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Executive Summary 
This report provides a comprehensive synthesis of 
salinity information for 26 principal Gulf estuaries. 
Besides being a critical factor that determines 
habitat, salinit1J provides a direct measure of estua
rine transport behavior. An estuary's ability to 
retain, flush, and mix pollutants is determined by the 
same processes affecting how freshwater inputs 
combine with seawater, which is directly measured 
by salinity. This study is an important component 
of NOAA's strategic assessment program which 
provides scientific information needed to evaluate 
national or regional policies that balance develop
ment in coastal and ocean areas with conservation 
of their resources. 

Objectives 

The principal objectives were: 1) to characterize both 
the structure and variability of salinity; and 2) to 
identify the dominant physical processes affecting 
salinity behavior at time scales ranging from hours to 
years. Consequently, this report provides informa
tion on both the spatial and temporal scales in which 
anthropogenic influences (e.g., freshwater diversions, 
dredged navigation channels, and inlet modifica
tions) can be assessed. This is particularly important 
in the Gulf region where the coastal population is 
projected to increase by 22 percent to almost 18 
million by 2010 (Culliton et al., 1990). Without this 
information, the impacts of these activities cannot be 
fully determined, as their influence on salinity is 
frequently misinterpreted when based on inappro
priate averaging periods. 

Area 

Twenty-six estuaries were studied in detail in this 
report, including all the principal bays of the Gulf 
coast. The Mississippi River, the Rio Grande, several 
minor streams and distributaries flowing directly 
into the Gulf, and the south Florida systems have 
been excluded. Comparable information on the 
south Florida systems will be provided in a separate 
report due to the complexities associated with 
freshwater delivery to these estuaries. 

The uniqueness and importance of these estuaries are 
primarily attributable to their morphology and the 
hydroclimatology of the Gulf region. The systems 
are dominated by an extensive wetland and shoreline 
habitat and correspondingly high biological produc
tivity. However, the shallow nature of these systems 

makes them highly susceptible to both watershed 
and waterbody modifications, with the latter includ
ing channel dredging, dredged material disposal, 
filling of subtidal and tidal wetlands, and inlet 
stabilization. 

The Gulf of Mexico watershed represents over 80% of 
the drainage of coterminous states into the coastal 
ocean. It encompasses nearly the full range of North 
American climates, with a corresponding range of 
inflows to the estuaries. Across the Gulf, inflow 
volumes range by more than two orders of magni
tude, from the arid segments of the central Florida 
and south Texas coasts to the water-rich Mississippi 
delta. As importantly, the time variation of fresh
water delivery to these estuaries ranges from sea
sonal dominance in the central Gulf to isolated, 
short-duration, high-intensity pulses in the arid areas 
of central Florida and south Texas. The timing and 
fluctuation of river flow are further modified by 
reservoirs constructed on most major rivers flowing 
to Gulf estuaries. The importance of freshwater 
inflow to salinity distributions, habitat, water
circulation patterns, and pollutant transport is, 
therefore, predicated on both the volume and timing 
of delivery, as well as its interaction with other 
physical forcing mechanisms. Accordingly, its 
influence varies between estuaries and within any 
given estuary. 

Participants 

This study required direct involvement with experts 
throughout the Gulf of Mexico region. Tn particular, 
experts from four institutions (i.e., Louisiana 
Universities Marine Consortium, the University of 
Texas at Austin, Florida State University, and 
Louisiana State University) worked cooperatively 
with NOAA to develop protocols, identify data 
sources and personal contacts, accurately synthesize 
and interpret information, and develop this report. 
In all, nearly 100 scientists from Federal, State, and 
local government agencies; academic institutions; 
and private organizations contributed data and 
information to this report. The time and effort 
dedicated by all participants are acknowledged and 
greatly appreciated. 

Approach 

Time series records of freshwater inflow and salinity, 
in conjunction with available.background informa-
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tion on tides, wind, and other factors, were used 
to quantify salinity variability. For most U.S. 
estuaries, including those in the Gulf region, 
seasonal variation in freshwater inflow produces 
the most dramatic changes in bay-wide salinity 
patterns. Because a consistent time scale is 
necessary for comparisons among estuaries, 
seasonal salinity distributions were delineated for 
each estuary. Representative 3-month seasonal 
averaging periods were selected to reflect the 
normal range of high- and low-salinity regimes 
under typical and present-day hydrologic condi
tions. For both periods, the salinity structure was 
depicted by constructing isohalines at 5 parts-per
thousand (ppt) intervals from the head of tide to 
its ocean boundary for both the surface and 
bottom layers of the water column. 

To put seasonal salinity variability into context, an 
analysis of temporal variability ranging from 
hours to years is provided. Additionally, the 
dominant, secondary, and modifying influences of 
the relevant processes affecting salinity variability 
have also been identified. This approach allows 
depiction of salinity behavior at various time 
scales, as well as a summary of the relevant 
mechanisms. 

Summary of Results 

Salinity Variability as a Management Tool. 
The dynamics of the physical environment have 
important consequences for estuarine resource 
and water-quality management. Because physical 
conditions in each estuary are uniquely governed 
by factors such as system morphology, freshwater 
inflow, and Gulf exchange, certain management 
alternatives are unlikely to elicit a common 
response across all estuaries. The variability of 
estuarine salinity inherently integrates the relative 
influence of the controlling factors and, therefore, 
is an indicator of the important temporal and 
spatial dynamics of the physical environment. 
Thus, it can be used to differentiate functional 
differences between estuaries and, ultimately, to 
develop a framework for evaluating the probable 
response to certain management alternatives. 

Estuan; Types. The classification of estuaries has 
traditionally been along jurisdictional boundaries, 
most often aligning to states or districts. Geo
graphical proximity, however, often belies impor
tant functional differences between estuaries. 

iv 

Type Magnitude of Variability Average Annual Salinity 
Weekly* Seasonal* 

1 L L High (Seawater-dominated) 
2 M L Intermediate · 
3 M M Intermediate 
4 L M Intermediate 
5 L L Low (Freshwater-dominated) 

* L -low; M - medium 

Consequently, the effectiveness of research and man
agement strategies is often reduced. Alternatively, a 
classification scheme, based on salinity behavior, 
provides a viable approach for grouping estuaries with 
similar physical processes affecting system dynamics. 
An proposed categorization uses average annual 
salinity and its intra-annual variability under normal 
hydrologic conditions to identify five estuarine types (see 
Figure 169, p. 178): 

These types lie along a continuum, ranging from 
seawater-dominated (type 1) to freshwater-dominated 
(type 5) systems, with intermediate and overlapping 
conditions in types 2 through 4. Estuary types 1 and 5 
lack any significant intra-annual variability, as they are 
each dominated by a single (but contrasting) forcing 
mechanism. Salinity in estuary types 2 through 4 
depends on the relative influence of freshwater inflow, 
Gulf exchanges, and other controlling factors. In 
general, freshwater inflow increases and becomes more 
continuous from types 2 to 4, progressively suppressing 
seawater intrusion and shifting the dominant time scale 
of salinity variability from weekly to seasonal. Type 3 
estuaries, however, experience the most variability over 
the widest range of time scales. Because the range of 
inflow defining types 2 through 4 overlaps, these 
estuaries may transition between types. 

Management Implications. The time-space relation
ships of salinity across the Gulf region suggest that 
different research, management, and monitoring 
approaches may be required for specific estuarine 
types. For example, the susceptibility of an estuary to 
short-term, acute water-quality conditions versus 
longer-term chronic effects can be inferred from an 
understanding of the physical transport and mixing 
suggested by salinity behavior. For example, estuary 
types 1 and 2 are more likely to concentrate certain 
pollutants over longer periods than type 5 systems, as 
the latter are continually flushed by freshwater. In a 
similar sense, the success and distribution of many 
estuarine biota depend on preferred salinity concentra
tions, freshwater inflow regimes, or entrainment events 
that vary by estuary type. The migration of diadro
mous fish, for example, may coincide with the onset of 



a sustained tidal fresh environment, characteristic of 
estuary types 3 and 4. 

Limited Salinity Data. An important conclusion 
of this study contradicts a common belief that an 
abundance of salinity data is available for the 
Nation's estuaries. Data availability varies widely 
from estuary-to-estuary; large data sets exist only for 
a few estuaries, while others go nearly unsampled 
for extended periods. Each sampling agency or 
institution has its own objectives that dictate the 
spatial and temporal sampling strategy. Few field 
sampling programs include a comprehensive survey 
of the estuary; most often programs are spatially 
restricted to either (or both) a specific area of the 
estuary or depth within its water column. Similarly, 
sampling frequency is commonly limited to monthly 
or quarterly surveys. Therefore, characterization of 
salinity variability at certain time scales is limited or 
impossible. A greater cognizance of the need for 
and value of salinity data in estuary management is 
needed. Moreover, sampling programs must be 
optimized to monitor salinity so as to resolve the 
dominant time-space scales of variation. 

What Remains? 

This study focused on the relationship between 
forcing mechanisms and the response of the 
estuary's physical environment (i.e., spatial and 
temporal variability) under typical hydrologic 
conditions. It provides an intermediate step toward 
understanding the complex linkages between an 
estuarine environment's biotic and abiotic compo
nents. The proposed classification scheme, based on 
the temporal salinity variability, provides a frame
work that can be used to assess and prioritize certain 
strategic management and resource issues. How
ever, further validation of the five estuary types as a 
viable classification scheme should be a prerequisite 
for expansion of this approach. This would require 
supplemental salinity data acquired through moni
toring programs that provide this data at the appro
priate temporal scale. Future studies should also 
address the effects of atypical or episodic events 
associated with the extremes in freshwater inflow 
that may be the dominant factor controlling salinity 
in an otherwise stable regime (e.g., Laguna Madre). 
Furthermore, a characterization at the appropriate 
spatial and temporal scales of the relative influence 
of other hydrographic variables (e.g., temperature 
and circulation) is required to further resolve habitat 
and water-quality issues inferred through salinity 
behavior. 

Executive Summary 
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-------Introduction-------
This report presents information on the spatial and 
temporal characteristics of salinity for 26 of the 
Nation's estuarine systems. It is one component of 
NOAA's National Estuarine Inventory (NEI), a 
series of activities that defines and characterizes the 
Nation's estuarine resource base and develops a 
national estuarine assessment capability. The NEI is 
being conducted in cooperation with numerous 
government agencies, academic institutions, and 
nonprofit organizations. This report will provide 
managers and analysts with a synthesis and inter
pretation of existing information, thereby enabling 
them to make informed decisions about resources 
affected by the behavior of salinity in our Nation's 
estuaries. 

This report emphasizes two aspects of salinity: its 
spatial structure and variability. Structure refers to 
the spatial distribution of salinity (i.e., the horizontal 
and vertical gradients) within the estuary at a 
defined point in time. Variability refers to the spatial 
and temporal changes in the salinity structure 
dictated by the principal forcing mechanisms (i.e., 
freshwater inflow, tides, wind, etc.). While the 
approach is descriptive, the philosophy is process
based (i.e., the basic physical controls affecting 
salinity are given explicit study). The basic postulate 
of the analytical methodology is that estuarine 
hydrology primarily controls salinity; therefore, 
salinity regimes can be defined by examining the 
time-space variation of hydrology. Additional 
salinity characteristics may be governed by other 
physical processes quantified on an estuary-specific 
basis. Even in systems where the postulate proves to 
be false (e.g., south Texas), it provides the motivation 
for an objective and consistent procedural frame
work. 

===--~ ~,~:~~~,~~~~~~4'~fJ:,"~2"z·· .... J 

In 1985, NOAA published the National Estuarine 
Inventory pata Atlas, Volume 1: Physical and Hydrologic 
Characteristics (NOAA, 1985b). This atlas identified 
92 of the Nation's estuaries and provided base-line 
estimates of certain physical and hydrologic data, 
including salinity. In addition, it identified the 
spatial framework for the consistent synthesis and 
depiction of physical, chemical, and biological 
attributes defining these estuaries. The framework 
contained both a land- and water-based component, 
with the latter based on salinity. The NEI and its 
related data bases have been the foundation for 
strategic regional- and national-level assessments of 
the use and health of the Nation's estuarine resource 
base (NOAA, 1985b). 

.. why Study Salinity? 

SaliiHty !\aS tradi!idrtally beerr a central parameter for 
· esl)lapneiirjilysis, pa:rtictilarly a:s an indicator of estuarine 
. l).yo/ogr.apJ;iy, a}'d):)abjtat potential: The reasons .to study 
salinityinclud¢{ ' • .' • · · 

.---- ~--; ;' -,:·i·v." _::·.:;'':, ; .. y.',) ;;;. ·>{.-<: 

tr•S~\Yffsa'dirlkt"fuea:siire'ol the relative influence of 
.th~;:~~~~~~~:rtheJteshwater-·soU.rces·in an: estuaryi' 

2~ sa:iliu.IY is, a~· excellent \lydrographic tracer. It is virtu
:;t¢:w;~c;.6E.~~~~~~~::~.9-·:·:_-~CI.i1=~~eS- th~ movement and ex-

i:i~~~j~ttr{~~~;~~~; . ·.. . . ·.· 
3!}~\lJ®ty; ~~i#i)'~jlr(jq:Wamic varjable, dblliii1ates the 
<;l~~~~~~F~#.tO.~;~~Shl'arr:an\:l ~herefore exer~s irnpor
:ta±it:cohti6IS~oi\;·<ttiNeilfS :and trii:'bUJ.ence· 
.:~~:~~~~(f::~:v_:~':~~;;t~:~t<::i:t::~:::.---~_t.---. _" :-_- -._ ------_ · .(. _ ;: · 
.jJ;.,Sallil\t}':.r~ ·,;'! ~s~~iitial element in determining estua
ifrr~h~pjtatc'~t aiJ'<{ctlji affect,s. the distribution, abundance, 
:·cUla/¢oinPoSip_Qn-oOJ101Qgic~:te'sources; and 
~\-~;\<>/~_~J_;_;_':h_'~:7;f_~f~<-Y:~';:~-~:·~);; .. --.-· :_ ' _, __ ' ' ' 
• S) cpai\Jtf\Yii~ e,if~ily•n{e~si[ted using yariotis tediniques, 
a)la,l\fetf>)i~a!~ilifojni\ttiOnisgenerally available.· 

.·',··"''' -- ____ .-,.; '" :;.-; 

Need for Improved Salinity Data. The revision of 
the original salinity framework was initiated in 1989 
to improve the spatial and temporal resolutions 
necessary for more rigorous analysis of estuarine 
resources, pollutant transport behavior, and model
ing activities. At its completion, this project will 
define the spatial structure of salinity and character
ize its variability in both time and space for more 
than 120 estuaries in our Nation. The scale of these 
refinements is generally at the subsystem level. The 
intent is to incorporate a dynamic dimension to the 
previously static portrayal of salinity. 

NET Salinity Characterization. Salinity was 
included in the NEI because of its recognized value 
as an indicator of estuarine circulation and pollutant 
transport (Officer, 1983) and its significance in 
determining the distribution of biological resources 
(Smayda, 1983). The salinity structure consisted of 
three generic zones, represented by a tidal fresh zone 
(0-0.5 ppt), a mixing zone (>0.5-25 ppt), and a seawa
ter zone (>25 ppt). Although it was a relatively 
simple depiction of salinity, this zonation was 
sufficient for the development and analysis of other 
important salinity-dependent data bases. For 
example, NOAA's Distribution and Abundance of Fishes 
and Invertebrates in Texas Estuaries characterized the 
distribution and relative abundance of estuarine
dependent living marine resources and keyed these 
profiles to the original salinity zones (Monaco et al., 
1989). Additionally, an estuary's flushing/retention 
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characteristics were determined as an indicator of 
pollution susceptibility based on salinity and fresh
water statistics from Volume 1 (Klein and Orlando, 
1989). 

Salinity Structure. This study improves the 
original framework by depicting 5-ppt increments for 
both surface and bottom salinities (Figure 1). This 
structure is defined for two 3-month periods that 
reflect typical high- and low-salinity periods (see 
Representative Salinity Averaging Periods, page 6). 
These refined distributions significantly upgrade the 
ability to understand the system. The profiles: 
1) provide further characterization of the horizontal 
and vertical gradients previously defmed by exten
sive mixing zones (>0.5-25 ppt); and 2) suggest the 
relative influence of freshwater and seawater sources 
on salinity. 

Salinity Variability. Variability refers to the 
spatial and temporal changes associated with the 
defined salinity structure. Restated, the structure 
represents a static mean about which the variability is 
occurring. The frequency and magnitude of salinity 
variability differ within any given estuary, depend
ing on the relative influence of the operable forcing 
mechanisms. For most estuaries, the primary forcing 
mechanisms include, but are not limited to: fresh
water inflow, astronomical tides, wind, and coastal 
shelf processes. In some estuaries, salinity variability 
may also depend on other mechanisms such as brine 
discharges (e.g., Brazos River, TX), evaporation 
(e.g., Corpus Christi Bay, TX), density currents 
(e.g., Galveston Bay, TX), or inter-estuary exchanges 
(e.g., San Antonio Bay, TX). 

Figure 2 identifies the principal forcing mechanisms 
affecting estuarine salinity and the dominant time 
scales of salinity variability. Time scales spanning 
from hours to year-to-year represent variability that is 
somewhat predictable under a normal range of 
conditions. In contrast, episodic forcing includes 
events having a statistically low probability of 
occurrence. For many estuaries under normal condi
tions, the dominant time scale of variability (i.e., the 
time scale at which the magnitude of salinity vari
ability is greatest) is months-to-seasons and is 
attributable to freshwater-inflow patterns. How
ever, this seasonal dominance does not necessarily 
preclude important changes to the salinity structure 
at other time scales. This report uses a summary 
matrix (Figure 3) to consistently characterize salinity 
variability at each time scale, identifies the dominant 
forcing mechanism(s) responsible for the variability 
at each time scale, and indicates the subsystems 
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within each estuary most likely to experience vari
ability at each time scale. 

Although the magnitude of salillity variability 
experienced under normal conditions is often ex
ceeded by low-frequency episodic events (e.g., a 
100-year flood or 20-year drought), a characterization 
of variability at the episodic time scale is beyond the 
scope of this report. First, information for these 
events is generally not available. In addition, man
agement strategies designed to regulate resources 
that are salinity-dependent can not reasonably 
accommodate this extreme and unpredictable 
variation range. Because the latter is not a funda
mental objective of this report, a characterization of 
these low-frequency events is only provided for 
those estuaries where it produces the only significant 
variability in an otherwise stable salinity structure 
(e.g., Corpus Christi Bay, TX). 

To quantify salinity variability, this report uses all 
available information and attempts to characterize 
variability, as data permits, at five unique time 
scales. The primary forcing mechanisms and their 
range of influence on salinity vary at each time scale. 

• Hours. Variability of the salinity structure at this 
time scale is most often attributable to the diurnal 
tide cycle. This mechanism is associated with 
intruding high-salinity ocean waters and com
monly encourages water-column mixing. In the 
Gulf estuaries, this mechanism is usually not 
important except near the inlet; its influence is 
generally more extensive for Atlantic and Pacific 
coast estuaries where tidal ranges are greater. 

• Days-to-Weeks. Variability of the salinity structure 
at this time scale is most often attributable to 
short-duration freshwater pulses, the biweekly 
(spring-neap or tropic-equatorial) cycle of tide, 
and frontal passages. Freshwater pulses are 
particularly influential in areas immediately near 
their source, but may exert significant short-term 
control over a large area of an estuary. These 
pulses generally displace vertically stratified 
waters seaward within an estuary, decreasing 
vertical stratification in areas immediately near 
the source, but intensifying stratification in areas 
downstream of the inunediate inflow source. 
Biweekly tides enhance saltwater intrusion and 
intensify water-column mixing. Frontal passages 
are generally high-energy events that may be 
responsible for intense short-term variation in 
water levels, horizontal salinity gradients, and 
water-column mixing. These effects are most 
noticeable in microtidal environments (e.g., Gulf 



; Figure 1. Refined ~;pati~lstruclure forGplvestonBay; Texas 

April-June 1985 

Surface a 

August-October 1986 

Surface b 

a. Data Sources: TSDH, 1991; TWC, 1991; TWDB, 1991 a; TPWD, 1991 
b. Data Sources: TSDH, 1991;TWC, 1991;TWDB, 1991a 
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coast) where they overwhelm the influence of 
astronomical tides. 

• Months-to-Seasons. For most estuaries in the U.S., 
the dominant time scale of variability occurs at 
the seasonal level. On average, the net change in 
salinity for an entire estuary is greater at this 
time scale, primarily due to changes in seasonal 
freshwater discharges and, to a lesser extent, 
prevailing seasonal wind speed and direction. 

• Year-to-Year. Annual variations are most often 
less pronounced than typical seasonal differ
ences, excluding the anomalous events described 
below. 

• Episodic. Episodic variation refers to the low
frequency, high-intensity, short-duration floods 
that not only include naturally occurring tropical 
storms, but may also result from infrequent high
volume water releases from control structUres 
(e.g., the Bonnet-Carre Spillway into Lake 
Pontchartrain). In either case, the effect is · 
generally dramatic: salinities throughout the 
estuary become brackish and may even approach 
tidal-fresh conditions as high-salinity waters are 
flushed and then replaced by the intense fresh
water discharge. Under these conditions, 
vertical stratification may be nearly eliminated 
and tidal influence is suppressed until the 
freshwater pulse is reduced. 

Figure 4 summarizes the major project components. 
Salinity characterizations were completed on a state-

,----------- ----------------- ------ ---------- ---
1 Figure 2. Primary forcing mechanisms and 'time scales 
I important to estuarine salinit!J variability (Cloern and 
! Nichols, 1985) 

TimeScale 

Hours I Days to I Months to Year to Episodic 
Weaks Seasons Year 

Freshwater Seasonal Wetvs. 
Tropical 
storms & 

Inflow Freshets discharge dry years diversions 
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Spring-neap 

~ Tides & diurnal & tropic· Seasonal 
equitorial 

• ~ 
0 

Frontal Prevailing • 
"' Wind Diurnal passages seasonal 

winds 

Coastal River plumes River plumes Shelf EINino 
Processes & upwelling & upwelling 

by-state basis, and cooperative agreements were 
often established with local academic institutions, 
whose expertise is considered absolutely essential to 
the project. 

The Data 

Data Availability. A common misconception is 
that an abundance of salinity data is available for the 
Nation's estuaries. In fact, a respectable volume of 
data exists only for a handful of the most studied 

·estuaries (e.g., Galveston Bay and Chesapeake Bay), 
where hundreds of salinity measurements have been 
made annually over several years. Even for these 
systems, salinity information is not centralized and 
must be gathered from numerous sources. In con
trast, some estuaries go completely unsampled for 

Figure 3. Sample matrix summarizing time scales and forcing mechanisms important to salinity structure and 
variability 

Time Scale of Salinity Response 

Hours Days to Months to Year to I Episodic Weeks Seasons Year 

Freshwater 
Inflow 

Tides 
E 
.!! 
c • Wind ~ 
0 • "' Density 

Currents 

Shelf 
Processes 
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Effect on Salinity Variability 

Salinity VarlabJIIty Importance of Mechanism 

Very High = > 21 ppt D 
High =11-20ppt s 
Medium = 6-10 ppt M 
Low = 3-5 ppt 
Very Low = < 2 ppt 

Relative importance 
of mechanism 
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-minor 

Subsystem most 

Assessment 
Rellabllltv · 

H . high 
M . moderate 
L -low 

LIT- Literature 
Only 

CJ_ As~es~~ent likely to be directly 
Reliability influenced by mechanism 

NOTE: Jsohalines illustrated in Figure 1 represent the "mean" salinity structure 
that is subject to the temporal and spatial variability indicated by this matrix. The 
rower portion of the matrix presents the magnitude of salinity variability at a 
particular time scale. The information within each column identifies the 
mechanisms most responsible for that variability. 



extended periods. The amount of salinity data 
available for most estuaries lies somewhere between 
these two extremes. 

Given the disparate volume of information available, 
data sets cover an enormous range of spatial and 
temporal scales within any given estuary. Most 
often, the largest salinity data sets have been col
lected in support of long-term water-quality monitor
ing programs, usually administered by state 
regulatory agencies. Under this scenario, salinity is 
scheduled to be routinely measured throughout the 
water column at numerous times and locations 
within an estuary. These comprehensive monitoring 
strategies, however, have frequently been curtailed 
(usually for financial reasons). Other salinity data 
sets have been collected as part of short-term special 
studies. Most of these, however, were limited both 
spatially and temporally (i.e., sampling stations were 
few, their sampling distribution was limited to a 
specific area of an estuary, and salinity was often 
measured for only the surface or bottom layer of the 
water column). Appendices I and II describe the 
data bases and special studies used in this report. 

Data Relevance. To characterize present-day and 
typical salinity conditions, data should be considered 
from other perspectives beyond the volume of 
available data. First, most of the Nation's estuaries 
(and their watersheds) have been subject to signifi
cant modifications. The most important of these 
modifications have included: 1) flow diversions and 
reservoir construction which may significantly alter 
the volume or timing of freshwater discharge to the 

Local 
Contacts 
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Regional 
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Background 
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Data 
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estuary; 2) creation or deepening of navigation 
channels which promote high-salinity bottom-water 
intrusion; and 3) large-scale dredge material disposal 
site construction (including diked disposal islands) 
which modifies circulation patterns. As a result, 
salinities throughout an estuary may undergo 
important historical alterations completely unrelated 
to its natural variability. Thus, if major alterations 
have recently occurred, only the most current salinity 
data will reflect present-day conditions within an 
estuary. This does not mean that historical records 
are not good data, merely that they pre-date existing 
conditions within the system. 

Second, salinity data must be considered with respect 
to the physical, hydrographic, and meteorologic 
processes occurring before the salinity measurement 
(i.e., antecedent conditions). For example, if typical or 
average salinities are required, salinity measurements 
obtained before flood or drought periods should not 
be analyzed. 

Advantages of this Report. Because of the 
complexities associated with trying to capture the 
time and space variations of salinity, this report 
consistently characterizes disparate long-term, 
short-term, synoptic, and spatially-biased data sets 
providing a better understanding of salinity and its 
variability than any of the studies when considered 
independently. For most estuaries, more information 
is assimilated in this report than within any other 
government, academic, or private repository. In 
addition, the data is supported by extensive docu
mentation of the major physical processes, morpho!-

Living Marine 
Resource 

Distributions 

Salinity 
Characterization Numerical 

Reports Models 

Pollutant 
Dispersion 

Data 
Availability 
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ogy, natural features, and antluopogenic modifica
tions that determine estuarine circulation and 
salinity. Furthermore, this study directly incorpo
rated the knowledge base of experts who were 
solicited to provide guidance and interpretation. 
Tllis information was consistently synthesized for 
each estuary and its interpretation includes expert 
guidance and review. The finished products 
(e.g., the salinity characterization summaries) are 
identically formatted and provide a brief, but 
information-rich summary emphasizing the most 
essential aspects of this information. 

..... -----~---·-,-----------.----:----"7-:-1 

Representative Salinity ! 
. . . . . . . .. . I 

Averaging Periods. . .. • ·1 
··-· ---- _______________ ·_:_-.. :~ _________ _: __ ~---'- __ , _____ _,. ___ :.._-

The salinity characterization summaries primarily 
focus on two 3-month periods extracted from histori
cal data records. These representative periods were 
determined to: 1) have adequate data to reliably 
characterize salinity structure and variability; 2) be 
most representative of typical high- and low-salinity 
conditions; and 3) adequately represent the historical 
data records. However, the remaining historical 
records are not discarded in favor of the representa
tive periods. Instead, historical records are used to: 
1) verify the representativeness of the selected periods; 
2) fill in important data gaps for the selected periods; 
and 3) quantify the magnitude of salinity variability 
at the identified time scales discussed on pages 2 and 
4. 

Three months were determined to be the appropriate 
duration for the representative periods because: 
1) the seasonal freshwater inflow signal for most of 
the Nation's estuaries (i.e., variation on a 3-4 month 
time frame) was determined to be most important 
when compared to the other potential influences of 
astronomical tides and meteorology; 2) three months 
was considered to be the minimum period necessary 
to observe the response of salinity to freshwater and 
other physical forces operating at and within the 
seasonal time scale; and 3) three months was deter
mined to be the shortest duration that ensured the 
availability of sufficient salinity data to examine 
structure and variability, given the data limitations 
discussed earlier. 

Importance ofAveragingPeriods. Adequate 
characterization of salinity requires at least two 
representative periods to display the normal range in 
the system (i.e., a high-salinity and low-salinity 
period). The representative periods provide the most 
direct approach for examining the dynamics of 
salinity and its relevant physical processes. Using 
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this approach, the real-time salinity records can be 
overlaid with the real-time freshwater inflow 
records (and tides and wind, where available) to 
examine salinity variability at time scales at and 
within the 3-month season (i.e., hours, days-to
weeks, and months-to-seasons). In contrast, an 
approach averaging an estuary's entire historical 
record would inherently limit the ability to charac
terize its salinity variability, and may actually 
misrepresent a system fluctuating between several 
states by depicting an intermediate condition that 
rarely, if ever, occurs. Other methodologies, includ
ing rigorous statistical techniques, are not appropri
ate due to the data linlitations discussed earlier. 

Comparison to Long-Term Averages. To 
determine the degree to which the selected periods 
represent the historical records (i.e., typical condi
tions), two analyses were conducted. First, the 
volume of freshwater inflow during the selected 
representative periods was compared to the histori
cal records. Second, the average estuary-wide 
salinity during the selected representative periods 
was compared to the historical records. Figure 5 
illustrates this comparison for August-October 1986 
which represents the 3-month high-salinity period 
for Galveston Bay, Texas. 

Selection of Representative Periods. The 
selection of representative periods is based on a 
methodology that consistently and objectively 
screens historical data sets that may yield salinities 
determined to be typical for the desired characteriza
tion period. This process examined the historical 
salinity record as discussed earlier, volume and 
timing of freshwater inflow, and historical modifica
tions to an estuary and its watershed. 

Volume and Timing of Freshwater Inflow. A two
step process was used to compare both the volume 
and timing of freshwater inflow during a potential 
3-month representative period to the historical 
freshwater record. A 1-month antecedent period 
was included in the analysis to examine the influ
ences associated with the possible lag effect of 
freshwater inflow on salinities. This process relied 
on freshwater inflow statistics, based on USGS 
gaged streamflow records, for major freshwater 
sources. Gages generally reflected 60-90% of the 
estuary's total drainage area. Where this percentage 
was lower (primarily in south Texas and in the 
Mississippi Delta region), the comparison was based 
on rainfall records and water budget analyses. 

In Figure 6, the freshwater inflow volume to 
Galveston Bay during a potential representative 



Introduction 

high-salinity /low-inflow period 
(August-October 1986) is compared 
to the long-term average inflow. 
Freshwater statistics are given for 
the Trinity River, the major fresh
water source to Galveston Bay, and 
include July as an indicator of 
antecedent conditions. The 
comparison indicates that the 
Trinity River discharge volume 
during July-October 1986 was 
consistent with long-term aver
ages. 

[~g~~:$: :cdfup~!"isonof average-;au-;;i~d~;!ng ;:;;gu~;:octobe~ 1986 (the 

I. sel~i:tetf'\<r'ep(f.se_ntalii!eperiod") ttllong-term average salinity for Galveston 
Blijji·Te"):}i5'··":::_->··· _ _<_-< . -_' · - - , 
~~"'~-~'-'-· -·-· ~-----------------'·--------

• Surlace 5alinlty 
1!1 Botklm Salinity 

(-,#) Number ol Salinity Observations (Surface/Bottom) 
- Mean Surface Salinity, 1971-1988 
••• Mean Bottom Salinity, 1971·1988 

- ~u~~ ~~y~!t~~r{~~)lnflow (Trinity River) 

Step two was conducted for 
potential representative periods 
that satisfy the freshwater volume 
criteria illustrated in Figure 6. The 
timing of peak freshwater events at 
durations of 1, 7, and 30 days was 
examined within the potential 
representative periods. This 
process ensured that the fresh
water had been delivered to the 
system through a series of fresh
water pulses typical of the 3-month period. For 
example, while the volume during a 3-month 
period may be consistent with the long-term record, 
this volume may have been determined by a typical 
freshwater surge (e.g., tropical storm) during an 
otherwise drier-than-normal period. In Figure 7, 
the timing of freshwater inflow during August
October 1986 for the Trinity River was consistent 
with long-term streamflow records, as defined by 
r:::: --~--: .·: -. :---;- ::;-··:· :~::;_----7:'----::::-~-::--=~~~:-----~:-:=-~ -_.:.;:-:::~. --~>::~.:.7~; .. :::-:::::.:-:.::::;:~ 
I Figure6. Comparison of J:esh":w_•._at.er,vo_.Jwn_e,lq_.lq,ljg-~1 _\ 
I term·averages for the Tnmty Rzver, Texas',,· · .. ·; ·: 
•----------------~----- ---- -----------~-----..;._---~~~~~-;_,__.__! 
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the 2-year return frequency. Peak discharges 
occurring less frequently than every 2 years (e.g., 5-
year or 10-year return frequency) deliver higher
than-normal freshwater pulses to the estuary and 
are assumed to have an increased influence on 
estuarine salinities. 

Historical Modifications. To determine the degree 
to which representative periods reflect present-day 
conditions, major modifkations made to the estuary 
and its watershed were documented. The objective 
was to choose representative periods post-dating 
the modifications, since they may have resulted in a 
substantial alteration of estuarine salinities or 
freshwater input to the system. Major modifica-
tions include, but are not limited to: · 

• Major navigation channels (e.g., Mobile Ship 
Channel in Mobile Bay, AL) 

• Diked disposal islands (e.g., North/South dis
posal area in Sabine Lake, TX/LA) · 

• Inlet creation (e.g., Sikes Cut in Apalachicola Bay, 
FL) 

• Shoreline modification (e.g., Texas City Dike in 
Galveston Bay, TX) 

• Reservoir construction (e.g., Choke Canyon 
Reservoir in Corpus Christi, TX) 
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nisms (e.g., salinity variability). 
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• States the average depth of the 
system and identifies naturally deep 
or shoal areas. Freshwater Event Duration 

• Saltwater control structures (e.g., at Lake Charles 
in Calcasieu Lake, LA) 

• Freshwater diversions (e.g., Bayou Lamoque in 
Breton Sound, LA) 

Selection Results. From the candidate representative 
periods meeting the freshwater and modifications 
criteria discussed earlier, data sets providing the best 
spatial and temporal salinity coverage were selected 
as the representative periods. For Galveston Bay, 
August-October 1986 was selected to represent 
present-day conditions typical of a high-salinity I 
low-inflow period. A similar process identified 
April-June 1985 as the representative low-salinity I 
high-inflow period for Galveston Bay. In limited 
cases (e.g., Aransas Bay, TX), the salinity information 
was so sparse that representative periods were based 
on the most abundant data sets which may have 
failed to meet the freshwater or modifications 
criteria. Salinity data was then obtained for these 
selected periods and isohalines were constructed. 
The results of this process are provided for each Gulf 
estuary in this report so that the user may also 
interpret this information. 

The characterization summaries for all estuaries are 
consistently formatted and contain four sections: 
Geographic Setting, Bathymetry, Salinity Patterns, and 
Factors Affecting Variability (discussed below). 

Geographic Setting 

• Describes the physical boundaries of an estuary. 
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• Identifies major navigation channels in an estuary. 

• Identifies major dredged material disposal areas 
and important shoreline modifications. 

• Identifies important control structures or reservoirs 
in an estuary's watershed. 

Salinity Patterns. This section identifies the 
representative periods selected as typical of the 
3-month high-salinity period and 3-month low
salinity period during a year in which normal 
hydrographic conditions were occurring. These 
periods are considered to be consistent with long
term averages within the system and are expected to 
reflect present-day conditions, unless otherwise 
noted. Surface and bottom isohalines for the selected 
representative periods are provided for each estuary. 
A summary of freshwater inflow conditions, data 
availability, and salinity behavior during the repre
sentative periods accompanies the isohalines. 

Factors Affecting Variability. This section 
highlights the most important physical processes that 
determine the salinity structure, and the most 
important time scales of salinity variability under 
normal conditions. This analysis is based on the 
entire historical record for each estuary. 

A matrix (Figure 8) was developed to consistently 
summarize and quantify salinity variability for each 
estuary. The left-side of the matrix identifies the 
dominant processes (forcing mechanisms) affecting 
salinity. The upper portion of the matrix identifies 
the dominant time scales of variability. The lower 
portion of the matrix estimates the range (magni
tude) of salinity variability at each time scale. For 



most U.S. estuaries, the matrix will indicate that 
salinity demonstrates its largest range of variability 
at the months-to-seasons time scale, primarily due to 
freshwater inflow (river discharge). For many of 
these estuaries, the matrix often quantifies the 
magnitude of variation at this time scale as medium 
(i.e., salinity is approximately 5-10 ppt higher during 
the low-inflow /high-salinity period than during the 
high-inflow /low-salinity period). This estimate may 
be used to compare salinity variability across estuar
ies. 

Subsystem discretion is available through the exami
nation of the matrix cells. Each occupied cell: 
1) defines the relative importance of a forcing mecha
nism on salinity variability at a given time scale; 
2) identifies the subsystems of the estuary most likely 
to be directly affected by a forcing mechanism at a 
given time scale; and 3) indicates the quality of data 
to support 1) and 2) above. Cell characterization is 
based on available literature, the historical freshwa
ter and salinity records, and guidance from locally 
recognized experts. An unoccupied cell indicates that 
salinity variability is unknown or not significant. 

Figure 8 interprets the salinity variability for the 
Galveston Bay system. Referring to the lower 
portion of the matrix, Galveston Bay demonstrates 
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the greatest range of variability (i.e., medium) at both 
the months-to-seasons and year-to-year time scales, 
while low variability occurs at the days-to-weeks time 
scale. Thus, for a normal range of hydrographic 
conditions, salinities in Galveston Bay are 6-10 ppt 
higher during the high-salinity season than the low
salinity season. The estuary also experiences 
important short-term (i.e., days-to-weeks) variability 
(2-5 ppt) and significant variability (6-10 ppt) from 
year-to-year. Further, the matrix indicates that 
freshwater inflow is the mechanism most respon
sible for salinity variability (denoted by D for 
dominant) at the months-to-seasons and year-to
year time scales; its influence is expressed through
out the estuary (see Figure 55, subsystems 1-5 for 
Pensacola Bay, FL). Shelf processes (river plumes 
discharged from adjacent estuaries) also affect 
salinity variability at the months-to-seasons and 
year-to-year time scales; their influence, however, is 
generally limited to subsystems nearest the inlets 
(subsystems 3 and 5). At the days-to-weeks time 
scale, salinity variability is determined by several 
mechanisms, although freshwater inflow and wind 
are most important; their influence extends through
out the entire estuary (subsystems 1-5). Over a 
period of hours, the variability of estuary-wide 
salinity is unknown, but is thought to be insignifi
cant. 

Figure s .. M;l;i~ ~~~;;;;;;;;~g H~~ ;~k;;~d forci~gm;~ha~isms imp~rtant tq.;;;ti;rii-;~tf~ct;;; ~-;;d-;ari;i,izjt)j--' 
; for Galveston Bay, Texas · .• · . . · ·. ; ·.· · .. , 
~-·-· . .. -·---- •.. -~- ----- -----~-:_ ____ ....;, ____ ~-· ___ ,.;,_.;_:..:..~_.:::. __ :_ ____ -__________ ··----·------------ -----· 

Time Scale of s_~II~IIY -~~spO~~~: ___ 

Hours Days to Months to Year to Episodic weeks Seasons Year 

Freshwater s D D 
Inflow L 1·5 H 1·5 IH 1·5 

Tides M 

E • LIT 3 
c • Wlod s -" 0 

LIT ~ 1·5 

"' Density M s 
Currents LIT 2·3 LIT 2-3 

Shelf s M 
Processes LIT 35 LIT 3 

UNKNOWN I LOW MEDIUM MEDIUM I UNKNOWN 

Effect on Salinity Var!Siblllty · 

·.s·a,·i~lty' Va;l~bli.iiy : importlirice of Mechanism 
Assessment 

ReliabilitY--

Very High = > 21 ppt D -dominant H - hlgh 
High =11-20ppl s -secondary M -moderate 
Medium = 6-10 ppt M -minor L -low 
Low = 3-5 ppt LIT- Uterature 
Very Low = < 2 ppt Only 

NOTE: lsohalines illustrated in Figure 1 represent the "mean" salinity structure 
that Is subject to the temporal and spatial variability indicated by this matrix. The 
lower portion of the matrix presents the magnitude of salinity variability at a 
particular time scale. The information within each column identifies the 
mechanisms most responsible for that variability. 
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-----Regional Overview 
The U.S. Gulf coast extends from the Rio Grande to 
the Florida Keys, along which lies one of the most 
extensive estuary systems in the world (i.e., highly 
productive, supports the Gulf of Mexico fishery, and 
exhibits various estuary circulations and salinity 
regimes). In this report, 26 estuaries are studied in 
detail, including all of the principal bays of the Gulf 
coast except those of south Florida. Because south 
Florida systems are a coupled, highly controlled 
network of estuaries, wetlands, and bights, this 
complex region is studied in a separate report. 
Excluded are the Mississippi River (although Missis
sippi Sound is included), the Rio Grande (which has 
a very limited estuarine reach), and several minor 
streams and distributaries that flow directly into the 
Gulf of Mexico. 

An estuary's salinity structure is determined pri
marily by hydrodynamic mechanisms governed by 
the interaction of marine and terrestrial influences. 
The present approach used to characterize the 
salinity structure is to identify each estuary's 
controlling factors and its associated response to 
salinihJ. To provide a setting for this characteriza
tion, the general physical attributes and controlling 
environments (i.e., Gulf of Mexico circulation and 
the hydroclimatology of nearby states) of these 
estuaries are summarized below. 

Coastal Zones 

Florida Coastal Zone. This coastal zone completes 
the arc of the northern coastline. It extends north
west to southeast along 1000 km of coastline, from 
the tip of the Florida panhandle down to the Florida 
Keys. These estuaries generally have smaller drain
age basins (175,000 km2 collectively, only 5% of the 
entire Gulf of Mexico watershed) (Wilson and Iseri, 
1969), with smaller proportions of fluvial sediments. 
The north Florida coastal zone extends from Perdido 
Bay in the western panhandle to the Suwannee River 
estuary in Florida's Big Bend region. Nine of the 13 
major rivers and five of the seven major tributaries of 
Florida occur in this region. This portion of Florida's 
Gulf coast watershed encompasses about 135,000 
km2 of Florida, Alabama, and Georgia. Collectively, 
these estuarine systems comprise more than 2,100 
km2 of open water. The north Florida coastal zone is 
characterized by saltwater marshes, tidal creeks, 
intertidal flats, oyster reefs, seagrass beds, and 
subtidal and soft bottoms. Located between the 
Suwannee River and Tampa Bay is Florida's Springs 
Coast (Wolfe, 1990). This region, encompassing 
about 10,000 km2, includes large expanses of 

marshes, wetlands, and seagrass beds. It also has 
numerous spring-fed rivers and streams along the 
coast, whose constant discharge provides unique, 
relatively stable estuarine environments (Wolfe, 
1990). Located immediately south of the Springs 
Coast, the Tampa-Sarasota Bay watershed encom
passes 11 major river basins or drainage areas, 
cumulatively occupying 7,700 km2 of west central 
Florida (Wolfe and Drew, 1990). This region 
straddles the upper boundary of Florida's subtropical 
environment and supports a large and rapidly 
growing urban population. These estuaries and their 
watersheds have been extensively modified by 
ongoing water-supply, water-use, and land-use 
conflicts. 

Louisiana-Mississippi-Alabama Coastal Zone. 
This coastal zone consists of a 900-km east-west line 
along the northern Gulf coast, which is distinguished 
from both the Texas and Florida coastal zones by a 
much greater influx of freshwater. The Louisiana 
coastal zone consists of an extensive wetland system 
(i.e., 25% to 41% of all U.S. coastal wetlands, depend
ing on the classification system used) (Alexander, 
1985; Turner and Gosselink, 1975). These marsh 
systems are characterized hydrologically by numer
ous interconnecting lakes, channels, and bayous that 
comprise the "blood vessels" of the marshlands 
(Murray, 1976). The flows through these channels 
are then coupled with extensive overland flooding, 
thus exchanging water between the marsh surface 
and the surrounding waterbodies. The Mississippi 
River, which drains about one-third of the contigu
ous U.S. (NOAA, 1990a), is a major freshwater 
source, as well as a boundary between the Louisiana 
coastal zone and the Mississippi-Alabama coastal 
zone. The Mississippi-Alabama coastal zone is 
characterized by a series of barrier islands and bays. 
However, these bays are surrounded only by fring
ing salt marshes as opposed to the extensive wetland 
systems found along the Louisiana coast. 

Texas Coastal Zone. This coastal zone is oriented 
on a northeast-to-southwest arc of coastline on the 
northwestern Gulf of Mexico. It extends almost 600 
km along a nearly continuous chain of barrier islands 
from Louisiana to the Mexican border, behind which 
lies one of the most extensive estuarine systems in 
the U.S. Its watershed encompasses approximately 
500,000 km' of Texas, Louisiana, and New Mexico, as 
well as northern Mexico. These systems comprise 
more than 5,500 km' of open water and are bordered 
by tidal marshes and mud-sand flats. While they are 
hydrodynamically coupled in varying degrees, these 
estuaries readily separate into individual systems for 
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detailed study and characterization (including all 
bays and principal rivers of the Texas coast, except 
the tidal reach of the Rio Grande and a few minor 
coastal drainageways discharging directly into the 
Gulf of Mexico). 

---· ---~ -------~---.~.-___, ........... ..,._--~ . .,.-o:::' -. < I 
·. -- _- __ .- :. ----- '- f'_.-:.<1-<·_~---.".":r/ '.·->·;_ ..... ~e~l11~~~~~o-~:~~~~!~~m~m:~·: .J 

Geomorphology. The geomorphology of Gulf 
estuaries is the cumulative expression of shoreline 
sculpting by Gulf waves and currents, transport and 
deposition of sediments by rivers, and erosion and 
reworking of sediments by currents within the bays. 
The rise in sea level associated with the retreat of ice
age glaciers has been accompanied by low-relief 
coastal flooding, the development of barrier islands, 
and filling the valleys and progradation of deltas 
with river sediments. This culminated 6,000 years 
ago as a series of shallow lagoons, in many cases 
isolated from the Gulf of Mexico by a barrier island 
string, except for occasional tidal inlets. These 
lagoons are overlaid with river deltas, in some cases 
extending across the lagoon to the sea and, in other 
cases, in the inland areas of the bay. The most 
extensive such system, by far, is the Mississippi 
Delta. 

The Gulf estuaries combine the features of two basic 
geomorphologic types (Pritchard, 1952): the coastal 
plain estuary (or drowned-river valley) and the bar- . 
built lagoon. Some Gulf estuaries represent pure 
examples of each type (e.g., the tidal reaches of the 
Brazos, Neches, Pascagoula and Suwannee rivers are 
drowned-river valleys, whereas the Laguna Madre 
and Apalachicola Bay are bar-built lagoons). Most 
Gulf estuaries, such as Galveston Bay, are intermedi
ate geomorphologically, with various subtypes. For 
example, the Louisiana estuaries can be further 
divided into three broad classes: 1) barrier-built, 
2) delta-front, or3) delta-margin (Pilkey eta!., 1989). 
Barrier-built estuaries are formed by delta abandon
ment (discussed later), delta-front estuaries by active 
sedimentation (e.g., the Atchafalaya River Delta 
complex), and delta-margin estuaries by deltaic 
entrapment or deltaic-plain submergence (Pilkey et 
a!., 1989). 

Bathymetry. An important physical characteristic 
of the Gulf estuaries is depth. Because of their 
lagoonal nature, these systems are generally shallow, 
approximately 1-5 m in depth. The exceptions are 
the drowned-river channels (comprised nearly of the 
entire Choctawhatchee Bay), and near tidal inlets 
where current scour is more operative and greater 
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depths result. In addition, several estuaries have 
fluvial deposits, sand-bar accumulations, or natural 
reef formations (i.e., primarily oysters) which pro
duce shoal areas, sometimes emergent. The broad, 
shallow nature of these systems determines their 
circulation, mixing processes, and man-induced 
activities. 

Besides natural variations in bathymetry, these 
systems have been substantially altered by man. 
They have been transected by bridges and cause
ways, dredged, leveed, and revetted. Generally, the 
most important modification is dredging of naviga
tion channels. A network of more than 7,000 km of 
navigational channels has been constructed along the 
Gulf coast, some with depths as great as 10-15 m and 
widths of 50-150m (Christmas, 1973; Diener, 1975; 
LWFC, 1971; McNulty eta!., 1972). These channels 
provide preferred avenues of flow and hydraulically 
connect bay sections that would otherwise be iso
lated. They also allow the development of density 
currents (i.e., the mean current directed from the 
mouth to the head of the estuary that is forced by the 
seaward gradient in salinity) that are an important 
mechanism for salinity intrusion (Ward, 1980). The 
intensity of density currents dramatically increases 
with water depth (Ward, 1983). Because dredged 
channels are relatively deep (e.g., in some estuaries 
three to four times the natural depth), they are very 
important conveyances for the intrusion of saline 
waters into upper estuaries. 

Another hydrodynamic effect of navigational access 
is due to enlarging the cross section and increasing 
the controlling depths of inlets to the Gulf of Mexico. 
Many major inlets on the Gulf coast are now jettied, 
especially on the western (Texas) coastline (where 
only Pass Cavallo in the Matagorda system and San 
Luis Pass in the Galveston system remain unjettied). 
The inlet channels and jetties greatly affect the 
coupling of the estuary with the sea. In several 
instances, artificial navigational inlets have been 
created by cutting through barrier islands (e.g., 
Mansfield Pass in Laguna Madre and the Entrance 
Channel in Matagorda Bay). In other cases, river 
channels have been diverted to accommodate 
navigation. The net effect is that dredged channels 
are capable of modifying the internal circulation of 
estuaries to an extent greatly disproportionate to 
their (small) fraction of total estuarine volume. 

Associated with channelization is the disposal of 
dredged material. Historically, most disposal has 
taken place within the Gulf estuaries. In some 
estuaries, such as Sabine Lake, substantial areas of 
the estuary have been replaced by dredged material 



islands. In most, the disposal areas are more modest 
in extent, but restrict or divert circulation, tides, and 
ultimately salinity. In Galveston Bay, for example, 
sediment disposal has created a 20-km longitudinal 
barrier that bifurcates the upper bay. Another 
example is the frequent disposal bars along the Gulf 
Intracoastal Waterway (GIWW) that impose an 
effective barrier to transverse flows. 

The Gulf of Mexico is a Mediterranean sea, bounded 
on three sides by North America. The general 
circulation of the Gulf (Figure 9) is dominated by the 
dynamics of its eastern section, which is connected to 
the overall circulation of the North Atlantic. A limb 
of the westward-flowing equatorial current enters 
the Gulf between Yucatan peninsula and Cuba, 
penetrates the central Gulf as it turns clockwise, and 
exits between Cuba and Florida to feed the Florida 
Current (Nowlin, 1972; Nowlin and Hubertz, 1972). 
Within the Gulf, this strongly curved current, re
ferred to as the Loop Current, is highly variable in 
position and configuration (Sturges and Evans, 1983). 
In general, the Loop Current grows northward into 
the Gulf to a maximum penetration, frequently 
producing the separation of an eddy or ring, fol
lowed by the westward drift of this ring leaving 
behind a Loop Current with reduced penetration into 
the Gulf (Behringer et al., 1977). The Loop Current 
has its greatest Gulf penetration in late summer and 
fall; hence, rings tend to pinch off in late fall and 
early winter (lchiye et al., 1973). 

Eastern Gulf of Mexico Circulation. The 
nearshore currents along the Florida coast lack the 
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well-defined average sets of wind-driven currents on 
the northwest coast, and exhibit a high degree of 
variability from spin-off eddies detaching from the 
southward limb of the Loop Current (Niiler, 1976). 
These eddies are due to shear instability (resulting 
from the frictional drag of the West Florida Shelf on 
the Loop Current) and, therefore, tend to be much 
smaller in spatial scale than the detached rings of the 
Western Gulf. Small cyclonic gyres may be situated 
in the bight of the panhandle (with Apalachee Bay at 
its apex) and out from Florida Bay that combine to 
force a weak northward-setting current along the 
coast (Austin and Jones, 1974). 

Central Gu~f of Mexico Circulation. The circula
tion in the Mississippi Sound is qulte variable and is 
strongly influenced by local bathymetry, river flow, 
and winds. Chuang et al. (1982) concluded that the 
mean summertime alongshore motion off the Ala
bama coast is wind-driven, with a net longshore 
motion possible in either direction. The cross-shelf 
motion appears to be negligible when the longshore 
motion is to the west, but it exhibits a persistent 
offshore motion during the summer when the 
longshore motion is to the east (Chuang et al., 1982). 
In general, the tidal flows in the Mississippi Sound 
are quite complex, although three general zones can 
be described (USACE, 1982): 

• The eastern portion of the sound is strongly influ
enced by flows through Petit Bois Pass and from 
Mobile Bay and the east passage of the Pascagoula 
River. 

• The central portion of the sound is influenced by 
tidal flows through Dog Keys and Ship Island 
Passes. 

Winter 
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• The western portion of the sound is influenced by 
flows through Cat Island Pass and Chandeleur 
Sound, as well as from Lake Borgne and the Pearl 
River. 

Western Gulf of Mexico Circulation. The Gulf's 
western section is relatively more quiescent. Its 
circulation is dominated by an anticyclonic gyre in 
the southwestern Gulf (probably fed by accumulated 
warm core rings) (Vidal eta!., 1990), with a relatively 
narrow eastward-flowing current at its northern 
limit. On the inner shelf, the Texas coast is a conver
gence zone of a current flowing north along the 
western shore of the Gulf, and a westward or south
westward flowing current from the north. The 
westerly current is stronger during the winter, and 
the convergence zone is displaced to the south along 
the Mexican coast. During summer, the northward 
current strengthens and the convergence zone 
migrates northward to the Texas coastal bend. This 
semipermanent offshore current, westerly on the 
Louisiana and upper Texas coast and northerly on 
the lower Texas coast, is subject to many variations, 
besides its seasonal fluctuation per se. Tidal currents 
are superposed, of course, and transient wind-driven 
currents are common. For example, current meter 
data from the Buccaneer Field, 50 km south of 
Galveston (Harper, 1977), showed predominantly 
westerly currents between March and June, but 
easterly between July and September. Nonetheless, 
the westerly current, especially when closer to shore, 
is dependable enough to be used by vessels and 
small craft (Blackford, 1977). This nearshore circula
tion is wind-driven, and is probably directly related 
to longshore wind stress (Etter et al., 1985). 

Salinity and Temperature. The distribution of 
salinity and temperature in the Gulf is influenced 
primarily by high salinity and warm temperatures 
injected into the Gulf by the Yucatan current and the 
influx of low salinity and cool temperatures by 
runoff from the northern shoreline. These influences 
result in a core of high salinities aligned with the 
northerly limb of the Loop Current, and a band of 
lower salinities extending along the continental shelf 
from Florida to the Texas coastal bend (Nowlin, 
1972). Lower salinities from the Louisiana coast, 
including the Mississippi plume, are transported to 
the upper Texas coast by the westerly current. This 
fresher water varies substantially in salinity, depend
ing on inflow. For example, data from the Buccaneer 
Field in 1976 (Martin, 1977) showed a monthly mean 
varying from 27 to 36 ppt. The seasonal periods of 
minimum salinity correspond to the maximum 
freshwater influx, usually in May and October 
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(Cochrane and Kelly, 1986). The Florida coast, in 
contrast, exhibits little seasonal variation in salinity 
due to the limited influence of freshwater. For 
example, summer-to-winter salinities range from 35.8 
to 36.0 ppt (Austin and Jones, 1974; Niiler, 1976; 
Nowlin, 1972). 

Currently, the most important aspect of circulation in 
the Gulf of Mexico is the potential influence it has on 
the estuaries, most significantly the salinity regimes 
characterizing the seaward boundary of the estuaries, 
and the exchange between the estuaries and Gulf 
shelf waters. 

Tides 

Tidal interaction between the Atlantic Ocean and the 
Gulf of Mexico occurs through Yucatan Strait and 
Florida Strait (two ports to the Gulf), and greatly 
favors the diurnal rather than the semidiurnal tides. 
The net effect is a predominance of diurnal tides in 
the Gulf. Semidiurnal tides are more directly forced 
and, therefore, are limited in amplitude. Diurnal 
tides increase in amplitude from Florida to Texas, 
and are nearly synchronous west of the Mississippi 
River (Grace, 1932; Zetler and Hansen, 1972). A 
semidiurnal tide exhibits a marked change in phase 
across the Gulf midline, from the Mississippi Delta to 
Yucatan Peninsula, with a minimal amplitude 
around Louisiana (Zetler and Hansen, 1972). The 
mean tidal range along the upper Gulf coast is on the 
order of 0.5 m, about three-quarters of which is 
diurnal. 

Diurnal tides vary substantially with the moon's 
declination. At small declination, tides become 
nearly semidiurnal. Tides range from 0.8 m at 
maximum declination to about 0.2 mat minimum 
declination (Rezak eta!., 1983; Ward eta!., 1980; 
Zetler and Hansen, 1972). While they are important 
in local coastal areas, tides are significantly feeble, 
augmenting the importance of non tidal water-level 
variations. 

As they propagate through tidal passes and into 
estuaries, tides significantly change, lagging in phase 
and attenuating in amplitude. Semidiurnal tides are 
usually filtered, relative to diurnal, and transform 
from progressive waves to standing waves (Ward, 
1980). Because their amplitude and characteristics 
are modified by factors such as estuary bathymetry 
and inlet configuration, tides vary among Gulf 
estuaries and even in areas of the same estuary. 



Saline waters enter estuaries in tidal pulses and, 
during the subsequent ebb, retreat to the seaward 
areas. The net effect is a general long-term increase 
in estuary salinity, with all other factors being equal. 
However, this tidal dispersion of salinity in Gulf 
estuaries is much smaller in magnitude than other 
U.S. estuaries. Significant changes to the horizontal 
or vertical salinity structure are generally not caused 
by tides, but instead are related to river discharges 
and wind (Ward, 1973). 

The tide's effect on salinity transported to an estuary 
is directly measured by the tidal excursion (i.e., the 
total distance a water parcel is moved on the flood
ing current). Tidal excursions in Gulf systems are 
quite small (e.g., on the order of 10 km near the 
passes) and decline to 1-2 km or less in the upper 
segments of the bays. Near large, energetic tidal 
inlets, excursions may approach 15 km at great lunar 
declination. In systems with highly constricted Gulf 
exchanges, tidal excursions may be only a few 
kilometers or less, even in the open bay. Notably in 
Louisiana estuaries west of the Mississippi and in the 
Florida bight near Apalachee Bay, local bathymetric 
forcing increases tidal excursions. 

Climatology 

This section presents an overview of the regional 
climate pertinent to the hydrography of the Gulf 
estuaries. More detail and data concerning the 
climate may be found in the literature on national 
and state climatography (Bomar, 1983; Rezak eta!., 
1983). The Gulf watershed (1.7 million square miles) 
represents over 80% of the drainage of coterminous · 
states into the coastal ocean (a portion of the U.S. 
does not drain to the coastal ocean) (Wilson and Iseri, 
1969). It is subject to nearly the full range of North 
American climates. The nature of this climate 
dictates the hydrographic characteristics of Gulf 
estuaries. 

Air Masses. In general, the movement and interac
tion of airstreams, strongly modulated by the topog
raphy of the land surface and its radiation budget, 
determines the climate of the coterminous U.S. The 
western section of the Gulf estuaries lies in the rain
shadow of the North American cordillera, which 
impedes and deflects the impingent westerlies. East 
of the cordillera (i.e., the Great Plains), the interior 
highlands and the coastal plains present vast low
relief areas that allow the relatively unhindered 
north-south movement of airstreams (where polar air 
can thrust deep into Mexico and the Gulf), while 
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warm and moist tropical air from the Gulf can flow 
into the north central plains. 

The Gulf of Mexico region acts as an air-mass source 
(i.e., air that is tropical in character, warm and moist, 
with a high degree of potential instability). A 
persistent onshore flow from the southerly limb of 
the circulation about the Bermuda High transports 
Gulf air into the southern and eastern states. 
Climates of states immediately near the Gulf can be 
described as Gulf flows interrupted by mid-latitude 
disturbances, the frequency and duration of which 
vary with season. Cold fronts generally traverse the 
southeastern states from the north or northwest. 
Their southward penetration depends on the energy 
and track of the synoptic system. These systems 
typically weaken in the latitudes of the Florida and 
Texas estuaries in response to ground-surface contact 
modifications, to outrunning the main baroclinic 
energy source, and to encountering the onshore Gulf 
flow. 

Precipitation and Evaporation. A central 
parameter affecting estuarine salinity is precipitation 
and the associated runoff. Of the mechanisms 
producing organized convection and precipitation, 
frontal disturbances and tropical storms (including 
hurricanes) are the most important. Figure 10 
depicts the annual precipitation across the Gulf 
estuaries, and displays the general precipitation 
increase from west to east. The maximum precipita
tion season varies substantially across the region. 
Most of the coast exhibits maxima in the equinoctial 
seasons. In summer, a large quantity of moisture is 
available, but the reduced frequency of frontal 
passages makes frontal-induced precipitation infre
quent. In contrast, frontal disturbances in winter are 
most frequent, but the Gulf's onshore flow is much 
weaker and less persistent, so frontal-induced 
precipitation is minimal. In the fall and spring, 
however, the interplay between frontal intrusions 
and the Gulf's return flow generates storms and 
rainfall. The fall maximum is reinforced by tropical 
storms entering the Gulf in the tropical easterlies. In 
south Florida and south Texas, frontal penetration is 
limited and the tropical system's effect is more 
pronounced, hence the fall maximum in precipita
tion. The Florida peninsula is especially pron'e to 
summer air-mass thunderstorms; in fact, this area 
has the highest thunderstorm frequency in the 
coterminous states. 

Not only does precipitation decrease from east to 
west across the Gulf estuaries, but surface evapora
tion increases because of the subsidence in the lee of 
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the Rockies (Figure 11). A comparison of Figures 10 
and 11 shows an annual evaporative deficit for the 
western part of the Gulf of Mexico, as well as the 
southern part of the Florida peninsula; thus, a 
marked climate gradient exists along the Gulf coast, 
passing literally from humid to arid in a few hun
dred kilometers. This is reflected in the controlling 
hydrology of the Gulf estuaries. Some estuaries on 
the north coast (e.g., Sabine Lake and Mobile Bay) 
receive the highest freshwater inflow per-unit-

estuary-volume of any estuarine embayment systems 
in the U.S. (Ward, 1980). In southern Texas, Laguna 
Madre is the classical example of a hypersaline 
estuary, in which salinities over three times that of 
seawater are routinely encountered. 

·Meteorological Forcing 

Because astronomical tides are so feeble along the 
Gulf coast, meteorological forcing is the primary 
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mechanism driving the water exchange between 
estuaries and the Gulf. The most immediate index to 
this forcing is the variation in water levels. Seasonal 
wind shifts over the Gulf of Mexico influence 
nearshore and estuarine water levels, and can affect 
the water exchange between estuaries and the Gulf. 
On an annual basis, winds from the southeast 
predominate (Rezak et al., 1983). However, summer 
and winter wind patterns are very different; they 
have mainly southern and eastern components 
between June and August. From December to 
February, north winds dominate and alternate with 
weak south or east winds. These north winds are 
due to frontal passages and continental high
pressure systems. Cold fronts occur primarily fl:om 
October to March, and are most frequent from 
December to February. 

Gulf of Mexico Water Level Variation. The 
seasonal variation in meteorology leads to a charac
teristic annual variation in water levels along the 
nearshore Gulf of Mexico. This variation is generally 
bimodal with maxima in spring and fall, and minima 
in winter and summer (Chew, 1964). The winter 
minimum and fall maximum predominate, with a 
net range on the order of 0.3 m. The winter mini
mum is associated with the depression of nearshore 
waters by north winds, in combination with the 
maximum density due to cold temperatures. As the 
year progresses, additional heat yields a steric sea
level change of about 0.15 m. The early fall maxi
mum corresponds to the maximum in the Gulf's heat 
storage. Increased onshore flow during this period 
adds to the water-level elevation. The July mini
mum, which is most pronounced on the Gulf's 
western coast (Blaha and Sturges, 1981), remains 
unexplained, although mechanisms such as the 
Ekman convergence (Chew, 1964) and curl-driven 
dynamic sea-level response (i.e., detachment of a 
western boundary current) (Sturges and Blaha, 1976) 
have been proposed. On a shorter time frame, 
water-level variations occurring every few days have 
been shown to be highly coherent with trans-Gulf 
atmospheric pressure (Smith, 1979), a combined 
response to both winds and inverse barometer 
effects. 

Currents on the inner shelf of the Texas-Louisiana 
coast, as discussed earlier, are westerly on the north 
coast, and southerly on the south, creating a conver
gence zone that migrates north with strengthening 
southerly currents in summer. These inner-shelf 
currents are most likely the result of direct wind 
stress, whose longshore component is to the west on 
the upper coast and to the north on the lower coast 
(Etter et al., 1985), a consequence of the coast's 
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curvature in this area. The littoral transport is similar 
(Carothers and Innis, 1960), with a convergence zone 
on the south Texas coast caused by wave crests 
generated by wind stress. 

Effect on Gulf Estuaries. Meteorological forcing 
in the estuaries is even more dramatic than in the 
open Gulf, partially due to the morphology of these 
bays being broad, shallow systems with long over
water fetches. Abrupt wind shifts and barometric 
pressure changes associated with frontal passages 
can dramatically affect water levels in the estuary, 
obliterate any tidal effect, and ultimately lead to the 
flushing of estuarine waters (Ward, 1980; Wermund 
et al., 1989). As the cold front approaches, the low
level atmospheric convergence augments the south
erly winds over the estuaries and northwest Gulf. 
With the frontal passage, winds shift suddenly to the 
north and water levels that increased during the 
front's approach abruptly decrease due to the 
northerly winds and rising barometric pressure. In 
the upper estuary, water levels can decrease by more 
than 1 m in a few hours. Currents in the inlets are 
swift and are frequently augmented by large bay-to
Gulf differences in water elevation across the barrier 
islands due to their increase on the bay-side and 
decrease in the Gulf. Half of the volume for some 
estuaries can be evacuated within 24 hours of a 
frontal passage by intense systems (Ward, 1980). 

Estuarine-coastal exchange processes resulting from 
wind forcing also result in the formation of buoyant 
effluent plumes, which in turn influence shelf 
chemistry, biology, and physics, especially along the 
central portion of the Gulf coast (Wiseman, 1986). 
These exchanges are bi-directional, with significant 
mass and momentum transfers, as well as chemical 
and geological constituents also occurring between 
the shelf and the estuary (Wiseman, 1986). Ekman 
convergence/ divergence may be driven by the 
alongshore wind stress, thereby controlling estua
rine-shelf exchanges at longer time scales (Schroeder 
and Wiseman, 1986). 

Frontal Passages. Frontal passages can greatly 
stimulate the exchange between the estuary and the 
Gulf, thereby greatly influencing the salinity in an 
estuary. An additional long-term effect exists due to 
the seasonal frequency of these events. Therefore, 
winds may affect the salinity regime over periods 
ranging from days to months. Sustained northerly 
winds generally decrease estuarine volume, diminish 
tidal height, and reduce salinity. In contrast, south
erly winds generally increase water levels in the 
upper segments of the estuaries and accelerate the 
salinity intrusion. 
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Regional Overview 

Tropical Storms. Tropical storms and hurricanes are 
episodic events that can have pronounced effects on 
estuarine salinity, depending on the storm's proxim
ity to the estuary. Hurricanes occur in the Gulf of 
Mexico primarily from June to October, but are most 
common in late summer and early fall (Henry eta!., 
1975) when the easterly circulation about the Ber
muda High is strongest and water temperatures are 
maximal. Winds are most dramatically expressed as 
storm surges affecting coastal water levels. Depend
ing on the direction of approach, storm surges can 
either inject large water volumes into the estuary or 
flush water from the estuary through existing inlets, 
breaches, or overwashes through the barrier islands. 

Besides the dynamic mechanisms of wind and 
pressure, meteorological systems also directly affect 
estuarine salinity through precipitation. As dis
cussed earlier, frontal passages and tropical storms 
are the principal rain-producing systems for most of 
the Gulf of Mexico region. Cold fronts accompanied 
by intense rainfall can dramatically reduce salinities 
throughout an estuary (McFarlane eta!., 1989). 
Many tropical storms and hurricanes bring torrential 
rains, which generate large freshwater volumes. 
However, rain falling in this region and draining into 
the estuaries are far more important determinants of 
estuary salinity than rain falling directly on the water 
surface. 

• Figure 12. General variation of river flow around the Gulf 

Freshwater Inflow 

Over half of the freshwater discharge to the sea from 
the coterminous U.S. enters the Gulf of Mexico, with 
three-quarters carried by the Mississippi River 
system. The Gulf's various climates entail corre
sponding inflow ranges. Figure 12 shows the inflow 
variation with distance around the Gulf coast. This 
inflow is roughly symmetric, centered, of course, on 
the Mississippi River Delta, with a range of over two 
orders of magnitude, from the arid segments of the 
Florida and Texas coasts to the water-rich Mississippi 
Delta. (Figure 12 depicts the general variation of the 
Gulf's,river flow but should not mislead one into 
inferring that the inflow is a smooth function of 
coastline position. River flow is, of course, concen
trated in the principal drainageways and would 
appear as spikes of inflow, separated by large 
distances with no inflow. Figure 12 greatly smooths 
this variation by averaging over 250-km segments.) 

Temporal Variation. The monthly and seasonal 
cumulative variation in freshwater inflow produces 
the most dramatic changes in bay-wide salinities in 
most Gulf estuaries. For most of the coast, the 
summer or fall is the low-flow season (Geraghty et 
a!., 1973). The high-flow season depends on the 
situation of the Gulf estuaries with large-scale 
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climatological controls. For most of the Texas coast, 
spring is the high-flow season, driven by direct 
precipitation on the Gulf estuaries by the equinoctial 
interaction of continental and marine air. For the 
northern coast from Louisiana to the Florida pan
handle, the winter and early spring are the high-flow 
seasons, due to precipitation, snow melt, and river
channel transport in the great Midwestern water
sheds. In Florida, summer and early fall are the 
high-flow seasons, due to air-mass thunderstorms in 
the peninsula's small watersheds. Also in Florida, 
spring is frequently the low-flow season. 

Year-to-year variability in freshwater input to Gulf 
estuaries is great, responding to the large-scale 
climate fluctuations that produce flooding and 
drought. In some years, the high-flow period is 
pronounced and lengthy; in other years, it may be 
completely absent. Although river discharges in the 
low-flow period are less variable than those in the 
high-flow period, annual variability does occur. In 
some years, the low-flow period is shortened or 
eliminated by unusual runoff; in other years, it is 
prolonged. 

Inflow to the Central Gulf. The Louisiana 
esiliaries on the west side of the Mississippi River are 
a series of bar-built systems in which freshwater is 
generally dispersed by numerous small channels or 
bayous. The freshwater input to these systems is not 
well known. To the east of the Mississippi River, two 
major freshwater sources entering Mississippi Sound 
on the western end include the Pearl and the 
Pascagoula rivers, which supply about equal vol
umes of mean flow (USACE, 1983c). Additional 
freshwater is also supplied by several smaller rivers 
in Mississippi, as well as several rivers entering Lake 
Pontchartrain, thus supplying freshwater to Lake 
Borgne through the tidal passes at the east end of 
Lake Pontchartrain. The picture is quite different on 
the eastern end of the Sound where Mobile River 
supplies freshwater at an average rate of about 1800 
m3fs (lsphording et al., 1983). The impact of these 
rivers on the salinities in both the estuaries and 
Mississippi Sound is large and, in general, follows a 
seasonal pattern, with highest salinities in summer 
and fall during low-river flows, and lowest in winter 
and spring during high-river flows. 

Inflow to the Eastern and Western Gulf. In the 
m;re arid sections of the Gulf coast (i.e., Texas and 
Florida), river flow is governed by surface runoff 
generated by storms and, therefore, is highly vari
able, causing rivers to exhibit large, sudden excur
sions in flow. The greater frequency and intensity of 
precipitation in estuaries of the upper Texas and 

Re ional Overview 

Florida panhandle coasts, along with the detention 
created by reservoirs, lead to considerable overlap in 
individual storm impulses. Hence, the freshwater 
inflow hydrography in these estuaries is typically 
manifested as a seasonal runoff surge of several 
weeks to a few months in duration. Further south in 
Texas and Florida, runoff impulses become more 
isolated in time, and the inflow appears as a series of 
nearly discrete flood pulses. 

Effect on Estuarine Salinities. Freshwater rive_r 
plumes discharging into the northern Gulf of Mexico 
reduce salinities of nearshore Gulf waters, especially 
in May and October (Cochrane and Kelly, 1986). 
These low-salinity waters generally drift westward, 
driven by southeasterly winds and pressure gradi
ents. The degree to which salinities in Texas estuar
ies are affected by these low-salinity waters depends 
on their proximity to major river plumes and on the 
year-to-year variability in river discharges, especially 
those of the Atchafalaya and Mississippi Rivers. 
These plumes are also responsible for the high 
variability in shelf salinity off the Texas coast, 
compared to those off the Florida coast (discussed 
earlier). 

Watershed Modifications. Reservoirs are located 
on most major riv.;;s flowing into Gulf estuaries. 
Operation of these structures generally does not 
affect annual mean inflows, because their volumes 
are small compared to river-flow volumes, but can 
affect timing and fluctuations of river flow. The flow 
variation is smoothed by reservoirs, as peak flows 
are lagged and attenuated. In specific low-flow 
periods (i.e., summer), the relative effect of the 
reservoirs may be much greater, since the low-river 
flow is even further reduced. For rivers in the more 
arid segments of the Gulf, it is arguable whether the 
natural river flow at low-flow levels would have any 
impact on salinities, even without reservoirs. The 
effect of these reservoirs on average estuarine 
salinities is controversial, but it is believed to be less 
important than other factors (e.g., seasonal variation 
in marine and terrestrial climates, or the presence of 
navigation channels connecting estuaries with the 
Gulf). However, the presence of reservoirs indicates 
the diversion of water for human use, which may be 
important to the freshwater inflow budget of an 
estuary. 
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--Salinity Characterization Summaries--
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The Sarasota Bay estuary is an elongated bar-built 
coastal lagoon, occupying just 114 km' (NOAA, 
1990a) south of Tampa Bay. Extending south from 
the Manatee Avenue Bridge at Anna Maria Sound to 
Venice Inlet, this estuary includes Sarasota Bay, Little 
Sarasota Bay, and four smaller bays (i.e., Palma Sola 
Bay, Roberts Bay, Anna Maria Sound, and Blackburn 
Bay) (Figure 13). It has four direct openings to the 
Gulf of Mexico: Longboat Pass, New Pass, Big Pass, 
and Venice Inlet. A filth inlet, Midnight Pass, has 
been closed since 1983. Exchange between Anna 
Maria Sound and the Gulf of Mexico occurs through 
Tampa Bay (Sheng and Peene, 1992). Tidal flows at 
the major passes govern circulation patterns within 
the estuary, although winds cause significant short
term fluctuations. The water volume flowing through 
each pass varies significantly during each tidal cycle, 

Gulf of Mexico 

[iJ Roberts Bay 

[TI Sarasota Bay 

ITJ Little Sarasota Bay 

I· • •I Subsystem Boundary 

Sarasota Bay, FL 
although the largest water volume generally enters 
through Big Pass. Strong currents exist at the passes; 
weak currents or null zones occur south of Stickney 
Point, west of Hudson Bayou, north of Whale Key, 
and in Palma Sola Bay (Sheng and Peene, 1992). 

Freshwater inflow to the estuary is derived from 
several small tributaries and storm-water drains, the 
largest of which (Whitaker Bayou and Phillippi 
Creek) enter Roberts Bay (Flannery, 1989). USGS 
freshwater gage records for this watershed are 
incomplete; therefore, inflow must be estimated 
using precipitation records. Although recent water
shed development has increased runoff to the 
estuary, inflow remains low and has little effect on 
bay circulation, salinity, or temperature except near 
the mouths of freshwater sources (Walton and 
Gibney, 1988). Under certain conditions, salinities 
near Anna Maria Sound may be affected by flows 
from the Manatee River. This estuary has been 

~N 

5km 

divided into three subsystems 
based on the response of salinity 
to forcing mechanisms and time 
scales (Figure 13). 

The average depth of the 
estuary is approximately 2 mat 
mid-tide level (NOAA, 1990a). 
Naturally deep areas exist at the 
passes and within central 
Sarasota Bay (Figure 14). Shoals 
and shoreline constrictions 
occur throughout the estuary, 
but are most prominent in 
Palma Sola and Roberts Bays. 
The estuary's shoreline and 
bottom morphology have been 
subject to extensive modifica
tions, including numerous small 
navigation channels, dredge 
disposal sites, and canals. 

The Data. April-June 1986 and 
August-October 1990 were 
selected to represent high- and 
low-salinity periods, respec
tively. These periods should 
reflect present-day conditions 
because no major modifications 
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Sarasota Bay, FL 

, Figure 14. Bathymetn; (meters) 
"-·---~-~----~-~------~------------__j 

a Navigation Channel Venice Inlet (3) 

were made to this estuary or its watershed since the 
natural closing of Midnight Pass in 1983. A summary 
of freshwater inflow conditions (precipitation) and 
salinity data for these periods is given in Figure 15. 
Figure 16 compares the total precipitation during 

. each month of the selected periods to long-term 
averages and suggests that both periods experienced 
relatively typical inflow conditions. Figure 17 pre
sents salinity distributions for the selected periods. 
This structure experiences little variability as indi
cated in Figure 18. 

High-Inflow/Low-Salinity Period (Augnst-October 
1990). During this selected period and including July 
1990, total precipitation at Bradenton, FL was approx
imately 15% lower than long-term averages (Figures 
15 and 16). Most precipitation occurred from mid
July to early September. The largest events occurred 
during mid-July (14 em), early August (8 em), late 
September (5 em), and mid-October (16 em). 

Throughout Sarasota Bay, salinities were generally 
highest during early August and before the late 
August and early September freshets. By mid
September, salinities had been depressed by 1-3 ppt, 
then remained relatively constant through October. 
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Salinities were relatively stable throughout the estu
ary, with some variability in Roberts Bay. Weak 
vertical stratification briefly occurred in Roberts Bay, 
with the remainder of this estuary vertically homoge
neous. Salinity data for Little Sarasota and Blackburn 
Bays were limited to August. Blackburn Bay salinities 
were consistent with Gulf values, but concentrations 
in Little Sarasota Bay were approximately 3 ppt less. 

Low-Inflow!High-SalinihJ Period (April-June 1986). 
During this selected period and including March 1986, 
total precipitation at Bradenton, FL was approxi
mately 20% above long-term averages (Figures 15 and 
16). Most precipitation occurred during mid-March (8 
em) and mid-June (21 em). 

In Sarasota Bay, salinities were very stable, vertically 
homogeneous, and approximately 3 ppt higher than 
during the low-salinity period (Figure 17). A weak 
response (depressed salinities) to the mid-June freshet 
occurred in Roberts Bay. Salinity data for Anna Maria 
Sound and Palma Sola Bay were limited to early May 
and were approximately 3 ppt lower than salinities in 
Sarasota Bay. Salinity data for Little Sarasota and 
Blackburn Bays were not available for this period. 

Factors Affecting Variability 

The salinity structure in Sarasota Bay is primarily 
determined by seasonal patterns of precipitation and 
evaporation. The highest estuarine salinities generally 
occur in spring, coinciding with periods of low 
precipitation and high evaporation rates. In contrast, 
lower salinities coincide with the summer wet season 
(Flannery, 1989). However, mean salinities during 
both periods differ by only 2-3 ppt. Vertical stratifica
tion is uncommon, but may briefly occur in areas near 
freshwater sources following a significant inflow 
event. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 18. 
This estuary is among the most stable in the Gulf of 
Mexico, experiencing only limited variability due to 
isolated and intense precipitation. Under these 
conditions, salinities may be temporarily depressed 
and may experience weak vertical stratification in 
areas near the mouths of freshwater sources (espe
cially within Roberts and Little Sarasota Bays). Salini
ties in Anna Maria Sound are susceptible to conditions 
within the Manatee River system. In addition, intense 
winds (especially when associated with winter cold 
fronts) may enhance estuarine circulation and vertical 
mixing. 
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Bradenton 

August-October 1990 
(High Inflow/Low Salinity) 

328 

1-3 

monthly 

31.9 

142 

1·3 

monthly 

33.0 

15% below average b 

April-June 1986 
(Low Inflow/High Salinity) 

384 

1-2 
biweekly 

33.7 

345 

1·2 

biweekly 

34.0 

20% above average c 

* Return frequencies were unavailable for this system since no streamflow was used. 
Abbreviation: ppt • parts per thousand 

a. Subsystem(s) with high sampling density 
b. Includes July 1990 
c. Includes March 1986 

Sarasota Bay, FL 
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August-October 1990 
Surface a 
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..... -·-· -----. --·--·--·-· ---------~-CC.--~----: _ ___:__ __ _:_ __ -- ·---~- -·---- --- ----------------
a. Data Sources: FDNR, 1991; Mote Marine Laboratory, 1991 
b. Data Sources: FDNR, 1991 
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Sarasota Ba , FL 

---- --- "--------- ~ -------- -~- -------- -* 
i Figure 18. Time scales and forcing mechanisms important to salinity structure and variabz1ity 
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High = 11·20 ppt 
Medium = 6-10 ppt 
Low =3-5 ppt 
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H -high 
M -moderate 
L -low 

LIT- Literature 
Only 
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NOTE: lsohalines illustrated in Figure 17 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability . 

. 

Freshwater Inflow 

Days-Weeks. Secondary influence on salinity structure and variability, primarily in Roberts and Little Sarasota Bays. 

Months-Seasons. Secondary influence on salinity structure, primarily in Roberts and Little Sarasota Bays. The inflow 
volume is extremely limited for both high- and low-salinity periods; thus, seasonal salinity differences are small and 
probably due to higher evaporation rates and less-frequent freshwater pulses during spring than summer. 

Year-Year. Dominant influence on salinity structure throughout the estuary. 

Episodic. Dominant influence on salinity structure and variability throughout the estuary. Hurricanes and tropical 
storms produce significantly greater than normal rainfall and, therefore, reduce saliniiies to nearly fresh values. 

Tides 

Days-Weeks. Minor influence on salinity variability, primarily near the passes, but are an important forcing mechanism 
of circulation. Tides are mixed, but primarily semi-diurnal. The average, spring, and neap ranges are 0.4, 0.7, and <0.1 
m, respectively (Walton and Gibney, 1988). · 

Wind 

Days-Weeks. Secondary influence on salinity stability throughout the estuary. Wind, especially when associated with 
winter cold fronts, enhances vertical and horizontal mixing in the water column (Sheng and Peene, 1992). Cold fronts 
are most common during January-March (Flannery, 1989). 

Evaporation 

Months-Seasons. Secondary influence on salinity structure throughout the estuary. Evaporation from open waterbod
ies in the region is between 122-132 em per year, which is only slightly less than the average annual rainfall. Highest 
evaporation rates occur in spring (Flannery, 1989). 

* Data Sources: See data sources listed in Appendix II for Florida. 
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'-----··---~~-ogra~hicc:S!~g .· -~~-· -~-J 
The Tampa Bay estuary is a shallow, Y-shaped 
embayment located at the northern periphery of 
south Florida's subtropical environment (Lewis and 
Estevez, 1988). Occupying 896 km', it is Florida's 
second largest Gulf coast estuarine system (NOAA, 
1990a). This estuary includes the Tampa Bay main 
stem and its two major embayments (Hillsborough 
and Old Tampa Bays) separated by the Interbay 
Peninsula (Figure 19). Its boundaries are defined 
from the head of tide on its four principal tributaries 
(the Alafia River at kilometer 16.0, Hillsborough 
River at km 17.7, Little Manatee River at km 24.0, and 
the Manatee River at km 30.0 [Lewis and Estevez, 
1988]) to its terminus with the Gulf near Egmont Key. 
Gulf waters are transported at a diminishing rate 
toward Old Tampa Bay, extending as far as the 
Courtney Campbell Causeway (Lewis and Estevez, 
1988). Transport into Hillsborough Bay is minimal 
and its circulation poor (Lewis and Estevez, 1988). 
This estuary has been divided into four subsystems 
based on the response of salinity to forcing mecha
nisms and time scales (Figure 19). Boca Ciega Bay is 
not considered in this analysis because it is not 
included in NOAA's National Estuarine Inventory 
(1990a). 

The Tampa Bay watershed is among the smallest 
(6,700 km') in the Gulf of Mexico (NOAA, 1990a) and 
contains no single large river source. Approximately 
85% of all freshwater inflow to the estuary is derived 
from its four principal tributaries; three-quarters of 
this volume is delivered to Hillsborough Bay 
(Flannery, 1989). The Hillsborough River is normally 
the largest single freshwater source to Hillsborough 
Bay, but during dry periods, flow is predominantly 
from the Alafia River (Giovannelli, 1980). Artesian 
springs provide an important source of baseflow 
during the dry season to the Hillsborough and Alafia 
Rivers (Flannery, 1989). Freshwater is delivered to 
Old Tampa Bay by several small creeks that may also 
be supplemented by groundwater (Hutchinson, 
1983). Inflow to the estuary peaks from June to 
September due to thunderstorm activity and is at a 
minimum during May and June when solar radiation 
and evaporation rates are highest (Flannery, 1989). 

Streamflow in each of the four principal tributaries is 
impacted by withdrawals and diversions for munici
pal or industrial purposes. Collectively, withdrawals 
are equivalent to less than 10% of the annual 
streamflow to the estuary, but their impact may be 
very important seasonally (Flannery, 1989). Im
poundments exist on all but the Little Manatee River; 
withdrawals from three in-stream reservoirs have 
caused significant reduction of dry season flows in 
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reservoir storage can 
markedly increase flow 
reductions during 
recovery after low-inflow 

'------~-...J periods (Flannery, 1989). 
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Withdrawals from the 
Little Manatee River 
support power plant 
cooling operations. 
These withdrawals occur 
only when the river 
exceeds pre-determined 
seasonal levels and are 
highest during mid-to
late summer (Flannery, 
1989). 

The estuary also receives 
freshwater from several 
flood control canals 
operated intermittently 
during high-inflow 
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periods. The largest is the Tampa Bypass Canal 
(completed in 1983) which diverts water from the 
Hillsborough River and empties into McKay Bay 
(Flannery, 1989). 

Bathymetry 

The average depth of this estuary is about 4 m at 
mid-tide level (NOAA, 1990a) and 90% of its area is 
shallower than 7 m (Lewis and Estevez, 1988). 
Naturally deep areas are located at the passes, within 
lower Tampa Bay, and south of the Interbay Penin
sula (Figure 20). 

During the past century, the estuary's physical 
structure has undergone extensive modification that 
have significantly altered historical circulation and 
transport processes. These features include tens of 
kilometers of dredged channels, numerous islands, 
submerged dredged material disposal sites, four 
major causeways, and numerous residential and 
commercial shoreline landfills (Goodwin, 1987). 
Most modifications occurred before 1972 due to early 
channel projects, although important changes (e.g., 
the main ship channel expansion completed in 1985 
and the dredging of circulation-inducing cuts within 
Hillsborough Bay) have occurred subsequently. The 
main ship channel (13 m) extends from the Egmont 
Channel to the Hillsborough River; a branch of this 
channel(> 10m) extends into the lower portions of 
Old Tampa Bay. Channelization may increase tidal
induced flushing and facilitate intrusion of saline 
Gulf waters through most of the estuary (Goodwin, 
1987). Earthen causeways have restricted the natural 
cross-section available for water transport, particu
larly in Old Tampa Bay. 

Salinity Patterns 

The Data. April-June 1980 and August-October 
1983 were selected to represent high- and low-salinity 
periods, respectively. These periods do not include 
the main ship channel expansion in 1985 or the 
completion of the Tampa Bypass Canal in 1983. A 
summary of freshwater inflow conditions and 
salinity data for these periods is given in Figure 21. 
Figure 22 compares the average daily freshwater 
inflow volume during each month of the selected 
periods to long-term averages and indicates that 
inflow during both periods was below average. 
Figure 23 presents salinity distributions for the 
selected periods, illustrating a modest influence of 
seasonal freshwater discharge on salinity structure. 
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Figure 20. Bathymetry (meters) 

\) 

This structure experiences variability at other time 
scales as indicated in Figure 24. 

High-Inflow/Low-Salinity Period (Augnst-October 
1983). During this selected period and including July 
1983, total inflow was approximately 20% below 
long-term averages (Figures 21 and 22). Discharge 
from the principal tributaries was consistent with 
long-term averages during July and September, but 
below average during August and October. In 
general, peak discharge events occurred in these 
tributaries during early July, mid-August, and late 
September. Within this period, daily base flow on 
the Hillsborough River remained below 20 m' Is 
except during mid-June (30 m'/s), early July 
(45 m'/s), early September (60 m'/s), and late 
September (45 m'/s). 

A modest, short-term salinity reduction occurred 
during September, following the mid-August and 
September freshets. Salinities decreased by 3-5 ppt 
throughout most of the estuary, although there
sponse was nearly double in McKay Bay, East Bay, 
and the Tampa Bay main stem near Little Manatee 
River and Cockroach Bay. Moderately stratified 
conditions existed in these watersheds during 
September while salinities in the remaining estuary 
were vertically homogeneous. 



Low-Inflow/High-Salinity Period (April-June 1980). 
During this selected period and including March 
1980, total inflow was approximately 20% below 
long-term averages (Figures 21 and 22). Discharge 
from the principal tributaries was slightly above 
average during April and May, but below average 
during March and June. The timing of peak dis
charges varied by river basin, but often included 
mid-March, mid-April, and late May. Within this 
period, the daily base flow on the Alafia River 
remained below 10 m'/s, except during early March 
(14 m'/s), early April (14 m3/s), mid-April (12 m'/s), 
late May (28 m'/s), and late June (13 m'/s). 

During this period, salinities were approximately 
5 ppt higher than during the low-salinity period 
(August-October 1983) (Figure 23). Salinity response 
to freshwater events varied throughout the estuary, 
ranging from very stable salinities in lower Tampa 
Bay (subsystem 4 in Figure 19) to moderately vari
able salinities in Old Tampa Bay. During late May, 
salinities in Old Tampa Bay were nearly 10 ppt lower 
than during late April, temporarily extending into 
the northwestern portion of the Tampa Bay main 
stem. Vertically homogeneous conditions prevailed 
throughout the estuary. 
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• Sampling Distribution 

Sampling Frequency 

Average Salinity {ppt) 

265 272 

14 14 

monthly monthly 

23.8 27.4 

175 182 

14 14 

monthly 

23.3 

monthly 

26.3 

Freshwater Inflow 

Volume 1 20% below average b 20% below average 0 

Return Frequency of Peak Events2 

1-day duration 
7-day duration 
30-day duration 

Abbrev1at1on. ppt- parts per thousand 

1.9-year 
1.5-year 
1.7-year 

1.8-year 
1.8-year 
2.0-year 

1. Based on Hillsborough River near Tampa, Little Manatee River near Wimauma, Alalia 
River at Lithia, and Manatee River near Myakka Head. 

2. Based on Hillsborough River near Tampa 
a. Subsystem(s) with high sampling density 
b. Includes Jut)' 1983 
c. Includes March 1980 

·. Factors Affecting Variability 

The salinity structure in the Tampa Bay estuary is 
determined, primarily, by seasonal freshwater dis
charge. Highest estuarine salinities generally occur in 
spring, coinciding with periods of low precipitation, 
high evaporation rates, and extensive in-stream with
drawals. In contrast, lower salinities coincide with the 
summer wet season (Flannery, 1989), which may 
include short-term freshwater diversions from flood 
control canals. Mean salinities during these two 
periods most often differ by less than 5 ppt. Vertical 
stratification is uncommon, but may briefly occur in 
areas near principal freshwater sources following a 
significant inflow. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 24. 
This estuary is relatively stable, experiencing little 
variability due to limited freshwater inflow. Under 
peak inflow conditions, salinities may be temporarily 
suppressed in areas near the mouths of freshwater 
sources and may experience weak-to-moderate vertical 
stratification. Salinity variability and vertical stratifica
tion are usually short-lived, as wind and tides re
establish pre-event conditions. 

~igur~ 2; ~;~-p~~i~-~~ ~f;aged freshwater ~olume 
1 dt~ring periods ofsalinity depiCtion and period-of-record 
raverages* 
~--'-'----··---··-

Combined Inflow 1 

- Low Salinity (Aug-OCI1983) 
i!i!i!ill1iS High Salinity (Apr-Jun 1980) 
c::::J Anlecedent Month 

F M A M 

Abbreviation: m31s- cubic melers per second 

A s 0 N D 

1. ~~~~~da~~~~~~~~u~~~/~~a~~;J~~W"ea~ttle Manatee River near Wimauma, Alalia River at 

• USGS gages reflect infiow from 46% of the estuary's total watershed (6,734 km2) (USGS, t990) 
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Tampa Bay, FL 

r ·-·----·----- -----------------· 

) Figure 23. Surface and bottom 

v 

April-June 1980 
Surface b 

a. Data Sources: FDNR, 1991; HCEPC, 1991 
b. Data Sources: FDNR, 1991; HCEPC, 1991 
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April-June 1980 
Bottom b 



, Figure 24. Time scales and forcing mechanisms important to salinity structure and variability * 

Hours 

Freshwater 
Inflow 

Tides 
E .. 
c 
m 

Wind ~ 
0 • " Density 

Currents 

Evaporation 

UNKNOWN I 

Time Scale of Salinity Response 

Days to Months to Year to 
Weeks Seasons Year 

s D D 
M 1·3 M 1-4 M 1-4 

M 

LIT 3-4 

s 
LIT 1-

M 

LIT 134 

s 
LIT 1·4 

LOW LOW LOW 

Effect on Salinity Variability 

. 

Episodic 

D 
LIT 1-4 

HIGH 

Salinity Variability 

Very High = > 21 ppt 
High = 11-20ppt 
Medium = 6·10 ppt 
Low =3-5ppt 
Very Low = < 2 ppt 

Importance of Mechanism 

D -dominant 
S - secondary 
M -minor 

Relative importance 
of mechanism 

Assessment likely to be directly 

Assessment 
Reliablllty 

H -high 
M -moderate 
L -low 

LIT- Literature 
Only 

CJSubsystem most 

Reliability inl!uenced by mechanism 

NOTE: lsohalines illustrated in Figure 23 represent the •mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
Indicates the mechanisms most responsible for that variability . 

Freshwater Inflow 

Days-Weeks. Secondary influence on salinity variability, primarily near th:e-mouthS of-the pfincip81'freshwater sources. Freshets may 
temporarily produce weak-to-moderate vertical stratification in these areas. 

Months-Seasons. Dominant influence on salinity structure throughoUt the estuary. Highesfs8.1initi_es occur during spring when 
precipitation is low, evaporation high, and in-stream withdrawals com'mon. 

Year-Year. Dominant influence on salinity structure throughout the estuary. 

Episodic. Dominant influence on salinity structUre and variability -throu-ghout the ·est~a-ry. Hurricanes and tropical storms produce 
significantly greater than normal rainfall and, therefore, reduce salinities to _nearlY Iresb..va_lues. 

Tides 

Days-Weeks. Minor influence on salinity variability, primarily in the ·Tampa Bay main stem. Tides are mixed, but predominantly diurnal 
and range 0.7 m near Egmont Key (NOAA, 1990b). Tides enhance water-qolumh mixing. 

Wind 

Days-Weeks. Secondary influence on salinity stability throughout the estuary. Wind, .especially when associated with winter cold 
fronts, enhances vertical mixing and flushing of bay waters (Sheng and Peene, 1'992). North-winds associated with cold fronts can 
reduce water levels by 1.0-1.5 m (Lewis and Estevez, 1988). Cold fronts are most common during January-March (Flannery, 1989). 

Density Currents 

Months-5easons. Minor influence on salinity structure during peak freshwater _discharges, especially in the Main Ship Channel. 

Evaporation 

Months-Seasons. Secondary influence on salinity structure throughout the estuary. Evaporation from open waterbodies is between 
122-132 cm/yr, which is only slightly Jess than the average annual rainfall. Highest' evaporation rates occur in spring (Flannery, 1989). 

* Data Sources: See data sources listed in Appendix II for Florida. 
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[iJ --------------Suwannee River, FL 

Geographic Setting 
___ j 

The Suwannee River estuary lies within the Big Bend 
region of the Florida coast. The estuary consists of 
Suwannee Sound, the Suwannee River delta, and 
extensive tidal wetland areas (Figure 25). The 
estuary is defined from the head of tide on the 
Suwannee River, approximately 53 km upstream of 
its terminus at Suwannee Sound (Mattson and 
Rowan, 1989). Suwannee Sound is bounded by the 
sand and oyster bars of Suwannee Reef, but includes 
waters from Horseshoe Point to Cedar Key. 

The Suwannee River is the second largest discharg
ing river in Florida and the major freshwater source 
to the estuary. The river originates in the 
Okefenokee Swamp of southern Georgia; its dis
charge pattern is more closely correlated with 
climatological conditions in this region than in 
coastal Florida (Leaden, 1979). River flow is greatly 
enhanced by the substantial groundwater contribu
tions of numerous springs along its banks and from 
aquifer base flow (Wolfe and Wolfe, 1985). The 
Suwannee River divides at the Gulf coast into two 
major branches: East Pass and West Pass; the latter 
is further divided into the North, Alligator, and 
Wadley passes. Approximately 70% of river dis
charge occurs through West Pass (Wolfe and Wolfe, 
1985). The estuary has been divided into three 
subsystems based on the response of salinity to 
forcing mechanisms and time scales (Figure 25). 

Bathymetry 

The average depth of this estuary is approximately 
2m at mid-tide level (NOAA, 1990a). Suwannee 
Sound is a relatively shallow and open embayment. 
Numerous reef and shoal areas exist within the 
sound, but apparently offer little resistance to 
circulation and exchanges (Wolfe and Wolfe, 1985). 
Naturally deep areas are limited to portions of East 
Pass and West Pass (3-6m) and the West Gap of 
Suwannee Reef (3-6m) (Figure 26). Few navigation 
channels exist; these are generally narrow and very 
shallow (1 m). 

Salinity Patterns 

The Data. October-December 1984 and February
April1988 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions, as the estuary and its 

Figure 25. Location map and subsystem identification 

Horseshoe 
Point 

Gulf of Mexico 

[J] Suwannee River 

[]] Lower Suwannee Sound 

[]] Upper Suwannee Sound!Horseshoe Cove 

B Subsystem Boundary 

. Figure 26. Bathymetry (meters) 
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B Navigation Channel 

'\\ ~ "1'cA 
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Gap(1) 

D~ 
Cedar Key 

watershed are relatively unmodified. A summary of 
freshwater inflow conditions and salinity data for 
these periods is given in Figure 27. Figure 28 
compares the average daily freshwater inflow 
volume during each month of the selected periods to 
long-term averages and suggests that both periods 
experienced typical inflow conditions. Figure 29 

35 

___ I 



Suwannee River, FL 

.... -· 

: 
Figure 27. Freshwater inflow, salinity sampling,, and 
average salinihj duri~gl~W" and higlz,salinity periods ·.·.· 

February-Aprll1988 October·December 1984 
(High Inflow/Low Salinity) (Low Inflow/High Salinity) 

Surface Salinity 
#of Observations 164 244 

Sampling Distribution a 1-3 1-3 

Sampling Frequency weekly (no April) daily-monthly (no October) 

Average Salinity (ppt) 6.0 18.5 

Bottom Salinity 

# of Observations 105 177 

Sampling Distribution • 1-3 1-3 

Sampling Frequency biweekly (no April) monthly (no October) 

Average Salinity (ppt) 7.7 19.9 

Freshwater Inflow (Suwannee River) 

Volume averageb 10% below average c 

Return Frequency of Peak Events 
1·dayduration 
7-day duration 
30-day duration 

3.3-year 
3.2-year 
3.4-year 

1.7-year 
1.6-year 
1.6-year 

Abbrev1at1on. ppt- parts per thousand 
a. Subsystem(s) with high sampling density 
b. Includes January 1988 
c. Includes September 1984 

presents salinity distributions for the selected 
periods, illustrating the dominance of seasonal 
freshwater discharge on the salinity structure. This 
structure, however, experiences significant variabil
ity as indicated in Figure 30. 

- High-Inflow/Low-Salinity Period (February-April 
1988). During this selected period and including 
January 1988, total inflow from the Suwannee River 
was consistent with long-term averages (Figures 27 
and 28), but highly variable within the period. 
Discharge remained between 170-210 m3 Is from 
January through mid-February. Inflow rapidly 
increased to a peak of 710 m'ls by mid-March and 
gradually returned to 340 m3 Is by late April. 

Inflow dominated salinities in the Suwannee River 
and its delta. March inflows sharply reduced 
salinities within Suwannee Sound, although this 
influence was most persistent within the southern 
portion of the sound. Salinities were most stable 
within the delta region and most variable in the 
northern portions of Suwannee Sound. In general, 
the system was vertically homogeneous, although 
weak-to-moderate stratification occurred in the 
northern portion of Suwannee Sound during peak 
discharges. 

Low-Inflow/High-Salinity Period (October-Decem
ber 1984). During this selected period and including 
September 1984, total inflow from the Suwannee 
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River was 10% below long-term averages (Figures 27 
and 28). Daily inflow peaked near 340 m3 Is in early 
September and steadily declined to 200 m3 Is by late 
December. 

Salinities were 10-20 ppt higher throughout most 
portions of Suwannee Sound than during the low
salinity period (February-April1988) (Figure 29). In 
contrast, delta salinities remained surprisingly low, 
producing a sharp gradient from the delta to the 
adjacent sound. Vertical stratification (surface-to
bottom differences about 5 ppt) was limited to the 
marsh and sound areas near the Suwannee delta. 
Salinities were relatively stable throughout the 
estuary, with most variability occurring near the 
Suwannee delta. 

[-~-~-:~~-;~~-~~~~!~;~~~i;~il~;··------
The salinity structure is dominated by the seasonal 
freshwater discharge from the Suwannee River. The 
important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
30. Variability is most apparent within Suwannee 
Sound during the high-inflow periods, but this 
variability zone moves toward the river delta during 
low-inflow conditions. Winds associated with 
frontal passages and daily tides are also responsible 
for significant variability, primarily within Suwan
nee Sound. 

iEi~e-2$. (:~p~~/;~",;~j;;;~dfr~h~:;;r-;;;;um~f~;-
1 tl)e SuumnneeRiver near Wilcox, FL, during periods of 

L~aJ~~ty-~e_T'}_~:i9'!_t~-p:r~~~:-1":c~r~~~=ra~e:_~_ __ _ _ 

~ 700 

E. 600 
• E 
.g 500 
> 
.2! 400 
~ 
~ 

~ 300 
<l: 
~ 200 

" • 
~ 100 

~ 
<( 0 

F M A M 

• Low Salinity (Feb-Apr 1988} 

lliii High Salinity (Oct-Dec 1984) 
D Antecedent Month 
- Mean Monthly Inflow (1931-1988) 

A S 0 N D 

Abbreviation: m3/s ·cubic meters per second 

• USGS.gages reflect inflow from 94% of the estuary's total watershed (26,400 km2) 
(USGS; 1990) 



Suwannee River, FL 

; Figure 29. Surface and bottom salinities.during)ow.c andNg/i"~a~inif.ypeyio\is . · 
---------~ ------ ;.... ______ : _____ ~---...::~::. __ ._,_. ·---~::_-i:..:..:--:..:.;~~-'-'"'-"-·-· --·---------------------- ------- ---· .. J 

. . 

February-April 1988 

Surface a 

. . 

., 

October-December 1984 

Surface b 

a. Data Source: FDNR, 1991 
b. Data Source: FDNR, 1991 

... . . 

February-April 1988 

Bottom a 

October-December 1984 
Bottom b 
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Suwannee River, FL 

Figure 30. Time scales and forcing mechanisms important to salinihj structure and -variability·* 

~ ., 

Freshwater 
Inflow 

Tides 

• = Wind 

~ 

Hours I 

D 
LIT 2-3 

LOW I 

Time Scale of Salinity Response 

Days to I Months to Year to 
Weeks Seasons Year 

s D D 
M 1 M 1-3 M 1-3 

s M 

LIT 2-3 LIT 2-3 

MEDIUM I HIGH MEDIUM 

Effect on Salinity Variability 

Episodic 

UNKNOWN 

Salinity Variability 

Very High "'> 21 ppt 
High "' 11-20 ppt 
Medium = 6-10 ppt 
Low = 3-5 ppt 
Very Low = < 2 ppt 

I ""!sessment 
Importance of Mechanism ReiJabllily 

D -dominant 
S -secondary 
M -minor 

H ·high 
M -moderate 
L -low 

LIT- Literature 
Only 

NOTE: lsohalines Illustrated in Figure 29 represent the "mean" salinity structure 
that is subject to the temporal and spatial variability indicated by this matrix. The 
lower portion of the matrix presents the magnitude of salinity variability at a 
particular time scale. The information within each column indicates the 
mechanisms most responsible for that variability. 

Freshwater Inflow 

Days-Weeks. Secondary influence on salinity variability, primarily limited to the marsh r8gions near the river delta (Wolfe and Wolfe, 
1985). 

Months-Seasons. Dominant influence on salinity structure throughout the estuary. Inflows during the low-flow season remain sufficient 
to control salinities within the river and delta. The influence of freshwater expands during the high-flow period and is more persistent in 
the southern portions of the Suwannee Sound than its northern portions. The zone of vertical stratification is pushed toward the Gulf 
from the delta during the high-inflow period. Groundwater is Em important contributor to river flow. 

Year-Year. Dominant influence on salinity structure. 

Tides 

Hours. Dominant influence on salinity variability. Tidal range {0.6-1.0 m) is high relative to average depth of Suwannee Sound; thus, a 
large portion of sound waters is displaced significantly offshore on a single outgoing tide. Tide destratifies water column within the 
sound. 

Wind 

Days-Weeks. Secondary influence on salinity variability primarily'within the Suwannee Sound. Cold fronts penetrate the region from 
November-March, altering circulation patterns and destratifying the water column. 

Months-Seasons. Minor influence on salinity structure, primarily in Suwannee Sound. Prevailing winds during both high- and low
salinity periods are northerly, enhancing the effect of river flow on salinity. 

* Data Sources: See data sources listed in Appendix II for Florida. 
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[!]----- Apalachee Bay Estuaries, FL 

Apalachee Bay is an open-water estuarine system 
within Florida's Big Bend region whose boundaries 
are not consistently defined. This area is a bight and, 
therefore, lacks the semi-enclosed characteristics of a 
bonafide estuary. It consists of may small estuaries 
around its periphery that are considered collectively 
in this analysis. This system separates the lagoonal 
estuarine systems of the Florida Panhandle from the 
Springs Coast (Wolfe, 1990) of west-central Florida, 
from Lighthouse Point to Cedar Keys. Apalachee 
Bay is lined by numerous small streams that com
prise springs, lakes, freshwater swamps, and coastal 
marshes near a broad marine shelf. This study 
characterizes the Ochlockonee/Oyster Bay and 
Econfina/Fenholloway River systems (Figure 31) 
which are typical of estuaries in Florida's Big Bend 
region (R.J. Livingston, Pers. Comm.), and for which 
the salinity data base is sufficient for characteriza
tion. This estuary has been divided into five sub
systems based on the response of salinity to forcing 
mechanisms and time scales (Figure 31). 

Ochlockonee Bay is a small shallow drowned river 
valley estuarine system. Its boundaries are defined 
from the head of tide on the Ochlockonee River, 19 
krn upstream of its confluence with Ochlockonee Bay 
(Wolfe eta!., 1988), to its terminus west of Apalachee 
Bay. Ochlockonee River and its major tributary, the 
Sopchoppy River, are the principal freshwater 
sources to Ochlockonee Bay. These rivers drain 
approximately 5,800 krn2 of Florida and southern 
Georgia (Wolfe eta!., 1988). Since 1985, Lake 
Talquin's Jackson Bluff Dam (not shown) on the 

Crooked Ochlockonee 
River River Ochlockonee Bay 

Ochlockonee River has been used for hydroelectric 
power and is responsible for significant short-term 
drops in lake elevation (Wolfe eta!., 1988), with a 
corresponding influx to the estuary. 

The Econfina and Fenholloway Rivers are small 
tributary systems, located approximately 11 krn 
apart, northeast of Apalachee Bay. The rivers share 
similar climatic, sedimentary, and watershed charac
teristics, and discharge comparable freshwater 
volumes to the bay (Livingston, 1975). The Econfina 
and Fenholloway River boundaries are defined from 
the head of tide, approximately 6 and 5 krn, respec
tively, upstream from the mouth to their terminus in 
northeast Apalachee Bay (USFWS, 1982d; Dujardin, 
Pers. Comm.). 

The estuary, which includes the broad shelf of 
Apalachee Bay, is approximately 3m deep at mid
tide level (NOAA, 1990a). The small, marshy embay
ments and riverine systems near Apalachee Bay are 
typically 1-2m deep. Navigation channels exist only 
in lower Oyster Bay and St. Marks River, and are 
small and shallow (Figure 32). 

Large portions of the Ochlockonee and Oyster Bay 
systems average less than 1 m deep, although both 
contain isolated areas that approach 4 m. The 
Econfina and Fenholloway River systems are very 
shallow and are navigable only for a few kilometers 
above their mouths (NOAA, 1991). Numerous shoals 
and oyster bars exist at the mouth of each system. 

Apalachee Bay 

OJ Ochlockonee Bay 

[I] Oyster Bay 

CIJ Econfina River 

[!] Northeastern Apalachee Bay 

[]] Fenholloway River 

B Subsystem Boundary 

3 

~ 

Skm 
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Apalachee Bay Estuaries, FL 

Econlina 
River 

' 2 2 

flows from the Ochloc
konee River (55-85 m3 Is) 
were interrupted by peak 
discharges during mid
January (160 m3 Is) and 
late February (195 m'/s) 
and a dry period ( <15 

' 2 \ St. Mark's m' Is) in late April. 
Discharge from the 
Sopchoppy River was less 
than 10 m'/s, except 
during late February 

3 3 • River 3 
Channel (4) 2 

2 

3 2 

E3 Navigation Channel 
3 (30 m3/s). 

Salinity Patt~rrt~ .·· 

The Data. For Ochlockonee/Oyster Bays, Septem
ber-November 1989 and February-April1990 were 
selected to represent high- and low-salinity periods, 
respectively. These periods should reflect present
day conditions as no major modifications to the 
estuary or its watershed have occurred since the 
reactivation of the Jackson Bluff Dam hydroelectric 
generation plant in 1985. For the Econfina and 
Fenholloway Rivers, September-November 1975 and 
February-Apri11978 were selected to represent high

In Oyster Bay, salinities 
were lowest in February and increased throughout 
this period. Salinities were relatively unstable along 
the shoreline, but more stable near Apalachee Bay. 
Vertical stratification was generally absent, but 
infrequently occurred near Shell Point. Salinity data 
for Ochlockonee Bay was only available for March 
and indicated weak stratification in the navigation 
channels. 

Econfina/Fenholloway Rivers (February
April1978). During this selected period and includ
ing January 1978, total combined inflow was approxi
mately 15% above long-term averages (Figures 33 

and low-salinity periods, respectively. 
These periods should reflect present
day conditions as their watersheds are 
relatively unmodified. A summary of 
freshwater inflow conditions and 
salinity data for these periods is given 
in Figure 33; data for Ochlockonee Bay 
is very limited. Figure 34 compares 
the average daily freshwater inflow 
volume during each month of the 
selected periods to long-term aver
ages. Figure 35 presents salinity 
distributions for the selected periods, 
illustrating the dominance of seasonal 
freshwater discharge on salinity 
structure. This structure, however, 
experiences significant variability as 
indicated in Figure 36. 

High-Inflow/Low-Salinity Period 
Ochlockonee/Oyster Bays 

(February-April1990). During this 
selected period and including January 
1990, total combined inflow from the 
Ochlockonee and Sopchoppy Rivers 
was consistent with long-term aver
ages (Figures 33 and 34). Steady 
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fFig~t~33. F;e~/i;~te;tnflow, salinity sampling, and average salinity 
! during low- and high-salinity periods 
L-'----·-----~------~-~------- --------·- --·------··-··-----------~ ··--·· 

Surface Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (pp!) 

Bonom Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 
Ochlockonee/Sopchoppy River 
Volumes 

Econ!ina/Fenholloway River 
Volumes 

Return Frequency of Peak Events 

1-day duration 
7-day duration 
30-day duration 

Abbrev~atton. ppt- parts per thousand 

1. Econfina/Fenholloway Rivers 
2. Ochlockonee/Oyster Bays 

February-April 

(High Inflow/Low Salinity) 

1978 1 1990 2 

95 

3,5 

weekly-monthly 

14.7 

95 

3,5 

weekly-monthly 

16.1 

NA 

138 

1.2 

monthly 

18.3 

135 

1,2 

monthly 

19.6 

average b 

15% above averagec NA 

Econfina Ochlockonee 
River ~ 

3.0-year 
3.0-year 
3.3-year 

2.0-year 
2.2-year 
2.1-year 

a. Subsystem(s) with high sampling density 
b. Includes January 1990 
c. Includes January 1978 
d. Includes August 1989 
e. Includes August 1975 

September-November 

(Low Inflow/High Salinity) 

1975 1 19892 

72 

3,5 

monthly 

19.2 

66 

3,5 

monthly 

22.5 

NA 

35% below average e 

Econfina 
~ 

1.8-year 
1.5-year 
1.8-year 
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monthly 

19.7 

120 

2 

monthly 

22.3 

30% below averaged 

NA 
Ochlockonee 

River 

1.4-year 
1.5-year 
1.5-year 



and 34). Discharge from both rivers steadily in
creased from early January to early March, then 
decreased through April Econfina and Fenholloway 
River inflows peaked in early March (18 and 11 m' Is, 
respectively). 

In both estuaries, salinities were relatively constant 
throughout this period. Most variability occurred in 
the lower Econfina and Fenholloway Rivers and near 
Apalachee Bay. Salinities in these areas experienced 
a modest decrease during mid-March and a modest 
increase during late April. Also, these areas were 
moderately stratified during early February and late 
March; the remainder of the estuary was generally 
vertically homogeneous. 

Low-Inflow/High-Salinity Period 
Ochlockonee/Oyster Bays (September

November 1989). During this selected period and 
including August 1989, total combined inflow from 
the Ochlockonee and Sopchoppy Rivers was approxi
mately 30% below long-term averages (Figures 33 
and 34). Inflow from both rivers was highly variable. 
Steady flows from the Ochlockonee River (10m' Is) 
were frequently interrupted by short-term discharges 
near 40 m'ls, with a peak discharge (100 m'ls) 
during early August. Baseline flow (1 m' Is) on the 
Sopchoppy River was interrupted by several small 
discharges, with the largest (35 m' Is) occurring in 
late September. 

In Oyster Bay, the average salinity structure was 
relatively unchanged when compared to February
April1990. Bottom salinities, however, were much 
more stable than between February-Apri11990. 
Weak-to-moderate vertical stratification was com-

\ Fl~~34: Co~~~riSdn ofgggedfr;;h;;;;,ter ;~/;;;;~jo;--i 
i Ochlockonee Bivef rz~iir, Blo;chizrn,. J'L; Sopchoppy Ri11er . . 
i near Sopchoppy;Fu;EcorifiniiR(ver vear Perrg, FL; and I 
i Fenhollow,ay RiperatFol~; PL.during periods of salinity i 
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Apalachee Bay Estuaries, FL 

mon in northern Oyster Bay. Salinity data for 
Ochlockonee Bay was only available for October and 
indicated weak-to-moderate stratification in the 
navigation channels. 

Econfina!Fenholloway Rivers (September
November 1975). During this period and including 
August 1975, total combined inflow was approxi
mately 35% below long-term averages (Figures 33 
and 34). Fenholloway River discharge was nearly 
constant (2-3 m'ls), except for drier conditions in late 
August ( <1 m' Is). Econfina discharge peaked in 
early August (8 m'ls) and late August (5 m'ls), then 
remained between 2-3m' Is through November. 

In both estuaries, salinities were nearly 10 ppt higher 
than during the low-salinity period (February-April 
1978). Salinities in the Econfina system were lowest 
in September and increased throughout this period. 
Most variability occurred in the lower Econfina River 
and near Apalachee Bay. This estuary was often 
highly stratified, the remainder of which experienced 
little variability or vertical stratification. In the 
Fenholloway River, salinities remained relatively 
constant throughout this period, with most variabil
ity apparent in the lower river and near Apalachee 
Bay. This estuary experienced moderate-to-high 
vertical stratification. 

Factors Affecting Variability 
L---~·-·--·-·~· .. - --·-· .. ··-·-· ·--- --...... --·-

The salinity structure is primarily determined by 
seasonal freshwater discharge from major rivers, but 
is subject to frequent short-term variation. The 
Econfina, Fenholloway, and Ochlockonee Rivers are 
relatively similar, demonstrating intense horizontal 
salinity gradients in their lower reaches (i.e., near the 
Gulf). The relative position of the gradient is deter
mined primarily by freshwater discharge. Open
water areas of Apalachee Bay, not immediately near 
principal river sources, likely reflect conditions in the 
Gulf of Mexico. Vertical stratification is uncommon 
throughout these estuaries, but occasionally exists in 
the lower reaches of major rivers and in navigation 
channels. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
36. Variability is most often associated with short
term freshwater discharges and wind. 
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Apalachee Bay Estuaries, FL 

Feb-Apr 1978 & 1990 

Surface a 

Feb-Apr 1978 & 1990 

Bottom • 

Sep-Nov 1975 & 1989 

Surface • 

Sep-Nov 1975 & 1989 

Bottom • 

a. Data Sources: FDNR, 1991; Livingston, 1975 &1990 
b. Data Sources: FDNR, 1991; Livingston, 1975 & 1990 
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Apalachee Bay Estuaries, FL 

Freshwater 
Inflow 

Tides 

Hours 

L 

Time Sc;ale of SallnJty ijespons~ 

Days to Months to Year to Episodic 
Weeks Seasons Year 

s D D 
1-5 l 1·5 L 1-5 

M 

LIT 1-5 <"5-,·r-----lf-----t'"'----'-''t----f-----1'-----j 
~-\?'~~- s 

LIT 1-5 ~~,~w-;"_'-4----~~4----+----~---j 
:.i.i~'Q: 
:_;,:,;:,r;·--,r-----1---+---+----1-----.Jf----j 

UNKNOWN MEDIUM LOW MEDIUM UNKNOWN 

· Salinity V8r1Elbllity 

Very High = > 21 ppt 
High "'1 1·20 ppt 
Medium = 6-10 ppt 
Low = 3-5 ppt 
Very Low = < 2 ppt 

Assessment 
ImPortance of Mechanism Rellablllt 

0 -dominant 
5 -secondary 
M -minor 

H -high 
M -moderate 
L -low 

LIT- Literature 
Ooo/ 

NOTE: lsohalines illustrated in Figure 35 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

Fte.shwate~ lnHow 

Days-Weeks. Second~ry iriflu~nc:~ onthesalini\ystructure, es~edally in lower E¢onfina, Fen holloway, and 
Ochlockonee Rivers_ · · ' · · · · · · 

Montlls-Seasons .. ·.Domi~antiiJllu~~ce·orl the salinity stru.cture·thrdughout ip~"~stuary, inclu.ding nearshore Apalachee 

Bay. . .. . . '. :·>:(:±,:;:,:~:·::;~~-\~~)~- .,-~\·._: ;.--_. .,'::-:>~----- · · ' , __ .- ... · · . 

Year-Year. !:lpmipS~n(ipfluyn<h~ q~·}~~~~~.~ilY .~tru¢iw~, •. · ··.·.·• ·• f ·· 
;.i<, ,, .. . ·._·T· ... :I·d·e· ·.:$·.·_•" : 

.. ·.,.:~~;.;",.;: ,. __ .,.._, ' 

.. ' .. · .•:"i•-'' ',- .), " -' ', - .. - .; ·: ' ', : ... ':: ,-..;._ ,• ... -

Days-Weeks. Minor influenc,e:qrMhJ•.s~linity, stnicture,ext~gding ir1fo'the_.lowe~ r;eaches of the major river systems only 
during spring tide. AsfronoiTiical\ides'are, primarily .s.emhdiurnal anp typically,•range 0.66 m at entrances to major rivers 
(NOAA, 1990b}. 

Wind 

Days-Weeks. Secondary in'flu~(lce cni the:sal.inity ~tructure, ouring the winter; 15:20 frontal systems pass this estuary. 
Prolonged north winds (edllcewajer levels by 0 .. 33'Q,66 m (NOAA, 1991}.• ·· 

* Data Sources: Livingston, Pers. Comm.; also see data sources listed in Appendix II for Florida. 
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[J-------------- Apalachicola Bay, FL 

Geographic Setting 

The Apalachicola Bay estuary is a broad, shallow 
lagoonal system. It is the largest of the Florida 
panhandle estuaries, encompassing 554 km2 (NOAA, 
1990a). This estuary consists of the Apalachicola 
River delta and several major embayments, whose 
boundaries are conveniently defined by earthen 
causeways or prominent physiographic features 
(Figure 37). The estuary is defined from the head of 
tide on the Apalachicola River, located 40 km up
stream of its terminus at East Bay (Gorsline, 1963; 
Livingston, 1984c), and is separated from the Gulf by 
three major barrier islands. Because information for 
the eastern portions of St. George Sound and Alliga
tor Harbor is limited, these areas are not considered 
in this analysis. 

The river process is thought to extend toward West 
Pass as it merges with waters moving west from St. 
George Sound. Thus, the influence of freshwater 
tends to be greatest in East Bay and Apalachicola 
Bay. 

This estuary has four natural openings to the Gulf of 
Mexico: Indian Pass, West Pass, East Pass, and a 
pass between Alligator Harbor and Dog Island. 
Sikes Cut, a man-made opening, was established in 
the western portion of St. George Island in 1954. 
Long-shore currents and tidal phasing at the passes 
produce a net east-to-west water movement through 
the estuary (Graham et al., 1979). West Pass appears 
to be a major outlet for estuarine water discharged to 
the Gulf, especially when influenced by long
duration or high-intensity east winds. More than 
66% of the total bay discharge occurs through West 
Pass and Indian Pass, although they account for only 
10% of the inlet area (Gorsline, 1963). This estuary 
has been divided into four subsystems based on the 
response of salinity to forcing mechanisms and time 
scales (Figure 37). 

Bathymetry 

The Apalachicola River is Florida's largest discharg
ing river and the primary source of freshwater to the 
estuary (Livingston, 1984c). Because 85% of the 
estuary's watershed (53,135 km2) (NOAA, 1990a) is 
located in Georgia, Apalachicola River discharges 
(and its effect on salinity) more closely follow the 
Georgia rainfall cycle (peak rainfall January-April) 
than that of coastal Florida (peak rainfall July
September) (Livingston, 1984c; Meeler eta!., 1979). The average depth of this estuary is approximately 

2m at mid-tide level (NOAA, 1990a). Naturally 
·"-··--· -~· ------· ----·---- ----------·------- -~ deep areas include portions of Indian Pass 

Figure 37. Location map andsubsystem identificatio~ .. _ .. _ (4_5 m), West Pass (12 .. 15 m), East Pass 

~ 
Skm 

4 

Gulf of Mexico 

Apalachicola 

St. George~ 
So~ 

Dog 
East Island 
Pass 

OJ Apalachicola River Delta and East Bay 
W Apalachicola Bay 
[]] St. George Sound 
[!] St. Vincent Sound 

E3 Subsystem Boundary 

(6-7 m), and the Apalachicola River (7 m) 
(Figure 38). Oyster reefs cover about 7% of 
the estuary and create numerous shoal 
areas that significantly impede water 
exchange. The largest shoals are located at 
Bulkhead Shoal and near both West Pass 
and Indian Pass. Numerous open water 
disposal sites are associated with naviga
tion channels and may also limit exchanges 
within the bay. The most significant of 
these disposal sites is the bulkhead shoal 
near the St. George Island causeway 
(Graham eta!., 1979). 

The GIWW and Sikes Cut are the deepest 
channels within the estuary (Figure 38). 
Channels are important corridors for 
seawater intrusion because of density 
currents maintained by the steep horizon
tal salinity gradient within this estuary 
(Livingston, 1984b). Increased bay-wide 
salinities have been associated with the 
intrusion of bottom waters through Sikes 
Cut (Livingston, 1979). Incoming saline 
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A alachicola Ba , FL 

: Figure 38. Bathymetry (meters) 
increased from near-freshwater 
conditions at the Apalachicola River 
delta to near-Gulf salinities at Sikes 
Cut. An east-west gradient resulted 
in Gulf salinities in St. George and 
St. Vincent Sounds but brackish 
conditions within the central basin. 
Strong vertical stratification per
sisted throughout the estuary except 
in East Bay. Peak discharges were 
sufficient to displace saline bottom 
waters to lower Apalachicola Bay, 
producing strong vertical stratifica

B Navigation Channel 

tion in this region. Simultaneously, 
salinities and stratification decreased 
in the upper and middle portions of 

waters may be trapped within a relatively deep basin 
near Sikes Cut and transported into the upper bay by 
density currents operating within the north-south 
extension of the GIWW. 

Salinity Patterns 

The Data. September-November 1983 and 
February-April1984 were selected to represent high
and low-salinity periods, respectively. These periods 
should reflect present-day conditions as the only 
recent modification to the estuary or its watershed 
was a minor expansion of Sikes Cut in 1986. A 
summary of freshwater inflow conditions and 
salinity data for these periods is given in Figure 39. 
Figure 40 compares the average daily freshwater 
inflow volume during each month of the selected 
periods to long-term averages and suggests that both 
periods experienced typical inflow conditions. 
Figure 41 presents salinity distributions for the 
selected periods, illustrating the dominance of 
seasonal freshwater discharge on the salinity struc
ture. This structure, however, experiences variabil
ity as indicated in Figure 42. 

High-Inflow/Low-Salinity Period (February-April 
1984). During this selected period and including 
January 1984, total inflow from the Apalachicola 
River was approximately 15% above long-term 
averages (Figures 39 and 40). Within this period, 
daily inflow generally remained between 750-1,250 
m3js, but peaked in late January (2,000 m3js) and 
mid-March (2,300 m3/s). 

Salinities generally declined in February, reached 
their lowest concentrations by late March or early 
April, and increased by late April. A north-south 
salinity gradient through the central basin gradually 
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Apalachicola Bay. Salinities were 
most stable within the Apalachicola River delta, East 
Bay, and at the passes. 

Low-Inflow/High-Salinity Period (September
November 1983). During this selected period and 
including August 1983, total inflow from the 
Apalachicola River was 5% below long-term 
averages (Figures 39 and 40). Within this period, 
daily inflow remained relatively constant (310-370 
m3 /s), except for minor peaks during mid-August 
(450 m3fs), mid-September (430 m3js), and a larger 
peak in late November (775 m3js). 

Although this volume of inflow was three times less 
than during the high flow period, it considerably 
influenced the salinity structure and variability. 
Salinities generally increased through the period 
except for a modest response to the mid-September 
freshet, primarily in the northern portions of the 
estuary. Salinity concentrations were more uniform 
throughout the estuary, although a north-south 
gradient was still apparent. Moderate stratification 
existed throughout most of the estuary. The most 
stable salinities were found near the passes. The 
most variable salinities were found in the northern 
portions of Apalachicola Bay, the eastern portions of 
St. Vincent Sound, and near St. George Island. 

F~~tors Affecting Variability 
[_ __ ~---------""·---·---- ---------- - ------····' 

The salinity structure is determined by the seasonal 
freshwater discharge, primarily from the Apalachi
cola River. The freshwater plume merges with 
waters moving east-to-west from St. George Sound 
and is most influential in upper and central 
Apalachicola Bay, western St. Vincent Sound, and 
eastern St. George Sound. These same regions may 
experience a wide range of stratification conditions 



depending on the magnitude of the freshwater 
plume. Highest stratification occurs in lower 
Apalachicola Bay during high-inflow periods, but 
migrates toward East Bay with decreasing freshwater 
volume (Livingston, 1990). Prevailing seasonal 
winds usually enhance vertical stratification. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
42. The most significant short-term variation is 

A alachicola Ba , FL 

attributable to frontal passages which encourage 
mixing and may interrupt the net east-to-west 
transport. In addition, freshets dampen salinities in 
areas near the freshwater source and may inhibit 
saltwater intrusion to the upper estuary. Inter
annual variability was greatest within central 
Apalachicola Bay, at West Pass, and near East Point; 
little inter-annual variability occurred near the 
Apalachicola River delta and at Sikes Cut. 

Figure 39. Freshwater inflow, salinihj sampling, and average salinity during lo~- andhigh'~alinityperiods 

February-Apr111984 September-November 1983 
(High Inflow/Low Salinity) (Low lnflow!Hlgh Salinity) 

Surface Salinity 

#or Observations 662 202 

Sampling Distribution 8 1·4 1-4 

Sampling Frequency weekly· monthly weekly • monthly 

Average Salinity (ppt) 8.2 18.1 

Bottom Salinity 

# of Observations 382 133 

Sampling Distribution ' 1·4 1·4 

Sampling Frequency weekly - monthly weekly- monthly 

Average Salinity (ppt) 13.2 22.1 

Freshwater Inflow 

Volume 15% above averageb 5% below average c 

Return Frequency of Peak Events 
1-day duration 
7-day duration 
30-day duration 

1.9-year 
2.2-year 
2.4-year 

2.6-year 
1.8-year 
1.9-year 

Abbrev!at!on: ppt- parts per thousand 

a. Subsystem(s) with high sampling density 
b. Includes January 1984 
c. Includes August1983 

. Figu!e 40 . . C~mparison of :<aged freshwater volume for the Apalachicola River near Blountstown, FL, during periods o~ 
, salimty_deptctton and pel]oii~of~~ecord a7)erages * . .. . _ _ _ -·- _ -·-------•- _ . ______ ----· ....... _ .. . • 

J F M A M 

Abbreviation: m3/s- cubic meters per second 

-low Salinity (Feb-Apr 1984) 

Ill High Salinity (Sep-Nov 1983) 

D Antecedent Month 

-Mean Montly Inflow {1921-1988) 

A s 0 N 

• USGS gages reflect inflow from 86% of the estuary's total watershed (53, 135 km2) (USGS,1990) 

D 
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A alachicola Ba , FL 

a. Data Sources: FDNR, 1991; Livingston, 1990; USAGE, 1984a 
b. Data Sources: FDNR, 1991; Livingston, 1990; USAGE, 1984a 
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February-April 1984 

Surface a 

February-April 1984 

Bottom a 

( 

~ 

September-November 1983 

Surface b 

September-November 1983 
Bottom b 



Apalachicola Bay, FL 

Figure 42. Time scales and forcing mechanisms important t0 salinity structure and variability * 

Hours 

Freshwater 
Inflow 

Tides D 
E LIT 2·3 • c • Wind " u • ,. 

Density 
Currents 

UNKNOWN 

Time Seal~ of ~alinity Response 

Days to Months to Year to 
Weeks Seasons Year 

s D D 
H 1· H 1-4 H 1·4 

s s 
LIT 1·4 LIT 1·4 

s 
LIT 1·2 

MEDIUM HIGH MEDIUM 

Episodic 

UNKNOWN 

Salhilty Variability 

Very High «; > 21 ppt 
High = 11-20 ppt 
Medium = 6-10 ppt 
Low =3-Sppt 
Very Low = < 2 ppt 

lm ortance of Mechanism 

D -dominant 
S -secondary 
M -minor 

Assessment 
Rellabllit 

H -high 
M -moderate 
L -low 

LIT- Literature 
Only 

NOTE: lsohalines illustrated In Figure 41 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

·. Fresh\l(ater .InfloW 
~ ' ' ' >~-·--.- ·_ - - ~_ ', -_.· '·._.·-- ,._. ~ ,' ~"-~. __ "-. ·, ----_:·, .·- _"_ - ,' -' - . 

Days-Weeks; Secondary inf\~eQce on salinityst~clure; pa~ic~lar;ly in E\lst .Ba;, ar\dup~er Apalachicola Bay. Freshets 
displace saline l!oit0m :Water~fo:low,.rApal!fc(licolii (3)iy; re.~~ltirig h) v~rticallyh:omogar\eoos conditions in the upper bay 
and stratified conditio~s· i~ the lower bay. • · · 

Months-Seasons, Dominant,estuary-:ideihfluancecm.salinitystruclur<3C. ~r~sh\'!at~rvo.lume from the ,6.palachicola 
River is three times greater during Fel5ru!try;April thar•cturii)g ~eptemb~r,Noveml:>er anq displaces isdhalines by 10 ppt 
throughout most of the estuary, Ground\1/atermay h'aye locally important effects· em salinities inside St. George Island 
between Sikes CutandBulkhegd Slioal[~i~i9~~jon,;unfl~p(ishe,d data]. ' · • · ·. · 

Year-Year. Dominant,· estuary-~ide inftuence'C>n.salinit; structurf •. 

'Tides: 
--~ , ~-:·· ,: : -.. ,,_.::~_T~..:.-T-:..i~":'"-·>:··: ::; -.::_~.'., ::~;:--_;:,·:·.:::"'~--,-.:;. ;:-~.~2· .. :~·~: .. ,_ ~~--· L.--:.~_· 

Hours. Dominant influence .. cin salinity, variabili)l(; primarily riea:r·the pa,sses. causingniodesr salinity increases an.d 
destratifying water columns. Tiaes.are'geher~lly·semi'qiurmil, but frequ'emtlyha:ve a.diurnal component. Tide range is 
approximately Q.5 m nearthe p~sses. • Tidal :phasing at•tlie pagses produces a net east-to-west water movement 
through the estuary (Graham e.t al.; 1Q79j

0 
· • · 

Wind 

Days-Weeks. Secondary, estuafi-wide influence on saliiJi\y'structyre. From Novem,ber~Marcb, about 30-40 polar air 
masses penetrates this region which induces .vertical mixing. Flushing and current generation at the inlets is wind-
dominated (W~isb~rg, .19~9). · · 

Months-Seasons. Secondary, es\uary·wide influence .on salinity structure. Prevailing winds are generally from the. 
north or northeast during Septemper-February, sguthea~t during .March-May, flnd soutliwest-to-west during June-August 
and generally favor increased mixing and flu~hing•of bay waters. Wind is three tim.es more effective than tides when 
determining current strength and·direction(Coimer et al., 1981). · 

Density Currents 

Months-Seasons. Secondary influence on salinity structure, primarily in Apalachicola and East Bays. The extent of 
bottom water intrusipn and its effect on vertical stratification depends on river discharge and wind. 

• Data Sources: See data sources listed in Appendix II for Florida. 
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~-------------- St. Andrew Bay, FL 

GeographicSetting 

The St. Andrew Bay estuary is a relatively deep, 
Y-shaped embayment, occupying 245 km' (NOAA, 
1990a) behind Shell Island and a peninsular spit. 
This estuary includes St. Andrew, West, North, and 
East Bays (Figure 43). It is defined from the head of 
tide on the Econfina Creek at the Deer Point Lake 
Dam to its terminus with the Gulf of Mexico at the 
East and West Passes. West Pass was artificially cut 
in 1934 as the principal navigation channel through 
the estuary. However, most exchanges between the 
estuary and the Gulf occur through East Pass (Ichiye 
and Jones, 1961). Long-shore currents and tidal 
phasing at the passes produce net east-to-west water 
movement through the estuary (Ichiye and Jones, 
1961). ' 

Although the estuary receives minimal freshwater 
inflow due to its small drainage basin, discharge is 
sufficient to maintain a positive salinity structure. 
North Bay receives about 60 percent of the total 
inflow through Econfina Creek and Bear Creek 
across the Deer Point Lake Dam. Discharge in the 
Econfina Creek is continually supplied by ground
water springs from the Floridan Aquifer (Musgrove 
eta!., 1964). West Bay and East Bay receive 7 and 22 
percent of the total inflow to the estuary, respec
tively. The remainder enters directly into St. Andrew 
Bay through small tributaries and as sheet flow 

r--··--

Figure 43. Location map and subsystem 1'dentifjcation 

Gulf of Mexico 

[JJ Upper North Say 

rn West Bay/Lower North Bay 

[!]East Bay m St. Andrew Bay 

B Subsystem Boundary 

(Rodriguez and Wu, 1990). This estuary has been 
divided into four subsystems based on the response 
of salinity to forcing mechanisms and time scales 
(Figure 43). 

Bathymetry 

The average depth of this estuary is approximately 
4 m at mid-tide level, among the deepest of the Gulf 
systems (NOAA, 1990a). Naturally deep areas exist 
throughout St. Andrew Bay and the lower parts of 
North, West, and East Bays (Figure 44). Parts of West 
Pass (10m) and East Pass (9 m) are also naturally 
deep, although the latter is unstable and constantly 
shoals. The Panama City Harbor Entrance Channel 
is maintained at West Pass (10m); the GIWW is 
maintained only in upper East and West Bays. 

Salinity Patterns 

The Data. September-November 1991 and Febru
ary-Apri11990 were selected to represent high- and 
low-salinity periods, respectively. These periods 
should reflect present-day conditions since no major 
modifications to the estuary or its watershed have 
occurred since the construction of Deer Point Dam in 
1961. A summary of freshwater inflow conditions 
(precipitation) and salinity data for these periods is 
given in Figure 45. Figure 46 compares the total 

.. . ... . .... precipitation during each month of 
the selected periods to long-term 
averages and suggests that fresh
water inflow was below normal 
during both periods. Figure 47 
presents salinity distributions for 
the selected periods, illustrating 
the influence of seasonal freshwa
ter discharge on the salinity 
structure. This structure, however, 
experiences variability as indicated 
in Figure 48. 

High-Inflow/Low-Salinity Period 
(February-April1990). During this 
selected period and including 
January 1990, total precipitation 
measured at Panama City was 
approximately 25% below long
term averages (Figures 45 and 46). 
Significant precipitation occurred 
in early January (4 em), late 
February (10 em), mid-March 
(8 em) and late March (5 em). 
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St. Andrew Ba , FL 

Throughout the estuary, salinities were generally 
highest during February and lowest during April. 
They were most stable in St. Andrew Bay and West 
Bay, and were most variable in upper North Bay due 
to precipitation and possibly dam releases from Deer
Point Lake. Less variability occurred in East Bay. 
Moderate vertical stratification occurred in the upper 
reaches of both North and West Bays. No bottom 
salinity data was available for East Bay and St. 
Andrew Bay during this period. 

Low-Inflow/High-Salinitt; Period (September
November 1991). During this selected period and 
including August 1991, total precipitation measured 
at Panama City was approximately 15% below long
term averages (Figures 45 and 46). Significant 
precipitation occurred in early August (8 em), mid
August (8 em), early October (8 em), early November 
(4 em), and late November (4 em). 

Salinities were approximately 5 ppt higher during 
tlus period than during the low-salinity period. 
Throughout the estuary, salinities were generally 
lowest during September and highest during No
vember. Salinities in the upper reaches of North Bay, 

· Figure 44. Bathymetn; (meters) 

B Navigation Channel 
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however, were reduced by 5-10 ppt following the late 
November freshet. They were most stable in West 
Bay and St. Andrew Bay, but most variable in North 
Bay. Weak vertical stratification occurred through
out the estuary except in West Bay where salinities 
were vertically homogeneous. 
r-·- ........ ------· -----------------------------------------
; Factors Affecting Variability 

The salinity structure is determined by seasonal 
freshwater discharge, primarily due to direct precipi
tation to the estuary and discharges from Econfina 
Creek. A horizontal salinity gradient is most pro
nounced in upper North Bay and East Bay. This 
estuary commonly experiences weak vertical stratifi
cation, particularly within upper North Bay follow
ing freshets. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
48. Salinities are most variable in upper North Bay 
due to direct precipitation and short-term releases 
from Deer Point Lake Dam. Vertical stratification is 
weakened by tides and wind. 



Surface Salinity 

# of Observations 

Sampling Distribution a 
Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

# of Observations 

Sampling Distribution 
a 

Sampling Frequency 

Average Salinity (ppt) 

Precipitation 

St. Andrew Bay 

February-April1990 
(High Inflow/Low Salinity) 

359 

1-2 

biweekly-monthly 

16.6 

235 

1-2 

biweekly-monthly 

23.3 

25% below average b 

Abbreviation: ppt - parts per thousand 

September-November 1991 

(Low Inflow/High Salinity) 

319 

1-2 
biweekly-monthly 

24.2 

236 

1-2 

biweekly-monthly 

26.8 

15% below average c 

* Return frequencies were unavailable for this system since no stream flow was used. 

a. Subsystem(s) with high sampling density 
b. Includes January 1990 
c. Includes August 1991 

. Figtix~ 46: C::o~pari~pn of total precipitatiqn .(crh)-at Ea~~ift.~9itJJ.:l?J;;.,~@~~\"E~~t~~s;;oti~~J~hi;W def!:ictio~tand period- . I 
---~-------. . ~~--------· - -·-- -· -- ·------·-- ·---- ---, ;--:-·:-~.. -- ,~-----"""""7"-'"'--~:-:-.,..,~ .. · ,---,--~-·. . --------- --. -

!_~[~~:~~~'!!.:'f:.$!_~·-· _ -----·---------·~-----·----····-~---· _. -~--~~~-. · __ \: \···_:-·-·t:-'· ;;;.!:~:-."t~--'< ·\ :,_r·!i~:Jj}: \ '-: .':?-~:': \']~ T'·:;,-:_..:~- L~_.L_.~.2... ______ .. ____________ j 

25 

20 

:[ 15 
c 

i 
-~ 10 
"-

5 

J 
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Abbreviation: em - cubic meters 
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St. Andrew Bay, FL 

-·. ···-·- -···-·. ---- .. - ----··-
Figure 47. Surface and bottom. salinities during low-. and highosalinihj periods 

-. .. ----. - ------· -- -~-~--~------~------ --~--------~---····-- ____ ;_ ; __ -····--·· -. -----~-------------

February-April 1990 
Surface* 

February-April 1 990 
Bottom* 

*Data Sources: FDNR, 1991; Taylor Biological Company, Inc., 1991 
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September-November 1991 
Surface* 

September-November 1991 
Bottom • 

• Data Sources: FDNR, 1991; Taylor Biological Company, Inc., 1991 

,FL 
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St. Andrew Bay, FL 

· Figure 48. Time scales and forcing mechanisms important to salinity .structure and variab'ility* i 
-- -----·--· ·- --- -- -------·-------------- ----'---------------------'------------~:;.._-'--··-....:__ __ ~.;; . .:__ _____ --- ____ j 

Freshwater 
Inflow 

Tides 

Hours 

L 

UNKNOWN 

Time Scale of Salinity Response 

Days to Months to Year to 
Weeks Seasons Year 

s D D 
1-3 L 1-4 L 1-4 

s 

MEDIUM MEDIUM LOW 

Effect on Salinity variability 

Episodic 

UNKNOWN 

Sallrilty V&riabllltY 

Very High = > 21 ppt 
High = 1 HO ppt 
Medium = 6·10 ppt 
Low =3-Sppt 
Very Low = < 2 ppt 

D -dominant 
S -secondary 
M -minor 

H -high 
M -moderate 
L -low 

LIT- Literature 
Only 

NOTE: lsohalines illustrated in Figure 47 represent the "mean" sa!Jnity 
structure that Is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
Indicates the mechanisms most responsible for that variability. 

Freshwater 'lnfloJ, · 

Days-Weeks. Secondary influence on salinity structure and stability, pri[lli!,ily in uppE!ri\J(jrth'$a5';clti~:to:r.lle~~e~:iram 
Deer Point Lake Dam. '" ,, <: '' , ' " v 

Tides 

Days-Weeks. 
- - • ' '- ' ,-• --- •- -~,._ ,'• -·,---./c .. :::;,~··;;.-.,-_:,~~ -~-~--•?;·/-.~-07"-i·~-'"".:,...,_~:;,::;_;~·~:~'-~;-~.~-/~<· ;·'·:~d" 

Minor influence on salinity stability, primarily in st. Andrew,B~y (l~hiY~'a~)J:Jonl!s;t~.~1)~. · 

Wind 
---- _,--·-f·.· _,-~ -~--~---~«:;>-,>·:_:·.-I>-·._;· 

Days-Weeks. Secondary influence on salinity stability throughout this estuary. Wind, ass(lciated with. cold!ron)s·'. 
enhances water-column mixing (Salsman and Ciesluk, 1978). 

* Data Sources: See data sources listed in Appendix II for Florida. 
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Geographic· Setting'. 

The Choctawhatchee Bay estuary is a relatively deep 
and narrow lagoon located between the St. Andrew 
Bay and Pensacola Bay systems. Occupying 334 km' 
(NOAA, 1990a), the estuary includes Choc
tawhatchee Bay, the Choctawhatchee River delta 
complex, and several secondary embayments. 
(Figure 49). The estuary is defined from the head of 
tide on the Choctawhatchee River approximately 
7 km upstream of the delta complex and on Alaqua 
Creek near Portland, Florida. The estuary IS sepa
rated from the Gulf by a barrier spit along its south
ern shore; exchange occurs solely through East Pass. 
Limited exchange with the Santa Rosa Sound occurs 
in the western portion of Choctawhatchee Bay. 

The Choctawhatchee River is the fourth largest 
discharging river in Florida and the major freshwater 
source to the estuary. This river lies primarily in 
Alabama (69%) and receives significant input from 
the Floridan Aquifer System (Wolfe et al., 1988). The 
estuary also receives secondary inflows from several 
bayous located primarily in northern sections of the 
bay (Livingston, 1986) which may derive more than 
90% of their base flow from the shallow sand and 
gravel aquifer (Wolfe et al., 1988). Transport of the 
Choctawhatchee River plume is somewhat restricted 
by the US 331 causeway in eastern Choctawhatchee 
Bay. A second causeway, spanning the middle bay 
from White Point to Piney Point, is currently under 

Choctawhatchee Bay, FL 
bridge built and the extent of the associated cause
way, but are expected to reduce flushing in the 
western basin under intense frontal passages 
(Livingston, 1986). This estuary has been divided 
into three subsystems based on the response of 
salinity to forcing mechanisms and time scales 
(Figure 49). 

The average depth of this estuary is approximately 
4 mat mid-tide level (NOAA, 1990a), although 
natural depths decrease from west to east (Figure 50). 
Depths exceed 10m in the western basin, but ~re 
approximately 3 min the eastern basm due to mh!nse 
sediment deposition from the Choctawhatchee River. 
The La Grange Bayou Channel and GIWW, the only 
navigation channels within the system, encour~ge the 
development of density currents and the mtruswn of 
saline bottom waters. 

Despite repeated attempts since 1988 to stabilize the 
entrance at East Pass, the inlet retains tendencies for 
migration and shoaling (Morang, 1992). This shallow 
region effectively forms a sill that tends to trap sahne 
bottom waters within the deep western basm of 
Choctawhatchee Bay. East Pass requires continuous 
dredging to maintain its 3.6 m deep channel. 

construction (Bartel, Pers. Comm.). The potential The Data. September-November 1985 and Febru-
impacts of this construction depend on the type of ary-April1987 were selected to represen~ high- and 
,---·------~···---· -----·-- :-----------------.-. --_ ----::-. -·'·"/:;;; <>"', -::~:- :,-;"~'-;s:.:~_::r;:;;g-,;:~bJ,\\1t low-salinity penods, 
: Figure 49. Location map and. sub,systen:/4~.v'tJN~;ig~ ,,· .~;~·v~;~\0fiJi~~ res~;ectively. These 
· - · -·- - -··· --- ---- -------~-~----------~--- · penods precede 

Boggy 
Bayou Rocky 

Bayou 

~N 

2 

r-:;--1 Choctawhatchee River De!taJEastern 
~ Choctawhatchee Bay 

IT] Central Choctawhatchee Bay m Western Choctawhatchee Bay 

B Subsystem Boundary 

A! aqua 
Creek 

construction of a spur 
jetty at East Pass in 
1977 and the mid-bay 
causeway. A 
summary of fresh
water inflow condi
tions and salinity 
data for these periods 
is given in Figure 51. 
Figure 52 compares 
the average daily 
freshwater inflow 
volume during each 
month of the selected 
periods to long-term 
averages and sug
gests that February
April1987 experi-
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Choctawhatchee Bay, FL 

· Figure 50. Bathymetry (meters) 
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enced near typical inflow conditions, while Septem
ber-November 1985 was drier than normal. Figure 53 
presents salinity distributions for the selected periods, 
illustrating the dominance of seasonal freshwater 
discharge on the salinity structure. This structure, 
however, experiences variability as indicated in Figure 
54. 

High-Inflow/Low-Salinity Period (Febrnary-April 
1987). During this selected period and including 
January 1987, total inflow from the Choctawhatchee 
River was 10% below long-term averages (Figures 51 
and 52), but was highly variable within this period. 
Base flow (175-250 m3 Is) from the Choctawhatchee 
River was interrupted by three peaks occurring in late 
January (480 m'ls), mid-March (510 m'ls), and mid
April (460 m'ls). 

Inflows were sufficient to maintain tidal-fresh (0 ppt) 
conditions within the delta and dominate surface 
waters throughout most of the estuary. Bottom 
waters, especially within the eastern and central 
basins, also responded to the freshwater signal but 
quickly rebounded to pre-freshet conditions. Moder
ate-to-high vertical stratification persisted throughout 
the estuary. Surface salinities within the eastern and 
central basins were relatively stable. Surface salinities 
within the western basin and bottom salinities 
throughout the estuary were less stable. 

Low-Inflow/High-Salinity Period (September
November 1985). During this selected period and 
including August 1985, total inflow from the Choc
tawhatchee River was approximately 20% below long
term averages (Figures 51 and 52). Daily inflow 
typically ranged from 55 to 110 m'ls from August
October, except for a minor surge (155 m3 Is) in early 
September. Freshwater discharge peaked in early 
November (300m3 Is) and late November (250m3 Is). 
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Salinities during this 
period were approxi
mately 10 ppt higher 
than during the low
salinity period. Sur
face and bottom 
salinities were rela
tively stable through
out the period and 
demonstrated little 
horizontal gradient. 
The November fresh
ets produced modest 
surface salinity reduc
tions in the eastern 
basin. High vertical 

stratification existed in the river delta and eastern 
basin, while moderate stratification existed in the 
remainder of the estuary. 

[ ,i'~-ir~~~~~i~i~~~i~z~.~~ini-~-~-
The salinity structure is determined by the seasonal 
freshwater discharge, primarily from the Choc
tawhatchee River. The plume may dominate the 
eastern basin, but its influence was severely 
reduced in the western basin. Moderate-to-high 
vertical stratification is predominant throughout the 
system. Prevailing seasonal winds often enhance 
vertical stratification. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
54. Variability was much less from September
November than during February-April. Variability 
is most often associated with frontal passages which 
may temporarily disrupt the salinity structure and 
stability. Runoff from the north-shore tributaries 
has limited influence within the secondary 
embayments. 



Choctawhatchee Bay, FL 

Figure 51. Freshwater inflow, salinity sampling, and average salinity during during low- and high-salinity periods 

February~Apri11987 

(High lnflowtlow Salinity) 

Surface Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Sallnity (ppt} 

Freshwater Inflow 

Volume 

Return Frequency of Peak Events 
1-day duration 
7-day duration 
30-day duration 

Abbreviation: ppt- parts per thousand 

105 

1-2 

monthly 

5.9 

54 

1-2 

monthly 

13.6 

10% below average b 

2.2-year 
1.3-year 
1.4-year 

a. Subsystem{s) with high sampling density 
b. Includes January 1987 
c. Includes August 1985 

September-November 1985 

(Low Inflow/High Salinity) 
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1-3 

weekly - monthly 

17.3 

303 

1-3 

weekly - monthly 

22.8 

20% below average c 

2.5-year 
2.5-year 
2.7-year 

Figur~ 52. Comparison of !l,aged freshwater volume for the Choctawhatchee River during periods of salinity depiction 
to perzod-of-record averages ~' 
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D 

*USGS gages reflect inflow from 81% of the estuary's total watershed {13,985 km2) {USGS, 1990) 
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Choctawhatchee Bay, FL 

a. Data Sources: FDNR, 1991; Livingston, 1986 
b. Data Sources: FDNR, 1991; Livingston, 1986 
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February-April 1987 
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September-November 1985 

Bottom b 
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Choctawhatchee Bay, FL 
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! Figure 54. Time scales an4forcihgmechani$rti5 impottiiftt'to·salinity struCture mid variability* ' 
L ___ : _____ ---------··--------_.:.:...:_.:.:_ ___ ,:-'-----'---·-·-C ___ .:.. _________ : __ c ___ c__ ____ :_ ____________ ; 
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Processes 
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Tlm·e S:~ale·Of-SallnltY Response 

Days to Months to Year to 
Weeks Seasons Year 

s D D 
M 1-2M 1-3 M 1·3 

M 

LIT 1-2 
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LIT 3 

LOW MEDIUM LOW 

Effect on Salinity VariabilitY 

_Episodic 

UNKNOWN 

SallnityNai'li.blllty 

Very High = > 21 ppt 
High = 11-20 ppt 
Medium = 6-1 o ppt 
Low = 3-5 ppt 
Very low = < 2 ppt 

D -dominant 
S -secondary 
M -minor 

Relative importance 
of mechanism 

Assessment likely to be directly 

Assessment 
Reliability 

H ·high 
M -moderate 
L -low 

LIT- Literature 
Only 

CJ_Subsystem most 

Reliability Influenced by mechanism 

NOTE: lsohallnes illustrated In Figure 53 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

Freshwater Inflow 

Days-Weeks. Secondary influence on salinity stability and stratification, especially near the Choctawhatchee River 
delta, eastern bay, and north-shore embayments. 

Months-Seasons. Dominant influence on salinity structure throughout the estuary. Inflow decreases estuary-wide 
stability and increases vertical stratification. 

Year-Year. Dominant parameter influencing salinity structure throughoutthe estuary, although year-to-year variation is 
relatively low. · 

Tides 

Days-Weeks. Minor influence on salinity stability and stratification in the western basin. 

Wind 

Days~ Weeks. Secondary influence on salinity stability and stratification throughout the estuary, especially when 
associated with cold fronts, 

Months-Seasons. Minor influence on salinity structure throughout the estuary. Prevailing winds enhance stratification 
during the winter months, 

Density Currents 

Days-Weeks. Minor influence on salinity structure and stability, primarily within the eastern basin. Density currents 
promote saline bottom water intrusion toward the delta. 

Shelf Processes 

Months-Seasons. Minor influence on salinity structure, primarily in the western basin. River plumes from adjacent 
estuaries may lower shelf-water salinities. 

. 

*Data Sources: See data sources listed in Appendix II for Florida. 
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--------------Pensacola Bay, FL 

Geographic Setting 

The Pensacola Bay estuary is a drowned river estuary 
and lagoon covering approximately 370 km2 (NOAA, 
1990a). It includes Pensacola Bay, Escambia Bay, 
East Bay, Blackwater Bay, and Santa Rosa Sound, 
although the latter is not considered in this analysis 
(Figure 55). The boundaries of this estuary are 
defined from the head of tide on the Escambia River 
near Quintette (Bass and Hitt, 1978), on the 
Blackwater River approximately 5 km north of US 
Highway 90 (Yeager et al., 1989), and the Yellow 
River near its juncture with Blackwater Bay (Bass et 
al., 1979). The estuary is separated from the Gulf by 
Santa Rosa Island and direct exchange is limited to 
the Pensacola Inlet. Limited exchange occurs with 
the Perdido system through Big Lagoon, and the 
Choctawhatchee system through Santa Rosa Sound. 

The Escambia River discharges to Escambia Bay and 
is the primary source of freshwater to this estuary. 
The Yellow and Blackwater Rivers are major con
tributors to Blackwater and East Bays, discharging 
approximately one-half the flow as the Escambia 
River. Circulation in Escambia Bay is dominated by 
a counterclockwise flow during both high- and low
inflow periods, resulting from the movement of 
freshwater along the western shoreline and saline 
bottom water intrusion along the eastern shoreline 

(Hopkins and Schomer, undated; Wolfe et al., 1988). 
This estuary has been divided into five subsystems 
based on the response of salinity to forcing mecha
nisms and time scales (Figure 55). Santa Rosa Sound 
is not considered in this analysis because it is not 
included in NOAA's NEI (NOAA, 1990a). 

--~········"""""•""""""" .. ~-~~--.... 

Bathymetry 

The average depth of this estuary is approximately 
4 mat mid-tide level (NOAA, 1990a). Depth 
increases uniformly from the Escambia River toward 
the Pensacola Inlet (Figure 56). East and Blackwater 
Bays are comparatively shallow, except for a signifi
cant depression in lower East Bay. 

Navigation channels exceeding 11 m exist through
out lower Pensacola Bay and the Pensacola Inner 
Harbor. Smaller channels (2-3m) within Escambia 
Bay, the lower Escambia River, and Blackwater Bay 
are important conduits for the intrusion of saline 
bottom waters through the estuary. In Escambia Bay, 
vertical stratification is greatest within the channel, 
along the east of the bay, and within the river delta. 
A salt-wedge may extend 18 km upstream in the 
Escambia River during low-flow conditions (Wolfe et 
al., 1988). Tidal flow into East Bay occurs consis
tently along the southern shoreline with the greatest 
tidal influence occurring May-July (Hopkins and 
Schomer, undated). 

........ ~ ........................... -~~ ................................... ~ ........ ~ ........ , .. ~--- .............. , 
Exchange between 
upper and lower 
Escambia Bay was 
thought to be 
somewhat restricted 
historically by the 
support pilings 
associated with the 
L&N Railroad 
bridge. Its densely 
spaced pilings were 
estimated to con
strict the natural 
cross-sectional area 
by 11%, thus 
retarding the 
freshwater release 
to the lower estuary 
(Hopkins and 
Schomer, undated; 
Wolfe et al., 1988). 
This problem was 
amplified by the 
I-10 causeway 
located <0.5 km 

' Figure 55. Location map and subsystem identification 
• 
L •• ,_,_,. ---------------~ --··-··----- -· --

[JJ Upper Escambia Bay 

[]] Lower Escambia Bay 

[]] Blackwater Bay 

WEast Bay 

ITJ Pensacola Bay 

G Subsystem Boundary 

Pensacola Inlet 
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2 

Santa Rosa 
Island 

• 

• • • • • ; 
4 

a sound 
santa p.os 

Gulf of Mexico 

5km I 
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Pensacola Bay, FL 
- ·- -- ------·----------~--------:-1 

: Figure 56. Bathymetry (meters) 
. - .. - -- --·---~----------~------·J 

' 
' Caucus Channel G Navigation Channel 

south of the L&N Railroad. Use of the railroad was 
discontinued and its pilings removed during the 
early-to-mid 1970s (Hopkins, Pers. Comm.). 

- --- -- ----------,----7--- --J 
Salinity Patterns 

- ~- ~ - -----__ _,._ ____ ...__ _____ _ 
The Data. September-November 1973 and Febru
ary-April1988 were selected to represent high- and 
low-salinity periods, respectively. These periods 
should represent present-day conditions, although 
both periods pre-date the 1990 inlet channel dredg
ing through lower Pensacola Bay. In addition, the 
1973 data set may pre-date the removal of the L&N 
Railroad pilings. A summary of freshwater inflow 
conditions and salinity data for these periods is 
given in Figure 57. Figure 58 compares the average 
daily freshwater inflow volume during each month 
of the selected periods to long-term averages and 
suggests that September-November 1973 experi
enced relatively typical inflow conditions, while 
February-April1988 was drier than normal. Figure 
59 presents salinity distributions for the selected 
periods, illustrating the dominance of seasonal 
freshwater discharge on the salinity structure. This 
structure, however, experiences variability as 
indicated in Figure 60. 

High-Inflow/Low-Salinity Period (Febrnary-April 
1988). During this selected period and including 
January 1988, total inflow from the Escambia, 
Blackwater, and Yellow Rivers was approximately 
20% below long-term averages (Figures 57 and 58). 
Discharge from the Escambia River peaked during 
mid-March at 760 m'ls. Three other significant 
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discharge events (greater than 425 m' Is) occurred in 
late January, late February, and late March. Dis
charge from the Yellow and Blackwater Rivers 
followed a similar pattern, with combined peak 
inflows occurring late February (110 m'ls) and mid
March (110 m'ls). 

Surface and bottom salinities throughout the estuary 
were unstable, due to the frequency of the freshwater 
pulses. Salinities decreased significantly during the 
freshwater events, but rapidly recovered as the 
signal weakened. Highly stratified waters within the 
Escambia Bay channel and lower East Bay were 
temporarily displaced into Pensacola Bay, but were 
also quickly re-established. During peak discharges, 
Escambia River waters extended into lower East Bay, 
temporarily creating a reverse salinity gradient 
within this bay. Vertically homogeneous and 
moderately stratified conditions prevailed through
out the remainder of the estuary. 

Low-Inflow/High-Salinity Period (September
November 1973). During this selected period and 
including August 1973, total inflow was consistent 
with long-term averages but was approximately 
three times lower than during February-April1988 
(Figures 57 and 58). Peak discharges in the 
Escambia River occurred in early August (200 m'ls), 
mid-September (210 m'ls), and late November (165 
m' Is). Peak inflows from the Yellow and Blackwater 
Rivers also occurred in early August (45 m'ls), mid
September (60 m3ls), and late November (35 m'ls). 

Throughout the estuary, salinities were lowest 
during late-September, increased through mid
November, and exhibited a modest decrease by mid
November. The lowest surface salinities occurred 
along the western shoreline of both Escambia and 
East Bays. These subsystems also exhibited the 
highest variability. Intrusion of high-salinity bottom 
waters within the Escambia Bay channel and lower 
East Bay persisted throughout the averaging period. 
Inflows during September and November did little 
to displace the Escambia Bay channel salt-wedge. 
Highly stratified conditions existed within upper
and mid-Escambia Bay, while the remainder of the 
bay was moderately stratified. 

Factors Affecting Variability 
L ___________ ----···-···-···-··----··-------···--·----· 
The salinity structure is determined by the seasonal 
freshwater discharge, primarily from the Escambia 
River. River waters usually move seaward along the 
western shoreline, but may dominate Escambia Bay 
and the lower portions of East Bay during peak 



Pensacola Ba , FL 

seasonal discharges. The highest vertical stratifica
tion occurs within the Escambia Bay channel. 
Escambia Bay is often moderately stratified, while 
East Bay is most often vertically homogeneous or 
moderately stratified. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
60. The highest variability occurred within Escambia 
Bay and western East Bay, due to river-flow fluctua-

lions. Tidal variation was found to have modest 
importance within Pensacola Bay and lower 
Escambia Bay (Olinger eta!., 1975). Variability 
attributable to wind is limited to surface water 
mixing and lowering of the halocline (Hopkins and 
Schomer, undated). The most stable salinities 
usually occurred within lower East Bay and lower 
Pensacola Bay, particularly within the bottom layer 
of the water column. 

1.~~~5i~~~~ihwa~~~~fz~~~~U~i~·samp_li~S,·and.a~eff~~~qlf\lityff~fiP~~~~-;j~iiJ;;li;;;;Y-P~;;~~~------ _; 

February-Apri11988 September-November 1973 
(High Inflow/Low Salinity) (Low Inflow/High Salinity) 

Surface Salinity 
#of Observations 333 

Sampling Distribution a 1,2,4 

Sampling Frequency weekly- monthly 

Average Salinity (ppt) 8 

Bottom Salinity 

# of ObseNations 300 

Sampling Distribution • 1,2,4 

Sampling Frequency weekly - monthly 

Average Sab'nity {ppt) 12.1 

Freshwater Inflow 

Escambla River Volume 25% below averageb 

Yellow/Blackwater River Volume 15% below averageb 

Return Frequency of Peak Events 
t-day duration 
7-day duration 
30-day duration 

Abbrev1at1on: ppt ·parts per thousand 
a. Subsystem(s} with high sampling density 
b. Includes January 1988 
c. Includes August 1973 

1.6-year 
1.S..year 
1.3-year 

286 

1,2,4 

monthly 

18.1 

323 

1,2,4 

monthly 

24.1 

10% below average c 
30% below average 0 

1.8-year 
1.8-year 
2.2-year 

: Figure 58. Comparison of :<aged freshwater volume for the Escambia, Yellow, and Blackwater Rivers during periods of 
: safinihjdepiction an~ p~rzoa~of-record(!VeY(lges: ..... ____ ____ _ __ __ _ _ __ _ _ .. _ . 
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Escambla River 
- Low Salinity {Feb·Apr 1988) 
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- Mean Inflow (1935-1988) 

Abbreviation: m3/s ·cubic meters per second 

Yellow and Blackwater Rivers 
c::l Low Salinity {Feb-Apr 1988) 
&SSJ. High Salinity (Sep -Nov 1973) 

CJ Antecedent Month 
-- Mean Inflow 

Yellow River (1939·1988) 
Blackwater River (1950-1988) 

*USGS gages reflect inflow from 66% of the estuary's total watershed {18,100 km2) (USGS, 1990) 
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r Fi~;s9~S~rface and bottom falinities a~#ng low~ ~nd_htgh"saltliityperiod~ ·. -~-·--·-------~---- ~---~-, 
....... ·-·-· ----- ----- -----------~----~---------~-'---..------~·-'..;._ ____________ ~--------·--------"----~~~---~ 

February-April 1988 

Surface a 

September-November 1973 

Surface b 

a. Data Sources: FDER, 1991; FDNR, 1989-90 
b. Data Source: Hopkins and Schomer, undated 
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February-April 1988 

Bottom a 

September-November 1973 

Bottom b 
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. Figure 60. Time scales and forcing mechanisms important to salinihJ structure and variability * 
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NOTE: lsohalines Illustrated in Figure 59 represent the "mean" salinity 
structure that Is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

Freshwater Inflow 

Days-Weeks. Dominant influence on salinity stability and stratification, especially in upper and middle Escambia 
Bay and upper western East Bay. · 

Months-Seasons. Dominant influence on salinity structure throughout the estuary. Inflow decreases estuary-wide 
stability and increases vertical stratification. Peak discharges during February-April displace high-salinity bottom 
waters from upper Escambia Bay to Pensacola Bay. 

Year-Year. Dominant influence on salinity structure throughoufthe estuary. 

Tides 

Hours. Dominant influence on salinity stability and stratification within. Pensacola Bay and lower Escambia Bay 
(Olinger et al., 1975). Tides are diurnal, varying from 1 mat the mouth of the bay to 0.3 m in upper Escambia Bay 
(Bass and Hilt, 1978). 

Wind 

Days-Weeks. Minor influence on salinity stability and stratification throughout the estuary, especially when 
associated with cold fronts. · 

Months-Seasons. Minor influence on salinity structure throughout th$ estuary. Prevailing winds enhance stratifica
tion during the winter months. 

Density Currents 

Days-Weeks. Secondary influence on salinity structure and stability, especially within upper and middle Escambia 
Bay. 

Months-Seasons. Secondary influence on salinity structure and stability throughout the estuary. 

• Data Sources: See data sources listed in Appendix II for Florida. 
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The Perdido Bay estuary occupies just 130 km2 and is 
the fifth smallest estuarine system on the Gulf coast 
(NOAA, 1990a). Its boundaries are defined from the 
head of tide on the Perdido River at Highway 112, 
approximately 19 km upstream of its confluence 
with Perdido Bay to its terminus with the Gulf of 
Mexico at Perdido Pass (Figure 61) (USFWS, 1982e). 
The estuary's northeast-southwest axis is highly 
convoluted and contains several constricting points 
along its length. The estuary is separated from the 
Gulf by Perdido Key and direct exchange is re
stricted to Perdido Pass. Limited exchange occurs 
with the Pensacola system through Big Lagoon and 
the Mobile system through the GIWW. 

The Perdido River and its principal tributaries (Styx 
[not shown] and Blackwater Rivers) are the primary 
freshwater sources to this estuary. The transport of 
the Perdido River plume is restricted to the upper 
bay due, in part, to shoreline constrictions. Fresh
water dominance of the lower bay occurs only 
during periods of extreme inflow. This estuary has 
been divided into four subsystems based on the 
response of salinity to forcing mechanisms and time 
scales (Figure 61). No salinity data are available for 
Big Lagoon and it is not included in this analysis. 

[j] Lower Perdido River 

W Upper Perdido Bay 

[]] Lower Perdido Bay 

[!] Perdido Pass 

B Subsystem Boundary 

a Bridge 

Wolf 
Creek 

ALABAMA 

Gulf of Mexico 

Perdido Bay, FL 

The average depth of this estuary is 2 m at mid-tide 
level (NOAA, 1990a), but contains important irregu
larities throughout the system. Naturally deep areas 
are located near the mouth of the Perdido River, in 
Caucus Channel, south of the US 98 bridge, and 
below Ross Point (Figure 62). These areas effectively 
trap saline bottom waters, enhancing and prolonging 
vertical stratification. The entrance at Perdido Pass is 
subject to shoaling and requires continual dredging 
to maintain a 4 m channel. These shoals act as a sill 
to trap saline bottom waters and maintain 
moderately-to-highly stratified conditions. Upper 
Perdido Bay is shallow compared to other sub
systems, but frequently alternates between vertically 
homogeneous and highly stratified conditions. 

The Data. October-December 1988 and February
April1988 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions since no recent major 
modifications to the estuary or its watershed are 
known to have occurred. A summary of freshwater 
inflow conditions and salinity data for these periods 
is given in Figure 63. Limited salinity information 
was available for Wolf Bay and Perdido Pass. Figure 

Bayou 
M reus 

FLORIDA 

Santa 

~5-

Caucus 
Channel 

10km 

64 compares the average 
daily freshwater inflow 
volume during each month 
of the selected periods to 
long-term averages and 
suggests that the low
salinity period experienced 
relatively typical inflow 
conditions, while the high-
salinity period was preceded 
by an unusually wet Sep
tember. Figure 65 presents 

• salinity distributions for the 
I"• selected periods, illustrating 

the dominance of seasonal 
freshwater discharge on the 
salinity structure. This 
structure, however, experi
ences variability as indicated 
in Figure 66. 
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Perdido Ba , FL 

Figure 62. Bathyrnetn; (meters) 

E:J Navigation Channel 

High-Inflow/Low-Salinitt; Period (Februan;-April 
1988). During this selected period and including 
January 1988, total inflow from the Perdido River 
was approximately 20% below long-term averages 
(Figures 63 and 64). Daily inflow was consistent with , 
long-term averages during January-March, but was 

10 

was approximately 20% above long-term 
averages (Figures 63 and 64). Inflows 
remained near 10m3 Is throughout the 
period, except during short-duration 
peaks in early September (60 m3ls), late 
September (110m3 Is), mid-September 
(110 m3ls) and early October (45 m3ls). 

Salinity response was generally limited to 
the surface layer above the US 98 bridge 
where surface salinities were reduced 
through October. Surface concentrations 
had recovered by early November and 
were relatively stable throughout the 
remainder of the period. Bottom salinities 
remained relatively stable and appeared 
unaffected by the freshwater event, 
especially within the lower bay. Highly 
stratified conditions persisted within 
lower Perdido River, lower Eleven Mile 
Creek, and the upper bay nearest these 
freshwater sources. Moderately stratified 

conditions occurred within the remainder of the 
upper bay. The lower bay was moderately-to-highly 
stratified throughout the period. 

FaCtors Affecting Variability 
below normal in April. Base flows near 15 m3ls were ···- ··-··-·-·-··--·--···--·-·-··- ----·-· 
frequently interrupted by short-duration events. 
Inflows peaked (90 m3 Is) in early March with 
secondary peaks occurring in mid-February (80 
m3ls), mid-January (60 m3ls), early April (55 m3ls), 
and late March (35m3 Is). 

Salinity data were limited during this period, but 
indicated a significant freshening of the estuary 
when compared to the October-December 1988 
period, despite only a modestly higher freshwater 
volume. In contrast to the October-December 1988 
period, inflow events occurred in rapid succession 
allowing continued influence throughout the upper 
bay and extending into the lower bay region. Surface 
salinlties had been reduced to <10 ppt near Inerari!J 
Point by mid-March, and gradually increased during 
April. Bottom salinities throughout the bay were 
relatively stable until mid-April, suggesting a 
response-lag with respect to the freshwater event or 
the influence of meteorological activity. Highly 
stratified conditions persisted south of the US 98 
bridge, while vertically homogeneous conditions 
occurred in the upper bay. 

Low-Inflow!High-Salinitt; Period (October-Decem
ber 1988). During this selected period and including 
September 1988, total inflow from the Perdido River 
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Salinity structure is determined, primarily, by the 
seasonal freshwater discharge from the Perdido 
River system. The plume may dominate surface 
salinities within the lower Perdido River and upper 
bay under normal conditions, but has limited influ
ence on bottom salinities or surface salinities below 
the US 98 bridge. The estuary is rarely unstratified, 
with vertically homogeneous conditions occurring 
primarily in the shallow areas of the upper bay. 
Moderately-to-highly stratified conditions persist 
throughout the lower bay and lower Perdido River. 
Stratification may be enl1anced by sustained north
erly winds. 

The inlportant tinle scales of salinity variability and 
responsible mechanisms are summarized in Figure 
66. Variability is most often associated with short
duration freshwater events, although its influence is 
generally confined to the upper bay. Here, surface 
salinities are reduced and vertical stratification 
increased. Meteorological events are important 
modifiers of salinity throughout the estuary. These 
events may destratify the water column and enhance 
exchanges with shelf waters. 



February-Apri11988 
(High Inflow/Low Salinity) 

Surface Salinity 

# of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

# of Observations 
a 

Sampling Distribution 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

Volume 

Return Frequency of Peak Events 
1-day duration 
7-day duration 
30-day duration 

Abbreviatton: ppt- parts per thousand 

20 

1-3 

monthly 

5.6 

20 

1-3 

monthly 

12.1 

20% below average b 

1.5-year 
1.3-year 
1.5-year 

a. Subsystem(s) with high sampling density 
b. Includes January 1988 
c. Includes September 1988 

October-December 1988 
(Low Inflow/High Salinity) 

159 (Dec. only) 

1-3 

monthly 

9.8 

156 (Dec. only) 

1-3 

monthly 

17.5 

20% below average c 

2.4-year 
2.0-year 
1.4-year 
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Abbreviation: m3/s- cubic meters per second 
* USGS gage reflects inflow from 54% of the estuary's total watershed {3, 100 km2) {USGS, 1990) 
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Perdido Bay, FL 

February-April 1988 

Surface a 

October-December 1988 

Surface b 

a. Data Source: USEPA, 1991 
b. Data Sources: ADEM, 1993; EP&A, 1991; USEPA, 1991b 
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February-April 1988 

Bottom a 

October-December 1988 
Bottom b 



Perdido Bay, FL 

[-f;ig;_;;.~66:-y:b7t; ~lee ~~d forcing;;echa~i~;;~i;;,p~;~~~tto salinity-;t;~;i;,;~ ~nd variability * 
' -----~---·-----------·-----·--- --------- ---·--------·------ -------------

_.·-

1·.·· 

•-· 

Freshwater 
Inflow 

Tides 

Hours Episodic Days to Months to Year to 
Weeks Seasons Year 

s D D 
M 1 M 1-3 M 1-3 

M 

\ -,~ 1----1----IJ,IT_ _ __5_-f--__ __j ___ -1-----l LIT 4 
-"2, 

--~j:·:l----1----l-'l_!_-~+-'"CL-'~----1-----1 Wind s M 
LIT 1-4 LIT 1·4 

.··· 

·~~---~+---~---P~~~~----1 
Shelf M M 
Processes LIT 4 LIT 4 

. 
LOW MEDIUM HIGH MEDIUM UNKNOWN 

SalinitY Variability 

Very High = > 21 ppt 
High "'11-20 ppt 
Medium = 6-10 ppt 
Low =3-5 ppt 
Very Low = < 2 ppt 

l_mportance of Mechanism 

D -dominant 
5 -secondary 
M -minor 

Relative Importance 
of mechanism 

Subsystem most 

-A_!Isessment 
Reliability 

H ·high 
M -moderate 
L -low 

LIT- Literature 
Only 

I2J Assessment likely to be directly 
Reliability influenced by mechanism 

NOTE: lsohalines illustrated in Figure 65 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
Indicates the mechanisms most responsible for that variability. 

-::c -~~-~-!:.C:~;'';5l<:t~\ ,i .\ ·. • ·.·.· · Freshwater Inflow 
1 Days·W~~l}'~i'i$~i~&~~~)r~j1~~rjc~:C~~-sali~ily·Y~ria~ifity a~d~tratification,primarily in the_ lower Perdido River and upper 
bay.- ~(eshetsY~f!.eqrfn~~qr;t~~"';}~yer1igen~raUy.havinglipiited influenc.e on bottom salinities, except within the lower 
Perdi;lo Riven·1ft€sQ,6ts'(o~yitlrie,fly displa<)e•SI(atitied waters in the .lower Perdido River and intensify vertical stratifica
tion in tneupper•bi:!y~: • ..-.:: •:::·· • •;· 
- __ - , ·,:~-----:·:_:'<·\·-r·;::t-(0-~;:,~:::}'(::0-_::o:::·.-.\<--_:::·,-·- ._.- -·-.:~- ._: __ - -. : --- . . 

M!!(lths'~~~~.Q~~;~Dprl);iii.iint.jpflue~g.e;on·~a.li?ity structurejnthe upper estuary, bu.t limited influence south of lnerarity 
Point Typic?-l;p.eak-~'f!if<a~~.l,.qi~9harg,e~ . .<()ct()Qer"[)~<\ember) primarilyaffect the surface layer, but may depress 
salinities in the !i\PP.Eitii?'!Y\lO:rs.evE\r!ji_.wee~s. 

_- :·_ -:. -_ .-;- ~ ~ __ : __ ~---~--~~~:.-::;;·~~~j}:t':·-/~bh;\~_:_:/-:-:·J:.:·~~-:-- -_ ' ' '_ / - .-_,_ -_-
Year-Yeiit. Dci!hi'iran~inflb~niid··o6:·salinity st'nlcturethtbughouHhe upper and middle bay. Lower bay salinities become 
daminatkt~'ili'tres'hw~t!lf:!i)•ii)y.aurin!i lloo~as. · · 
- ·-:; - '; ~,:;~;<_-;_.·:_;;_"<ff.":<·:<:_;':' .. _:: :, ---<: 

• ''· '.!.' .Tides 
- '·->,s -'--~;.~~'---~~:A;_:_:t::j~-1;-'~~':;;:;c~--:;:: -.:_ .. ~;- _:~ :. :~-~-~: .... :~. ______ ,_ ___ _ _ _ · 
Days·W~/Csi ,Min6rioli~!'n~,!i.\~J1 saHri)y v~ri~bility and.stratifi6atfcin-witnin the lower estuary, generally promoting water
column mixing,•Tid.es:?re:'diUr.n'al,anq range .<0.5 m. 

',' -; ----- > ,'!,·.-:-·;·: ----' ,' -- '' -

Wind· 

l)ays-Weel(s •• :s~q~riJ~&·iaifqe,~Se on si!Jini(y'Variabilityand stratification throughout the estuary, especially when 
associate.cl'!liti;ficb!ld!j,O:nts.:·,;tW~ in(luence is;le,ss pmnounqedthan in other estuaries because of the system's north
south al.ig[imeni7a.ndtl!~i\~':l~e!~~~i'Ji~cl~ro'da;;P!lrs~ C:omll)), 

0 ' ',' ,:<·<:~'-·:_--~-\_;'_:~-:~~:_,~_-_,,.~----·<:'.'·,~-;~_::<'_.•,, __ ', ,;' o''' •:'•' ', '0 A ' 

1 MQnthsc~~s~vS.; \Mi~6r"~~f(g.{n~ec•9~ sali~ity~tructur,e \hroughout the estuary. Sus.tained northerly winds may increase 
estuli!rin!l saliniJje~ ang .s!(l!!if)<J'l.Vpn. S~~\ai.necl pOUtherly Vilinds elevate shelf water levels and increase the transport of 
high-salinity bottom).i/a!er&.intO:ifre lowerand'miqdle bay (Niedaroda, Pers. Comm.). 

- ---- '- / ~,_;:-- -._. ,'" ,---:~·: '~'~;: - "" / ---- "- - . 
{_----- ·-:-.--.>''' 

> >·1_-: Shelf Processes 

Months:Sel'!so(l_,s; Minor irlfJu~rice oh salinity structure within the lower bay due to peak discharges from the Mobile and 
Pensacqla systems/ · · 

Year-Year .. Minotirifluer\de on salinity structure within the lower bay due to peak discharges from the Mobile and 
Pensacola p)\stems. · ; ·. · . · · 

• Data Sources: See data sources listed in Appendix II for Florida. 
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. · Geographi¢ Setting ; (: ,: Js: . I 
L-~------------.:----~~----2-~~~i- -,_._- '-- ::~ --·- ·-. ,_:.-:.-:·:~ ·--''-~·L.Y_j 
Mobile Bay is a drowned river valley estuary located 
on the Alabama coast between the Mississippi Sound 
and Perdido Bay systems. Occupying 1,070 km' 
(NOAA, 1990a), it includes Mobile Bay, the Mobile 
River distributary system, and several secondary 
embayments (Figure 67). Its watershed (115,510 km') 
includes two-thirds of Alabama and portions of 
Mississippi, Georgia, and Tennessee (Crance, 1971). 
The estuary extends inland to the heads of tide on 
the Alabama River at Claiborne, AL and the 
Tombigbee River at Coffeeville, AL. Exchanges with 
the Gulf occur primarily through Main Pass (85%). 
Exchanges through Mississippi Sound at Pass aux 
Herons are partially obstructed by oyster reef shoals 
and the Dauphin Island causeway. 

The distributary system is the terminus of the 
Mobile, Tombigbee-Black Warrior, and the Alabama
Coosa-Tallapoosa river systems. Together, these 
systems provide more than 95% of the estuary's 
freshwater. Exchanges between Mobile Bay and the 
distributary system, however, are limited by an 
earthen causeway that restricts freshwater inflow to 
the mouths of the four distributaries and two small 
viaducts under the causeway. This estuary has been 
divided into three subsystems based on the response 
of salinity to forcing mechanisms and time scales 
(Figure 67). 

Bathymetry 

The average depth of Mobile Bay and its distribu
taries is approximately 3m and 6 mat mid-tide level, 
respectively (Figure 68) (NOAA, 1990a). Oyster reefs 
create numerous shallow areas throughout the bay 
that may significantly affect water circulation and 
exchanges. In addition, dredged material disposal 
areas near the Mobile Ship Channel (MSC) and the 
Hollinger Island Ship Channel hinder east-west 
exchanges within the bay (Schroeder and Lysinger, 
1979). 

The navigation channels throughout this estuary 
assist in the development of density currents, an 
important mechanism for salinity intrusion. In 
particular, the MSC extends from Main Pass to the 
Port of Mobile and allows saline Gulf bottom waters 
to extend beyond the Port of Mobile. On rare occa
sions (during periods of very low freshwater inflow 
and high tides), high-salinity bottom waters may 
reach more than 30 km upstream from the mouth of 
the Mobile River (Smith, 1984). 

The Data. August-October 1968 and February-April 
1969 were selected to represent high- and low
salinity periods, respectively. Although limited 

~ Mobile River Distnbutary 
L.!_j System 

salinity information exists for this estuary, 
the selected data sets are unique in provid
ing estuary-wide coverage. These periods 
do not include any alteration to the salinity 
structure that may be associated with the 
deepening of the MSC from 12.0 to 13.6 m 
in 1990 or the construction of the Gaillard 
Island disposal area and Theodore Ship 
Channel in 1975. The latter had caused 
locally important increases in bottom 
salinities (Lawing et al., 1975). This 
estuary's watershed has, however, re
mained relatively unaffected by modifica
tions since 1969. A summary of freshwater 
inflow conditions and salinity data for 
these periods is given in Figure 69. Figure 
70 compares the average daily freshwater 
inflow volume during each month of the 
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selected periods to long-term averages and 
suggests that August-October 1968 experi
enced relatively typical inflow conditions, 
while February-August 1969 was drier 
than normal. Figure 71 presents salinity 
distributions for the selected periods, 
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Mobile Bay, AL 
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illustrating the dominance of seasonal freshwater 
discharge on the salinity structure. This structure, 
however, experiences variability as indicated in 
Figure 72. 

High-Inflow/Low-Salinity Period (February-April 
1969). During this selected period and including 
January 1969, total inflow from the Alabama and 
Tomblgbee Rivers was approximately 25% below 
long-term averages (Figures 69 and 70), but highly 
variable within this period. Inflow peaked (5,900 
m' Is) during late April, with secondary peaks 
occurring in late January (3,600 m' Is), mid-February 
(4,000 m' Is), and late March (4,500 m' Is). Isohalines 
presented in Figure 71 reflect February and March 
salinities only. 

Salinities demonstrated a longitudinal gradient 
sparrning from near freshwater conditions in the 
distributaries and upper bay, to brackish conditions 
in the lower bay. Seawater conditions only occurred 
in bottom waters near Main Pass and in the lowest 
portion of the MSC. Surface salinities throughout the 
estuary decreased throughout the period but were 
relatively stable except near Main Pass. Bottom 
salinities within the distributaries were stable, but 
those within the bay were highly variable. Vertical 
stratification persisted within the MSC and occurred 
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in the lower bay following the February-March 
freshet. 

Low-Inflow/High-Salinity Period (Augnst-October 
1968). During this selected period and including July 
1968, total inflow from the Alabama and Tombigbee 
Rivers was approximately 15% below long-term 
averages (Figures 69 and 70). Inflow peaked (1,900 
m' Is) during mid-July, with secondary peaks during 
mid-August (850 m' Is), early September (500 m' Is), 
and mid-October (400 m'ls). 

Salinities increased throughout the period, reaching 
their highest levels in August. The water column 
was more unstable than during the low-salinity 
period. A longitudinal gradient was again apparent, 
although isohalines were shifted landward by 10 ppt. 
Brackish salinities penetrated deep into the distribu
tary system, affecting both surface and bottom layers, 
and producing a 25-ppt vertical gradient in the 
Mobile River near Mobile. Moderate stratification 
persisted in the open bay. 

-~--c----·~·-~···c~-n-~••• 

· F.ac.tors AffectirtgVari~bllity 

The salinity structure is determined by the seasonal 
freshwater discharge, which is almost exclusively 
transported by the Mobile River system. A longitudi
nal gradient exists in the bay, but varies due to 
freshwater inflow, prevailing winds, and density 
currents. Thus, the open bay may range from near
fresh to near-Gulf salinities under typical hydro
dynamic conditions. However, the distributary 
system remains fresh or near-fresh, except in the 
Mobile River. Despite its shallow depths, the bay is 
moderately stratified throughout the year, with the 
strongest gradients during the spring due to 
increased river discharge. The strongest vertical 
stratification is likely to occur under conditions of 
(1) moderate-to-high river discharge and weak 
winds, or (2) persistent northerly winds and low 
river discharge (Schroeder, 1979). 

The Important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
72. Variability is most common in the open bay and 
is most frequently associated with freshets and 
meteorological events. Winds of sufficient magni
tude and direction may result in near-homogeneous 
conditions throughout the estuary, although the 
system requires only a few days to restratify 
(Schroeder eta!., 1988b). Tidal influence is usually 
restricted to the lower bay, but may be enhanced 
during low-inflow conditions. 



February-Aprll1969 
(High Inflow/Low Salinity) 

Surface Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

# of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 
Alabamaffombigbee Rivers 
Volume 

Return Frequency of Peak Events 
1-day duration 
7-day duration 
30-day duration 

Abbreviation: ppt- parts per thousand 

32 

1-3 

No April 

4 

32 

1-3 

No April 

11 

25% below average b 

1.2-year 
1.2-year 
1.2-year 

a. Subsystem(s) with high sampling density 
b. Includes January 1969 
c. Includes July 1968 

August-October 1968 
{Low Inflow/High Salinity) 

48 

1-3 

monthly 

13 

48 

1-3 

monthly 

20 

15% below average c 
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1.3-year 
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j 
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Abbreviation: m3/s- cubic meters per second 

*USGS gages reflect inflow from 95% of the estuary's total watershed 
(115,510 km2) (USGS, 1990) 

Mobile Ba , AL 
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Figure 71. 

a. Data Source: Bault, 1972 
b. Data Source: Bault, 1972 
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Mobile Ba , AL 

Time scales and forcing mechanisms important to salinity structure and variability * 

Time Scale of Salinity Response Salinity Variability Importance at Mechanism 
ssessment 
Reliability 

Hours Days to Months to Year to I Episodic Very High = > 21 ppt D -dominant H -high 
Weeks Seasons Year High = 11-20 ppt s -secondary M -moderate 

D 
Medium "'6-10ppt M -minor L -low 

Freshwater s D Low = 3-5 ppt LIT- Uterature 
Inflow L 1·3 H 1-3 H 1-3 

Very Low = o::: 2 ppt Only 

Tides M 

E LIT 3 
Relative importance 

-· 
of mechanism 

c s • Wind M ~ 
0 LIT • 2-3 LIT 2-3 

" Density s _o_S,bsystommost 
Currents Assessment likely to be directly 

LIT 1-3 Reliability influenced by mechanism 

Shelf 
M Processes 

LIT 3 

UNKNOWN\ LOW I HIGH MEDIUM UNKNOWN 
NOTE: lsohalines illustrated in Figure 71 represent the "mean• saliolity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 

Effect on Salinity Variability 
variability at a particular time scale. The information within each column 
Indicates the mechanisms most responsible for that variability. 

Freshwater Inflow 

Days-Weeks. Secondary influence on salirity.variability, primarily in the upper portions of Mobile Bay, that may cause a temporary 
retreat of bottom waters within the MSC. 

Months-Seasons. Dominant influence on salinity structure throughout the estuary. Inflow rhaintaiflS near-fr8sh conditions in distribu
taries, but allows significant Gulf influence under low-inflow conditions. 

Year-Year. Dominant influence on salinity structure throughout the estuary. High inflow produces ne_ar-fresh·conditions except in the 
lower portion of the MSC, in portions of Bon Secour Bay, and at Main Pass (Schroeder and Lysinger, 1979). 

Tides 

Days-Weeks. Minor influence on salinity variability, primarily in lower Mobile Bay. 

Wind 

Days-Weeks. Secondary influenCe on salinity variability throughout the system. In particular, cold frontS produce abrupt changes in 
the bay and generally favor the ~'flushing" of bay waters. These events typically occur five times per month during October-March 
(Schroeder et al., 1988a). Northerly winds <4 m/s generally have no effect on vertical stratification; winds 4-8 m/s enhance stratifica-
tion; and winds >8 m/s encourage mixing (Schroeder and Wiseman, 1985). · 

Months-Seasons. Minor influence on salinity structure throughout the bay. Sustained northerly winds qecr9ase system volume, 
dampen tidal ranges, and push surface isohaline~ toward the mouth of the estuary {lmsand, Pers._ Comm;; Schroeder and Lysinger, 
1979)- . . 

Density Currents 

Months-Seasons. Secondary influence on salinity structure throughout Mobile_ Bay and Mobile River. Navigation ch;:mnels facilitate 
intrusion of high-salinity waters into the upper estuary and enhance vertical stratification.· 

Shelf Processes 

Months-Seasons. Minor influence on salinity structure in lower Mobile Bay. River plumes, especially from the Pascagoula River may 
lower salinities entrained through the passes . 

... 

* Data Sources: See data sources listed in Appendix II for Alabama_ 
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[g]-------------- Mississippi Sound, MS 

The Mississippi Sound estuary, located along the 
north-central coast of the Gulf of Mexico, includes 
three adjoining estuarine systems: St. Louis Bay, 
Biloxi Bay, and the Pascagoula River delta complex 
(Christmas, 1973) (Figure 73). The estuary extends 
from the heads of tide on the Jourdan River 1 krn 
west of Highway 43, on the Wolf River 3 krn south of 
I-10, on the Biloxi River 5 krn north ofi-10, and on 
the Pascagoula River 3 krn north of its confluence 
with the West Pascagoula River to its terminus with 
the Gulf. This estuary is separated from the Gulf by 
a series of barrier islands: Cat, Ship, Horn, Petit Bois, 
and Dauphin. Most tidal exchange between the 
Mississippi Sound and Gulf occurs through Dog 
Keys Pass, Horn Island Pass, and Petit Bois Pass. 
This estuary also exchanges waters with Mobile Bay 
(through Pass aux Herons), Lake Borgne (through 
Grand Island Pass), and Chandeleur Sound (through 
Ship Island Pass). 

The Pascagoula and Pearl Rivers are the major 
freshwater sources to the system, although the 
Mobile River may also contribute a significant 
freshwater volume to the eastern portion of the 
Mississippi Sound (Austin, 1954; Eleuterius, 1979; 

OJ St. Louis Bay/Western 
Mississippi Sound 

rril Biloxi Bay/Central 
~ Mississippi Sound 
~ Pascagoula River/Eastern 
~ Mississippi Sound 

E] Subsystem Boundary 

Kjerfve, 1983). The Mississippi River can contribute 
significant freshwater volumes to the system through 
Lake Pontchartrain and Lake Borgne, especially 
when the Bonnet Carre Spillway is opened to relieve 
flooding on the lower stern of the river (Kjerfve, 
1983). This estuary has been divided into three 
subsystems based on the response of salinity to 
forcing mechanisms and time scales (Figure 73). 

The average depth of this estuary is approximately 
3 rn at mid-tide level (NOAA, 1990a), with 99% less 
than 6 rn deep (Higgins and Eleuterius, 1978) (Figure 
74). Depths in the Sound change very gradually, 
except in navigation channels and island passes. 
Maximum depths in the Gulfport and Pascagoula 
Ship Channels are 9.1 and 11.5 rn, respectively 
(USACE, 1983b). These channels allow the intrusion 
of saline waters into the upper estuary (Eleuterius, 
1978c). The GIWW traverses the entire length of the 
Mississippi Sound and periodic dredging is required 
to maintain the project depth only in the shallow east 
and west ends of the Mississippi Sound. Natural 
scouring has deepened the inlets along the western 
tips of the barrier islands; maximum depths range 
4-13.4 rn. 

Biloxi 
Bay 

i 
MS •• AL 

! 

Mississippi Sound • PA!iCA<lOUui • 3 Pass aux 
! 2 "• \ Herons 

! Ca~lslan ~ /? ADo.fJ-t:~ i ..-o ~ 1 !?>-~ C/ ~s.s 6J::.,. ~ b · ..o <9 Dauphin 
Cq1 A ,~ c:::? Ship ;s Horn Island # ~ i ~~~~ Isla d 

PClss,. 'Sfqnd ~~r$J Island s-'r,; Petit Bois % n 
lVI 0 • q_ X:-o # Island 
L/ 0 • ~ 

Lake Bor~ne : CJ n • .· Chandeleur ~ Gulf of Mexico 1 1 \\ ~ ,...... " c---.. Sound 10 Km 
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Mississippi Sound, MS 

Figure 74. Bathymetry (meters) 

Salinity Patterns 

The Data. August-October 1980 and February-April 
1984 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions as no major modifica
tions to the estuary or its watershed have occurred 
since improvements to the Biloxi Channel in 1975 
(USACE, 1983b). A summary of freshwater inflow 
conditions and salinity data for these selected 
periods is given in Figure 75. Bottom salinity data 
were limited, but available for most areas of the 
estuary. Figure 76 compares the average daily 
freshwater inflow volume during each month of the 
selected periods to long-term averages and suggests 
February-April1984 experienced typical inflow 
conditions, while August-October 1980 was drier 
than normal. Figure 77 presents salinity distributions 
for the selected periods, illustrating the dominance of 
seasonal freshwater discharge on the salinity struc
ture. This structure, however, experiences variabil
ity as indicated in Figure 78. 

High-Inflow/Low-Salinity Period (Febrnary-April 
1984). During this selected period and including 
January 1984, total inflow from the Pearl, Pascagoula, 
and Mobile River systems was generally above
normal in January and near-normal during February
April when compared to the long-term averages 
(Figures 75 and 76). Within the period, peak flows 
on the Pearl and Pascagoula Rivers occurred in mid
March, with secondary peaks in early January, late 
February, and mid-April. The Mobile River system 
peaked (>3,000 m3 /s) in early January, with second
ary peaks in early March and mid-April. 
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Average salinities in Mississippi 
Sound were highest in its central 
basin, where a tongue of high
salinity water extended north
ward to Biloxi Bay. Salinities 
decreased toward Lake Borgne 
and Mobile Bay where they were 
moderated by the Pearl and 
Mobile River discharges, respec
tively. Salinities were relatively 
unstable, particularly within the 
adjoining estuarine systems. 
Bottom salinities were generally 
higher than surface salinities 
throughout the system, although 
waters were occasionally well 
mixed. Vertical stratification 

occurred most frequently in the central basin. 

Low-Inflow/High-Salinity Period (Augnst-October 
1980). During this selected period and including July 
1980, total inflow from the Pearl, Pascagoula, and 
Mobile River systems were generally below normal, 
except for above-normal flows for the Pearl River 
during July, when compared to the long-term 
averages (Figures 75 and 76). Within the period, peak 
and secondary discharges were approximately four 
times lower than during the low-salinity period and 
occurred during early July, early October, and late 
October. 

Average surface salinities in the Mississippi Sound 
exhibited a pattern similar to the February-April1984 
period, with the lowest salinities ( <15 ppt) in the west 
and highest salinities (>25 ppt) near passes in central 
Mississippi Sound. Salinities in the adjoining estua
rine systems were noticeably higher and brackish 
waters intruded upstream several kilometers into 
embayment tributaries. In contrast to February-April 
1984, salinities throughout the system were generally 
stable and stratification was less common. 

Factors Affecting Variability 

The salinity structure is determined by the seasonal 
freshwater discharge. The lowest salinities are 
typically set up in the western basin, due to the Pearl 
River plume. Mobile River discharges contribute to 
reduced salinities in the eastern basin. The highest 
salinities occur in the central basin where freshwater 
discharge is lowest. Navigation channels facilitate 
the development of density currents and the intrusion 
of high salinity waters into the upper estuary 



Mississippi Sound, MS 

(Eleuterius, 1978c). Because most of the estuary is 
shallow, winds and tides probably prevent salinity 
stratification under most conditions (Eleuterius, 
1978a/b). Stratification is most likely to occur in the 
navigation channels during periods of high freshwa
ter inflow (Eleuterius, 1978a/b). 

rine systems, and less common in the Sound's central 
basin. Meteorological forcing, especially when 
associated with cold fronts, dramatically affects 
water levels, circulation, and salinity. Kjerfve (1983) 
found that meteorological events with periods of 
approximately 1 week were most important in 
controlling water exchanges between this estuary 

The important time scales of salinity variability and and the Gulf. Winds could cause large net displace-
responsible mechanisms are summarized in Figure ments of lagoonal waters, while tidal currents 
78. Variability is most common in the western basin accounted for essentially zero net displacement 
of the Mississippi Sound and in the adjoining estua- (Kjerfve, 1983). 
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-··---~.:....._~•+ ~ 
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February-Apri11984 August-October 1980 
{High Inflow/Low Salinity) (Low Inflow/High Salinity) 

Surface Salinity 

#of Observations 

Sampling Distribution a 

Sampltng Frequency 

Average Salinity (ppt) 

Bottom Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

94 

1·2 

biweekly-monthly 

13.0 

59 

2 

biweekly-monthly 

17.0 

231 

1·3 

monthly 

16.0 

111 

2 

monthly 

24.0 

Pearl River Volume 

Pascagoula River Volume 
average b 

5% below average b 
10% below average c 

20% below average c 

Return Frequency of Peak Events for Pearl River 

1-day duration 2.2-year 
7-day duration 2.2-year 
30-day duration 2.3-year 

Return Frequency of Peak Events for Pascagoula River 

1-day duration 1.5-year 
7-day duration 1.4-year 
30-day durntion 1.5-year 

Abbreviation: ppt· parts per thousand 

a. Subsystem(s) with high sampling density 
b. Includes January 1984 
c. Includes July 1980 

Pearl River 

1.4-year 
1.3-year 
1.3-year 

1.9-year 
1.5-year 
1.4-year 

- low Salinity (Feb-Apr 1984) 
1lli!li!il High Salinity (Aug-Oct 1980) 
c::::1 Antecedent Month 
- Mean Inflow (1939-1988) 

Pascagoula River 
-low Salinity (Feb-Apr 1984) 
- High Salinity (Aug-Oct 1980) 
c:::::1 Antecedent Month 
--Mean Inflow (1931-1988) 

I 
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Mississippi Sound, MS 

15 ' 
(No Data)~ 
~ 

August-October 1980 

Bottom b 

a. Data Sources: ADPH, 1991; Gulf Coast Research Laboratory, 1991 
b. Data Sources: ADPH, 1991; Gulf Coast Research Laboratory, 1991 
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Mississippi Sound, MS 

I , 

Freshwater 
Inflow 

Tides 

Hours 

M 

Time Scale of Salinity 'Resp~ils~ 

Days to Months to Year to 
Weeks Seasons Year Episodic 

s s s 
1-3 H 1-3 H 1-3 

E' 
-~·"-------~-----+------~------+-------~----~ 
'J! Wlnd S 
~- ~------~-----TL~IT~--1~-3,_ ______ +-------r------; 

: 

. 

Density 
Currents 

Inter
estuary 
Exchanges 

UNKNOWN 

M 

LIT 2-3 

s 0 s 
LIT 1-3 LIT 1·3 LIT 1-3 

LOW LOW LOW UNKNOWN 

Effect on Salinity Variability' --- ., 

Very High = > 21 ppt 
High = 11-20 ppt 
Medium = 6-10 ppt 
Low = 3-5 ppt 
Very Low = < 2 ppt 

D -dominant 
S - secondary 
M -minor 

Relative Importance 
of mechanism 

Assessment likely to be directly 

H -high 
M -moderate 
L -low 

LIT- Literature 
Only 

O Subsystemmost 

Reliability influenced by mechanism 

NOTE: lsohalines Illustrated In Figure 77 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability Indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular !\me scale. The Information within each column 
Indicates the mechanisms most responsible for that variability. 

. .· .· ·. . . . Fr~sh~at;~)~J)~~j'j~~~~4tt~~~~~¥;'i::,;; / • .· . · .. · 
Days-Weeks. Secondaty influence on s;~linityvaiiability, piirn~tily'n~~r.f(~s!J;:;~tef~our6e!;·in'the St. Louis Bay, Biloxi 
Bay Pascagoula River and western Mississippi Sound ·· · · · :.•'C?'''·\•.·::·c.•:.,]c•);;,.,., .• ~,:::;;.'.: Y.oc · '· · · ·· 

I ', 'I -- - -_ - - _- t . - - - ::··. >.) -<>~:<.:·-:: i::\~:~·;·.-.:~::/:_~~~--:~:.-.-:~_~::_(!'~~>~~)0' !~~~:;::_~::~;~-:< \:. __ -~ - " _- -
Months-Seasons, Secondaty influence on salinity structu(ec lnfl~\li.Jrbl)'lrl?as(:a;goola;Wolf;,Biloxi; •and Jourdan Rivers 
primarily affect the adjacent estuarine systems. · ' :~ ::.·,,; ,,:, .. ;,:.~·;~; : : : ·,: 

-; - :: _ .. -··:v·-_,;,:;·~;;r- -·,_ <t;· -- ;-._· --:~_~r:·'-'·-: \; 3. _;:,_-'""·': ;._>- _:-" -:·'.: 
Year,Year. Secondary influence on salinity structure. B~ft6m,sa,(iditie~;·:i~pfi~i?Jt~r:~~{~8i~ia:tiyel;.c~nstant from year-

·~ . . ~~~~t'>~,~~j~~~jj: ..... 
Days-.Weeks. Secondary influence on salinity structure.Jhro!,lg~oyp~~e eM~~ty:,:;.·t:.\ . 

·· · oensit}' c~~~~~~~ · :: ' .·;~J~;~;t;·s; · · 
Month-Seasons. Minor influence on salinity structure, piimaril~·n~arliie ~a~ca~~~~2~68~~~~xichaimels. These 
channels facilitate the intrusion of high-salinity waters into the~pp.er ~stU~IY!'q9:may:les,.l1.1tiiri(lf)r~ased average 
salinities in this area (Eieuterius, 1978c). Favorable stiati!ica,tion donilitiqns ~re ~(lhlnC:~(j ~y"deep navigation chan-
nels. •· ' :. < ,''. , . 

Inter-estuary Ex~ha~g.~,~ · ': ' \ ' . 
' ' ,, ;;,. -~--·,_ - ;,; ; J':- -;~ 

Df!ys-Wee/(s. Secondaty influence on salinity variability ca.Gs~d:by.~~'a\\:fliv~/~pd:t.,.~b~iie);i!V,efsy~tems within the 
western ~nd eastern basins o.f Mississippi Sound, respectiyely( .> "/.:,.: ,,' ' .. :·', :·"';; . .: .. ·. ·;. · . 

- >< 1 • ,. . - i -

Mont/J.s•Seasons. Dominant influence on salinity structureirt~~siem~~il:e~st~;'1 pi~i~§'~f.~i.ssi~sippi So~nd. · 
Freshwater inflow from the Pearl River and Mobile Ba:fsystems wasap~roximately.f0or..timesgreater during the low
s.alinity period than high-salinity period which dilutes saiinity by'mor.e than'S.ppfin'mos}blthe ~stuaty: -

- - ;-'' -- -- j.·--- -· -- > - . '- . 
Year-Year. Secondaty influence on salinity structure or stability, but lo~ally impoftantin eastern and western basins of 
Mississippi Sound. . ·· · · · 

*Data Sources: See data sources listed in Appendix ll for Mississippi. 
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112' Lakes Pontchartrain!Borgne 
~ ---------- and Chandeleur Sound, LA 

The Lakes Pontchartrain/Borgne and Chandeleur 
Sound estuarine system is located in the Mississippi 
River deltaic plain. Its boundaries include a Pleis
tocene coastal terrace to the north and the natural 
levee of the Mississippi River and dredged disposal 
material areas near the Mississippi River Gulf Outlet 
(MRGO) on the south. The estuarine boundaries 
extend from the head of tide on the Pearl River at the 
I-1 0 causeway, and the heads of tide on the principal 
Pontchartrain drainages to the Gulf and Mississippi 
Sound (Figure 79). 

Historically, the estuary received freshwater from the 
Mississippi River's over-bank flooding. By the 1930s, 
the Mississippi River had been completely leveed; its 
discharge to Lake Pontchartrain occurred only when 
the Bonnet Carre Floodway was opened in 1937, 1945, 
1950, 1973, 1975, 1979, and 1983. During most years, 
the flood way remains closed and Lake Pontchartrain 
salinities are dominated by seasonal flows, primarily 
from the Amite-Comite and Tangipahoa Rivers 
(Swenson, 1980a). The Pearl River is the major 
freshwater source to Lake Borgne and the Chandeleur 
Sound. As a result, water entrained to Lake Pontchar
train is significantly freshened and may maintain 
very low salinities within the lake, even under low-

flow conditions from the Amite-Comite and 
Tangipahoa Rivers. Direct precipitation contributes 
less than 10% of the freshwater to the system as 
stream flow. Stormwater runoff pumped into Lake 
Pontchartrain from New Orleans composes 4% of the 
total freshwater input to the lake (Sikora and Kjerfve, 
1985). 

Two major inlets, Chef Menteur Pass and the 
Rigolets, connect Lake Pontchartrain with Lake 
Borgne and the Mississippi Sound. The Rigolets 
account for 60% of the tidal exchange in Lake Pont
chartrain, and Chef Menteur accounts for 30% 
(Swenson and Chuang, 1983); the remaining 10% 
occurs through the man-made Inner Harbor Naviga
tion Canal (IHNC), which allows intrusion of Gulf 
waters into Lake Pontchartrain through the MRGO 
(Swenson and Chuang, 1983). Most tidal exchange 
between the lower estuarine system and the Gulf 
occurs near the Chandeleur Islands. This estuary has 
been divided into three subsystems based on the 
response of salinity to forcing mechanisms and time 
scales (Figure 79). 

The average depth of the estuary is less than 4 mat 
mid-tide level (NOAA, 1990a). The deepest areas are 
in the Rigolets, Chef Menteur Pass, MRGO, IHNC, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ and near the north end of the Chandeleur Islands 
(Figure 80). Construction of 
the MRGO and IHNC 
increased salinity to Lake 

m lake Pontchartrainllake Maurepas 

[3] Lake Borgne/Rigolets/Pearl River 

m Chandeleur Sound 

I· • •I Subsystem Boundary 

D Navigation Channel 

Chandeleur 
Sound fP~ 

0 ~?§' 
~~ 

3 .. 
,fr ;;; 

"" cf 

Borgne and eastern Lake 
Pontchartrain (Fagerburg, 
1990; Hawes and Perry, 
1978; Sikora and Kjerfve, 
1985; Wiseman eta!., 
1990b). Dugas (1979) 
observed the effects of the 
IHNC on lake salinities as 
far west as Pass Manchac. 
However, increases in mean 
salinity (2 ppt in the eastern 
part of Lake Pontchartrain 
and much less to the west) 
are less than the overall 
salinity variability and the 
seasonal range in salinity 
(Sikora and Kjerfve, 1985). 
Salinities in Lake Borgne 
have also been impacted by 
the MRGO construction and 
other channels connecting 

87 

- -- ' 



Lakes PontchartrainiBorgne and Chandeleur Sound, LA 

: Figure 80. Bathymetry (meters) 

B Navigation Channel 

the lake with the Breton and Mississippi Sounds 
(Hawes and Perry, 1978). Salinity stratification 
commonly occurs in the MRGO (Gagliano et al., 
1973). Stratification also occurs in Lake Pontchar
train near the entrance to the IHNC, but the 
frequency and duration of stratification decrease due 
to mixing, with increasing distance from the channel 
entrance (Poirrier, 1978). 

Other primary bathymetric features are the GIWW, 
Amite River Channel, Tchefuncte River Channel, 
Tangipahoa River Navigation Channel, and Bonnet 
Carre Flood way. When opened, the flood way 
conveys Mississippi River water into the southern 
end of Lake Pontchartrain. The freshwater plume 
reduces both the temperature and salinity of estua
rine waters. Lake Pontchartrain becomes fresh 
within a few days after the flood way is opened, and 
freshwater conditions may persist for as long as two 
months (Sikora and Kjerfve, 1985; Swenson, 1981). 

I·---

Salinity Patlems 

The Data. August-October 1980 and February
April1984 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions as no major modifica
tions to the estuary or its watershed have occurred 
since the MRGO alteration in 1968 (USACE, 1984b). 
A summary of freshwater inflow conditions and 
salinity data for these periods is given in Figure 81. 
Freshwater statistics reflect inflow from the Pearl 
and Amite Rivers. Figure 82 compares the average 
daily freshwater inflow volume during each month 
of the selected periods to long-term averages and 
suggests that both periods experienced relatively 
typical inflow conditions. Figure 83 presents surface 
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salinity distributions for the selected 
periods, illustrating the dominance of 
seasonal freshwater discharge on the 
salinity structure. This structure 
experiences relatively little variability 
as indicated in Figure 84. Bottom 
salinity data were not available for 
these selected periods. 

High-Inflow/Low-Salinity Period 
(February-Apri/1984). During this 
selected period and including January 
1984, total inflow from the Pearl River 
was consistent with long-term 
averages (Figures 81 and 82). Within 
this period, Pearl River discharge 
peaked at 1,130 m3 Is in mid-March. 
Secondary peaks (900-1,000 m'ls) 

occurred in early January, late February, and early 
April. Peak inflows on the Amite River occurred in 
mid-February (500m3 Is) and early March (400m3 Is). 
The Tangipahoa River peaked (>200 m3ls) in early 
March. 

Salinities generally maintained a west-to-east gradi
ent, increasing from freshwater conditions west of the 
Lake Pontchartrain causeway to more than 25 ppt in 
the Chandeleur Sound. Salinities were lowest in 
February and March and highest in late April. 
Salinities in Lake Borgne were most responsive to 
changes in freshwater input from the Pearl River. 
Lake Maurepas, Lake Pontchartrain, and the northern 
portion of Lake Borgne exhibited the most stable 
salinities. Salinities were unstable in Lake Borgne 
near the MRGO and in the embayrnents near the 
Chandeleur Sound. Although vertical stratification 
could not be examined in this analysis, it is typically 
not observed in Lakes Borgne and Pontchartrain 
except near the IHNC (Poirrier, 1978; Sikora and 
Kjerfve, 1985; Swenson, 1980b). Salinities in Lake 
Borgne, however, were noticeably higher and less 
stable near the MRGO. 

Low-Inflow/High-Salinity Period (August-October 
1980). During this selected period and including July 
1980, total inflow from Pearl River was consistent 
with long-term averages (Figures 81 and 82). Dis
charge from the major tributaries was also below 
normal. Pearl River inflows were <100 m3 Is, except 
for peaks during late July (300 m3 Is) and late October 
(140 m3 Is). Discharges from the Amite River 
exceeded a base flow of 25 m3 Is in late July, early 
September, and on three occasions in October; the 
highest flows (>100 m'ls) were observed in late 
October. Flows on the Tangipahoa River exceeded 25 
m3 Is only in late October (50m3 Is). 



The west-to-east salinity gradient existed during this 
period, but isohalines were shifted westward when 
compared to the low-salinity period. Average 
salinities in Lake Pontchartrain were approximately 
5 ppt higher than during the low-salinity period. In 
Lake Borgne and the wetlands to the east, salinities 
were 10 ppt higher. Lower salinities occurred in 
August and gradually increased to a peak in mid
October. In contrast to the low salinity period, 
salinities throughout the system were generally 
stable. Variability was most apparent near the 
Rigolets and Chef Menteur Pass. Bottom salinity 
data were not available to examine vertical stratifica
tion. 

The salinity structure is determined by the seasonal 
freshwater discharge. Inflow primarily from the 
Amite-Comite and Tangipahoa basins is sufficient to 
override the tidal prism volume and maintain very 

Surface Salinity 
#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

February-Aprll1984 
(High in11ow/Low Salinity) 

576 

2·3 

weekly- monthly 

7.0 

0 

NA 
NA 
NA 

Pearl River Volume average b 
Amite River Volume 15% below average b 

Return Frequency of Peak Events (Pearl River) 
1-<:lay duration 2.2-year 
7-day duration 2.2-year 
30-day duration 2.3-year 

Abbrev1allons. ppt- parts per thousand; NA- not available 
a. Subsystem(s) with high sampling density 
b. Includes January 1984 
c. Includes July 1980 

August-October 1980 
(Low Inflow/High Salinity) 

274 

1-3 
weekly- monthly 

10.7 

0 

NA 
NA 
NA 

10%below average c 
20% below average c 

1.4-year 
1.3-year 
1.3-year 

Lakes Pontchartrain/Borgne and Chandeleur Sound, LA 

low salinity concentrations within Lake Pontchar
train. Entrained waters to the system, however, are 
considerably diluted by the Pearl River plume which 
dominates the Lake Borgne profile. Salinities in 
Chandeleur Sound demonstrate limited association 
with the Pearl River and Lake Pontchartrain dis
charges. Because the estuarine system is shallow, 
winds and tidal action prevent salinity stratification 
under most conditions (Sikora and Kjerfve, 1985; 
Swenson, 1980b). Stratification may occur in the 
deeper areas of the estuary, especially in and near the 
MRGO and IHNC (Gagliano et al., 1973; Poirrier, 
1978; Swenson, 1980b). 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
84. The most significant variation is attributable to 
freshwater inflow and winds, especially when 
associated with frontal passages (Chuang and 
Swenson, 1981). Density currents within the MRGO 
which conveyed high-salinity waters in the upper 
estuary are also important (Dugas, 1979). 

800 
Pearl River 

~ 
-Low Salinity {Feb-Apr 1984) 
-High Salinity (Au~-Nov 1980) 

s c::::::J Antecedent Mont 
• -Mean lnflow{1939-1988) 

' ~ Amite River 

~ 400 
~Low Salinity {Feb-Apr 1984) 

j 
!Z=:'l' High Salinity (Au~-Nov 1980) 
llliiil Antecedent Mont 
--Mean Inflow (1914-1988 _,. .. 

c 

f __.. 
0 

J F M A M J J A s 0 N D 

Abbreviation: m3/s- cubic meters per second 
• Percentage of watershed reflected by USGS gages is unknown 
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Lakes Pontchartrain/Borgne and Chandeleur Sound, LA 

c·------·--·---------c··--cc·-c~-c~-ccc"'-,-,--,c~-,-,,-,=-ccc-,-,-,-,""""" 

; Figure 83. Surface salinities 

_d' 

February-April 1984 

Surface a 

August-October 1980 

Surface b 

a. Data Sources: Gulf Coast Research Lab, 1991; LDEQ, 1991; LDHHR, 1991; LDWF, 1991 
b. Data Sources: LDEQ, 1991; LDHHR, 1991; LDWF, 1991 
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Lakes Pontchartrain/Borgne and Chandeleur Sound, LA 

Figure 84. Time scales and forcing mechanisms important' to salinity strncture and variability * 

Hours 
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NOTE: lsohalines illustrated in Figure 83 represent the "mean" salinity 
structure that is subject to the temporal and spatial variabtlity indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

Freshwater Inflow 

Months-Seasons. Dominant influence on salinity structure. Reduced salinities in Lakes Pontchartrain and Bmgne 
maintained by basin discharg~~ and by the influence of Pe.arl River on shell salinities. 

Year-Year. Dominant influence on salinity structure. Increased inllow may produce freshwater conditions throughout 
Lake Pontchartrain (Swenson, 1980a). · 

Tides 

Hours. Dominant influence on salinity structure ih Chandeleur Sound. Tidal phasing at Chandeleur Islands produces 
north-south currents through Chandeleur Spund (Hart, 1976). 

Wind 

Days-Weeks. Wind events with a.strong e.as\-west component, especially cold fronts, have a dominant effect on 
estuarine water levels and salinity (Chuang and Swenson, 1981; Schroeder et al., 1985; Gael, 1980). Cold fronts move 
over the estuary most frequently !rom DaCe !Tiber through February, with a frequency of approximately 6/month 
(Baumann, 1987). Winds exceeding 3 nils predominate over tides in the estuary (Swenson, 1980a). 

Months-Seasons. Minor influenc!' on salinity structure, but an important Ioree on driving circulation in the system. 

Density Currents 

Months-Seasons. Secondary influence on salinity structure. Density currents in the MRGO convey high-salinity waters 
into the upper reaches olthe estuary (Dugas, 1979). Construction of the MRGO and other navigation channels connect
ing Lake Pontchartrain and Lake Borgne with the saline waters of Mississippi and Breton Sounds has undoubtedly 
increased average salinities in ·these areas (Fagerburg, 1990; Hawes and Perry, 1978; Sikora and Kjerlve, 1985). 

Shelf Processes 

Days-Weeks. Secondary influence on the salinity structure throughout the estuary. 

* Data Sources: See data sources listed in Appendix II lor Louisiana. 
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~----------------- Breton Sound, LA 
r ~---·-· -.-~-::--l 

[ Geographic Settipg j 
~--" ___________ . ________ __:_ ____ . ____ ..:_ ____ J 

The Breton Sound estuary is in the Mississippi River 
deltaic plain between Lakes Pontchartrain and 
Borgne, and the Mississippi River systems. The 
estuary's boundaries are defined by the Mississippi 
River levees to the west and south, the Violet Canal 
to the north, and the Mississippi River Gulf Outlet 
(MRGO) to the east (Figure 85). Its seaward bound
ary is defined along a transect from Breton Island to 
Grand Bay. The upper estuary consists of tidal 
marshes separated by tidal creeks, bayous, and 
shallow lakes. Bayou Terre aux Boeufs and River 
aux Chenes are the major streams in the basin; Lake 
Lery, Big Mar, and Grand Lake are major inland 
waterbodies. Breton Sound encompasses most of the 
lower estuary, although numerous bays are present 
along the marsh-sound interface (i.e., Black Bay, 
American Bay, California Bay, Bay Gardene, Bay 
Crabe, Quarantine Bay, and Grand Bay). 

Historically, the estuary received freshwater from 
over-bank flooding of the Mississippi River. Con
struction of the Mississippi River levees in the 1930s 
restricted inflow into the upper estuary and con
verted it to a precipitation-dominated system. 
However, a substantial amount of freshwater is 
provided to the lower estuary by several diversion 
structures and through numerous breaks in the 
lower Mississippi River levees (USACE, 1984b). 

Bayou Lamoque, for example, conveys approxi
mately 1% of the annual flow of the Mississippi River 

ITJ Upper Basin 

[TI Mississippi River Delta Embayments 

m Breton Sound 

G Subsystem Boundary 

~c;ty 

into Breton Sound (USACE, 1984b). A second 
diversion structure, originating at Caernarvon and 
extending through Big Mar and Lake Lery, was 
completed in 1991. Its purpose was to moderate 
salinities in Breton Sound and adjacent marshes 
during periods of high salinity by diverting Missis
sippi River water into the estuary. As a result, 
salinities will not exceed a predetermined level under 
most conditions. In addition, the Pearl River plume 
may be an important freshwater source to Breton 
Sound under certain hydrodynamic conditions. 

Tidal exchange occurs near Breton Island and 
through the MRGO. This estuary is influenced by 
net north-to-south circulation through Chandeleur 
Sound, the result of tidal phasing around the Chan
deleur Islands (Hart, 1976). This estuary has been 
divided into three subsystems based on the response 
of salinity to forcing mechanisms and time scales 
(Figure 85). 

Bathymetry 

The average depth of the upper basin is less than 1 m 
at mid-tide level, while the open bay increases from 
1 m near the upper basin to about 7 m near Breton 
Island (Figure 86) (NOAA, 1990a). The MRGO is the 
deepest area of the estuary and is often highly 
stratified (Gagliano et al., 1973). Its construction 
disrupted the hydrology of the estuary and is respon
sible for increased salinity, especially within the 
upper basin (Dugas, 1979; Rounsefell, 1964). Ex

;---; 
10km 

changes across the 
MRGO are often reduced 
by adjacent dredged 
material disposal areas. 

Salinity Patterns 

The Data. September
November 1982 and 
March-May 1987 were 
selected to represent 
high- and low-salinity 
periods, respectively. 
These periods do not 
include any alteration of 
the salinity structure 
associated with the 
completion of the 
Caernarvon diversion in 
1991. Asummaryof 
freshwater inflow condi-
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Breton Sound, LA 

Figure 86. Bathymetry (meters) 

tions and salinity data for these periods is given in 
Figure 87. Freshwater statistics reflect Mississippi 
River inflow gaged at Vicksburg, MS and basin 
runoff determined by the Thornwaite Water Budget 
(LOSC, 1989). Mississippi River flows are used as a 
proxy indicator of advective exchange of diluted 
shelf water, not as a direct inflow to the estuary. 
Figure 88 compares the average daily freshwater 
inflow volume during each month of the selected 
periods to long-term averages and suggests that both 
periods experienced relatively typical inflow condi
tions. Figure 89 presents salinity distributions for 
these selected periods, illustrating the dominance of 
seasonal freshwater discharge on the salinity struc
ture, particularly in the lower estuary. This struc
ture, however, experiences variability as indica ted in 
Figure 90. 

High-Inflow/Low-Salinity Period (March-May 
1987). During this selected period and including 
February 1987, total inflow from Mississippi River 
was approximately 10% below the long-term aver
ages (Figures 87 and 88). Mississippi River discharge 
averagec! 14,000 m' Is during February, then rapidly 
increased to a peak of 27,600 m'ls in mid-March. 
Inflow steadily declined to less than 10,000 m'ls by 
the end of the period, but was interrupted by a 
modest freshet (20,000 m' Is) in late April. Precipita
tion measured at Boothville and St. Bernard occurred 
consistently throughout the period, except for a 
relatively dry period in April. Inflow from the Pearl 
River was above the long-term average during 
February-March but was lower than average from 
April-May. 

Salinity patterns in the upper basin were most 
responsive to precipitation, whereas Mississippi 
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River inflows influenced salinities within the embay
ments along the delta. In the upper basin, salinities 
generally remained between 5-10 ppt, were very 
stable, and were infrequently stratified. The delta 
embayments averaged 5-10 ppt and were unstable. 
Salinities were particularly low east of Bayou 
Lamoque (<5 ppt) and in Grand Bay (<2 ppt). 
Because salinity data for Breton Sound were limited, 
isohalines were based on salinities of the 
embayments adjoining the sound. 

Low-Inflow/High-Salinitl; Period (September
November 1982). During this selected period and 
including August 1982, total inflow from Mississippi 
River was consistent with long-term averages 
(Figures 87 and 88). Mississippi River inflows 
peaked at 12,700 m' Is in early August, then generally 
remained between 7,500-10,000 m'ls during the 
remainder of the period. Secondary peaks of 11,400 
m'ls were recorded in mid-September and late 
November. Precipitation was greatest in mid
September and late November. Little or no rainfall 
was recorded from mid-October to early November. 
Pearl River inflows were above average in August 
and September, near the long-term average in 
October, and below average in November. 

Salinities averaged 5-10 ppt higher than during the 
low-salinity period (Figure 89). Salinities were 
generally lowest in September and highest in 
November, except in the delta embayments where 
they were highly variable. Salinity patterns in the 
upper basin were again most responsive to precipita
tion; salinities were stable and averaged 10-15 ppt. 
Breton Sound salinities were a !so relatively stable 
and averaged 20-25 ppt. Salinities in the delta 
embayments were suppressed relative to Breton 
Sound, although fluctuations were not coincident 
with either periods of increased Mississippi River 
inflows or heavy precipitation. Stratification was 
uncommon, except in the delta region where waters 
were occasionally highly stratified. 

·Factors Affecting Variability 

The salinity structure is determined by the seasonal 
freshwater discharge, although the dominant fresh
water source is different for the upper basin and 
most portions of Breton Sound than within 
embayments near the Mississippi River Delta. 
Salinities in these embayments are most influenced 
by seasonal discharge diversions from the Missis
sippi River, whereas the remaining estuary is usually 
regulated by local precipitation. Throughout the 
estuary, salinities are generally lowest during March-



Breton Sound, LA 

May when precipitation and river discharges are 
high. Salinities usually peak from September
November, when local precipitation and river 
discharge are low, evaporation is high, Gulf water 
levels are high, and currents and winds favor on
shore transport of high-salinity Gulf waters. Salini
ties were relatively stable in the upper estuary and 
Breton Sound, whereas those near the Mississippi 
River Delta were quite variable. Stratification was 
uncommon in most of the estuary; it was most 

frequently observed within the MRGO and embay
ments of the Mississippi River Delta during the low
inflow period. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
90. The most significant variation is attributable to 
frontal passages, local precipitation, shelf processes 
(i.e., Pearl River), and density currents. 

1 Figure 87. Fre~hwater!njlo.w,salinitysampling, aru:l aperage salinity dllring}0w-(ind high~salinity periods 
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Breton Sound, LA 

Figure 89. Surface and bottom salinities during low.- and high-salinity periods 

March-May 1987 

Surface a 

September-November 1982 
Surface b 

a. Data Sources: LDHHR, 1991; LDWF, 1991 
b. Data Sources: LDHHR, 1991; LDWF, 1991 
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Breton Sound, LA 

i Figure 90. Time scales and forcing mechanisms important to salinity strudufe art,d .. variability * 
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indicates the mechanisms most responsible for that variability. 
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* Data Sources: See data sources listed in Appendix II for Louisiana. 
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Geographic Setting 

The Barataria Bay estuary is an interdistributary 
estuarine-wetland system of the Mississippi River 
deltaic plain. Its boundaries consist of the Missis
sippi River on the east and the Bayou Lafourche on 
the west (Conner and Day, 1987) (Figure 91). The 
inland boundary is defined from the head of tide on 
Bayou des Allemands at des Allemands (Byrne eta!., 
1976). Caminada and Barataria Bays occupy most of 
the lower estuary and form a shallow, wide area of 
open water interspersed with numerous marsh 
islands. The upper estuary is composed of tidal 
marshes separated by tidal creeks, bayous, ponds, 
and shallow lakes. 

Historically, this estuary received most of its fresh
water inflow from over-bank flooding of the Missis
sippi River and Bayou Lafourche, a major distribu
tary of the Mississippi. Construction of the Bayou 
Lafourche dam in 1904 and the Mississippi River 
levees in the 1930s restricted inflow to the upper 
estuary, so that only minor discharges occur today 
through the Harvey and Algiers locks. Although 

:Figure 91. Location map and subsystem identification 

Lake 

Barataria Bay, LA 
salinity in the lower estuary is still greatly influenced 
by Mississippi River water entering from the Gulf, 
the upper estuary was changed from a system 
dominated by seasonal over-bank flooding to one 
dominated by local precipitation. Most tidal ex
change (66%) occurs through Barataria Pass; the 
remainder occurs through Quatre Bayoux Pass (18%), 
Caminada Pass (13%), and Pass Abel (3%) (Marmer, 
1948). The estuary has been divided into two sub
systems based on the response of salinity to forcing 
mechanisms and time scales (Figure 91). 

:r~ii~ii~~~~~-0~:· -~·------~ 
The depth of open water areas within the estuary is 
relatively uniform and averages 2 mat mid-tide level 
(NOAA, 1990a). Naturally deep areas exist within 
Bayou St. Denis and the inlets (Figure 92). The 
Barataria Waterway and GIWW are the major 
navigation channels. An extensive network of 
smaller navigation, oil field, and drainage canals 
exists throughout the basin and has significantly 
altered the estuary's hydrology. Channels and deep 
areas of the bay are generally more saline and 
vertically stratified than adjacent areas. 

Salinity Patterns 

r-;-1 Upper Barataria Basin 
L___!_.J (Lake Salvador and Little Lake) 

The Data. September-November 1978 
and April-June 1978 were selected to 
represent high- and low-salinity 
periods, respectively. These periods 
should reflect present-day conditions as 
no major modifications to the estuary or 
its watershed have occurred since the 
construction of the Barataria Waterway 
in 1963. A summary of freshwater 
inflow conditions and salinity data for 
these periods is given in Figure 93. 
Freshwater statistics reflect Mississippi 
River inflows gaged at Vicksburg, MS 
and basin runoff determined by the 
Thornwaite Water Budget (LOSC, 
1989). Mississippi River flows are used 
as a proxy indicator of advective 
exchange of diluted shelf water, not as a 
direct inflow to the estuary. Figure 94 
compares the average daily freshwater 
inflow volume during each month of 
the selected periods to long-term 
averages and suggests that both periods 
experienced relatively typical inflow 
conditions. Figure 95 presents salinity 
distributions for the selected periods, 
illustrating the dominance of seasonal 10km Pass 

W Barataria and Caminada Bays 

G Subsystem Boundary 

Gulf of MexiCo 
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Barataria Ba , LA 

Figure 92. Bathymetry (meters) 

G Navlga~on Channel 

23,000 m3 Is in early May before reaching 
30,000 m3 Is in late May. Flow returned to 
about 12,000 m3 Is by late June. Precipitation, 
measured at New Orleans, Boothville, and 
Paradis, LA occurred throughout the period, 
but its frequency was greatest in June. The 
highest 1-day precipitation event occurred 
May 3 when more than 15 em of rainfall was 
recorded at both New Orleans and Paradis. 

freshwater discharge on the salinity structure of the 
lower estuary. This structure, however, experiences 
variability as indicated in Figure 96. 

The low-salinity period does not represent the lowest 
salinity period for the entire estuary since the timing 
of freshwater and method of delivery to the two 
areas do not coincide. The lowest salinities in the 
upper bay actually occur during December-February, 
a period of increased rainfall and runoff. Freshwater 
from the Mississippi River advected into the estuary 
by near-shore circulation patterns during the spring 
greatly influences salinities in the lower estuary. 
Because it was desirable to capture the more pro
nounced variability associated with salinity in the 
lower bay during the low-salinity period, a simulta
neous assessment of the upper bay is presented. 
However, salinities for the upper estuary during this 
period are probably higher than average winter 
salinities. 

High-Inflow/Low-Salinity Period (April-June 1978). 
During this selected period and including March 
1978, total inflow from the Mississippi River was 
approximately 10% above long-term averages 
(Figures 93 and 94). Mississippi River discharge 
rapidly increased from 12,000 m3 Is in early March to 
38,000 m3 Is in early April. Discharge decreased to 
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Salinities in the lower estuary (Barataria and 
Caminada Bays) generally decreased when 
the Mississippi River inflow increased. The 
timing of this response in lower Barataria Bay 
coincided with discharges, but lagged by two 
weeks in upper Barataria Bay. Salinities were 
most variable near the Barataria waterway 
and the inlets. This estuary generally re
mained vertically homogeneous, but occa
sionally exhibited weak vertical stratification. 
Moderate stratification occurred near the 
passes during the Mississippi River's peak 
discharges. 

Salinities in the upper estuary did not seem to 
respond to changes in the Mississippi River 
discharge, but were more closely related to 
precipitation. Salinities upstream of Little 

Lake were stable and remained less than 2 ppt; 
however, Little Lake salinities were more variable. 
Vertical stratification was uncommon, but surface-to
bottom differences of 2 ppt occasionally occurred. 

Low-Inflow/High-Salinity Period (September
November 1978). During this selected period and 
including August 1978, total inflow from the Missis
sippi River was consistent with long-term averages 
(Figures 93 and 94). Mississippi River discharge 
remained between 8,500 and 12,500 m3 Is during 
August and September. Discharge increased to 
16,000 m3 Is by late October before falling to 11,000 
m3ls in early November. Flows steadily increased to 
20,000 m3 Is by late November. Precipitation was 
most frequent in August and September. Very little 
precipitation was recorded in October and early 
November, although heavy rainfall was recorded in 
late November at Paradis and Boothville. 

Throughout the estuary, the lowest salinities were 
recorded in September and early October; highest 
salinities occurred in November. Salinities were 
more related to local precipitation than Mississippi 
River discharges. Saline water intrusion increased in 
the lower estuary and was detectable (1-2 ppt) in 
central Lake Salvador. Surface salinities in the lower 
estuary were approximately 5 ppt greater during this 



period than during the low-salinity period; salinities 
in the upper estuary were relatively unchanged. 
Stratification was seldom observed, although weak 
stratification occasionally occurred. Moderate 
stratification was infrequently observed in eastern 
Barataria Bay and near the Barataria Waterway. 
Although salinities remained relatively unstable 
below Little Lake, the estuary was less variable 
during this period than during the low-salinity 
period. 

Salinity structure is determined by the seasonal 
freshwater discharge, although the freshwater source 
and timing of delivery differ for the upper and lower 
portion of the estuary. The lowest salinities occur in 
the lower estuary from April-June and are related to 
the advection of inflow from the Mississippi River 
and the seasonal water-level cycle (Byrne eta!., 1976; 
Baumann, 1987). However, this signal is weakened 
during the low-inflow period of the Mississippi River 
when local precipitation becomes more significant. 
In the upper estuary, the lowest salinities occur from 
December-February due to seasonal precipitation. 
Salinity reductions in the lower estuary (i.e., Bara
taria Bay) caused by advected river water are of 
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6.0-year 
1.8-year 
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Barataria Bay, LA 

greater magnitude, occur later in the spring, and than 
decreases in the upper estuary due to local precipita
tion (Baumann, 1987). 

Because Barataria Bay is so shallow, winds and tides 
prevent salinity stratification under most conditions. 
Stratification was seldom observed during the two 
periods depicted in this study. However, stratifica
tion may occur in the deeper portions of the estuary, 
especially in major navigation channels and tidal 
passes. Circumstances most likely to produce 
stratification are: (1) advection of Mississippi River 
water into the estuary during high-river discharge; 
and (2) persistent northerly winds, accompanied by 
little or no precipitation, that push freshwater stored 
in the upper estuary into the lower estuary (Barrett, 
1971; Baumann, 1987). 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
96. The most significant variation is attributable to 
local precipitation and frontal passages. Precipita
tion is most important during periods of reduced 
Mississippi River discharge. Astronomical tides 
produce minor variability in the lower estuary, 
although their effect may be enhanced by prevailing 
winds. 

F M A M 
Mississippi River 
- low Salinity (Apr-Jun 1978) 
- High Salinity (Sep-Nov 1978) 
c:::::::J Antecedent Month 
- Mean Inflow {1932-1986) 

Abbreviation: m3Js- cubic meters per second 

A S 0 N D 

Water Budget Surplus (Runoff) 
~ Low Salinity (Apr-Jun 1978) 
IZ:::ll High Salinity {Sep-Nov 1978) 
18 Antecedent Month 
-- Mean Inflow (1961-1988) 

*Determined by the Thornwaite Water Budget (LOSC, 1989) 

101 



f Figure 95. Surface and bottom salinities during low- and high-salinity periods 

\ 
I 

a. Data Source: LDWF, 1991 
b. Data Source: LDWF, 1991 
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Barataria Ba , LA 

Salinity Variability - Importance of Mechanism 
Assessment 
Reliability 

Very High "' > 21 ppt D ·dominant H -high 
High =11·20ppt s ·secondary M - moderate 
Medium = 6-10 ppt M -minor L -low 
Low "'3-Sppt LIT· Literature Very low =<2ppt Only 

NOTE: lsoha\ines Illustrated in Figure 95 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

• Data Sources: See data sources listed in Appendix II for Louisiana. 
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---------Terrebonne/Timbalier Bays, LA 

The Terrebonne/Timbalier Bays estuary is a major 
interdistributary basin within the Mississippi River 
Deltaic plain. Occupying 1,760 km' (NOAA, 1990a), 
it is bounded on the east by the natural levees of 
Bayou Lafourche; the Bayou du Large drainage basin 
forms its western boundary (Figure 97). The upper 
estuary is composed of tidal marshes separated by 
tidal creeks, bayous, ponds, and shallow lakes. The 
estuary extends seaward from the heads of tide on 
Bayou Terrebonne approximately 1 km north of 
Point Barre, on Bayou Pointe au Chien 7 km south of 
its confluence with Bayou Terrebonne, on Bayou 
Grand Caillou 1 km north of Lake Boudreaux, and 
on Bayou Penchant 6 km south of its confluence with 
Bayou Copasaw (USFWS, 1982c). However, head of 
tide locations are inconsistent with available salinity 
data used in this study, suggesting that tidal influ
ence extends further inland (Figure 101). 

Historically, this estuary received most of its fresh
water inflow from over-bank flooding of Bayou 
Lafourche and its major distributary, Bayou Terre
bonne. Construction of the Bayou Lafourche dam in 
1904 and Mississippi River levees in the 1930s 
restricted inflow to the upper estuary and converted 
it to a precipitation
dominated system. Most 
basin runoff is channeled 
to coastal wetlands and 
small embayments near 
the Houma Navigation 
Canal (HNC) in upper 
Terrebonne Bay (Figure 
98). The lower estuary, 
however, continues to 
receive a substantial 
amount of freshwater 
from the Mississippi River 
each spring and summer 
when nearshore water 
diluted by river water is 
advected into the estuary 
(Dinnel and Wiseman, 
1986; Wiseman eta!., 
1982). Wiseman eta!. 
(1990b) demonstrated that 
Mississippi River dis
charge could account for 
30-50% of the explained 
variance in weekly mean 
salinity at two locations 
within the estuary 

[}] Upper Basin 

[gJ Terrebonne Bay 

[j] Timbalier Bay 

rn CaitlouBay 

0 Subsystem Boundary 

00 GUy 

(Cocodrie and Caillou Lake). The lower estuary may 
also receive periodic freshwater fluxes across Bayou 
du Large during flooding of the Atchafalaya River. 
Most tidal exchange occurs through Little Pass 
Timbalier, Cat Island Pass, Wine Island Pass, and 
Whiskey Pass. Limited tidal exchange occurs 
through several narrower passes. This estuary has 
been divided into four subsystems based on the 
response of salinity to forcing mechanisms and time 
scales (Figure 97). 

The depth of open water areas within the estuary is 
relatively uniform, averaging less than 2m at mid
tide level (Figure 98) (NOAA, 1990a). Naturally deep 
areas exist within Terrebonne Bay and in the passes 
connecting Caillou Bay with Caillou Lake and Lake 
Pelto. 

The HNC, which connects Terrebonne Bay with the 
GIWW near Houma, is the major navigation channel 
(Figure 98). Because the HNC is deep relative to the 
estuary, its construction has facilitated saltwater 
intrusion into the basin and it has been blamed for 
causing salinity concentrations near Houma to 
double (Bahr eta!., 1983; Gagliano eta!., 1973). 

Gulf of Mexico 
f--1 

Skm 
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TerrebonneiTimbalier Bays, LA 

G Navigation Channel 
' ' ' ' ' '· 

Vertical stratification is most often exhibited in the 
HNC, but diminishes as inflow increases (Wang, 
1988). Other important bathymetric features include 
the GIWW, and Bayou Petit Caillou. These channels, 
along with numerous smaller navigation, oil field, 
and drainage canals, have significantly modi.fied the 
natural hydrology of the basin. 

The Data. September-November 1983 and January
March 1984 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions as no major modifica
tions have occurred to this estuary or its watershed 
since the dredging of the HNC in 1962 and Bayou 
Lafourche in 1968. 'A summary of freshwater inflow 
conditions and salinity data for these periods is given 
in Figure 99. Freshwater statistics reflect Mississippi 
River inflows gaged at Tarbert Landing, MS and 
basin runoff determined by the Thornwaite Water 
Budget (LOSC, 1989). Mississippi River flows are 
used as a proxy indicator of advective exchange of 
diluted shelf water, not as a direct inflow to the 
estuary. Figure 100 compares the average daily 
freshwater inflow volume during each month of the 
selected periods to long-term averages and suggests 
that both periods experienced typical inflow condi
tions. Figure 101 presents salinity distributions for 
the selected periods, illustrating modest differences 
of the salinity structure in the lower estuary between 
these two seasons. Although bottom salinity data 
were extremely limited, the estuary is very shallow 
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and often experiences little or no vertical 
stratifi,ation except in the HNC and at 
tidal passes. Therefore, bottom salinities 
probably closely resemble the surface 
layer. The salinity structure experiences 
variability as indicated in Figure 102. 

High-Inflow/Low-Salinity Period (Janu
ary-March 1984). During this selected 
period and including December 1983, total 
inflow from the Mississippi River was 
approximately 15% above long-term 
averages (Figures 99 and 100). Mississippi 
River discharge peaked near 40,000 m3 Is in 
mid-December, but rapidly fell to 21,000 
m3ls by January. Inflows were below 
17,000 m3ls through mid-February, then 
steadily increased to almost 34,000 m3 Is by 
late March. Precipitation recorded at 
Houma was infrequent but intense during 
late December, February, and March. 

Frequent, low-magnitude rainfall occurred in 
January. 

The lowest salinities occurred during January in 
Timbalier Bay, during February in Terrebonne Bay, 
and during March in Caillou Bay. The latter was 
probably the result of increased flows from the 
Atchafalaya River. In the lower estuary, average 
salinities generally decreased from east to west, but 
variability increased. The most stable conditions 
occurred in upper Timbalier Bay and Lake Raccourci; 
the most variable conditions occurred in lower 
Terrebonne Bay and Caillou Bay. Bottom salinity 
data was limited but indicated vertically homogen
eous conditions, except for infrequent weak-to
moderate stratification at the passes. 

Low-Inflow/High-Salinity Period (September
November 1983). During this selected period and 
including August 1983, total inflow from the Missis
sippi River was 10% below long-term averages 
(Figures 99 and 100). Mississippi River discharge 
steadily decreased from 13,000 m3ls in early August 
to near 5,700 m3ls in late September. Flow remained 
between 5,700 and 11,300 m3ls from October to mid
November. Flows peaked at 17,000 m3ls during late 
November. Most rainfall occurred in early August, 
early September, and late November. Salinities were 
generally lowest in early September, highest in 
October, and reduced in late November. 

Average salinities were approximately 5 ppt higher 
than during the low-salinity period. Salinities were 
lowest in upper Terrebonne and Timbalier Bays, and 



in Caillou Bay, but highest near the passes and in 
lower Terrebonne Bay. Salinities were most stable in 
Timbalier Bay and most variable in Caillou Bay. 
Salinities in northwest Terrebonne Bay were very 
responsive to local precipitation, but this trend was 
not apparent in Timbalier Bay. Botton\. salinity data 
was limited but indicated vertically homogeneous 
conditions. 

Factors. Affecting Variability 

The salinity structure is determined by the seasonal 
freshwater discharge, although the source differs for 
the upper and lower portions of the estuary. Lowest 
salinities in the lower estuary are related to the 
advection of inflow from the Mississippi River. 
However, this signal is weakened during the low
inflow period of the Mississippi River when local 
precipitation becomes more significant. The lowest 
salinities in the upper estuary are related to seasonal 
precipitation. Because advection of Mississippi 
River water to the lower estuary occurs when fresh-

January-March 1984 September-November 1983 
{High Inflow/Low Salinity) (Low lnflow!High Salinity) 

Surface Salinity 

#of Observations 

Sampling Distribution a 

Sampling frequency 

Average Salinity (ppt) 

Bottom Salinity 

#of Observations 

Sampling Distribution ' 
Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

Mississippi River Volume 

Water Budget Surplus (Runoff) 

Return Frequency of Peak Events 
1-day duration 
7-day duration 
30-day duration 

Abbrevmllon: ppt- parts per thousand 

1,322 

1,2,4 

weekly- monthly 

8.5 

18 

4 

weekly - monthly 

13.7 

15% above average b 
average b 

1.8-year 
1.8-year 
3.0-year 

a. Subsystem(s) with high sampling density 
b. Includes December 1983 
c. Includes August 1963 

679 

1,2,4 
weekly- monthly 

15.3 

2 

4 

NA 
15.7 

10% below average c 

10% below average c 

2.5-year 
2.8-year 
t.S-year 

Terrebonne/Timbalier Bays, LA 

water input from precipitation is low (i.e., late spring 
and summer), the river's effect on estuary-wide 
salinities at this time is diminished. The lowest 
estuary-wide salinities occur in late winter and early 
spring when high precipitation coincides with high 
Mississippi River inflows. Because the estuary is 
shallow, winds and tides prevent salinity stratifica
tion under most conditions. Stratification was 
seldom observed during the. two periods depicted in 
this study; however, stratification is likely to occur in 
the HNC and near tidal passes. Wang (1988) has 
shown that density currents are present in the HNC. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
102. The most significant variation is attributable to 
frontal passages, exchanges with the Atchafalaya 
basin, Mississippi River inflows, and local precipita
tion. The latter is most important during reduced 
Mississippi River discharges. Astronomical tides 
produce modest variability in the lower estuary, 
although its effect may be enhanced by prevailing 
winds. ' 

F M A M J 

Mississippi River 

- Low Salinity_(Jan;Mar 1984) 
- High Salinity (Sep-Nov 1993) 
c:::J Antece-dent Month _ 
- Mean Inflow (1963-1999) 

Abbreviation: m31s • c~blc meters per second 
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a. Data Sources: LDEQ, 1991; LDHHR, 1991; LDWF, 1991 
b. Data Sources: LDEQ, 1991; LDHHR, 1991; LDWF, 1991 
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Terrebonne/Timbalier Bays, LA 

Very High = > 21 ppt 
High = 11·20 ppt 
Medium = 6·10 ppt 
Low =3-Sppt 
Very Low = < 2 ppt 

D -dominant 
S • secondary 
M -minor 

H ·high 
M - moderate 
L -tow 
LIT- i 

NOTE: lsohalines Ulustrated in Figure 101 represent the "mean" salinity 
structure that is subject to the temporal and spatial variablllty indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The Information within each column 
indicates the m,echanisms most responsible for that variability. 

* Data Sources: See data sources listed in Appendix II for Louisiana. 
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~ Atchafalaya/Vermilion Bays, LA 

Geographic Setting 

The Atchafalaya/Vermilion Bays estuary is located 
between the Mermentau and Terrebonne/Timbalier 
systems and straddles the western boundary of the 
Mississippi River Deltaic Plain and the eastern edge 
of the Chenier Plain (Bahr eta!., 1983). This estuary 
occupies 2,020 km' (NOAA, 1990a) and includes four 
major water bodies, several bayous, locks, canals, and 
the Nation's third largest river system (Figure 103). 
Its boundaries consist of the head of tide on the 
Vermilion River at Abbeville, on the Atchafalaya 
River at its juncture with the GIWW, and on Wax 
Lake Outlet approximately 4 km south of the GIWW 
(Byrne, 1977). It is bordered by the Freshwater 
Bayou Canal to the west and the Bayou du Large 
basin to the east. 

The Atchafalaya River is the primary freshwater 
source to the system, although the Vermilion River 
and Bayou Teche are important to Vermilion Bay and 
West Cote Blanche Bay, respectively. The Atchafa
laya River conveys the entire flow of the Red River 
and 30% of diverted Mississippi River flow. 
Approximately 70% of this volume is discharged 
directly to Atchafalaya Bay, while 30% is diverted 
through the Wax Lake Outlet. Exchanges with Gulf 
waters occur through the Southwest Pass, along the 
southern boundaries of the East Cote 
Blanche and Atchafalaya Bays, and 
through several bayous east of Point au 
Fer Island. Gulf waters are frequently 
and severely diluted by the Atchafalaya 
River; the most saline Gulf waters enter 
the estuary through Southwest Pass 
(Juneau and Barrett, 1975). This estuary 
has been divided into three subsystems 
based on the response of salinity to 
forcing mechanisms and time scales 
(Figure 103). 

Bathymetry 
-~-·-·-------· - --·----~ ·-·--·---" 

Terrapin Reef constrains circulation between Vermil
ion and West Cote Blanche Bays (Dugas, 1970; Hoese, 
1976). The deepest areas are found in the Atchafalaya 
River (15m), Wax Lake Outlet (14m), and at South
west Pass (15m), which contains a scour hole 46 m 
deep (Juneau and Barrett, 1975). Because sedimenta
tion rates are high, the average depth of Atchafalaya 
Bay continues to decrease. 

Other important bathymetric features having a 
dramatic effect on the estuary's hydrology include the 
GIWW, the Mississippi River levees, the tributaries 
flood-control project, and several locks and dams. 
Freshwater Bayou Canal locks restrict saltwater 
intrusion to the upper estuary (Figure 104). The 
Schooner Bayou Canal lock and dam, and the Vermil
ion lock limit exchanges with the Mermentau River 
estuary. A dam located near the mouth of Wax Lake 
Outlet diverts discharge through the Atchafalaya 
River. This outlet, however, carries flood waters 
(including those from Bayou Teche) during peak 
events (Wax eta!., 1977). 

The Data. September-November 1975 and March
May 1985 were selected to represent high- and low
salinity periods, respectively. These periods should 

E~t 
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Blanche 
Bay,. 

The average depth of the estuary is 2m 
at mid-tide level, although depths of the 
major bays differ (NOAA, 1990a). 
Active and nonliving oyster reefs create 
numerous shallow areas which affect 
circulation and salinity. Reefs located 
in Southwest Pass, south of Marsh 
Island, and at the entrances to Atchafa
laya and East Cote Blanche Bays 
impede exchanges with the Gulf. 
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AtchafalayaiVermilion Bays, LA 

Figure 104. Bathymetry (meters) 
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reflect present-day conditions since no major modifi
cations have occurred to the estuary or its watershed 
since the depth of Freshwater Bayou Canal was 
increased in 1968. A summary of freshwater inflow 
conditions and salinity data for these periods is given 
in Figure 105. Figure 106 compares the average daily 
freshwater inflow volume during each month of the 
selected periods to long-term averages and suggests 
that September-November 1975 experienced rela
tively typical inflow conditions, while inflow during 
March-May 1985 was above average. Figure 107 
presents salinity distributions for the selected 
periods, illustrating only subtle differences of the 
salinity structure between these two seasons. This 
structure experiences variability as indicated in 
Figure 108. 

High-Inflow/Low-Salinity Period (March-May 
1985). During this selected period and including 
February 1985, total inflow from the Atchafalaya 
River was approximately 10% higher than the long
term averages (Figures 105 and 106). Within this 
period, daily inflows were above 9,000 m'ls during 
most of the period, but were lower during early 
February and late May. Peak flows occurred in mid
March (14,000 m3 Is) and mid-April (12,000 m3 Is). 
V errnilion River flows were much lower and more 
flashy than those in the Atchafalaya River. Peak 
flows (>55 m3 Is) occurred in mid-February, early 
and late March, and mid-May. 

Freshwater dominated salinities throughout this 
estuary during this period. Salinities generally 
remained below 5 ppt, exhibited no vertical stratifica
tion, and were stable (Figure 107). Atchafalaya and 
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Four League Bays typically remained below 0.5 ppt 
and were extremely stable. The highest and most 
variable salinities were recorded in Southwest Pass 
and in near-shore Guif waters between Freshwater 
Bayou Canal and Shell Keys. 

Low-Inflow/High-Salinity Period (September
November 1975). During this selected period and 
including August 1975, total inflow from the Atcha
falaya River was approximately 5% above long-term 
averages (Figures 105 and 106). Within this period, 
daily inflows generally were above 2,800 m3 Is. 
Highest flows occurred in early August (5,000 m3 Is) 
and late October (5,100 m3 Is). Vermilion River flows 
generally remained below 14 m3 Is, except for minor 
peaks in early August (57 m'ls) and late November 
(28m3 Is). 

Salinities throughout the system were dominated by 
river inflows. The salinity structure and stability 
were very similar to those observed during the low 
salinity period, but were approximately 5 ppt higher 
in Vermilion Bay. The lowest (near-fresh) and most 
stable salinities prevailed throughout Atchafalaya 
Bay. The greatest variability was noted within 
Southwest Pass, in near-shore Gulf waters near by 
Freshwater Bayou Canal, and, to a lesser degree, in 
Oyster Bayou. Salinities in the remainder of the 
estuary were relatively stable. 

_____ .. _______ .. __ .... ---- ··-·---·· --~~~-------------·-

! Factors Affecting W~ii!'Pifity 
I "· ·'·.-·.-~J·i,.··---. 

L. ··--------~-------·-·-----------· :........--~ -._....:.:.:.:.:....,6 __ _,.. _______ ;.____ 

The salinity structure is determined by the seasonal 
freshwater discharge from the Atchafalaya River; 
discharges from the Vermilion River are only locally 
important. Prevailing seasonal winds and entrain
ment of diluted Gulf waters are secondary modifiers 
of the salinity structure. 

The important time scales of variability and respon
sible mechanisms are given in Figure 108. The 
AtchafalayaiVermilion Bays estuary is, however, 
among the most stable of any estuarine system in the 
Gulf. On average, typical high- and low-inflow 
periods change estuary-wide salinities by approxi
mately 3 ppt as river discharge reduces the influence 
of other mechanisms. Wind, typically associated 
with frontal passages, is an important modifier of the 
salinity structure. Freshwater pulses may cause 
localized freshening and induce weak stratification, 
especially in Vermilion Bay. 



Atchafalaya/Vermilion Bays, LA 

) Figur~e 10.5., Freshzpi!iq inflow, salinity satnpling, and averagesa:~~ity during~~~~~~ hi~~-s~lini~- ~~rio~s 
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Surface Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

# of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

Volume 

139 

2-3 

weekly-monthly 

2.0 

113 

2-3 

weekly-monthly 

2.1 

1 0% above average b 

174 

2-3 

weekly-monthly 

3.6 
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2-3 

weekly-monthly 

5.1 

5% above average c 

Return Frequency of Peak Events 
1-day duration 4.0-year 

3.5-year 
3.5-year 

1.8-year 
2.0-year 
1.9-year 

7-day duration 
30-day duration 

Abbreviations: ppt- parts per thousand 

a. Subsystem(s) with high sampling density 
b. Includes February 1985 
c. Includes August 1975 

14,000 
- Low Salinity (Mar-May 1985) 

- High Salinity (Sep-Nov 1975) 

12,000 = Antecedent Month 

-- Mean Monthly Inflow (1963-1988) 
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Abbreviation: m3/s - cubic meters per second 

* USGS gages reflect inflow from 87% of the estuary's total watershed (261 ,645 km2) (USGS, 1990) 
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March-May 1985 

Surface a 

September-November 1975 

Surface b 

a. Data Sources: LDHHR, 1991; LDWF, 1991 
b. Data Sources: Hoese, 1976; LDEQ, 1991; LDHHR, 1991; LDWF, 1991 
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March-May 1985 

Bottom a 

September-November 1975 
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Figure 108. Tim~s~M~,,q~4/oi:drz'gn1eehani0rns)riwortant to salinity structure and variability * 

Salinity Variability Importance of Mechanism 
Assessment 
RellabiiHV 

H ·high Very High ""> 21 ppt 
High = 11-20 ppt 
Medium = 6-10 ppt 
Low =3-Sppt 
Very Low = < 2 ppt 

D ·dominant 
S -secondary 
M -minor 

M -moderate 
L -low 

LIT- Literature 
Only 

UNKNOWN LOW LOW LOW UNKNOWN 
NOTE: tsoha\ines illustrated in Figure 107 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 
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. . . . ·/'l\,i;~fi~tSI·~.2-¥C·~~+~ .'\•: .· .. ·_Wind 
Dars-We.eksc l:)e@~,diit.Yys.pg)'l7t~>r.[!Fi~fly'ende.qc the salinity struct~re. t~rougq~ut the estuary. Cold fron.ts occur 15 to 
20 tlmes.each))'l'.gi!1[•(Jr~1RP,E!)ii;J:Ij,q~~lf''~~Plan et,~l., ~982). Wmds.1nh1b1t stratification under most cond1t1ons. . ·,. J·,-.. _'··,"-··: .. :·:_--r<r·~:-·:.;_(' ... :•~:::_.-:~····?·.'-':'<:',-:::_:··:.·, -,.-. _._ .... _:: :·:·. -. , . · : 
Months~S~al1Msi;r.;,iri9r~ii\iiu~~'¢.~'qo::tf]~.:$~linify§\[ucture. Prevailing southerly and eastedy winds induce entrainment 
of Gulf 1'/atersJtom~spriBg!ftr,l~lli(D.en~s,and Ciifuey;.t988), · 

. -,.._-.~',:_;::/;\_ ·::;,:~.'~7~::~~-R-·.£;,-::~·-~ ::::·-~·- ·JL< :·-::; .. ~-· :.::)- ~ \~. :': 
· '·' -'' · ··•' .' ... ··· · ' · Shelf Processes 

~- '' 

Months-Season~>-~I>~~Od~ry!i~Jfu~hq~ ~n,ttie salinity structure. Mississippi and Atchafalaya River plumes decrease 
salinity ol enlr?tn.ed=.shj!Jfi,)Y~t~.rs;~slially_b~~ee~ swing and summer. 

Year-Yi>ar. · .. Min~rinf)u~n~.e;d'&itiEJ~san~ity ~)ruc:\ure, 
.·. ·. . ·. ,;···'''','''l.<·<', ... ·'' '··· ... ···· 

• Data Sources: See data sources listed in Appendix II for Louisiana. 
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~--------------- Mermentau River, LA 

The Mermentau River estuary is located on the 
eastern edge of the Louisiana Chenier Plain between 
Calcasieu Lake and Vermilion Bay. The estuary 
extends from the head of tide on the Mermentau 
River at the Catfish Point Control Structure near 
Grand Lake to its terminus at the Mermentau River I 
Gulf of Mexico Navigation Channel (MR/GMNC) 
(Figure 109). Its watershed includes the coastal 
wetlands south of the Grand Cheniere-Pecan Island 
ridge (between the Mermentau River and Freshwater 
Bayou Canal), which is the approximate route of 
Louisiana Highway 82. Inland waterbodies associ
ated with the lower Mermentau River account for 
less than 3% of the total area (Gosselink eta!., 1979). 
Before the early 1950s, Grand Lake and White Lake 
were a functional part of the estuary. At present, 
impoundments effectively control salinity intrusion 
and other interactions with the Gulf. 

The major freshwater source to this estuary is 
controlled discharge from the upper Mermentau 
River basin. Surpluses of freshwater generally occur 
in the basin from late fall to early spring. To allevi
ate flooding, water is released into the estuary from 
the water control structures at Catfish Point and on 
the Schooner Bayou Canal (Gagliano eta!., 1973). 
Most freshwater enters the estuary from the west 
through lower Mermentau River. It can also flow 

between the Mermentau River estuary and the 
Calcasieu River estuary through Calcasieu Lock; the 
direction of flow depends on the hydraulic head 
induced by water level differences in the two 
estuaries (Gosselink eta!., 1979). Tidal exchange 
occurs through the Mermentau River /Gulf of Mexico 
Navigation Channel (MR/GMNC), a 7.4 km channel 
dredged through Lower Mud Lake south to the Gulf 
and through numerous small bayous and canals that 
connect the estuary with the Gulf. This estuary has 
been divided into two subsystems based on the 
response of salinity to forcing mechanisms and time 
scales (Figure 109). 

Most areas within the estuary are less than 1 m deep 
at mid-tide level (Figure 110) (NOAA, 1990a). The 
deepest areas (4 m) are in the GIWW and Freshwater 
Bayou Canal. 

This estuary contains numerous control structures 
which have severely altered its hydrology. Histori
cally, Grand Lake, White Lake, and their drainage 
basins were a functional part of the estuary. 
When the Mermentau River Basin Project was 
completed in the early 1950s, the upper Mermentau 
Basin was transformed into a large impoundment. 
Water control structures are currently located at 
Catfish Point, Schooner Bayou Canal, Leland Bow

Leland 
Bowman 

White Lake 

man Lock, Calcasieu 
Lock, and the Fresh
water Bayou Canal. 
Thus, saltwater entering 
the upper basin is very 
limited, and this area no 
longer functions as an 
estuary (Gunter and 
Shell, 1958; Morton, 
1973). A large portion 
of the estuary east of the 
Mermentau River is 
encompassed by 
Rockefeller Wildlife 
Refuge and Game 
Preserve (Figure 109). 
Large areas of the 

Gulf of Mexico 

OJ ~:~ ~:k~~~~W~0Lake) 
W Lower Mermentau River 

EJ Subsystem Boundary 

[j] Floodgate or Lock 

""" 

Freshwater 
Bayou 
Canal 

refuge are under active 
water management. In 
addition, water control 
structures on Little 
Constance and Big 
Constance Lakes are 
opened to allow surplus 
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Mermentau River, LA 

Figure 110; Bathymetry (meters) 

G Navigation Channel 

[iJ Floodgate or Lock 

GIWW(4) 

freshwater to exit the Rockefeller Wildlife Refuge 
and Game Preserve during times of flooding and are 
closed to prevent saltwater intrusion when a fresh
water deficit exists. Dredged material levees near 
navigation canals, oil and gas access canals, and the 
lower Mermentau River further inhibit exchanges 
across the estuary (Gosselink eta!., 1979). 

Salinity Patterns 

The Data. June-August 1988 and January-March 
1989 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions as no major modifica
tions to the estuary or its watershed have occurred 
since the completion of the Leland Bowman Locks in 
1985. A summary of freshwater inflow conditions 
and salinity data for these periods is given in Figure 
111; salinity data was only available for the surface 
layer. Figure 112 compares the average daily 
freshwater inflow volume during each month of the 
selected periods to long-term averages and suggests 
that both periods were wetter than normal. Figure 
113 presents salinity distributions for the selected · 
periods, illustrating the influence of seasonal fresh
water discharge on the salinity structure in the lower 
Mermentau River. This structure, however, experi
ences variability as indicated in Figure 114 .. 

High-Inflow!Low-Salinitlj Period (January-March 
1989). During this selected period and including 
December 1988, total inflow from the Mermentau 
River was approximately 30% higher than the long-
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term averages (Figures 11'1 and 112). 
Within this period; daily inflow increased 
throughout December 1988 and reached 
280m3 Is in early January 1989 before 
falling below 100m' Is in mid-January. 
Inflow peaked at 340 m'ls in late January, 
then remained below 120 m3 Is through 
March. 

Stable, near-fresh (0.5 ppt) conditions 
prevailed within the Upper Mermentau 
Basin due. to control structures and ample 
freshwater discharge. In contrast, salini
ties within the lower Mermentau River 
were not dominated by freshwater and 
were unstable. Salinities were highest in 
early January and lowest in February. 
Average salinities in the Mermentau 
River gradually increased from the 
Catfish Point Control Structure (0.5 ppt) 
to the MRIGMNC (15 ppt) (Figure 113). 

Low-Inflow/High-Salinity Period (June-August 
1988). During this selected period, total inflow from 
the Mermentau River was approximately 20% above 
long-term averages (Figures 111 and 112). Fresh
water information was not available for May 1988. 
Daily inflow generally remained below 50 m' Is, but 
experienced several pulses. Inflow reached 120 m' Is 
in May, 90 and 65 m' Is in early June, 225 m' Is in late 
July, and 90 m'ls in early August. 

Stable, freshwater conditions ( <1 ppt) again prevailed 
within the upper Mermentau Basin. However, saline 
waters (11 ppt) briefly penetrated the control struc
ture just inside Grand Lake on June 29. In the lower 
Mermentau River, salinities were 5-10 ppt higher than 
during the low-salinity period and were unstable. 
The lowest salinities were in mid-July, coinciding 
with peak flows on the Mermentau River; salinities 
decreased by 5-10 ppt from June levels. The highest 
salinities were in August when base flows had 
returned on the river. 

Factors:·Affecting Variability 

The salinity structure is deteirnined by the seasonal 
freshwater discharge and depends, primarily, on the 
magnitude and duration of inflow from the 
Mermenta.u River. A seasonal response is apparent 
in the unregulated, lower Mermentau River. Salinity 
in the estuary is lowest between January-March when 
the influence of upper basin releases is greatest 
(Wicker eta!., 1983). Salinity peaks between June-



August when freshwater releases are low or nonex
istent, evaporation is high, and Gulf water-levels are 
high due to summer heating, on-shore currents, and 
winds (Wicker eta!., 1983). Control structures inhibit 
salinity intrusion in the upper basin. 

Although vertical stratification could not be exam
ined due to the lack of bottom salinity data, it is 
considered very unlikely to occur within the upper 
basin because of the control structuresc Shallow 
depths, wind, and tidal action probably prevent 
vertical stratification in the lower Mermentau River 
under most conditions (Morton, 1973). Stratification 

Mermentau River, LA 

is most likely to occur wlien freshwater is released 
from the Catfish Point Control Structure following a 
high-salinity period. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
114. Salinities in the upper basin remain extremely 
stable, except for a rare intrusion of saline waters 
upstream of the control structures. In contrast, 
salinity in the lower Mermentau River is highly 
variable. This estuary is most influenced by periodic 
control structure releases and frontal passages. 

January-March 1989 June-August 1988 
(High Inflow/Low Salinity) (Low Inflow/High Salinity) 

Surface Salinity 
#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppij 

Freshwater Inflow 
Volume 

42 

1-2 

monthly 

5.7 

0 

NA 

NA 
NA 

30% above average b 

40 

1·2 

monthly 

9.5 

0 

NA 
NA 
NA 

20% above average c 

Return Frequency of Peak Events 
1-day duration 2.7-year 4-year 
7-day duration 
30-da duration 

2.4-year 4-year 
___ 3_.0-year ~------"4:1· ,,,.,.__~_J 

Abbreviations: ppt- parts per thousand; NA- not available 
a. Subsystem(s) wlth high sampling density 
b. Includes December 1988 
c. Does not include May 1988 

200 
- low Salinity (Jan·Mar t989) 

- High Salinity (Jun-Aug 1988) 
D Antecedent Month 

- Mean Monthly Inflow (1965 -1969) 

F M A M J A S 0 N D 

Abbreviation: m3/s ·cubic meters per second 
*Percentage of watershed reflected by USGS gages is unknown 

of 
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Mermentau River, LA 

January-March 1989 

Surface a 

June-August 1988 

Surface b 

a. Data Sources: LDEQ, 1991; LDHHR, 1991 
b. Data Sources: LDEQ, 1991; LDHHR, 1991; USAGE, 1991 
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Figure 114. Time scales and forcing mechanisms important to. salinity strnc~re and variability * 

Time Scale of Salinity Response Sall~lty v~flrib:lllty Importance of Mechanism Assess~1~t Rella bill 

Hours Days to Months to Year to Very High = > 21 ppt D -dominant H -high I Weeks Seasons Year 
Episodic 

High =11-20ppt S ·secondary M -moderate 
Medium = 6-10 ppt M -minor L -low 

D Freshwater s s Low = 3-5 ppt LIT- Literature 
Inflow Very Low = < 2 ppt 

Tides 
E 
~ • Wind " u • 
"' Shelf 

Processes 

UNKNOWN 

LIT 2 H ? M 

s 
LIT 2 

M s 
LIT 2 LIT 

MEDIUM MEDIUM LOW 

Effect on Salinity Variability 

2 

2 

UNKNOWN 

Only 

Relative importance 
of mechanism 

-DSobsy"em mo" 
Assessment likely to be directly 
Reliability influenced by mechanism 

NOTE: lsohalines illustrated in Figure 113 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. Th_e information within each column 
indicates the mechanisms most responsible for that variability. 

.. .··. 
FreshYia:terlnflow· 

Days-Weeks (Lock and Dam Releases). Secondary infl~ence;;ntha:~alif:li\Ystrili:lure ~Jaw Catfish Point Control 
Structure (CPCS). Most frequent releases occur during thewintexi!nd:.spring,-r~sulting in short-term displacement of 
isohalines and increased vertical stratification. · · · · '· ·. · 

Months-Seasons. Dominant influence on the salinjiy fl\rl.lcturebelovtth::c~ps>.oecember-March inflows are two to 
three times greater than between May-August and alter the salinity stru,Cju.rej>yl~ ppt beloW the CPCS. Salinities 
above the CPCS are most often less than 0.5 ppt . . ·, , ·. ;:.,;.:: ,:, '· .... 

Year- Year. Secondary influence on the salinity strUcture belp>-/thEfCF':cM : _·., 

Days-Weeks. Secondary influence on the salinity structurebelow.the:c~ds;usually !lssociated with frontal passages. 
Winds inhibit stratification under most conditions: · · · • . ·. · · 

Shelf Processes 

Months-Seasons. Minor influence on the salinity structure. Mississ.ippi.and 'Atdha,falaya River plumes decrease salinity 
of entrained shelf waters usually during the spririg and summer. ·. ·· ; . · · 

. . . / 

Year-Year. Secondary influence on the salinity structure. 
. .· 

• Data Sources: See data sources listed in Appendix 11 for Louisiana. 
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~----------------- Calcasieu Lake, LA 
,- - ----- ----{i;~g;~phl~-setti~g---~--,---1 

------------ ------------------------------------ ---- _j 

The Calcasieu Lake estuary is located between the 
Mermentau and Sabine systems within the Chenier 
Plain. It consists of Calcasieu Lake, the largest of the 
estuary's waterbodies, and several secondary embay
ments (Figure 115). This estuary occupies 255 km' 
(NOAA, 1990a) and extends approximately 60 km 
from a saltwater barrier on the Calcasieu River, near 
Lake Charles, to the Gulf of Mexico. 

The Calcasieu River is the major freshwater source, 
although Beckwith Creek, Bear Head Creek, and the 
Houston River may be locally significant. Fresh
water can also flow between the Mermentau River 
and the Calcasieu River by way of the Calcasieu Lock; 
the direction of flow depends on the hydraulic head 
induced by water-level differences (Gosselink et al., 
1979). Tidal exchange occurs through Calcasieu Pass. 
The estuary has been divided into four subsystems 
based on the response of salinity to forcing mecha
nisms and time scales (Figure 115). 

----- ... --··---;---~--:--·_.-. -.---:- ·:·-:-··-··- ------.,-~.-:-~~--:::---··---:-> 

• _ Figure 115. Location 11Japa114 ~ubsysfeil! iljm(ification I 
-- ··-· -------------~----- ____ _,.__ _ _,_ ____ c.___ ________ ~------------·--· 

ITJ Upper Caloasleu Lake 

m Lower Calcasieu Lake and West Cove 

[[] Lower Calces leu Ship Channel 

rn Calcasieu River 

m Aoodgate or Lock 

G Subsystem Boundary 

[] Dredged Disposal Site 

I~ 

1 

Gulf of Mexico 

Bathymetry 

The average depth of the estuary is less than 2 m at 
mid-tide level (NOAA, 1990a). Major bathymetric 
features include the Calcasieu Ship Channel (CSC), 
the GTWW, and a large dredged material disposal 
island near the CSC (Figure 116). 

The CSC is an important conveyance for salinity 
intrusion. Saline bottom waters are essentially 
confined to the esc by the extensive dredged disposal 
island to the east and may extend upstream of Lake 
Charles during low-flow periods when the saltwater 
barrier is open to ship traffic. Much of the Calcasieu 
River volume is directed west of the dredged disposal 
island, enhancing density currents in the CSC (Kjerfve 
and Sneed, 1987) and significantly reducing the 
circulation of freshwater through Calcasieu Lake 
(Alexander, 1985; Turner, 1988). Several small naviga
tion canals and oil and gas access canals exist through
out the Calcasieu River basin. These canals have 
interrupted much of the natural runoff that had 
historically reached Calcasieu Lake (Gosselink et al., 
1979). 

Salinity Patterns 

The Data. August-October 1984 and January-March 
1984 were selected to represent high- and low-salinity 
periods, respectively. These periods should reflect 
present-day conditions since no major modifications 
to the estuary or its watershed have occurred since 
construction of the Calcasieu River saltwater barrier 
and the deepening of the CSC in 1968 (USACE, 1987). 
A summary of freshwater inflow conditions and 
salinity data for these periods is given in Figure 117. 
Figure 118 compares the average daily freshwater 
inflow volume during each month of the selected 
periods to long-term averages and suggests that 
neither period experienced typical inflow conditions. 
Freshwater inflow during January-March 1984 was 
above normal but was selected because of the limited 
salinity data available for other years. August
October 1984 is biased by an irregular freshwater peak 
that occurred in late October during an otherwise 
below average period. Figure 119 presents salinity 
distributions for the selected periods, illustrating the 
dominance of seasonal freshwater discharge on the 
salinity structure. This structure, however, experi
ences variability as indicated in Figure 120. 

High-Inflow/Low-Salinity Period (January-March 
1984). During this selected period and including 
December 1983, total inflow from Calcasieu River was 
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Calcasieu Lake, LA 

G Navigation Channel 

D Dredged Disposal Site 

1 

approximately 45% above long-term averages 
(Figures 117 and 118). Within this period, base 
inflow remained near 125 m' Is but was interrupted 
by freshets which peaked at 425 m'ls during mid
December and 1300 m' Is during mid-February. This 
estuary is strongly influenced, but not dominated, by 
freshwater during this period. Salinities were 
relatively unstable throughout the system, especially 
within lower Calcasieu Lake and the CSC. 

From January through early February, estuarine 
salinities slowly rebounged from a mid-December 
freshet; salinities in the upper estuary peaked and 
Calcasieu River bottom waters reached 29 ppt near 
the Lake Charles saltwater barrier. A major fresh
water pulse in mid-February dropped surface salini
ties by 10 ppt throughout the estuary and pushed the 
saline bottom waters within the Calcasieu River to 
below Prien Lake. Salinities in upper Calcasieu Lake 
remained depressed through March, while the lower 
Lake and CSC surpassed pre-freshet salinities by late 
March. Vertical stratification was uncommon in 
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upper Calcasieu Lake and West Cove. Moderate-to
high stratification occurred frequently within the 
lower Lake and very high stratification persisted 
within the Calcasieu River and CSC. 

Low-Inflow/High-Salinihj Period (Augnst-October 
1984). During this selected period and including July 
1984, total inflow from Calcasieu Lake was approxi
mately 110% higher than long-term averages (Figures 
117 and 118). Within this period, however, inflow 
was below average from July to mid-October; 
baseline flow was approximately 30 m3 Is, except 
during a modest freshet (125 m' Is) during late 
September. Inflow peaked (1,375 m' Is) during late 
October. Thus, salinity distributions presented in 
Figure 119 were influenced more by the below 
average inflow from July to mid-October than by the 
freshwater surge during late October. 

Salinities were approximately 10 ppt higher than 
during the low-salinity period. Salinities throughout 
the estuary increased through August and peaked in 
mid-September. Bottom salinities within the 
Calcasieu River and CSC were especially high and 
unstable, reaching 24 ppt in September and averaging 
15 ppt at the Lake Charles saltwater barrier. Salinities 
in upper Calcasieu Lake and the Calcasieu River 
demonstrated a modest response to the late Septem
ber freshet, but dropped 15 ppt following the late 
October freshet. Salinities within the lake and lower 
CSC remained relatively stable until late October. 
Vertical stratification was generally absent in the lake 
and lower CSC, but the upper CSC and Calcasieu 
River were moderately-to-highly stratified. 

Factors Affecting Variability 

The salinity structure is determined, primarily, by the 
magnitude and duration of seasonal inflow from the 
Calcasieu River. Because typical inflows do not 
completely dominate the system, the influence of 
seasonal inflows is most apparent in the upper lake 
and Calcasieu River. Prevailing seasonal winds, 
density currents, and shelf processes are minor 
contributors to salinity structure. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
120. Freshets are responsible for frequent short-term 
displacement of isohalines, especially in lower 
Calcasieu River and upper Calcasieu Lake. Wind, 
especially when associated with frontal passages, is 
an important modifier of the seasonal salinity struc
ture and may induce short-term water-column 
mixing throughout the estuary. 



January-March 1984 August-October 1984 

(High Inflow/Low Salinity} (Low Inflow/High Salinity} 

Surface Salinity 

# of Observations 

Sampling Distribution a 
Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

210 

1-4 

daily - monthly 

4.6 

211 

1-4 

daily- monthly 

12.1 

173 

1-4 

daily - monthly 

6.6 

174 

1-4 

dally - monthly 

14.7 

Volume 45% above average b 110% above average c 

Return Frequency of Peak Events 

1-day duration 
7-day duration 
30-day duration 

Abbreviation: ppt- parts per thousand 

a. Subsystem(s) with high sampling density 
b. Includes December 1983 
c. Includes July 1984 

20-year 
15-year 
9-year 

35-year 
35-year 
35-year 

~-Fig~r:.1i~~~~~111~apispniaJgr.g~iihsn;;af¢r:Vazilm~·f;;-!hic~lcrijf;y;R!v~lffi<f~n~q£~;~~rj;]iJ1~n~ds.bf~~~~~iiY1 
i deptctzon to p?Tzod"of,re~q"a_averages .• _ . . . . ·•. __ : ;.·•: -, ., ; ·: ·:·:. :-: · .• -- : _ . ; 
·---"'-·~-•----~--~-~-· -----·-'-'-·"'----'--'-'----·----·-·-"'----~---~-~---·---'-~~.L-----"----~------~·----~-

J F M 

- Low Salinity (Jan-Mar 1984) 

c:::J High Salinity (Aug-Oct 1984) 

c::::::J Anteced~:.mt Month 

- Mean Monthly Inflow (1922-1988) 

A M J J A 

Abbreviation: m3/s- cubic meters per second 

s 0 

* USGS gages reflect inflow from 52% of the estuary's total watershed (11 ,100 km2) (USGS, 1990) 

N D 
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Calcasieu Lake, LA 

.Fi;~~-li9:-s~~~~;~~d b6fjp(ns~liiiiii;d.d1ir:(~~~,Q~~h[it&ii~;sdl!~~it!J pb:~a~-iiioxi:-[;~~J,ii;;;;jor Jan.-Mar. 
depict a hydrolo'gical state t/za(djffei:s signifi¢4.rzJ:!y!fi:qm;thiz~ ino~tGizaracteHstic of the normal inflow due to salinity 
data limitations for this.est.uary) · · · '· ·• · · · · · 

. ---- --- -~ -----~----· --------------~: ___ _..::.._;_ _ _:_:__~ ---~-- > :--~,·--<~~~-~-_..:._:_.;:___~-----'----- ------- ····--- '"-~----
·---------~-- -----, 

August·October 1984 
Bottom b 

a. Data Sources: De Rauen et al., 1987; LDEQ, 1991; LDHHR, 1990; LDWF, 1991; USGS, 1991 
b. Data Sources: De Rauen et al., 1987; LDEQ, 1991; LDHHR, 1990; LDWF, 1991; USGS, 1991 
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Calcasieu Lake, LA 

Figure 120. Time scales and forcing mechanisms important to salinity structure and variability * 

Time Scale of Salinity Response Salinity Variability I Importance of Mechanism 
Assessment 

Reliability 

Hours Days to Months to Year to Very High = > 21 ppt D -dominant H -high 
Weeks Seasons I Year Episodic 

High = 11-20ppt s -secondary M -moderate 

D Medium = 6-10 ppt M -minor L -low s D Freshwater Low = 3-5 ppt LIT- Literature 
Inflow 1-" Very Low = < 2 ppt 14 H 1-4 H 1-4 Only 

Tides 
E Relative importance 
0 of mechanism c • Wind s s ~ 
0 

LIT LIT • 1·4 1-4 

"' Density M s _[!]_ S"b'Y"em mo" 
Currents LIT 

Ass_es~~ent likely to be directly 
3·4 LIT 3·4 Rehab1hty influenced by mechanism 

Shelf M M 
Processes LIT 2 LIT 2 

VERY LOW I I 
NOTE: lsohatmes illustrated in Figure 119 represent the "mean" salinity 

LOW MEDIUM LOW UNKNOWN structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 

Effect on Salinity Variability variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

Freshwater Inflow 

Days-Weeks. Secondary influence on the salinity structure and a temporary increase in vertical stratification, primarily in the Calcasieu 
River and upper Calcasieu lake. Short-term retarding of esc bottom waters occurs during a significant Calcasieu River inflow. 

Months-Seasons. Dominant influence on estuary-wide salinity structure. January-March inflows are four times greater than during 
August-October. January-March inflows produce relatively unstable conditions throughout the estuary, but the duration of these 
conditions is greatest in the Calcasieu River and upper Lake. Moderate-to-high stratification occurs in the lower Lake, Calcasieu River, 
and CSC. Weakened August-October inflows allow increased variability in the upper Lake, increased stability in the lower Lake, and 
persistent vertical stratification in Calcasieu River and upper portion of CSC. 

Year-Year. A dominant impact on estuary-wide salinity structure. During 1970-1987, mean annual estuary-wide surface salinities 
ranged 5-18 ppt, but most often remained between 11-14 ppt. Year-to-year variability during the low- and high-salinity periods was 
relatively low. 

Wind 

Days-Weeks. Secondary influence on the salinity structure throughout the estuary. Cold fronts may override astronomical tides, 
induce mixing, and may cause a moderately important short-term alteration of salinity structure throughout the estuary. 

Months-Seasons. Secondary influence on the salinity structure. Prevailing seasonal winds contyibute moderately to the salinity 
structure throughout the estuary. 

Density Currents 

Days-Weeks. A minor, short-term landward displacement of saline bottom waters is apparent in the CSC during modest freshwater 
increases. 

Months-Seasons. Secondary influence on the salinity structure. Sufficient freshwater sustains density currents in CSC during high
and low-inflow periods and may influence the salinities near the channel. Peak seasonal inflows temporarily displace saline bottom 
waters. 

Shell Processes 

Months-Seasons. A minor, temporary decrease of entrained shelf water salinity is apparent in the lower lake, usually during late 
spring and summer (Wiseman et al., 1 990b). 

Year-Year. A minor, perhaps more prolonged decrease of entrained shelf water salinity is apparent in the lower lake, usually during 
late spring and summer. . 

*Data Sources: See data sources listed in Appendix II for Louisiana. 
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The Sabine Lake estuary occupies 243 km' along the 
Texas-Louisiana border (NOAA, 1990a). It consists 
of a relatively broad and shallow open bay, and a 
narrow but deep channel system along its western 
boundary (Figure 121). Its boundaries are defined 
from the salt barriers on the Sabine River (approxi
mately 32 km upstream of the turning basin at 
Orange, Texas) and on the Neches River (at its 
confluence with Village Creek) to its terminus with 
the Gulf at Sabine Pass. Tidal exchange occurs 
exclusively through Sabine Pass. 

Of all the Texas estuaries, this estuary has the 
greatest freshwater inflow-to-bay volume ratio 
(Ward, 1980). The estuary receives most of its 
freshwater from the Sabine River (about 50% of 
gaged inflow) and Neches River (about 43% of gaged 
inflow) (USGS, 1990). This estuary has been divided 
into three subsystems based on the response of 
salinity to forcing mechanisms and time scales 
(Figure 121). 

Sabine Lake, TX/LA 

The average depth of the open bay is approximately 
2m at mid-tide level, although some natural depths 
may exceed 7 m (Figure 122) (NOAA, 1990a). To 
facilitate shipping, a 12-m channel is maintained 
from the lower reaches of the Sabine and Neches 
Rivers, through Sabine Pass, including the Port 
Arthur Canal and Sabine-Neches Canal. Dredging of 
the channels along the bay's periphery and spoil 
disposal around the hayward side of the channel 
essentially separated the open bay from the channel 
system, except in the lower bay at Sabine Pass and in 
the upper bay at the mouth of the Neches River. This 
navigation system, which constitutes the deepest part 
of the estuary, greatly enhances saltwater intrusion 
into the upper estuary (Ward, 1973; Ward, 1980). Its 
channel system facilitates the development of density 
currents, which dramatically intensify with increas
ing water depth, and result in a net flow landward 
along the bottom even during high salinity periods 
(Ward, 1980). Density currents were responsible for 
a sharp increase in salinity intrusion, following the 
extension and deepening of the channel system to 

\ Figur---;121, f)J~aii!Jrltin~p]i\llx~tiil\fiifbitl~~arifgJi\~~~#f;~~'0:f~ 10 m from 1924-1934 (Von Deesten, 1924; 
l ________ __:. __ . -·~· ·_·c;;: .s·• ··•-""'<'<:•·• '"''•"' •-··'·'·"''J:'>•···f•·'"''''M~~s:, Ward, 1973). Because saltwater mtrudes 

Sabine 
River 

2 

much more rapidly up the channel system 
than through Sabine Lake, salinities may 
sometimes be higher at the mouths of the 
Neches and Sabine Rivers than in Sabine 
Lake, resulting in a reverse salinity 
gradient in the upper estuary (Ward, 
1980). The north and south disposal areas 
near Port Arthur Canal and the Sabine
Neches Canal were diked off between 
1967-1969, reducing the water surface area 
of Sabine Lake by about 10%. Further, this 
may have substantially changed circula
tion patterns in the estuary (Ward, 1973). 

[!] Sabine and Neches Rivers 

[]] Sabine Lake 

Since 1948, about 20 reservoirs have been 
constructed within the watershed. The 
Toledo Bend and Sam Rayburn reservoir 
systems are the most significant and 
regulate flow in the Sabine and Neches 
Rivers, respectively. Their operation does 
not affect the annual mean river flow, but 
does affect the timing and fluctuations of 
river flows (Ward, 1980). The Toledo 
Bend reservoir has decreased winter and 
early spring inflows, and increased late 
spring and summer inflows, reducing 
summer salinities in the estuary (Ward, 
1973; White and Perret, 1973). Although Skm 

rn Navigation System 

G Subsystem Boundary 

• Dredged Disposal Area 

Gulf of Mexico 
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Sabine Lake, TX/LA 

Figure 122. Bathymetry (meters) 

2 

2 
2 

3 
Disposal Area 
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G Navigation Channel 

~ Dredged Disposal Area 

summer salinities are not below those of the spring 
high-flow period, they are significantly lower than 
before the reservoir's operation (White and Perret, 
1973). During extreme low-flow years, the inflow to 
the estuary from the Neches River becomes essen
tially negligible and the longitudinal salt gradient in 
the Neches River vanishes, although a vertical 
stratification may exist. In this regime, the Neches 
River behaves more like a stagnant lake than a 
classical estuary (Ward, 1981). 

Salinity Patterns 

The Data. August-October 1974 and March-May 
1985 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions as no major modifica
tions to the estuary or its watershed have occurred 
since improvements to the navigation system in 1972 
(USACE, 1988). A summary of freshwater inflow 
conditions and salinity data for these periods is given 
in Figure 123. Figure 124 compares the average 
daily freshwater inflow volume during each month 
of the selected periods to long-term averages and 
suggests that the low-salinity period was drier than 
normal, while the high-salinity period was wetter 
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than normal. Figure 125 presents salinity distribu
tions for the selected periods, illustrating the domi
nance of seasonal freshwater discharge on the salinity 
structure. This structure, however, experiences 
variability as indicated in Figure 126. 

High-Inflow/Low-SalinihJ Period (March-May 1985). 
During this selected period and including February 
1985, total inflow from the Sabine and Neches Rivers 
was approximately 15% below long-term averages 
(Figures 123 and 124). The combined average daily 
discharge from the Sabine and Neches Rivers was 
600-900 m3 Is during most of February and March. 
Discharge decreased to 400-600 m3/s during April 
and remained near 400 m3 Is during May. Peak 
discharges occurred in late February (1150 m3 Is) and 
mid-March (900 m3/s). 

Salinities throughout the estuary were lowest in 
March and gradually increased as river discharges 
diminished. The lowest salinities were observed in 
upper Sabine Lake where oligohaline (0.5-5.0 ppt) 
conditions persisted (Figure 125). The highest 
salinities were recorded within Sabine Pass and the 
channel system. By May, high-salinity bottom waters 
(10-15 ppt) had reached inland as far as the mouths of 
the Sabine and Neches Rivers. Limited data suggest 
that freshwater inflow was sufficient to maintain low 
surface salinities with little variability in most of the 
open bay throughout the period. The lower region of 
the open bay experienced less stable bottom salinities 
presumably because of its proximity to the Sabine 
Pass Channel where the influences of tides and 
density currents are more important. Surface salini
ties within the navigation channels appeared to be 
much more variable in time and space than those in 
the open bay, with a faster rate of salinity intrusion 
once inflows declined. Stratification was not appar
ent in Sabine Lake except in the upper and lower 
portions of the bay near navigation channels. 
Moderate-to-high stratification occurred in the 
navigation channels. 

Low-Inflow/High-Salinity Period (Augnst-October 
1974). During this selected period and including July 
1974, total inflow from the Sabine/Neches Rivers was 
approximately 55% above long-term averages 
(Figures 123 and 124). Frequent dam releases along 
the Sabine River produced somewhat higher-than
normal inflows that consistently peaked near 200 
m3 Is from July through September. Consistent low 
flows (about 100m3 /s) were observed in the Neches 
River. 

Under typical low-inflow conditions, salinities within 
the open bay are most affected by flows from the 



Sabine River, whereas salinities in the channel 
system are most influenced by Neches River dis
charges. Thus, relatively high flows from the Sabine 
River, with persistently low flows from the Neches 
River during this period, resulted in a reversal of the 
longitudinal salinity gradient (i.e., salinities in the 
upper bay exceeded those in the middle bay). 

Salinities were approximately 5 ppt higher than 
during the low-salinity period, although above
normal discharges from the Sabine River may have 
prevented additional salinity intrusion. Also, surface 
and bottom salinities were less stable than during 
March-May 1985 and exhibited a weaker relationship 
to freshwater inflow. Moderate stratification was 
apparent in the Neches River and Sabine Pass, with 
weak stratification occurring in the lower Sabine 
River. Little, if any, stratification existed within the 
open bay. 

The salinity structure is primarily determined by 
seasonal freshwater discharge. During a low-salinity 
period, the estuary is completely dominated by 

March-May 1985 August-October 1974 
(High Inflow/Low Salinity) (Low Inflow/High Salinity) 

Surface Salinity 
#of Observations 30 167 

Sampling Distribution a 2-3 1·2 

Sampling Frequency bi-weekly monthly 

Average Salinity (ppt) 4.1 ,10.7 

Bottom Salinity 

#of Observations 20 74 
Sampling Distribution 8 2,3 1,2 

Sampling Frequency monthly monthly 

Average Salinity (ppt) 6.3 12.4 

Freshwater Inflow 
Volume 15% below average b 55% above average c 

Return Frequency of Peak Events 
1-day duration <2.0-year 2-5-year 
7-day duration <2.0-year 2-5-year 
30-day duration 2.0-year 5.0-year 

Abbreviation: ppt- parts per thousand 
a. Subsystem/s) with high sampling density 
b. Includes February 1985 
c. Includes July 1974 

Sabine Lake, TX/LA 

freshwater (i.e., salinities are generally fresh-to
brackish, stable, and vertically homogeneous), except 
within navigation channels. Low salinities are 
further enhanced by river processes from estuaries 
east of Sabine Lake that depress shelf salinities and 
prevailing northerly winds that suppress salinity 
intrusion. In contrast, the influence of freshwater is 
less pronounced during a high-salinity period. 
Hence, density currents, pressure systems, and 
freshets become more important to the determination 
and modification of the salinity structure. 

The important time scales of salinity variability and 
the responsible mechanisms are summarized in 
Figure 126. The most significant variation is attribut
able to winds, especially when associated with 
frontal passages; abrupt shifts in wind direction and 
changes in barometric pressure can dramatically 
affect water levels in the estuary, cancel any tidal 
effect, and ultimately lead to flushing of estuarine 
waters (Hauck, 1977; Ward, 1980; Wermund et al., 
1989). Freshwater pulses reduce salinities in the 
open bay and retard bottom water intrusion within 
the rivers and navigation system. The influence of 
astronomical tides (enhanced mixing) is generally 
limited to Sabine Pass. 
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Sabine Lake, TX/LA 

(5-10) 

August-October 1974 

Surface b 

a. Data Sources: TSDH, 1991;TWC, 1991;TWDB, 1991a/b 
b. Data Sources: TWC, 1991;TWDB, 1991a/b 
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March-May 1985 

Bottom a 

August-October 1974 

Bottom b 
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Sabine Lake, TX/LA 

Freshwater 
Inflow 

Tides 

•. • .. ·.; .·_, ::: ·:: _.i •· ~~m~--~c~~~:~~f}».~.n~J~:h~~~·q~:~;:. ~~~ [.£~~i~ 

H'"- I Days to Months to Year to 
u,, Weeks Seasons Year Episodic 

s D D 
M 1-2 H 1-3 H 1-3 

D 
LIT ' E~----~~~~-----4-----+-----4----~ 1 Wlod 

Density 
Currents 

Shelf 
Processes 

LIT 

LIT 

s 

s 

M 

1-3 LIT 1-3 

1,3 

s s 
LIT 3 LIT 3 

Very High = > 21 ppt 
High = 11-20ppt 
Medium = 6·10 ppt 
Low = 3·5 ppt 
Very Low .. < 2 ppt 

D -dominant 
S -secondary 
M -minor 

H -high 
M -moderate 
L -low 

LIT- Literature 
Only 

UNKNOWN LOW MEDIUM MEDIUM 

Effect on Salinity Variability 

UNKNOWN 

.. 

NOTE: lsohalines Illustrated in Figure 125 represent the "mean" salinity 
structure that Is subject to the temporal and spatial varla.biUty indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular t!me scale. The Information within each column 
indicates the mechanisms most responsible for that variability. 

Freshwater Inflow.· · . 

Days-Weeks. Secondary influence on salinity Vari8.bility,. primar,i!y.ih .t~:~:~.~Q!tl:i:~(:~9~~j9_~-~.f:~~~J?·.~·S"·oHhe. navigation system. 

M¢nths-5easoiJs. Dominant influ~nce .on salinity structure.throughourttte··estUarY); .. ~a:;c_fi~Ma:y_:ibtk>w i.s typicfilly ·foUr iimBs greater 
than during August-October; the difference in average salinities betwe:en·the,two:perfpdSziS;·a·ppf,Ci"xi'~at¢i_Y.4 pf)t: · 

·• · · · • 4"'' •. ·; ·r · 
··. . • .. "::.> . . :_.:.f.·.·."<·.·:_.·_(.·.. .. . ·'.' 

Year-Year. Dominant influence. on the salinity strUcture. Average ann'ual sallniti9:S-cire)8i8.ti\)8'IY;:~table,: thbUgh·more variation is 
apparent in the surface layer during both periods. AUtiust-October saliniti.eS,are;rerittJY~IY·~~t~pi~;·;refli:rC~in9. the··Oarrow range of inflow 
during this season. March-May salinities a:re more v8.riable, reflecting the'~ider·riuige··OfdrifloW:r:.. · 

. ' . . · •.•. ·. ·' :· .•. ;;'>' 

Tides 

Hours. Dominant influenpe qn salinity variability, prirharily ih S8.bin~_.:Fi~i~{u~~~.i_IY:~s§9·bfa~~a:\~iih .. ~nh.i~·6e~ water-column mixing. 
Astronomi.caltides are diurnal and e~h.ibita feeble range (0.3m throughoutthe•openbaY,and'.0?§:1:a·mwithin Sabine Pass). 

Days-Weeks. Secondary influence on Si31inity·variability.tliroughout"tti'S .. ·e.~t.~~cy, ·._Cp!d;'_tt.o~~~-:Re~~:tratEr·thlS 8.rea between September
April, but most frequently between December-fiebruary. ThBse·coJCHroritS m~y h.ayei.Con'Side·ra~IB:imPaCt, but the salinity structure 
appears to rebound· rapidly. · ... """ ·:' · ·<', 

Months..Seasons. Minor, estuary-wide influence on salinitY Structure. P.reivaiurjg·.;nCirth·:wirld$,:cie~re·ss.:waii;!·r levels ·and encourage a 
Gulfward shift of isohalines; Von Deesten {1.924) estimated that meati ,salinity riear. th9' IJ1.bliih.·oftfl9.Neches:River in 1922 was reduced 
60% (6 ppt} when northerly winds prevailed. Construction "Of the north an"d-:soutb C~e·dg9:d:f,Hsp?s·~j ;S:re;;ts~ hqwever, may have signifi-
cantly modified the circulation patterns that Yon .Dee~ten (1924) observed. · - · • " · 

Density•purrents · 

Days-Weeks. Secondary influence on salinity structUre,. primarily iri" th'e.nS.vigatiOh:_~YSte'rn,:·~rr~nsity' CUrrents within the navigation 
system may be controlled by Neches River inflow; under low-flow conditionS, 'bOtto·m WateYirltrus,iorl'·rhay produce a reverse salinity 
gradient in the upper portions of th·e open bay. · 

Shelf Processes 

Months-Seasons. Secondary influence on salinity structure, primarily Within ·sabine "Pas~: 

Year-Year. Secondary influence on salinity structure, primarily within Sabine Pas.s .. Yeift-to~xe·8.r;,v'ari.abllitY,ot .discharges, especially 
those of the Mississippi and Atchafalaya Rivers .• may significantly lower shelf salinities enirain.e.d:withrn·Sablne·Lake (Cochrane and 
Kelly, 1986). .. • • ; • .. 

* Data Sources: See data sources listed in Appendix II for Texas. 
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~----------------- Galveston Bay, TX 

The Galveston Bay estuary encompasses 1,360 km' 
and is the second largest estuary on the Texas coast 
(NOAA, 1990a). It includes several major embay
ments: Trinity Bay, Galveston Bay, East Bay, and 
West Bay, as well as several secondary bays around 
its periphery (Figure 127). Its boundaries are defined 
from the head of tide at Liberty on the Trinity River 
and at the Lake Houston Dam on the San Jacinto 
River to its terminus with the Gulf of Mexico. 

This estuary receives most of its freshwater from the 
Trinity River, but contributions from the San Jacinto 
River, Buffalo Bayou complex, and other peripheral 
inflows may be locally significant. On average, the 
Trinity River contributes approximately 83% of the 
estuary's gaged inflow, the San Jacinto River (mea
sured as spillover from the Lake Houston Reservoir 
which is most common during the winter and spring 
months) 8%, the Houston Ship Channel (HSC) 
drainage (Buffalo Bayou and tributaries) 6%, and 

Chocolate 

Chocolate Bayou <1% (USGS, 1990). The ungaged 
portion is estimated to contribute an additional3% of 
the total freshwater to the estuary (TDWR, 1981b). 
Most tidal exchange (80%) occurs through Bolivar 
Roads, although San Luis Pass admits the tidal prism 
for much of West Bay. Minimal exchange occurs 
through Rollover Pass. This estuary has been 
divided into five subsystems based on the response 
of salinity to forcing mechanisms and time scales 
(Figure 127). 

The average depth of this estuary is 2m at mid-tide 
level, although depths of the major and secondary 
bays differ (NOAA, 1990a). Oyster reefs create 
numerous shallow areas that may significantly affect 
currents and water circulation in the estuary (Figure 
128). Redfish Reef forms a mid-bay constriction, 
impeding water exchange between upper and lower 
Galveston Bay. Hanna Reef retards circulation 
between East Bay and lower Galveston Bay. 
Karankaway Reef restricts circulation between the 

western arm of West Bay and the 
rest of the estuary. In addition, 
dredged material disposal sites near 
the HSC may hinder east-west 
exchanges across the channel. 

The HSC (13 m) breaches Redfish 
Reef and enhances circulation 
between the upper and lower 
estuary. It also facilitates the devel
opment of density currents, an 
important mechanism for salinity 
intrusion. Density currents result in 
a net (tidal-mean) flow landward 
along the bottom, even during the 
high-salinity period as long as a 
salinity gradient exists (Ward, 1980). 
This is especially important in the 
lower 40 km of the channel, where a 
tongue of higher-salinity water is 
frequently aligned with the channel. 

rn Trinity Bay 

The Texas City Dike is a 8.6 km 
barrier that represents a major 
physical modification to this estuary. 
Most low-salinity water flowing 
from the upper estuary during high
salinity periods is shunted directly to 
the Gulf by the dike, bypassing West 
Bay. Because of the location of the 
dike and the presence of 

Gulf of Mexico 

rn Upper Galveston Bay 

W Lower Galveston Bay 

m EastBay 

[]]WestBay 

I• • •I Subsystem Boundary 
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Figure 128, Bathymetry.(meters) · .· 
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Karankaway Reef, salinities in West Bay can remain 
elevated even when discharges from the Trinity and 
San Jacinto Rivers are high. 

The Data. August-October 1986 and April-June 
1985 were selected to represent high- and low
salinity periods, respectively. These periods should 
reflect present-day conditions, since the only recent 
modification to the estuary or its watershed was the 
completion of the Dallas-Ft. Worth reservoirs in 1986. 
A summary of freshwater inflow conditions and 
salinity data for these periods is given in Figure 129. 
Figure 130 compares the average daily freshwater 
inflow volume on the Trinity River during each 
month of the selected periods to long-term averages 
and suggests that the high-salinity period experi
enced typical inflow conditions (except for an 
unusually wet July), while freshwater during the 
low-salinity period was below normal. Figure 131 
presents salinity distributions for the selected peri
ods, illustrating the dominance of seasonal freshwa
ter discharge on the salinity structure. This structure, 
however, experiences variability as indicated in 
Figure 132. 
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High-Inflow/Low-Salinity Period (April-June 1985). 
During this selected period and including March 
1985, total inflow from Trinity River was approxi
mately 15% below long-term averages (Figures 129 
and 130). Daily inflow for the Trinity River gener
ally remained near 200 m' Is, but peaked in early 
March (850 m'ls), early April (600 m'ls), early May 
(500 m'ls), and late May (350 m'ls). The San Jacinto 
River was dry during this period, except for short
duration discharges during early March (180 m' Is) 
and late March (210m' Is). 

Salinities throughout the estuary were generally 
lowest in April following the March freshet, in
creased until mid-May when the freshet retarded 
further salinity intrusion, and then increased from 
late May through June. Salinities in Trinity Bay were 
most sensitive to fluctuations in the Trinity and San 
Jacinto River discharges, while West Bay salinities 
appeared to be independent of these inflows. 

The lowest salinities (both surface and bottom) were 
found near the Trinity River delta and along the 
eastern shore of Trinity Bay (Figure 131). Salinities 
increased along a north-south gradient through 
Galveston Bay. The influence of the HSC was most 
apparent above Redfish Reef where bottom salinities 
were 5-10 ppt higher within the channel than in 
adjacent shallow areas. This difference was less than 
5 ppt below Redfish Reef. East Bay salinities were 
lowest along the northern shore and increased 
toward Bolivar Roads. The intrusion of saline 
bottom waters from Bolivar Roads, however, ap
peared to be inhibited by Hanna Reef. Salinities in 
West Bay were highly variable and salinities west of 
Karankaway Reef were often slightly higher than 
those to the east. Moderate stratification existed 
within central and western Trinity Bay and within 
the HSC, while the remainder of the estuary was 
vertically homogeneous. Salinities were most stable 
above Redfish Reef and within the HSC, but were 
more variable near Bolivar Roads and West Bay. 

Low-Inflow/High-Salinity Period (August-October 
1986). During this selected period and including July 
1986, total inflow from Trinity River was about 25% 
above long-term averages (Figures 129 and 130). 
Daily inflow for Trinity River remained below 70 
m'ls, except for peak inflows during early July (550 
m'ls) and mid-October (200 m'ls). As a result, 
Trinity River discharges did not dominate estuarine 
salinities during this period as during the low
salinity period. No inflow occurred in the San 
Jacinto River during this period. 



Salinities were higher and more variable during this 
period than during the low-salinity period (April
June 1985). Salinities in Trinity Bay were lowest 
along its eastern shore, while higher salinities 
penetrated the central and western bay. In Galveston 
Bay, salinities were 5-10 ppt higher than during the 
low-salinity period and were less stable. Although 
Gulf waters appeared to exert more control on 
salinity in lower Galveston Bay, a significant 
response to freshwater events was still apparent. 
Surface salinities below Redfish Reef were particu
larly unstable and bottom waters within the HSC 
showed a large range of variability. Salinity data for 
East Bay and West Bay were limited, but indicated a 
relatively stable structure in East Bay and highly 
variable conditions in West Bay. Moderate-to-high 
stratification occurred in the HSC, Galveston 
Channel, and in some locations near Bolivar Roads. 
Vertical stratification was generally absent in the 
remainder of the estuary. 

The salinity structure is determined by the seasonal 
freshwater discharge which depends primarily on 
the magnitude and duration of inflow from the 
Trinity River. It is most responsive to the seasonal 
discharge, but demonstrates important variability at 
other time scales. Prevailing seasonal winds, density 
currents, and shelf processes contribute less to 
salinity structure than the freshwater inflow (Figure 
132). West Bay, however, is often isolated from 
seasonal discharges, and salinities are determined by 
local runoff and winds. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
132. Stability is strongly related to Trinity River 
discharge. Low frequency flood events (i.e., 10- to 
20-year events) dominate the entire estuary and erase 
the vertical gradient in all but the HSC. They permit 
little variability and hinder recovery for extended 
periods. Typical seasonal discharges maintain 
relative stability within Trinity Bay and, to a lesser 
extent, in upper Galveston Bay. Vertical stratification 
is most widespread during seasonal high-salinity 
periods. Wind, especially when associated with 
frontal passages, is an important modifier of the 
seasonal structure and may induce short-term water
column mixing throughout the estuary. Tides may 
further enhance mixing in lower Galveston Bay. 
Low-salinity periods on the Trinity River allow 
amplification of diurnal winds, frontal passages, 

Galveston Bay, TX 

freshets, and tides on salinity variability. Inflows 
from the San Jacinto River and Buffalo Bayou are 
responsible for short-term displacement of high
salinity bottom waters in the HSC. Density currents 
have probably contributed to an increase in salinities 
over time, although the high-salinity variability due 
to other factors makes it difficult to separate the 
channel effect. 

April- June 1985 August- October 1986 
(High Inflow/Low Salinity) (Low Inflow/High Salinity) 

Surface Salinity 
#of Observations 

a 
Sampling Distnbution 
Sampling Frequency 

Average Salinity (ppt) 

BaHam Salinity 
#of Observations • Sampling Distribution 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

313 

1·5 

weekly - monthly 

12.3 

524 

1·5 

weekly- monthly 

15.1 

182 

1·5 

weekly- monthly 

15.6 

49 

1·5 

monthly 

21.7 

b 
Trinity River Volume 15% below average 25% above average c 

Return Frequency of Peak Events 
1-day duration 1.2-year 
7-day duration 1.3-year 
30-day duration 1.5-year 

Abbreviation: ppt- parts per thousand 
a. Subsystem(s) with high sampling density 
b. Includes March 1985 
c. Includes July 1986 

450 

~ 400 
E. 
Ill 350 

1 300 

i 250 

1 200 

~ 150 

& 100 

! 50 
~ 

F M A M 

Abbreviation: m31s- cubic melers per second 

2.2-year 
2.1-year 
2.2-year 

- Low Salinity (Apr-Jun 19851 

- High Salinity (Aug-Oct 1986) 
D Anteoodenl Monlh 

-Mean Monthly Inflow (1924-1990) 

A S 0 N 

• USGS gages reflect Inflow from 70% of the estuary's total watershed (63,455 km2) (USGS, 1990) 

D 
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Galveston Bay, TX 

April-June 1985 

Surface a 

August-October 1986 

Surface b 

a. Data Sources: TSDH, 1991; TWC, 1991; TWDB, 1991 a; TPWD, 1991 
b. Data Sources: TSDH, 1991; TWC, 1991; TWDB, 1991 a 
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April-June 1985 

Bottom a 

August-October 

Bottom b 



Galveston Bay, TX 

Figure 132. Time scales and forcing mechanisms important to salinity structure and variability * 

Tlrile S«;cile of ~alinity RespOnse 

Hours Days to Months to Year to Episodic 
Weeks Seasons Year 

Freshwater s D D 
Inflow L 1-5 H 1-5 H 1-5 

Tides M 

E LIT 3 • c s • Wind " -;;g. LIT 1·5 
b~~£~ 

Density M s 
}:~,;£f;.:~ Currents LIT LIT 2-3 2·3 
-:;;.:·---+- s M ":·><-_: Shelf 
; "o:,". :'I Processes LIT 3.5 LIT 3 

UNKNOWN I LOW MEDIUM MEDIUM UNKNOWN 

-~: ·.:. )}'. ~.~~~?~) ''·,~~ife~9i~~~£~~~J~·~IY .. Y.~r~~-~-i.IYW,7·~~·~;/>~·';.,··.y 'l: 

SallnltY.Varlablllty lmPortan·ce· of Mechanism Assessment 
Reliability 

Very High = > 21 ppt D -dominant H -high 
High = 11·20 ppt s -secondary M -moderate 
Medium = 6-10 ppt M ·minor L -low 
Low = 3·5 ppt LIT- Literature 
Very Low= <2 ppt Only 

Relative importance 

Subsystem most CJ_
ofmoohao;,m . 

As~es~:nen likely to be directly 
Rehab1hty Influenced by mechanism 

NOTE: lsohalines Illustrated In Figure 131 represent the "mean• salinity 
structure that Is subject to the temporal and spatia! variability Indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The Information within each column 
indicates the mechanisms most responsible for that variability . 

... . ::i·.:·-·.~';·:~1~c~·r·~§~~·r~~·i'~~(~ffi~~~~j.ni~i~w ,;· .. -:{:~ :~·~. : ·. . ... · . ·. . .. · .... 
Days-Weeks, Se<iondatyinfiq~~<le on tbes_ali&ityi~tructure. an1J;iemp6rar}rin6r~~sl3';)f'vertical stratification near 
freshwater sc>Ur\'es: Shortcterm retarding o!HSC:tlottom...waters for signifi.cimt ·san Jaeinto/Suffalo Bayou inflow. 

' , " , I - ' , . 

Months-Seasonf!l. Dominant influ~nce on the. salinity. structure, except in Wes(~ay.· tvlarch-June inflow is fqur times 
greater than the July-October _inflow. Also, Aprii:J.une inflows us.ually produce stable, moderatelY stratified salinities 
above Redfish Reef, but. less stable, moderately stratifiecl salinities below tile reeL Weakened)uly-October inflows 
allow increased variability in the upper bays, and a reduction in vertical stratification throughout the estuary. 

Year-Ye11r. Dominant influ'ence on ihe salinity structure. Flood-drought sequence IT]ay produce near-fresh to near-Gulf 
salinities throughout the estuary. During 1.970•1988, mean annual estuary-wides.alinities·ranged from 10-28 ppt. Year
to-year variability between April-June is higher than between August:October, d.ue to the increased range of year-to-year 
freshwater volumes. · · 

Tides 

Days-Weeks. Minor influence on the salinity structure; less significanttropic-equatorial cycle in lower Galveston Bay 
induces mixing and decreases stability.-

Winds 

Days-Weeks. Secondary influence on the salinity structure. ,Gold fronts occur betWeenbctober-March, but are most 
frequent between December-February. Wind.s induce mixing and may cause amoderately important short-term alter-
ation of salinity structure throughoutthe estuary. · 

Density Currents 

Days-Weeks. Minor influence on ihe sali~ity struCture. Moderately important, short-term landward displacement of 
saline bottom waters exists in the HSC durin9 modest freshwater increases. · 

Months-Seasons. Secondary influence on the salinity structure. Sufficient freshwater will sustain density currents in 
the HSC during high- and low-inflow periods; and may have an influence on salinities near this channel. 

Shelf Processes 

Months-Seasons. Secondary influence on the salinity structure. Temporary decrease of entrained shelf-water salinity 
to lower Galveston Bay usually during May and October (Cochrane and Kelly, 1986) .. 

Year· Year. Minor, perhaps a more prolonged decrease of entrained shelf water salinity to lower Galveston Bay usually 
during May and October. Gulf salinities off Galveston range from 27-35 ppt. 

• Data Sources: See data sources listed in Appendix II for Texas. 
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f21l---------- Brazos River & San Bernard 
~ River/Cedar Lakes, TX 

The Brazos River and San Bernard River/Cedar 
Lakes estuaries occupy just 34 km2 (NOAA, 1990a). 
Unlike most Texas estuaries, they do not include a 
large bay behind a barrier island system (Figure 133). 
Although close in geographical proximity, these 
estuaries are hydrologically separate systems except 
for the tenuous connection of the GIWW, connecting 
Christmas Bay on the east and East Matagorda Bay 
on the west. Freshwater inflow to these estuaries is 
derived almost exclusively from the Brazos and San 
Bernard Rivers. 

The Brazos River estuary extends from the head of 
tide, approximately 5 km upstream of the Missouri 
Pacific Railroad (USFWS, 1982b), to the Gulf of 
Mexico. It includes the main stem of the Brazos 
River, the GIWW east of the river, and adjacent 
wetlands. In 1929, the lower Brazos River was re
routed west of the natural channel. Today, this 
channelized portion of the river is this estuary's 
primary inlet. The former lower reach of the river 
was blocked and now serves as Freeport Harbor. 

Christmas1 
e., 1(_' 

Gulf of Mexico 

' ' 

m Braxos River 

[]] San Bernard River 

[j] Cedar lakes 

' / 
•' 4 

''""' 
E:J Subsystem Boundary 

Like Sabine Lake estuary, this estuary has a relatively 
high freshwater discharge to estuary volume ratio. 

The San Bernard River/Cedar Lakes estuary extends 
from the head of tide at the salt barrier, approxi
mately 2 km upstream of State Highway 35 (USFWS, 
1982b), to its terminus with the Gulf. It encompasses 
the area west of the Brazos River, including the 
associated marshes interspersed with tidal creeks. 
Cedar Lakes and Cowtrap Lake, located west of the 
San Bernard River, are the two largest areas of open 
water within this estuary. Most exchange with the 
Gulf occurs through the mouth of the San Bernard 
River, although minimal exchange occurs through 
ephemeral washover inlets (e.g., Cedar Cut). The 
shoreline from Freeport to the Colorado River mouth 
is the most erosive on the Texas coast. Along Cedar 
Lakes, the sand has been lost and the clay foundation 
exposed. There is imminent danger that Cedar Lakes 
will be breached and opened to the Gulf. San 
Bernard River inflows are derived from a very 
localized portion of a watershed between the Brazos 
and Colorado Rivers and exhibit a strong response to 
rainfall (Bales, 1986). Cedar Lakes receives minor 
discharges from Cedar Lake Creek. 

These estuaries have been divided into three sub
systems based on the response of salinity to forcing 
mechanisms and time scales (Figure 133). 

Most areas within these estuaries are very shallow 
and water depths average less than 1 mat mid-tide 
level (NOAA, 1990a). The deepest parts are in the 
channels of the San Bernard and Brazos Rivers (3 m) 
and the GIWW (4 m) (Figure 134). Cedar Lakes has 
an average depth of <1 mat mid-tide level (Diener, 
1975). 

Although the GIWW intersects the Brazos and San 
Bernard Rivers, floodgates impede circulation 
between the Brazos River and GIWW (Johnson, 1977) 
(Figure 134). Exchanges occur only when the locks 
are open during periods of heavy ship traffic 
(Kirkpatrick, 1972). Free exchange occurs between 
the GIWW and the San Bernard River, and tidal 
scouring at their intersection maintains depths in 
excess of 12m (Johnson, 1977). Kirkpatrick (1972) 
reported that flow in the GIWW was from southwest 
to northeast during low-inflow periods. During 
high-inflow periods, waters from the Brazos River 
flow out into the GIWW (when the locks are open to 
ship traffic), as well as into the Gulf (Kirkpatrick, 
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Brazos River & San Bernard River/Cedar Lakes, TX 

, Figure 134. Bathymetry (meters) 

East Matagorda 
Bay , .. ', 

BG,WW 
~ Floodgate or Lock 

1972). Exchange occurs between Cedar Lakes and 
the GIWW through several shallow channels, while 
flow between Cowtrap Lake and the GIWW is 
restricted to a single channel (Johnson, 1977). 

Dredged material disposal areas affect water move
ment in Cedar Lakes. At present, the GIWW is 
partially separated from Cedar Lakes by a discon
tinuous ridge of dredge disposal material (McGowen 
eta!., 1976a). Before 1925, the GIWW went through 
the center of Cedar Lakes. The submerged dredged 
material mounds near the old channel may still affect 
circulation within Cedar Lakes (Johnson, 1977). 

Salinity Patterns 

The Data. August-October 1975 and April-June 
1975 were selected to represent high- and low
salinity periods, respectively, for the Brazos River 
(Figure 136). These periods. should reflect present
day conditions as no major modifications to this 
estuary or its watershed have occurred since 1962. 
For the San Bernard River, August-October 1974 and 
April-June 1974 were selected to represent the high
and low-salinity periods, respectively. Data for both 
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estuaries was extremely limited. A summary of 
freshwater inflow conditions and salinity data for 
these periods is given in Figure 135. Figure 136 
compares the average daily freshwater inflow 
volume during each month of the selected periods to 
long-term averages and suggests that neither period 
experienced typical inflow conditions. Figure 137 
presents salinity distributions for the selected 
periods, illustrating the dominance of seasonal fresh
water discharge on the salinity structure. This 
structure, however, experiences variability as 
indicated in Figure 138. 

High-Inflow/Low-Salinity Period 
Brazos River Estuary (April-June 1975). 

During this selected period and including March 
1975, total inflow from the Brazos River was approxi
mately 45% above long-term averages (Figures 135 
and 136). A significant freshening of the Brazos 
River is apparent during the high-inflow (low
salinity) period, but its magnitude may be exagger
ated by the above-normal inflows during May or 
may be distorted by the relatively sparse data 
available for analysis (Figure 137); however, note the 
extent of bottom water intrusion within the Brazos 
River, even during high-inflow periods (Figure 137). 
For example, before the April freshet, bottom 
salinities exceeding 15 ppt reached 22.5 km above the 
river mouth, producing a highly stratified water 
column. Saline bottom water intrusion was abruptly 
interrupted between 22.5 and 29 km upstream of the 
river mouth. Following the April and May freshets, 
bottom waters were forced Gulfward and were 
suppressed below 1 ppt at sampling stations greater 
than 12 km upstream of the river mouth. Saline 
bottom waters within the lower river, however, 
returned quickly and re-established moderate-to
high vertical stratification. 

San Bernard River/Cedar Lakes Estuary 
(April-June 1974). During this selected period and 
including March 1974, total inflow from the San 
Bernard River was approximately 45% below long
term averages (Figures 135 and 136). Flows from the 
San Bernard River were less than 10 m3 Is, except for 
two peaks in mid- and late-March (50 and 35 m3/s, 
respectively) and one peak in mid-May (85 m3/s). 
The lowest salinities occurred in May, coinciding 
with the peak inflow event. Surface salinities within 
the river were most responsive and remained de
pressed during the period. Bottom salinities within 
the river were also depressed during May, although 
high salinities were re-established in the lower river 
by June (Figure 137). Cedar Lakes salinities demon
strated little response to San Bernard River flows. 
Moderate stratification was observed in the lower 



San Bernard River and high stratification occurred 
in the San Bernard River 42 km upstream of the 
GIWW near an industrial brine discharge point 
(Johnson, 1977). Stratification in the GIWW was not 
observed, except at one location in June. 

Low-Inflow/High-Salinity Period 
Brazos River Estuary (August-October 

1975). During this selected period and including 
July 1975, total inflow from the Brazos River was 
approximately 5% above long-term averages 
(Figures 135 and 136). Salinity distributions and 
discussions of its stability are based on two mea
surements made during September 1975 (Figure 
135). Salinity measurements were very similar from 
one date to the next since freshwater inflow was 
relatively unchanged for the two-week interval 
between sampling dates. Salinities were higher 
during this period than during the low-salinity 
period (Figure 135), and intrusion of high-salinity 
bottom waters was noted further upstream of the 
GIWW. Moderate-to-highly stratified conditions 
existed from the river mouth to more than 22.5 km 
upstream. Highly stratified conditions were again 
suddenly replaced by vertically homogeneous 
conditions at an unknown point between 22.5-29 km 
upstream of the river mouth. 

San Bernard River/Cedar Lakes Estuary 
(August-October 1974). During this selected period 
and including July 1974, total inflow from the San 
Bernard River was approximately 30% above long
term averages (Figures 135 and 136). The major 
freshwater inflow peak from the San Bernard River 
occurred ln mid-September (110 m'/s). Minor 
peaks occurred in mid-July, mid-August, and early 
September (about 20m3 /s each). Another minor 
peak (55m3 /s) occurred in mid-October. Average 
salinities were very similar to those depicted for the 
low-salinity period, probably due to similar inflow 
volumes during the two periods and to the limited 
availability of salinity data. The response of salinity 
to the September freshet, however, was much 
weaker than the response to the May 1974 freshet. 
Irregular high-salinity values were recorded at the 
same sampling stations demonstrating this salinity 
response during June 1974. 

~------·-------:-~·-:. __ , . ,- ~:' -.. -.s~-'":_.::';_::-:-;<\ __ :\ .. :·::/ ;--,<- ->::~.-- >:,> -~'.;~::::,~?~ 

I ____ - F act!)rS Aff~dil}.gr~~if~~l~3';:,' ; \1_l 
--- --···· ----··--------"-'--"" - - .. ..:...-..-------'~] 
The salinity structure of these estuaries is deter
mined by the seasonal freshwater discharge. Most 
freshwater from the Brazos River is shunted to the 
Gulf so that its effect on salinity is greatest in the 
channelized river and not in the interdistributary 

Bra:~:os River April-June 1975 August.October 1975 
(High lnllowllow Sellnity) (Low lnllow/Hlgh Salinity) 

Surtaee Salinity 
#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Slillnlty 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

Volume 

Return Frequency of Peak Events 

1-.day duration 
7-.day duration 
30-.day duration 

Abbrevtabon. ppt- parts per thousand 

48 

Biweekly (Sap only) 

50 

Biweekly (Sap only) 

7 

45% above average b 

3.4-year 
3.4-year 
3.8-year 

28 

Monthly 

28 

1 

Monthly 

18 

5% above average c 

1.4-year 
1.6-year 
1.8-year 

~: ~~?~d!~e~~U"\~7hJgh sampling density 
c. Includes July 1975 

April-June 1974 August·Oclober 1974 San Bernard River 
(High Inflow/low Salinity) (Low Inflow/High Salinity) 

~urface Salinity 
#of Observations 

Samp~ng Dlsbibution a 

Sampling Frequency 

Average Salinity (ppl) 

~otlom Salinity 

#of Observations 

Sampling Distribution a 
Sampling Frequency 

Average Salinity {ppt) 

Freshwater lnlfow 

Volume 

Aoturn Frequency of Poak Events 
1-.day duration 
7-day duration 
3D-day duration 

Abbrevlatton: ppt- parts per thousand 

33 

2·3 

Monthly 

71 

21 

2·3 

Monthly 

13 

45% below average b 

2.0·year 
2.2-yaar 
1.9-year 

33 

2·3 

Monthly 

11 

21 

2·3 

Monthly 

14 

30% above average c 

3.9-year 
3.7-year 
3.9-year 

a. Subsystem(s) with high sampling density 
b. Includes March 1974 
c. Includes July 1974 

700 

$soo 
g 
! wo 
~ 
!i; 400 

j 
~ 300 

~ 

8 200 

f1oo 

F M A 

Abbreviation: m3/s ·cubic meters par secor\d 

M 

Brazos Rlvar 
-Lew Salinity (Ap;.Jun 1975) 
ltD High Salinity (Aug-Oct 1975) 
c:::IAntecedant Month 
- M&an Monthly Inflow (1903-1990) 

San Bernard River -Lew Salintly (Apr.Jun 1974) 
I:Sl High Salinity (Aug.Qet 1974) 
1!!151 Mtecedent Month 
--Mean MonUy Inflow (1954-1990) 

s 0 N 

• USGS gages refl~ Inflow from 96% of the Brazos Rtver/San Bernard River/Cedar lakes' total watershed 

(121,207 km2) (USGS, 1990) 

0 
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Brazos River & San Bernard River/Cedar Lakes, TX 

areas of the estuary. Flows from the San Bernard 
River, however, are not as confined to the river 
channel and may influence salinities over a large 
portion of its estuary. The salinity structure of 
Cedar Lakes is determined by wind-driven advection 
of waters from the San Bernard River or the Gulf 
through the GIWW. These mechanisms operate on 
time scales of weeks and result in an unstable salinity 
structure. Stratification is most common in the lower 
Brazos and San Bernard River channels (Johnson, 
1977). Cedar Lakes and Cowtrap Lake, however, are 

Apr-Jun 1974-75 

Surface a 

Aug-Oct 1974-75 

Surface b 

very shallow and salinities are nearly vertically 
homogeneous (Johnson, 1977). 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
138. Variability in the Brazos and San Bernard River 
systems is primarily determined by short-term 
fluctuations of river discharges. Brine discharges 
also appear to locally influence salinity in the Brazos 
and San Bernard Rivers. Wind events are the most 
important modifier of the Cedar Lakes structure. 

Apr-Jun 1974-75 

Bottom a 

Aug-Oct 1974-75 

Bottom b 

a.-bala sci.lirces:--!lrmstraiigana-Goldstefr1;1975; Johnson, 197i ________________________________ _j 

b. Data Sources: Armstrong and Goldstein, 1975; Johnson, 1977 
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Brazos River & San Bernard River/Cedar Lakes, TX 

Figure 138. Time scales and forcing mechanisms important to salinity structure and variability * 
····---···-·········-····-~·······-·····- --····-···-·-- -······-··-····--·-·-···· -· 

Hours 

TJmEi Scale of Salinity Response 

Days to 
Weeks 

tv'onths to Year to 
Seasons Year 

Salinity Var'labll\ty 

Episodic 

Importance of Mechanism 

D -dominant 
S - secondary 
M -minor 

Assessment 
Reliabllltv 

H ·high 
M -moderate 
L -tow 

Freshwater 
Inflow L 

D D D 
1-3 L 1-3 L 1·3 

Very High "' > 21 ppt 
High "'11-20 ppt 
Medium .. 6-10 ppt 
Low =3-5 ppt 
Very Low = < 2 ppt 

LIT- Uterature 
Only 

Tides 

Wind 

Density 
Currents 

Shelf 
Processes 

Brine 
Discharges 

M 

LIT 1 

UNKNOWN 

5 
LIT 

5 
LIT 

LOW 

3 

M 

LIT 1-3 

MEDIUM MEDIUM UNKNOWN 

Relative importance 
of mechanism 

[!:}Subsystem most 
Assessmen likely to be directly 
Retiabl\ity influenced by mechanism 

NOTE: lsohalines illustrated in Figure 137 represent the "mean" salinity 
structure that is subject to the temporal and spatial variabiUty indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability . 

. 

· ·· Freshwater Inflow 

Day:s~Weeks. DQmrn_aA~ i,rifluenbe ori S8.1inity_vc;!.ri8.bilit}i, e·~pecially inthe srazOt;'and ·sao Bernard Riv~rs. 

Months~Seaso/15. .o_orll_iri~nt·J~tlue~b_e:.on sali'~~\y-~tfu(:tUre:thi'o4gho-ut the eSt\Jart .. _ Freshwate·r inflow in the Brazos River Is roughly 
three times·greate;r.,dUrfog_Aprii~J~n-6·19'i5th·an-duri_ng:·AuQUsf-:October 1975 .. The:resuh_-is a-sig'oificant decrease in average surf_ace 
salinities an~_-re\Ei.rdif19.ot~ali_ne bottpri:l water·-inirusion du,iing_'the high~i_nflt?w p:9rlo:p: -This proce~s is:lesS_pronounced in the San 
Bernard-Rive~;· ·' · · · ·- · > · · · ·- • · 

Year~-Year. po_rninan~:inf\pence.o,n~-~allhity.Sti,u·qty-re~ 
' ''- ·.--' ,., ,• ' _- ',,' '' 

Tides __ , 

Hours._ Mfnor_ !nfuJen-b_t~;:(>n -sau'niij/~ariB.biiity, ~r-in,a~ny_ neadh~ Brazos: RiVer _mo·uth: ~tr6_nofl)ical tides are diurnal and typically 
range o.s m(~o;;.A:i!(a9l,f"';· "~~ ~- ···• ' .'' · · • .,... ·~·.· 

Wind 

Days;. Weeks. S_ecbndary'influerice On salinity.yariability, particula~Jy in C~dar Lakes. Q_old fronts penetrate this area between 
October-March, but most frequently_ betw-een December-February {on avercige f5-20 even1s)_. These events are associated with 
water-co\ufl)n· mixing. Wind-9riven.eXchanges-with both the San Bernard River and Gulf determine salinity structure in Cedar Lakes. 

Density C11rrents 

Days~Weeks •. -se·Candat), ibfh.i.ence~On s.a!ihitySlruclure,:Prim~riiY i_n the·araz~s· Riyer, Hi9h:-s8.1lnity bottom waters may extend more 
than 25 km upstre_am ofthe riv$r motit~. but are pushed Gulfward by freshets.' 

Shelf Processes 

Months~Season~. Minbr-influen·c·e on 5;a\inity stru,cture, primarily at the river mouths. 

Brine Discharges 

Days-Weeks. Locally important, minor influence on salinity variability in the Brazos and San Bernard Rivers. 
. 

* Data Sources: See data sources listed in Appendix II for Texas. 
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The Matagorda Bay estuary is a broad, shallow 
lagoonal system which occupies 1200 krn' (NOAA, 
1990a) and is nearly isolated from the Gulf by 
Matagorda Peninsula. It encompasses the estuarine 
reach of the Colorado River, and the bar-built 
embayrnents of Matagorda Bay to the west and East 
Matagorda Bay to the east (Figure 139). Matagorda 
Bay, in turn, includes the secondary bays of Lavaca, 
Karankaway, and Tres Palacios. The inland bound
aries of the estuarine system are defined from the 
head of tide on the Colorado River at the Missouri 
Pacific Railroad crossing (salt barrier); State High
way 35 on the Tres Palacios River; and Lake Texana 
on the Navidad River. 

The Colorado River is estimated to deliver 25-80% of 
the total freshwater volume to the estuary (primarily 
through Parker's Cut), depending on river flow, 

Colorado River mouth complex through Parker's 
Cut. The estuary also has a minor connection to 
Espiritu Santo (the eastern arm of the San Antonio 
Bay estuary) through two narrow channels on the 
west shore of Pass Cavallo. Although the exchange 
between the two estuaries is unknown, it may be 
equivalent to 10% of the estuary's tidal prism volume 
(Ward et al., 1980). This estuary has been divided 
into four subsystems based on the response of 
salinity to forcing mechanisms and time scales 
(Figure 139). 

Bathymetry 

The average depth of this estuary is only 2 m at mid
tide level (Figure 140) (NOAA, 1990a). Numerous 
shoals exist throughout the estuary and are most 
commonly associated with oyster reefs. These shoals 
may significantly affect currents and water circula
tion. 

river mouth conditions, and tides (Ward et al., 1980). Creation of the Matagorda Ship Channel (MSC) in 
The estuary also receives significant inflow from the 1963 represents one of the few instances in which a 
Lavaca/Navidad and Tres Palacios basins. A lock deep-draft channel (11 m) was instituted from scratch 
system prevents Colorado River floodwaters from and alterations to the patterns of tidal exchange and 
entering the GIWW; the locks are closed when salinity intrusion within the system could potentially 
Colorado River inflows exceed 140m3 Is (Ward et al., be documented. The MSC allowed the development 
1980). Most tidal exchange occurs through Pass of density currents, an important mechanism for 
Cavallo and the Land Cut (Masch and Associates, salinity intrusion into this estuary. These density 
1971), although some exchange occurs through the currents likely result in a net flow landward along 

I 10km 

-~=·=~~~-=~--~--~ .. ·------~ the bottom even during the high
salinity period. In the open bay, 
tidal mean flow can probably be 

~ directed upstream throughout 
IN the water column (Ward et al., 

1980). This density-current 
mechanism was believed to have 
been responsible for a 2-5 ppt 
increase in the average salinities 
of Lavaca Bay and western 
Matagorda Bay, following the 
deepening of the channel (Ward 
et al., 1980). 

Gulf of Mexico 
Salinity Patterns 

[]] Lavaca Bay 

W Tres Palacios/Karankaway Bays 

rn Matagorda Bay 

The Data. August-October 1975 
and April-June 1985 were 
selected to represent high- and 
low-salinity periods, respectively. 
August-October 1975 does not 
reflect the construction of the 
Palmetto Bend (Lake Texana) 

rn East Matagorda Bay 

E3 Subsystem Boundary 

[iJ Floodgate or lock 
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Reservoir in 1980 (USACE, 1988). A summary of 
freshwater inflow conditions and salinity data for 
these periods is given in Figure 141. Figure 142 
compares the average daily freshwater inflow 
volume during each month of the selected periods to 
long-term averages and suggests that neither period 
experienced typical inflow conditions. Figure 143 
presents salinity distributions for these periods, 
illustrating the influence of seasonal freshwater 
discharge on the salinity structure. This structure, 
however, experiences variability as indicated in 
Figure 144. 

High-Inflow/Low-Salinity Period (April-June 1985). 
During this selected period and including March 
1985, total inflow for the Colorado River was ap-. 
proximately 30% below long-term averages, while 
the Lavaca/Navidad Rivers were approximately 20% 
above long-term averages (Figures 141 and 142). 
Discharges from the Colorado River were below 
average in April but near normal during May and 
June. The Lavaca/Navidad discharge was above 
normal in April, but below normal in May and June. 
In general, the lowest salinities occurred in late April, 
following a short-term freshwater pulse, while the 
highest salinities occurred in late May whim fresh
water inflow was hardly detectable. Where a. vail-· 
able, data indicated nearly vertically homogeneous 
conditions, except within the MSC (Figure 143). 
Salinity data for East Matagorda Bay were extremely 
limited. 
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1- - -1 Navigation Channel 

m Floodgate or Lock 

Salinities increased from 
· the secondary bays toward 
the inlets of the Land Cut 
and Pass Cavallo, and from 
the eastern arm of 
Matagorda Bay towards 
the inlets. ·High-salinity 
waters associated with the 
MSC dominated the 
western portion of this 
estuary and extended deep 
within Lavaca Bay. Salini
ties within the secondary 
bays were most responsive 
to the freshwater discharge 
and exhibited a steep 
horizontal salinity gradi
ent. Freshwater appeared 
to have a more limited 
influence on salinities 
within the central and 
lower bay. 

Low-Inflow/High-Salinity 
Period (August-October 1975). During this selected 
period and including July 1975, total inflow for the 
Colorado River was approximately 15% above long
term averages, while the Lavaca/Navidad Rivers 
were approximately 35% below long-term averages 
(Figures 141 and 142). Colorado and Lavaca/ 
Navidad inflows generally declined from July 
through October, with peak discharges occurring in 
early July and early August. 

Salinity data were only available for August and 
October, but indicated certain differences when 
compared to the low-salinity period. Average 
salinities were less than 5 ppt higher, indicating a 
modest influence of seasonal freshwater on salinity. 
High-salinity bottom waters within the MSC ap
peared to intrude further into this estuary, resulting 
in moderate-to-high stratification in Lavaca Bay 
(Figure 143). The remainder of this estuary was 
generally vertically homogeneous. 

The. most significant changes in bay-wide salinity 
·distributions are arguably attributable to seasonal 

·· fluciuations of freshwater inflow. The response of 
salinity is most direct in bays near the freshwater 
·source; however, the indirect influence of freshwater 
is important, even at low inflows, in establishing 
salinity variations across the open bay. Vertically 



homogeneous conditions commonly exist in the open 
bay, although a vertical gradient may be present in 
western Matagorda Bay and the secondary 
embayrnents. 

The important time scales of salinity variability anci 
responsible mechanisms are given in Figure 144. 

Matagorda Bay, TX 

,Most variability occurs within the secondary embay
.ments and is associated with variation in the fresh
:.water discharge. ])ensity currents within the MSC 
are responsible for intrusion of high-salinity bottom 

· '·waters and increased variability in western 
· Matagorda Bay and Lavaca Bay. Eastern and central 
· 'Matagorda Bay are relatively stable. 
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Surface Salinity 

#of ObseNatlons 

Sampling Distribution a 

Sampling Frequency 
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Colorado River 
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Return Frequency of Peak Events 

Colorado River 
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30-day duration 

Lavaca River 

1-dayduratlon 
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Abbreviation. ppt ·parts per thousand 

a. 5ubsystem(s) with high sampling density 
b. Includes March 1985 
c. Includes July 1975 
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1·4 1-4 

monthly monthly 

12.7 16.5 

,, 32 ,... 1-4 

weekly-monthly monthly 

22.0 22.2 

30% below average b 

20% above average b 

15% above average c 
35% below average c 

1.3-year 1.5-year 
1.3-year 1.&-year 
1.6·year 1.5-year 

9.0-year 1.2-year 
5.1-year 1.3-year 
5.0-year 1.5-year 

- Low Salinity (Apr-Jun1985) 
- High Salinity (Aug-Oct 1975) 
c:::J Antecedent Month 
-Mean Monthly lllflow (1938·1990) 

A s 0 N 0 

·USGS gage re!lects ln!low lrom 66% of the estuary's total watershed {130,272 km2) (USGS, 1990) 

149 



. Figure 143 Surface and bottom salinities during low- and high-salinity periods 

April-June 1985 

Surface a 

August-October 1975 

Surface b 

a. Data Sources: TPWD, 1991; TSDH, 1991; TWC, 1991; TWDB, 1991 alb 
b. Data Sources: TWC, 1991; TWDB, 1991 a 
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April-June 1985 

Bottom a 

August-October 1975 

Bottom b 



Freshwater 
Inflow 

Tides 

Wind 

Density 
Currents 

She\! 
Processes 

M 

Very High "'> 21 ppt 
High = 11-20 ppt 
Medium = 6-10 ppt 
Low =3·5 ppt 
Very Low = < 2 ppt 

• high 
-moderate 
-low 

LIT· 

NOTE: lsohalines illustrated In Figure 143 represent the •mean" salinity 
structure that is subject to the temporal and spatial variability Indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The Information within each column 
indicates the mechanisms most responsible lor that variability. 

Lavaca Bay 

* Data Sources: See data sources listed in Appendix II for Texas. 
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~---------------- San Antonio Bay, TX 

Geographic Setting 

The San Antonio Bay estuary occupies 530 km2 

(NOAA, 1990a) and is nearly isolated from the Gulf 
of Mexico by Matagorda Island. It consists of three 
major embayments: San Antonio, Espiritu Santo, and 
Mesquite Bays, as well as several secondary bays 
around its periphery (Figure 145). An inflatable 
saltwater barrier, defining the head of tide below the 
confluence of the Guadalupe and San Antonio 
Rivers, is in place during the irrigation season 
(roughly June-September). Pass Cavallo is shared 
with Matagorda Bay, but is the main tidal inlet for 
the San Antonio Bay estuary. This estuary also 
connects with the Aransas system through shallow 
and constricted channels. Minimal exchange with the 
Gulf occasionally occurs through Cedar Bayou, a 
small intermittent inlet, which was closed during the 
periods depicted in this report. 

The estuary receives most of its freshwater from the 
Guadalupe River (70% of gaged inflow) and San 
Antonio River (26% of gaged inflow) (USGS, 1990). 
Their watersheds lie between the humid climate of 
the east and the arid climate of the south. River 
flows seem to fluctuate from one climate to the other, 

routinely experiencing extended droughts, but likely 
to encounter severe storms at any time during the 
year. This estuary has been divided into three 
subsystems based on the response of salinity to 
forcing mechanisms and time scales (Figure 145). 

~J!~~-~y~J~2:-:i~~~~~=-=--~~-~:-~] 
The average depth of this estuary is approximately 
1m at mid-tide level (NOAA, 1990a), but depths of 
the major bays differ (Figure 146). Oyster reefs form 
numerous shallow areas in the middle and lower 
estuary, and can significantly affect currents and 
water circulation (Hallet al., 1976). Shell-dredging 
operations may temporarily create approximately 5-
12 m cuts in bay bottoms, but these cuts normally fill 
to less than 1 m deep within five years (Hallet al., 
1976). 

Construction of the GIWW and Victoria Barge Canal 
has probably modified circulation patterns in the 
estuary due to the increased capacity of these naviga
tion channels to carry a tidal current. However, the 
significance of these modified circulation patterns is 
unknown due to the limited predredging informa
tion available. Under normal conditions, tidal waters 

enter Espiritu Santo Bay through the 
Figure 14S~~~~Ho-~;~p-~~d~~sy;/~;,liii~~-fi[i6JJ;iJ.ij' •?~' ;.0;J)'~,;·;J GIWW and are conveyed to the 

---····-··--- ---·-----------------------· . .c..:C.;;x~:c.:.:.._;;::s:_~i~!.;_;~A upper estuary by the Victoria Barge 

Guadalupe 
River 

San Antonio 
River 

Dagger 
Point 

1 

Guadalupe 
Bay 

Gulf of Mexico 

[!] Upper San Antonio Bay 
fill Lower San Antonio, 
~ Ayres, and Mesquite Bays 

C3J Espiritu Santo Bay 

G Subsystem Boundary 

Matagorda 
Bay 

Texas 

Pass 
Cavallo 

Canal (Hallet al., 1976). Circulation 
in San Antonio Bay is normally in a 
counterclockwise direction, as waters 
flow along the western shore of the 
bay, and out the lower estuary 
through the GIWW (Hallet al., 1976). 

I \• ' -;-, > -~:----------- -------~ 

r; .,>.:i $~linity J?atterns i 
L~:.:.: ... : .. .'.:.,.J..:~~~-_:_ ________ ~-·----..! 

The Data. July-September 1986 and 
April-June 1985 were selected to 
represent high- and low-salinity 
periods, respectively. These periods 
should reflect present-day conditions 
as no major modifications have been 
rnade to this estuary or its watershed 
since 1969 (USACE, 1988). A sum
mary of freshwater inflow conditions 
and salinity data for these periods is 
given in Figure 147. Figure 148 
compares the average daily fresh
water inflow volume during each 
month of the selected periods to 
long-term averages and suggests that 
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San Antonio Bay, TX 

G Navigation Channel 

both periods experienced typical inflow conditions. 
Figure 149 presents salinity distributions for the 
selected periods. This structure experiences 
variability as indicated in Figure 150. 

High-Inflow/Low-Salinity Period (April-June 1985). 
During this selected period and including March 
1985, total inflow for San Antonio River was approxi
mately 10% below long-term averages, while inflow 
for Guadalupe River was consistent with long-term 
averages (Figures 147 and 148). The combined 
average daily discharge of the Guadalupe and San 
Antonio Rivers generally remained between 75-100 
m3 /s, except for peaks during mid-March (225 m3/s), 
mid-April (250 m3/s), and mid-June (375 m3/s). 
From Guadalupe Bay to Ayers Bay, salinities often 
varied in response to freshwater discharge, but 
sometimes were not responsive to defined freshwater 
pulses. Salinities in Espiritu Santo Bay were usually 
unaffected by freshwater discharge. Salinities were 
most stable in Guadalupe Bay, Hynes Bay, and near 
Pass Cavallo (Figure 149), but were unstable within 
the eastern portions of San Antonio Bay. 

The data appeared to support previously described 
salinity patterns within the bay, including: 1) the 
freshwater influence along the western shoreline of 
San Antonio Bay which produced consistently lower 
salinities compared to the eastern shore; 2) consis
tently lower salinities within Guadalupe Bay and 
Hynes Bay (<2 ppt and <3 ppt, respectively); 3) a 
horizontal gradient through Espiritu Santo Bay, 
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increasing toward Pass Cavallo; and 4) a prolonged 
freshwater influence on salinities within San Antonio 
Bay (Figure 149). Stratification seldom occurred in 
this estuary, except along the eastern shore of San 
Antonio Bay within Victoria Barge Canal. 

Low-Inflow/High-Salinity Period (July-September 
1986). During this selected period and including 
June 1986, total inflow for San Antonio River was 
approximately 40% above long-term averages, while 
inflow for Guadalupe River was 15% below long
term averages (Figures 147 and 148). The combined 
average daily discharge of the Guadalupe and San 
Antonio Rivers peaked in early June (450m3 /s), but 
remained below 75 m3/s between July-September. 

Average salinities were approximately 5 ppt higher 
than during the low-salinity period. Salinities 
increased along a north-south gradient from Guada
lupe Bay to Mesquite Bay (Figure 149). Lower 
salinities along the western shore of San Antonio Bay 
were not evident during this period. Stratification 
was absent in most of this estuary, except in the 
Victoria Barge Canal near Mesquite Point where 
moderate (2-5 ppt surface-to-bottom differences) 
stratification occurred. Salinities were relatively 
stable within upper San Antonio Bay and Mesquite 
Bay, but unstable within Espiritu Santo Bay (Figure 
149). 

Except within the eastern portions of Espiritu Santo 
Bay, the salinity structure is determined by infre
quent freshwater discharges that, once introduced, 
are retained within the system. Salinities remain low 
until meteorological events induce circulation that 
favors the saline water intrusion from adjacent 
estuaries or through restricted inlets. In a similar 
nature, prolonged high salinities may persist due to 
freshwater inflow reductions associated with 
droughts. The salinity structure within the eastern 
portions of Espiritu Santo Bay probably depends 
more on the conditions in lower Matagorda Bay. 
This estuary is most often vertically homogeneous. 

The important time scales of salinity variability and 
responsible mechanisms are given in Figure 150. 
Variability, determined by short-term freshets and 
meteorological events, is most apparent in lower San 
Antonio Bay and in western portions of Espiritu 
Santo Bay. Exchanges with adjacent estuarine 
systems can be a significant variability source to 
Espiritu Santo, Mesquite, and Ayres Bays. 



San Antonio Bay, TX 

1 Figure 147. Freshwaterinflo!p,salinitysan;zpling,and averagesalinity during low- and high-salinity periods 
I . . 
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* USGS gages reflect inflow from 89% of the estuary's total watershed {28,200 km2) {USGS, 1990) 
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April-June 1985 

Surface a 

July-September 1986 

Surface b 

a. Data Sources: TPWD, 1991; TWC, 1991; TWDB, 1991 a 
b. Data Sources: TWC, 1991;TWDB, 1991a 
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April-June 1985 

Bottom a 

July-September 1986 

Bottom b 



San Antonio Bay, TX 

Freshwater 
Inflow 

Tides 

Density 
Currents 

Inter-estuary 
Excllanges 
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LIT- Literature 
Only 

NOTE: lsohalines illustrated in Figure 149 represent the •mean" salinity 
structure that is subject to the temporal and spatial variability Indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 
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* Data Sources: See data sources listed in Appendix II for Texas. 
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~------------------ Aransas Bay, TX 

r··---~--• Ge-cl~raphic Setting . -;---1 
L--------~-----' __ -_-___ --. __ ·· _______ _j 
The Aransas Bay estuary is a lagoonal system of 
approximately 540 krn2 (NOAA, 1990a), separated 
from the Gulf by San Jose Island (Figure 151). 
Copano and Aransas Bays (connected by Copano 
Strait) are the primary bays, with Mission, St. 
Charles, and Carlos Bays as the secondary bays. The 
inland boundaries are defined at the head of tide on 
Mission River at its confluence with Blanco Creek 
and on the Aransas River approximately 5 krn 
upstream of its confluence with Chiltipin Creek. The 
estuary is connected to the San Antonio Bay system 
at Carlos Bay and to the Corpus Christi Bay system 
at Redfish Bay. Exchanges between the estuary and 
the Gulf are regulated through the inlets near San 
Jose Island after hurricanes. Essentially all exchange 
occurs through Aransas Pass, although intermittent 
exchanges occur through Cedar Bayou and through 
ephemeral washover inlets that sometimes breach 
San Jose Island after hurricanes. North Pass, located 
at the southern end of San Jose Island, is this 
estuary's most persistent washover inlet, although it 
has been shoaled closed for many years (Masch and 
Brandes, 1972). 

The estuary receives only 15% of its annual fresh
water volume as gaged inflow. On average, the 
Mission River contributes 49% of this gaged volume; 

OJ Copano Bay 

[2] Copano Strait/Carlos Bay 

[]] Aransas Bay 

EJ Subsystem Boundary 

the Aransas River, 15%; the Chiltipin River, 18%; and 
Copano Creek, 18% (USGS, 1990). Ungaged inflow 
accounts for an additional39% and direct precipita
tion 46% of freshwater input to the estuary (TDWR, 
1981c). Due to the arid, quasi-tropical climate of this 
area, freshwater inflow tends to be more widely 
spaced (in both time and space) and of isolated 
pulses, even during the high-inflow months. Most 
precipitation occurs in early fall due to tropical 
storms or in late spring due to frontal systems 
(TDWR, 1982b). On an annual basis, evaporation far 
exceeds precipitation. This estuary has been divided 
into three subsystems based on the response of 
salinity to forcing mechanisms and time scales 
(Figure 151). 

Bathymetry 

The average depth of the estuary is approximately 
2m at mid-tide level (NOAA, 1990a). Numerous 
oyster reefs extend transversely across Copano Bay 
(Diener, 1975; Gunter, 1945). Because they are 
perpendicular to the direction of flow, these reefs 
impede water circulation and affect salinity patterns 
in the upper estuary by retaining low-salinity water 
and dampening the tidal range (Collier and 
Hedgpeth, 1950; Shepard and Moore, 1960). Intra
estuarine circulation has also diminished due to spit 
accretion and shell berm formations which partially 

10 km 

isolate Port Bay and Mission Bay 
from Copano Bay (Brown et al., 
1976). 

Navigation channels fonn the 
deepest parts of the estuary: 
Aransas Channel (>4 m); Lydia Ann 
Channel ( 4 m); Corpus Christi 
Channel (4 m); and GIWW (4 m) 
(Figure 152). Compared to the 
Sabine and Galveston systems, these 
channels are probably not as impor
tant for salinity intrusion because of 
their shallow depth and the lack of a 
horizontal salinity gradient suffi
cient to maintain density currents. 

Salinity Patterns 

The Data. June-August 1974 and 
September-November 1974 were 
selected as the high- and low
salinity periods, respectively. 
Although September-November 

159 



Aransas Bay, TX 

Corpus Christi 
Channel (4) 

1974 was biased by a freshwater event that occurs, on 
average, every 7.5 years, it was selected because data 
were so limited during other years. These periods 
precede the most recent dredging of the Corpus 
Christi and Aransas Channels, but are expected to 
otherwise reflect present-day conditions (USACE, 
1988). A summary of freshwater inflow conditions 
and salinity data for these periods is given in Figure 
153. Figure 154 compares the average daily fresh
water inflow volume during each month of the 
selected periods to long-term averages and suggests 
that the high-salinity period was drier than average, 
while the low-salinity period was wetter than average. 
Because a significant fraction of freshwater to the 
estuary is not reflected by USGS gages, precipitation 
records at Rockport (located north of Aransas Pass 
between Copano and lower Aransas Bays) and 
Beeville (located in the northwestern portion of the 
Aransas River drainage basin) were also examined. 
Figure 155 presents salinity distributions for the 
selected periods, illustrating the dominance of an 
event-driven freshwater discharge on the salinity 
structure. This structure experiences variability as 
indicated in Figure 156. 

High-Inflow/Low-Salinity Period (September
November 1974). During this selected period and 
including August 1974, combined inflow from the 
Mission and Aransas Rivers was 85% above long-term 
averages (Figures 153 and 154). The combined 
average daily discharge of the Mission and Aransas 
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Rivers remained less than 10 m'ls, except for 
peaks in mid-September (625 m'ls) and late 
November (30m' Is). In addition, several 
rainfall events, recorded at Rockport and 
Beeville, did not coincide with any observable 
peak at either the Mission or Aransas River 
gages. These events, occurring in August and 
from mid-October to mid-November, measured 
1-3 em each. The latter events may be partially 
responsible for maintaining the depressed 
salinities established by the mid-September 
freshet. 

The lowest salinities in the estuary were ob
served in Mission Bay, while the highest were 
usually in Redfish Bay (Figure 155). The 
September freshet immediately overwhelmed 
Mission and Copano Bays and continued to 
dominate salinities throughout the period. 
Salinities in Aransas and Redfish Bays were 
also immediately impacted (but to a lesser 
degree) and continued to decline through 
November. The estuary was vertically homoge
neous during the averaging period except near 
Copano Strait where surface-to-bottom differ

ences were 5-10 ppt following the mid-September 
freshet. This scenario demonstrated the dispersion 
of the freshwater plume through this estuary and 
suggests that the residence time of freshwater was 
high. 

Low-Inflow/High-Salinity Period (June-August 
1974). During this selected period and including 
May 197 4, combined inflow from the Mission and 
Aransas Rivers was about 40% below long-term 
averages (Figures 153 and 154). Combined average 
daily discharge from the Mission and Aransas 
Rivers remained less than 10 m3 Is, except for a peak 
discharge in mid-June (110 m' Is) and minor freshets 
(20m3 Is) in May and August. 

The mid-June freshet depressed salinities through
out the estuary, although the residence time of this 
event was considerably longer within Copano and 
Mission Bays than in Aransas or Redfish Bays. 
Salinities were more stable within Copano and 
Mission Bays than in Aransas or Redfish Bays. The 
mid-June freshet produced moderate stratification 
(surface-to-bottom difference 3-6 ppt) near Copano 
Strait and weak stratification ( <3 ppt surface-to
bottom differences) in Aransas Bay (Figure 155). 
This estuary was otherwise vertically homogeneous. 
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The salinity structure is determined by isolated 
freshwater pulses that, once introduced, are retained 
within the system. Despite relatively small freshwa
ter inflows, the salinity values were low compared to 
those found in adjacent estuaries (Shew eta!., 1981; 
Wicker eta!., 1989). This estuary has more memory of 
freshwater events than the bays along the upper 
portion of the Texas coast. Like the San Antonio 
estuary, freshwater pulses tend to depress salinities 
and maintain low salinities for a much longer period, 
especially in Copano Bay, due to the constricted inlet 
connection and the lack of any deep draft channels. 
Wicker eta!. (1989) also attributed the lower salinities 

Aransas Bay, TX 

to the relatively efficient connection between the 
estuary and the San Antonio estuary that allowed a 
large input of estuarine waters from San Antonio Bay. 
Because this estuary is shallow and contains few deep 
channels, stratification was not widespread. Stratifi
cation was most common following freshets, and 
usually occurred near Copano Strait. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
156. Salinities are most variable in upper Aransas Bay 
(Figure 155) due to short-term freshets, wind, and 
exchanges within the San Antonio estuary. Salinity 
distributions depicted for the low-salinity period 
demonstrate the significant interannual variability 
that may exist. 
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September-November 1974 June-August1974 

(High Inflow/Low Sellnlty) (Low Inflow/High Salinity} 

Surface Salinity 

# of Obsetvations 

Sampling Distribution a 

Safllllirg Frequency 

Average Salinity (ppl) 

Bottom S11linlty 

#of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 
Volume 

Mission River 

44 

1-3 

monthly 

11.2 

39 

1-3 

monthly 

12.3 

60% above averageb 

Aransas River 150% above average b 

Re~m Frequency of Peak Events (Mission River) 

1-day dura~on 7.5·year 
7-day duration 8.5-year 
30·day duration 7 .5-year 

Abbrevlat1on: ppt- parts per thousand 

a. Subsystem(s) with high sampling density 
b. Includes August 1974 
c. Includes May 1974 

Mission River 

-Low Salinity (5ep-Nov 1974) 

~High Sa~nlty (Jun-Aug 1974) 

c::J Arltecedant Month 
-Mean Montly lntlow (1939·1990) 

Arens.as River 

~w Salinity (Sep·Nov 1974} 
~Hi{Jh Salinity (Jun·Aug 1974) 
[!!5JAnteceden! Month 

-Mean Mon!ly lnnow (1964-1990) 

M A M 

Abbrevlation:m3/s- cublc meters per sacor.d 

A 

58 

1-3 

monthly 

17.0 

36 

1-3 

monthly 

19.3 

45% below average c 

30% below average c 

s 

3.5-year 
2.g-year 
2.9-year 

0 N 

• USGS gages reflect inflow from 33% of the estuary's total watershed (7,250 km2} (USGS. 1990} 

D 
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Aransas Bay, TX 

,--. 

Figure 155. Surface and bottom salinities. duringlpto, and h;'ghcsalfriityper,jods(NOTE:[sohalinesfor Sep_:-Nov. 
' 1974 depict a hyrlrological state that differs signzjicantlyfrom that most characteristic of the normal inflow due to 
salinity data limitations for this estuary) 

------------~-------------------

September-November 1974 
~J~~----------------. 

September-November 1974 

Surface a Bottom a 

a. Data Sources: TWC, 1991; TWDB, 1991 alb 
b. Data Sources: TWC, 1991; TWDB, 1991 b 
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Aransas Bay, TX 

Freshwater 
Inflow 

Tides 

Evaporation 

Inter-estuary 
Exchanges 

Very High = > 21 ppt 
High = 11-20 ppt 
Medium = 6-10 ppt 
Low =3-Sppt 
Very Low = < 2 ppt 

D -dominant 
s -secondary 
M -minor 

Relative importance 
of mechatjism 

Subsystem most 

-Assessment 
-Rellribii\W-

H -high 
M -moderate 
L -low 

LIT- Uterature 
Only 

Assessment _~..-_ , ...... likely to be directly 
Reliability cr-...,:H.;_ ___ 1~-3~,_, -i-'lnfluenced by mechanism 

NOTE: lsohalines illustrated in Figure 155 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
Indicates the mechanisms most responsible for that variabllity. 

Secondary Jhflueh~~~ on~aJI[ntli?'fjbpt~!~~,,~n'~-Y~~/~Iii)9,.~j\;;))~jt) 
Year-Year. Seconda;y· influence ~.h saF;qi~ ~truct~fEi.a',jd;~iri~biiti~i,:~@ii)a"~iW.i!B:~~~Q~,~~'i3.?l~! 

* Data Sources: See data sources listed in Appendix II for Texas. 
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~--------------- Corpus Christi Bay, TX 

Corpus Christi Bay estuary is a bar-built system 
occupying approximately 500 km' (NOAA, 1990a), 
separated from the Gulf of Mexico by Mustang 
Island (Figure 157). It consists of two major bays 
(Corpus Christi and Nueces) and two secondary 
bays (Oso and Redfish) (TDWR, 1982b). Its bound
aries are from the head of tide on the Nueces River 
at Calallen Dam to its terminus with the Gulf at 
Aransas Pass (USFWS, 1982a). Most exchanges 
between this estuary and the Gulf occur through 
Aransas Pass (TDWR, 1982b), although limited 
exchange occurs through Fish Pass during rare high
water events (Behrens, 1981). This estuary connects 
with the Aransas Bay estuary through Redfish Bay 
and connects to upper Laguna Madre through the 
GIWW and Humble Channel cuts in the John F. 
Kennedy (JFK) Causeway. 

This estuary receives most of its freshwater from the 
Nueces River (about 99% of gaged inflow) and Oso 
Creek ( <1% of gaged inflow). Gaged inflow from 
Nueces Bay accounted for only 60% of the total 
freshwater to this estuary during the period 1941-
1976 (TDWR, 1981c); ungaged inflow contributed 
28% and direct precipitation, the remaining 8% 
during this same period. Due to the arid, quasi
tropical climate of this portion of the coast, fresh-

Nueces 
River 

[!] Nueces Bay 

rn Corpus Christi Bay 

E:J Subsystem Boundary 

Corpus Christi Bay 

2 

water inflow tends to be more widely spaced (in both 
time and space) and is characterized by isolated 
pulses, even during the high-inflow months. On an 
annual basis, evaporation far exceeds precipitation. 
This estuary has been divided into two subsystems 
based on the response of salinity to forcing mecha
nisms and time scales (Figure 157). 

The average depth of the estuary is approximately 
2m at mid-tide level (Armstrong, 1982). Several 
navigation channels bisect the estuary, including the 
Corpus Christi Channel (14m) which provides direct 
access to the Gulf through Aransas Pass (Figure 158). 
Occasionally, these navigation channels increase the 
exchange of estuarine and Gulf waters; density 
currents are generally not important since the 
necessary horizontal salinity gradient is usually 
present only after significant freshwater events. 

Water exchanges in this estuary are impeded by both 
natural and man-made obstructions. Circulation 
between Redfish Bay and Corpus Christi Bay is 
partially obstructed by dredged material disposal 
areas along the Corpus Christi Ship Channel. Nueces 
Bay and Oso Bay have been partially isolated from 
the rest of this estuary by spit accretion and deposi
tion of shell berms (Brown eta!., 1976). Exchanges 

Gulf of 
Mexico 

Padre 
Island 

between this estuary and Upper 
Laguna Madre are severely 
restricted by the earthen JFK 
Causeway; exchanges occur only 
through the GIWW and IIumble 
Channel cuts. 

The Data. June-August 1974 and 
September-November 1973 were 
selected to represent high- and 
low-salinity periods, respectively. 
These periods precede the Choke 
Canyon Reservoir construction 
(1982) and recent channel dredg
ing. Also, September-November 
1973 was biased by a freshwater 
event that occurs, on average, 
every 5-10 years. This period was 
intentionally selected to illustrate a 
significant decrease in system
wide salinity distributions and 
weakened variability due to 

\ 
\ 
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"" "] A freshening occurred throughout this eshmry 
""--" "--"" ____ """"" J following the October freshets, but it was most 

G Navigation Channel 

liiiiiii1 Dredged Material Disposal 
111!!1.1 Sites 

freshwater forcing. In the absence of these events, the 
salinity structure and variability are nearly identical 
during "typical" high- and low-salinity periods. A 
summary of freshwater inflow conditions and 
salinity data for these periods is given in Figure 159. 
Figure 160 compares the average daily freshwater 
inflow volume from the Nueces River during each 
month of the selected periods to long-term averages 
and suggests that neither period experienced typical 
inflow conditions. Because precipitation represents 
a significant fraction of freshwater to the estuary, 
rainfall records at Corpus Christi Airport and 
Chapman Ranch (both located in the Oso Creek 
drainage area) were also examined. Figure 161 
presents salinity distributions for the selected 
periods, illustrating the influence of low-frequency 
storms on the salinity structure. This structure 
experiences variability as indicated in Figure 162. 

High-Inflow/Low-Salinit!J Period (September
November 1973). During this selected period and 
including August 1973, total inflow from the Nueces 
River was approximately 150% above long-term 
averages (Figures 159 and 160). Discharge from the 
Nueces River was generally less than 30 m3 Is during 
August, September, and November. During October, 
three large discharges occurred: 325 m3 Is in early 
October, 600 m3ls in mid-October, and 225 m3ls in 
late October. Several rainfall events, measuring 
2-5 em at Corpus Christi Airport and Chapman 
Ranch during August and September, did not 
coincide with any observable peaks on the Nueces 
River or Oso Creek gages. 
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significant in Nueces Bay. Salinities (15-20 ppt 
before the freshets) were reduced to less than 
3 ppt after the October freshets. By late 
November, salinities near the Nueces River 
delta remained near 0.5 ppt, while the remain
der of the bay had recovered to only 10 ppt. 
Surface salinities in Redfish Bay and southwest 
Corpus Christi Bay also exhibited a rapid 
response to the freshet, but rebounded quickly 
to pre-freshet salinities. Bottom salinities in 
central and southern Corpus Christi Bay were 
less responsive to the freshet and showed 
moderate stratification in these areas. 

Low-Inflow/High-Salinity Period (June
August 1974). During this selected period and 
including May 1974, total inflow from the 
Nueces River was approximately 60% below 
long-term averages (Figures 159 and 160). 
Discharge from the Nueces River was below 

normal for this period. Inflow was less than 10 m' Is 
throughout the period, except during a mid-August 
freshet (140 m3 Is). Precipitation recorded at Corpus 
Christi Airport and Chapman Ranch coincided with 
peaks on the Nueces River gage, suggesting that 
precipitation reinforced the response to inflow. 

The effects of the mid-August freshet were limited to 
the western and central portions of Nueces Bay. 
Salinities in this estuary were reduced to brackish 
concentrations with weak vertical stratification. In 
Corpus Christi Bay, salinities were near Gulf values 
throughout the period and gradually approached 
hypersaline conditions in the eastern portion of the 
bay. The highest salinities occurred along the 
GIWW from Aransas Pass to Laguna Madre and the 
lowest were near Nueces Bay and in Redfish Bay. 
Salinities in Corpus Christi Bay were stable and 
vertically homogeneous. Redfish Bay salinities were 
less stable, possibly due to conditions in lower 
Aransas Bay. 

Factors Affecting V<triability 

The salinity structure is determined by isolated 
freshwater pulses rather than seasonal freshwater 
discharges. Salinities remained near Gulf concentra
tions and occasionally reached hypersaline condi
tions, especially near Upper Laguna Madre. Vertical 
stratification is uncommon but may occasionally 
occur in Nueces Bay, following freshwater events, 
and infrequently at Aransas Pass and major ship 
channels. 



Corpus Christi Bay, TX 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
162. In general, the Corpus Christi system is rela
tively stable. Variability, greatest in Nueces Bay and 
Oso Creek, is primarily attributable to freshets. 
Meteorology and exchanges with the Upper Laguna 

Madre and Aransas Bay systems may be important 
modifiers of the salinity structure in Redfish Bay and 
eastern Corpus Christi Bay. Salinity distributions 
depicted for September-November 1973 demonstrate 
the significance of low-frequency storms. 
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September-November 1973 June-August 1974 
(High Inflow/Low Salinity) (Low Inflow/High Salinity) 

Surface Salinity 

# of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Bottom Salinity 

# of Observations 

Sampling Distribution a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

Volume 

104 

1. 2 

monthly 

14.8 

78 

1, 2 

monthly 

16.6 

Nueces River 150% above average b 

Return Frequency of Peak Events (Nueces River) 

1-day duration 
7-day duration 
30-day duration 

Abbreviation: ppt ·parts per thousand 

a. Subsystem(s) with high sampling density 
b. Includes August 1973 
c. Includes May 1974 

250 

9.1-year 
7.3-year 

1 0.1-year 

200 
- Low Salinity (Sep-Nov 1973) 

-High Salinity (Jun-Aug 1974) 

150 c=::l Antecent Month 

- Mean Monthly Inflow (1939-1989) 

100 

50 

0 
J F M A M J J A 

146 

1, 2 

monthly 

31 

83 

1. 2 

monthly 

30.6 

60% below average c 

s 

2.5-year 
2.7-year 
2.2-year 

0 N 

Abbreviation: m3/s "' cubic meters per second 
* USGS gages reflect inflow from 95% of the estuary's total watershed (45,580 km2) (USGS, 1990) 

salinity 

D 
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Corpus Christi Bay, TX 

September-November 1973 

Surface a 

June-August 1974 

Surface b 

= 

a. Data Sources: TWC, 1991; TWDB, 1991 b 
b. Data Sources: TWC, 1991;TWDB, 1991b 
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September-November 1973 

Bottom a 

June-August 1974 
Bottom b 
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Inter-estuary 
Exchanges 

S_alli'tlty Variability 

Very High = > 21 ppt 
High = 11-20 ppt 
Medium = 6-10ppt 
Low = 3-5 ppt 
Very Low = < 2 ppt 

Importance of Mechanism 

D -dominant 
s -secondary 
M -minor 

Assessment 
Rel!abll~ 

H -high 
M -moderate 
L -tow 
LIT- Literature 

Only 

NOTE: lsohalines illustrated in Figure 161 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variabltity at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variabl!ity. 

·lnt!!r,!!stuary.Exchanges 
' ~ ' ' 

Year~ Year.· -~:fnor;,i-~lfUe~nb~·.::~~n ~air~~ty:strUcl~te; primarilY' in Redfish Bay, dUe to conditions in Aransas Bay. 

• Data Sources: See data sources listed in Appendix II for Texas. 

169 





~-------------Laguna Madre, TX 

Geographic Set:tirtg> · 

The Laguna Madre estuary is a bar-built coastal 
lagoon separated from the Gulf by Padre Island 
(Figure 163). It has the largest surface area (1500 
km') and length (170 km) of any Texas estuary 
(Armstrong, 1987). Major bays are the Upper/ 
Lower Laguna Madres, Baffin Bay, and South Bay; 
secondary bays include Alazan and Cayo Del Grulla. 
This estuary consists mostly of mud-sand flats 
inundated intermittently by wind-driven flows. The 
most prominent of these flats is the land bridge, an 
extensive mud-sand platform with active dunes 
located about midway down the Laguna, that 
effectively separates the lagoon into upper and lower 
bays. Therefore, in this characterization, the Upper 

Soo 
Fernand 
Creek 

KINGSVILLE 

rTl Alazan Bay/Cayo Del Grulla/ 
L.!..J Los Olmos rn Baffin Say 

rn Upper Laguna Madre 

rn Arroyo Colorado/Fioodways 

rn Lower Laguna Madre 

a Subsystem Boundary 

Raymondville Drain 

North Floodway 

UNITED 

Rio Grande River 

MEXICO 

Corpus Christi Bay 

Gulf of Mexico 

Brazos· 
Santiago 
Pass 

~ 
10km 

and Lower Laguna Madres are examined as quasi
autonomous systems. 

The Laguna Madre estuary is unique among Texas 
estuaries because no major streams discharge to this 
system. San Fernando Creek and Los Olmos Creek 
discharge to Upper Laguna Madre through Baffin 
Bay, although discharge volume averages only 
1 m3/s (Smith, 1988; USGS, 1990). Limited fresh
water (approximately 10 m3/s) is discharged to 
Lower Laguna Madre from the Arroyo Colorado, the 
North Floodway, and the Raymondville Drain. The 
freshwater plume from the Rio Grande is less of a 
hydrographic feature of Lower Laguna Madre than it 
was a couple of decades ago. Only runoff from the 
lowermost reach of the river currently contributes to 
the plume (i.e., that reach of the river below the 
Anzaldulas Dam at Brownsville). Under low-inflow 
conditions, the Rio Grande's flow is entirely im
pounded in Amistad and Falcon and diverted for 
municipal and irrigation use. When the rare Rio 
Grande floods occur, the North Floodway system in 
the U.S. and the South Floodway in Mexico are 
activated, diverting flood waters away from the river 
channel to the U.S. Laguna Madre and the Laguna 
Madre of the South (Mexico), respectively. Direct 
precipitation contributes approximately 65% of the 
total freshwater discharged to the estuary, while 
gaged inflow represents only 17% (Brown eta!., 
1977b; TDWR, 1983). 

Exchange between Upper Laguna Madre and the 
Gulf occurs through Aransas Pass through Corpus 
Christi Bay, through limited openings in the )FK 
Causeway (Brown et al., 1977a; Simmons, 1952). 
Gulf waters enter lower Laguna Madre through 
Mansfield Pass (an artificial land cut through Padre 
Island) and the southern inlet of Brazos-Santiago 
Pass. The estuary has been divided into five sub
systems based on the response of salinity to forcing 
mechanisms and time scales (Figure 163). 

. Bathymetry 

The average depth of the estuary is approximately 
1 m at mid-tide level, although Upper Laguna Madre 
averages <2m; lower Laguna Madre, 1 m; and Baffin 
Bay, 2m (Figure 164) (NOAA, 1990a). The GIWW 
spans the length of this estuary and has become an 
important conduit for exchanges between Upper 
Laguna Madre and Corpus Christi Bay, as well as the 
upper and lower Laguna. Before completion of the 
GIWW, salinities over three times that of seawater 
were routinely recorded in Upper Laguna Madre 
(Diener, 1975). 
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• land Bridge 

G Navigation Channel 

UNITED 

MEXICO 

Shoals significantly affect water circulation and 
salinity in this estuary. Reefs at the mouth of Baffin 
Bay impede water exchange with Upper Laguna 
Madre and retain hypersaline wafers within the bay. 
In a similar manner, freshwater is also retained in 
Baffin Bay for long periods, following large storms 
due to these reefs. Exchanges between South Bay 
and Lower Laguna Madre are essentially blocked by 
dredge material from the Brownsville Ship Channel. 
Along the main north-south axis of the Laguna, an 
extensive line of dredged material disposal sites lies 
near the eastern shore of the GIWW. 

The Data. June-August 1985 and September
November 1985 were selected to represent high- and 
low-salinity periods, respectively. These periods 
should reflect present-day conditions since no major 
modifications to the estuary or its watershed have 
occurred since the Brownsville Channel was ex
panded in 1980. The salinity structure (Gulf concen
trations or higher) and variability were almost 
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identical during these periods because of comparable 
and feeble freshwater discharges .. Like the Corpus 
Christi estuary, significant system-wide salinity 
reductions occur only during low-frequency storms 
(i.e., 5-10 years). However, since the U.S. Geological 
Survey (USGS) gage on San Fernando Creek repre
sents a very small fraction of the watershed, caution 
should be exercised when using its values to deter
mine if representative conditions existed during the 
period .of depiction and when comparing the salinity 
response to its hydrograph. Certainly, the negligible 
volumes recorded at the USGS gaging station are not 
impacting salinities in such a large estuary, but the 
hydrograph may be used to suggest the timing of 
significant precipitation or freshwater inflows. Also, 
freshwater conditions within the Nueces River and 
Oso Creek gages were considered a surrogate 
indicator of hydrographic conditions within the 
adjacent Nueces system. In addition, precipitation 
records at Falfurrias and Kingsville (Upper Laguna 
Madre) and Harlingen and Raymondville (Lower 
Laguna Madre) were examined to determine the 
extent to which freshwater input to the estuary was 
the result of significant rainfall not reflected by the 
USGS gages. A summary of freshwater inflow 
conditions and salinity data for these periods is given 
in Figure 165. Figure 166 compares the average 
daily freshwater inflow volume during each month 
of the selected periods to long-term averages. Figure 
167 presents salinity distributions for these selected 
periods. This structure experiences variability as 
indicated in Figure 168. 

High-Inflow/Low-Salinity Period (September
November 1985). During this selected period and 
including August 1985, total inflow from the San 
Fernando Creek was approximately 95% below long
term averages (Figures 165 and 166). Discharge from 
San Fernando Creek remained below 1 m3 Is 
throughout the period. However, isolated precipita
tion measuring 6 em and 7 em was recorded at 
Raymondville on August 16 and September 16, 
respectively, and a large storm on September 30 
measured 7 em at Kingsville and 11 em at 
Raymondville. 

In Upper Laguna Madre, freshwater inflow was 
apparently too weak to depress salinities much 
below seawater concentrations. Modestly lower 
salinities and weak stratification were short-lived 
and confined to Cayo Del Grullo and Alazan Bay 
following precipitation. In Upper Laguna Madre, 
salinities gradually decreased throughout the period, 
possibly due to hydrographic conditions within 
Corpus Christi Bay. Salinities in the Hole (i.e., a 
relatively deep and somewhat isolated area near the 



land bridge in Upper Laguna Madre) were less 
influenced by freshwater events. 

Data were limited for Lower Laguna Madre, but 
indicated that salinity increased from Brazos
Santiago Pass to the land bridge, except for localized 
depressions near Arroyo Colorado and the North 
Flood way. By early October, salinities were reduced 
to 27 ppt near the Brazos-Santiago Pass, 22 ppt near 
Arroyo Colorado, and 32 ppt near the land bridge. 
By late November, however, salinities in the lower 
estuary had increased nearly 10 ppt. Salinities in 
Lower Laguna Madre were vertically homogeneous 
during this period, except for weak stratification 
(3 ppt surface-to-bottom difference) near Arroyo 
Colorado during October. 

Low-Inflow/High-Salinity Period (June-August 
1985). During this selected period and including 
May 1985, total inflow from the San Fernando Creek 
was approximately 50% above long-term averages 
(Figures 165 and 166). Discharge from San Fernando 
Creek was less than 1 m3 Is during this period, except 
in late May when a storm with a 5-year return 
frequency delivered 30 m' Is on May 20. Most 
rainfall occurred from mid-June to early July. In 
addition, two significant rainfall events were ob
served at Raymondville in August. 

In Upper Laguna Madre, salinities remained above 
seawater concentrations, except for short-lived 
depressions in the upper reaches of Cayo Del Grulla 
and Alazan Bay. By August, precipitation disap
peared and bottom salinities increased, reaching 
more than 40 ppt in Upper Laguna Madre and 50 ppt 
in Baffin Bay near Alamazon Creek. Surface salinity 
data were very limited. 

In Lower Laguna Madre, salinities generally exhib
ited little gradient in either the horizontal or vertical 
direction. Salinities were at Gulf values (about 35 
ppt) near Brazos-Santiago Pass and the Brownsville 
Channel and were hypersaline (35-45 ppt) through
out the Laguna. Slightly lower salinities were again 
observed near Arroyo Colorado. Stratification 
occurred near Arroyo Colorado and in South Bay 
following precipitation. 

The salinity structure is determined by isolated 
freshwater pulses and intense evaporation rather 
than by seasonal freshwater discharge. Salinity · 
distributions were nearly identical during the typical 

Laguna Madre, TX 

high- and low-salinity periods because the water 
volume entering this estuary during a typical high
inflow (i.e., low-salinity) period was not of sufficient 
magnitude to significantly displace the isohalines. 
Salinities in this estuary remained near Gulf concen
trations and commonly reached hypersaline condi
tions, especially in Upper Laguna Madre. Vertical 
stratification is uncommon, but may occasionally 
occur in the upper reaches of Cayo Del Grulla and 
Alazan Bay, and near Arroyo Colorado following 
freshwater events. 

Surface Sallnlty 

#of Observations 

Sampling Distribution a 

Sampling Frequency 
Average Salinity (ppt) 

BoHom Salinity 
#of Obsetvations 

Sampling ll"stribullon a 

Sampling Frequency 

Average Salinity (ppt) 

Freshwater Inflow 

Volume 

September-November 1985 
{High Inflow/Low Salinity) 

\16 

1,2,3,5 

biweekly-monthly 
ULM 38.4 
LLM 30.3 

4\ 

1,2,3,5 

biweekly-monthly 

·ULM 38.6 
LLM 31.3 

June-August 1985 
(Low Inflow/High Salinity) 

67 

1,2,3,5 

monthly 

38.0 
34.4 

24 

1,2,3,5 

July only 

37.7 
37.0 

San Fernando River 95% below average b 50% above average c 

Return Frequency of Peak. Events (San Fernando River) 
1-day duration 1.4-year 
7-day duration 1.3-year 
30-day duration 1.3-year 

Abbreviations: ppt- parts per thouSand; ULM ·Upper Laguna Madre: 
LLM • Lower Laguna Madre 

a Subsystem(s) with high sampling density 
b. lncludesAugust1985 
c. Includes May 1 985 

6 

~ 5 

" j 4 

- Low Salinity (Sep ·Nov 1985) 

- High Salinity (Jun ·Aug 1985) 

D Antecedent Month 

- Monthly Mean Inflow (1965·1987) 

i 3 

i 2 

t 
0 

1.1-year 
1.1-year 
1.2-year 

J F M A M A S 0 N D 

Abbreviation: m3/s- cub'c meters per second 
• The percentage of the watershed reflected by USGS gages is unknown, but it does not 

accurately reflect total freshwater to the estuary. 
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Laguna Madre, TX 

The Laguna Madre estuary is the best known of the 
Texas estuaries, because it is such an extensive 
lagoonal system and is notoriously hypersaline. It 
has become a textbook example of a hypersaline or 
negative estuary (Dyer,J973). This hypersalinity is a 
result of two dominating factors of the Laguna 
hydrography: the large excess of evaporation over 
freshwater in£1ux; and the shallow, enclosed mor
phology with limited exchange with the Gulf. Wind 
and especially alterations in wind velocity are most 
important in causing exchanges; wind drives water 
from one end of the Laguna to the other, and alters 
the exchange with the Gulf through this system's 
inlets. Vertical stratification is uncommon, but may 
occasionally occur in the upper reaches of Cayo Del 

September-November 1985 
Surface a 

June-August 1985 
Surtace b 

a. Data Sources: TPWD, 1991;TWC, 1991;TWOB, 1991a 
b. Data Sources: TPWD, 1991;TWC, 1991;TWDB, 1991a 
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Grulla and Alazan Bay, and near Arroyo Colorado 
following freshwater events. 

The important time scales of salinity variability and 
responsible mechanisms are summarized in Figure 
168. In general, salinity in this estuary is relatively 
stable, particularly in Lower Laguna Madre where 
winds continually promote Gulf-water circulation 
through the system. Variability is greatest in the 
upper reaches of Cayo Del Grulla and Alazan Bay 
and near Arroyo Colorado following freshwater 
events, but its effect is generally short-lived. Ex
changes between Upper Laguna Madre and Corpus 
Christi Bay may also be an important modifier of the 
salinity structure. 

June-August 1985 
Bottom b 



Laguna Madre, TX 
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Figure 168. Time scales and forcing mechanisms important to salinity structure aiid,;vtil'ia~il!f!J.~ t . . • · . .. . . . 
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. Time· scale of Salinity RespOnse 

Hours Days to Months to Year to Episodic 
Weeks Seasons Year 

Freshwater s M D D 
Inflow 

M 124 M 1 ,, M ? LIT 1-5 

Tides 

Wind s D 
LIT 1·5 LIT 1·5 

Evaporation D 
LIT 1-5 

Inter-estuary M 
Exchanges LIT 3 

UNKNOWN LOW VERY LOW LOW HIGH 

Effect On s·allnlty _Val'labii_Jiy 
. 

Inter-estuary 

Salinity Variability lin~~~ri~;-o, -M~6ha·ni~m 
Very High "" > 21 ppt D 
High = 11-20 ppt s 
Medium = 6-10 ppt M 
Low = 3-5 ppt 
Very Low = < 2 ppl 

Relative importance 
of mechanism 

-dominant 
-secondary 
-minor 

Subsystem most 
Assessment likely to be directly 

Assessment 
' ReuabliiiV .. 
H ·high 
M- moderate 
L -!ow 

LIT- Uterature 
Only 

I2J Reliability Influenced by mechanism 

NOTE: lsohalines Illustrated In Figure 167 represent the "mean" salinity 
structure that is subject to the temporal and spatial variability Indicated by this 
matrix. The lower portion of the matrix presents the magnitude of salinity 
variability at a particular time scale. The information within each column 
indicates the mechanisms most responsible for that variability. 

Year. Minor in.flueric.e on salinity structure,-prim.arily between Uppe·r Lagutna.M.et~r,i(~n.a:c.d!e'i~<~f't.ii 

* Data Sources: See data sources listed in Appendix II for Texas. 
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Concluding Comments 
This report has examined the salinity structure 
and variability of 26 Gulf of Mexico estuaries. To 
the extent that data allowed, the salinity structure 
was represented by typical seasonal distributions 
existing under normal and present-day hydrologic 
conditions. This structure: 1) indicates the 
relative influence of seawater and freshwater 
sources in the estuary; 2) provides a common basis 
for comparisons between estuaries; and 3) becomes 
a reference point for salinity variability analysis. 

Nearly all Gulf estuaries experience significant 
salinity variability over various temporal scales. 
This variability reflects the relative influence of 
the principal forcing mechanisms which differs 
both between estuaries and within any given 
estuary. In this section, temporal variability was 
used to differentiate functional differences between 
five estuary types having direct influence on 
resource distribution and water quality. This 
preliminary categorization suggests that manage
ment, monitoring, and research strategies for 
salinity-dependent estuarine attributes may be 
more effective in certain estuary types than in 
others. 

The geographical proximity of these estuaries 
suggests a certain degree of similarity in such 
features as morphology, hydroclimatology, and 
salinity structure. In general, five broad geo
graphic groupings ure recognizable. The extremes, 
represented by the shallow, arid, high-salinity 
systems of the Florida peninsula and south Texas, 
sharply contrast with the broad, water-rich, low
salinity embayments of the Mississippi and 
Atchafalaya River deltas. Intermediate conditions 
exist from the Florida panhandle to the Mississippi 
Sound and from western Louisiana to the Texas 
coastal bend; the former are relatively deep, 
receive moderate-to-high freshwater inflows, and 
have intermediate salinity concentrations, while 
the latter are typically shallow embayments that 
receive low-to-moderate freshwater volumes and 
have correspondingly higher salinities. 

While these geographic groupings reflect a certain 
commonality among the Gulf estuaries, important 
functional differences exist among many adjacent 
systems, due to variation in other controlling 
factors such as Gulf exchange, wind, and bathy
metric influences. The dynamic balance of these 
factors can be determined by characterizing 

estuarine salinity. The temporal behavior of salinity 
provides a framework for an improved categorization of 
estuarine types, from which may ultimately evolve 
management insights that recognize the variable 
dynamics on estuarine resources and water quality. 

Figure 169 arranges the Gulf systems by combinations 
of salinity variability, expressed at the days-weeks 
(referred to as weekly) and months-seasons (referred to 
as seasonal) time scales: 

Type Magnitude of Variability Average Annual Salinity 
Weekly* Seasonal* 

1 L L High (Seawater-dominated) 
2 M L Intermediate 
3 M M Intermediate 
4 L M Intermediate 
5 L L Low (Freshwater-dominated) 

* L -low; M- medium 

This categorization is based on average annual salinity 
and its intra-annual variability under normal hydrologic 
conditions. Some estuaries may be inappropriately 
typed due to the lack of data (e.g., Suwannee River, 
Mississippi Sound, and Mermentau River). 

The resulting five estuarine types include a sampling of 
systems from around the Gulf with different morpho
logical features. Despite this, estuaries within each type 
share a common relationship to salinity variability, 
mean estuarine salinities, and freshwater inflow. While 
seemingly discrete, the five estuary types actually lie 
along a continuum with considerable overlap between 
types 2 through 4. 

T!f.Pes 1 and 5. These types are stable. They represent 
the extreme range of freshwater inflow to Gulf estuaries 
and, correspondingly, the extreme range of salinity 
behavior. At these extremes, a single mechanism 
dictates the salinity (in this case, average annual salini
ties) and precludes any significant intra-annual variabil
ity. In type 1 estuaries, which lack a dominant and 
continuous freshwater source, salinity is predominantly 
near (or above) Gulf values and quite stable. In con
trast, type 5 salinities are overwhelmed by a dominant 
and continuous freshwater inflow source. Even when 
variable, inflow is still so great that there is little salinity 
intrusion and, therefore, low variability. Consequently, 
low variability may be realized through either of two 
opposing scenarios: seawater dominance or fresh
water dominance. 
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Type Estuary 

High- and Low-Salinity Periods Magnitude of Salinity Variability 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Days-Weeks Months-Seasons Year-Year 

Tampa Bay I L L L 

1 Corpus Christi Bay L VL L 

Sarasota Bay > I VL VL VL 

Laguna Madre 
,, I L VL L 

San Antonio Bay H L M 

Terrebonne!Timbalier Bays M L L 

2 Aransas Bay ; J H L M 

Apalachee Bay Estuaries I M L M 

Barataria Bay I I M L L 

Matagorda Bay M L L 

Suwannee River I M H M 

Perdido Bay I M H M 

3 Apalachicola Bay I I M H M 

Pensacola Bay I I M H M 

St. Andrew Bay I I M M L 

Mermentau River I M M L 

Sabine Lake L M M 

Mobile Bay L H M 

4 Breton Sound I I -== 
L M L 

Galveston Bay L M M 

Choctawhatchee Bay I I L M L 
' 

Calcasieu Lake L M L 

Brazos River & San Bernard River/ I 
Cedar Lakes L M M 

Atchafalaya/Vermilion Bays I I L L L 

5 Lakes Pontchartrain!Borgne 
I and Chandeleur Sound I L L L 

Mississippi Sound I I L L L 

3-month Jow-salin'rty period 

~ 3-month high-salinity period Abbreviations: NA, not available; H, high; M, medium; l, row; Vl, very low 

Average Annual Salinity (ppt) 

Surface Bottom 

25 26 

27 28 

32 33 

NA NA 

II II 

12 12 

16 17 

16 18 

17 18 

18 20 

3 NA 

8 14 

11 16 

13 16 

16 21 
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5 7 
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5 6 

16 22 
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Types 2 through 4. These three estuary types are 
variable. They reflect intermediate freshwater inflow 
conditions, intermediate mean salinities, and a shift 
in both the magnitude and dominant time scale of 
salinity variability. In these systems, the salinity 
structure and variability are not determined solely by 
freshwater inflow, but also depend on the relative 
influence of other physical factors such as tidal 
exchange. Freshwater inflow generally increases and 
becomes more continuous from type 2 to type 4, 
progressively suppressing seawater intrusion and 
shifting the dominant time scale of salinity variability 
from weekly to seasonal. The magnitude of salinity 
variability, however, achieves a maximum at type 3 
(i.e., these systems experience medium variability at 
both the weekly and seasonal time scales), as neither 
seawater nor freshwater sources predominate. 
Because the range of inflow defining each of these 
intermediate types is somewhat overlapping, a given 
estuary can transition between types. 

The magnitude of salinity variability and the time 
scales over which it is expressed have direct implica
tions for both water quality and resource manage
ment issues. This report highlighted the most 
important time-space relationships of salinity across 
the Gulf of Mexico region, defining first its structure 
(i.e., seasonal surface and bottom isohalines) at a 
scale recognized as important for many estuarine
dependent resources. In addtion, this structure 
provides an improved spatial framework for 
resource characterization and serves as a baseline for 
assessing variability at other time scales. This 
information suggests that different research, manage
ment, and monitoring approaches may be required 
for specific estuarine types. 

Estuarine Water Quality. The distribution and 
concentration of many pollutants al"e affected by the 
same physical processes that determine estuarine 
salinity. The ability to flush, mix, and retain fresh
water inflow is an indicator that pollutants affect 
resultant ambient concentrations. Thus, an estuary's 
susceptibility to either short-term and possibly acute 
pollution levels or longer-term changes in average 
pollutant concentrations is directly related to the 
same physical transport mechanisms affecting 
salinity behavior. 

Type 5 systems, which receive steady high-volume 
inflows that rapidly and continually replace the 
estuary water column, are unlikely to retain incom
ing pollutants. In contrast, type 1 estUaries are 

Concluding Comments 

highly stable and exhibit little-to-no system-wide 
response to freshwater inflow, except during extreme 
floods. These systems, therefore, tend to concentrate 
incoming pollutants for prolonged periods. The 
intermediate estuary types (i.e., types 2 through 4) 
have alternating high- and low-energy periods, as 
suggested by the dominant time scales of variability 
for each type. Type 4 systems, for example, are more 
likely to flush (or at least dilute) pollutants during 
the high-inflow (i.e., low-salinity) period than during 
the low-inflow period. Type 2 estuaries are generally 
susceptible to short-term pollution problems which 
are intermittently resolved by freshwater pulses. 
However, these pulses are often low in volume and 
may not affect system-wide concentrations. 

Estuarine Living Marine Resources. The success 
and distribution of many estuarine biota depend on 
the interaction between habitats (e.g., surficial 
bottom sediments and wetlands) and dynamic 
parameters (i.e., salinity and temperature). Although 
many estuarine fish can tolerate various salinity and 
temperature regimes, others have restricted toler
ances and must migrate within a preferred zone. 
Invertebrates, such as clams and oysters, grow within 
restricted (and generally stable) salinity zones. A 
management strategy being increasingly considered 
and actually operating in certain estuaries is to 
regulate salinity through flow diversions (especially 
during low-flow periods) to benefit shellfisheries. 
Such a strategy is likely to be most successful in type 
2 estuaries in areas nearest the freshwater source, as 
suggested by their salinity-freshwater inflow 
relationship. In other estuary types, the relative 
influence of the flow augmentation is outweighed by 
the natural variability of the system. 

Salinity and transport are also important to the 
reproductive success of certain estuarine fisheries. 
For instance, many fish depend on a seasonal salinity 
change to initiate spawning. In particular, the 
migration of diadromous species coincides with the 
development of a sustained tidal-fresh estuarine 
environment, characteristic of estuary types 3 and 4. 
Other species have larval and/ or juvenile life stages 
that are estuarine-dependent but they require 
transport from Gulf waters to the estuary. These 
species depend on entrainment events, defined by 
the interaction of tides and winds that maximize 
transport into the estuary. These events typically 
occur at the days-weeks time scales, producing 
variability characteristics of types 2 and 3. 

*** 
This report is one component of an effort to synthe
size and intet"pret existing data on the Nation's 
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Concluding Comments 

estuarine resources and resource-use conflicts (see 
inside front cover). This research supplements an 
information base bridging the gap between identify
ing site-specific estuarine problems and formulating 
management strategies at the state, regional, or 
national level. Filling this gap is more important 
now than ever before, as the cumulative impact of 
small, incremental changes in an estuary may have a 
systemic effect on that estuary, adjacent estuaries, or 
nearshore coastal waters (Monaco eta!., 1989). 

Compiling and organizing fragments of estuarine 
information are difficult tasks, but are necessary for 
effectively managing the Nation's estuaries. Because 
the information available to conserve and protect 
estuaries is limited, it can be maximized through the 
inter- and intra-estuarine comparisons afforded by 
this data synthesis effort. When combined with other 
National Estuarine Inventory (NEI) data sets, this 
information will be used to advance our knowledge 
of estuarine circulation, pollutant transport, and 
living marine resource distributions. 
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Salinity data were obtained primarily from long-term 
data programs and special studies. The data pro
grams covered large ranges of spatial and temporal 
resolution. A single data set with sufficient spatial 
and temporal intensity to thoroughly investigate the 
salinity structure and its variability was rare, al
though several combined data sets were sufficient to 

Apalachee Bay 2 0 

characterize the structure and make certain observa
tions regarding variability. Data unavailable for 
public use and "lost" data further complicated this 
synthesis effort. The salinity data available for this 
study and periods-of-record for which the data were 
available are given in Table I-1. 

Feb-Apr 1990 
Feb-Apr 1978 

Sep-Nov 1989 
Sep-Nov 1975 

[Apalaciiic6Ia;saf:1~~f!i~l'~!'*§1%;~l~~t1Wi·~~~~,(~1l?6~1{1J?~~:;~~ic 1·98"'4'--·--=scoep-Nov 1983 
St. Andrews Bay 2 0 1980-1992 Feb-Apr 1988 Feb-Apr 1988 

Pensacola Bay 4 1973, 1976-89 Feb-Apr 1988 Sep-Nov 1973 

r~~r~_io 8~~~- r ~yr;:~{:,~;;~':t~11~j~'it1il>~~1~~~~~~Q$~r>;~:~~i)~~pr 1988-~~:§_e~ i9~~l 
Mobile Bay 0 1968-1969 Feb-Apr 1969 Aug-Oct 1968 

iiinississippi .so\Jnl?; ''~•:;_-. l:2'i:~'·:~o~lil~,1i;'"~~~~\~M'>i\i:li\1:9's"'i1f:99~1fi:t.~-~::>!;'ii8±Ap'ri s84 -- Aug-oCI198o -l 
·L-. ... -.----2--' .•·' -· i ,,,'.', /•.·10.·'· •. •· /'o' •,\-tr ~-' "• ,/!. t'-""''"''• ->-'·-· '<- '•8·- ''• 0 -h0•-&M1N"''-ill~o;i•4Afh/.~1'5!t' -'<.•or,';rn"· f"·- <P_·,,o•. , ·---·-·~- ·-~-··' 

Lakes Pontchartrain/Borgne & 
2 1970-1990 Aug-Oct 1980 

1978 

i 1& 

Atchafalaya/Vermilion Bays 1970-1990 Mar-May 1985 Sep-Nov 1975 

~!0er~~~tau.Ri'~-~h;\:-.·;-.. ~~~::·,:-_::;·,y:::~i·~~-l#.#:~~~~~@Wl~~f~llEt~~1i1;~g~~~$8~~~~-;e_~~ --~~~~ug:I~~ 
Calcasieu Lake 4 1 1970-1990 Jan-Mar 1984 Aug-Oct 1984 

~-s~~i!lel~k~~-?J%~~t:t~f~i'~JY~~rt~{~r~~~~~:~~rt{~~t!it~4~i$j\~:~~~;~~~~;f~J.~?~;~Mar~~a}(19·as -~A~ .. ~j>~~~f97~ .. J 
Galveston Bay 4 o 1968-1989 Aug-Oct 1986 

Matagorda Bay 4 1968-1989 Apr-Jun 1985 Aug-Oct 1975 

[i~n Antonio·a·~·Y: :: :.:·.·d.:·:~:I;~i·1~~'-~11tA~~~~?Z;;ifJ,1~~~~~1.¥.~}t~~l;~~l[e~~~~~-~~:;f~:~~~~:~:«pH~Bs- ·-·Ju~S~g--19-__ s_S~.::; 
Aransas Bay 4 1968-1989 Sep-Nov 1974 Jun-Aug 1974 

L9~C?_r~us qfristi ·:a!!y.::·.; .. ::;~-~tw&~~~gr~~:@~~~%~~!t~I$ft~~{1fi«S:~;_~.:·:( ~--}~~~~}~~ 
Laauna Madre 1968-1989 1985 
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Appendix II. .· E:rimacy "Oata s;ou:rces 
FLORIDA Bay cover four years, with monthly or bi-monthly 

sampling at 15 stations. 
• Florida Department of Natural Resources (FDNR). 

FDNR reclaimed the responsibility for the state 
shellfish monitoring program from Florida 
counties in 1980, and now maintains a water
quality record for Florida estuaries. Salinity 
measurements are usually collected monthly, 
although more intense sampling is sometimes 
performed. Prior to 1984, only surface salinities 
were collected; however, bottom salinities are now 
included in recent FDNR data sets. 

• Florida Department of Environmental Regulation 
(FDER). FDER collects salinity data in conjunction 
with their water-quality monitoring program. 
Sampling frequency is sometimes monthly, 
although it usually occurs one to six times per 
year. Surface and bottom salinities are collected at 
a few fixed stations. 

• Center for Aquatic Research and Resource Manage
ment, Florida State University (FSU). A long-term 
record of physical, chemical, and biological 
processes has been maintained by R.J. Livingston 
for most of north Florida's Gulf coast estuaries. 
Long-term physical measurements, supplemented 
by documented changes in biota, provide an 
opportunity to examine historical changes within 
these estuaries. Surface and bottom salinities were 
collected once per month. 

• Suwannee River Water Management District 
(SRWMD). As part of ambient water-quality 
assessments, SRWMD collected four years of 
monthly surface salinity measurements at 40 
stations in the Suwannee River estuary. 

• United States Fish and Wildlife Service (USFWS). 
Data from this agency's Striped Bass Survey 
provided four years of salinity measurements at 
sites in Eastern Choctawhatchee Bay. The sam
pling frequency of surface and bottom data was 
generally monthly to bi-monthly. 

• Environmental Protection Agency (EPA), Gulf Breeze 
Laboratory. Unpublished hydrographic data for 
Perdido Bay are part of an ecological assessment 
initiated by the Environmental Research Labora
tory-Gulf Breeze in 1987. In 1988, the hydro
graphic study was incorporated into the U.S. EPA 
Region 4 cooperative management project for 
Perdido Bay. Surface and bottom data in Perdido 

• University of West Florida (Thomas S. Hopkins). 
Escambia Bay /East Bay ecosystem parameters 
were provided, including extensive surface and 
bottom data for this estuary (excluding Santa Rosa 
Sound) during January-March, May-July, and 
September-November 1973. 

• Taylor Biological Company, Inc. This company 
provided three years of surface and bottom 
salinity data as part of the Lake/Baywatch 
Program for St. Andrew Bay. It is currently 
developing a long-term water-quality data base 
for Bay County to assist planners and resource 
managers in making county-level decisions. 

• Hillsborough County Environmental Protection 
Commission. This commission monitors air and 
water quality in Hillsborough County, produces 
periodic reports, and recommends improvements 
for these parameters. From 1974-1991, surface 
and bottom salinity data were collected monthly 
at approximately 90 stations throughout Tampa 
Bay and its tributaries. 

• United States Geological Survey !USGS). This 
agency provided 20 years of surface and bottom 
salinity samples taken from Tampa Bay per week, 
month, or bi-monthly. A large portion of the data 
collected during the 1970s was part of a compre
hensive environmental assessment of a harbor 
deepening project. 

• Southwest Florida Water Management District 
(SWFWMD). This regional agency regulates 
water resource activities, including consumptive 
water use and storm water permitting. Their 
primary management objective has been to 
protect adequate freshwater inflows to estuaries. 
Salinity, water quality, and biological data have 
been collected in Florida's West Coast estuaries to 
support research activities. Salinity data was 
collected in the Alafia and Little Manatee Rivers 
of Tampa Bay. From 1985-1990, surface and 
bottom salinities were collected at approximately 
2-mile intervals from 15 stations. 

• Mote Marine Laboratory (MML). Among various 
other functions, this lab is the primary water
quality data collection and collation organization 
for the National Estuary Program in Sarasota Bay. 
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Appendix II - Primary Data Sources 

Their salinity data base spans from 1975 to 1991, 
with the most consistent sampling beginning in 
1978, and includes sampling from FDNR, Sarasota 
High School, and MML. 

ALABAMA 

• Alabama Marine Resources Laboratory (Edward I. 
Bault). From January 1968 to March 1969, surface 
and bottom salinities were measured monthly at 
21 stations in Mobile Bay for the Cooperative Gulf 
of Mexico Estuarine Inventory Study. 

• Alabama Department of Environmental Management 
(ADEM). This agency's Coastal Zone Program 
provided salinity and temperature data for Mobile 
Bay, the GIWW, and Wolf Bay (Perdido). About 
nine stations in lower Perdido Bay were sampled 
monthly at the surface and bottom from 1988 to 
the present, as part of the agency's trend monitor
ing program. ADEM also used this data as the 
basis for state water-use classifications and 
planning, for the agency's annual Report to 
Congress on Alabama's coastal waters, and to 
assess waste)"a ter permits. 

• Alabama Department of Public Health. This agency 
provided salinity data at approximately 48 to 55 
stations in Mobile Bay from 1978-1991 as part of 
the Shellfish Sanitation Monitoring Program. 
Surface salinities were measured at monthly to bi
monthly intervals. 

MISSISSIPPI 

• Gulf Cuust Research Laboratory. This lab collected 
salinity data as part of fishery assessments in the 
Mississippi Sound and North/Central Gulf of 
Mexico. Nearly 120 stations throughout the sound 
were sampled bi-monthly or monthly from 1967 to 
the present. Depending on the study, either 
surface only or both surface and bottom samples 
were collected. 

LOUISIANA 

• McNeese State University (DeRouen et al., 1987). A 
special study of the Calcasieu Estuary was con
ducted by numerous investigators under contract 
to the U.S. Department of Energy. From October 
1983 through August 1986, monthly water-quality 
samples and salinity data were collected from 
within 1 m of the surface, mid-depth, and within 
1 m from the bottom. 
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• Louisiana Department of Environmental Quality 
(LDEQ). Since 1958, the Water Pollution Control 
Division of the Office of Water Resources (and the 
.organizations that preceded it in the water quality 
mission) collected monthly water-quality data, 
including dissolved chloride concentrations, at 
fixed stations in coastal Louisiana. Water-quality 
samples from streams were collected from mid
channel at a depth of about 1 m. Lake samples 
were also collected one meter below the surface. 

• United States Geological Survey (USGS). The 
Water Resources Division collected water-quality 
data, including dissolved chloride concentrations 
and specific conductances from which salinity 
could be calculated. Specific conductances were 
measured in the field and lab using a meter. Since 
the 1940s, water-quality surface samples have 
been collected generally every month at several 
fixed stations within coastal Louisiana. 

• Louisiana Department of Wildlife and Fisheries 
(LDWF). As part of the Seafood Division's 
Fisheries Monitoring Program initiated in 1966, 
salinity data was collected to examine trends in 
the relative abundance of selected fishery species 
and to manage the estuarine fishery resources of 
Louisiana. Sampling was conducted weekly from 
March-October and biweekly from November
February at fixed stations. Surface samples were 
collected at approximately 30 em below the water 
surface and bottom samples were taken about 30 
em above the bottom. 

• Louisiana Department of Health and Human Re
sources (LDHHR). Salinity data, collected by the 
Office of Public Health for the Oyster Water 
Monitoring Program, were used to classify oyster 
growing areas, ensuring that oysters are oniy 
harvested in areas with acceptable water quality. 
Frequency of sampling was generally monthly, 
and samples were collected at about 60-90 em 
below the surface at fixed stations. 

TEXAS 

• Texas Water Development Board (TWDB). As part 
of a long-term Water-quality Monitoring Pro
gram, this board provided the Coastal Data 
System (CDS), which consists of salinity measure
ments collected to better understand the relation
ship between freshwater inflow, salinity, and 
estuarine water quality. Surface and bottom 
samples are collected four to six times per year at 
fixed locations; surface and bottom salinities were 



collected monthly at fixed CDS stations. Special 
studies were conducted in the Sabine, Matagorda, 
San Antonio, Aransas, and Corpus Christi estuar
ies by the TWDB in the mid-1970s for one to three 
years. TWDB also conducted an intensive-inflow 
study in the summer of 1980. 

• Texas Water Commission (TWCJ. The Statewide 
Monitoring Network (SMN) includes salinity 
measurements collected as part of a long-term 
Water-quality Monitoring Program to regulate 
pollutant discharges into Texas waters. Surface 
and bottom salinities are collected at fixed 
stations. Sampling frequency is generally one to 
four times per year, although monthly sampling 
occurred at a few stations. 

• Texas State Department of Health (TDH). The 
Division of Shellfish Sanitation Control collects 
salinity data at fixed stations as part of their . · 
Shellfish Monitoring Program. Sampl)ng usually 
occurs one to six times per year, or on a monthly 
basis at fixed stations. 

• Texas Parks and Wildlife Department (TPWD). As 
part of the Fishery Monitoring Program, this 
agency collected salinity data to examine trends in 
the relative abundance of selected fishery species, 
and to regulate and manage the fishery resources 
of Texas. This data base was initiated in the rnid-
1970s. Sampling is generally conducted weekly at 
randomly selected sites and at depths depending 
on the sampling technique used. Salinity is 
measured at the surface for seines and purse nets 
and at the bottom for trawls and oyster dredges. 
TPWD provided only 1985 data for the Texas 
estuaries, except for Laguna Madre where 6 years 
of data were provided. No data were available for 
the Sabine or Brazos-San Bernard estuaries. 

• University of Texas at Austin, Center for Research in 
Water Resources (Armstrong and Goldstein, 1975). 
From 1974 to 1975, surface and bottom salinities 
were collected monthly at 12 stations in the Brazos 
River estuary to determine the effects of Dow 
Chemical Plant discharges into the lower Brazos 
River. 

• Texas Parks and Wildlife Department (Johnson, 1977). 
Surface, middle, and bottom salinity data were 
collected monthly at 19 stations in the Brazos 
River and San Bernard River/Cedar Lakes 
estuaries during 1973-1974, as part of a fishery 
survey. 
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