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NOAA’s
Nationall Estuarine
Inventory

The National Estuarine Inventory (NEI) is a series of activities, within
the Office of Ocean Resources Conservation and Assessment (ORCA) of
the National Oceanic and Atmospheric Administration (NOAA), that
defines and characterizes the Nation’s estuarine resource base and
develops a national estuarine assessment capability. NOAA began the
NEI in 1983 because no comprehensive inventory of the Nation’s
estuaries or their resources existed, despite increased conflicting
demands for the goods and services they provide: habitat for fish and
wildlife; food; areas for recreation; water disposal; energy; and trans-
portation. Four major NEI atlases, six national data bases, and numer-
ous technical reports (including a Supplement Series) containing
thematic information about the Nation’s estuaries have been produced.

The first volume of the National Estuarine Inventory data atlas series
was completed in November 1985. This atlas identified 92 of the most
important estuaries of the contiguous U.S., specified their fundamental
physical and hydrologic characteristics, and defined consistently
derived spatial boundaries for each estuary. It also established the
NOAA framework for data collection and analysis of the Nation’s
resource base. Other volumes in the atlas series have since been
produced on land use, population, wetlands, and outdoor public
recreation facilities. Other strategic assessment projects have been
adapted to the NEI framework to characterize important resource
themes and are published as supplements to the NEI or NOAA's Coastal
Trends series. Projects on classified shellfishing waters, distribution of
fish and invertebrates, and pollutant susceptibility are a few examples.

Development of the NEI data bases and assessment capabilities is a
dynamic and evolving process. NOAA continues to evaluate the scale
and scope of information in the NEI and make the necessary additions
and refinements to improve its capability to assess the Nation’s estuar-
ies. The information now assembled in the NEI can be used for com-
parisons, rankings, and other analyses related to the resources, environ-
mental quality, and economic values among the Nation's estuaries.

Additional information on these or other projects can be obtained from:

Physical Environments Characterization Branch (N/ORCA13)
National Ocean Service, NOAA

SSMC4, 9th Floor

1305 East-West Highway

Silver Spring, MD 20910

(301) 713-3000
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The dynamics of the physical environment have important
consequences for estuarine resources and water-quality
management. The variability of estuarine salinity
inherently integrates the relative influence of system
morphology, freshwater inflow, and ocean exchange and,
therefore, is an indicator of the important temporal and
spatial dynamics of the estuary’s physical environment.
Thus, it can be used to distinguish functional differences
between estuaries and, ultimately, to develop a framework
for evaluating the probable response of management
alternatives in similar estuaries. This report provides a
comprehensive synthesis of salinity information for 15
principal South Atlantic estuaries. 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.

Area

Fifteen major estuaries in North Carolina, South
Carolina, and Georgia were studied in this report.
Three major estuaries located along Florida’s Atlantic
coast (i.e., St. John’s River, Indian River, and
Biscayne Bay) are being addressed in a separate
study, as freshwater delivery in these systems is
associated with the complex hydrology of Lake
Okeechobee and the South Florida peninsula.

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 additional
information on both the spatial and temporal aspects
of salinity for which anthropogenic influences (e.g.,
freshwater diversions, dredged navigation channels,
and inlet modifications) may be assessed. This is
particularly important in the South Atlantic region
where the coastal population is projected to increase
by 15 percent to approximately 2.26 million people
by 2010 (Culliton et al., 1990).

Approach
Time series records of freshwater inflow and salinity,

in conjunction with available background informa-
tion on tides, wind, and other factors, were used to

Executive Summary

define the seasonal salinity structure and quantify
salinity variability at other time scales. For most U.S.
estuaries, including those in the South Atlantic
region, seasonal variation in freshwater inflow
produces important changes in baywide salinity
patterns. Representative three-month averaging
periods depicted in this report reflect the normal
range of high- and low-salinity regimes under typical
and present-day hydrologic conditions. For both
periods, the salinity structure was defined by
isohalines at 5 parts-per-thousand (ppt) intervals
from the head of tide to the ocean boundary for both
the surface and bottom layers of the water column.
To quantify estuary salinity response and relate it to
various forcing mechanisms, an analysis of temporal
variability ranging from hours to years was also
provided. In addition, the dominant, secondary, and
modifying influences of the physical processes
affecting salinity variability were also identified.

Participants

This study required direct involvement of experts
throughout the South Atlantic region. In particular,
experts from the South Carolina Department of
Natural Resources worked with NOAA’s Strategic
Environmental Assessments Division, the National
Marine Fisheries Service (Galveston, TX), and the
University of Texas at Austin to assimilate and
interpret existing data and information in a manner
consistent with a similar study prepared for 26 Gulf
of Mexico estuaries (Orlando et al., 1993). Scientists
and resource managers from Federal and state
government agencies, academic institutions, and
private organizations contributed data and informa-
tion to this report. Technical review was provided
by Georgia Department of Natural Resources; the
Skidaway Institute of Oceanography; the North
Carolina Department of Health, Environment, and
Natural Resources; and Carolina Power and Light
Company. The time and effort dedicated by all
participants are acknowledged and greatly appreci-
ated.

Summary of Results

Salinity Variability. To the extent that data
allowed, salinity structure and variability was
defined for normal and present-day hydrologic
conditions. Nearly all South Atlantic estuaries
experience significant salinity variability at many
temporal scales. Data suggest that salinity in the
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Altamaha River, St. Andrew /St Simons Sounds, and
Ossabaw Sound is among the most variable. In
contrast, Albemarle Sound, Charleston Harbor, and
Broad River are among the most stable systems. This
variability reflects the relative influence of the
principal forcing mechanisms which differs both
between estuaries and within any given estuary.
Ultimately, temporal variability will be used to
differentiate functional differences between estuary
types that have direct influence on both resource
distribution and water quality (Orlando et al., 1993).
This approach suggests that management, monitor-
ing, and research strategies for salinity-dependent
estuarine attributes may be different in some estuary
types than in others.

Limited Salinity Data. Animportant conclusion
of this study contradicts a common belief that an
abundance of salinity data is available for the South
Atlantic estuaries, Data availability varies widely
from estuary-to-estuary; large data sets exist for only
a few estuaries, while others go nearly unsampled for
extended periods. Available data sets are often
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, charac-
terization of salinity variability at some time scales is
limited or impossible.

Salinity data is particularly sparse for most Georgia
estuaries. For these systems, much of the informa-
tion depicted in this report was manually key-
boarded from a synthesis report entitled, Georgia
Estuarine Data, 1961-1977 (Winker et al., 1985).

With few exceptions (i.e., Santee River and Charles-
ton Harbor), information describing salinity variabil-
ity due to astronomical tides is extremely limited.
Because of the potential for significant salinity
variability at this time scale especially in South
Carolina and Georgia, it is important to assess these
changes. This is not, however, a trivial task. The
effects of astronomical tides on salinity may differ by
areas within an estuary and under varying freshwa-
ter inflow and wind conditions.

Considering the range of variability in these estuar-
ies, this inadequate data resource fundamentally
circumscribes the ability of scientists to quantita-
tively analyze these systems and limits the possibility
of definitive environmental assessment. In view of
the importance of these estuaries, the limited data
resource is a disturbing and potentially dangerous
problem.

What Remains?

The time-space relationship of salinity among the
South Atlantic estuaries is delineated in this report
through the characterization of salinity structure and
variability. Orlando et al. (1993) used salinity
variability in 26 Gulf of Mexico estuaries to distin-
guish functional differences among five estuary
types and suggested that estuaries within each type
may exhibit a similar response to resource manage-
ment alternatives. A similar effort is currently
underway for the 15 South Atlantic estuaries, but
cannot be included in this report until additional
information (particularly as it relates to salinity
variability forced by astronomical tides) is available
to further differentiate estuarine types. In addition,
information is required to assess the effects of typical
or episodic events associated with extremes in
freshwater inflow that may be a dominant factor
controlling salinity.
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This report presents information on the spatial and
temporal characteristics of salinity for 15 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
temporal and spatial variation of hydrology. Addi-
tional 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) (Orlando et al.,
1993), it provides the motivation for an objective and
consistent procedural framework.

‘Background

In 1985, NOAA published the National Estuarine
Inventory Data Atlas, Volume 1: Physical and Hydrologic
Characteristics (NOAA, 1985). This atlas identifies 92
of the Nation's estuaries and provides base-line
estimates of certain physical and hydrologic data,
including salinity. In addition, it identifies the
spatial framework for the consistent synthesis and
depiction of physical, chemical, and biological
attributes defining these estuaries. The framework
contains 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, 1985).

Introductlon

£ o Why Study Salzmty’ 2

Sahmty has tradmonally been a central parameter for
estuarine analysis, particularly as an indicator of estuarine
‘hydrography and habitat potentlal The reasons to study
sahmty mciude

‘l) Salmlty isa d;rect measure of the relative influence of
:the sed and freshwater sources in an estuary;

2) Sahmty isan excellent hydrographic tracer. It is virtu-
ally conservative and indicates the movement and ex-
change of Water masses;

' 3) Sahmty asa hydrodynamic variable, dominates the
: densxty structure of an estuary and therefore exerts impor-
tant controls on currents and turbulence;

4) Salinity is an essential element in determining estua-
rine habitat. It directly affects the distribution, abundance,
and composition of biological resources; and

5) Sahmty is easily measured uéing' various techniques,
@d historical information is generally 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.

NEI 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), mixing zone (>0.5-25 ppt), and seawater
zone (>25 ppt). Although a relatively simple depic-
tion of salinity, this zonation was sufficient for the
development and analysis of other important salin-
ity-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). Addi-
tionally, an estuary's flushing/retention characteris-
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tics were determined as an indicator of pollution
susceptibility based on salinity and freshwater
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 defined 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 average about which the variability
is occurring. The frequency and magnitude of
salinity variability differ within any given estuary,
depending on the relative influence of the operable
forcing mechanisms. For most estuaries, the primary
forcing mechanisms include, but are not limited to,
freshwater inflow; astronomical tides; wind; and
coastal shelf processes. In some estuaries, salinity
variability may also depend on other mechanisms
such as evaporation, density currents, or inter-
estuary exchanges.

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
within each estuary most likely to experience vari-
ability at each time scale.

Although the magnitude of salinity 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.

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 inlets; 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) tidal cycle, and
frontal passages. Freshwater pulses are particu-
larly 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 immediate 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
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
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Figure 1. Refined spatial structure for Charleston Harbor, SC o
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* Data Sources: See data sources listed for Charleston Harbor in the Appendix.
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Figure 2. Primary forcing mechanisms and time scales
important to estuarine salinity variability

(Cloern and Nichols, 1985) L
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Processes P 9 upwelling

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 differences,
excluding the anomalous events described below
(see Episodic).

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

; The Data L
Data Availability. A common misperception 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
contrast, some estuaries go completely unsampled
for 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 regula-

Figure 3. Matrix summari’zing time scales and Jforcing mechanisms importen'f to salinity structure and varidbility; :’,
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tory agencies. Under this scenario, salinity is sched-
uled 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 col-
umn). The Appendix provides the primary data
sources 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 modifica-
tions have included: 1) flow diversions and reservoir
construction which may significantly alter the
volume or timing of freshwater discharge to the
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

Figure 4. Project components

data will reflect present-day conditions within an
estuary. This does not mean that historical records
are not good data, but that they pre-date existing
conditions within the system.

Historical Modifications. To determine the degree
to which representative periods reflect present-day
conditions, major modifications made to the estuary
and its watershed were documented. The objective
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substantial alteration of estuarine salinities or
freshwater input to the system. Major modifications
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Sound, NC)
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Fear River, NC)
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Marion in North/South Santee Rivers and Charles-
ton Harbor, SC)
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Savannah River, SC)
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Advantages of this Report. Because of the com-
plexities associated with trying to capture the time
and space variations of salinity, this report consis-
tently 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 indepen-
dently. For most estuaries, more information is
assimilated in this report than within any other
government, academic, or private repository. In
addition, the data are supported by extensive docu-
mentation of the major physical processes, morphol-
ogy, natural features, and anthropogenic modifica-
tions that determine estuarine circulation and
salinity. Furthermore, this study directly incorpo-
rates the knowledge base of experts who were
solicited to provide guidance and interpretation.
This information is consistently synthesized for each
estuary and its interpretation includes expert guid-
ance 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.

Representative Salinity
Averaging Periods

This salinity analysis focused on two 3-month
periods extracted from a subset of the historical data
records. These periods were thought to represent the
typical range of high- and low-salinity conditions
experienced under average and present-day seasonal
freshwater inflow conditions. Three months was
selected to be the appropriate averaging period
because seasonal variation in freshwater inflow
produces an important change in estuary-wide
salinity patterns in most of the Nation's estuaries. In
addition, 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.
Because a consistent time scale is necessary for
comparisons among the Nation’s estuaries, three-
month seasonal distributions were delineated for
each estuary.

Selection of Three-Month Averaging Periods.
High- and low-salinity averaging periods were based
on average monthly salinity concentrations during
the available historical salinity record for each
estuary (generally 1970-1992). High- and low-
salinity periods reflect the three consecutive monthly
averages having the highest and lowest salinity
values, respectively. For many South Atlantic

estuaries, salinity is typically highest during Septem-
ber-November or October-December and lowest
during February-April (Figure 5). These periods
generally coincide with seasonal freshwater inflow
patterns.

As this study also attempted to characterize present-
day conditions, the selection process also identified
major modifications to the estuary and its watershed
that significantly altered historical salinity condi-
tions. In the South Atlantic region, the North/South
Santee Rivers, Charleston Harbor, and Savannah
River were subject to extensive structural modifica-
tions. Since 1985, freshwater was diverted from the
Cooper River (in Charleston Harbor) to the Santee
River system. In the Savannah River, a tide gate
operated during 1977-1989. For the other 12 South
Atlantic estuaries without major modifications, the
entire available historical salinity record was used to
determine long-term average monthly salinities for
each estuary. For the Santee, Charleston, and Savan-
nah systems, only the salinity record subsequent to
the modification was used to derive average monthly
salinity values.

Salinity Structure: Developing Isohalines for
the Three Month High- and Low-Salinity

Periods. For the two 3-month averaging periods
defined above, isohalines were developed to repre-
sent the typical range of high- and low-salinity
conditions experienced under average and present-day
seasonal freshwater inflow conditions. Average
freshwater inflow conditions were determined
through analysis of the gaged freshwater inflow
volume during each three-month averaging period
when compared to the long-term mean for each
period. Average conditions were defined by the
volume of freshwater inflow within +1 standard
deviation of the long-term mean (Figure 6). This
approach assumed that the subset of the historical
salinity record measured under average high and
low seasonal freshwater inflow conditions (ie., t1
standard deviation) reflects the typical range of
seasonal salinity conditions. Thus, this subset of
salinity data was used to construct isohalines. In
contrast, the subset of the historical salinity record
not measured under average high- and low-seasonal
freshwater inflow conditions reflects salinities
measured during low-frequency drought and flood
conditions. This procedure was applied to 12 of 15
South Atlantic estuaries, excluding the Santee,
Charleston, and Savannah systems.

For the North/South Santee Rivers and Charleston
Harbor estuaries, the 1985 freshwater diversion
significantly altered and regulated inflow volumes
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 Figure 5. Typical low- and high-salinity periods for South Atlantic estuaries
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* £xample of freshwater inflow volume analysis used to determine “average" conditions for a hypothetical February-April period identified as the “3-month tow-salinity period.”
Average conditions are defined by the volume of freshwater inflow within +1 standard deviation of the long-term mean (i.e., the shaded portion of the freshwater curve). A similar
process is applied to the "3-month high-salinity period." Salinity structure and variability described in this report is based on salinity data sampled under “average" inflow conditions.
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delivered to each system. Because the post-diversion
freshwater inflow record is arguably too short to
determine a meaningful statistical mean and stan-
dard deviation, the salinity structure for these
estuaries includes all salinity data available after 1985
during each three-month averaging period. In the
Savannah River system, the salinity structure in-
cludes all salinity data available after 1989 for each
three-month averaging period.

Salinity Variability. The temporal and spatial
variability of salinity is described for average and
present-day salinity and freshwater conditions, using
the subset of the historical salinity record (i.e., +1
standard deviation of average freshwater volume) to
define the salinity structure. The magnitude of
salinity variability quantified at time scales of days-
weeks, months-seasons, and year-year was derived
from further analysis of the same subset of historical
salinity and freshwater data used to characterize the
salinity structure. The magnitude of salinity variabil-
ity at the hourly time scale was based on available
literature or analysis of salinity at limited continuous
monitoring stations. The magnitude of variability at
the episodic time scale is generally unknown, but is
undoubtedly significant in many South Atlantic
estuaries. The relative importance of each forcing
mechanism on salinity variability was based on
available literature and guidance from locally
recognized experts. Subsystems defined for each
estuary suggest areas where either the magnitude of
salinity variability and/or the dominant forcing
mechanism responsible for salinity variability differs
within an estuary.




The South Atlantic coast extends from North Caro-
lina to southern Florida (NOAA, 1990). Because
south Florida systems are a coupled, highly con-
trolled network of estuaries, wetlands, and bights,
this complex region is studied in a separate report;
therefore, excluded from this report are St. Johns
River, Indian River, and Biscayne Bay.

An estuary’s salinity structure is determined prima-
rily 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 salinity. To
provide a setting for this characterization, the
general physical attributes and controlling environ-
ments (i.e., South Atlantic circulation and
hydroclimatology of nearby states) of these estuaries
are summarized below.

Geomorphology and Bathymetry

The coastal zone of North Carolina, South Carolina,
and Georgia includes 15 major estuarine systems that
encompass more than 9,400 km? (NOAA, 1990). It
includes two geomorphologically and hydrologically
distinct areas. Cape Hatteras, North Carolina, marks
the transition between the Middle Atlantic Bight to
the north and the South Atlantic Bight (SAB) to the
south. The SAB may be further subdivided into a
northern region (i.e., the Carolina Capes) extending
from Cape Hatteras to Cape Romain, South Carolina,
and a southern region extending from Cape Romain
to Cape Canaveral, Florida. The South Carolina and
Georgia component of the southern region is known
as the Sea Island Coast.

Carolina Capes. The Carolina Capes is defined by:
1) a chain of low-lying barrier islands (i.e., the Outer
Banks) bordering Onslow and Raleigh Bays; and 2) a
marshy coastal plain bordering Long Bay (Pietrafesa
et al., 1985). The Outer Banks separate the bar-built

~ Albemarle/Pamlico and Bogue sounds from the
coastal ocean. The estuarine area lies principally
within Pamlico Terrace, an extensive low, flat, plain
separated from the higher, inland plain (Talbot
Terrace) by a relict shoreline known as Suffolk Scarp
(Copeland et al., 1983). The estuarine systems are
characterized by five shoreline types: marsh, low
bank, high bank, bluff, and swamp forest (Copeland
et al., 1983). The shelf is characterized by complex
topography and prominent shoals.

Regional Overview

Sea Island Coast. The Sea Island Coast is part of
an arcuate coastline featuring extensive coastal
islands that separate the estuarine environment from
the coastal ocean. The entire area is part of the
Atlantic Coastal Plain physiographic province in
which the topography consists of broad depositional
terraces aligned in belts parallel to the present
shoreline (Mathews et al., 1980). Coastal island types
include: 1) sea islands with an ocean fringe of marsh
and/or beach dune ridges; 2) sandy barrier islands
with extensive dune ridges; and 3) marsh islands with
widely spaced dune ridges surrounded by marsh.
The nearshore bathymetry is relatively uncompli-
cated. Isobaths tend to parallel the coastline, diverg-
ing north of Cape Canaveral as the shelf broadens
and converging again south of Cape Romain as the
shelf narrows (Lee et al., 1985).

The Sea Island Coast includes numerous estuaries;
some receive substantial freshwater inflow from
major rivers, while others receive very little inflow
from minor rivers. The former are drowned river
valleys, while the latter are bar-built systems located
behind barrier islands. Charleston Harbor and Port
Royal Sound are classic examples of drowned river
valleys, while Calibogue and Cumberland sounds
are examples of bar-built estuaries. Winyah Bay,
Sapelo Sound, and St. Andrews Sound exhibit
features of both types. Major rivers, which drain the
Appalachian Mountains and Piedmont Plateau,
occupy broad valleys with meandering channels,
oxbow lakes, distributaries, and extensive sand
dunes. The drainages of minor rivers originate
within the coastal plain.

Anthropogenic Alterations. Besides natural
bathymetry modifications due to such forces as
waves, tides, currents, and wind, anthropogenic
changes have occurred from channel dredging and
dredged material disposal. Jetties, seawalls, break-
waters, and groins have also accelerated local
deposition and erosion rates. Upstream dams,
constructed for hydroelectric power and to alleviate
shoaling problems in shipping channels, have
dramatically altered freshwater discharges and
sediment loads to some estuarine systems, with the
Cooper and Santee rivers as being the most extreme
examples (Kjerfve et al., 1990).

 Tides

Tidal currents dominate inner and mid-shelf dynam-
ics in the SAB, with lunar semi-diurnal tides account-




Regional Overview

ing for almost 80% of the total kinetic energy
(Pietrafesa et al., 1985). Although nine semi-diurnal
and six diurnal tides exist among the principal tidal
harmonic constituents in the SAB, the M2 partial tide
with a period of 12.42 solar hours dominates SAB
tides. In general, high M2 kinetic energy values
occupy an alongshore mid-shelf region, extending
from Charleston, South Carolina, south almost to
Cape Canaveral, North Carolina, with energy
decreasing both toward the sea and shore. Maxi-
mum energy and tidal ranges (2.2 m) occur off the
coast of Savannah, Georgia where the shelf is widest,
while minimum energy and tidal ranges (1.3 m at
Cape Fear, North Carolina and 1.1 m at Cape
Canaveral, Florida) occur at both the northern and
southern boundaries of the SAB.

Quantitative differences in tidal currents exist over
relatively short distances on the inner shelf of the
SAB due to irregular bottom topography and the
proximity of coastal inlets. Tidal currents are di-
rected in an onshore-offshore direction and are
strongest near the mouths of inlets (Blanton and
Atkinson, 1978). The apparent south-to-north flow in
the SAB is caused by the difference in tides occurring
at the southern and northern boundaries of the
region, with tides at Cape Canaveral preceding those
at Cape Hatteras by approximately one hour. While
some seasonal differences exist in the character of
tidal currents, these differences are relatively subtle
possibly due to a modification of the frictional
environment caused by changes in stratification
(Pietrafesa et al., 1985).

Shelf Circulation, Temperature,
and Salinity

Gulf Stream. The Gulf Stream is the primary force
controlling circulation in the SAB (SIO, 1981). The
Gulf Stream, forming the eastern boundary of the
SAB, is a fast moving (i.e., 1-2 m/s), deep boundary
current flowing northerly along the edge of the
continental shelf (i.e., the shelf break). Maximum
salinities in the Gulf Stream between Florida and
North Carolina are typically less than 36.7 ppt, while
surface temperatures range from 21°C in winter to
29°C in summer (Atkinson, 1985). Throughout most
of the SAB, shelf and Gulf Stream waters are adja-
cent, with the transition zone characterized by steep
gradients of temperature and salinity over short
distances.

Periodically, meanders or eddies break away from the
Gulf Stream, having profound effects on surface and
bottom currents, temperatures, salinities, and shelf

water nutrient concentrations (Blanton, 1971; Tenore

etal.,, 1978). Meanders frequently form at the Gulf
Stream front and flow north along the shelf break.
Lateral displacements of the front grow rapidly, and
the waves onshore may elongate and form an eddy
flowing south, opposite the main Gulf Stream flow.
In addition, upwelling of deep Gulf Stream water
may occur between the eddy and the Gulf Stream’s
boundary.

Bottom topography can also cause upwelling of
water. The "Charleston Bump" (prominent ridge at
the shelf break located off Charleston, South Caro-
lina) deflects the Gulf Stream offshore, forming a
semipermanent 10-to-150 km meander and causing
water to be upwelled into shallow depths (Pietrafesa
et al., 1985), with the Gulf Stream returning to the
shelf break. The Carolina Capes shelf break also
experiences topographically enhanced upwelling
since a sharp increase exists in the bottom slope at a
depth of about 50 m. Closer inshore, the Carolina
Capes and their shoals form barriers to the north
along the coast and direct the upwelled water
onshore into embayments. Such onshore-offshore
flow cycles, independent of winds, drive a well-
defined circulation pattern in some embayments.

Shelf Water Temperatures. Gulf Stream meanders
and topographical induced upwelling of Gulf Stream
waters cause mixing of deep ocean and shelf waters
at and below the surface. The colder, more dense
shelf water during winter sinks beneath the warmer,
less dense Gulf Stream water. Intrusions of high
salinity surface water exhibiting Gulf Stream charac-
teristics have been detected within 15 miles of
Charleston, South Carolina during winter (Mathews
and Pashuk, 1977; 1982). During summer, the
density of shallower shelf water decreases as it
warms, and the denser, more saline Gulf Stream
water intrudes toward the shore along the bottom.
Nearshore water, exhibiting properties intermediate
to those of the Gulf Stream and shelf waters, has been
observed during fall (Mathews and Pashuk, 1977;
1982).

Average surface water temperatures on the inner
shelf of the SAB closely follow air temperatures,
while those on the outer shelf are moderated by the
Gulf Stream. Similarly, bottom temperatures near
the coast are affected primarily by air temperatures
and wind mixing. Bottom temperatures near the
shelf break are affected more by intrusions of Gulf
Stream waters, causing outer shelf water to be
warmer in winter and colder in summer relative to
the middle and inner shelf. Nearshore surface water
temperatures vary seasonally from 10°C to 25°C
(USEPA, 1983).
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In the Carolina Capes, surface isotherms tend to
parallel the coastline throughout the year (Pietrafesa
et al., 1985). The along-shelf thermal gradients are
generally an order of magnitude smaller than their
cross-shelf counterparts, with temperatures increas-
ing toward the south. During winter, shelf waters
are much cooler than Gulf Stream waters, producing
a cross-shelf temperature gradient of approximately
8°C. In spring, the cross-shelf temperature gradient
weakens and a vertical temperature gradient begins
to develop. By summer, a strong thermocline
develops, and the temperature difference between
the inner shelf and the Gulf Stream lessens to ap-
proximately 1°C. As autumn approaches, winds
increase and air temperatures drop, causing surface
cooling and strong vertical mixing. Thus, maximum
vertical differences occur in summer and maximum
cross-shelf differences in summer and winter.

Shelf Salinity. Average surface salinities in the
SAB are influenced by variations in freshwater runoff
and by the effect of shelf circulation. Surface salini-
ties typically vary from about 32 to 34 ppt, with
seasonally fluctuating river discharge volumes
(USEPA, 1983). High runoff in spring causes lower
inner shelf salinities and increased cross-shelf salinity
gradients. Conversely, low runoff in summer results
in diminished cross-shelf gradients as salinities
increase. Although runoff remains low during fall,
inner shelf salinities are often reduced, especially off
north Florida and Georgia (Atkinson, 1985). Blanton
and Atkinson (1983) hypothesize that the cause of
this lowered salinity is high southward winds that
restrict cross-shelf flow and advect coastal water
southward.

Due to the proximity of the Gulf Stream and the
relatively low river runoff along the Carolina Capes,
the shelf water is more saline than in the Middle
Atlantic Bight to the north or the Georgia Bight to the
south (Bumpus, 1955; Stefansson et al., 1971). The
salinity distribution along the Carolina Shelf is
highly variable, ranging from 30 to 36 ppt
(Stefansson et al., 1971). In general, surface
isohalines parallel the coast, increasing seaward to
the Gulf Stream front. Minimum salinities occur in
spring when river runoff is at a maximum, evapora-
tion at a minimum, and wind-driven intrusions of
less saline Virginia coastal waters frequent. Con-
versely, maximum salinities occur during late
summer and fall when freshwater inflow is ata
minimum and the Gulf Stream is closest to shore
(Giese et al., 1985; Kruczynski, 1974).

Salinity gradients off the Carolina Capes follow a
seasonal pattern similar to that of temperature.

Maximum vertical gradients and minimum horizon-
tal gradients occur in summer, while the reverse
occurs in winter (Pietrafesa et al., 1985). Cross-shelf
salinity gradients do not vary seasonally at Cape
Hatteras, but are greatest off Charleston during
spring, in Onslow Bay during summer, and in
Raleigh Bay during winter (Pietrafesa et al., 1985).
Along-shelf salinity gradients are strongest in Cape
Hatteras at the boundary between Virginia coastal
water and Carolina Capes shelf water. Less saline
Virginia coastal water can move around Cape
Hatteras after periods of prolonged northeasterly
winds and can lower salinities as far south as Cape
Fear (Bumpus, 1955; Stefansson et al., 1971).

Climatology

The temperate to subtropical climate of the south-
eastern United States is strongly influenced by the
ocean. Seasons are not as well defined as in areas to
the north. In fact, two seasons (rainy and dry) exist,
differentiated largely by precipitation which is
highest during summer. Winters tend to be short
and mild, while summers are long, hot, and humid.
Winds are generally low, flowing from the north or
northwest during winter and from the southern
quadrants during summer (USDQY, 1983).

The moderating effect of the ocean on the southeast-
ern coastal climate is evident through a comparison
of inland and coastal areas with respect to tempera-
ture minima and maxima and the duration of freeze-
free or growing periods. In general, temperature
maxima are lower and minima are higher along the
coast than inland, as illustrated by 30-year average
temperatures (Mathews et al., 1980). In South
Carolina, the freeze-free period ranges from 225 days
inland to 294 days along the coast. A similar pattern
is evident in Georgia, where the freeze-free period
varies from 170 days in the mountains to about 300
days along the coast (Mathews et al,, 1980). An
average annual freeze-free period of 239 days has
been reported for the North Carolina coast
(Kruczynski, 1974).

Average winter air temperatures range from 7°C at
Cape Hatteras to 16°C at Cape Canaveral. Summer
air temperatures at these locations range from 26°C
to 28°C, respectively. The relatively moderate
temperatures at Cape Hatteras are caused by the cool
Virginia coastal waters, which periodically intrude
around the cape and into Raleigh Bay. Excessively
high temperatures are rare. However, beginning in
May, high temperatures are recorded with increasing
frequency until July when the afternoon maximum
averages 32°C (VIMS, 1974).
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Precipitation along the SAB coast ranges from 121 to
142 cm/year (USEPA, 1983). Average annual rainfall
is highest at the northern and southern extremes of
Cape Hatteras and Cape Canaveral, respectively,
and lowest near Charleston, South Carolina. Most
precipitation is associated with cyclonic activity.
Maximum rainfall generally occurs from July
through September and minimum seasonal rainfall
from November to February (USEPA, 1983). Al-
though maximum rainfall occurs along the coast in
summer, maximum freshwater discharge to estuaries
usually occurs in March or April because most
drainage areas of the southeastern United States are
in the mountain and piedmont areas which receive
most of their rainfall in early spring.

Meteorological Forcing

Coastal winds comprise three basic time scales:
seasonal (>1 month); synoptic (3-20 days) due to the
passage of weather systems; and diurnal (<1 day)
due to changes in sea breezes (Blanton et al., 1985).
Surface waters of the SAB respond relatively quickly
to wind changes, due to their broad expanse and
shallow depth. Fluctuations in the Icelandic Low,
the Bermuda-Azores High, and the Ohio Valley High
largely govern the mean wind patterns in the SAB
(Blanton et al., 1985). Fluctuations in this mean wind
pattern, in turn, provide the dominant forcing to
shelf circulation in areas removed from direct Gulf
Stream influence.

High Pressure Cells. Winds blowing over the SAB
originate either from the Bermuda-Azores High in
the North Atlantic or from a smaller scale anticy-
clone centered over the Ohio Valley (the Ohio Valley
High). These winds cover the southern United
States, east of 110°W, and result in mean eastward
winds across the SAB (Blanton et al., 1985). During
spring (March-May), the prominent influence of the
Ohio Valley High is replaced by the Azores High.
The northward flow of warm humid air over the
western North Atlantic and Gulf of Mexico origi-
nates as westward flow on the southern flank of the
Azores High. In summer (June-August), the north-
ward flow of air strengthens as the Azores High
strengthens and shifts west. The airstreams which
pass into the Gulf of Mexico turn north, flowing
northeast over land into the SAB and joining the
airstreams flowing north over the ocean. This
pattern produces a confluence zone where frequent
rain occurs over land. During the autumn (Septem-
ber-November), the penetration of tropical air in the
SAB rapidly collapses and is replaced by air originat-
ing from the Ohio Valley High. The airstreams flow

out of the eastern flank of the Ohio Valley High and
produce strong southwest winds over the SAB.

Seasonal Wind Patterns. Blanton et al. (1985)
describes five seasonal winds for the SAB. During
winter (November~February), southeast winds over
the northern SAB gradually shift south toward more
southerly latitudes. Winds are stronger in northern
SAB during this season. In spring (March-May),
winds gradually shift east and northeast, yielding
offshore Ekman Transport in central SAB near shore.
The removal of low-salinity water near the Georgia
coast occurs most rapidly in spring just after maxi-
mum river discharge (Blanton and Atkinson, 1983).
Low-salinity water in surface waters adjacent to the
Georgia and South Carolina coasts is advected
toward the outer shelf between 32°N and 33°N (Bush
etal., 1985). During early summer (J une-July), wind
is west and southwest along southern Florida. Wind
stress is more north and northeast in the northern
Bight and over the Blake Plateau. In August, the
organized field of northward stress continues over
the Blake Plateau, but breaks down in the SAB as
opposing airstreams from the Ohio Valley High and
the Azores High result in weak and erratic mean
winds over the SAB. The autumn winds (September-
October) exert strong southwest winds and onshore
Ekman Transport in the SAB. This regime is the
most dynamic one of the year and assists in driving
coastal currents south during September-November
(Weber and Blanton, 1980; Blanton, 1981; Atkinson et
al., 1983; Blanton et al., 1985). As mentioned earlier,
the restriction of cross-shelf flow and advection of
coastal water south during fall may account for the
reduced inner shelf salinities, despite seasonally low
runoff (Atkinson, 1985).

Tropical and Extra Tropical Storm Events. Storm
surges resulting from such meteorological events as
hurricanes or extra tropical cyclones can also affect
estuarine salinity. Several factors affect the severity
of storm surges, including atmospheric pressure;
wave direction; bathymetry; and shoreline configura-
tion. Along the South Atlantic coast, water levels
over 16 feet (5 m) have been recorded (VIMS, 1974).
Hurricanes (tropical storms with wind speeds >63
knots) cause the highest rise in seawater levels.
Tropical cyclones may occur in the region at any time
between late May and early December. Hurricanes
occurring in the SAB in late summer and early fall
travel east-to-west in a curved path, with an 8%
probability of striking the southeastern U.S. coast
(USEPA, 1983). Extra tropical cyclones form offshore
between 30°N and 40°N from November to April
and are associated with strong northeasterly winds.
Tornadoes associated with tropical and extra tropical

12




Regional Overview

cyclones generally travel ina southwest-to-northeast
direction through the SAB and strike the coast
approximately 12 times per year (USEPA, 1983).

Freshwater Inflow

Carolina Capes. Freshwater inflow to this region is
dominated by discharge to the Albemarle/Pamlico
Sound estuary. The Roanoke and Chowan rivers are
the principal sources to Albemarle Sound, while the
Neuse-Trent and Tar-Pamlico rivers are the major
inputs to Pamlico Sound.

Sea Island Coast. Four major river systems (i.e.,
Altamaha, Savannah, Pee Dee, and Cooper/Santee
Rivers) provide over 80% of the total freshwater
discharge between Cape Romain, South Carolina
and Jacksonville, Florida. All four major rivers
originate in the Appalachian Mountains and Pied-
mont Plateau. Several smaller rivers and creeks,
originating within the coastal plain, account for the
remaining freshwater in this area.

Relationship to Estuarine Circulation and
Salinity. In the Cape Fear River estuary, circulation
is dominated by tidal exchanges and, to a lesser
extent, by freshwater inflow and winds (Giese et al.,
1985). In all other major North Carolina estuaries
(with the probable exception of the Roanoke River
subsystem of Albemarle Sound), winds are usually
the dominant short-term current-producing force,
followed by ocean tides and freshwater inflow (Giese
et al.,, 1985). These estuaries are partially enclosed by
the Outer Banks and subject to the tide-dampening
effects of Pamlico and Albemarle sounds. Saltwater
intrusion occurs periodically in all major North
Carolina estuaries, except in the Roanoke River
where releases from freshwater reservoirs during
Jlow-flow periods effectively block saltwater intru-
sion. Salinity stratification is common in Cape Fear
and Northeast Cape Fear rivers, but is less common
in other estuaries lacking direct oceanic connection
and where wind is usually effective in vertical
mixing.

Circulation patterns in estuaries of the Sea Island
Coast primarily depend on the freshwater discharge
volume (Mathews et al., 1980). Where discharge is
significant, the resulting patternis a two-layer flow
with vertical mixing (e.g., Charleston Harbor,
Winyah Bay, Savannah River, and Altamaha River).
Where freshwater discharge is minimal (e.g., Port
Royal, Wassaw, and Sapelo sounds), a vertically
homogeneous salinity pattern results, with tidal
currents predominating.
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Description

The Albemarle/Pamlico Sounds estuary is a large,
bar-built lagoonal system occupying 8,516 km?
(NOAA, 1990). The Nation’s second largest estuarine

system, it represents nearly three-quarters of the total

water surface area of the major South Atlantic
estuaries included in this report (Epperly and Ross,
1986; NOAA, 1990). The two large, shallow sounds
(Albemarle and Pamlico) are separated at Roanoke
Island (Roelofs and Bumpus, 1953) and include four
smaller sounds, four major rivers, and several small
tributaries (Figure 7). The inland boundaries are
defined from the head of tide on the Neuse/Trent
rivers near Fort Barnwell (about 117 km upstream of
the Neuse River mouth) to the Tar/Pamlico rivers
near Greenville (about 95 km upstream of the
Pamlico River mouth). The latter, however, rarely
experiences saltwater intrusion beyond 55 km
upstream (near Grimesland) (Giese et al., 1979).
Although saltwater rarely enters the Roanoke or
Chowan rivers, maximum tidal inundation may
extend 97 km along the Roanoke River near
Hamilton (Giese et al., 1979). This estuary is sepa-
rated from the Atlantic Ocean by a thin barrier island
complex (the Outer Banks) that is frequently
overwashed. It connects to the Bogue Sound system
through Core Sound, the Atlantic Intercoastal
Waterway (AIWW), and Harlowe
Canal. This estuary has been divided
into four subsystems based on the

Albemarle/Pamlico Sounds, NC

system. Smaller channels exist throughout the
estuary, especially within Pamlico Sound near
Oregon, Hatteras, and Ocracoke inlets; and within
Albemarle Sound near Croatan and Roanoke sounds
(Figure 7). These inlets shoal rapidly and require
constant dredging. Jetties are proposed to stabilize
Oregon Inlet.

Freshwater

The Roanoke and Chowan rivers are the two major
freshwater sources to Albemarle Sound, while the
Neuse/Trent and Tar/Pamlico rivers are the princi-
pal sources for Pamlico Sound. Highest streamflow
usually occurs during February-April; lowest dis-
charges during September-November (NOAA, 1985)
(Figure 8). The Roanoke River is regulated by several
reservoirs, most notably at Kerr Lake and Roanoke
Rapids Lake. The influence of regulation is probably
most apparent in August through November under
low-flow augmentation schedules (Giese et al., 1979).
Figure 9 provides the salinity sampling and average
salinity for this estuary during low- and high-salinity
periods.

Tides

Tidal exchange occurs across the shifting bars of
Oregon, Hatteras, Ocracoke, and Drum inlets.

Figure 7. Location map and subsystem identification

response of salinity to forcing mecha-
nisms and time scales (Figure 7).

_ Bathymetry

The average depth of this estuary is
approximately 4 m at mid-tide level
(NOAA, 1990). Naturally deep areas
exist in western Albemarle Sound and
in two open basins of Pamlico Sound
to the northeast and southwest of
Bluff Shoal. This shoal effectively
separates the Pamlico Sound basins
both physically and biologically
(Epperly and Ross, 1986). Currituck,
Croatan, Roanoke, and Core sounds
are comparatively shallow. The
ATWW (3.7 m at mean low water
[MLW]) crosses the estuary on a
northeast to southwest axis, essen-
tially providing a nominal connection
between this estuary and both the
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Albemarle/Pamlico Sounds, NC

Astronomical tides range 0.6 m at Oregon, Hatteras,
and Ocracoke inlets, but rapidly reduce to 0.2 m in
Pamlico Sound (NOAA, 1991). Tides often increase
to 0.3 m in the major tributaries due to bathymetric
funneling (Giese et al., 1979). Water level, current
speeds, and circulation patterns depend more on
wind conditions (Giese et al., 1979; NOAA, 1991).

Salinity

Although Albemarle and Pamlico sounds differ
significantly in their physiography and hydrography
(Epperly and Ross, 1986; Giese et al., 1979), their
salinity structure is primarily determined by seasonal
freshwater discharge. However, Pamlico Sound
experiences greater seasonal salinity variation than
Albemarle Sound due to the controlling influence of
freshwater in Albemarle Sound. Salinities in
Albemarle Sound are typically no more than 5 ppt
and vertically homogeneous, but may exhibit higher
salinities and greater variability near Croatan Sound
(Figure 10).

In Pamlico Sound, a steep horizontal salinity gradi-
ent exists between Croatan Sound and Bluff Shoal.
Salinities in this area of Pamlico Sound are highly
variable and commonly experience weak-to-moder-
ate vertical stratification. Comparatively the most
saline within this estuary, Pamlico Sound is generally
vertically homogeneous, except for weak-to-moder-
ate stratification in the western sound near Neuse
and Pamlico river mouths. Salinity variability in
Pamlico Sound is dominated by wind-driven circula-
tion and currents (Giese et al., 1979), although
freshwater is also important. Salinities in the Neuse
and Pamlico rivers are variable and often moderately
stratified. Core Sound receives little freshwater
inflow; its hydrography is dominated by astronomi-
cal tides and wind (Epperly and Ross, 1986) that
often maintain high salinities and vertically homoge-
neous conditions. The important time scales of
salinity variability and responsible mechanisms are
summarized in Figure 11.

Figure 8. Comparison of g)aged [reshwater volume for Roanoke River (Albemarle Sound) and Nei{se and Tar, rivers

- (Pamlico Soun

uring periods of salinity depiction shown in Figure 9*

ALBEMARLE SOUND
3507

I Low Salinity (February-Aprif)

7 High Salinity (September-November)
T3 Antecedent Month

swases Mean Monthly Inflow (1912-1991)

PAMLICO SOUND

300 I Low Salinity (February-Aprif)
1 {73 High Salinity (September-November)
{73 Antecedent Month

s Mean Monthly Inflow (1930-1991)

*USGS gage on the Roanoke River reflects 28% of the Albemarle/Pamlico
watershed (76,661 km?) (USGS, 1993)

*USGS gage on Neuse/Tar Rivers reflects 16% of the Albemarle/Pamlico
watershed (76,661 km?) (USGS, 1993)

'Figure 9. Salinity sampling information and average éalinity during low- and khz’gh—salinity p67*iods*

Albemarle Sound

Surface Bottom o o
% Yo % % Yo Yo
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Obssrvalions
1978 4 0 0 100 4 0 a 100
1982 26 0 0 100 8 0 0 100
1983 54 0 0 100 29 0 0 100
1985 45 0 o 100 82 0 ) e
1989 57 [ 0 100 53 [} 0 100
1980 34 0 0 100 28 0 0 100
1991 17 0 0 g0 b s 0 0 Ay
Total
Observations 237 0 0 100 168 0 0
Avarage i : ; : : :
Salipity (ppt) 2.3 23

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean,
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Pamlico Sound

' gure 9"; , Salinity‘ sampling information and average salinity durz’ﬁg low- and high-salinity periods (continued )

Surtace Bottom
% % % %Yo % %
Years Totai Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1971 95 i) b 100 3 0 o 100
1972 36 0 0 100 4 [} [¢] 100
1974 212 0 0 100 100 [¢] 0 100
1976 104, o [+ 100 37 0 Q 100
1977 103 0 o] 100 65 0 ] 100
1978 137 a o 100 135 0 0 100
1978 344 0 0 300 340 ] [+} 100
1980 282 o o 100 278 0 0 100
1982 345 [ 0 100 304 [+ 0 100
1985 325 E4] 0 100 204 0 o 100
1989 254 0 0 100 221 ] 0 100
1830 97 0 0 100 84 0 0 100
1991 33 0 0 100 a2 Q 0 100
g%?érvalions 2,377 0 0 100 1,898 0 o 100
S oo | 0 o8

Sepiem ovem

Albemarle Sound

Surface Bottom
% % % Yo %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
ilabl Ob: { Ob i Observations | Observations Observations | Ob: i bservati o i
1978 8 ¢ 0 100 8 0 0 100
1982 57 0 0 100 34 0 0 100
1884 84 0 1 100 39 0 i 100
1985 79 0 0 100 57 0 [ 100
1987 163 ] J 100 137 0 o 100
1988 182 o 0 100 182 o o 100
11990 51 0 [ 100 48 [ 0 100
1991 66 o [ 100 87 0 o 100
Total
Observations 660 0 o 100 572 [ 0 100
Average
Salintty {ppt) 4.5 5.1

ber-N

Pamlico Sound

Surtace Bottom
Years Total F |Z°od Eo{:b Unkor/:own Total o Eo/l;b Unkor/:own
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations

1873 226 i} ¢4} 100, 180 0 0 100
1975 141 0 o 100 69 0 0 100
1978 88 0 83} 300 82 0 0 100
1977 58 0 o 100 57 0 0 100
1878 415 4] £} 100 380 o 0 100
1981 369 0 0 100 339 0 0 100
1882 334 o k] 100 305 1] 0 100
1984 316 0 0 100 294 [ [¢] 100
1885 287, i) £o] 100 265 4] 9 100,
1986 279 0 0 100 248 ] 0 100
1888 364 B 2] kisd 338 o 0 100
1880 138 o ] 100 124 [ 4 100
1891 i27 e} @ 00 114 Q 9 100

gg:érvalions 3,159 0 0 100 2,793 0 [ 100

Average B -

Safinity {pp) 185 184

Abbreviation: ppt - pars per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 10. Surface and bottom salinities during low- and higl

1-salinity periods shown in Figure 9 *
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o

* Data Sources: See data sources listed for Albemarle/Pamlico Sounds in the Appendix.
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Figure 11. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 9*

Assessment
Time Scale of Salinity Response Salinity Variability Importance of Mechanism Reliability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater S D D Low =3-5ppt LIT - Literature
Inflow M 2-4|M 1-4| M 1-4 Very'Low' =i<i2 opt Only
Tides D
Relative importance
5 ur 24 of mechanism
& 1
.g Wind D v
2 LIT 1-4 i D
Subsystem most
Assessment _| 13 likely to be directly
- | Reliability H K influenced by mechanism
Low? Low?@ Low?@ NOTE: lIsohalines illustrated in Figure 10 represent a "steady state" salinity
UNKNOWN b b b | UNKNOWN structure that is subject to the temporal and spatial variability indicated by this
MEDIUM MEDIUM MEDIUM matrix. The lower portion of the matrix presents the magnitude of salinity
e an variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

8 Albemarle Sound (Subsystem 1)

bPamIico Sound (Subsystems 2-4)

Freshwater Inflow

Days-Weeks. Secondary influence on salinity variability and stratification, especially within western Pamlico Sound
and its tributaries. Freshets temporarily displace saline waters toward the inlets, resulting in a steep horizontal salinity
gradient and weak-to-moderate vertical stratification in these areas.

Months-Seasons. Dominant estuary-wide influence on the salinity structure, although seasonal salinity changes are

reservoirs during otherwise low-flow periods effectively block saline water from the Albemarle system (Giese et al.,
1979).

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

Tides

Hours. Dominant influence on salinity variability and water-column mixing, primarily near the inlets. Tides are semi-
diurnal and range 0.6 m near the inlets, but only 0.2 m within Pamlico Sound (NOAA, 1991). Tidal currents are
negligible in Pamlico Sound except near the inlets (NOAA, 1991). Data insufficient to determine salinity changes

during a tidal cycle.

Wind

Days-Weeks. Dominant estuary-wide influence on salinity variability, water-column mixing, circulation, and water
elevation (Giese et al., 1979; NOAA, 1991). These effects are intensified by the onset of “northeasters.” Easterly
winds tend to increase salinity in Pamlico Sound, while westerly winds have the opposite effect. Salinities in northern

wind-driven water level changes generally override tidal influences. Current speeds through Oregon inlet approach
4 m/s during southwesterly winds (NOAA, 1991).

greater in Pamlico Sound and its tributaries than in Albemarle Sound. Releases from Roanoke Rapids Lake and other

Pamlico Sound increase during southerly winds and decrease during northerly winds (Giese et al., 1979). Short-term,

* Data Sources: See data sources listed for Albemarle/Pamlico Sounds in the Appendix.
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Description

The Bogue Sound estuary is a narrow, shallow
lagoonal system located behind a thin chain of sandy
barrier islands. Occupying 264 km?, this system
includes Bogue and Back sounds, as well as White
Oak, Newport, and North rivers which are tidally
influenced throughout their length. It is connected to
the Atlantic Ocean through the Bogue, Beaufort, and
Barden inlets which are shallow and subject to
continuous shoaling (Figure 12). It is also connected
to Pamlico Sound through Core Sound and to the
Neuse River through the AIWW and Harlowe Canal.
This estuary has been divided into four subsystems
based on the response of salinity to forcing mecha-
nisms and time scales (Figure 12).

Bathymetry

The average depth of this estuary is approximately
1.5 m at mid-tide level (NOAA, 1990). This estuary
contains numerous marshy isles, particularly within
the mouths of the White Oak, Newport, and North
rivers. Extensive shoals and dredged material
disposal areas are also located throughout this
system. The principal navigation channels include
the Beaufort Inlet-Morehead City Channel (13 m at
MLW), the Beaufort Channel (4 m at MLW), the
Gallants Channel (3.7 m at MLW), and the AIWW
(3.7 m at MLW).

Figure 12. Location map and subsystem identification

Bogue Sound, NC

Freshwater

Freshwater to the estuary is limited by its small
watershed (1,760 km?) (NOAA, 1990), but is sufficient
to produce strong salinity gradients in the White
Oak, Newport, and North rivers during the late
winter and spring (Figure 13). Figure 14 provides the
salinity sampling and average salinity for this
estuary during low- and high-salinity periods.

Tides

Most tidal exchange occurs through Bogue, Beaufort,
and Barden inlets with limited exchanges through
Bear Inlet and Core Sound. Mean tide range is
approximately 0.7 m at Bogue and Beaufort inlets,
but decreases to 0.3 m in central Bogue Sound and
0.15 m near Core Sound. Strong south or southwest
winds may raise the tide level more than 0.3 m, while
north or northwest winds may lower the tide level by
the same amount (NOAA, 1991).

Salinity

The salinity structure is most likely controlled by
rainfall and evaporation patterns (Kirby-Smith and
Costlow, 1989). Seasonal salinities differ by 5 ppt
throughout the estuary, with the greatest changes
apparent in White Oak, Newport, and North rivers
(Figure 15). During the low-salinity period, salinities

North Carolina
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Bogue Banks

Bogue |I| White Oak River
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E System Boundary Banks

E] Subsystem Boundary
E Newport River/North River E-1 aww
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Bogue Sound, NC

in these major river systems are generally moderately stratified in the major river systems, while stable and
stratified and experience greater variability than the  vertically homogeneous conditions remain in Bogue

vertically homogeneous and more stable conditions

and Back sounds. The important time scales of

in Bogue and Back sounds. During the high-salinity ~ salinity variability and responsible mechanisms are

period, salinities become more stable and less

summarized in Figure 16.

Figure 13. Comparison of total precipitation (cm) at Morehead City, NC during periods of salinity depiction shown in

Figure 14

B | ow Salinity (January-March) )
(] High Salinity (June-August)
1 Antecedent Month

18 === Mean Monthly Precipitation (1948-1991)

T
16 + ™
~ 14 1 AN

—
N

10 |

Precipitation (cm

J F M

Abbreviation: cm - cubic meters
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- Flgm*e 14. Salinity sampling information and average salinity during low- and high-salinity periods*

Surface Bottom
%o % % % Yo Yo
Years Total Fiood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations Observations | Observations | Observations
1970 4 0 0 100 0 0 0 100
1971 113 0 0 100 0 0 0 100
1972 136 0 0 100 49 0 0 100
1974 41 o] e} 100 38 ] o 100
1975 18 0 0 100 16 0 0 100
1978 7 0 0 100 7 0 0 100
1978 16 ¢} ) 100 11 (¢] 0 160
1985 37 0 0 100 9 0 0 100
1987 8 0 0 100 3 0 0 100
1888 20 0 0 100 15 0 (¢] 100
1989 15 0 0 100 11 0 o] 100
1991 5 0 0 100 o] 0 0 100
1982 5 0 4] 100 0 ¢} ¢] 100
Total
Observations 425 0 0 100 159 0 0 100
é\éﬁg?@?pm) 18.8 214

Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations

1971 170 8 0 100 e} 0 (¢} 100
1973 27 0 o] 100 23 0 0 100
1974 28 0 0 100 20 0 0 100
1875 13 0 0 100 10 0 0 160
1977 7 0 0 100 7 ] 0 100
1978 15 0 0 100 15 0 0 100
1979 15 0 0 100 15 0 0 100
1980 15 0 0 100 15 0 0 100
1982 57 [ 0 100 45 0 0 100
1985 56 0 0 100 27 9 0 100
1987 22 0 0 100 17 0 ] 100
1988 53 0 0 100 48 0 o] 100
1989 23 0 0 100 18 0 ) 100

Total

Observations 501 0 0 100 260 0 0 100

Average

Salinity {ppt) 26.3 27.2

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 15.

Surface and bottom salinities during low- and high-salinity periods shown in Figure 14 *
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Bottom
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* Data Sources: See data sources listed for Bogue Sound in the Appendix.
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Figure 16. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 14%

N - Assessment
Time Scale of Salinity Response Salinity Variability importance of Mechanism Reliability
Days to Months to Year to s o Very High = > 21 ppt D - dominant H -high
Hours Episodic ry Hig pp nal 19
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater S D D Low =3-5ppt LIT - Literature
Very Low =< 2ppt
 Inflow L 1.8L 18 L 1-4 Only
Tides D Relative importance
E U i-4 of mechanism
H |
£ | wind C] \
3 LIT
2 1-4 - D
. Subsystem most
gﬁ?rﬂ%s s Assessment L, 13 | __likely to be directly
LT 1-4 Reliability H influenced by mechanism
NOTE: isohatines illustrated in Figure 15 represent a "steady state" salinity
UNKNOWN HIGH MEDIUM HIGH 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
L. L variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

Freshwater Inflow

Days-Weeks. Secondary influence on salinity variability and stratification, primarily in the White Oak, Newport, and
North rivers.

Months-Seasons. Dominant influence on the salinity structure, primarily in the White Oak, Newport, and North rivers,

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

Tides
Hours. Dominant influence on salinity variability and water-column mixing, especially in the White Oak, Newport, and
North rivers. Tides are semi-diurnal and range 0.7 m at Bogue and Beaufort inlets, but decrease to 0.3 m in central
Bogue Sound and 0.15 m near Core Sound (NOAA, 1991). Data insufficient to determine salinity changes during a
tidal cycle.

Wind
Days-Weeks. Secondary estuary-wide influence on salinity variability.

Density Currents

Days-Weeks. Secondary influence on salinity variability related to increased salinity concentrations and vertical
stratification within major navigation channeils.

* Data Sources: See data sources listed for Bogue Sound in the Appendix.
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Description

The New River estuary is a small, coastal plain
system occupying 83 km? (NOAA, 1990). Its bound-
aries are defined from the head of tide on the New
River, approximately 3 km upstream of Jacksonville
(NOAA, 1985; Payonk, Pers. Comm.), to its terminus
with the Atlantic Ocean at New River Inlet. This
estuary includes three major bays (Morgan, Farnell,
and Stones) and several smaller bays and coves
(Dennis, 1988) (Figure 17). Its northwest-southeast
axis is highly convoluted and contains several
constricting points along its length. This estuary has
been divided into three subsystems based on the
response of salinity to forcing mechanisms and time
scales (Figure 17).

Bathymetry

The average depth of this estuary is approximately
2 m at mid-tide level (NOAA, 1990). Broad, rela-
tively deep (ca. 3 m) natural channels exist through-
out Morgan, Farnell, and Stones bays, while the

Figure 17. Location map and subsystem identification

New River, NC

estuary below Pollocks Point is generally less than 1
m at MLW. The AIWW (4 m at MLW) crosses the
lower estuary from Salliers Bay (not shown) to
Alligator Bay. The New River Channel is shallow (2
m at MLW) and segmented, extending from the
AIWW near New River Inlet to Jacksonville. Numer-
ous dredged material disposal areas exist along the
New River Channel.

Freshwater

This estuary receives most of its freshwater from
New River, although the total inflow volume is
limited by its small watershed (1,295 km?). This
watershed, the smallest of all major South Atlantic
systems, lies almost entirely within Onslow County
(NOAA, 1990). Highest river discharge usually
occurs during the winter and early spring; lowest
discharge occurs during the late summer and fall
(Dennis, 1988) (Figure 18). Direct precipitation to the
estuary increases during the summer due to thunder-
storm activity, although concurrent evaporative
losses are also high (Clay et al., 1975; NOAA, 1980;
Schoenbaum,1982) (Figure 18). Figure 19 provides

h

Morgans, Farnell, &
Stones Bays

New River Iniet
Alligator Bay
Subsystem Boundary
AIWW

HHHEEE

New River Channel

North Carolina

—
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New River, NC

salinity sampling and average salinity during low-
and high-salinity periods.

Tides

Tidal exchange occurs through New River Inlet. This
pass, constricted by extensive tidal marshes and flats,
is subject to frequent shoaling. The astronomical
tidal range is 0.9 m at New River Inlet, but is reduced
to 0.15 m above Cedar Point (Dennis, 1988).

Salinity

The salinity structure is primarily determined by the
seasonal freshwater discharge from the New River,
although areas above Pollocks Point experience the
greatest change (Figure 20). Vertical stratification

occurs infrequently in the Jower estuary, but moder-
ately stratified conditions persist throughout Mor-
gan, Farnell, and Stones bays.

Under low-inflow conditions, salinities are most
variable in Morgan Bay and near Pollocks Point.
Under high-inflow conditions, variability in Stones
and Farnell bays increases while Morgan Bay be-
comes more stable. Tidal influence is generally
restricted to the lower estuary, increasing vertical
mixing and maintaining relatively stable salinities in
the estuary. However, high-salinity waters can
extend into the upper estuary under low-inflow
conditions, but appear to readily recede into Farnell
and Stones bays during freshets. Salinities in Alliga-
tor Bay may be independent of conditions in the
remaining estuary. The important time scales of
salinity variability and responsible mechanisms are
summarized in Figure 21.

Figure 18. Comparison of total precipitation (cm) at Morehead City, NC during periods of salinity depiction shown

in Figure 19
I Low Salinity (February-April)

20T [ High Salinity (September-November)

18+ (1 Antecedent Month
. 16+ = Mean Monthly Precipitation \
E 14+ (1948-1991) .
;o' 12+ \
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Q
S o |
o |

41 |
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Abbreviation: cm - cubic meters
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Figure 19. Salinity sampling information and average salinity during low- and high-salinity periods*

February-April
Low-Salinity Period
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1972 98 0 0 100 84 0 0 100
1973 36 0 0 100 36 0 0 100
1974 36 0 0 100 36 0 0 100
1975 36 0 0 100 36 0 0 100
1978 1 0 0 100 1 0 0 100
1979 30 0 0 100 30 0 0 100
1980 30 0 0 100 30 0 0 100
1984 37 0 0 100 28 0 0 100
1985 31 0 0 100 21 0 0 100
1987 36 0 0 100 22 0 0 100
1988 35 0 0 100 20 0 0 100
1989 26 0 0 100 20 0 0 100
1990 14 0 0 100 0 0 0 100
1991 14 0 0 100 0 0 0 100
1992 5 0 0 100 0 0 0 100
Total
Observations 465 0 0 100 364 0 0 100
g\alﬁrrw?tge(ppt) 12.9 15.4 ;
| September-November
High-Salinity Period
Surface Bottom
% %o % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1972 104 0 0 100 1038 0 0 100
1973 36 0 0 100 36 0 0 100
1974 36 0 0 100 36 0 0 100
1975 . 13 0 0 100 13 0 0 100
1976 49 0 0 100 49 0 0 100
1979 45 0 0 100 45 0 0 100
1980 45 6] 0 100 45 0 0 100
1981 54 0 0 100 45 0 0 100
1982 46 0 0 100 37 0 0 100
1983 44 0 0 100 35 0 0 100
1984 50 0 0 100 42 0 0 100
1986 64 0 0 100 45 0 0 100
1987 57 0 0 100 42 -0 0 100
1988 55 0 0 100 39 0 0 100
1991 15 0 0 100 0 0 0 100
Total
Observations 713 0 0 100 612 0 0 100
A T 218

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 20. Surface and bottom salinities during low- and high-salinity periods shown in Figure 19 *
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* Data Sources: See data sources listed for New River in the Appendix.
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Figure 21. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 19%

Assessment
Time Scale of Salinity Response Satinity Variabllity Importance of Mechanism Reliability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks Seasons Year High = 11-20 ppt S - secondary M - moderate
D D Medium = 6-10 ppt M - minor L -low
Freshwater D Low =3-5ppt LIT - Literature
Inflow L 1L 1.3 L 1.3 Very Low = <2 ppt Only
Tides D Relative importance
g LT 28 of mechanism
£ |
.% Wind S v
T -
2 L 1-3 D
’ Subsystem most
83?r2%s M Assessment i, H 13 (___ﬁkely to be directly
LIT 1-3 Reliability influenced by mechanism
NOTE: isohalines illustrated in Figure 20 represent the "mean” salinity
UNKNOWN HIGH MEDIUM MEDIUM 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
. L variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

Freshwater inflow
Days-Weeks. Dominant influence on salinity variability and stratification, primarily in the upper estuary and major tributaries.

Freshets temporarily displace saline bottom waters towards Farnell and Stones bays and may increase vertical siratification in these
areas.

Months-Seasons. Dominant estuary-wide influence on the salinity structure, primarily above Pollocks Point.

Year-Year. Dominant estuary-wide influence on the salinity structure, primarily above Pollocks Point,

Tides
Hours. Dominant influence on salinity variability and water-column mixing, primarily in the lower estuary. Tides are semi-diurnal and

range 0.9 m at.New River Inlet, but only 0.15 m above Cedar Point (Dennis, 1988). Data insufficient fo determine salinity changes
during a tidal cycle.

Wind

Days-Weeks. Secondary estuary-wide influence on salinity variability, particularly when associated with fronts. These winds increase
water-column mixing and estuary-ocean exchanges. The effects are intensified by the onset of "northeasters."

Density Currents

Months-Seasons. ‘Minor influence on the salinity structure, primarily in Stones, Farnell, and Morgan bays.

* Data Sources: See data sources listed for New River in the Appendix.
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Description

The Cape Fear River estuary is a coastal plain,
drowned river valley system (Pietrafesa and
Janowitz, 1988), encompassing 98 km? (NOAA,
1990). It includes Cape Fear and Northeast Cape
Fear rivers which combine near Wilmington, North
Carolina to form a narrow, elongated tidal basin
(Figure 22) containing numerous islands, tidal flats,
and marshes (Pietrafesa and Janowitz, 1988). This
estuary is defined from the head of tide on the Cape
Fear River at Lock and Dam No. 1 (61 km upstream
of Wilmington, NC) and on the Northeast Cape Fear
River near Holly Shelter Creek (Giese, Wilder, and
Parker, 1979). It has been divided into three sub-
systems based on the response of salinity to forcing
mechanisms and time scales (Figure 22).

Figure 22. Location map and subsystem z'dentzfiéation ~

Cape Fear River, NC

Bathymetry

The average depth of this estuary is approximately 4
m at mid-tide level (NOAA, 1990), although most of
it is less than 2 m deep. The Wilmington Ship
Channel (WSC) (12 m at MLW) extends from the
Atlantic Ocean to beyond Wilmington and facilitates
the saltwater intrusion into this estuary (Giese,
Wilder, and Parker, 1979; Hackney and Yelverton,
1990).

Freshwater

This estuary receives most of its freshwater from the
Cape Fear River, although the South (not shown),
Black, and Northeast Cape Fear rivers collectively
drain an additional 40% of the estuary’s watershed
(NOAA, 1990; USGS, 1993). Highest river
discharge usually occurs in the spring due to
snowmelt and rainfall from mountains and
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piedmont areas; lowest discharge occurs
during late summer and fall (Blanton et al.,
1985; Crawford, 1983) (Figure 23). A mini-
mum flow rate (17 m?*/s at Lillington, NC) is
maintained on the Haw River, a tributary of
the Cape Fear River, through releases from the
B. Everett Jordan Dam (USACE, 1992). This
structure has little influence on estuarine
salinities (Giese, Wilder, and Parker, 1979).
Figure 24 provides the salinity sampling and
average salinity during low- and high-salinity
periods.

Tides

Most tidal exchange occurs through the river
mouth at Smith (Bald Head) Island. Addi-
tional exchange is limited through Snows Cut,
a narrow and shallow (2.5 m at MLW) connec-
tion between the WSC (12 m at MLW) and the
ATWW (4 m at MLW). New Inlet, a shallow
(<1 m) breach between Smith and Pleasure
islands, was once a navigable pass. Since the
construction of a breakwater called The Rocks
(1889), New Inlet has continued to shoal and
is, at present, nearly closed (USACE, 1984).

Salinity

North Carolina

10 km

The salinity structure is primarily determined
by the seasonal freshwater discharge of the
Cape Fear River and its tributaries. Under

typical high-flow conditions, the plume may
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Cape Fear River, NC

generate tidal-fresh to brackish salinities below
Wilmington, although this condition is restricted to
upper Cape Fear River and its tributaries under low-
flow conditions. Salinities in the WSC are rarely
unstratified, often becoming moderately- to-highly
stratified under seasonally high-flow conditions
(Giese, Wilder, and Parker, 1979; USACE, 1989). In
contrast, the shallow periphery of this estuary is

typically vertically homogeneous. This estuary
experiences significant intra-annual variability,
particularly between Campbell Island and Federal
Point (Figure 25). Relatively stable salinities are
restricted to upper tributaries and estuary mouth.
The important time scales of salinity variability and
responsible mechanisms are summarized in Figure
26.

Flgure 23 Comparzson qf gaged freshwater voiume  for Cape Fear, Northeast Cape Fear, and Blaék rivers during !

periods of salinity depiction shown in Figure 24*

400 7
350

M Low Salinity (February-April)

7777 High Salinity (September-November)
[T Antecedent Month

= Mean Monthly Inflow (1969-1991)

J F M A M

J J A S 0 N D

* USGS gages reflect 72% of the estuary's watershed (23,568 kmz) (USGS, 1993)

36




Cape Fear River, NC

Figure 24. Salinity sampling information and average salinity during low- and high-salinity periods™®

February-April - J
Low-Salinity Period .
Surface Bottom
% %o % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1971 10 0 0 100 8 0 0 100
1972 65 0 0 100 65 0 0 100
1974 20 0 0 100 12 0 0 100
1976 6 [¢] 0 100 6 0 0 100
1977 8 0 0 100 8 0 0 100
1978 16 0 0 100 16 0 0 100
1979 28 0 0 100 28 0 0 100
1980 27 0 0 100 27 0 0 100
1982 150 27 47 26 139 29 50 20
1985 160 39 28 33 140 45 32 23
1987 162 23 54 23 142 25 58 18
1989 137 54 25 21 126 59 27 14
1990 133 39 49 12 117 44 56 0
1991 133 4 47 12 117 46 54 0
Total
Observations 1045 31 34 35 951 34 38 29
é:ﬁ:x?tg’e(ppt) 8.1 12.9
September-November
High-Salinity Period
Surface Bottom
% % % % % %o
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations Observations | Observations | Observations
1970 35 0 0 100 35 0 0 100
1972 61 0 0 100 61 0 0 100
1975 21 0 0 100 21 0 0 100
1977 14 0 0 100 14 0 0 100
1978 45 0 0 100 45 0 0 100
1981 51 0 0 100 41 0 0 100
1982 176 26 45 28 165 28 48 24
1984 180 34 31 35 165 38 33 29
1985 188 28 35 38 165 32 39 29
1986 186 47 16 37 166 53 17 30
1988 170 17 52 31 153 19 58 24
1990 132 31 58 11 117 35 65 0
1991 145 51 30 19 117 63 37 0
Total
Observations 1404 28 31 41 1265 31 34 21
Average
Salinity (ppt) 17.3 12.9

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 25. Surface and bottom salinities during low- and high-salinity periods shown in Figure 24 *

Surface

%@ February-April

September-November
Surface

September-November
Bottom

* Data Sources: See data sources listed for Cape Fear River in the Appendix.
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Figure 26. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 24*

i v ] Assessment
Time Scale of Salinity Reaponse Salinity Variability | Importance of Mechanism Reliability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater S D D Low =3-5 ppt LIT - Literature
ﬁflow M 12| M 13| M 1.3 Very Low =<2 ppt Only
Tides D M

Relative importance
S - LT 23 LT 23 of mechanism
£ 1
2| wind S S ¥
8 LT Ut 13
N - 1-3 - D
: Subsystem most
8322'%5 S Assessment _ H 1.3 < likely to be directly
LIT 2-3 | Reliability . influenced by mechanism

NOTE: Isohalines illustrated in Figure 25 represent a "steady state" salinity
UNKNOWN | MEDIUM MEDIUM MEDIUM 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

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

Freshwater Inflow

Days-Weeks. Secondary influence on salinity variability and stratification, primarily in the upper and mid-estuary. Freshets displace
saline bottom waters, resulting in vertically homogeneous conditions in the upper bay and stratified conditions within the WSC (Giese,
Wilder, and Parker, 1979). Freshwater discharges of 370 m¥s and 650 m%s are required to prevent flood-tide flow reversals on the
Cape Fear River near Phoenix and the Northeast Cape Fear River mouth, respectively (Giese, Wilder, and Parker, 1879).

Months-Seasons. Dominant estuary-wide influence on the salinity structure. Discharge from the principal rivers is three times
greater during the high-flow period than during the low-flow period. Isohalines are displaced by approximately 5 ppt throughout most
of the estuary (Giese, Wilder, and Parker, 1979).

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

Tides

Hours. Dominant influence on salinity variability and water-column mixing, primarily in lower and mid-estuary. Tides are semi-diurnal
and range 1.3 m near the estuary mouth (Giese, Wilder, and Parker, 1979; Hackney and Yelverton, 1990). Data insufficient to
determine salinity changes during a tidal cycle.

Days-Weeks. Minor influence on salinity variability, causing modest additional increases of salinity and water-column mixing. Data
insufficient to determine salinity changes during a tidal cycle.

Wind

Days-Weeks. Secondary estuary-wide influence on salinity variability, particularly when associated with fronts. These winds increase
water-column mixing and may either flush estuarine waters or increase seawater intrusion to the estuary, depending on the location of
the low pressure cell relative to the estuary. The effects are intensified by the onset of “northeasters."

Months-Seasons. Secondary estuary-wide influence on the salinity structure. Prevailing winds are generally from the north or
northeast during October-February, south or southeast during January-June, and south or southwest during July-August. These winds
influence ocean water levels and circulation patterns, affecting estuary-ocean exchanges (Giese, Wilder, and Parker, 1979; Hackney
and Yelverton, 1990; Pietrafesa and Janowitz, 1988).

Density Currents
Months-Seasons. Secondary influence on the salinity structure. The WSC increases tidal amplitude and salinity intrusion (Hackney

and Yelverton, 1990). The effect on seawater intrusion and vertical stratification is augmented by the dredged material disposal along
the channel (Adams, Pers. Comm.), but also depends on river discharge and wind (Giese, Wilder, and Parker, 1979).

* Data Sources: See data sources listed for Cape Fear River in the Appendix.
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Description

The Winyah Bay estuary is a small coastal plain
system that occupies 78 km? (NOAA, 1990) and
contains numerous marshes, shoals, and interior
islands (Blood and Vernberg, 1992; DeVoe, 1992). It
includes the Pee Dee, Waccamaw, Black (not shown),
and Sampit rivers which combine at Georgetown
where the estuary widens and changes orientation
(Figure 27). The inland boundary is defined from the
head of tide on Pee Dee River (approximately 60.8
km upstream of the entrance to Winyah Bay),
Waccamaw River (131 km), and Black River (74 km)
(Blood and Vernberg, 1992). The Sampit River is tidal
along its entire length (Bloomer, 1973). Winyah Bay
is connected to North Inlet by three creeks, although
water exchange is limited (DeVoe, 1992) and to the
North Santee River system through the AIWW. This
estuary has been divided into four subsystems based
on the response of salinity to forcing mechanisms
and time scales (Figure 27).

Figure 27. Location map and subsystem identification

Winyah Bay, SC

Bathymetry

The average depth of this estuary is approximately
3.4 m at mid-tide level (NOAA, 1990). Naturally
deep areas occur near the estuary entrance and in
major river systems, although most of Winyah Bay
(between Georgetown and Mud Bay) is less than 2 m.
The Georgetown Harbor Channel (GHC) (8 m at
MLW) extends from the entrance jetty to Georgetown
and requires frequent dredging (DeVoe, 1992; Trawle
and Boland, 1979). The AIWW (3.7 m at MLW) exists
primarily within the natural channels of the
Waccamaw River and Western Channel, but also
joins with the GHC south of Georgetown.

Freshwater

The Pee Dee River and Little Pee Dee River (not
shown) are the principal freshwater sources to the
estuary. Highest river discharge usually occurs
during spring due to runoff from the Blue Ridge
Mountains, while lowest discharge occurs during fall
(Figure 28). Figure 29 provides the
salinity sampling and average salinity
for this estuary during low- and high-

S?VZ,S///
Ny

_.,ngﬁ, >
Sarﬁpﬁ//}
River

River

Waccamaw /60

) OO;«B /

E Pee Dee & Waccamaw Rivers
s -
%}J Lﬂ Mud Bay & Central Winyah Bay
@ Lower Winyah Bay

@ North Inlet System

Salinity recorded throughout
several tidal cycles

salinity periods.

Tides

Astronomical tides range 1.2 m at the
entrance to Winyah Bay, 1.0 m
throughout Winyah Bay and the
lower Waccamaw River, and 1.4 m at
North Inlet. Tides may be a dominant
factor influencing circulation (Blood
and Vernberg, 1992; DeVoe, 1992) and
salinity. Limited salinity data re-
corded for the Western Channel
(Figure 27) during 1977-78 suggest
that surface salinity concentrations
most commonly changed 9-14 ppt
throughout a tidal cycle, while
bottom salinities commonly changed
10-19 ppt (SCWMRD, unpublished).
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The salinity structure is primarily
determined by seasonal freshwater
discharge from the Pee Dee and Little

Pee Dee rivers. During the low-
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salinity period, freshwater maintains brackish and
vertically homogeneous conditions in the upper and
central estuary; variable and moderately stratified
conditions exist in the Western Channel and seaward
of Marsh Island. During the high-salinity period,
salinities increase approximately 5-10 ppt throughout
the estuary (Figure 30). Moderately stratified condi-
tions are most common between Georgetown and
Marsh Island, while other areas are generally verti-
cally homogeneous. Surface salinities are most
variable in the Western Channel and seaward of

Marsh Island, while bottom salinities are most
variable between Georgetown and the Western
Channel. Salinities in North Inlet and its tidal
tributaries are generally unstratified and remain near
ocean concentrations, but may experience brief
salinity reductions due to local precipitation, ex-
changes through Mud Bay, or plumes from adjacent
estuaries. The important time scales of salinity
variability and responsible mechanisms are summa-
rized in Figure 31.

Figure 28. Comparison of gaged freshwater volume for Pee Dee and Little Pee Dee rivers during periods of salinity

depiction shown i Figure 29%
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*USGS gages on these rivers reflect 64% of the estuary's watershed (46,877 km 2 (USGS, 1993)

42




Winyah Bay, SC

Figure 29. Salinity sampling information and average salinity during low- and high-salinity periods**

February-April
Low-Salinity Period
Surface Bottom
% % % % % % i
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations Observations | Observations | Observations
1970 18 44 56 0 0 0 0 0
1974 5 60 40 0 1 100 0 0
1977 55 73 27 0 52 77 23 0
1978 56 68 32 0 51 76 24 0
1980 10 0 0 100 0 0 0 0
1982 25 0 0 100 13 0 0 100
1987 28 4 43 54 15 0 0 100
1989 15 0 0 100 15 0 0 100
1990 15 0 0 100 15 0 0 100
1991 19 0 21 79 15 0 0 100
Total
Observations* 246 37 25 39 177 45 14 4
Average
Salinity (ppt) 42 3.8
September-November
High-Salinity Period
Surface Bottom
%o % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1972 10 40 60 0 0 0 0 0
1973 1 100 0 0 1 100 0 0
1974 1 100 0 0 1 100 0 0
1975 1 100 0 0 1 100 0 0
1976 1 (o] 100 0 1 0 100 0
1977 62 72 23 0 52 77 23 0
1978 52 79 21 0 54 78 22 0
1981 28 0 0 100 14 0 0 100
1982 24 0 0 100 13 0 0 100
1984 17 0 0 100 17 0 0 100
1985 27 11 26 63 17 0 0 100
1987 17 0 0 100 17 0 0 100
1988 27 7 7L 85 16 0 0 100
1990 17 0 0 " 100 17 0 0 100
1991 46 0 39 61 11 0 0 100
Total
Observations* 321 29 18 53 232 37 1 53
Average
Salinity (ppt) 11.6 12.7

Abbreviation: ppt - parts per thousand
*Does not include North Inlet

**|ncludes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 30. Surface and bottom salinities during low- and high-salinity periods shown in Figure 29 *
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Data Sources: See data sources listed for Winyah Bay in the Appendix.
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Winyah Bay, SC

Figure 31. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 29*

Assessment
Tima Scale of Belinity fesponae Salinity Variability Importance of Mechanism Reliability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H -high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater S D D Low =3-5 ppt ;
Inflow Very Low = <2 ppt LIT - Literature
L 12| L 1-3/ L 1-4 Only
Tides D — i
elative importance
5 LT 14 of mechanism
& |
E Wind S 17
$ LT 14 D
i Subsystem most
Densif 0 Y
Currexs S Assessment _l, |, 1.3 < likely to be directly
LIT 1-3) | Reliability . influenced by mechanism
Shelf
Processes M
LIT 3-4
NOTE: Isohalines illustrated in Figure 30 represent a "steady state" salinity
UNKNOWN | MEDIUM MEDIUM MEDIUM 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
e T variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

Freshwater Inflow

Days-Weeks. Secondary influence on salinity variability and stratification, primarily in the upper estuary and its major
tributaries. Freshets temporarily displace saline bottom waters toward Marsh Island and may increase vertical stratifica-
tion in these areas.

Months-Seasons. Dominant influence on the salinity structure, primarily in Winyah Bay and its tributaries (less influence
within the North Inlet system). Typical seasonal inflows alter salinities approximately 10 ppt throughout most of the

estuary. In addition, areas of stratification and variability migrate according to inflow volume. Typical high inflows may
have some influence on salinities in North Inlet.

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

Tides
Hours. Dominant estuary-wide influence on salinity variability and water-column mixing. Limited data suggests that tide-
induced salinity changes are significant in the Western Channel (SCWMRD, unpublished) although information is not
available for other areas of this estuary. Tides are semi-diurnal, ranging about 1 m throughout most of the estuary and its
tributaries.

Wind
Days-Weeks. Secondary estuary-wide influence on salinity variability, particularly when associated with fronts. These
winds increase water-column mixing and may affect exchanges between Mud Bay and North Inlet. These effects may be
intensified by the onset of “northeasters."

Density Currents

Months-Seasons. Secondary influence on the salinity structure, primarily in the lower and mid-estuary.

Shelf Processes

Months-Seasons. Minor influence on the salinity structure, primarily in lower Winyah Bay. Discharges from adjacent
estuaries may lower salinities of shelf waters entrained into Winyah Bay.

* Data Sources: See data sources listed for Winyah Bay in the Appendix.
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Description

The North/South Santee Rivers estuary is a coastal
plain, drowned river valley system that occupies 23
km? (Mathews et al., 1980; NOAA, 1990). It includes
the Santee River below Lake Marion (not shown),
and its two principal distributaries, the North and
South Santee rivers (Figure 32). It is defined from the
head of tide, approximately 77 km upriver from the
mouth (NOAA, 1985; USACE, 1991a). This estuary is
separated from Winyah Bay to the north and from
coastal plain creeks, sounds, and bays to the south by
tidal nodes in the ATWW. This estuary has been
divided into two subsystems based on the response
of salinity to forcing mechanisms and time scales
(Figure 32).

Bathymetry

The average depth of this estuary is approximately
2.4 m at mid-tide level (NOAA, 1990), with depths
ranging from <1 m to >11 m throughout the system.
The South Santee River becomes wider and shal-
lower below Brown Island, and is split by Grace
Island before converging again toward the mouth.
The North Santee River is connected to the broad,
shallow North Santee Bay (1.3 m deep) by Duck and
Big Duck creeks and by the AIWW above Crow
Island (Figure 32). The North Santee River and

Figure 32. Location map and subsystem identification

6 North/South Santee Rivers, SC

North Santee Bay converge again below Cane Island
before flowing into the Atlantic Ocean. The AIWW
(3.7 m at MLW) is the only actively maintained
navigation channel in this estuary, and may serve as
a conduit for high-salinity water between the North
Santee River and Winyah Bay (Mathews and Shealy,
1982).

Freshwater

This estuary receives most of its freshwater from the
Santee River which, together with its two distribu-
taries, drains a total surface area of 40,000 km?
(NOAA, 1990). Before 1941, the Santee River drain-
age basin was the fourth largest on the Atlantic coast
south of the St. Lawrence River (Kjerfve, 1976). As
part of a hydroelectric project, construction was
completed in 1942 on the Wilson Dam, 163 km
upriver from the mouth of Santee River, creating
Lake Marion (Kjerfve and Greer, 1978; Mathews et
al., 1981; Tiner, 1977). A canal from Lake Marion to
Lake Moultrie diverted an average of 88% of the
Santee River's freshwater flow to the Cooper River.
Average annual freshwater flow in the Santee River
dropped from 525 to 74 m*/s, allowing saltwater
intrusion into the system (Kjerfve and Greer, 1978).
In 1985, approximately 70% of Cooper River's flow
was rediverted from Lake Moultrie back into the
Santee River, raising flow to approximately 367 cms
and lowering salinity again throughout the system

III Upper North/South Santee Rivers
@ Lower North/South Santee Rivers
E Subsystem Boundary

1 Aww

Brown SS=2
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South Carolina
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(USACE, 1991a). Since rediversion, most flow into
the North/South Santee Rivers system has come
through the Lake Moultrie Rediversion Canal,
although occasional releases from the Wilson Dam on
Lake Marion following a freshet can increase flow
dramatically. Figure 33 provides a comparison of
gaged freshwater volume from the Lake Moultrie
Rediversion Canal during periods of salinity depic-
tion. Figure 33 does not reflect additional discharge
to Santee River from Lake Marion. The average daily
flow from Lake Marion is approximately 18 m?/s;
however, on two occasions (March 1987 and October
1990), the average daily discharge increased to
approximately 500 m*/s. Figure 34 provides the
salinity sampling and average salinity for this
estuary during low- and high-salinity periods.

Tides

Most tidal exchange occurs through the mouths of
North and South Santee rivers, although limited
exchanges may also occur with Winyah Bay to the
north and with tidal creeks, inlets, and bays to the
south through the ATWW (Mathews and Shealy,
1982). Tidal range at the mouths of North and South
Santee rivers is 1.3 m (USACE, 1991a).

Salinity

The salinity structure is primarily determined by
controlled seasonal freshwater discharge from the
Lake Moultrie Rediversion Canal and by tidal
influence. Since rediversion, surface salinities
throughout the estuary have averaged 5-6 ppt higher

during the typical high-salinity period (June-August)
than during the typical low-salinity period (Febru-
ary-April). However, greater seasonal variability is
apparent in the lower estuary (below the ATWW).
Vertical stratification is generally weak and slightly
greater (<2 ppt on average) under high-flow condi-
tions in spring than under low-flow conditions in
fall. Stratification is more pronounced and salinities
are more variable in the mid-estuary (i.e., near the
AIWW within North and South Santee rivers) than in
the upper estuary or near the mouth.

This estuary experiences significant intra-annual
variability, particularly near the ATWW. Relatively
stable salinities are restricted to the upper estuary
where salinities are generally <5 ppt (Figure 35).
Highest variability occurs in the lower estuary,
seaward of the AIWW. Freshwater inflow and tides
are the dominant mechanisms controlling salinity
variability. Data available at numerous locations
throughout the estuary during 1986-1991 (SCWMRD,
unpublished) suggest that semi-diurnal tides can
have a great effect on surface and bottom salinities in
North and South Santee rivers, particularly during
the high-inflow season. Salinity differences average
almost 15 ppt between successive high and low tides
in Jower North and South Santee rivers (below river
kilometer 6 and river kilometer 5, respectively).
Above river kilometer 14 in South Santee River and
river kilometer 16 in the North Santee River, salinity
differences are commonly <2 ppt. These ranges,
however, depend on prevailing freshwater and wind
conditions, and may vary considerably. The impor-
tant time scales of salinity variability and responsible
mechanisms are summarized in Figure 36.

Figure 33. Comparison of gaged [freshwater volume for Lake Moultrie Rediversion Canal during periods of salinity

depiction shown in Figure 34*
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* UsGs gage at Lake Moultrie Rediversion Canal reflects >95% of the estuary’s watershed (39,946 km2) (USGS, 1993)
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Figure 34. Salinity sampling information and average salinity during low- and high-salinity periods*

Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1986 55 36 56 7 39 51 49 (¢]
1987 43 37 63 0 19 0 100 0
1988 37 14 65 22 19 32 68 0
1989 12 0 100 0 0 0 0 0
1990 12 0 100 0 0 0 0 0
1991 12 0 100 0 0 0 0 0
1992 6 0 100 0 0 0 0 0
Total
Observations 177 23 70 7 77 34 66 0
Average
Salinity (ppt) 5.1 6.8

Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1986 57 37 63 0 39 51 49 0
1987 25 0 100 0 19 0 100 0
1988 35 17 74 9 22 32 64 5
1989 15 0 80 20 0 0 0
1990 14 43 43 14 0 0 0 0
1991 15 0 80 20 0 0
Total 20 80 65
Observations Tad G 7 a% 1
Average
Salinity (ppt) 10.6 10.0

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 35. Sutface and bottom salinities during low- and high-salinity periods shown in Figure 34 *
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* Data Sources: Sée data sources listed for North/South Santee Rivers in the Appendix.
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Figure 36. Time scales and forcing mechanisms iinportant to salinity structure and variability as shown in Figure 34*

Assessment
Time Scale of Salinity Response Salinity Variability Importance of Mechanism Reliability
Hours Days to Months to Year to Episodic Very High => 21 ppt D - dominant H - high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater S D D Low =3-5 ppt LIT - Literature
Inflow M 1-2|M 12\.M 1.2 Very Low =<2 ppt Only
Tides D S

Relative importance

s uT 12 UT 12 —] of mechanism
- |
g Wind M S v
2 UT 12/ LT 42 ] D

Inter-estuary M $ubsyslem most

Exchanges Assessment _l, |, 13 <|-lkely to be directly

ur. 2 Reliability influenced by mechanism

NOTE: Isohalines illustrated in Figure 35 represent a "steady state" salinity
MEDIUM MEDIUM MEDIUM MEDIUM 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

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

Freshwater Inflow

Days-Weeks. Secondary estuary-wide influence on the salinity structure, particularly during low-flow periods. Periodic releases from
the Wilson Dam spillway, following freshets, displace higher salinity waters seaward and temporarily increase vertical stratification
(Mathews et al., 1980).

Months-Seasons. Dominant estuary-wide influence on the salinity structure. Freshwater inflow through the rediversion canal at St.
Stephen is greatly increased during the winter and spring. Periodic releases from the Wilson Dam spillway also occur more frequently
during these seasons.

Year-Year. Dominant estuary-wide influence on the salinity structure. During dry years, less water is rediverted to Santee River to
maintain a minimum flow rate in Cooper River.

Tides

Hours. Dominant influence on the salinity structure, primarily in the lower and mid-estuary. Tides are semi-diurnal and range 1.3 m
near the estuary mouth (USACE, 1991a). Data available at numerous locations throughout the estuary during 1986-1991 (SCWMRD,
unpublished) suggest that semi-diurnal tides can have a great effect on surface and bottom salinities in North and South Santee rivers,
particularly during the high-inflow season. Salinity differences average almost 15 ppt between successive high and low tides in lower
North and South Santee rivers (below river mile 4 and river mile 3, respectively). Above river mile 9 in South Santee River and river mile
10 in North Santee River, salinity differences are commonly <2 ppt. These ranges, however, depend on prevailing freshwater and wind
conditions, and may vary considerably.

Days-Weeks. Secondary influence on the salinity structure, primarily in the lower estuary due to the semi-lunar spring/neap tidal cycle.
Wind

Days-Weeks. Minor influence on the salinity structure, particularly in the lower estuary. Winds associated with fronts can increase

water-column mixing and estuary-ocean exchanges. Alongshore winds can set up nearshore currents with a mass flux onshore or

offshore, depending on wind direction (Schwing et al., 1983).

Months-Seasons. Secondary estuary-wide influence on the salinity structure. In spring, northeast winds generate an offshore flow of

low-salinity water in the surface layer due to Ekman Transport (Blanton and Atkinson, 1983). Higher salinity water from the mid-shelf is

advected onshore along the bottom.

Inter-estuary Exchanges

Hours. Minor influence on salinity variability in the lower estuary. Tidal exchanges with Winyah Bay to the north and coastal creeks and
inlets to the south occur through the AIWW (Mathews and Shealy, 1982), contributing to high variability in the mid-estuary.

* Data Sources: See data sources listed for North/South Santee Rivers in the Appendix.
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Description

The Charleston Harbor estuary is a coastal plain,
drowned river valley system occupying 96 km?
(Mathews et al., 1981; NOAA, 1990). Including
Charleston Harbor and all or part of three river
systems, it is defined from the headwaters of the
Ashley and Wando rivers, and from the Jefferies Dam
in Pinopolis at the lower end of Lake Moultrie on
Cooper River (Davis and Van Dolah, 1992; Kjerfve
and Magill, 1990). This estuary is separated from
coastal plain creeks, sounds, and bays to the north by
a tidal node in the AIWW, southwest of the Ben
Sawyer Bridge (not shown) (Tucker, Pers. Comm.);
and from the North Edisto River basin to the south
(Tucker, Pers. Comm.) by a tidal node in the Stono
River, west of the Limehouse Bridge (not shown).
This estuary has been divided into four subsystems
based on the response of salinity to forcing mecha-
nisms and time scales (Figure 37).

Bathymetry
The average depth of this estuary is approximately
5 m at mid-tide level (NOAA, 1990). Depths in the

Charleston Harbor Channel are maintained at 12.2 m

Figure 37. Location map and subsystem identification

Charleston Harbor, SC

(MLW) from the estuary entrance to Charleston
Harbor and at 10.7 m (MLW) in lower Cooper River
(32 km upstream of Charleston Harbor) (Van Dolah
and Davis, 1990; USACE, 1991a). In Wando River, a
10.7 m (MLW) channel is maintained but is sched-
uled to be deepened to 12.2 m (MLW) by 1994
(USACE, 1991a). Ashley River depths range from 3.4
m to 6.4 m (MLW) (Goodwin, 1989; USACE, 1991a),
whereas the AIWW is 3.7 m (MLW) deep.

Freshwater

This estuary receives most of its freshwater from the
Cooper River, while Ashley and Wando rivers
contribute relatively little freshwater to the system
(Kjerfve and Magill, 1990; Pinckney and Dustan,
1990). The three rivers, together with Charleston
Harbor, drain a total surface area of 40,900 km?
(NOAA, 1990). Originally, Cooper River was a tide-
dominated stream with a flow rate of 2 cms (Kjerfve,
1976). In 1942, construction was completed on the
Jefferies Dam, as part of a hydroelectric project,
forming Lake Moultrie on Cooper River, as well as
on a 12-km diversion canal connecting Lake Moultrie
to Lake Marion on Santee River (Kjerfve, 1976;
Kjerfve and Magill, 1990). The canal diverted an
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average of 88% of the Santee River flow, increasing
the mean freshwater flow in Cooper River to 418
cms and lowering mean estuarine salinities (8 km
from the open ocean) from 30 to 17 ppt. In 1985, an
effort was made to alleyiate excessive shoaling in
the Harbor caused by the diversion from Lake
Moultrie by diverting flow back into the lower
Santee River through the 18.5 m St. Stephen's
Rediversion Canal. Since rediversion, a weekly
average flow rate of 122 cms has been maintained
on Cooper River to protect industrial and munici-
pal water supplies from saltwater intrusion (Kjerfve
and Magill, 1990). Figure 38 provides a comparison
of gaged freshwater volume from the Lake Moultrie
Tailrace Canal during periods of salinity depiction.
Figure 39 provides salinity sampling and average
salinity for this estuary during low- and high-
salinity periods.

Tides

Most tidal exchange occurs through the entrance to
Charleston Harbor, although limited exchange
occurs with: 1) the Stono River (primarily through
Elliott Cut); 2) Folly Creek (primarily through
Schooner Creek); and 3) several smaller tidal creeks
and inlets to the north and south.

Salinity

The salinity structure is primarily determined by
the semi-diurnal tides, far-field meteorological
forcing, and isolated freshwater pulses rather than
by seasonal freshwater discharge (Kjerfve and
Magill, 1990). Since rediversion in 1985, salinity
distributions in Cooper River have been nearly

identical during the typical high- and low-inflow
periods because average monthly discharges from
Jefferies Dam have been maintained within a fairly
narrow range (92-147 cms). Some seasonal variation
is apparent in Ashley and Wando rivers where
isohalines are displaced down river during late
winter and spring due to precipitation within the
watershed. Vertical stratification is more pronounced
in Cooper River (particularly in the lower and
middle reaches) than in other parts of the estuary
(Van Dolah and Anderson, 1991) (Figure 40).

In general, salinities in this estuary are relatively
stable, particularly in Cooper River. Variability is
considerably greater in Ashley River and, to a lesser
extent, in Wando River. Since rediversion, the lower
and more constant freshwater discharge rate has
eliminated more distinct seasonal trends reported
before rediversion (Davis et al., 1990). Limited post-
rediversion data suggest that inter-annual salinity
variability is also low (Davis et al., 1990). Due to the
diminished freshwater flow, the effects of tidal
forcing have increased (Kjerfve and Magill, 1990).
Data available on numerous areas within the estuary
during 1986-91 indicate that salinity differences
between successive high and low tides averaged
about 5 ppt in Charleston Harbor and lower Cooper,
Wando, and Ashley rivers. Variability was higher
(near 10 ppt) in the upper and middle areas of Ashley
River and lower (<5 ppt) in upper Cooper River
(SCWMRD, unpublished). Infrequent events such as
Hurricane Hugo can significantly lower salinities by
15 ppt in certain parts of the estuary; however, these
effects are of relatively short duration (<1 month)
(Van Dolah and Anderson, 1991). The important
time scales of salinity variability and responsible
mechanisms are summarized in Figure 41.

Figure 38. Comparison of gaged freshwater volume from the Lake Moultrie Tailrace Canal during periods of salinity
depiction shown in Figure 39 *
180 T
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* USGS gages reflect >92% of the estuary's watershed (41,233 km2) (USGS, 1993)
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Figure 39. Salinity sampling information and average salinity during low- and high-salinity periods*

~ February-April
~ Low-Salinity Period _
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1986 87 13 20 68 76 14 24 62
1987 65 0 25 75 62 0 26 74
1988 301 31 47 22 277 31 45 23
1989 97 23 10 67 61 0 0 100
1990 106 22 20 58 59 0 0 100
1991 93 12 12 76 67 0 0 100
1992 11 73 27 0 0 0 0 0
Total
Average
Salinity (ppt) 18.2 20.3
May-July
High-Salinity Period
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations Observations | Observations | Observations
1986 71 0 24 76 52 0 31 69
1987 90 19 23 58 62 0 26 74
1988 249 32 33 35 230 33 31 36
1989 77 0 0 100 71 0 0 100
1990 107 0 0 100 93 0 0 100
1991 94 12 0 88 79 0 0 100
1992 11 100 0 0 0 0 0 0
Total
O?)saervations 699 17 17 66 587 13 18 69
Average
Salinity (ppt) 204 226

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 40. Surface and bottom salinities during low- and high-salinity periods shown in Figure 39 *

May-July
Surface

* Data Sources: See data sources listed for Charleston Harbor in the Appendix.
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Figure 41. Time scales and forcing mechanisms important to salinity structure and variability as shown in F. igure 39*

% 4 Assessment
Time Scale of Salinity Response Salinity Variability importance of Mechani Reliability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater M M D D Low =3-5 ppt ;
Very Low = <2 ppt LIT - Literature
Inflow M 2-3|M 23| M 2-4| L 1-4 ery.Low =<isipp Only
lides D 8 Relative importance
_g — LIT 1-41 LIT 1-4 of mechanism
£ |
£ | Wind ] D 7
< LT 14| LIT 1-4 D
; Subsystem most
83?@'35 " Assessment _I H 13 (__Iikely to be directly
Jur 44 | Reliability E influenced by mechanism
Inter-estuary M
Exchanges uT 2.4
NOTE: Isohalines illustrated in Figure 40 represent a "steady state" salinity
LOW Low VERY LOW LOwW UNKNOWN structure that is subject to the temporal and spatial variability indicated by this
l matrix. The lower portion of the matrix presents the magnitude of salinity
: e variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.
Freshwater Inflow

Days-Weeks. Minor influence on salinity variability. Sporadically greater discharges from Jefferies Dam, following freshets, can temporarily lower
salinities and increase vertical stratification. .

Months-Seasons. Minor influence on the salinity structure. Freshwater inflow to Cooper River is maintained within a narrow range and seasonal
variations are negligible (Davis et al., 1990). Small changes in salinity occur in Ashley and Wando rivers due to precipitation within the watershed.

Year-Year. Dominant influence on the salinity structure, although the highly regulated flow in Cooper River and the consistently low flow in Ashley and
Wando rivers result in small inter-annual salinity variability.

Episodic. Dominant influence on the salinity structure throughout the estuary. Freshwater associated with Hurricane Hugo lowered salinity by 15 ppt in
parts of the estuary; however, these effects persisted less than one month (Van Dolah and Anderson, 1991).

Tides

Hours. Dominant influence on the salinity structure, primarily in central and upper Ashley and Cooper rivers (Davis et al., 1990). Tides are semi-diurnal,
ranging approximately 1.6 m near the harbor mouth (Davis et al., 1990; NOAA, 1993). Data available on numerous areas within the estuary during 1986-
91 indicate that salinity differences between successive high and low tides averaged about 5 ppt in Charleston Harbor and lower Cooper, Wando, and
Ashley rivers. Variability was higher (near 10 ppt) in upper and middle areas of Ashley River and lower (<5 ppt) in upper Cooper River (SCWMRD,
unpublished).

Days-Weeks. Secondary influence on salinity variability, primarily in the lower to mid-estuary, due to the semi-lunar spring/neap tidal cycle. Vertical
stratification is intensified during neap tides, while well-mixed conditions prevail during spring tides (Bradley et al., 1990).

Wind

Days-Weeks. Secondary estuary-wide influence on the salinity structure. Storms and other catastrophic weather events can significantly alter the local
tidal range and cause a shift in the longitudinal salinity profile ( Bradley et al., 1990).

Months-Seasons. Dominant estuary-wide influence on the salinity structure. in spring, northeast winds generate an offshore flow of low salinity surface

water due to Ekman Transport, while higher salinity water from the middle shelf is advected onshore along the bottom (Blanton and Atkinson, 1983).

Density Currents

Hours. Minor estuary-wide influence on the salinity structure. Deep navigation channels enhance tidal amplitude and salinity intrusion (Kjerfve, 1989).
The extent of saltwater intrusion and its effect on vertical stratification depends on tidal and wind forcing (Kjerfve, 1989; Kjerive, Magill, and Sojisuporn,

1990).

Inter-estuary Exchanges

Hours. Minor influence on salinity variability. Tidal exchanges occur through the AIWW with Stono River to the south, and with coastal creeks and inlets to
north and south.

* Data Sources: See data sources listed for Charleston Harbor in the Appendix.
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Description

The St. Helena Sound estuary is a drowned river
valley /bar-built system containing numerous marsh
islands and tidal creeks (Bearden et al. 1985;
Hopkins, 1956; Mathews et al., 1980; Stapor 1984).
Occupying 220 km?, it is among the largest of the
South Atlantic estuaries (NOAA, 1990). This estuary
includes St. Helena Sound, as well as South Edisto,
Combahee, Coosaw, and Morgan rivers (Figure 42).
Its upstream boundary is defined by the head of tide
on South Edisto River at 61 km, Ashepoo River at 51
km, and on Combahee River at 58 km (Johnson, 1977;
Mathews et al., 1980). A tidal node at the confluence
of Coosaw and Beaufort rivers separates this system
from St. Helena Sound (NOAA, 1985). This estuary
has been divided into two subsystems based on the
response of salinity to forcing mechanisms and time
scales (Figure 42).

Bathymetry

The average depth of this estuary is approximately
4 m at mid-tide level (NOAA, 1990). A naturally

Figure 42. Location map and subsystem identification

St. Helena Sound, SC

deep channel extends through central St. Helena
Sound and branches toward Coosaw and Morgan
rivers. A natural channel also exists in lower South
Edisto River. Extensive shallow areas and numer-
ous tidal flats (e.g., Egg Bank) exist within the
estuary, but are most predominant in St. Helena
Sound. The AIWW (3.7 m at MLW) is the only
maintained navigation channel, connecting the

estuary with both North Edisto and Broad rivers.

Freshwater

The South Edisto River is the estuary’s major
freshwater source (Johnson, 1977; Wenner et al.,
1991). It combines with Ashepoo River at Fenwick
Cut and discharges near the estuary mouth in
northeast St. Helena Sound. Ashepoo River carries
enough freshwater to retain some riverine charac-
teristics, but its flow is quite low compared to South
Edisto River (Hopkins, 1956; Johnson, 1977). Al-
though the Combahee/Salkehatchie River system
(not shown) drains most of the estuary’s watershed,
its freshwater input is limited. Figure 43 provides a
comparison of gaged freshwater volume for Edisto
and Salkehatchie rivers during periods of salinity
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depiction. Figure 44 provides salinity sampling and
average salinity for this estuary during low- and
high-salinity periods.

Tides

Most tidal exchange occurs through the opening to
St. Helena Sound and produces strong tidal currents
in the sound (Mathews and Shealy, 1978; Wenner et
al., 1991). Additional exchange is limited through
Fripps Inlet. Exchanges with Beaufort River (Broad
River estuary) occur through Coosaw River and
small tidal creeks transecting St. Helena Island
(Mathews et al., 1980).

Salinity

The seasonal salinity structure, primarily determined

by the freshwater discharge from South Edisto and

Combahee/Salkehatchie rivers, typically fluctuates
less than 5 ppt between typical high- and low-salinity
periods (Figure 45). Seasonal variability is most
pronounced in upper St. Helena Sound and lower
Combahee and South Edisto rivers. These areas may
experience weak vertical stratification, while verti-
cally homogeneous conditions dominate other areas
of the estuary (Johnson, 1977; Mathews and Shealy,
1982). Salinity variability is substantially greater at
other time scales (Figure 46). In particular, freshets
may temporarily compress isohalines and produce
weak vertical stratification in Combahee River, South
Edisto River, and upper St. Helena Sound. The
important time scales of salinity variability and
responsible mechanisms are summarized in Figure
46.

Fxgure 43. Comparison of gaged freshwater volume for Edisto and Salkehatchie rivers during periods of salinity

depiction shown in Figure 44*
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* USGS gages on these rivers reflect 64% of the estuary's watershed (12,431 km?) (USGS, 1003)
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Figure 44. Salinity sampling information and average salinity during low- and high-salinity periods*

Surface Bottom
% % % % % %
A\\/(a(aiflargle Obslx:tlions Obszlr?/%?ions Obse%gtions Ogsr]ekrr\}g‘t?/gns Obslx:tlions Obszlr?/g(tjions ObseEregtions Ogsr;krsg:gns
1974 55 49 51 0 31 68 32 0
1977 34 97 3 3 100 0 0
1978 53 60 40 0 0 0 0 0
1979 42 29 40 31 12 0 0 100
1980 37 54 0 46 16 0 0 100
1982 38 13 61 26 10 0 0 100
1987 77 26 56 18 11 0 0 100
1989 63 79 3 17 1 0 0 100
1990 33 15 45 39 13 0 0 100
1991 32 34 31 34 11 0 0 100
Total
Observations 464 46 34 19 118 20 8 71
Average
Salinity {(ppt) 20.0 20.0
Surface Bottom
Years Total Flzzd EO{;D Unk;bown Total Floo/::d Eol/;b Unkzoown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1970 9 100 0 0 0 0 0 0
1972 61 61 33 7 0 0 0 0
1973 37 68 32 0 31 65 35 0
1974 18 89 11 0 18 89 11 0
1975 3 100 0 0 3 100 0 0
1976 12 25 75 0 3 100 0 0
1977 3 100 0 0 3 100 0 0
1978 30 30 70 0 0 0 0 0
1981 30 40 60 0 0 0 0 0
1982 41 46 51 2 0 0 0 0
1984 38 32 68 0 0 0 0 0
1985 67 25 75 0 0 0 0 0
1987 74 0 70 30 22 0 0 100
1988 76 71 12 17 12 0 0 100
1990 44 43 43 14 6 0 0 100
1991 32 66 34 0 0 (4] 0 0
g(g:érvations 575 45 47 8 98 46 13 41
is\ggrrw?tge(ppt) 25.6 23.5

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Figure 45. Surface and bottom salinities during low- and high-salinity periods shown in Figure 44 .

September-November
Bottom

September-November | ‘
Surface 30 i
[ T

* Data Sources: See data sources listed for St. Helena Sound in the Appendix.
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Figure 46. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 44*

< | Assessment
Time Scale of Salinity Response Salinity Variability importance of Mechanism | Reliability
t
Days to Monthsto | Yearto isodi Very High => 21 ppt D - dominant H - high
Hours Episodic ry Hig pp o [¢]
Wesks Seasons Year b High = 11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater S D D Low = 3-5 ppt )
Inflow Very Low = <2 ppt LIT - Literature
M 1™ 1M 12 Ry oW == \ Only
Tides D _—— ’
elative importance
E' e i of mechanism
& ]
£ | Wind S v
é uT 12 D
Densi Subsystem most
Curregs M Assessment _L, H 13 likely to be directly
LIT 1 Reliability 2 influenced by mechanism
Inter-estuary M
Exchanges
LIT 1

NOTE: Isohalines illustrated in Figure 45 represent a "steady state" salinity
UNKNOWN | MEDIUM LOW MEDIUM 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
variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

Freshwater Inflow

Days-Weeks. Secondary influence on salinity variability and stratification, primarily in Combahee River, South Edisto
River, and upper St. Helena Sound. Freshets may temporarily displace and compress isohalines toward lower St.
Helena Sound and may also increase vertical stratification in Combahee River, South Edisto River, and upper St. Helena
Sound.

Months-Seasons. Dominant influence on the salinity structure throughout most of the estuary. Mean salinity varies 4-5
ppt between typical high- and low-salinity periods.

Year-Year. Dominant estuary-wide influence on the salinity structure.
Tides

Hours. Dominant estuary-wide influence on salinity variability and water-column mixing. Tides are semi-diurnal, ranging
2.1 m near the estuary mouth and 2.5 m in the upper estuary (Baltzer, 1972; Hopkins, 1956). Under typical freshwater
inflow conditions, saltwater penetrates to 31 km in South Edisto River and 39 km in Ashepoo River during high tide and
recedes to 23 km and 32 km, respectively, during low tides (Johnson, 1977).

Wind

Days-Weeks. Secondary estuary-wide influence on salinity variability, particularly when associated with fronts. These
winds increase water-column mixing and estuary-ocean exchanges. The effects are intensified by the onset of “north-
easters.”

Density Currents

Months-Seasons. Minor influence on the salinity structure, primarily in South Edisto and Combahee rivers and upper
St. Helena Sound under sufficiently high freshwater inflow conditions.

Inter-estuary Exchanges

Months-Seasons. Minor influence on salinity variability, primarily in Morgan and Coosaw rivers due to conditions in
Beaufort River.

* Data Sources: See data sources listed for St. Helena Sound in the Appendix.
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Description

The Broad River estuary is a drowned river valley
system located in the lower Atlantic Coastal Plain of
South Carolina (Mathews et al., 1980). The largest of
Sea Island Coastal Region estuaries (219 km?), it
includes an extensive system of marshes, tidal creeks,
and sea islands (Figure 47). This estuary, which
includes Broad River, Beaufort River, Port Royal
Sound, and several tidal tributaries, is defined from
the head of tide on Coosawhatchie River, approxi-
mately 50 km upstream of Port Royal Sound's
entrance. Itis separated from the Savannah River
estuary by a tidal node in Calibogue Sound, just
northeast of the May River (Van Dolah, Pers.
Comm.). A tidal node at the confluence of Coosaw
and Beaufort rivers separates this system from St.
Helena Sound (NOAA, 1985). This estuary has been

Figure 47. Location map and subsystem identification

Broad River, SC

divided into two subsystems based on the response
of salinity to forcing mechanisms and time scales
(Figure 47).

Bathynietry -

The average depth of the estuary is approximately

7 m at mid-tide level (NOAA, 1990). Broad, deep
natural channels exist throughout Port Royal Sound,
Broad River, and major tidal tributaries. Large shoal
areas occur primarily in Beaufort River and Port
Royal Sound near Daws Island. The Port Royal
Harbor Channel (PRHC) (9 m at MLW) and AIWW
(3.7 m at MLW) are the only maintained navigation
channels.

Fi'eshwater

- This estuary receives most of its freshwater from
Coosawhatchie River, although total inflow
volume is limited by its small watershed (2,590
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km?) (Kilpatrick and Cummings, 1972; NOAA,
1990). Highest river discharges usually occur
during winter and spring; lowest river discharge
occurs during fall (Mathews and Pashuk, 1977)
(Figure 48). Freshwater input from the other
tributaries is not significant (Baltzer, 1972). Direct
precipitation to the estuary due to thunderstorm
activity increases during late June to early Septem-
ber (NOAA, 1980). Historical groundwater levels
have been reduced due to increased withdrawals

Figure 49 provides the salinity sampling and
average salinity for this estuary during low- and
high-salinity periods.

C in Savannah, Georgia (Mathews et al., 1980).

Tides

Most tidal exchange occurs through the opening at
Port Royal Sound. Port Royal Sound experiences”
strong tidal currents (Baltzer, 1972; Hopkins, 1956;
Kilpatrick and Cummings, 1972), while high tidal
amplitudes extend into Broad River (Baltzer, 1972).
Limited exchanges occur with St. Helena Sound
and the Savannah River system (Mathews et al.,
1980).

Salinity

The salinity structure is primarily determined by
the seasonal freshwater discharge from the
Coosawhatchie River, although mean salinities




Broad River, SC

fluctuate less than 5 ppt between typical high- and et al., 1983) and maintain vertically homogeneous
low-salinity periods. Vertical stratification is uncom-  conditions, but have little influence on salinity
mon, but may briefly occur near freshwater sources variability throughout most of the estuary. The

following significant inflow events.

estuary may, however, entrain reduced-salinity shelf
waters impacted by the Savannah River plume. In

This estuary is among the most stable in the South addition, exchanges with the St. Helena Sound
Atlantic region, experiencing little variability at any estuary may influence salinity in upper Beaufort and
time scale. Most variability occurs in the upper Broad rivers. The important time scales of salinity
reaches of major tidal tributaries during inflow variability and responsible mechanisms are summa-
events. Astronomical tides and winds increase rized in Figure 51.

exchanges between the estuary and ocean (Schwing

Figure 48.

Comparison of gaged freshwater volume for Broad and Coosawhatchie rivers during periods of salinity
depiction shown in Figure 49*
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m3/s
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== Mean Monthly Inflow (1951-1991)
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* USGS gage reflects 20% of the estuary's watershed (2,590 km 2) (USGS, 1993)
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Broad River, SC

Figure 49. Salinity sampling information and average salinity during low- and high-salinity periods™

February-April
Low-Salinity Period
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1971 91 43 56 1 0 0 0 0
1972 29 48 52 0 0 0 0 0
1974 71 75 25 0 3 100 0 0
1975 12 75 25 0 3 100 0 0
1977 61 51 39 10 3 100 0 0
1978 46 91 9 0 0 0 0 0
1979 70 46 46 9 5 0 0 100
1982 47 68 13 19 6 0 0 100
1984 81 57 28 15 9 0 0 100
1986 131 1 89 11 10 0 0 100
1987 86 21 59 20 14 0 0 100
1990 87 13 69 18 15 0 0 100
1992 117 31 68 1 0 0 0 0
Total
Observations 929 39 52 9 68 13 0 87
Average
Salinity (ppt) 24.7 275
September-November =
High-Salinity Period
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1970 3 100 0 0 0 0 0 0
1972 20 65 25 10 0 0 0
1973 163 41 59 0 3 100 0 0
1974 9 78 22 0 3 100 0 0
1975 3 100 0 0 3 100 0 0
1976 19 100 0 0 3 100 0 0
1977 33 9 91 0 3 100 0 0
1980 64 50 30 20 2 0 0 100
1981 27 11 70 19 2 0 0 100
1982 80 8 -89 4 0 0 0 0
1983 109 50 22 28 25 0 0 100
1984 95 21 51 28 23 0 0 100
1986 100 0 62 38 32 0 0 100
1987 141 1 62 37 49 0 0 100
1988 116 29 34 36 38 0 0 100
1989 89 26 52 22 19 0 0 100
1990 48 65 17 19 7 0 0 100
Total
Observations 1119 29 50 22 212 7 0 93
Average |
Salinity (ppt) 27.7 j 27.9

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Broad River, SC

Figure 50. Surface and bottom salinities during low- and high-salinity periods shown in Figure 49 *
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* Data Sources: See data sources listed for Broad River in the Appendix.
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Figure 51. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 49*

2 Assessment
Time Saale of Sallaky fiegponse Salinity Variability Importance of Mechanism Reliability
Hours Days to MSOT‘th to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks gasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater D D D Low =3-5ppt LIT - Literature
Inflow L 1)L 1l L 1-2) Very Low =<2 ppt Only
Tides D e :
elative importance
E ol 2 of mechanism
2
Wind M 7
UT 12 D
Density M Subsystem most
Currents Assessment _J H 1.3 - likely to be directly
B LIT 2 | Reliability influenced by mechanism
Inter-estuary M
Exchanges uT 1

NOTE: Isohalines illustrated in Figure 50 represent a "steady state" salinity
UNKNOWN LOW LOW 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

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

Freshwater Inflow

Days-Weeks. Dominant influence on salinity variability and stratification, primarily in the upper major tidal tributaries.
Freshets temporarily displace saline bottom waters toward Port Royal Sound and may increase vertical stratification in

the tidal tributaries.

Months-Seasons. Dominant influence on the salinity structure throughout most of the estuary. Salinity profiles
indicate little difference between typical high- and low-salinity periods because the water volume entering the estuary,
even during an average high-inflow period, is barely of sufficent magnitude to displace isohalines.

Year-Year. Dominant estuary-wide influence on the salinity structure, although mean salinity concentrations vary little
from year-to-year.

Tides

Hours. Dominant influence on salinity variability and water-column mixing, primarily in the lower estuary. Tides are
semi-diurnal, ranging 2.1 m near the estuary mouth and 2.5 m in the upper estuary (Baltzer, 1972; Hopkins, 1956).
Data insufficient to determine salinity changes during a tidal cycle.

Wind

Days-Weeks. Minor estuary-wide influence on salinity variability, particularly when associated with fronts. These
winds increase water-column mixing and estuary-ocean exchanges. The effects are intensified by the onset of

“northeasters."
Density Currents
Months-Seasons. Minor influence on the salinity structure, primarily in Beaufort River.
Inter-estuary Exchanges

Months-Seasons. Minor influence on salinity variability, primarily in the upper Beaufort River due to conditions in St.
Helena Sound.

* Data Sources: See data sources listed for Broad River in the Appendix.
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Description

The Savannah River estuary is a coastal plain system
occupying 126 km? (NOAA, 1990) and includes New,
Wright, and Savannah rivers and several distribu-
taries of Savannah River (e.g., Front, Back, and
Middle rivers and the South Channel) (Figure 52). It
is defined from the head of tide on the Savannah
River, about 52 km upstream from the estuary's
mouth (NOAA, 1985). It is separated from the Broad
River estuary by a tidal node in Calibogue Sound,
just northeast of May River (not shown) (Van Dolah,
Pers. Comm.); and from Wassaw Sound to the south
by tidal nodes in Wilmington River and St. August-
ine, Richardson, Lazarette, and Tybee creeks (not
shown) (Rogers, Pers. Comm.). This estuary has
been divided into three subsystems based on the
response of salinity to forcing mechanisms and time
scales (Figure 52).

Bathymetry
The average depth of the estuary is approximately

5 m at mid-tide level (NOAA, 1990). Navigational
channels downstream from Highway 17 in the lower

Figure 52. Location map and subsystem identification

Savannah River, SC/GA

Savannah and Front rivers (Figure 52) range from
9 m to 12 m MLW in depth, and facilitate the intru-
sion of saltwater into the estuary (GADNR, 1981).
The conversion of thousands of acres of saltwater
wetlands into diked disposal areas on the South
Carolina side of the estuary could also have altered
flow patterns and salinity regimes (SCCC, 1987).
Small scale widening, deepening, and straightening
of channels upstream from Highway 17 have had
comparatively little effect on saltwater intrusion
(SCCC, 1987).

Freshwater

The estuary receives most of its freshwater from
Savannah River, which is formed by the confluence
of Seneca and Tugaloo rivers (Brunswick Junior
College, 1975; Mathews et al., 1980). Highest river
discharge usually occurs in late winter and spring
due to heavy precipitation in the Blue Ridge and
piedmont areas; lowest discharge occurs during late
summer and fall (Brunswick Junior College, 1975;
Stokes et al., 1991) (Figure 53). A minimum flow rate
of about 190 m?3/s is maintained on Savannah River
by releases from Lake Hartwell and Lake Thurmond
(formerly Clark Hill Reservoir) (GADNR, 1974 and

Georgia

Wilmington
River —

r" m Upper Savannah River
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and Wright Rivers = May River
8] calibogue Sound
E Subsystem Boundary b
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Savannah River, SC/GA

1981). Smaller lakes and reservoirs further upstream
(including Mathis Reservoir and Lake Burton) have
only minor effects on streamflow and salinity
(GADNR, 1974; Stokes et al., 1991). Figure 54
provides the salinity sampling and average salinity
for this estuary during low- and high-salinity peri-
ods.

Tides

A tide gate and sediment basin were constructed in
Back River during the 1970s to increase current
velocities and decrease shoaling in Front River. This
increased salinities upstream from the tide gate in
Front, Middle, and Back rivers at both high and low
tides (GADNR, 1981; Pearlstine et al., 1989). Fresh-
water canals and dikes were constructed to help
maintain the freshwater of the Savannah National
Wildlife Refuge during tide gate operations. The tide
gate has not been operating since March 1989.

Most tidal exchange occurs through the entrance to
Savannah River, primarily through the North Chan-
nel; however, limited exchange occurs with the
Broad River estuary through Calibogue Sound.
Additional exchanges occur with Wassaw Sound
through Wilmington River and numerous tidal
creeks (Rogers, Pers. Comm.).

Salinity

The salinity structure is primarily determined by
controlled releases of freshwater from impound-

ments on Savannah River and its tributaries. Sea-
sonal salinities differ by about 5 ppt throughout most
of the estuary, with the least change in upper Savan-
nah River above Hutchinson Island (Figure 55).
While the tide gate was in operation (before March
1989), tidal influence on salinity variability in the
upper estuary was reported to be most pronounced
during low river flow and insignificant during high
flow (GADNR, 1981). Also, a prominent salt wedge
was in the lower estuary throughout the year
(Stickney and Miller, 1973); however, recent informa-
tion (1989-1992) does not necessarily support this
finding. The information, where available, suggests
vertically homogeneous conditions during both
periods except moderate stratification in lower
Savannah River. It also suggests that bottom salini-
ties are most variable in Savannah River below
Hutchinson Island. Insufficient data are available to
determine salinity variability during a tidal cycle for
the post-tide gate period (i.e., since March 1989).
Limited data are available during 1972 (pre-tide gate
conditions) at stations identified in Figure 52 (Winker
et al., 1985). These data suggest that surface and
bottom salinities change 3-11 ppt throughout a tide
cycle. The important time scales of salinity variabil-
ity and responsible mechanisms are summarized in
Figure 56.

Figure 53. Comparison of gaged freshwater volume from Savannah River during periods of salinity depiction shown

in Figure 54
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* USGS gage reflects 95% of the estuary's watershed (26,935 km2) (USGS, 1993)
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Savannah River, SC/GA

Figure 54. Salinity sampling information and average salinity during low- and high-salinity periods*

February-April
Low-Salinity Period
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations Observations | Observations | Observations
1989 26 0 0 100 18 0 0 100
1990 415 0 9 91 32 0 0 100
1991 335 1 5 95 31 0 0 100
1992 205 3 24 72 124 0 0 100
Total
Observations 981 1 10 80 205 0 0 100
Average i
Salinity (ppt) 4.3 10.4 |
September-November
High-Salinity Period
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1989 76 24 24 53 37 0 0 100
1990 64» 0 53 47 27 0 0 100
1991 48 25 13 63 7 0 0 100
1992 24 0 0 100 3 0 0 100
Total
Observations o 14 27 58 74 0 0 100
Average
Salinity (ppt) 16.4 12.9

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.

73




Savannah River, SC/GA

Figure 55. Surface and bottom salinities during low- and high-salinity periods shown in Figure 54 .
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* Data Sources: See data sources listed for Savannah River in the Appendix.
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Savannah River, SC/GA

Figure 56. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 54*

Assessment
Time Scale of Salinity Response Salinity Variability Importance of Mechanism Reliability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater D D D Low =3-5 ppt LIT - Literature
Inflow L 10/L 13| L 1.3 Very Low =<2 ppt Only
Tides D
UT 13 Relative importance
5 = -] of mechanism
s |
£ | Wind M 1]
é LT 13 ] D
" Subsystem most
Densit M i ;
Cu?:;n);s Assessment _| H 13 <__Ilkely to be directly
LIT 2 | Reliability influenced by mechanism
Inter-estuary M
Exchanges
LIT 3

NOTE: Isohalines illustrated in Figure 55 represent the "mean” salinity
UNKNOWN | MEDIUM 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

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

Freshwater Inflow

Days-Weeks. Dominant influence on salinity variability and stratification, primarily in Wright, New, and Upper Savannah
rivers.

Months-Seasons. Dominant estuary-wide influence on the salinity structure. Seasonal salinities from 1989 to 1992
changed by 5 ppt throughout most of this estuary.

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

Tides
Hours. Dominant estuary-wide influence on salinity variability and water-column mixing. Tides are semi-diurnal, ranging
from 2.0 m at the estuary's mouth to 2.5 m in Savannah River above Elba Island. Insufficient data are available to
determine salinity variability during a tidal cycle for the post-tide gate period (i.e., since March 1989). Limited data are
available during 1972 (pre-tide gate conditions) at stations identified in Figure 52 (Winker et al., 1985). These data
suggest that surface and bottom salinities change 3-11 ppt throughout a tide cycle.

Wind
Days-Weeks. Minor estuary-wide influence on salinity variability.

Density Currents
Days-Weeks. Minor influence on the salinity structure, particularly along North Channel and Lower Savannah River.
Inter-estuary Exchanges

Hours. Minor influence on salinity variability from Broad River to the north due to limited exchanges through Calibogue

Sound, and from Wassaw Sound to the south due to exchanges through Wilmington River and numerous tidal creeks
(Rogers, Pers. Comm.).

* Data Sources: See data sources listed for Savannah River in the Appendix.

75







11

Description

The Ossabaw Sound estuary is a small coastal plain
system occupying 85 km? (NOAA, 1990). Defined
from the head of tide on the Ogeechee River (about
52 km upstream of the entrance to Ossabaw Sound),
this estuary includes Ossabaw Sound and Ogeechee,
Little Ogeechee, Burnside, and Vernon rivers
(Mathews et al., 1980). It is separated from Wassaw
Sound by tidal nodes in Wassaw, Rhodes, and
Habersham creeks (not shown but located on
Wassaw Island), and by a tidal node in Skidaway
Narrows between Burnside and Skidaway rivers.
This estuary is also separated from the St.
Catherines/Sapelo Sound system by tidal nodes in
the Skipper Narrows section of Kilkenny Creek on
the ATWW near the confluence of Cane Patch and
Bulkhead creeks, and in Big Tom Creek (Rogers,
Pers. Comm.). This estuary has been divided into
two subsystems based on the response of salinity to
forcing mechanisms and time scales (Figure 57).

Figure 57. Location map and subsystem identification

Ossabaw Sound, GA

Bathymetry

The average depth of this estuary is approximately
4 m at mid-tide level (NOAA, 1990), although both
naturally deep areas and shoals are interspersed
throughout the estuary. The AIWW (3.7 m at MLW)
is the only actively maintained navigation channel
(Figure 57).

Freshwater

This estuary receives most of its freshwater from
Ogeechee River. Smaller inputs are supplied by
Canoochee River, a tributary of the Ogeechee River,
which drains an additional 23% of the estuary's
watershed (NOAA, 1990; Stokes et al., 1991). Highest
river discharge usually occurs during late winter and
spring due to increased precipitation in the piedmont
area; lowest discharge occurs during late summer
and fall (Brunswick Junior College, 1975) (Figure 58).
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Ossabaw Sound, GA

Figure 59 provides the salinity sampling and average
salinity for this estuary during low- and high-salinity
periods.

Tides

Most tidal exchange occurs through the entrance to
Ossabaw Sound, although limited exchange occurs
with Wassaw Sound through Burnside River and
tidal creeks near the estuary’s mouth. Additional
exchanges with the St. Catherines/Sapelo Sound
system occur primarily through the AIWW (Rogers,
Pers. Comm).

Salinity

The salinity structure is primarily determined by
seasonal freshwater discharge from Ogeechee River

and its tributaries. Seasonal salinities differ by 5-10
ppt throughout most of the estuary, with the greatest
changes apparent in lower Ogeechee River (below
Shad Island) (Figure 60). During the low-salinity
period, salinities are generally stable and unstratified
in Little Ogeechee and Vernon rivers, but are variable
and moderately stratified in lower Ogeechee River
and Ossabaw Sound. During the high-salinity
period, salinities throughout most of the estuary are
relatively stable and unstratified, but are more
variable in Ogeechee River above Shad Island. The
important time scales of salinity variability and
responsible mechanisms are summarized in Figure
61.

Figure 58. Comparison of gaged freshwater volume from Ogeechee River during periods of salinity depiction shown

in Figure 59*
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*USGS gage on Ogeechee River reflects 56% of the estuary's watershed (12,173 km 2) (USGS, 1993)
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Ossabaw Sound, GA

Fxgure 59 Salinity sa-inpliftg information and average saliﬂity during low- and high-salinity periods* j .

Surface Bottom
Years Total FIZ;d Ené,b Unkor/:own Total FIZood Ec{;b Unker/:own
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1971 85 0 0 100 79 0 100
1972 3 0 100 0 0 0
1974 16 0 0 100 8 0 0 100
1976 33 73 3 24 1 82 4 14
1977 3 0 0 100 28 0 0 0
1978 3 0 0 100 0 0 0 0
1979 15 20 60 20 0 0 0 0
1980 3 0 0 100 0 0 0 0
1982 3 0 0 100 0 0 0 0
1986 13 77 15 8 0 0 0 0
gl’)tsaelarvations ier 20 6 74 118 20 1 79
ggﬁrﬂ?z’ﬁﬁx} 98 11.2

Surface Bottom
% % % % % %
A\)(glaargle Obslr?/t::ions Obszlr?/gct’ions ObseErsgtions Ogs'g(rcgnlgns Obs.errc:/tg:ions Obszlrc\’/g(tjions ObseEregtions O!l:onr"ekrcg‘t?Igns
1970 a2 2 2 95 37 3 3 95
1972 19 0 0 100 0 0 0 0
1973 13 0 0 100 7 0 0 100
1974 20 0 0 100 14 0 0 100
1975 24 58 21 21 21 67 24 10
1977 3 0 0 100 0 0 0 0
1978 2 0 0 100 0 0 0 0
1979 3 0 0 100 0 0 0 0
1980 3 0 0 100 0 0 0 0
1981 3 0 0 100 0 0 0 0
1982 3 0 0 100 0 0 0 0
1986 13 54 38 0 0 0 0
1987 13 46 46 8 {¢] 0 0 0
1988 13 31 62 B 0 0 0 0
gct);:érvations L 18 14 67 79 19 8 73
o

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Ossabaw Sound, GA

Figure 60. Surface and bottom salinities during low- and high-salinity periods shown in Figure 59 g
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* Data Sources: See data sources listed for Ossabaw Sound in the Appendix.
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Ossabaw Sound, GA

Figure 61. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 59*

Assessment
Time Bonis of Sallntty Response Sallnity Variabllity | importance of Mechanism | _Reliability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
D Medium = 6-10 ppt M - minor L -low
Freshwater S D Low =3-5 ppt LIT - Literature
Inflow L 1L 12/ L 1.2 Very Low =<2 ppt Only
1des D Relative importance
_S LIT 12 of mechanism
£ |
£ | Wind S ]
§ Ut 12 D
Subsystem most
Inter-est 7 .
gxg;n:rfg?sry " Assessment _L H 1.3 likely to be directly
LT 1 Reliability -3 *T influenced by mechanism
NOTE: Isohalines illustrated in Figure 60 represent the "mean" salinity
UNKNOWN | MEDIUM HIGH HIGH 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
e variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

Freshwater Inflow

Days-Weeks. Secondary influence on salinity variability and stratification, primarily in Ogeechee River. Freshets
temporarily displace saline bottom waters toward lower Ogeechee River and may increase vertical stratification in this
estuary.

Months-Seasons. Dominant influence on the salinity structure, primarily in Ogeechee River and Ossabaw Sound.
Typical seasonal inflows alter salinities by 10 ppt throughout most of this estuary.

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

Tides
Hours. Dominant influence on salinity variability and water-column mixing throughout most of this estuary. Tides are
semi-diurnal and average 2.1 m throughout Ossabaw Sound and lower major tributaries. Data insufficient to determine
salinity changes during a tidal cycle.

Wind

Days-Weeks. Secondary estuary-wide influence on salinity variability, particularly when associated with fronts and
"northeasters.”

Inter-estuary Exchanges

Hours. Minor influence on salinity variability in Vernon River and lower Ogeechee River, primarily due to exchanges
through the AIWW.

* Data Sources: See data sources listed for Ossabaw Sound in the Appendix.
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Description

The St. Catherines/Sapelo Sounds estuary is a
drowned river valley-barrier island system
(Mathews et al., 1980), encompassing 194 km?
(NOAA, 1990). It includes three sounds (St.
Catherines, Sapelo, and Doboy) and numerous
coastal plain rivers, including Bear, Medway, North
and South Newport, and Sapelo rivers (Figure 62).
This estuary is defined from the heads of tide on Mt.
Hope and Peacock Creeks, approximately 40 km
upstream of the entrance to St. Catherines Sound
(NOAA, 1985). It is separated from Ossabaw Sound
to the north by tidal nodes located in the AIWW and
in Kilkenny and Big Tom Creeks (Rogers, Pers.
Comm.). Tidal nodes in Little Mud River and

Figure 62. Location map and subsystem identification

St. Catherines/Sapelo Sounds, GA

Threemile Cut separate the St. Catherines/Sapelo
Sound estuary from the Altamaha River system to
the south. This estuary has been divided into two
subsystems based on the response of salinity to
forcing mechanisms and time scales (Figure 62).

Bathymetry

The average depth of this estuary is approximately

4 m at mid-tide level (NOAA, 1990), although greater
depths are interspersed with shoals throughout the
estuary. Deeper water is found in natural channels
near the mouths of the three sounds and at sharp
river bends (UGA, 1971). The AIWW (3.7 m at
MLW) is the only actively maintained navigation
channel (Figure 62).

River

&

/]\

[ Georaia
| Georgia vl r ‘
| | N Kilkenny
| Creek
J Bear
River_——> )
_ ¢ Ossabaw
Mt. Hope Island
e Graek g;gg\viv .
Peacock
Creek — Ry

North Newport

%&A\;

1 St. Catherines
Sound

St. Catherines/Sapelo
Sounds

@ Doboy Sound

E Subsystem Boundary
E Estuary Boundary

=] aww

83




St. Catherines/Sapelo Sounds, GA

Freshwater

Due to the small size of its watershed, this estuary
receives limited freshwater inflow, primarily from
mainland freshwater runoff, groundwater, and
lateral flow from the trans-piedmont, piedmont, and
coastal plain rivers (Brunswick Junior College, 1975;
Kjerfve, 1973; Mathews et al., 1980; NOAA, 1990).
Lowest river discharge usually occurs in summer
and early fall (Figure 63) due to precipitation within
the watershed (Brunswick Junior College, 1975).
Figure 64 provides the salinity sampling and average
salinity for this estuary during low- and high-salinity
periods.

Tides

Most tidal exchange occurs through the entrances to
St. Catherines, Sapelo, and Doboy sounds, although
limited exchanges occur with Ossabaw Sound,
primarily through the ATWW, and with Altamaha

Sound through Threemile Cut and Little Mud River
(Rogers, Pers. Comm.).

Salinity

The salinity structure is determined by seasonal
freshwater discharge. An undetermined amount of
inflow is possibly contributed by Altamaha and
Ogeechee rivers through the ATWW and through an
extensive network of small coastal rivers and creeks.
Very limited data available for this estuary suggest
weak vertical stratification in Doboy Sound and its
tributaries (Figure 65). In the absence of any signifi-
cant freshwater inflow, salinities tend to be vertically
homogeneous. Spring tides and northeasterly winds
are important mechanisms controlling salinity
variability (Ragotzkie and Bryson, 1955). Seasonally
higher precipitation along the coastal plain during
late summer and fall can also affect salinity variabil-
ity. The important time scales of salinity variability
and responsible mechanisms are summarized in
Figure 66.

Figure 63. Comparison of gaged freshwater volume during periods of salinity depiction shown in Figure 64*
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*UsGs gage on Peacock Creek reflects 3% of the estuary's watershed (2,590 km?) (USGS, 1993)
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St. Catherines/Sapelo Sounds, GA

Figure 64. Salinity sampling information and average salinity during low- and high-salinity periods*

Surface Bottom
Years Total FI:ﬁ)d Eot/;b Unkol{:own Total Floo/‘:)d Eol/;b Unker/:own
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1963 17 12 88 0 17 12 88 0
1967 86 37 30 33 28 0 0 100
1972 67 46 36 18 56 55 45 0
1974 23 0 0 100 7 0 0 100
1975 12 0 0 100 0 0 0 0
1977 3 0 0 100 0 0 0 0
1978 2 0 0 100 0 0 0 0
1979 51 37 57 6 0 0 0 0
1981 13 38 38 23 0 0 0 0
1982 15 27 53 20 0 0 0 0
1984 14 36 43 21 0 0 0 0
1986 18 22 61 17 0 0 0 0
1988 18 6 78 17 0 0 0 0
1990 18 56 28 17 0 0 0 0
1992 17 41 47 12 0 0 0 0
gggérvations 374 32 40 28 108 31 37 32
Banrege oty 195 205
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1966 49 53 47 0 0 0 0 0
1968 81 41 15 44 8 0 0 100
1973 24 0 0 100 7 0 0 100
1974 29 0 0 100 14 0 0 100
1975 9 33 0 67 3 100 0 0
1978 2 0 0 100 0 0 0 0
1979 9 11 56 33 0 0 0 0
1980 15 47 33 20 0 0 0 0
1982 15 27 53 20 0 0 0 0
1983 3 0 0 100 0 0 0 0
1984 21 24 62 14 0 0 0 0
1985 21 52 33 14 0 0 0 0
1987 18 22 61 17 0 0 0 ¢]
1988 18 67 17 17 0 0 0 0
1990 18 50 33 17 0 0 0 0
1992 18 72 11 17 0 0 0 0
Total
Observations 350 37 27 36 32 9 0 91
g;ﬁ:»?xg%ppq 24.0 226

Abbreviation: ppt - parts per thousand

“Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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St. Catherines/Sapelo Sounds, GA

Fxgure 65. Surface and bottom salinities during low- and high-salinity periods shown in Figure 64 *
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* Data Sources: See data sources listed for St. Catherines/Sapelo Sounds in the Appendix.
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St. Catherines/Sapelo Sounds, GA

Figure 66. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 64*

Time Scale of Salinity Response Salinity Variability Importance of Mechanism | Rellability
Days to Months to Year to isodi Very High => 21 ppt D - dominant H -high
Hours Episodic ry Hig PP g
Weeks Seasons Year P High =11-20 ppt S - secondary M - moderate
D Medium = 6-10 ppt M - minor L -low
Freshwater S S \L,ow i = 3‘25 pp: LIT - Literature
inflow L 1-2[L 12[L 12 Sry;=ow Sis.cipp Only
Tides D
Relative importance
5 L 42 of mechanism
= s
2 | wind v
g Ut 12 o D
Inter-estuary S Subsystem most
Exchanges Assessment _| |_likely to be directly
9 LT 1-2 Reliability >~ H 18 I influenced by mechanism
NOTE: Isohalines illustrated in Figure 65 represent the "mean” salinity
UNKNOWN | MEDIUM MEDIUM MEDIUM 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
b i variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

NOTE: Matrix primarily reflects conditions in Doboy Sound due to data limitations.

Freshwater Inflow
Days-Weeks. Secondary influence on salinity variability, possibly due to local precipitation.
Months-Seasons. Secondary influence on the salinity structure.
Year-Year. Dominant influence on the salinity structure.
Tides

Hours. Dominant influence on salinity variability and water-column mixing throughout most of this estuary. Effect is
enhanced during spring tides. Tides are semi-diurnal and average about 2-3 m (Mathews et al., 1980; Ragotzkie and
Bryson, 1955). Data insufficient to determine salinity changes during a tidal cycle.

Wind

Days-Weeks. Secondary estuary-wide influence on salinity variability.

Inter-estuary Exchanges

Months-Seasons. Secondary influence on the salinity structure, possibly through the AIWW.

* Data Sources: See data sources listed for St. Catherines/Sapelo Sounds in the Appendix.
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Description

The Altamaha River estuary is a coastal plain system,
occupying 39 km? (NOAA, 1990). It includes
Altamaha River, Altamaha Sound, and several tidal
tributaries (Figure 67) and is defined from the head
of tide on the Altamaha River, about 39 km upstream
of the entrance to Altamaha Sound (Brooks and
McConnell, 1983). It is separated from the St.
Catherines/Sapelo Sounds system by tidal nodes
located in Little Mud River and Threemile Cut
(Rogers, Pers. Comm.). Tidal nodes near the head of
Hampton River and at the heads of Mackay and
Frederica rivers separate the Altamaha River system
from the St. Andrew/St. Simons Sounds system
(Rogers, Pers. Comm.). 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 the estuary is approximately 3
m at mid-tide level (NOAA, 1990), although greater
depths are interspersed with shoals throughout this

Figure 67. Location map and subsystem identification

Altamaha River, GA

estuary. The AIWW (3.7 m at MLW) is the only
actively maintained navigation channel (Figure 67).

Freshwater

This estuary receives most of its freshwater from
Altamaha River, which is formed by the confluence
of Ocmulgee and Oconee rivers (not shown). High-
est river discharge usually occurs in late winter and
spring due to heavy precipitation in the piedmont
area; lowest discharge occurs during late summer
and fall (Brunswick Junior College, 1975; Stokes et
al., 1991) (Figure 68). Dams forming Lake Oconee
and Sinclair Reservoir on Oconee River, and Lloyd
Shoals Reservoir on the Ocmulgee River (not shown)
have little influence on estuarine salinities
(Brunswick Junior College, 1975; Stokes et al., 1991).
Figure 69 provides the salinity sampling and average
salinity during low- and high-salinity periods.

Tides

Most tidal exchange occurs through the entrance to
Altamaha Sound, although limited exchange occurs
with Doboy Sound through Threemile Cut and Little
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Altamaha River, GA

Mud River. Additional exchanges with St. Simons
Sound occur through Hampton, Mackay, and
Frederica rivers (Mathews et al., 1980 and Rogers,
Pers. Comm.).

Salinity

The salinity structure is primarily determined by the
seasonal freshwater discharge from Altamaha River.
During the low-salinity period, freshwater main-
tained brackish and vertically homogeneous condi-

tions in Altamaha River above Onemile Cut and
throughout South Altamaha River.

Variable and moderate to highly stratified conditions
existed in the central and lower estuary. During the
high-salinity period, surface salinities increased 5-10
ppt throughout most of the estuary seaward of
Onemile Cut (no bottom data were available) (Figure
70). Surface salinities were most variable seaward of
Onemile Cut. The important time scales of salinity
variability and responsible mechanisms are summa-
rized in Figure 71.

Figure 68. gpmparéggn of gaged freshwater volume for Altamaha River during periods of salinity depiction shown in
igure
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*USGS gage on the Altamaha River reflects 96% of the estuary's total watershed (36,777 km?) (USGS, 1993)
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Altamaha River, GA

Figure 69. Salinity sampling information and average salinity during low- and high-salinity periods*

February-April
Low-Salinity Period
Surface Bottom
% %o % %o %o %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1970 9 22 0 78 0 0 0 0
1971 9 0 0 100 0 0 0 0
1972 9 0 0 100 0 0 0 0
1974 10 0 0 100 7 0 0 100
1976 38 50 16 34 35 54 17 29
1977 3 0 0 100 0 0 0 0
1978 3 (€] 0 100 0 0 0 0
1979 15 20 60 20 0 0 0 0
1980 6 50 0 50 0 0 0 0
1982 10 30 40 30 0 0 0 0
1984 8 63 38 0 0 0 0. . 0
B(gsaérvations 120 29 18 53 42 45 14 40
é‘;ﬁ,’,‘?@"(ppt) 37 10.7
r— ' September-November
L High-Salinity Period
Surface Bottom
% %o % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1968 ¢ 0 0 100 2 0 0 100
1970 59 17 29 54 49 18 31 51
1972 29 0 0 100 0 0 0 0
1973 3 0 0 100 0 0 0 0
1974 10 0 0 100 i 0 0 100
1976 3 0 0 100 0 0 0 0
1977 3 0 (6] 100 0 0 0 0
1978 3 0 0 100 0 0 0 0
1979 7 57 0 43 0 0 0 0
1982 7 57 (6] 43 0 0 0 0
1983 4 75 25 0 0 0 0 0
1984 11 82 18 0 0 0 0 0
1985 13 38 54 8 0 0 0 0
B o 154 & 18 60 58 16 26 59
's‘lﬁﬁ?@e(ppt) 13.4 20.0

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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Altamaha River, GA

Figure 70. Sutface and bottom salinities during low- and high-salinity periods shown in Figure 69*
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* Data Sources: See data sources listed for Altamaha River in the Appendix.
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Altamaha River, GA

- Bigure 71. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 69*

Assessment
Time Beale of Salinily Response Salinity Variabllity | importance of Mechanism | _Rellability
Daysto | Monthsto Year to isodi Very High = > 21 ppt D - dominant H -high
Hours Episodic ry Hig PP g
Weeks Seasons Year ) High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater D D D Low =3-5 ppt LIT - Literature
Inflow L 2.3|L 23| L 1-3 Very Low =:<2ppt Only
Tides D
Relative importance
_S LT 2-3 of mechanism
£ |
Wind M 1]
LIT 2-3 D
; Subsystem most
8:?:5'2;5 " Assessment _l, H 13 (__Iikely to be directly
LIT 2-3 Reliability € influenced by mechanism

NOTE: Isohalines illustrated in Figure 70 represent the "mean"” salinity
UNKNOWN HIGH MEDIUM HIGH 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

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

Freshwater Inflow

Days-Weeks. Dominant influence on salinity variability and stratification, primarily in the lower and mid-estuary where
freshets temporarily increase vertical stratification.

Months-Seasons. Dominant influence on the salinity structure throughout most of the estuary. During the low-salinity
period, discharge from Altamaha River and its principle tributaries is five times greater and salinities approximately 15
ppt lower than during the high-salinity period.

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

Tides

Hours. Dominant influence on the salinity structure, primarily in the lower and mid-estuary. Tides are semi-diurnal,
averaging 2.0 m near the estuary's mouth (USACE, 1991b). Data insufficient to determine salinity changes during a
tidal cycle.

Wind

Days-Weeks. Minor influence on salinity variability, particularly when associated with fronts. These winds increase
water-column mixing and estuary-ocean exchanges. The effects are intensified by the onset of “northeasters."

Density Currents

Days-Weeks. Minor influence on the salinity structure, primarily in the AIWW and lower estuary.

* Data Sources: See data sources listed for Altamaha River in the Appendix.
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14 St. Andrew/St. Simons Sounds, GA

Description

The St. Andrew /St. Simons Sounds estuary is a
drowned river valley-barrier island system
(Mathews et al., 1980), encompassing 186 km?
(NOAA, 1990). It includes St. Andrew and St.
Simons Sounds, as well as the Satilla River; Little
Satilla River; and several coastal plain rivers and
creeks (Figure 72). This estuary is defined from the
head of tide on Satilla River, approximately 80 km
upstream of the entrance to St. Andrew Sound
(NOAA, 1985). It is separated from the Altamaha
River estuary to the north by tidal nodes located near
the heads of Mackay and Frederica rivers (Rogers,
Pers. Comm.). Tidal nodes in the Brickhill and
Cumberland rivers separate this estuary from the
Cumberland Sound system to the south. This
estuary has been divided into two subsystems based
on the response of salinity to forcing mechanisms
and time scales (Figure 72).

Bathymetry

The average depth of this estuary is approximately 4
m at mid-tide level (NOAA, 1990), although numer-

Figure 72. Location map and subsystem identification

ous shoals and naturally deep areas are interspersed
throughout the estuary. The Brunswick Harbor
Channel (BHC) (10 m at MLW) extends from the
entrance of St. Simons Sound to Brunswick; a smaller
channel extends toward the lower Turtle River. The
East River Channel is susceptible to shoaling from
sediments originating primarily in Altamaha River
that are transported through Mackay River
(Mathews et al., 1980). The AIWW (3.7 m at MLW)
crosses the lower estuary (Figure 72).

Freshwater

This estuary receives most of its freshwater from
Satilla River (Havens and Emerson, Ltd., 1974;
Mathews et al., 1980; Stokes et al., 1991). Although
precipitation within the watershed is greatest in
summer, highest river discharge usually occurs
during late winter and spring; lowest discharge
occurs during fall (Brunswick Junior College, 1975;
Mathews et al., 1980; Stokes et al., 1991) (Figure 73).
Figure 74 provides the salinity sampling and average
salinity for this estuary during low- and high-salinity
periods.
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St. Andrew/St. Simons Sounds, GA

Tides

Most tidal exchange occurs across shifting bars at the
entrances to St. Andrew and St. Simons sounds.
Additional exchanges occur with Altamaha River
(primarily through Mackay and Frederica rivers) and
with the Cumberland Sound system through
Cumberland River (Rogers, Pers. Comm.).

Salinity

The salinity structure of St. Andrew Sound is prima-
rily determined by seasonal freshwater discharge
from the Satilla River (Stokes et al., 1991). Although
St. Simons Sound lacks any comparable direct

freshwater inflow, exchanges with Altamaha River
(through Mackay River) appear to have considerable
influence on its seasonal salinity structure. Limited
data available for Mackay River, St. Simons Sound,
and Brunswick River suggest that salinities are
highly variable and weakly stratified, particularly in
the low-salinity period (Figure 75). Tides and
freshwater inflow are probably the dominant mecha-
nisms controlling salinity variability. Limited data
are available during 1971-72 at stations identified in
Figure 72 to describe salinity variability throughout
several tide cycles (Winker et al., 1985). These data
suggest that surface and bottom salinities vary 1-8
ppt at this time scale. The important time scales of
salinity variability and responsible mechanisms are
summarized in Figure 76.

Figure 73. Comparison of gaged freshwater volume during periods of salinity depiction shown in Figure 74*
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* USGS gage on Satilla River reflects 70% of the estuary's watershed (10,360 km 2) (USGS, 1993)
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St. Andrew/St. Simons Sounds, GA

Figure 74. Salinity sampling information and average salinity during low- and high-salinity periods*

February-April
Low-Salinity Period
. Surface Bottom
5 % %o % % %o %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1970 0 0 0 0 14 57 14 29
1971 39 28 51 21 45 40 49 11
1972 80 16 20 64 76 17 20 63
1974 33 0 0 100 21 0 0 100
1976 15 40 0 60 6 100 0 0
1977 6 0 0 100 0 0 0 0
1978 6 0 0 100 0 0 0 0
1979 33 73 9 18 0 0 0 0
1980 15 40 20 40 0 0 0 0
1982 24 25 =50 25 0 0 0 0
1984 19 37 58 5 0 0 0 .0
L — 270 27 24 49 162 28 24 48
g;ﬁ;?tge(ppt) 13.8 | 13.1
October-December =
High-Salinity Period
Surface Bottom
Years Total Fiood Ebb i Total Fioed Ebb itk
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1970 96 16 20 65 96 17 20 64
1971 69 25 17 58 69 25 17 58
1972 43 0 100 34 0 0 100
1973 33 0 0 100 21 0 0 100
1974 33 0 0 100 21 0 0 100
1975 14 36 0 64 5 100 0 0
1977 6 0 0 100 0 0 0 0
1980 24 38 38 25 0 0 0 0
1981 34 47 35 18 0 0 0 0
1982 23 43 30 26 0 0 0 0
1984 27 67 33 0 0 0 0 0
1986 28 61 36 4 0 0 0 0
1987 29 28 66 7 0 0 0 0
1988 29 31 62 7 0 0 0 0
L - 488 25 24 51 246 15 13 72
g\a’ﬁ;u?t?(e(ppt) 257 | 24.7

Abbreviation: ppt - parts per thousand

*Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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St. Andrew /St. Simons Sounds, GA

Figure 75. Surface and bottom salinities during low- and high-salinity periods shown in Figure 74 *
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* Data Sources: See data sources listed for St. Andrew/St. Simons Sounds in the Appendix.
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St. Andrew/St. Simons Sounds, GA

Figure 76. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 74*

Time Scale of Salinity Response Salinity Variability i Importance of Mechanism
Hours Days to Months to Year to ‘ Episodic Very High => 21 ppt D - dominant
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
Medium = 6-10 ppt M - minor L -low
Freshwater Low =3-5ppt LIT - Literature
Inflow Very Low =<2 ppt Olnlya .
Tides o 7
£ uT Relative importance
@8 of mechanism
& |
.§ Wind v
2 - D
. Subsystem most
83?:;:1& Assessment _L, 4 1.3 < likely to be directly
Reliability i influenced by mechanism
Inter-estuary
Exchanges
NOTE: lIsohalines illustrated in Figure 75 represent the "mean" salinity
UNKNOWN HIGH HIGH HIGH 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
variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

Freshwater Inflow
Days-Weeks. Dominant influence on salinity variability and stratification.
Months-Seasons. Secondary influence on the salinity structure.

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

Tides
Hours. Dominant influence on salinity variability and water-column mixing throughout most of the estuary. Tides are
semi-diurnal, ranging 2.0 m at the entrances to the estuary and increasing to 2.2 m near Brunswick and 2.4 m at
Hermitage Point (NOAA, 1991). Limited data are available during 1971-72 at stations identified in Figure 72 to describe
salinity variability throughout several tide cycles (Winker et al., 1985). These data suggest that surface and bottom
salinities vary 1-8 ppt at this time scale.

Wind
Days-Weeké. Secondary estuary-wide influence on salinity variability.

Density Currents

Months-Seasons. Minor influence on salinity stratification, primarily in St. Simons Sound and Brunswick River.

Inter-estuary Exchanges

Months-Seasons. Secondary influence on the salinity structure in Mackay River and St. Simons Sound.

* Data Sources: See data sources listed for St. Andrew/St. Simons Sounds in the Appendix.
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Description

The St. Marys River & Cumberland Sound is a bar-
built estuary, encompassing 67 km? (Mathews et al.,
1980; NOAA 1990). This estuary includes St. Marys,
Crooked, and Amelia rivers; Kings Bay; Cumberland
Sound; and a network of smaller coastal plain rivers
and creeks. It is defined from the head of tide on St.
Marys River, approximately 64 km from its mouth
(Brooks and McConnell, 1983). It is separated from
the St. Andrew/St. Simons Sounds estuary to the
north by tidal nodes in Cumberland and Brickhill
rivers (Rogers, Pers. Comm.). A tidal node in
Kingsley Creek, south of Amelia River, separates this
estuary from Nassau Sound to the south. This

Figure 77. Location map and subsystem identification

St. Marys River/Cumberland Sound, GA/FL

estuary has been divided into two subsystems based
on the response of salinity to forcing mechanisms
and time scales (Figure 77).

Bathymetry

The average depth of this estuary is approximately 6
m at mid-tide level (NOAA, 1990). Navigation
channels (14 m at MLW) through St. Marys Entrance
and Cumberland Sound to Kings Bay Naval Subma-
rine Base probably enhance shoaling rates (Radtke,
1985) and may facilitate saltwater intrusion in this
part of the estuary. Additional smaller channels exist
in Cumberland Sound (9 m at MLW), North River (9
m at MLW), and through St. Marys River (5 m at
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MLW). The AIWW enters Cumberland Sound from
Cumberland River and continues south through
Amelia River (Figure 77).

Freshwater

This estuary receives most of its freshwater from St.
Marys River, which originates in Okefenokee Swamp
(Brunswick Junior College, 1975; Stokes et al., 1991)
and is part of the boundary between Georgia and
Florida. Although precipitation within the water-
shed is greatest in summer, highest river discharge
usually occurs during late winter and spring, while
lowest river discharge occurs in fall (Brunswick
Junior College, 1975; GADNR, 1973; Havens and
Emerson, Ltd., 1975; Stokes et al., 1991) (Figure 78).
Figure 79 provides the salinity sampling and average
salinity for this estuary during low- and high-salinity
periods.

Tides

Most tidal exchange occurs through the jetties of St.
Marys Entrance. Limited exchanges occur with the

St. Andrew /St. Simons Sounds system through
Cumberland River (Radtke, 1985; Rogers, Pers.

Comm.) and with the St. Johns estuary through
Amelia River (NOAA, 1985).

Salinity

The salinity structure is primarily determined by
seasonal freshwater discharge from St. Marys River
and its tributaries (Mathews et al., 1980; Radtke,
1985; Stokes et al., 1991). Radtke (1985) reports that
salinities in the lower estuary are generally
polyhaline to euhaline and tend to be vertically
homogeneous due to mixing caused by strong ocean
breezes and tidal currents. Changes in salinity over a
tide cycle are typically small, except near the mouth
of St. Marys River where bottom salinities have been
shown to differ by more than 10 ppt between succes-
sive ebb and flood tides (Radtke, 1985) (Figure 80).
The important time scales of salinity variability and
responsible mechanisms are summarized in Figure
81.

Figure 78. Comparison of gaged freshwater volume during periods of salinity depiction shown in Figure 79*

B Low Salinity (February-April)
1 High Salinity (June-August)
[ Antecedent Month
35( == Mean Monthly Inflow (1927-1992)
30 +
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£ 151
104
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0 L # : : i e l —
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* USGS gage on St. Marys River reflects 10% of the estuary's watérshed (18,129 km2) (USGS, 1993)
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Figure 79. Salinity sampling information and average salinity during low- and high-salinity periods*

Surface Bottom
% % % %o % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations Observations Observations | Observations | Observations Observations
1972 3 0 0 100 0 0 0 0
1979 12 83 17 0 0 0 0 0
1981 8 50 50 0 0 0 0 0
1982 8 63 38 0 0 0 0 0
1983 8 75 25 0 0 0 0 0
1986 8 50 50 0 0 0 0 0
1988 12 33 67 0 0 0 0 0
Total
Observations 59 56 39 5 0 0 0 0
Average
Salinity (ppt) 23.4 0
Surface Bottom
% % % % % %
Years Total Flood Ebb Unknown Total Flood Ebb Unknown
Available Observations | Observations | Observations | Observations Observations | Observations | Observations | Observations
1972 2 0 0 100 0 0 (0] 0
1974 10 0 0 100 7 0 0 100
1982 8 50 50 0 0 0 (¢] 0
1984 13 62 38 0 0 0 0 0
1986 12 58 42 0 0 (6] 0 0
1987 12 42 58 0 0 0 0 0
Total
Observations 57 42 37 21 7 0 0 100
Average
Salinity (ppt) 28.8 30.7

Abbreviation: ppt - parts per thousand

"Includes years when freshwater inflow volume was within +1 standard deviation of the long-term mean.
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 Figure 80. "Surface salinities ditring Tow- and fzigh—saliﬁity periods shown in Figure 79 *

- | || June-duly
| Surface

| February-April |

MM GWWEEREGREg

* Data Sources: See data sources listed for St. Marys River/Cumberland Sound in the Appendix.
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Figure 81. Time scales and forcing mechanisms important to salinity structure and variability as shown in Figure 79*

: < 1 Assessment
Time Scale of Salinity Response Sallnity Variability | Importance of Mechanism | _Relability
Hours Days to Months to Year to Episodic Very High = > 21 ppt D - dominant H - high
Weeks Seasons Year High =11-20 ppt S - secondary M - moderate
D D Medium = 6-10 ppt M - minor L -low
:;"?Shwa‘e’ S : \ngw e = 3'5 pp: LIT - Literature
fnflow | vt 12l 2l fyiLow =<t Only
Tides D Relative importanc
elative importance
E N - I S—— S of mechanism
e
£ | Wind S ¥
$ ALY I S R D
i Subsystem most
Densif M 7 "
Curre:?;s Assessment _| H 13 < likely to be directly
(hadi [N SSU |-  -] IN— — : influenced by mechanism
Inter-estuary M
Exchanges
LIT 2|
NOTE: Isohalines illustrated in Figure 80 represent the “mean"” salinity
UNKNOWN | MEDIUM LOW 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
. S variability at a particular time scale. The information within each column
Effect on Salinity Variability indicates the mechanisms most responsible for that variability.

Freshwater Inflow

Days-Weeks. Secondary influence on salinity variability.

Months-Seasons. Dominant estuary-wide influence on the salinity structure. Typical seasonal inflows alter salinities by
approximately 5 ppt throughout Cumberland Sound.

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

Tides
Hours. Dominant influence on salinity variability in St. Marys River (Radtke, 1985) and water-column mixing throughout
most of the estuary. Tides are semi-diurnal, averaging about 1.8 m at St. Marys Entrance. Maximum current velocities
are reported to be 1.0-2.0 m/s in St. Marys River Entrance and 0.5-1.3 m/s in the Cumberland Sound Channel (NOAA,
1991). Data insufficient to determine salinity changes during a tidal cycle.

Wind
Days-Weeks. Secondary estuary-wide influence on salinity variability, particularly when associated with fronts.

Density Currents

Months-Seasons. Possible minor influence on salinity stratification near St. Marys River Entrance.

Inter-estuary Exchanges

Months-Seasons. Minor influence on salinity variability.

* Data Sources: See data sources listed for St. Marys River/Cumberland Sound in the Appendix.
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This report has examined salinity structure and variability
of 15 South Atlantic estuaries. To the extent that data
allowed, 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.

Summary of Findings

Nearly all South Atlantic estuaries experience
significant salinity variability at many temporal
scales. Data suggest that salinity in the Altamaha
River, St. Andrew /St. Simons Sounds, and Ossabaw
Sound is among the most variable. In contrast,
Albemarle Sound, Charleston Harbor, and Broad
River are among the most stable systems. This
variability reflects the relative influence of forcing
mechanisms which differs both between estuaries
and within any given estuary.

Freshwater inflow is a dominant forcing mechanism
controlling salinity in this region. Many of the South
Atlantic estuaries are drowned river valley systems
that receive substantial freshwater inflow throughout
the year (i.e., Albemarle/Pamlico Sounds, Cape Fear
River, Winyah Bay, Santee River, Savannah River,
and Altamaha River). Others are lagoonal systems or
are supported by small watersheds that provide little
freshwater (i.e., Bogue Sound, New River, Broad
River, and St. Catherines/Sapelo/Doboy Sounds).
The remaining estuaries receive intermediate inflow
volumes.

The expression of freshwater on estuarine salinity is
primarily determined by the relative influence of
ocean salinity. Twice daily, the astronomical tides
average is less than 1 meter in many of the North
Carolina systems and the tides have restricted access
to these estuaries through narrow inlets. In the South
Carolina and Georgia estuaries, tides increase to 2-3
meters and have comparatively more influence.’
Information describing the role of wind, shelf
processes, and inter-estuarine exchanges on salinity
is limited, although these processes may have
considerable influence in many of these estuaries.

Ultimately, temporal variability will be used to
differentiate functional differences between estuary
types that have direct influence on both resource
distribution and water quality (Orlando et al., 1993).
This approach suggests that management, monitor-

Concluding Comments=———"—

ing, and research strategies for salinity-dependent
estuarine attributes may be different in some estuary
types than in others.

Lt

This report is one component of an effort to synthe-
size and interpret existing data on the Nation’s
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 it is becoming clear that the
cumulative impact of small, incremental changes in
an estuary may have a systemic effect on that estu-
ary, adjacent estuaries, or nearshore coastal waters
(Monaco et al., 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 circula-
tion, pollutant transport, and living marine resource
distributions.
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Appendix - Primary Data Sources

This appendix identifies the primary sources of information available for Georgia estuaries. Informa-

salinity data used in this estuarine characterization tion describing salinity variability during astronomi-
report (Table 1). Most salinity data was provided by  cal tide cycles is limited in nearly all South Atlantic
state water quality monitoring programs. Winker, estuaries.

Jaffe, and Howard (1985) supplemented salinity

Table 1. Primary Sources of Salinity Datq

3 |
Sampling Number of = | rotal #
1 | Surface/ Years Frequency of
State/Estuary Source ' | Bottom | Tides? (19_) (Approximate) Minimum| Maximum| Samples
NORTH CAROLINA
Albemarle Sound DEM Surface No 81-92 Monthly 0 31 1437
Bottom No 81-92 Monthiy 0 22 887
Pamlico Sound DEM Surface No 81-92 Monthly o} 37 2303
Bottom No 84-32 Monthiy 0 27 1121
DMF Surface No 71-91 Monthly 0 139 14,255
Bottom No 71-91 Monthly 0 134 12,517
ECU Surface No 75-92 Monthiy-Weekly 0 20 7058
Bogue Sound DEM Surface No 81-92 Monthly 0 H 517
DMF Surface No 70, 73-91 Monthly o} 17 2434
7172 2/day per month [¢] 4
Bottomn No 70-71, 73-91 Monthly 0 17 1,532
72 2xday per month 0 28
New River DEM Surface No 81-92 Monthly 0 5 447
DMF Surface No 71,7391 Monthly o} 24 2507
72 2xday per month 3 39
Bottom No 71,7391 Monthly 0 23 2,458
72 2xday per month 3 37
Cape Fear River DMF Surface No 70, 73-91 Monthly 0 19 2299
71-72 2xday per month 0 19
Bottom No 70, 73-91 Monthly 0 19 2260
71-72 2xday per month 0 19
CP&L Surface Yes 82-92 Weekly 9 9 5160
Bottom Yes 82-92 Weekly 9 9 5160
DEM Surface No 81-92 Monthiy 0 1 649
SOUTH CAROLINA
Winyah Bay SCWMRD Surface Yes 73-76, 79, 88-91 3-4 times per year 0 4 474
(excluding North Intet) 77-78 Monthly 10 10
Bottom Yes 73-76,79 3-4 times per year 0 2 435
77-78 Monthly 10 10
DHECWQ Surface No 80-91 Monthly 0 11 696
Bottom No 80-91 Monthly o} 11 536
DHECSHELL | Surface Yes 70,72-74,77-79, Inconsistent 0 7 191
usc Surface No 80-82 5-6 times per year 0 19 130
Bottom No 80-82 5-6 times per year 0 19 132
North Inlet DHECWQ Surface No March 85 +86 1X in March 1 1 2
DHECSHELL | Surface Yes | 70,72-74,77-91 Inconsistent Jun-Aug 0 9 391

1 DEM - Divisfon of Environmental Management; DMF - North Carolina Division of Marine Fisheries; ECU - East Carolina University, Institute for
Coastal & Marine Resources; CP&L - Carolina Power and Light Company; SCWMRD - South Carotina Witdlife & Marine Resources Department;
DHECWQ - South Carolina Department of Health & Environmental Control, Water Quality. Monitoring Stations; DHECSHELL - South Carolina
Department of Health & Environmental Contro!, Shelifish Monitoring Stations; and USC - Belle W. Baruch Institute for Marine Biology & Coastal
Research, University of South Carolina.

2 Tidal information available to NOAA's SEA Division

3 Minimum or maximum number of stations sampled each month during the period of record
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Appendix - Primary Data Sources

Table 1. Primary Sources of Salinity Data (continued)

: Number of 3
Sampling i ore Total #
1 | Surface/| Years Frequency of
State/Estuary Source ' | Bottom | Tides (19_) (Approximate) Minimum| Maximum| Samples
SOUTH CAROLINA
{Continued)
North/South Santee SCWMRD Surface Yes 73-74,77,79-80,82 | Inconsistent 0 22 1007
Rivers 85-91
75-76 Monthly 9 9
Bottom Yes 73-74,77,79-80,82, | Inconsistent 0 22 987
85-88
75-76 Monthly 9 9
DHECSHELL | Surface Yes 70-73,75,78-84 Inconsistent 0 5 498
85-92 Monthly 0 6
«Charleston Harbor SCWMRD Surface Yes 73-77,79-80,82-86 | Monthly 0 20 2795
87-91 2xday per month 3 42
Bottom Yes 73-77,79-80,82-86 | Monthly 0 20 2778
87-91 2xday per month 3 42
DHECWQ Surface No 80-91 Monthly 0 22 1953
Bottom No 80-91 Monthly 0 19 1501
DHECSHELL | Surface Yes 86-92 Monthly 0 1 422
St. Helena Sound SCWMRD Surface Yes 73-77,79-91 Inconsistent 0 8 580
Bottom Yes 73-77,79-91 Inconsistent 0 8 529
DHECWQ Surface No 83 (February-June) | 2 times per year 0 1 4
¢ 85+86 (March) 1 time per year 0 1
DHECSHELL | Surface Yes 70-93 Monthly 0 32 2340
Broad River SCWMRD Surface Yes 73-77,79-80,82-91 | Inconsistent 0 8 402
Bottom Yes 73-77,79-80,82-91 | Inconsistent 0 8 395
DHECWQ Surface No 80-82,84-91 Monthly 0 13 851
83 Biweekly 0 26
Bottom No 81,84-91 Inconsistent 0 12 645
83 Biweekly 0 25
DHECSHELL | Surface Yes 70-92 Monthly to Biweekly 0 45 3371
SOUTH CAROLINA/
GEORGIA
Savannah River SCWMRD Surface Yes 73-77,79-80,82-91 | 4xyear 0 4 240
Bottom Yes 73-77,79-80,82-91 | 4xyear 0 4 237
DHECWQ Surface No 80-91 Monthly 0 3 229
Bottom No 83-91 (May-Nov) Monthly 0 2 86
DHECSHELL | Surface Yes 70,72,74-75,77-92 | Inconsistent 0 20 1358
(September-May)
SKIDAWAY Surface Yes 68,69,72 Monthly 0 8 505
70-71,73-75 Inconsistent 0 26
Bottom Yes 68,69,72 Monthly 0 13 548
70-71,73-75 Inconsistent 0 29
PHLANS Surface No 90 (Apr,Jun-Aug) | Weekly 6 6 134
PEST Surface No 89 Monthly 2 2 23
(Mar, Apr,Jun-Nov)
Bottom No 89 Monthly 2 2 23
(Mar, Apr,Jun-Nov)
GAFWRU Surface No 89-91 (March-May) | Daily 0 6 751
GAEPD Surface No 70-92 Monthly 0 10 2174
Bottom No 70-92 Monthly 0 8 1594

1 SCWMRD - South Carolina Wildlife & Marine Resources Dep:
Water Quality Monitoring Stations; DHECSHELL - South Car
SKIDAWAY - Georgia Estuarine Data 1961-77, Charles D. Winker, Louise C. Jaffe, James D. Howard;
System of Georgia, Skidaway Island, Georgia, Technical Re;
PEST - U.S. Environmental Protection Agency, Region IV; GAFWRU - University of Georgia, Athens/U.S. F

olina Department of Health & Environment

and GAEPD - Georgia Department of Natural Resources, Environmental Protection Division.

2 Tidal information available to NOAA's SEA Division

3 Minimum or maximum number of stations sampled each month during the period of record

Geor
port Series, Number 85-7, Vols. 1 and 2; PHLA

artment; DHECWQ - South Carolina Department of Health & Environmental Control,
tal Control, Shellfish Monitoring Stations;

gia Marine Science Center, University
NS - Philadelphia Academy of Sciences;
ish & Wildlife Service Cooperative Unit;
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Appendix - Primary Data Sources

Table 1. Przmary 'Sdi;rbes of Salinity Data {coﬁtinz;éd)

. 3
Sampling Number of Total #
1 |Surtace/| | Years Frequency of
State/Estuary Source ' | Bottom | Tides (19_) (Approximate) | Minimum| Maximum| Samples
GEORGA o '
Ossabaw Sound SKIDAWAY Surface Yes 67, 70-76 Monthly 35 801
Bottom Yes 67,70-76 Inconsistent 0 28 452
GAEPD Surface No 73-82 Monthly 0 1 140
GADNR Surface | Yes | 79,83,86.93 Monthiy o 4 385
St. Catherines/ SKIDAWAY Surface Yes 61,63,66-76 Inconsistent 12 2124
Sapelo Sounds
Bottom Yes 61,63,67-76 inconsistent 0 11 830
GAEPD Surlace No 70-92 Monthiy 0 1 ‘202
GADNR Surtace Yes 79-83 Monthly ¢} 16 879
Altamaha River SKIDAWAY Surface Yes 59,68-76 Monthly 0 12 434
Bottom Yes 50,68-70,73-76 Inconsistent 0 15 262
GAEPD Surface No 73-82 Monthly 0 1 141
GADNR Surface Yas 79-85 Monthly 4] 4 229
St. Andrews/ SKIDAWAY Suriace Yes 59,68-76 Inconsistent 19 854
St. Simons Sounds
Bottom Yes 59,68-76 Inconsistent 11 858
GAEPD Surface No 73-92 Monthly 0 3 334
GADNR Suriace Yes 79-83 Monthly 0 2 1306
GEGRGIAFLORD
St. Marys River/ SKIDAWAY Surface Yes 72-74 Monthly 0 1 63
Cumberland Sound
Bottom Yes 73 (Dec), 74 {(Mar, | Every hour for 7 hrs 1 34
Jun, Sep, Dec) per month i
74 (Feb) Monthly 1 1
GADNR Surface Yes 79, 81-83 Monthly 0 4 551

1 sKIDAWAY - Georgia Estuarine Data 1961-'77%Ch3ﬂ‘es D. Winker, Louise C. Jaffe, James D, Howard; Georgia Marine Science Center, University

System of Georgia, Skidaway island, G

Resources, Environmental Protection Dlvis?on; and

2 Tidal information available to NOAA's SEA Division

3 Minimum or maximum number of stations sarmpled each month during the period of record

| Report Series, Number 85-7, Vols. 1 and 2; GAEPD - Georgia Depantment of Natural
GADNR - Gecrgia Department of Natural Resources, Crustacean Monioring Cruises.
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