
CHAPTER FIVE

Physical Form and Processes

At sundown we reached Redfish Bar, composed almost entirely of shells which extend from
bank to bank the distance of several miles and appear to be formed by the confluence of the
tide and waters of the San Jacinto and Trinity, which unite a short distance above. The water
upon the bar does not generally exceed three or four feet in depth but at some seasons of the
year is often found at six. This point is undoubtedly the head of navigation for vessels of heavy
burden and has occurred to some as a more suitable site for a city than Galveston.

-Anonymous "Citizen of Ohio," 1837 in Texas in 1837, edited by Andrew Forest Muir, 1986

P
hysical form and processes determine the basic character
of any estuary. Water circulation patterns, influenced by
the wind and tides, determine the mixing of fresh and sea
water, affecting fish, shellfish, and the locations of wet-

[ lands. Oyster reefs create natural barriers, in turn influencing the
nature of the circulation patterns. The rivers that feed the bay influ-
ence salinity, water clarity, and a suite of chemical conditions that
affect living things. Human activities-even those activities which
take place within the watersheds miles from the bay-have the
potential to greatly alter these natural processes.

Galveston Bay is a shallow, wind-driven estuary, shaped by
natural and man-made forces over the past 150 years. For example,
historical information indicates that oyster reefs had a significant
effect on bay circulation and salinity prior to 1900, while after 1900
the Houston Ship Channel (which cut through these reefs) became
a dominating influence. Withdrawal of groundwater has caused
land in the bay region to sink as much as nine feet, drowning
marshes and significantly increasing the volume of the bay. Other
activities like shell dredging, isolation of side bays, and diversions
of river water have also had important consequences.

This chapter summarizes the physical components and
processes which most affect Galveston Bay. A description of the
bay's origin begins this discussion. The climate of the region and
the nature of the bay's watersheds (both locally and far upstream)
are described as they affect bay conditions. Fresh water inflow and

circulation (determined by winds, tides, and bay geometry) are
described as critical elements linked to natural processes in the bay.
Finally, human alterations to the basic structure and function of the
bay are summarized. These include dredging and sediment dispos-
al, shoreline modification, the historical removal of oyster shell for
use in road bed construction, and land subsidence. Overall, the
conditions and processes described in this chapter provide the set-
ting for discussion of water quality issues (Chapter Six) and living
resource concerns (Chapters Seven and Eight).

ORIGIN OF GALVESTON BAY
Geologic History

Galveston Bay was formed by the falling and rising of the
sea. Beginning about 30,000 years ago, the oceans began to drop
as the last major period of glaciation began in the northern hemi-
sphere, incorporating more of the earth's water into the polar ice
caps. Major rivers, including the San Jacinto and Trinity, respond-
ed by eroding deep, broad, scalloped-shaped valleys in the sur-
rounding alluvial sediments (Wermund et al, 1989; Fisher et al.,
1972). This process continued for the next 12,000 years as the sea
level dropped more than 400 feet from its original level.

Then, as the glaciers began retreating, their melt water
caused the sea to rise. While rivers continued to meander through
the coastal plain, the ocean slowly began to inundate portions of the
valleys. The sea stopped rising about 4,500 years ago, and the
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drowned valleys of the San Jacinto and Trinity Rivers became what

we now call Galveston Bay. Currently the bay has an area of about

384,000 ac (600 sq mi).

Several processes began shaping the bay when sea level sta-

bilized about 4,500 years ago (Fisher et al., 1972):

The deeper parts of the drowned valleys began to fill

with sediment delivered from upstream;

Bayhead deltas began to form in the upper part of the

estuary near the new outlets of the San Jacinto and

Trinity Rivers;

Small streams around the bay continued to erode

headward into the surrounding mud and silt landscape;

Bolivar Peninsula developed through longshore drift
of deltaic sands from near High Island;

Galveston Island and Follets Island developed as

exposed off-shore bars and migrated landward, form-

ing West Bay and Christmas Bay;

Marshes formed on the margins of drowned shore-

lines, including bayhead and tidal deltas and wash-
over fans; and

Sediments continued to be delivered to the bay from

streams discharging into the bay.

The bay has been slowly filled with sediments, as is evi-

denced by buried oyster reefs. The long-term natural siltation rate

for the open Galveston Bay bottom (not navigation channels) was

estimated by Gilardi (1942) to be 1.5 feet per 100 years while

Shepard (1953) estimated the total rate of average sedimentation

(submergence vs. shoaling) to be about three feet per 100 years for

Texas bays. As would be expected, most of these sediments come

from streams and shoreline erosion.

Contemporary Natural Processes
In more recent geologic time, several natural processes are

particularly significant in affecting the bay: sea level rise and shore-

line erosion. While both of these processes are driven by natural

forces, they are also influenced substantially by human activity.

Sea Level Rise
A relative sea level rise has occurred in the Galveston Bay

area due to: 1) world-wide increases in sea level; 2) natural com-

pactional subsidence of Gulf Coast sediments; and 3) land surface

subsidence caused by excessive groundwater withdrawals. The

first two natural processes are discussed in this section, while subsi-

dence, caused mainly by human activity, is addressed later in this

chapter under "Human Physical Alterations".

Gornitz et al. (1982) estimated that sea level in the Gulf of

Mexico and Caribbean region has risen about 0.8 ft during the past

century. White and Calnan (1990) estimated that the local mean sea

level rise for the Trinity River delta was about 2.4 ft per 100 years,

which accounts for both regional sea level rise and that portion of

subsidence attributable to natural causes. Local tidal records also

confirm a relative sea level rise of 1.5 feet between 1904 and 1980

at Galveston Island (Morton, 1974).

More dramatic increases in future sea level have been postu-1

lated by some researchers. Such rapid sea level rises appear to be a
fact of geologic history. For example, available data suggests seal

level rises of ten to 15 feet per 100 years have occurred during short

intervals in the past 12,000 years (Anderson et al, 1991). The

Environmental Protection Agency has indicated that world-wide,

sea level could rise over five feet during the next 100 years if global

warming effects are realized (Titus, 1986). Although there is con-

siderable debate on the accuracy of global warming predictions

(and whether sea level rise would result), effects on the bay if it I

occurs are less debatable-there would be significant impacts on I
wildlife and their habitats (see Chapter Eight).

Shoreline Erosion
Galveston Bay's natural shoreline consists of 61 percent

marshes, 35 percent steep clay bluffs ranging from five to 35 feet in

height, and four percent sand and shell beaches (excluding man-

made shorelines, discussed below). Most of the marsh shoreline is

located on East and West Bays, while the bluffs are located on

Trinity and Galveston Bays.

Retreat of these shorelines due to erosion is a natural and

almost universal process affecting the Galveston Bay system (Paine

and Morton, 1986; Paine and Morton, 1991; Morton, 1974). The

erosion of shorelines has occurred more or less constantly since sea

level stabilized after the end of the last period of glacial melting.

About 78 percent of the bay's shoreline has been affected by ero-

sion during the period 1850 to 1982 (Paine and Morton, 1991).

The only area of accretion (the opposite of erosion) was observed

in the Trinity River delta, which advanced between 14 and 431

ft/year for the period since the 1850s (Paine and Morton, 1991).

The average shoreline retreat in Galveston Bay was 2.2

ft/year, for 1850-1982, corresponding to over 8,000 ac of lost land

since the 1850s, or about two percent of the bay's surface area

(Paine and Morton, 1991). An analysis of the different shoreline

types showed that sand beaches had the highest rate of retreat at 6.1

ft/year, marshes retreated 4.1 ft/year, and bluffs retreated at an aver-

age rate of 3.2 ft/year (Paine and Morton, 1991). Geographically,
the highest rate of retreat was in northwestern Galveston Bay

between Cedar Bayou and Virginia Point (the area of highest

human-caused subsidence). Throughout the bay system, erosionj

rates have increased recently, from an average rate of 1.8 ft/year

during the 1850 to 1932 period to 2.4 ft/year after 1932.

The natural causes of shoreline erosion in Galveston Bay

include: 1) wind-driven waves; 2) hurricanes, tropical storms, and

northern cold fronts; and 3) sea level rise. Human activities have

also contributed greatly to this natural process in recent decades.
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Source: Galveston Bay National Estuary Program

Natural vegetation along the shoreline helps to stabilize sediments and reduce erosion rates. For some eroding shorelines, smooth cordgrass transplanting provides
an economical alternative to bulkheading for shoreline stabilization. Here volunteers plant sprigs of smooth cordgrass to re-establish fringing vegetation (inset).
Temporary wave barriers (above, left) reduce wave energy until the marsh becomes fully established.

Land surface subsidence has contributed to the drowning of shore-

lines and the loss of stabilizing marsh vegetation. The construction

of upland reservoirs has probably contributed to the acceleration of

marsh erosion since the 1930s by robbing the bay of sediments

transported down the rivers. In addition, reduced erosion rates due

to changing land uses in the upper watershed may also be responsi-

ble for reducing sediment loads to the bay (Ward and Armstrong,

1992).

Of all natural events, hurricanes can produce the most dra-
matic changes in shorelines (Wermund et al., 1989). During

Hurricane Carla in 1961, one shoreline facing the gulf eroded over

800 feet and was accompanied by about 500 feet of accretion on

the bay side of the barrier island. Hurricane Alicia in 1983 was

responsible for an 80-foot retreat of the vegetation line on

Galveston Island, and caused most shoreline bluffs in the bay to

retreat between five and 20 feet.

THE NATURE OF THE WATERSHED
Regional Climate

The climate of the Galveston Bay region is classified as sub-

tropical-subhumid, meaning warm and wet. The climate is con-

trolled by: 1) latitude; 2) proximity to the Gulf of Mexico; 3) winds

blowing gulfward from Pacific and arctic frontal systems; 4)

decreasing elevation towards the Gulf of Mexico; and 5) a position

west of the Bermuda high-pressure cell (Larkin and Bomar, 1983).

In addition, hurricanes and droughts both have great effects. FIG-

URE 5.1 summarizes some significant aspects of climate for the
upper Texas Coast.

Rainfall
Rainfall occurs as heavy thunderstorms during the spring,

summer, and fall, gentler rain from passage of winter storm fronts,

and deluges caused by tropical storms and hurricanes. The rainfall

is almost evenly distributed throughout the year, with slightly high-

er rainfall in the late summer months. The average annual rainfall

for the lower Galveston Bay watershed over the past twenty years
was 51.8 inches (Newell et al., 1992). Once out of every eight

years the Galveston Bay area will receive over 58 inches per year,

and once every eight years there will be less than 33 inches per

year. Over the entire period of record for the Houston weather sta-

tion, the maximum annual rainfall was 72.9 inches of rain in 1900

and the minimum annual rainfall was 17.7 inches in 1917.

A statistical analysis of rainfall data indicates that during an

"average" year there are approximately 80-85 storm events (rain-

falls over 0.05 inches) with an average rainfall per storm between

0.4 and 0.6 inches (Winslow & Associates, Inc., 1986). Based on

rainfall within a 24-hour period, the two-year storm (occurring on

the average once every two years) is 5.2 inches of rain. The 100-
year, 24-hour rain storm is about 13 inches of rain. The Houston

area is also noted for one of the greatest 24-hour rainfalls ever
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BROWNSVILLE

Points of entry of tropical cyclones.
Tropical storms (winds >39mph and

•= 74mph) are indicated by dashed
arrows, hurricanes (winds >74mph)
are shown by solid arrows
Numbers indicate year storm
occurred.

Source: Fisher et al, 1972

FIGURE 5.1. Climate on the Texas coast.
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recorded anywhere: an estimated 43 inches of rain fell near Alvin
as a result of tropical storm Claudette on July 25-26,1979.

Temperature
The annual mean temperature in the region is about 70° F,

with variability in the temperature increasing with distance inland.
In Galveston, winter lows are usually in the mid-40s (°F) while
average summer highs are in the low 90s. Although Galveston
anly experiences four days below freezing in an average year, parts
af Galveston Bay have frozen upon occasion. Most notably, Jane
Long, the "Mother of Texas," watched Galveston Bay freeze over
from her ramshackle cabin on Bolivar Peninsula while waiting for
her husband to return from an invasion of Mexico during the winter
of 1820-1821. In 1888 the bay froze out to a distance of five miles
with ice over two inches thick, trapping several schooners and
:ausing the death of one captain (McComb, 1986).

Rapid temperature drops are often observed with the passage
Df "northers," fast-moving winter cold fronts from the north that
:an be "wet or dry, but always cold" (McComb, 1986). Northers
are marked by strong north winds and can lower the temperature by
24° F in one hour.

Winds

Although the prevailing wind direction is from the southeast
^FIGURE 5.1), wind patterns differ from summer to winter.
Summer patterns are marked by relatively constant winds out of the
south, while winter winds are dominated by brief, intense northers
hat can bring wind speeds of over 40 mph out of the north and
lorthwest. These two wind regimes are important processes con-
rolling the circulation in Galveston Bay (see below).

From March to November, about ten percent of the days are
;alm and almost half of the days have southerly, southeasterly, or
:asterly winds. From December through February, however,
itronger winds from the north, northwest, or northeast occur about
lalf the time and alternate with lighter southerly winds or calm
)eriods.

turricanes
Tropical storms and hurricanes are extraordinary weather

:vents that strike the Texas coast on the average of once every one
o two years (see photo on next page). Some record extremes for
Texas hurricanes were compiled by Wermund et al. (1989):

Mind speed:
Approach speed:
barometric pressure in eye:
itorm surge height:
Maximum wave height at sea:

140 mph, Hurricane Carla, 1961
17 mph, Port O'Connor storm, 1929
27.49 inches, Hurricane Carla, 1961

22 feet, Hurricane Carla, 1961
40 feet, Hurricane Carla, 1961

The storm surge of a hurricane is caused by its extremely
ow barometric pressure, combined with winds that can drive water
into the land. Since 1850, 15 hurricanes with surge heights greater
tian six feet have struck Galveston Bay (Paine and Morton, 1991).

As noted in Chapter Four, the 1900 storm striking Galveston was
the worst natural disaster in the history of the United States, with
over 6,000 deaths. Hurricane Alicia, a medium-sized hurricane,
caused great damage to the bay area in 1983 and altered many of
the bay's shorelines and habitats. Hurricanes affect sediments, cir-
culation, fresh water inflow, and many other natural processes.

The Upper Watershed
As described in Chapter Two, this book divides the

Galveston Bay drainage into the lower and upper watersheds. The
upper watershed includes the drainages upstream of two main
reservoirs. Lake Houston on the San Jacinto was constructed in
early 1954, and Lake Livingston on the Trinity was begun in 1966,
but did not reach normal pool capacity until late 1971 (Rawson,
1979). A short description of the upper watershed is presented
below.

Lake Houston Watershed
Lake Houston's total drainage area is 2,828 sq mi (1.81 mil-

lion ac), with the West Fork of the San Jacinto River contributing
over half of this area. Most of the area is forested (73 percent) with
significant pasture land (14 percent; Newell, 1980). Precipitation
averages 50 inches per year. One major reservoir, Lake Conroe, is
found in the watershed above Lake Houston and drains a 445 sq mi
area. Since 1970, intense urbanization along Cypress Creek and
Spring Creek in the southern part of this watershed has impacted
water quality in these streams and in Lake Houston.

Lake Houston was created in 1954 by construction of an
earth-filled dam on the San Jacinto River, producing an initial stor-
age capacity of about 146,800 ac-ft and a surface area of 12,765 ac.
The typical annual runoff discharged from Lake Houston was esti-
mated to be about 1.4 million ac-ft per year (Newell et al., 1992).
The City of Houston and the San Jacinto River Authority remove
between 200,000 and 300,000 ac-ft of water from the reservoir
each year.

The annual sediment load to Lake Houston was estimated to
be 160 million kilograms per year in 1980, with over 70 percent
settling out in the lake during an average year (Baca et al., 1982).
Trapping of nitrogen and phosphorus is variable, but generally
lower than for sediment. However, during high flow periods, resi-
dence times are sufficiently small so that a washout effect occurs,
moving sediment, nutrients, and algae towards the bay.

Trinity River Watershed/Lake Livingston
The 26,000 sq mi Trinity River watershed varies dramatical-

ly from Lake Livingston to the headwaters of the Trinity near
Throckmorton County, Texas (see FIGURE 2.3). The Trinity
River drops 1,215 feet from its source near Oklahoma to its mouth
in Trinity Bay. Although the average rainfall is 36 inches, some of
the upper parts of the watershed receive less than 30 inches of rain
per year compared to close to 50 inches per year for the Lake
Livingston area. Average annual runoff ranges from greater than
16 inches in the southern part of basin to less than four inches per
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Source: Texas Sea Grant College Program
Hurricanes are a major influence on Texas estuaries and their associated human development. Here, Hurricane Gilbert crosses the Yucatan Peninsula on its way to
the Gulf of Mexico. The inset shows damage from Hurricane Carla, one of the worst storms since the hurricane of 1900. The un-named hurricane of WOO leveled
Galveston Island and killed 6,000 residents.
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year in the far northwestern portion of the watershed.

Rural portions of the Trinity basin support agricultural,

rangeland, and forestry-based economies. Most of the forested

areas are found in the river bottoms and in the lower, wet portion of

the watershed, while rangeland is located in the arid northwestern

region.

The Trinity River drains the entire Dallas/Fort Worth metro-

plex, which contributes significant amounts of urban runoff and

wastewater discharges to the river. During recent years, improved

sewage treatment in the Dallas/Fort Worth area has reduced biolog-

ical oxygen demand and ammonia discharged to the Trinity River,

(see Chapter Six for a definition of water quality terms). The total

loading of phosphorus and nitrogen from point sources has

remained the same despite improved treatment. Overall, conditions

in the upper Trinity River itself have greatly improved in the last

decade. Numbers and diversity of fish have increased and the inci-,

dence of so-called "black rise" events that robbed oxygen and

killed fish has greatly declined.

Due to flood control, water supply, and recreational needs,

numerous reservoirs have been constructed in the upper watershed

(see FIGURE 2.3). These include Lake Worth, Lewisville Lake,

Lake Ray Hubbard, Cedar Creek Reservoir, Richland-Chambers

Reservoir, Benbrook Lake, and Lake Livingston. Twenty-nine

major reservoirs identified by Stanley (1992) had a cumulative

dead pool storage capacity of about eight million ac-ft, with Lake

Livingston being the largest at 1,750,000 ac-ft. These reservoirs

were all constructed between 1910 and 1987, with over 80 percent

of the storage capacity being added in the 1950s and 1960s. Lake

Livingston, which began impounding water in October of 1968

(Rawson, 1979), has a significant effect on water quality in the

Trinity: most of the suspended solids carried by the river settle out

in the lake, and about two-thirds of the phosphorus and one third of

the nitrogen is removed (see Chapter Six).

The Lower Watershed

The lower watershed includes 4,238 sq mi of land down-

stream of Lake Livingston and Lake Houston. Major urban

drainages within this area include the Houston Ship Channel-

Buffalo Bayou system and its associated tributaries: White Oak

Bayou, Brays Bayou, Sims Bayou, Hunting Bayou, and Greens

Bayou in the Houston area. Significant rural watersheds include

the lower Trinity River, Chocolate Bayou, and Austin/Bastrop

Bayous. The proximity of these drainages to the coast and their

predominantly urban character result in major direct effects on

Galveston Bay. Overall, the most pressing management issues for

Galveston Bay are seen to result from activities within its lower

watershed. Below are presented several key aspects of the lower

watershed which affect Galveston Bay.

polls
Dark, fine-grained clays, locally termed "gumbo" predomi-

nate in the lower watershed. Other soils are comprised of clay

loams and fine sandy loams that are also poorly drained and have

low permeability. These soils exhibit very low percolation rates

when wetted and have a very high runoff potential. A small section

of more permeable sandy loams are found along the Trinity below

Lake Livingston in Polk County. More detailed soils data are avail-

able from county soil maps prepared by the U.S. Soil Conservation

Service.

Land Cover/Land Use
Using LANDSAT imagery from 1991, a land use/land cover

map of the lower Galveston Bay watershed was prepared (FIGURE

5.2 and TABLE 5.1; Newell et al, 1992). Commercial areas,

heavy industry, light industry, multi-family residential areas, high

density single family residential areas, and transportation were

included in the category of "high density urban" areas, while "resi-

dential" was comprised primarily of low density single family resi-

dential areas. Open/pasture areas corresponded to any open areas

with a good grass cover. Generally, intense urbanization was

focused in and around the ship channel, downtown Houston and

Buffalo Bayou. Residential patterns extended northward to

Cypress Creek, westward and northward past Addicks and Barker

Reservoirs, and southward into Brays and Sims Bayous. Other

high-intensity urbanized areas are located near Clear Creek and

Clear Lake on the bay's western shore, and further south in the

Texas City area and on Galveston Island.

The land use analysis revealed that land cover in the non-

urban portion of the lower watershed consisted of roughly equiva-

lent fractions of open/pasture, agriculture and forest. The bulk of

the lower Trinity River basin (1,099 sq mi below Lake Livingston

Dam) was forested and had large areas of open/pasture, agriculture

and wetlands, especially near Trinity Bay. Much of Chambers

County to the east was composed of wetlands, agriculture and

open/pasture. The West Bay drainage area also consisted largely of

open/pasture, wetlands and agriculture. The far western area (west

of Addicks-Barker) consisted of mostly agricultural and open/pas-

ture areas. More detailed information on land use and habitat dis-

tribution is provided in Chapters Six and Seven.

Lower Watershed Runoff
Precipitation which falls on the watershed and does not evap-

orate or infiltrate the soil becomes runoff. Runoff is important in

influencing many conditions in the bay; for example nonpoint

source pollution (discussed in Chapter Six) has emerged as a major

management issue. Runoff varies significantly across the lower

watershed and is usually controlled by land use and land cover. In

the Brays Bayou watershed, for example, a runoff rate of about 1.6

cubic feet per second (cfs) per sq mi was observed, compared to

about 0.7 cubic feet per second per sq mi for the rural and forested

lower Trinity River watershed (1992 land uses for average year,

Newell et al., 1992). The higher runoff is produced by impervious

cover, i.e., areas with concrete, asphalt, roofs or other materials that

prevent water from infiltrating into the soil.

The Galveston Bay National Estuary Program nonpoint

source project performed hydrologic modeling of the lower water-
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FIGURE 5.2. Land use and watershed boundaries in the lower Galveston Bay watershed. Land use was classified by the digitizing of LANDSAT satellite
imagery, achieving a resolution of 30 m by 30 m land areas. This map, one part of a larger geographic information system (CIS), serves as a tool for bay man-
agers to address such issues as nonpoint source pollution (see Chapter Six).

runoff from the lower watershed but constituted only 25 percent of
the area. This corresponds to about nine percent of the total fresh
water inflow to the bay during an average year. These urban water-
sheds include Buffalo, Brays, White Oak, and Sims Bayous, Barker
and Addicks Reservoirs, and the Houston Ship Channel. FIGURE
5.3 shows the distribution of runoff from different areas in the
lower watershed.

During extremely wet years, much more local runoff flows
into the bay than during an average year. For example, for a wet
year that occurs on the average once every ten years (about 67 inch-
es of rain), local runoff was predicted to increase to 4.8 million ac-
ft, equivalent to a 60 percent increase in runoff over the average
year.

shed using a geographic information system and land use/cover
data from satellite imagery (Newell et al., 1992). This model simu-
lated the conversion of rainfall to runoff for 100 subwatersheds
draining to the bay. Under average rainfall conditions, the model
predicted that about three million ac-ft of runoff would be generat-
ed annually from the lower watershed. This corresponds to 13
inches of runoff and about one-quarter to one-third of the total aver-
age fresh water inflow to Galveston Bay. The runoff contribution
from different land uses is shown in TABLE 5.2.

These runoff estimations revealed that urban land uses con-
tributed a disproportionate volume of runoff compared to the rela-
tive amount of urbanized land in the area. The watersheds in the
Houston metropolitan region accounted for 34 percent of the total
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THE BAY-WATERSHED LINK: FRESH WATER INFLOW
Among the most important factors governing the health of an

estuary is the volume, timing, and quality of fresh water inflows

(Solis and Longley, 1993). This inflow, as it interacts with (and

helps determine) bay circulation patterns, ultimately defines the

estuarine salinity regime. The salinity regime, in any estuary, influ-

ences important aspects of species biology, habitat structure, and

overall productivity. Alteration of the natural volume and timing of

fresh water inflow is a key concern for managers. Sources of data

net inflow (inflow minus evaporation) was 23 million vs. 1.3 mil-

lion ac-ft for a flood year (1973) vs. a drought year (1956), respec-

tively. Annual average evaporation from the bay is estimated to be

approximately 1.4 million ac-ft per year (Texas Department of

Water Resources, 1981).

A second source of inflow variability is seasonal. As shown

by monthly data from 1977 to 1987, there is a distinct seasonal

trend with peak inflows in May-June and low-flow conditions in

August, primarily a result of the Trinity River's influence (FIG-

Sources of Inflow Data: Joint Agency Studies
A variety of agencies and programs provides data

necessary to evaluate and manage fresh water inflow.
Foremost among these is an ongoing evaluation of the
fresh water inflow needs for Texas bays being conducted
jointly by the Texas Water Development Board, Texas Parks
and Wildlife Department, and Texas Natural Resource
Conservation Commission.

This joint agency analysis utilizes a fresh water inflow
model that identifies optimal salinities for several key estu-
arine species. The Texas Parks and Wildlife Department
also utilizes results from the model to determine the effects
of various salinity regimes on bay habitats like fringing
marshes. The model utilizes flow data from three main
basins (Soils and Longley, 1993): 1) the Trinity River Basin;
2) the San Jacinto River Basin; and 3) the coastal basins.
Geographically, these watersheds are defined slightly dif-
ferently than in this book.

Particular data sources are utilized in the joint agency
process. The U. S. Geological Survey maintains flow gaug-
ing stations at several streams and rivers that flow into
Galveston Bay. These stations consist of water level

• pj | if -;'":,- • j||j •:.; ; .-. • V:'-::

information [flow fatefc'ani ire feiiS'at ••::••;...] .• -haniief;
iocaiions upstrRsrr of ilkia! influences • ,• •• : :' ;= iar,<:
upper v: ' - . i ' - - ; - - , ; : , . , ,v : . - - i ;;-••',• /;.-;.••-:. . v^iges, providing flow
inform^ 1; li\ . •:>•• |i || '. /„;-•:•::— | jpj and at the Trinity
River at Rr cr , s : j , 1 : . : ; ' : : ; ( , ,-3m of Lake Livingston.
i.V'sasur' :r»f?ii'te- : " flow • • , ' • La;k; Ho;.: '. ; K: : •.. ;
based on a 1§B§ ifijgĵ lflfi •:,-•••••• I ^ ! ' : ; • • / • • • • ! " ; •'•'•;at has not
been corrected for j ' ; 1 ; i. :?: : ; . sasing the
accuracy of these flo ;. : jajents.j

The gaug ; r . • • ' • •••••. •; ,;; and San Jacinto riv
resent ovei r ; ,m if : ;ial watershed area (
into Gr: % i ii. L-..-•;. . , i|j addition, several local streams have
gauges, including: IJ. : f-syou near Main Street, Buffalo
Bayou near Shepherd Drive, Cedar Bayou, Chocolate
Bayou, Clear Creek, Greens Bayou, Halls Bayou, Sims
Bayou, and White IK : ' ; ou. However, because of the
need to place gauges upstream from the influence of tides,
more than two thirds of ti> ; .. <! sq mi lower watershed is
ungauged. Therefore, uri: |( ; ;. runoff must be estimated

used in this chapter to determine inflow and evaluate management

needs are described in the box above.

Fresh Water Inflow Patterns
For the period 1941 to 1987, the average fresh water inflow

to the Galveston Bay system was 10.1 million ac-ft per year, or

about 4.6 complete flushes of the bay. The Trinity River basin was

responsible for 54 percent of the total inflow while the San Jacinto

basin (including areas below Lake Houston) contributed 28 percent.

The total inflow from all three sources vs. time was quite variable,

as shown by a plot of monthly inflow vs. time (FIGURE 5.4a). The

daily flow of the Trinity River can range from 100 to over 100,000

cubic feet per second.

One source of variability in flow volume is year-to-year

changes in rainfall. The effects of droughts and wet periods can be

seen in FIGURE 5.4a, where the severe drought in the 1950s and

wet periods in the mid 1940s and early 1970s are apparent. For the

period 1941 to 1976, the peak annual inflow was 24 million ac-ft in

1973 and the minimum was 2.9 million ac-ft in 1956 (Texas

Department of Water Resources, 1981). When one accounts for

evaporation losses, the inflow extremes diverge even further: the

URE 5.5). The average total bay inflow (indicated by an open cir-

cle in FIGURE 5.5b) for May is 1.5 million ac-ft, almost four

times the average of 0.4 million ac-ft discharge during August.

The peak monthly flow is over five million ac-ft, about two com-

plete flushings of the Galveston Bay system, while some months

have had almost no fresh water inflow at all.

Ward and Armstrong (1992) conducted a study of seasonal

flow patterns, specifically the spring freshet (a large inflow of

fresh water into the bay) in April and May, and the summer low-

flow season from July through October. Data from the freshet and

low-flow summer periods at the Trinity River gauge were analyzed

for the years 1920 to 1990. Again, the year-to-year variability was

the most important feature of the data. Some years had a strong

freshet, while during others the freshet was nonexistent. The low-

flow season is sometimes interrupted by large fresh water inflows,

while other years it extends for long periods of time and inflow

drops to nearly zero. Ward and Armstrong's study indicated that a

three-month freshet during the first part of the year comprises over

50 percent of the annual flow of the Trinity River. A statistical

analysis of freshet data indicates some periodicity in the data on

cycles of about four years and 14 years.
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TABLE 5.1. Watershed Land Use.

Land

High Resi- Open/ Agri-
Watershed Density dential Pasture cultural

Addicks Reservoir 13 9 32 66

Armand/Taylor 15 10 28 10

Barker Reservoir 7 4 23 65

Bastrop/Austin 6 13 58 88

Brays Bayou 53 27 26 16
Buffalo Bayou 39 32 15 14

Cedar Bayou 8 18 50 80

Chocolate Bayou 4 6 32 95

Clear Creek 20 15 67 44

Dickinson Bayou 5 9 45 20

East Bay 10 28 72 73

Green's Bayou 37 52 54 18

North B a y 6 5 9 1

SanJacinto 5 11 17 8

Ship Channel 56 31 42 15

Sims Bayou 23 15 34 11
South Bay 25 6 22 7

Trinity Bay 6 19 69 79
Trinity River 11 34 135 145

West Bay 30 22 105 79

White Oak Bayou 39 32 25 10

Total (sq mi) 418 400 962 947

% of Total 10 9 23 22

Human Alterations
A significant preliminary conclusion from the ongoing joint

agency inflow study is that there has been no statistically signifi-

cant alteration in total annual fresh water inflows to Galveston Bay

in recent years compared to previous years (Solis and Longley,

1993). No long term inflow trends, either decreasing or increasing,

were observed for total inflow to Galveston Bay, nor for the Trinity

River for the period 1941 to 1987.

Change in Seasonal Inflow from Reservoirs
For Galveston Bay, changes in inflow timing have been pos-

tulated from the construction of Lake Houston, Lake Conroe, and

Lake Livingston. FIGURE 5.6 indicates that any effects of reser-

voirs are likely to involve a reduction and time delay in the season-

al peak and an increase in the seasonal low flow, caused by the tim-

Use by Watershed (sq mi)

Wet-
Barren lands Water

3
0
8
1
1
0
1
1
1
0
0
1
0
0
1
0
0
0
2
1
1

22
1

10
9 1

13
42 2
4
4

31 1
26 1
28 3
19 1
89 6
14
2
8 4

13 4
8

12 6
67 14

151 7
94 11

3
648 62

15 1

Forest

1
3

3

1
24
5
3
1
8

31
1

15
4
1

62
613

2

779
18

%of
Total Total

134 3
77 2

122 3
213 5
127 3
105 2
211 5
170 4
182 4
101 2
288 7
208 5

25 1
68 2

166 4
93 2
78 2

317 7
1,099 26

344 8
110 3

4,238 100

100

Source: Newell et al., 1992

TABLE 5.2. Runoff Volume by Land UseType in the Lower
Galveston Bay Watershed (Average Year).

Runoff
Runoff Volume Volume

Land Use Type

High Density Urban

Residential
Open

Agriculture

Barren

Wetlands
Water

Forest
Total

(1000s ac-ft)

766
371
567
593
21
187
164
345

3,014

(% of Total)

25
12
19
20
1

6
5
11

100

ing of reservoir releases and base flow alterations.

Estimates vary concerning the degree to which inflow alter-

ations have occurred. Somewhat surprisingly, Solis and Longley

(1993) report that the seasonal variation in fresh water inflows has

"remained nearly constant." They compared monthly flows before

and after the construction of Lake Livingston and showed no statis-

tical differences. However, the flow data presented by Ward and

Armstrong (1992) indicate there may have been some increase in

Source: Newell et al., 1992

the flow during summer low-flow periods for the Trinity River due

to operation of Lake Livingston. This would be a likely result of

operation of the reservoir to capture water during floods and release

it during subsequent lower flow periods. The highest summer low-

flow volume occurred in 1940, 1957, and 1973, while the lowest

summer low-flow period occurred in 1956. Additional work is
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Source: Newell et al., 1992

LEGEND
AB Austin/Bastrop Bayou
AD Addicks Reservoir
AT Armand/Taylor Bayou
BF Buffalo Bayou
BK Barker Reservoir
BR Brays Bayou

FIGURE 5.3. Total runoff volume from the lower Galveston Bay watershed in an average year. Urbanized regions contribute the largest amounts of
runoff reaching the bay as a result of their impervious concrete and asphalt surfaces and roofs. The runoff from urban areas greatly increases in wet
years; a 30 percent increase in average annual rainfall results in about a 60 percent increase in runoff. The urban runoff is also much more polluted
than rural runoff in this area, contributing to the bay's nonpoint source pollution problems.

CC Clear Creek
CE Cedar Bayou
CH Chocolate Bayou
DB Dickinson Bayou
EB East Bay

GR Greens Bayou
NB North Bay
SB South Bay
SC Ship Channel
SJ San Jacinto River

SM Sims Bayou
TB Trinity Bay
TR Trinity River
WB West Bay
WO White Oak Bayou

required to interpret the overall trend in summer drought flows to
Galveston Bay.

Urban Base Flows
Several flow gauges have measured increasing base flow to

Galveston Bay from urbanized subwatersheds, primarily due to
return flow from treated wastewater. Brays Bayou at Main Street,
for example, now shows a base flow component of over 6,000 ac-ft
per year (approximately six to ten cfs), compared to no permanent
baseflow prior to 1955 (FIGURE 5.7). This corresponds to a
wastewater return flow produced by a population of around 25,000

people, mainly from the City of Houston Southwest Plant. A simi-
lar trend has been observed in several other urbanized bayous in the
Houston area, most of which discharge into the Houston Ship
Channel.

Overall, the effects of municipal and industrial return flows
can be an important component of summer drought flows. For
example, process wastewater return flows around the bay were
approximately 690,000 ac-ft per year in 1990 (Pacheco et al.,
1990). This corresponds to a 230,000 ac-ft flow during the four-
month annual summer drought (assuming the wastewater volume is
seasonally constant). This is about 20 percent of the average annual
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Source: Soils andLongley, 1993

FIGURE 5.4. Long term fresh water inflow to Galveston Bay from all sources, monthly ](at and cumulative (b). Inflow is highly variable, both seasonally and in
response to the effects of floods and droughts.

summer drought flow and roughly equivalent to some of the low-

est-flow summer droughts on record. While much of this return

flow originates as water supply from Lake Livingston and Lake

Houston, some fraction is groundwater acquired for the drinking

water supply and discharged as treated wastewater. This waste-

water represents an external source of fresh water to Galveston

Bay. Note that most of this wastewater returns to the bay via the

Houston Ship Channel, making the Ship Channel a larger source of

fresh water inflow to the bay during extreme low-flow conditions

than historically occurred.

Two proposed water supply projects have the potential to

alter fresh water inflow patterns to Galveston Bay. The Wallisville

Project is a reservoir on the lower Trinity River near Interstate

Highway 10, designed for water supply and as a barrier to saltwater

intrusion. This project would divert Trinity River water westward

to the Houston metropolitan region. Some diverted water would be

lost through yard watering, process use, and distribution losses,

while some would be returned to the bay via wastewater treatment

plants. A second project (the Texas Water Development Board's

"Trans-Texas Project") would divert water westward from the

Sabine River basin. This would result in additional fresh water

brought to Galveston Bay from outside the watershed, for a net

Source: Soils and Longley, 1993

FIGURE 5.5. Seasonally of fresh water inflows to Galveston Bay. Monthly means and standard deviations are given in (a) for all inflow sources, while monthly
means only are shown separately for the Trinity, San Jacinto, and Coastal Basin sources in (b). The Trinity River (supplying 54 percent of total inflow) drives the
May-June peak and August low flow. (A) is a long-term analysis, while (b) corresponds to the period following construction of major reservoirs.
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Source: Soils and Longley, 1993

FIGURE 5.6. Comparison of monthly fresh water inflow before (1941-1954)
and after (1974-1987) construction of Lake Livingston on the Trinity River.
Apparent is the seasonal variation in inflow corresponding to rainfall patterns.
The effect of the reservoir has not been statistically verified, but may delay the
spring inflow peak and increase the seasonal low flow, dampening the sea-
sonal inflow signature.

increase in inflow. Conceivably, the Trans-Texas Project could

reduce the reliance of Houston on water from the Wallisville

Project.

CIRCULATION

The circulation of water in Galveston Bay is influenced by

many bay features, including depth patterns, winds, tides, and fresh

water inflow. In turn, circulation is a major force affecting the dis-

tribution of sediments and the location of oyster reefs and other

habitat elements. When compared to other estuaries, Galveston

Bay is affected much more by winds and less by tides than east and

west coast bays. Its overall shallow nature has resulted in channel

dredging for navigation, with corresponding significant influences
on circulation.

The Influence of Bathymetry
Bathymetry refers to patterns in water depth-an obvious

concern to those who use the bay for marine transportation (FIG-

URE 5.8). The central areas of the bay system are typically less

than 12 feet deep (excluding channels). Trinity Bay averages about

eight feet deep, East Bay ranges from four to eight feet deep, and

most of West Bay is four to six feet deep. Surrounding the main

bay complex are even shallower secondary and tertiary bays such

as Chocolate, Bastrop, Jones, Dickinson, Dollar, and Tabbs bays,

and Clear Lake and Moses Lake (White et al, 1985; see FIGURE

2.1). Most of these shallow bays are less than four feet deep.

Shallow reefs, such as Redfish Bar described in the quote at the

beginning of the chapter, are produced by oysters and subsequent

trapping of sand. The total bay volume is 2.2 million ac-ft or 3.6

billion cubic yards (National Ocean Service, 1985).

The deepest part of the bay system is in Bolivar Roads,

which has a 50-ft scour hole caused by tidal currents between the

bay and the gulf. Off the Gulf Coast, the continental shelf is rela-

tively steep for the first mile, sloping 24 feet per mile. After the

first mile the slope lessens to become one to two ft per mile at a

point ten miles from shore. The edge of the continental shelf is

found approximately 80 to 90 miles off of Galveston Island.

Several man-made navigation channels have been cut into
the bay to provide deeper water for maritime traffic. In Galveston

Bay, the 40-ft deep Houston Ship Channel cuts northward across

the bay to the mouth of the San Jacinto River, then extends up
Buffalo Bayou to the Turning Basin. The Gulf Intracoastal

Waterway runs parallel to the coast, bypassing East Bay by travers-

Source: Soils and Longley, 1993 Source: Soils and Longley, 1993

FIGURE 5.7. Growth of base flow due to wastewater return flow to Brays Bayou. In this intensely urbanized watershed, increases in return flows from human uses
contribute to an elevated seasonal low flow compared to historical levels.
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ing the entire length of Bolivar Peninsula
inland, crossing lower Galveston Bay and
western West Bay, continuing inland
from Jones Bay to Chocolate Bay, and
then inland to the southwest. The
Waterway passes immediately to the
north of Bastrop, Christmas, and Drum
Bays. A number of smaller channels
have also been dredged in other parts of
the bay.

Bay Sediments
Sediments are delivered to the bay

from several sources, including rivers,
erosion of bay margins, gulf sediments
transported through the passes, and sedi-
ments created by oysters and other hard-
shelled organisms. The entrance to
Galveston Bay is in the plume of the
Mississippi River, transported to the
southwest by longshore currents.

The bay bottom is formed from the
interaction of the various sediment
sources and physical processes, including
currents and wave energy (FIGURE 5.9).
Areas with high wave and current energy
deposit mainly coarse-grained sediments
(sand, gravel, and shell), since fine-
grained material (mud and silt) are kept in
suspension. The result is often a beach or
bar composed of shell hash or sand. High
energy areas include the Trinity River
delta front (along the eastern shore of
Trinity Bay) and lower Galveston Bay
near Bolivar Roads. Low-energy areas
with relatively quiet waters are marked by
deposits of fine-grained materials such as
muds, silts, and clays. Low-energy areas include the northwestern
part of Galveston Bay, the center of Trinity Bay, and sections of
East Bay. Overall, the predominant sediment types in the bay are
fine-grained: mud, muddy sand, and sandy mud (White et al,
1985).

Other factors affect circulation and sediment distribution
patterns, locally forming a patchwork-like appearance of different
sediments on the bay floor. Some major influences on sediments
in particular parts of the bay are: 1) oyster reefs; 2) relict barrier
islands and deltas established during the period before the sea level
drop 30,000 years ago; 3) dredged material islands; and 4) the
effect of sand sources from Bolivar Peninsula and Galveston Island
on water flow. Extreme currents during large storms and hurri-
canes also transport sediments across the barriers into washover
areas along Galveston Island, Follets Island, and Bolivar
Peninsula. Far more sediment is transported during the infrequent

Source: Jones & Neuse, Inc., 1992

FIGURE 5.8. Bathymetry-the depth patterns in Galveston Bay. Like other Gulf estuaries, Galveston Bay is quite
shallow, affecting human navigation activity and natural patterns in circulation and water quality. Total bay vol-
ume is 2.2 million acre-ft or 3.6 billion cubic yards.

but intense storm events than occurs under normally conditions.

Oyster Reefs
Oyster reefs are a primary geologic feature of Galveston

Bay and are present on over 26,700 ac of the bay bottom (Powell
et al., 1994; see FIGURE 7.8). These reefs are an important habi-
tat, and significantly affect bay circulation. Oyster reef formation
and distribution is very sensitive to long-term natural variations in
salinity, and to man-made changes to the estuary which affect cur-
rents, the mixing of river and sea water, and the availability of hard
substrates to which oysters can attach. The overall man-made
changes to the bay's circulation have resulted in significant
increases in the overall area of reef and their locations in recent
decades. Specific actions in certain places have produced negative
effects as well (for example the effect of Texas City Dike on West
Bay oysters, described in Chapter Eight).
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On a longer time scale of about a

century, major changes have also occurred

in the distribution of oyster reefs. The

most noteworthy of the historical reefs was

Redfish Bar, which extended from Eagle

Point to Smith Point and appeared as a

series of small islands across the narrow

portion of the central bay system (see FIG-

URE 2.1). Work on breaching this naviga-

tion barrier began in 1872 and, subsequent-

ly, parts of the bar moved south or disap-

peared for reasons that cannot be verified.

Anecdotes from early bay residents refer to

cattle drives across the bar, and charts as

late as 1927 show this bar with only three

narrow, shallow passes (including the

Houston Ship Channel). Early scientific
descriptions indicate that this barrier reef

was a significant impediment to water

flow, dividing the bay into an upper, fresh
region and a lower, more marine portion

(Burr, 1929).

Wind Forces

Winds affect Galveston Bay circula-
tion in three ways: the development of

windwaves, the generation of internal

wind-driven circulation, and large-scale

excursions in water level (Ward, 1991).

Windwaves from the prevailing southeast-

erly winds subject the northwestern part of

the bay to persistent wave and current ero-

sion (Fisher et al, 1972). The bluffs near

La Porte, Seabrook, and the Trinity River

delta have all been influenced by these

waves. Windwaves are also responsible

for the intense vertical mixing that charac-

terizes Galveston Bay and in part for the

usual absence of stratification (separation of layers of different

salinity) in the shallow parts of the system.

The most dramatic effect of winds is denivellation, or

changes in water level in the bay caused by the force of the wind

(Ward, 1991). That is, water "piles up" on the windward shores as

depth decreases in leeward areas. Part of this is due to wind effects

on the Gulf of Mexico, where there is a general seasonal shift in

the level of the gulf due largely to prevailing winds, with highs in

spring and fall, and lows in winter and summer (Chew, 1964). The

overall change from the Gulf of Mexico sea level variation is on

the order of one foot.
The most important depth changes caused by wind are the

effects of northern cold fronts on bay water levels. These fronts

bring about an abrupt change in wind direction and barometric pres-

sure and can reduce water levels in the bay, obliterating tidal effects

Source: White, et al., 1985

FIGURE 5.9. Sediment texture in Galveston Bay. Compared to other U.S. estuaries, sediments tend to be
fine-grained. The Mississippi River plume flows southward along the Texas coast, transporting fine clay,
while landward coastal plain clays are eroded and transported seaward to the bay. Coarser sands and shell
hash are deposited in areas of high wave and current energy.

(Ward, 1991). As a "norther" passes through the bay, water levels
that increased during the approach of the front are lowered by the

increased barometric pressures after frontal passage. Powerful

north winds often lower the water surface in the upper bay and tilt

the water surface upward against the north-facing shore of the barri-

er beach. In the upper bay, these changes in water level can exceed

over three feet in a few hours. Field data collected by the Corps of

Engineers in the 1930s and analyzed by Ward (1991) show the dra-
matic effect of northers on the bay. During one "intense" norther in

November, 1936, over 60 percent of the total water volume of the

bay was temporarily expelled to the Gulf of Mexico.

Tidal Forces
The tides in Galveston Bay are relatively weak, with the tide

gauge in the Galveston Channel showing a mean annual tide range
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Source: Galveston Bay National Estuary Program

San Luis Pass is one of only two remaining natural inlets along the Texas coast. The natural tidal gorge is visible as the dark area on the left side of the inlet with
numerous sand waves and bars visible inside the inlet. The bar structures are the product of the interaction between natural currents and the sand they carry in sus-
pention. All of these sedimentary features are eliminated when an inlet is "stabilized" for navigation.

of 2.1 feet. In addition, the tide dissipates rapidly within Galveston
Bay, losing approximately 30-40 percent of its range across the
Bolivar Roads inlet (Ward, 1991). At the Texas City Dike, the tide
has lost approximately 60 percent of its Gulf range. Tides do not
dominate Galveston Bay; winds and atmospheric pressure frequent-
ly disrupt the astronomical tidal cycles.

The tide is composed of two "modes," a diurnal (one cycle
per day) and a semi-diurnal (two cycles per day). Which mode
dominates depends primarily upon the elevation of the moon above
the horizon. The usual tide is a mixture of these two types, contain-
ing both diurnal and semi-diurnal components in varying propor-
tions. The tidal sequence of diurnal plus semi-diurnal tides is
approximately 14 days long. However, this theoretical pattern can
be obscured by local variability in tidal dynamics. The interaction
of numerous complex factors like land mass location, meteorology,
and coriolis force (from the earth's rotation) all play a role.

Within Galveston Bay, diurnal-dominated tides have the
greatest range between high and low tide, on the order of three feet
at the Gulf but less than one-third of this in the upper bay. Semi-
diurnal dominated tides, however, exhibit a higher mean tide level
than diurnal-dominated tides. Thus, semi-diurnal tides hold more
water in the bay. At times, Redfish Reef (stretching across the bay

from Eagle Point to Smith Point) can eliminate the smaller semi-
diurnal tide so that the lower bay experiences two tides while the
upper bay has only one.

The tides are important forces in transporting water in and
out through the inlets to the Gulf of Mexico. The inlets vary great-
ly in transport volume: in general about 80 percent of the tidal
exchange in Galveston Bay occurs through Bolivar Roads, and less
than 20 percent through San Luis Pass. The contribution of
Rollover Pass (an artificial opening built in 1950) is relatively
minor, as a submerged weir was installed to prevent excessive ero-
sion.

The most detailed study of tides was conducted by the Corps
of Engineers in 1936-1937. Although much valuable raw data
were lost, Ward (1991) analyzed remaining information and esti-
mated several tidal prisms. (A tidal prism is roughly the amount of
water passed through a part of the bay during a tidal cycle). For a
great declination tide (two strong tidal cycles per day) the tidal
prism to the bay was about 250,000 ac-ft of water. At low declina-
tion tides (one weaker tidal cycle per day) the tidal prism was
approximately 75,000 ac-ft. Selected tidal prisms for specific areas
calculated by Ward, provided in TABLE 5.3, show roughly how
much water is moved through different parts of the bay by tides.
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Source: Wermund et al., 1989

FIGURE 5.10, Net current flow in Galveston Bay under May high flow (a) and August low flow (b) conditions. Salinity, fresh water inflow, and current dynamics are
all closely coupled in this system. Salt water intrudes up the Houston Ship Channel during low flow and reverses during greater river discharge, affecting current
directions and magnitudes throughout the system. Note that the net flow shown does not illustrate the high variability that actually occurs under both low flow and
high flow regimes.
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Note that East Bay receives considerably more tidal influence than
the eastern portion of West Bay. This is probably caused by the
influence of the Texas City Dike, as described later in this chapter.

Effects on Salinity
The average annual fresh water inflow to the bay of some

10.1 million ac-ft is equivalent to 4.6 total "flushes" of the bay dur-
ing an average year. During the spring, the bay is flushed approxi-
mately twice, while an average summer low-flow period may flush
less than 75 percent of the bay's volume. During extreme flood
periods, the volume of fresh water inflow in one month can
approach the entire volume of the bay. As would be expected,
fresh water inflow is one of the most important factors controlling
circulation and salinity in Galveston Bay.

In Galveston Bay, salinity averages around 17 ppt (parts per
thousand), or about half the salinity of seawater. However, the
salinity range is approximately six to 28 ppt and is highly variable
both in time and space due to the effects of fresh water inflow,
winds and tides. The dominant time scale over which salinity
varies in the bay is seasonal. However, other events such as
freshets, northers, and the salinity of the Gulf of Mexico greatly
influence salinity in the bay on different time scales (Orlando et al.,
1991). In addition, circulation and salinity patterns are also influ-
enced by density currents (caused by heavier salt water displacing
lighter fresh water), the Houston Ship Channel, two large power
generating stations on the bay, and the Texas City Dike.

Salinity-induced density currents are an important process in
Galveston Bay and, in total, have about the same magnitude as the
average river flow in the mid-bay (Ward, 1991). The first type of
density current is vertical, where salt water in the deeper channels
intrudes along the bottom, displacing fresh water masses seaward at
the surface. At slack tide, vertical density currents can sometimes
be visually observed in the deeper part of the Ship Channel.
Horizontal density currents are also observed in the bay, where salt
water moves up the Ship Channel and fresher return flow in the
opposite direction occurs in the shallow open bay on either side.
Near the Texas City Dike and Bolivar Peninsula, the currents from
each side of the channel converge and create a zone of high lateral
shear on either side of the Channel that can be observed in aerial
photos.

TABLE 5.3. Selected Tidal Prisms in Galveston Bay.

Volume of Tidal Prism (ac-ft)

Location of Tidal Prism
High Declination Low Declination
(2 Tides per Day) (1 Tide per Day)

Entire Galveston Bay system
East Bay
West Bay, east of Karankawa Reef
West Bay, west of Karankawa Reef
Trinity Bay

250,000
81,000
26,000
34,000
89.000

75,000
25,000
5,000
6,000

27,500

Source: Ward. 1991

Variability Related to Inflow
and Intrusion

An analysis of net circulation patterns over an entire year
provides some insight on the relative importance of different
processes, but does not show the extreme variability in the system.
In reality, variability occurs on time scales ranging from hours to
seasonal. On a net circulation basis, one important feature is the
Houston Ship Channel, which provides the primary mechanism for
salt water intrusion. Dredged material areas on the margins of the
Ship Channel form a barrier between the eastern and western por-
tions of the bay, allowing for a steep salinity gradient between the
two. The Ship Channel also provides a conduit for higher salinity
water to intrude farther into the bay. Other circulation patterns
include (Ward, 1991):

A prominent region of higher salinity between Bolivar
Peninsula and Hanna Reef;

A zone of fresh water along the south shore of Trinity
Bay, projecting past Smith Point to Hanna Reef; and

Relatively uniform salinity in West Bay

Intrusion of higher salinity water into the upper bay general-
ly requires months of low fresh water inflows, while salinity extru-
sion from freshets and high runoff events can displace brackish
water with fresh water much more rapidly. Although fresh water
inflow only explains about 50 percent of the variation in hay salini-
ty at most, it remains the best overall predictor of salinity.

Net flow regimes for two specific conditions were modeled
in 1982 by the Texas Water Development Board (in Wermund et
al., 1989). During the most saline periods, such as occur in August,
a northwesterly current in the Ship Channel occurs along with a
clockwise circulation pattern along the eastern shore of Trinity Bay
(FIGURE 5.1 Ob). Return flow from saltwater intrusion up the!
channel occurs primarily along the western shore of the bay,
restricted largely by dredge disposal barriers. There is very little
flow in West or East Bays. Resulting salinity is greater than ten ppt
throughout most of the bay, excepting the eastern half of Trinity
Bay.

Conditions contrast during the spring freshet in May. During
the freshet, there is a strong southeasterly current in the ship chan-
nel, produced by a dominant current flowing along the northern
part of Trinity Bay from the delta to the channel (FIGURE 5.10a).
In addition, there is an easterly current from San Luis Pass towards
the opening between Pelican Island and the Texas City Dike. Most
of the upper half of the bay, above Smith and Eagle Points, exhibits
salinities less than ten ppt.

By virtue of receiving flow from the Trinity River, Trinity
Bay is particularly sensitive to the effects of fresh water inflow.
When Trinity River flows are greater than 15,000 cfs, Trinity Bay
is virtually fresh; shrimpers even report catches of fresh water fish
species. When flows are less than 5,000 cfs, salinity is variable, but
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not directly correlated to the river flow. On a physical basis,

flows above 14,000 cfs begin to saturate the marshes in the

Trinity River delta, while flows exceeding 35,000 cfs com-

pletely inundate the delta marshes.

HUMAN ALTERATIONS
Human activities have resulted in extensive physical

alteration of Galveston Bay over the past 150 years. These

alterations have led to changes in related bay processes like

circulation, which in turn affect the chemistry and biology

of the system. Many alterations are related to the construc-

tion and maintenance of navigation channels, beginning in

the nineteenth century. Other changes result from ground-

water withdrawal (causing subsidence), isolation of side

bays, and various shoreline modifications. Some of the

principal human activities affecting the structure and

processes of Galveston Bay are summarized in this section.

The cumulative effects of human activity have led to

a net 30 percent increase in total volume of the bay (Ward,

1993). Subsidence was responsible for the largest overall

volume change, an increase of 36 percent over the bay's for-

mer volume (siltation and dredge material disposal make the

net increase less than the effect due to subsidence). Most of

the effects of subsidence are concentrated in upper

Galveston Bay where industrial and municipal consumption

of groundwater was greatest. Shell dredging, which was

banned in 1969, resulted in a six percent increase in bay vol-

ume since 1900.

Human activities have both increased and decreased

surface area in different geographic locations. The increas-

es (e.g. resulting from subsidence) have approximately

equaled the decreases (e.g. from side bay isolations and
dredged material disposal), yielding little net change in the

384,000 ac (600 sq mi) area of the bay (TABLE 5.4).

Nineteenth Century Navigation Projects
The Bolivar Inlet presented a significant challenge to naviga-

tion during the nineteenth century. Shoaling due to deposition of

sediment was one problem affecting the sides of Bolivar Inlet. This

problem, noted as early as 1866, may have been exacerbated by
chain and piling obstructions placed there as a blockade during the

Civil War. From 1875 through 1897 the Army Corps of Engineers

built the south and north jetties using barge-mounted hoists to place

large granite blocks. The resulting jetty system was successful in

maintaining the navigation channel at a depth of over 25 feet

through the Bolivar Inlet.
Besides the inlet work, a series of major and minor channel-

ization projects was initiated prior to 1900. Several of the promi-

nent projects are listed below, summarized by Ward (1993):

1852 Federal government provides aid to remove bar across

Trinity River mouth.

Source: Texas Sea Grant College Program

Slightly more than half of the freshwater inflow to Galveston Bay comes via the Trinity
River. The volume of water released from Lake Livingston, shown here, influences the salin-
ity of Galveston Bay downstream.

1872 Corps of Engineers starts on six-ft deep by 100 ft

wide channel through Redfish Bar.

1874 Commodore Charles Morgan enlarges Buffalo Bayou

and builds cut through Morgans Point.

1877 Corps starts work on a 12-ft deep channel from

Galveston to Houston.

1880 Corps begins work on 12-ft deep by 100-ft wide

channel in Buffalo Bayou from Morgans Cut to

White Oak Bayou.

1883 Bay channel project suspended for five years due to

lack of use and "lack of permanence."

1895 Texas City Terminal Company dredges 16-ft deep by

100-ft wide channel from just north of Bolivar inlet to

Texas City.
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1894 Entrance and lower reach of Clear Creek dredged.

1897 Congress directs Corps to survey and plan for 58-mile,

25-ft deep by 100-ft wide channel from Bolivar Roads

to the city of Houston.

Twentieth Century Projects
The Houston Ship Channel

Work on navigation projects intensified after the turn of the

century. To reduce maintenance problems for the 25-ft deep chan-

nel to Houston, two sediment disposal strategies were proposed.

First, dredged material was to be placed on the western side of the

channel in lower Galveston Bay seaward of Redfish Bar. Second, a

long dike was to be constructed on the eastern side of the channel

in the upper part of the bay, disposing the dredged material on the
east side of the dike. These activities were intended to help prevent

resuspension of dredged material and subsequent re-siltation of

the channel.

Work on the 11-mi pile-and-brush dike in the upper bay

began after the great hurricane of 1900, and dredging of the

channel began forming what is today called Atkinson Island.

Deterioration and the storm of 1911 destroyed all but the upper

1.5 miles of this wooden structure, but Atkinson Island was by

then firmly enough established to protect the upper section of

the channel. Work continued on the 25-ft deep Houston Ship

Channel project, and by 1914 the channel was completed.

Despite the measures described above, annual maintenance
dredging was required to maintain the channel.

Partially because of the expected increase in petroleum-
related shipping, a further expansion to a 30-ft depth was

authorized in 1919 and completed in 1926. The next forty

years saw expansion to a 32 by 400 ft channel in 1937 and 36

by 400 ft in 1949. The current channel configuration of 40 by

400 ft was completed in 1963.

Additional enlargement for the Houston Ship Channel

has been studied by the Corps of Engineers in the early 1990s.

One proposed alignment described by Martin (1993), would

consist of two phases: A Phase I project with a 45-ft deep by

530-ft wide channel, to be followed by a Phase II project con-

sisting of a 50-ft deep channel 600 ft wide. Hydrodynamic

simulations indicate that these channels would increase salinity

in the estuary, with more change expected in the upper bay than

lower bay.

An important change in the most recent proposals to enlarge

the Houston Ship Channel involves disposal of the dredge material

produced. Historically, the material has been disposed based only

upon navigation and cost concerns. The most recent proposals,

however, include identification of 18 sites where dredged material

would be put to beneficial habitat and recreational uses. Creation

of wetlands by establishing smooth cordgrass on disposal areas

engineered to support a permanent wetland has already been initiat-

ed as a pilot test phase. Recreational uses proposed include cre-

ation of boater destination islands and beach nourishment.

Other Navigation Channels
The 5.3-mile Texas City Dike was constructed in 1915 to

reduce maintenance problems on the Texas City Channel; subse-

quently the channel itself was enlarged in 1916. Originally the dike

was constructed of timber piles, but this deteriorated rapidly and

was replaced by a rubble-mound dike in 1934 that remains today.

Other channels that were expanded included the Galveston Channel
and several channels associated with Trinity River traffic. Several

channels were completed to link the bay with tributaries. Lower

Bastrop Bayou, for example, was dredged to a depth of four feet in

1907, but maintenance dredging was stopped in 1927.

An early step in creation of the Gulf Intracoastal Waterway

was completed by the Corps in 1909 and included a cut through

Karankawa Reef in West Bay as part of the route to the Brazos

River. Since creation, some routes of the Waterway have changed.

Although the segment through Drum Bay has not been dredged

Source: Galveston Bay National Estuary Program

The Texas City Dike, constructed in 1915, protects the Texas City Channel. Its construc-
tion has reduced the natural circulation into West Bay, redirecting most tidal exchange
through Bolivar Roads.

since the early 1900s, it is still apparent in the physiography of the

area. In 1934 the Bolivar Peninsula connection to the Golden
Triangle and Sabine Lake was completed. The Galveston Bay sec-

tion of the waterway was completed in 1942.

Dredging and Disposal of Dredged Material
The navigation projects described above relied upon substan-

tial dredging of bay sediments to reach depths adequate to support

shipping. An analysis of dredging data by Ward (1993) indicates

that a total of about 160,000 ac-ft of sediments have been removed

from the bay for new navigation channels (new work, as opposed to

maintenance dredging). As would be expected, most of the new
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TABLE 5.4. Summary of Physical Modifications to Galveston Bay Since 1900.

Change in Volume [

Of Bay Since 1900 Change in Area2 of Bay Since 1900

Activity

Subsidence

Siltation

Dredged Material Disposal & Fill

Deepdraft (>36 ft) channels

Shell Dredging
Other Dredging & Shallow Channels

Isolation

Net

1000s ac-ft

+ 800

-310

-185

+ 145

+ 135

+ 55

- 20

+ 620

%of
Bay Volume

+36.0

-14.0

-8.5

+ 6.0

+ 6.0

+ 2.5

+ 1.0

+30.0

Total
(1000s Ac)

26.5

unknown
19.4

3.5
unknown

3.5
7.5
-

Net to Bay
(1000s Ac)

+26.5

0.0
-19.4

0.0
0.0

+ 0.5

-7.5

+ 0.1

Net to Bay
(%)

+ 8

0
-6

0
0
0

-2
0

Current total bay volume: — 2.2 million ac-ft.
2Current total bay area: ~ 384,000 ac (600 sq mi).

Source: Ward, 1993

dredging has been for construction of the Houston Ship Channel,

with approximately 62,000 ac-ft dredged for the upper inland reach,
and 62,000 ac-ft for the bay reach. The Texas City Channel and the

Gulf Intracoastal Waterway represent smaller volumes of new

work, at 31,000 and 8,000 ac-ft, respectively.

Almost all of this new dredging work proceeded at a rela-

tively constant pace from 1900 to 1965, corresponding closely to

the channel enlargements of the Houston Ship Channel (FIGURE
5.11). Currently all channels combined occupy about 6,400 ac of

bay bottom, of which 80 percent is deep draft.

Maintenance Dredging
The navigation channels in Galveston Bay require frequent

maintenance dredging to keep them open. Since 1900, over
400,000 ac-ft of maintenance dredging (more than twice the vol-

ume of new work) has been undertaken in the bay. Ward (1993)

estimated that since World War II, the average maintenance dredg-

ing for all channels in the bay was about 5,300 ac-ft per year, and

that the total dredged area was about 9,000 ac. This corresponds to

an average annual siltation rate for all bay channels of about 0.6

ft/year. Contributions of total suspended solids (TSS) into

Galveston Bay from rivers and streams comprise only one to two

percent of the annual volume from maintenance dredging, indicat-
ing that the majority of dredged sediment originates from other

sources such as resuspension of sediments from the bay bottom

(Ward, 1993).
The siltation rate varies dramatically for different channels

and different reaches, however. A detailed analysis of siltation by

Ward (1993) indicated that siltation rates in most channel reaches
ranged from zero to two ft per year. Galveston Channel (between

Galveston Island and Pelican Island) requires considerably more

maintenance dredging than most other channels in the region. A

study performed by the Corps in the 1930s indicated that the

Galveston Channel intercepts a large portion of the ebb flow from

the bay, bringing large sediment loads to the channel. In general,

the open bay channel landward from Redfish Bar requires greater

maintenance than sections in the lower bays. A six-mile section of

the lower channel, for example, has required almost no dredging

the past 50 years because it runs through a scour zone caused by the

natural convergence of flows in and out of the bay.

Maintenance dredging work has varied considerably over

time, due in part to the scheduling of various projects (FIGURE

5.11). Interestingly, there is a weak relationship between mainte-

nance dredging and total channel depth in the Houston Ship

Channel. There has been a significant reduction in maintenance

requirements in the bayou reach and the open-bay reach landward
from Redfish Bar since 1960-1970, however. This is probably

caused by the effects of subsidence in this area, and suggests that

increased dredging may be required sometime in the near future,

since subsidence has greatly slowed in the bay area in the past ten

years (see below).

Dredged material is disposed of in specific locations by

attachment of the cutter heads to pipelines temporarily linked to the

disposal location. Currently there are about 25,000 ac of designat-

ed disposal area, of which 19,500 ac are open-water sites (about

five percent of the total bay area). Many of these disposal areas

have now become shoals or islands, such as Atkinson Island.

About half of these disposal areas are associated with dredging for

the Houston Ship Channel, both for original new work and mainte-

nance.

Private Dredge-and-Fill Operations
In addition to the large federal projects described above,

many dredge-and-fill operations are conducted by private interests

and public agencies and are regulated through Clean Water Act

Section 10/404 permits from the Corps of Engineers. These per-

mits are a part of a federal regulatory program, under which the
sponsors of dredge-and-fill projects submit designs in applications

to the U.S. Army Corps of Engineers, followed by evaluation and

approval or denial by the Corps. On the average, almost 100 per-
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Source: Ward, 1993

FIGURE 5.11. Summary of dredging activities in Galveston Bay. Since dredging began, dredge material sufficient to fill the Astrodome more than WO times has
been removed from channels in the creation of new projects. Maintenance dredging, an ongoing activity throughout the bay, generates substantial additional
sediment which must be disposed somewhere in or near the estuary.
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mils per year have been issued for the Galveston Bay system since
1950 (Ward, 1993). The total volume of these dredging operations
was estimated to be about 40,000 ac-ft and involved nearly 3,000
ac of bay waters, an order of magnitude less than for the federal
channel projects.

Based on an analysis of the Section 10/404 permits, the
Houston Ship Channel, associated side bays, and San Jacinto River
have the highest intensity of private dredging work (Ward, 1993).
Over half of the permits were issued for the Houston Ship Channel,
Galveston Channel, Texas City Channel, and Clear Lake.

These private dredge and fill activities have impacted sensi-
tive areas of the bay. Ward (1993) estimated that approximately
461 ac of tidal marsh have been replaced by privately dredged
channels and over 2,800 ac of marsh were replaced by private
inland fill activities since World War II.

Influences on Circulation
Any activity which alters the bathymetry of the bay can be

Source: Texas Parks and Wildlife Department

To maintain depth in the bay's navigation channels, periodic maintenance dredging is required, carried out by
vessels such as the one pictured. Increasingly, beneficial uses of the sediment produced from dredging are
being pursued. Construction of bird islands and marsh restoration projects have both been successful beneficial
uses of dredged material.

expected to potentially affect circulation. Other practices, for
example cooling water discharges, also have an effect on circula-
tion in some locations. Elements of circulation subject to alteration
from these activities include salt water intrusion, fresh water
inflow, and current regimes. Some of these human influences are
discussed below.

The Houston Ship Channel
Of all the Human influences on Galveston Bay, the Houston

Ship Channel has perhaps caused the most pervasive changes to
circulation and salinity. However, there are no direct measure-
ments of bay circulation or salinity prior to 1900 when large-scale
channel expansion began, preventing a direct measurement of the
degree of the Ship Channel's impact. In general, three kinds of
impacts could be expected: 1) making a larger cross section for
flow to move up and down the entire length of the bay; 2) breach-
ing Redfish Bar; and 3) creating barriers to flow in the form of

dredge-disposal areas such as Atkinson Island. On average, the
salinity in the channel is about two ppt higher than the surrounding
shallow bay waters, due to denser, more saline waters intruding
landward along the channel. In Matagorda Bay to the south, a sim-
ilar channel constructed in 1963 was shown to have increased bay
salinities by five ppt (Ward, 1983).

Indirect measurements indicate that the upper bay was once
much fresher than it is today, suggesting a link to the continued
expansion and deepening of the ship channel. Yuill (1991) report-
ed a paleoecological shift in the foraminifera (small hard-shelled
organisms) found in Galveston Bay sediment cores corresponding
to the past 100 years. This shift from low-salinity foraminifera to
higher-salinity organisms occurred in the late 1800s in lower and
middle Galveston Bay, and as late as 1970 in one portion of the
Trinity River. Yuill concluded the most likely mechanism for the
apparent change in salinity regime was the dredging of the Houston
Ship Channel.

Dredged material islands have had several effects on circula-
tion patterns in the bay, including: 1)
diverting the return flow of high-salinity
water moving up the ship channel to the
western side of the bay (FIGURE 5.10);
and 2) serving as a barrier to fresh water
flowing from the Trinity River delta to
the channel. These effects have increased
the salinity of the western part of the bay
(Espey, Huston and Associates, 1978),
and may have decreased turbidity (water
cloudiness) to the point where the filtra-
tion rate of oysters may be affected
(Powell et al, 1994). Overall, there has
been significant realignment and accre-
tion of oyster reef in response to the cir-
culation changes in the bay (see Chapter
Seven). These changes are relatively
recent, however, and the comparison to

oyster reef coverage prior to all channel dredging cannot be made.
A three-dimensional circulation model developed by the

Corps of Engineers (Martin, 1993) is now being used to predict the
change in bay circulation and salinity from a proposed project to
enlarge the Houston Ship Channel. The proposed expansion may
eventually lead to a 50-ft depth with a 600-ft width, compared to
the 40-ft by 400-ft configuration today. Preliminary modeling
results indicate that an enlarged channel will increase salinity in the
bay and make the salinity "tongues" in the ship channel longer and
sharper. Additional simulations are being conducted to further esti-
mate the environmental effects of the proposed project.

Power Generating Stations
Two large power generating stations are currently drawing

water directly from Galveston Bay for cooling purposes, with
important effects on the bay's internal circulation. The intake for
the P. H. Robinson station is located south of Eagle Point and dis-
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charges to a point north of Eagle Point near Bacliff. The Cedar
Bayou Generating Station flow has a longer diversion, with the
intake in Cedar Bayou and the outlet in the Trinity River Delta in
the northwestern part of Trinity Bay. The annual volume of flow
through both stations combined is equal to about half of the annual
fresh water inflow to the bay. The generating plants recirculate bay
water at a constant rate, while the rivers provide fresh water inflow
at an extremely variable rate.

The general flow pattern caused by the P. H. Robinson plant

Source: Galveston Bay National Esluary Program

Armand Bayou, north of Clear Lake, has subsided nearly seven feet due to the extraction of ground-
water and subsequent compaction. Nearly all the wetlands in this area were drowned. The dead
trees in the foreground were once along the shoreline and have since been flooded by open water.

is clockwise around Eagle Point, while the most notable effect of
the Cedar Bayou plant is water being directed upstream to the
intake on Cedar Bayou. Ward (1991) indicated that the influence
of the Cedar Bayou plant may have also changed or neutralized the
effect of wind-spun gyres caused by the wind in Trinity Bay. In
addition, much of the effluent from municipal and industrial dis-
chargers to Cedar Bayou, as well as nonpoint source runoff from
the Cedar Bayou watershed, is effectively diverted to the Trinity
River Delta, as water from Cedar Bayou is drawn into the cooling
system.

Bolivar Roads Inlet and Texas City Dike
When the Galveston jetties were completed near the turn of

the century, they eliminated the natural bar structure across the inlet
and diverted the tidal flow away from its original path through the
Galveston Channel (between Pelican and Galveston Islands).
Estimates performed by Ward (1991) indicate that the new inlet
structure may have also increased the overall tidal flow to the bay,
perhaps by 20 percent. These tidal flow data are not well-docu-
mented, however, and should only be considered an estimate.

The Texas City Dike has fundamentally altered the currents
in the lower bay and has reduced circulation to West Bay (Ward,
1991; Paine and Morton, 1986). A large part of the ebb tide was

probably directed into West Bay prior to construction of the dike in
1915; now practically none of the tidal current enters West Bay
north of Pelican Island. In addition, northers probably do not push
as much water through West Bay now that the dike is in place,
affecting the flow through San Luis Pass.

Subsidence
Over the long term, Galveston Bay has been filling with sed-

iments. However, subsidence caused by excessive groundwater
withdrawal has temporarily reversed this overall
geological trend and has resulted in an increase in
bay volume over the past century (Ward, 1993).
This process has produced many secondary
responses, including loss of fringing wetlands (see
Chapter Seven).

Loss of land elevations from subsidence has
created a bowl-shaped area 80 miles in diameter
(FIGURE 5.12; Gabrysch and Bonnet, 1975;
Ratzlaff, 1982). Local subsidence of up to ten feet
has been observed in some locations since the turn
of the century, and approximately one foot of aver-
age subsidence has occurred in the upper Galveston
Bay area. As a result, many local land features
have now been inundated, such as the Brownwood
subdivision near Baytown, over 30 percent of San
Jacinto Park, and the 100-year old jetties at the
mouth of Cedar Bayou.

Groundwater withdrawal management
practices formulated by the Harris-Galveston
Coastal Subsidence District have almost eliminat-

ed excessive pumping in the near-bay areas. A permitting system
was initiated in the mid 1970s along with a program to convert
former groundwater users to surface water. Because of these
efforts, subsidence has virtually stopped in and around Galveston
Bay over the past ten years. In the Pasadena area, near the center
of the "subsidence bowl," subsidence rates have decreased from
0.3 ft/yr for the period 1973-1978 to 0.03 ft/yr for the period
1978-1987 (Gabrysch and Coplin, 1990). Although subsidence is
increasing is some areas, such as along U. S. Highway 59 in Fort
Bend County, these areas are farther inland and do not affect the
bay directly.

Because of subsidence, the volume of Galveston Bay has
increased over 800,000 ac-ft, due to the gradual lowering of the
bottom of the bay (Ward, 1993). This is over three times the entire
volume of all federal, public, and private dredge and fill operations,
including all dredging related to the Houston Ship Channel.
Although the environmental effects of subsidence are much differ-
ent than channel dredging, which deepens only very local areas of
the bay and produces disposal material, subsidence has probably
influenced circulation and sediment distribution.

Other Modifications
One of the greatest engineering achievements in the early
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20th century is attributed to Galveston's
response to the devastating great storm
of 1900. Vast quantities of sand were
mined and transported by pipeline to
"raise the grade" of the entire City of
Galveston by up to 11 feet above the
previous land surface. Fill material was
taken from several borrow areas includ-
ing Offatts Bayou, an existing channel.
By the time the project was completed
in 1911, over 9,900 ac-ft of material
had been moved to help protect the city
from future hurricanes.

In 1931, despite the protests of
oil, towing, and timber interests, the
entrance to Lake Anahuac (then called
Turtle Bay) was closed by the Trinity
River Irrigation District No. 1 to protect
rice irrigation systems. The district had
proper authority because of a 1902 pro-
vision by Congress that declared Lake
Anahuac to be non-navigable.
Subsequently, this 6,000-ac area, once
part of the Galveston Bay estuary, was
removed from the bay system and con-
verted to a shallow, fresh water lake.

Other "isolations" include the
privately-owned 1,100-ac Delhomme
hunting area and the 2,500 ac impound-
ments utilized as part of the Houston
Lighting and Power Cedar Bayou
Generating Station's cooling system.
The total amount of isolated bay area
(including Lake Anahuac) is 7,500 ac
of bay bottom (about two percent of the
bay's original area) and 16,000 ac of
marsh.

Source: Gabrysch and Coplin, 1990

FIGURE 5.12. Land-surface subsidence in the Galveston Bay area, 1906 to 1987. Unregulated groundwater with-
drawal prior to the 1970s resulted in land subsidence that has important implications for the bay. Wetlands have
been drowned and converted to open water, and shorelines have been eroded. Regulation of water well produc-
tion has greatly slowed the subsidence process, but the historical effects remain a problem for bay management

Shoreline Modification
While bulkheads, docks, and revetments usually generate

lower volumes of dredge and fill material compared to channel
construction, their environmental impact may be disproportionately
greater than the actual physical modifications would suggest
(Ward, 1993). Most shoreline modifications involve a direct con-
version of shoreline and nearshore habitat from a sloping, vegetat-
ed, natural state to an abrupt rectangular land-water barrier.

Using the U. S. Army Corps permit data and assumptions
about standard bulkhead configurations, Ward (1993) estimated the
amount of shoreline converted from natural habitats to man-made
shoreline since World War II. He concluded that 42 mi of the bay
shoreline had been bulkheaded and 28 mi had been converted to
docks or revetments. By using an estimate prepared by Orlando et
al. (1988) of a 743-mi shoreline around Galveston Bay, about ten

percent (74 mi) of the bay shoreline has been modified: six percent
(45 mi) by bulkheading and four percent (30 mi) by dock and revet-
ment construction.

Shell Dredging
Beginning in 1905, large quantities of shell were removed

from the Galveston Bay system for industrial and construction pur-
poses. New industrial processes after World War II greatly
increased the value of the shell as a raw material, and the volume of
shell removed increased from about 2,500 ac-ft per year in 1945 to
over 5,000 ac-ft per year in the mid 1960s. Increasing environmen-
tal concerns resulted in more stringent regulation of the industry,
and by 1969 shell dredging had been banned from the bay. Ward
(1993) estimates that approximately 135,000 ac-ft of shell had been
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Source: Houston-Galveston Area Council

removed between 1910 and 1969, a volume on the same order of
magnitude as the cumulative new work excavation from naviga-
tion channels.

SUMMARY
Galveston Bay is a relatively shallow, wind-dominated sys-

tem of relatively recent geologic origin (4000 years). Its 33,000 sq
mi watershed has three main drainages: the Trinity River water-
shed, San Jacinto River watershed, and the coastal basin. Both the
Trinity and San Jacinto rivers flow through large reservoirs, locat-
ed close to the bay, that have reduced sediment and nutrients enter-
ing the bay and may have altered some fresh water inflow patterns.

The 26,000 sq mi Trinity River watershed has a mixture of
agricultural and forestry land uses, and includes the highly urban-
ized Dallas/Fort Worth metroplex. The San Jacinto watershed is
only about a tenth this size and is about three-fourths forested land
with minimal urban development. The 4,238 sq mi coastal basin is
comprised of roughly equal portions of urban areas (Houston),

agricultural lands, open/pasture lands,
and forests. The local climate is warm
and wet, with an average of 51.8 inches
of rain per year.

The Trinity River provides
slightly more than half the average 10.1
million ac-ft of fresh water inflow
annually reaching the bay. There have
been no increasing or decreasing trends
in total fresh water inflow since 1941.
Preliminary information suggests that
the Lake Livingston dam on the Trinity
River, combined with elevated urban
base flows, may have dampened the
historical seasonal inflow extremes.

The bay's circulation is con-
trolled primarily by winds, tides, and
fresh water inflow. Winds can have a
dramatic effect on the bay-an intense
norther can push over half of the bay's
water out to the gulf in less than 24 hr

and reduce water levels by more than three feet in some places.
Tidal exchange is relatively weak, with 80 percent of the tidal
exchange occurring through Bolivar Inlet.

Circulation patterns in part determine the distribution of bot-
tom sediments. Mud predominates, interrupted by areas of sand,
shell, and oyster reef, depending upon the currents and their ener-
gy. The shoreline of the bay consists primarily of marsh and clay
bluffs that have eroded an average of 2.2 ft per year since the
1850s. Hurricanes are particularly important natural events that
can drastically change the shoreline and sediment distribution.

Significant modifications to the physical structure of the bay
have occurred since the 1850s. Most notable have been construc-
tion of navigation channels, subsidence, and isolation of secondary
bays and marshes. The Houston Ship Channel, the Texas City
Channel, the Gulf Intracoastal Waterway, and other channels have
been excavated, and have created adjacent dredge disposal areas.
Subsidence from groundwater pumping has lowered the bottom of
the northwestern portion of the bay by several feet, contributing to
an overall 30 percent increase in bay volume since 1900 to 2.2 mil-
lion ac-ft. Isolation has removed some of the original bay area,
such as when Turtle Bay was closed off in 1931 to form a fresh
water system now called Lake Anahuac. Overall, however, the
600 sq mi area of the bay has remained about constant due to inun-
dation of low-lying areas by subsidence.

These human activities have also affected circulation. At
the turn of the century, Redfish Bar ran across the middle bay, lim-
iting circulation and salt water intrusion into the upper estuary.
Now the Houston Ship Channel is the dominant feature and is the
main factor bringing salt water further up into the bay. This has
probably resulted in considerable change in the bay over time, for
example changes in oyster reef distribution.
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