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Figure 2.3 Location of Perdido Key and Perdido Pass (Google Earth, 2010) 

 

The entrance to Perdido Bay, Perdido Pass, is the western boundary of the island 

with Pensacola Pass bordering the east end (Work and Dean, 1991,Unknown, 2010). 

Perdido Key and Pass both impact the tidal hydraulics of the bay by limiting the tidal 

inflows and influencing the sedimentation through erosion and long-shore transport. 

Once through the inlet, the bay is divided into two channels; one, allowing water to travel 

north further into the bay and the other allowing water to head east into Bayou St. John 

along the Gulf Intracoastal Waterway. The entrance of the pass is protected by a jetty on 

the west side and a combination weir and jetty on the east. The main channel of Perdido 

Pass is routinely dredged for boating traffic that is almost constant throughout the day. 

The importance of Perdido Pass is that it is able to influence the sediment and material 

transport, the salinity regime, and the overall health of the bay.  
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2.4 Sediment 

Sediments found in Perdido Bay range from course grained sands to fine silts and 

clays. In the lower bay, near Perdido Pass, clayey silts and sands are most common while 

in the middle bay where there is less freshwater inflow, the sediment is mostly clayey silt. 

In the upper portion of the bay where there is a strong freshwater influence, the sediment 

is composed of sands, silts, and clays. A large volume of this sand comes from the 

discharging rivers and creeks within the Perdido Watershed (Niedoroda, 2010). The 

finest particles settle in the deepest and central locations of the bay leaving thick deposits 

of clayey silt sediments on the bed. The coarser grained sands are often deposited near 

the shorelines in shallow water. Since these soils are unconsolidated, they are more easily 

eroded and can cause sedimentation problems within the rivers and in Perdido Bay 

(Paulic, 2006). These easily eroded sands tend to settle out first upon discharging into the 

bay and are common near the confluence of a tributary and the bay due of the sudden 

drop in velocity at the expansion. Sandy soils are too heavy to be transported to the center 

of the bay, leaving those areas to be filled with silts and clays. The presence of sand in 

the lower bay region can be attributed to Perdido Key and Perdido Pass. These areas, 

consisting of almost entirely sand, are prone to erosion leading to deposits of sand 

directly offshore. Perdido Key often has significant erosion on the seaward side due to 

breaking waves and tides. A large portion of the eroded material is not lost to sea, but 

rather deposited along and across the island due to longshore sediment transport. The 

sedimentation processes working in Perdido Bay leave areas deprived of sand from 

extensive erosion but also create growing dunes from the deposited material (Work et al, 

1991).  
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The occurrence of two-directional flow, a characteristic of coastal water bodies, 

complicates sediment transport, but the law of sediment continuity still holds true. 

Continuity of sediment states that the sediment inflow minus the sediment outflow equals 

the time rate of change of sediment volume in a reach (Garcia, 2007). Sediment 

continuity incorporates the sources and sinks within the control volume of the bay. 

Sources of sediment can include longshore transport into the bay, erosion and runoff from 

surrounding beaches and marshes, sediment transport from river discharge and the tides. 

Sinks or removals of sediment are caused by longshore transport out of the bay, 

accumulation of sediment along beaches, and dredging in channels. All of these actions 

influence the overall sediment transport through the bay as well as the sediment 

continuity (Rosati, 2005).  

Ebb and flood conditions create different forms of sediment transport throughout 

Perdido Bay. Littoral transport, the transport of beach material along a shoreline by wave 

action, is a source of sediment supply to the bay along with sediments being discharged 

from inflowing rivers. During flood conditions, sediments are transported and deposited 

into the bay while during ebb conditions, sediments are remobilized and transported out 

of the estuary or redeposited along beaches (Garcia, 2007). Perdido Bay experiences 

longshore or littoral transport due to sediments being constantly eroded and deposited 

throughout the bay. A study of beach-nourishment evolution by Work et al. (1995) 

studied the sediment transport along Perdido Key. They concluded that longshore 

gradients of longshore sediment transport, cross-shore transport, and other processes 

would lead to significant changes in the waterline position over time (Work et al, 1995). 
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Sediment transport throughout Perdido Bay varies with the form of transport, tides, 

freshwater, salinity circulation and the velocities of the incoming and outgoing water.  

2.5 Tides  

Tides are observed as the rise and fall of the sea surface and in their simplest form 

are considered a shallow water wave traveling around the earth. Relative motions of the 

earth-moon-sun system are the driving force of tides. However, to fully understand tides, 

one must consider other factors that can influence tides including landmasses, and the 

rotation and motions of water masses (Ippen, 1966).  

Every tide has a period, which is the time needed to complete a cycle. Tides can 

be diurnal, having one high and one low tide with a period of 24.84 hours, semi-diurnal, 

having 2 high and 2 low tides with a period of 12.42 hours, or mixed, in which there is 

usually a high high tide, high low tide, low low tide, and a low high tide with a 24.84 

hour period. Perdido Bay experiences a diurnal tide with a period of 24.84 hours.  

Along with varying over time, tides vary in size or range. The range is considered 

the difference between high and low tide elevations. The Gulf of Mexico is characterized 

by small tide ranges compared to other coastal locations in the United States. On average, 

Perdido Bay sees a tidal range of 0.25 m (NOAA, Blue Angels Park, 2011). Perdido Pass, 

however, has tidal ranges slightly higher at 0.26 m (NOAA, Alabama Point, 2011). Tides 

are important to estuaries because they can be a driver of sediment distribution, wetland 

and marsh growth, and bay salinity (Sharp, 2007).   
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Using the linear wave theory as expressed in Equations 2.1, 2.2, 2.3, and 2.4, a 

basic analysis of the bay was completed to better understand the tides in Perdido Bay.  

  (2-1) 

  (2-2) 

  (2-3) 

  (2-4) 

Where: 

L = wave length 

g = gravitational force 

h = water depth 

T = tidal period 

C = wave celerity; 

Umax = maximum wave velocity  

a = tide amplitude  

σ = wave frequency 

Linear wave analysis was completed to better understand the basic tidal concepts 

of Perdido Bay. The two tide stations as previously mentioned were Alabama Point 

located at Perdido Pass and Blue Angels Park located near the midpoint of Perdido Bay. 
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The amplitude was calculated as half the tide range and found to be 0.131 m at Alabama 

Point and 0.127 m at Blue Angels Park. Values of water depth were estimated using a 

nautical chart to be 2.13 m at Alabama Point and 2.44 m at Blue Angels Park. Results 

from the linear wave theory equations can be found in Table (2.1).  

 

Table 2.1 Linear Wave Analysis 

Alabama Point (Perdido Pass) 

Amplitude (m) 0.131 

Water Depth (m) 1.994 

Wave Length, L (m) 395100 

Celerity, C (m/s) 4.417 

Max Velocity(m/s) 0.289 

Frequency, σ 0.253 

Period (hrs) 24.84 

Blue Angels Park (Perdido Bay)

Amplitude (m) 0.111 

Water Depth (m) 7.896 

Wave Length, L (m) 1453078 

Celerity, C (m/s) 15.946 

Max Velocity (m/s) 0.518 

Frequency, σ 0.253 

Period (hrs) 24.84 
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The celerity and maximum horizontal velocity are the most important results from 

this analysis. Celerity, or wave speed, increases as it moves through the bay, which is to 

be expected.  The horizontal velocity decreases further into the bay and is significantly 

smaller than the wave speed Coastal tides are affected by factors such as refraction, 

diffraction, convergence, reflection, and friction. All of these can amplify or dissipate 

tides while moving through a bay. Refraction can occur anywhere throughout an 

embayment and cause the tide height to increase by focusing the tidal wave energy into a 

smaller area or decrease by spreading it. Diffraction changes the tide ray direction and is 

commonly found when passing by landmasses such as islands. Convergence occurs as 

tides begin to move into shallow water and the tide height is increased. Perdido Bay does 

not see strong amplification of the waves and more commonly experiences decreased 

amplitudes from Perdido Pass to middle portion of the bay. This can be attributed to 

friction decreasing the height of the tide waves. During periods of high precipitation and 

high freshwater inflow, the direction of flow in portions of the bay can change 

dramatically and alter the tides as they are entering the bay. This is another aspect of the 

two-directional flow that is found frequently throughout Perdido Bay.  

2.6 Bay Salinity 

Salinity plays a vital role in the health and physical processes of a bay. Every 

coastal system has a unique salinity and flow regime that influences circulation, 

sedimentation, tides, and bay ecology. To understand the hydrodynamics of an estuary, 

the bay’s salinity classification must first be determined. Using stratification and salinity 

distribution as the primary criteria, the classification can be determined.  Pritchard (1955) 

and Cameron (1963) developed criteria for classifying an estuary based upon the salinity 
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regime. Estuaries are classified as being highly stratified, partially mixed, and well 

mixed. These classifications are based upon the normal salinity regime of an estuary. In 

some cases, the regime may shift with increased or decreased freshwater flow.  

Perdido Bay is characterized by the occurrence of stratified flow, as shown in 

Figure (2.4). Stratified systems are referred to as a salt wedge in which the outgoing 

lighter freshwater flows above a denser incoming salt-water layer. While the saltwater 

advances along the bottom until it can no longer overcome the freshwater flow forces. 

Niedoroda (2010) and Bricker (1997) both acknowledge the presence of stratified flow 

throughout the bay. Specifically, Niedoroda (2010) describes the bay as having strong 

stratification near the mouth of Perdido River and having near constant stratification 

through the rest of the bay. Stratified systems have very little mixing, which impacts the 

hydrodynamics of the system by allowing for less turbulence to pick up sediments from 

the bed and move them. The stratified salinity regime also sheds light on the flow 

dominance; the surface water flow will be ebb dominant (moving towards the mouth), 

while the bottom layer will be flood dominant (moving inland). This specific flow 

dominance is seen in Perdido Bay, and is most noticeable near the mouth of the Perdido 

River. At the mouth, the freshwater moves very quickly near the surface while the bottom 

layer is almost dormant (Niedoroda, 2010). The inability of the salt wedge to continue 

upstream indicates that it has become arrested, or dormant in movement. Until there are 

significant changes in the hydrology such as a prolonged drought or continuous rainfall, 

the salt wedge will remain in that location only moving slightly with the rise and fall of 

the tides.  
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Figure 2.4 Schematic of Salt Wedge Estuary (Pritchard, 1955) 

 

Even with high stratification, there is some mixing that occurs along the interface 

of the salt wedge. This small amount of mixing can only lead to a change in the salinity 

regime if there is a significant change in the hydrology of the estuary. IN a stationary salt 

wedge there are localized velocity points where the water directly below the wedge 

interface moves in the general direction of the freshwater, while the water near the 

bottom moves upstream. The salt wedge that occurs in Perdido Bay experiences some 

mixing along the interface that causes the velocities along any section of the saline wedge 

to cancel out to zero. Even with the freshwater and saltwater velocities, the water along 

the interface will have a net velocity near zero due to the two-directional flow. A small 

amount of mixing occurs once the net velocity exceeds the critical mixing velocity and if 

enough mixing occurs, some sediments and particles can be picked up into the freshwater 

layer creating a slightly less stratified system (Ippen, 1966). Perdido Bay experiences 
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high stratification near freshwater discharges but less pronounced stratification in the 

middle and lower potions of the bay.  

2.7 Environmental Concerns 

Small estuaries, such as Perdido Bay, are prone to large-scale effects due to small-

scale changes in water, atmosphere, etc. Because of the relatively small size, Perdido Bay 

is easily driven by precipitation and wind (Kirschenfeld et al, 2006). Water quality is an 

important part of any water body since changes affect vegetation and animal species 

residing in the bay. Perdido Bay is home to a diverse community of species including 

many that are endangered. For example, three species of sea grass that are found in the 

bay are highly sensitive to changes in water quality. These grasses provide habitats for 

animals including shrimp, crabs, and trout. Migratory birds also rely on these wetland 

areas for places of rest and feeding during migrations. Sea turtles can be found along the 

sandy beaches and dolphins are often seen swimming in the bay (Livingston, 2010). With 

numerous species of wildlife, the health of the Perdido Bay watershed is a growing 

concern with scientists and researchers. Residential expansion, industrial discharge, and 

lack of regulations have continued to decrease the overall health of the bay.  

The addition of nutrients in an estuary can cause algal blooms decreasing the light 

penetration in water decreasing the temperature of the water and altering the stratification 

and mixing as the top layer is cooled enough so that the water begins to sink and mixes 

with the bottom layer. The excess nutrients also aid the growth of aquatic vegetation, 

which reduces erosion from the estuary bed surface. This excess has the ability to alter 

the sedimentation processes in the bay as well as the sediment continuity. Environmental 

stressors are categorized as either point or non-point source pollutants. Point sources are 
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easily identifiable sources of pollution such as industrial discharge, while non-point 

sources are not easily identifiable and often come from multiple locations such as runoff. 

Knowing which category a certain type of stressor belongs to helps to manage the 

problems and improve the water quality of the estuary. 

Point sources of pollution are easily identified and often come from one major 

source. The most common form of point source pollution is industrial discharge that can 

be traced to its source directly. One such point source is the discharge from paper mill 

into Eleven Mile Creek which discharges into the northern portion of the bay. Macauley 

(1995) stated that during a water quality study of Perdido Bay, the mill was found to be a 

contributing factor of the high amounts of pollutants found in the upper bay. Paper mills 

discharge organic acids, sulfides, sulfates, lignin, and other constituents which can lower 

the dissolved oxygen and increase the nutrient load and turbidity (Macauley et al. 1995).  

Other point sources of pollution come from waste water facilities and landfills in the 

watershed. These facilities have limited discharge permits, but historically discharge 

more than allotted and contribute to the degrading water quality of the Perdido Bay 

watershed (Paulic, 2006).  

Much of the pollution in Perdido Bay cannot be directly located making it non-

point sources of pollution. Non-point sources are typically caused when rainfall generates 

storm water runoff that flows over the land picking up nutrients, pesticides, herbicides 

and other forms of pollution. Most of this pollution originates from agricultural and 

residential runoff as well as the recreational activities of boating and fishing. Agriculture 

and logging contribute to the high nutrient levels through the bay. Agricultural runoff is 
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most common in the northern portion of the bay and watershed with residential runoff 

being the primary source directly surrounding Perdido Bay (Paulic, 2006, Kirschenfeld).  

Over the years, Perdido Bay and Key have seen significant residential growth and 

urban and coastal development has had a strong impact on species biodiversity and can 

often lead to degraded wetland areas. Fishing demand has increased which has lead to 

more boat traffic, oil pollution, wake damage, and the introduction of non-indigenous 

species. The growing camping and marina industry has also added to the nutrient 

discharge. The residential and tourism growth has led to more impervious surfaces that 

amplify storm water runoff and increased nutrient enrichment, increased turbidity, 

decreased water quality and decreased light penetration. The addition of nutrients and 

low dissolved oxygen, impact the watershed greatly. Additional nutrients have increased 

turbidity and lowered the light penetration that has killed off many key species of sea 

grass (Kirschenfeld et al, 2006). This has become a problem in many locations 

throughout the bay where species depend on these habitats for survival.  

2.8 Conclusions 

Perdido Bay is home to numerous plant and wildlife that depend on a healthy 

ecosystem. Located on the Alabama-Florida Gulf Coast, the bay is driven by precipitation 

and freshwater flows coming from the Perdido River and other small tributaries. When a 

salt wedge exists, it moves with the ebb and flood of the tides and moves far upstream in 

times of low freshwater flows and droughts. Sediment transport through the bay is driven 

by low tidal circulation. Sand deposits are found along the edges of the bay and 

transported back and forth along Perdido Key through Perdido Pass. Clay and silt 

deposits occur throughout the bay and build up in the central portions with low velocity. 
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Overall, the processes of Perdido Bay are mainly driven by precipitation and the presence 

or lack of freshwater inflows, determine the sediment transport, salinity regime, and the 

impact of pollution.  
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CHAPTER III 

PHYSICAL PROCESSES 

3.1 Overview 

This chapter will discuss the various physical processes that an estuary undergoes. 

Freshwater flows and the tidal and salinity regimes are all forcing factors of the 

hydrodynamics of an estuary. Sedimentation processes include transport, the calculation 

of the sediment budget, and movement of the turbidity maxima. The physical processes 

of a bay are all intertwined with one another and all play an important role in workings of 

an estuary. 

3.2 Hydrodynamics 

Pritchard (1952) stated that “Estuaries may be divided into two large groups 

depending upon the relationship between fresh-water inflow and evaporation.” This 

statement makes clear the importance of hydrodynamics in a system and that by first 

classifying an estuary by its hydrodynamics, a broad picture of the estuary’s processes 

can be assumed. Two categories have been used historically to classify an estuary by its 

freshwater inflows. First, a positive estuary, one in which there is a significant dilution of 

salt water by land drainage, and the second being an inverse estuary, where the 

evaporation exceeds the land drainage and precipitation leaving an estuary with high 

salinity estuary water and sea water. There is also a chance that a neutral estuary may 
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exist where neither the freshwater inflow nor the evaporation dominate. Classification in 

terms of the geomorphological structure is also useful in defining the processes. Three 

main classes of estuary can be defined by their geomorphological formation:  coastal 

plain, deep-basin type, and bar-built estuaries. Coastal plain, the most common type of 

estuary, are characterized by their shallow water body and dendritic shore line. Deep-

basin types are elongated estuaries with relatively deep basins and a shallow sill at the 

mouth. Lastly, a bar-built estuary results from the development of an offshore bar on a 

shore line of low relief and shallow water (Pritchard, 1952).   

Strommel (1951) indicated that classification can be based on the predominant 

physical causes of movement and water mixing the estuary. The main components of this 

classification combine the geomorphic classification with the freshwater inflows, the tidal 

regime, and the salinity regime which all have an influence on the sedimentation 

processes that occur in a water body. In a coastal plain estuary, the most common force of 

movement and mixing is the tide, which weakens river flow and in bar-built estuaries 

movement and mixing depend on wind speeds and directions. Other water bodies depend 

primarily on the freshwater inflows to effect mixing. While these are common causes of 

mixing and movement within estuaries, there is no single source of mixing and is often 

affected by a combination of tides, wind, and freshwater (Pritchard, 1952).  

Understanding water movement and mixing is crucial to sedimentation studies 

because it determines how sediment mixes, deposits, and erodes. Freshwater inflows of 

Perdido Bay were previously discussed in Chapter 2 as was a brief discussion of the tides 

and salinity of Perdido Bay. The next two sections will give a more in depth review of the 

physical processes of the tidal and salinity regimes in estuaries.  
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3.2.1 Tidal Regime 

Tides represent the rise and fall of the sea surface and are considered to be 

shallow water waves traveling around the earth. Land masses, submarine topography, and 

the rotation and motion of water masses are all factors that influence the tidal regime 

(Ippen, 1966). The period, or time to complete a tidal cycle, can be characterized as being 

diurnal, semi-diurnal, or mixed with each having a period of 24.82 hours, 12.42 hours, 

and 24.84 hours, respectively.  The size, or tidal range, can vary from less than 2 meters, 

micro-tides, to greater than 4 meters, macro-tides (Ippen, 1966). Along with varying 

ranges and periods, tides are unique in that they have a specific wave speed, length, 

amplitude, frequency, and velocity, as discussed in Chapter 2.  

Coastal tides are influenced by a number of factors including refraction, 

diffraction, convergence, reflection, friction, and the coriolis; all effecting how tides 

amplify or dissipate when moving through a bay or estuary. Normally, as tides enter a 

bay they are amplified, however factors may increase the tide or not allow for 

amplification to occur. Refraction can occur anywhere throughout an embayment and 

causes the tide height to increase by focusing the tidal wave energy into a smaller area. 

Diffraction changes the tide ray direction and occurs when passing by land masses such 

as islands, while convergence occurs as tides begin to move into shallow water and the 

tide height is increased (McAnally, 2011).  

Due to the shape of Perdido Bay and the small frictional effects, tidal 

amplification and friction only cause slight changes in the tide as it moves through the 

bay. Perdido Bay’s tides are not significantly amplified as they move from the inlet of 

Perdido Pass to the northern end of the bay, even though convergence occurs in the 
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northern region where there is a change of geometry. Instead of amplification, tides are 

slightly dampened; this may be caused by the freshwater inflows, particularly during the 

wet season, which can change the overall direction of flow in the bay.  

The tidal inlet, Figure 3.1, is the narrow waterway that connects a bay or estuary 

to a larger body of water and acts as an important forcing factor of the tidal regime. This 

narrow inlet allows tides to flow into and out of the bay and is a major contributing factor 

to the ecosystem since it controls the seawater fluxes. Most tidal inlets are formed 

naturally but are widened and deepened for navigation and recreational purposes and  

influence the salinity, water temperature, and the sediment and nutrient loading and 

transport (Escoffier, 1977). The inlet and bay geometry, inlet sediment characteristics, 

freshwater inflows, and ocean tide characteristics should all be considered when 

assessing the hydraulics of an inlet. The rise and fall of the tide through the mouth and 

the exchange of water through the inlet can lead to a large amount of sea water storage 

during high tide and an equally large amount of drainage during low tide. The total 

volume of water exchanged is referred to as the tidal prism. Narrow inlets such as 

Perdido Pass limit the volume entering and exiting the bay and can dampen the tidal 

prism. Generally, the total volume of freshwater is smaller than that of the tidal prism but 

the freshwater still has an impact. The amount of water allowed to pass the inlet is very 

dependent on the above mentioned factors and varies with their changes. The freshwater 

to seawater ratio is an important characteristic of any bay and is useful in classifying its 

driving forces.  
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Figure 3.1 Idealized inlet bay system (Douglass and Krolak, 2008) 

 

The freshwater/saltwater ratio is useful in determining the amount of saltwater 

diffusion. Higher ratios indicate less diffusion and less mixing, leadin to a stratified 

system that often presents a very distinct salt wedge. A lower ratio indicates more 

diffusion and a well-mixed system with only small variations of salinity over the depth. 

The variations in salinity that do exist are caused by weak internal density currents and 

affect the silting patterns in estuaries (Ippen, 1966). Understanding the tidal regime and 

its forces give way to a better understanding of the hydrodynamics of a bay as well as the 

sediment, contaminant, and salinity transport.  
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3.2.2 Salinity Regime 

An estuary’s salinity regime is an important characteristic to any coastal water 

body and is important to circulation, sediment transport, and water quality. The best way 

to describe and understand the salinity regime is to classify it based on the stratification 

and salinity distribution. Pritchard (1955) and Cameron and Pritchard (1963) developed a 

criteria for classifying an estuary as being a well-mixed, partially mixed, or highly 

stratified salinity regime. A well-mixed estuary, Figure 3.2 and 3.3 experiences a 

significant amount of freshwater inflow and also increased bottom friction which mixes 

the system. Vertically and laterally homogeneous salinity conditions with increasing 

salinity towards the inlet characterize a well-mixed system. A partially mixed system, 

Figure 3.4 and 3.5 occurs when energy is dissipated by bottom friction and turbulence in 

the bay mixes salt water upward and freshwater downward with a net upward flow. The 

salinity in the surface water increases as the surface flow increases to maintain river flow 

plus the upward mixed saline water causing a longitudinal salinity gradient to form along 

the bottom. Lastly, a highly stratified system, Figure 3.6 is characterized by having a 

noticeable salt wedge in which outgoing lighter freshwater flows above the more dense 

incoming saltwater layer where the saltwater advances along the bottom until it can no 

longer overcome the freshwater flow forces (Tidal Hydraulics, Engineer Manual 1110-2-

1607, 1991). 
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Figure 3.2 Well-Mixed Estuary (Pritchard, 1955) 

 

 

Figure 3.3 Well-mixed estuary cross section (Pritchard, 1955) 
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Figure 3.4 Partially Mixed Estuary (Pritchard, 1955) 

 

 

Figure 3.5 Partially mixed estuary cross section (Pritchard, 1955) 
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Figure 3.6 Schematic of Salt Wedge Estuary (Pritchard, 1955) 

 

 

A salt wedge is defined as a limited saline layer lying below the inflowing 

freshwater. At some point the inflowing freshwater overtakes the salt water and stops the 

salt wedge from moving further upstream becoming arrested. Even though the wedge is 

stationary, some flow occurs and local point velocities exist. These flows are minimal 

and create a slight mixing reaction along the interface of the salt and fresh water 

(Keulegan, 1966).  

The diffusion processes in stratified flow influence salinity intrusion, pollution 

problems, shoaling, and sediment transport. Stratified flow involves the fluid motions of 

the gravitational field, which are influenced by variations in density within the fluid, 

while mixing and diffusion within an estuary result from tidal motion originating at the 
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mouth and propagating through the estuary. In general, salinity density gradients occur in 

all three coordinate directions but because of the complexity of three-dimensional 

systems, analysis of salinity intrusion, contaminant, and sediment transport are typically 

completed in an assumed one-dimensional system. In the idealized 1D estuary, under the 

conditions of constant freshwater discharge with a constant tidal range, a steady state 

salinity distribution exists. Once the tidal turbulence is great enough, the estuary becomes 

mixed (Harleman, 1966). In the case of steady channel flow, it is assumed that at any 

moment, a fully developed shear flow exists and provides one of the mechanisms for 

mixing of salt and freshwater (Ippen, 1966). 

The flow regime in estuaries is governed by four dynamic influences that 

determine the direction and magnitude of velocities at different elevations and at different 

distances from the mouth. Ippen (1966) defined them as being:    

1. The effect of tide through salinity intrusion length as a function of the forcing 
tide at the estuary entrance.  

2. The effect of gravity due to density variations between freshwater and 
saltwater.  

3. Gravitational forces needed to produce a net seaward transport of freshwater 

4. The Coriolis and centrifugal forces inducing transverse fluid motion due to 
rotation of the earth and curvature of the estuary, respectively.  

In the seaward portions of an estuary where salinity intrusion is constant, the flow profile 

is divided into two distinct portions, the lower and upper zones. In the lower zone, the 

salinity levels are near equal to the levels in the ocean; oppositely, in the upper portion, 

the freshwater flows experience little interaction with the saltwater and the stratification 

forms a lower layer of water that is the salt wedge. When a weak tidal regime is present, a 

stable salt wedge exists with a well-defined interface. The density difference between the 
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two water layers suppresses turbulent mixing and interfacial waves not allowing the 

turbulence to overcome the density gradient resulting in a back and forth moving salt 

wedge when combined with the tidal action. Some estuaries display a completely 

stratified system only when conditions are favorable while other circumstances, such as 

during unusually high tides, the turbulent waves, low freshwater flows, and wind induced 

currents produce a more mixed condition (Ippen, 1966). 

3.3 Sedimentation 

Estuarine sediments  range in size from less than 0.002 mm to greater than 4 mm 

with the smaller grain sizes being more prominent, thus making them the primary 

contributor to shoaling and sedimentation problems. Clays and silts are the main 

components of the sediment bed and are found along the banks while sands and gravels 

are typically only found at the head of the estuary or at the ocean entrance and inlet. Fine 

grained sediments (clays and silts) contain both inorganic and organic materials and often 

contain key minerals such as Kaolinite, Illite, and Mica. The Wentworth Scale (Figure 

3.7) defines fine grained sediments as being less than 63 μm, furthermore, the scale goes 

on to define silts as being larger than 4 μm, clays being smaller than 4 μm, and further 

divides each category into coarse, medium, fine, and very fine. Sediments can also be 

classified by their tendency to bond together (cohesiveness). Cohesive sediments (clays 

and silts) are fine sediments that have the ability to bind together forming larger grains, 

while cohsionless sediments (sands) remain as individual grains during transport. In 

general, finer sediments are more cohesive with diameters greater than 40 μm essentially 

being cohesionless. Individually, these very fine sediments cannot settle, but once grains 
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have joined together, they form flocs and gain enough weight to settle and deposit on the 

bed (Ippen, 1966; McAnally, et al, 2002, Mead, et al, 2004).  

 

 

Figure 3.7 Udden-Wentworth Grain-Size Scale (Wentworth, 1922) 


