dependent on locality. Varying rates of 

motion between GPS stations is explained by the complex, heterogeneous nature 

of the Texas Coastal Plain’s geology (Kreitler et al., 1977). The aquifer system in 

the Houston area is composed of facies that alternate cyclically from 

predominately continental sediments that compose the more permeable aquifer 

layers to predominately marine sediments that create the clay lenses and confining 

units (Kasmarek and Strom, 2002). This is important for future regulation to 

consider when dealing with surface deformation in the Houston area.  

 

Weather Patterns 

  Precipitation data were obtained for Harris County for the past ten years in order 

to assess if weather patterns play a role in surface deformation in the Houston area 

(Roeseler, 2012; Weather Underground Inc, 2013). A running total of monthly 

precipitation observations was created in order to systematically determine drier years 

based on slope changes. It was concluded that for both 2005 and 2011, the Houston 
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metropolitan area received less than average precipitation yields (Figure 2-3). The year 

2011 was an exceptionally dry year, which correlates with the more dramatic vertical 

compaction seen by the GPS stations and extensometer. On average, the Houston area 

receives around 121.5 centimeters of precipitation (~47.8 inches) (National Oceanic and 

Atmospheric Administration, 2013). For 2005, Houston only recorded 90.48 centimeters 

(35.6 inches) of rainfall; and for 2011 only 60.47 centimeters (23.81 inches) of 

precipitation was observed. As a comparison, in 2007 NOAA recorded over 160 

centimeters of rainfall (64.05 inches) for the Houston area (Roeseler, 2012; Weather 

Underground Inc, 2013). According to the GPS data, no rapid vertical deformation events 

took place during 2007. 

 Weather patterns play a role in human influences on the subsurface. During 

periods of rain and heavy precipitation, less groundwater is needed for human use. 

However, during periods of drought and below average rainfall, more groundwater is 

required in order to maintain industrial, agricultural, and personal consumption. With the 

over exploitation of groundwater there is a decline in water level which other studies 

have demonstrated cause subsurface compaction (Gabrysch, 1969; Jorgensen, 1975; 

Leake and Prudic, 1991; Kasmarek and Strom, 2002).      

 

Groundwater Withdrawal  

 Groundwater data was obtained from the USGS Active Groundwater Level 

Network database (also known as Groundwater Watch) for Harris and Fort Bend 

Counties (U.S. Geological Survey, 2013). In total, sixty water wells are located within the 

study area boundaries. Of those sixty water wells, only two are not pumped during the 
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time period of this study, 2004 to present; the Southwest Monitor No. 1 and the 

Southwest Piezometer No. 2.  These two monitoring wells take monthly recordings of 

water levels, which give an in-depth look into the fluctuation of the piezometric surface 

in the area. Overall, water levels within both the monitoring wells in the Willowbend 

region are on the rise from 2004 to present, with distinct seasonal fluctuations. However, 

when assessing the two rapid vertical displacement years both wells register different 

results.  

 The shallower Southwest Piezometer No. 2 registered a decline of -5.22 m/yr in 

water level for 2005 and a decline of -6.76 m/yr for 2011. The deeper Southwest Monitor 

No. 1 actually saw a rise in water level of 2.84 m/yr for 2005 and 0.71 m/yr for 2011. The 

Southwest Piezometer No 2 and the Southwest Monitor No. 1 are located less than 40 

meters from each other on the surface, but are screened at different depths. The 

Southwest Monitor No. 1 is drilled to a depth of 719 meters and is screened over the 

interval of 706 to 712 meters. The Southwest Piezometer No 2 is drilled to a depth of 598 

meters and is screened over the interval of 588 to 590 meters (USGS, 2013).  

 According to several studies conducted in the Houston-Galveston region, 

subsurface compaction is dependent upon water level decline (Gabrysch, 1969; 

Jorgensen, 1975; Leake and Prudic, 1991; Kasmarek and Strom, 2002). Permanent, 

inelastic compaction occurs if the effective stress within the aquifer increases beyond the 

previous maximum stress (Leake and Prudic, 1991); i.e. when the potentiometric surface 

falls below the previous level. Since the shallower Southwest Piezometer No. 2 was the 

only monitoring well to record a loss in water level; it is concluded that water level 

fluctuations are occurring in the shallowest 590 meters of the subsurface.  
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 Water levels in both the Southwest Monitor No. 1 and Southwest Piezometer No. 

2 experienced a rise of approximately 1.1 meters of water per year from 2004 to present. 

Over this same time frame, however, GPS and extensometer observations recorded 

displacements at approximately 1 centimeter per year. Compaction will continuously 

occur as long as groundwater levels are still below the preconsolidation stress threshold 

within the aquifer system in the area (Kasmarek et al., 2012). Therefore, the city of 

Houston will continuously subside until groundwater levels are restored to a pre-pumping 

state. 

 

Extensometer Compaction 

 The USGS began recording data from the Southwest Extensometer in June of 

1980. Data points are collected once a month in order to suppress changes due to the 

shrinking/swelling of near surface clays (Kasmarek et al., 2012). Since its first 

measurement, nearly half a meter of compaction has been recorded at the Southwest 

Extensometer (Harris Galveston Subsidence District, 2013A; Kasmarek et al., 2012). The 

Southwest Extensometer, which is located near both groundwater monitoring wells, 

experienced an average vertical compaction of -0.53 cm/yr from 2004 to present, while 

both the Southwest Monitor No. 1 and the Southwest Piezometer No. 2 experienced a rise 

in water level over the same time interval. For the 2005 rapid subsidence event, the 

Southwest Extensometer experienced -3.062 cm/yr of compaction, which saw a decline 

in water level at the Southwest Piezometer No. 2 of -5.22 m/yr. For the 2011 rapid 

subsidence event, the Southwest Extensometer experienced -3.14 cm/yr of vertical 



124 

 

compaction, while the Southwest Piezometer recorded a loss in water level of -6.76 m/yr 

over the same time period. Therefore, if compaction is dependent upon water level 

fluctuations, then compaction is occurring in the shallowest 590 meters of subsurface 

near Willowbend. See Figure 5-21 and Table 5-3 for a detailed analysis of the correlation 

between extensometer compaction and groundwater level fluctuation. 

 Figure 5-1 demonstrates the correlation between GPS derived vertical 

displacement with compaction recorded by the Southwest Extensometer from 2004 - 

Present. This correlation is important for this study in that it indicates that vertical 

deformation experienced by the surficial GPS stations in the Willowbend neighborhood 

can be concluded as subsurface compaction. All the tools in the area experienced a rapid 

rate of vertical deformation for 2005 and 2011. The Southwest Extensometer, as an 

example, experienced over five times its yearly average compaction (2004 to present) in 

less than twelve months for both 2005 and 2011. The GPS stations in the area also 

experienced over five times their yearly average vertical displacement (2004 to present) 

in less than twelve months. Therefore, it can be concluded that surface deformation 

derived by GPS data in Willowbend is in fact subsurface compaction as demonstrated by 

the Southwest Extensometer. 
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