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GLOSSARY
Apparent Ocean Level Rise. The amount of long term rise in sea levels. The amount of
rise is a combination of actual sea level rise or fall and regional subsidence, uplift or rebound.
Backshore. The portion of the beach between the foreshore and the dunes or landward
extent of the storm beach. The backshore is generally only acted upon by waves during

storms.

Barycenter. The center of mass of the earth moon system. This is the center of rotation of
this two-body system.

Bay. A body of water connected to the ocean with an inlet.

Celerity. See wave speed.

Coastal Zone. The line forming the boundary between the land and water is commonly
called the coastline or shoreline. The strip of land of indefinite width that extends inland to
the first major change in terrain features is commonly referred to as the coast of coastal

zone. The coastal zone may be several kilometers wide.

Datum. A reference point for vertical (elevation) measurements. See tidal datums and fixed
datums.

Diurnal tide. Tides with an approximate tidal period of 25 hours.

Ebb or ebb tide. Flow of water from the bay or estuary to the ocean.

Embayment. An indentation in the shoreline.

Estuary. Tidal reach at the mouth of a river.

External Boundary Conditions. Upstream and downstream (ocean) constraining variables
at the model limits. These include upstream flow hydrographs and downstream stage

hydrographs.

Fetch. The area over water where the wind is unobstructed with fairly uniform speed and
direction.

Fixed Datums. A reference level surface that has a constant elevation over a large
geographical area.

Flood or flood tide. Flow of water from the ocean to the bay or estuary.

Foreshore. The portion of the beach between the backshore and the low tide elevation.
The foreshore is the active beach where wave uprush and backwash occurs over the range
of the tide.

Hurricane. An intense type of tropical cyclone with well defined circulation and maximum
sustained winds of 74 mph or higher.

Ineffective flow areas. Portions of cross sections that provide storage but do not convey
flow.



Internal boundary conditions. Flow Controls at interior portions of a numerical model.
These include structures (culverts, weirs, and bridges) and lateral inflow hydrographs.

Intracoastal waterway. A series of natural and dredged channels within the U.S. coastline
intended for small craft.

Junction confluence. A Location where channel reaches (main channel and tributaries)
connect.

Littoral transport or drift. Transport of beach material along a shoreline by wave action.
Also, longshore sediment transport.

Littoral zone. The region that extends seaward from the coastline to just beyond the
beginning of the breaking waves. Within this zone, waves and currents transport sediments.
A current is generated by the incident waves within the littoral zone

Mean high water (MHW). The average of all high tides over a tidal epoch.

Mean higher high water (MHHW). The average of all daily higher high tides (for semidiurnal
tides) over a tidal epoch.

Mean low water (MLW). The average of all low tides over a tidal epoch.

Mean lower low water (MLLW). The average of all daily lower low tides (for semidiurnal
tides) over a tidal epoch.

Mean sea level. The average of hourly tide heights over a tidal epoch.
Mean tide level. The average of all high and low tides.

Mixed tide. Semidiurnal tides that exhibit significant differences between the two high and
two low tides.

National Tidal Datum Epoch (NTDE). The specific 19-year period adopted by the National
Ocean Service (NOS) as the official time segment over which tide observations are taken
and reduced to obtain mean values for tidal datums.

Neap tide. Smaller than normal tides that occur approximately twice per month at the first
and third quarter moon phase when the sun and moon are at right angles to the earth and
the tidal forces counteract each other.

Network. An assembly of channel reaches, junctions and storage areas that make up the
numerical model geometric description of the waterway.

Numerical stability. The ability of the program to converge to a solution at a time step.
Ocean Level Rise. See apparent ocean level rise.
Passage. A tidal waterway between two islands or between the mainland and an island.

Reaches. Segments of the waterway between tributary confluences and between
confluences and the upper and lower model limits.



Run-up, wave. Height to which water rises above still-water elevation when waves meet a
beach, wall, etc.

Saffir-Simpson hurricane scale. A scale of one through five (called categories) based on
the hurricane intensity.

Semidiurnal tide. Tides with an approximate tidal period of 12.5 hours.

Set-up, wave. Height to which water rises above still-water elevation as a result of storm
wind effects.

Significant wave height. The average height of the one-third largest waves for a specific
set of wind, fetch and water depth conditions.

Spring tide. Larger than normal tides that occur approximately twice per month at new and
full moon when the sun and moon are aligned and the tidal forces are reinforced. See

Syzygy.

Still-water elevation. Flood height to which water rises as a result of barometric pressure
and wind occurring during a storm event without including waves heights. The water level
without the effects of waves.

Storage areas. Network features where the model performs simple storage routing
assuming a level water surface.

Storm surge. Coastal flooding phenomenon resulting from wind and barometric changes.
The storm surge is measured by subtracting the astronomical tide elevation from the total
flood elevation (Hurricane surge).

Storm tide. Coastal flooding resulting from combination of storm surge and astronomical
tide (often referred to as storm surge)

Sustained winds. Wind speeds that persist for duration of one minute.

Syzygy. The time when the moon and sun are aligned such that the tide forces of the
bodies act to reinforce each other. This occurs at new and full moon.

Tidal amplitude. Generally, half of tidal range.

Tidal current. Flow in a tidal waterway that is caused by the rise and fall of tides. See ebb
tide and flood tide.

Tidal cycle. One complete rise and fall of the tide.

Tidal day. Time of rotation of the earth with respect to the moon. Assumed to equal
approximately 24.84 solar hours in length.

Tidal datum. A local reference elevation relative to a tidal level, such a mean lower low
water (MLLW).

Tidal epoch. A cycle of approximately 18.6 years of the principle tide producing forces.

Tidal inlet. A channel connecting a bay or estuary to the ocean.

Xi



Tidal passage. A tidal channel connected with the ocean at both ends.

Tidal period. Duration of one complete tidal cycle. When the tidal period equals the tidal
day (24.84 hours), the tide exhibits diurnal behavior. Should two complete tidal periods
occur during the tidal day, the tide exhibits semidiurnal behavior.

Tidal prism. Volume of water contained in a tidal bay, inlet or estuary between low and high
tide levels.

Tidal range. Vertical distance between specified low and high tide levels.

Tidal waterways. A generic term which includes tidal inlets, estuaries, bridge crossings to
islands or between islands, inlets to bays, crossings between bays, tidally affected streams,
etc.

Tides, astronomical. Periodic diurnal or semidiurnal variations in sea level that result from
centrifugal and gravitational forces between the earth, moon, sun and other astronomical
bodies acting on the rotating Earth.

Tropical depression. An organized system of clouds and thunderstorms with a defined
circulation and maximum sustained winds of 38 mph.

Tropical storm. An organized system of strong thunderstorms with a defined circulation and
maximum sustained winds of 39 to 73 mph.

Tsunami. Long-period ocean wave resulting from earthquake, other seismic disturbances or
submarine land slides.

Waterway opening. Width or area of bridge opening at a specific elevation, measured
normal to principal direction of flow.

Wave height. The vertical difference between successive wave crests and troughs.

Wave length. The horizontal difference between two successive wave crests or two
successive wave troughs.

Wave period. Time interval between arrivals of successive wave crests at a point.

Wave speed or celerity. The travel speed of a wave equal to the wave length divided by
the wave period.
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CHAPTER 1

INTRODUCTION

11 PURPOSE

The purpose of this manual is to provide guidance on hydraulic analysis for bridges
over tidal waterways. This document includes descriptions of: (1) common physical features
that affect transportation projects in coastal areas, (2) tide causing astronomical and
hydrologic processes, (3) approaches for determining hydraulic conditions for bridges in tidal
waterways, (4) applying the hydraulic analysis results to provide scour estimates. This
document is not intended to provide guidance on coastal surge modeling (modeling that is
used to predict the magnitude of hurricane-produced storm surges based on direct simulation
of hurricane conditions). However, the information provided by other agencies (including
FEMA, NOAA, USACE, States Agencies) on surge conditions is used to estimate the
hydraulic conditions of tidally affected bridges.

By using the methods in this manual, better predictions of bridge hydraulics and scour
in tidal waterways will result. In many cases, simplified tidal hydraulic methods will provide
adequate results. However, when the simplified methods yield overly conservative results,
use of the recommended modeling approaches will provide more realistic predictions and
hydraulic variables and scour.

Location and hydraulic design studies for tidal bridges should be conducted in
accordance with 23 CFR 650A, when applicable. Since this document provides guidance on
the hydraulic analysis of bridges over tidal waterways, the methods described herein can
help assess potential impacts of proposed structures and encroachments on floodplains.

1.2 BACKGROUND

1.2.1 Previous Studies

This manual incorporates the results of the Pooled Fund Project "Development of
Hydraulic Computer Models to Analyze Tidal and Coastal Stream Hydraulic Conditions at
Highway Structures" (Ayres Associates 1994, 1997, 2002a, 2002b). The project was initiated
in recognition of the need for more accurate approaches to determine hydraulic conditions at
bridges in tidal waterways. The objectives of the Pooled Fund Project were to improve
methods for determining hurricane storm tide hydrographs, to determine which computer
models are well suited for bridge hydraulic applications in tidal waterways, and to develop
training for these methods and models.

HEC-18 (Richardson and Davis 2001) contains several simplified methods for tidal
hydraulic analysis. These methods are applicable to many bridge crossings in tidal
waterways. As part of the Pooled Fund Study, computer models were investigated for more
advanced tidal hydraulic analyses including 1- and 2-dimensional hydrodynamic models.
Hydrodynamic models are capable of accurate hydraulic simulation of the situations when
simplified methods yield unacceptably conservative results or are not applicable due to flow
complexity. The Pooled Fund study supplemented the users manuals associated with
specific hydrodynamic computer models by providing specific guidance on using these
models for tide and hurricane surge conditions.
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The tidal hydrology portion of the Pooled Fund study included estimates of peak hurricane
surge elevations for 100- and 500-year hurricanes for the East and Gulf coasts and data of
historic hurricane storm surges. Other agencies (including FEMA, NOAA, USACE, and State
Agencies) have also developed estimates of hurricane surge elevations that can be used as
part of the analysis described in this manual. The peak elevation and shape of the surge
hydrograph affect the hydraulic conditions in a tidal waterway. Therefore, the Pooled Fund
study provided guidance on developing a surge hydrograph from a known peak elevation,
other hurricane characteristics and astronomical tide conditions. Guidance was also provided
on included upland runoff and wind in tidal simulations.

1.2.2 Tidal Waterways

The first step in evaluation of highway crossings is to determine whether the bridge
crosses a river which is influenced by tidal fluctuations (tidally affected river crossing) or
whether the bridge crosses a tidal inlet, bay or estuary (tidally controlled). The flow in tidal
inlets, bays and estuaries is predominantly driven by tidal fluctuations (with flow reversal),
whereas, the flow in tidally affected river crossings is driven by a combination of river flow
and tidal fluctuations. Therefore, tidally affected river crossings are not subject to flow
reversal but the downstream tidal fluctuation acts as a cyclic downstream control. Tidally
controlled river crossings will exhibit flow reversal.

Tidally affected river crossings are characterized by both river flow and tidal
fluctuations. From a hydraulic standpoint, the flow in the river is influenced by tidal
fluctuations which result in a cyclic variation in the downstream control of the tail water in the
river estuary. The degree to which tidal fluctuations influence the discharge at the river
crossing depends on such factors as the relative distance from the ocean to the crossing,
riverbed slope, cross-sectional area, storage volume, and hydraulic resistance. Although
other factors are involved, relative distance of the river crossing from the ocean can be used
as a qualitative indicator of tidal influence. At one extreme, where the crossing is located far
upstream, the flow in the river may only be affected to a minor degree by changes in tailwater
control due to tidal fluctuations. As such, the tidal fluctuation downstream will result in only
minor fluctuations in the depth, velocity, and discharge through the bridge crossing.

As the distance from the crossing to the ocean is reduced, again assuming all other
factors as equal, the influence of the tidal fluctuations increases. Consequently, the degree
of tail water influence on flow hydraulics at the crossing increases. A limiting case occurs
when the magnitude of the tidal fluctuations is large enough to reduce the discharge through
the bridge crossing to zero at high tide. River crossings located closer to the ocean than this
limiting case have two directional flows at the bridge crossing, and because of the storage of
the river flow at high tide, the ebb tide will have a larger discharge and velocities than the
flood tide.

Tidal waterways are defined as any waterway either dominated or influenced by tides
and hurricane storm surges. Several types of tidal waterways are depicted in Figures 1.1
through 1.4. These include estuaries, inlets, bays, and passages. An estuary (Figure 1.1) is
the tidally influenced portion of a river. Estuaries may have a significant upland flow
component or very little upland flow. The size of the channel often bears little relation to the
amount of upland flow. Even for large rivers, the amount of daily tidal flow often far exceeds
upland flows. Similarly, discharges associated with storm surges often greatly exceed upland
flood flows many miles inland.
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Bays are inland bodies of water connected to the ocean by inlets (Figure 1.2).
Upland flows into bays are often negligible. Because the inlet constricts the tidal flows
between the bay and ocean, the tidal range within a bay is typically much smaller than the
ocean tidal range. The flow in the inlet can be related to the head differential between the
bay and ocean and the amount of head loss created by the inlet constriction and channel. If
the head differential is significant, then the velocity of flow in the inlet can be quite large. The
large velocities can cause inlet instability, but may not necessarily result in discharges large
enough to fill the bay during the tidal cycle. Flow within shallow bays is often significantly
influenced by wind.

Passages between an island and mainland or between two islands are another type
of tidal waterway (Figure 1.3). Significant tidal flow can occur in a passage if there is even a
small shift in the timing of the tide from one side of passage to the other. The flow through
passages may not be significantly influenced by tides but can be dominated by ocean
currents and by wind. Wind can cause the water level to set up on the upstream side of a
causeway crossing a passage and set down on the downstream side. The resulting head
differential can produce significant amounts of flow through the causeway bridge.
Causeways can also cause constrictions in bays and can exhibit similar wind effects.

In many areas, barrier islands can form complex tidal systems. Figure 1.4 shows that
the hydraulic conditions at bridges in tidal waterways can be controlled by the interaction of
ocean shoreline tide levels at multiple inlets propagating through an interconnected system
of bays, channels, estuaries and rivers. The stability of the inlets and other tidal waterways
will depend on sediment supplies and transport from inland and near shore sources.

The intracoastal waterway is a series of natural and dredged channels intended for
small craft navigation within the U.S. coastline. The dredged channels may be within shallow
bays or canals cut to connect interior waterways. The flow in the canal sections may be
controlled by the tidal action at the ends of the cut sections and may be influenced by wind
and upland runoff.

Bridge hydraulics in tidal waterways must account for the various sources of flow.
These include upland floods, normal upland daily flows, tides, currents, storm surges, and
winds. The stability of the tidal waterways must also be considered. Inlets can deepen, shift
laterally and close. New inlets can form where barrier islands are breached. If littoral
transport (sediment transported along the shore by waves and currents) is interrupted,
waterway instability can result. Contraction scour can occur at constrictions to flow and local
scour can occur at obstructions to flow. All these processes must be considered in the
design and evaluation of bridge crossings in tidal waterways.

1.3 MANUAL ORGANIZATION

This manual is organized to:

e Provide background on tides, hurricanes, waves and other related topics (Chapter 2).
Definitions are included in a Glossary.

o Discuss general background of the simple approaches, including the fact that these
approaches have limited application. These include tidal prism, orifice approach, routing
approach, and method selection (Chapter 3).
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o Describe dynamic computer modeling in general terms, including model extents,
calibration, and troubleshooting (Chapter 4). One- and two-dimensional modeling,
physical modeling, and model selection are also discussed in this chapter.

o Describe the use of the FHWA HEC-18 relationships for tidal scour computations and
introduce special considerations for tidal bridges, including time dependent contraction
and local scour, as well as lateral and vertical stability (Chapter 5).

o Discuss data requirements and sources (Chapter 6).

e Discuss and provide guidance on other considerations such as, dynamic beach
processes, wave analysis countermeasures, and apparent ocean level rise (Chapter 7).

o Provide selected references (Chapter 8).

The internet is an extremely valuable source of information and data for tidal studies.
These data include tide conditions, tide benchmarks, bathymetric and topographic surveys,
mapping, aerial photography, and agency publications. Webpage addresses are provided
for a number of these data sources. Given the fact that these addresses change, in some
cases frequently, the user should be prepared to perform searches in order to locate the
pertinent information. This practice is recommended not only to determine the current web
address of previously useful information, but also because it will lead to new sources of
information. In this manual, webpage addresses are accompanied by a group of search
terms that should identify the specific site and other sites containing similar information.

1.4 DUAL SYSTEM OF UNITS

This edition of HEC-25 uses dual units (S| metric and English). The "English" system
of units as used throughout this manual refers to U.S. customary units. In Appendix A, the
metric (SI) unit of measurement is explained. The conversion factors, physical
properties of water in the Sl and English systems of units, sediment particle size grade
scale, and some common equivalent hydraulic units are also given. This edition uses
for the unit of length the meter (m) or foot (ft); of mass the kilogram (kg) or slug; of
weight/force the newton (N) or pound (Ib); of pressure the Pascal (Pa, N/m?) or (Ib/ft?); and of
temperature the degree centigrade (EC) or Fahrenheit (EF). The unit of time is the same in
Sl as in English system (seconds, s). Sediment particle size is given in millimeters (mm), but
in calculations the decimal equivalent of millimeters in meters is used (1 mm = 0.001 m) or
for the English system feet (ft).

It should be noted that the density and specific weight of sea water is approximately 3
percent greater than fresh water, the dynamic viscosity of sea water is approximately 7
percent greater than fresh water, and the kinematic viscosity of sea water is approximately 4
percent greater than fresh water. These comparisons of sea water and fresh water do not
include the effects of suspended sediment, which can cause additional changes in density,
specific gravity, and viscosity.
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CHAPTER 2

TIDAL HYDROLOGY AND BOUNDARY CONDITIONS

2.1 INTRODUCTION

This chapter provides information and methods for estimating the driving forces, or
boundary conditions, that will be used for tidal hydrodynamic modeling. At bridges located in
tidal waterways, the peak flow and water surface elevation are a function of the combined
effects of astronomical tides, storm surge, wind and upland runoff. These boundary
conditions are imposed at open boundaries of the numerical models and, based on the
geometric characteristics and flow resistance effects of the tidal waterway and bridge
crossing, the model determines the design hydraulic condition for the bridge.

The number and complexity of the boundary conditions are related to the type of
waterway. For example, a waterway consisting of a single entrance, such as a bridge
crossing an inlet to a bay, may only require a single boundary condition that consists of only
the astronomical tide. A simulation of a storm surge would also be included as a design
condition. Multiple inlets connected to an embayment may require astronomical tides with
different timing and ranges. In the most complex situations, boundary conditions for a design
event could include astronomical tides with superimposed storm surge at several inlets, a
wind field corresponding to the storm, and upland runoff from the drainage basin.

Understanding tide and storm surge conditions is important because coastal studies
have demonstrated that unsteady flow analysis is crucial to the accurate representation of
tidal hydraulics and scour (Pooled Fund Study by Ayres Associates 1994, 1997, 2002a,
2002b). Hydrologic and meteorological conditions are site specific and may involve
multifaceted issues and considerations.

Developing and applying these conditions to unsteady flow models may require the
consideration of coastal engineering concepts for some transportation projects. For these
projects and locations, the complex conditions may require using the services of a qualified
coastal engineer to ensure consideration of all relevant issues and information. For these
reasons, detailing every hydrologic, hydraulic, sedimentation and meteorological issue,
theory, and method is beyond the current scope of this manual. Instead, this chapter
presents an overview of these boundary condition concepts for the highway hydraulic
community.

This manual focuses on hurricanes as predominate storm events producing coastal
boundary conditions. Along the east and gulf coasts, a rapid rise and fall of the hurricane
storm surge is likely to produce the most intense flow conditions in a tidal waterway.
However, this may not be the case in every region of the United States. Astronomical tides
can also produce high flow velocities and should be analyzed for scour. Along the U.S. mid-
Atlantic and New England coasts, storm events such as Nor'easters produce historically
extreme coastal flooding and erosion. On the West Coast, winter storms and tsunamis may
provide the critical combination of waves, velocities, and depth that would affect a bridge
waterway. The Great Lakes have wind and wave forces resulting from storm events that
affect bridge waterways. However, the approaches presented in this manual should be
generally applicable to other tidal and storm conditions.
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2.2 ASTRONOMICAL TIDES AND CURRENTS

The astronomical tide is the change in water level due primarily to the relative motions
and the gravitational pull of the moon and sun. While the actual tide is due to the influence of
the moon and sun, local atmospheric conditions and coastal geometry play a major role at a
given location and time. The predicted tide for most locations is solely a function of the moon
and sun. Appendix B, which is a reproduction of a NOAA document "Our Restless Tides,"
includes a detailed description of the nature and causes of tides.

2.2.1 Tide Types, Periods, and Levels

Figures 2.1 and 2.2 illustrate the terminology used to describe the relative positions of
the tide. Tidal nomenclature categorizes these relative positions as mixed tide, semidiurnal
tide, and diurnal tide. The mixed tide has two highs and two lows each day. These are
called higher high water, lower high water, higher low water and lower low water. The
difference between a high and a low is called the tidal range and half the range is called the
amplitude. The tidal period is the time between successive highs or successive lows. Coastal
areas that exhibit semidiurnal tides (two highs and two lows per day) have two tidal periods
per tidal day. The successive ranges of the semidiurnal tides are generally closer than in a
mixed tide. Areas that have diurnal tides (one high and low per day) have a tidal period equal
to the tidal day. In the United States, most west coast, gulf coast and east coast locations
exhibit semidiurnal or mixed tidal behavior. However, changes in the earth-moon orientation
and declination, as well as coastal geometry, may produce diurnal tides at some locations.

Tide station data include average tidal heights. These include mean tide level (MTL),
mean low water (MLW), mean lower low water (MLLW), mean high water (MHW), and mean
higher high water (MHHW). Mean tide level is the average of all high and low tides. Mean low
water and mean lower low water are the average of all low tides and all lower low tides,
respectively. Mean high water and mean higher high water are the average of all high tides
and all higher high tides, respectively. The mean tide range is the difference between mean
high and mean low water. Sections 2.10 and 2.11 include worked examples of calculating
tide heights and tide ranges.

2.2.2 Tidal Days

As a result of the difference between the angular velocity of the moon's orbit and the
angular velocity of the earth's rotation, a tidal day is approximately 24 hours and 50 minutes.
As the earth makes one complete revolution, the moon has progressed in its orbit. Therefore,
an additional 50 minutes of revolution is required for a lunar day. The fact that the tidal day is
longer than 24 hours means that each day the high or low water will occur 50 minutes later
than the previous day. In many engineering applications the tidal (or lunar) day is
approximated as 25 hours.

2.2.3 Tidal Epochs

The principal tide producing forces have a period of approximately 18.6 years (called
a tidal epoch). Thus, a full cycle of tidal observations of about 19 years is needed at any one
location in order to be able to minimize the error in the prediction of the tide. In most cases,
the 19 year period is used to determine the mean of any one of the tidal parameters, i.e.,
mean high, mean higher high, mean low, mean spring, etc. Spring tides are larger than
normal tides that occur approximately twice monthly during the new and full moons when the
sun and moon forces are aligned. Neap tides are smaller than normal tides that occur at the
first and third quarter moon phases.
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The National Tidal Datum Epoch (NTDE) is the specific 19-year period (epoch)
adopted by the National Oceanographic and Atmospheric Administration (NOAA) and used
to obtain these mean values for mean datums. The most recent NTDE included 1983
through 2001. When looking at older tidal records (such as the 1960-1978 NTDE) care
should be taken to ensure that may have information that has changed during epochal
revisions.

There are other factors that will affect both the timing and the magnitude of the tide.
These include the land masses that the tide must move around, the friction between the
water and the ocean bottom, other astronomical bodies, and the geometry of the oceans and
sounds to name a few. In addition, the local meteorological conditions, including the wind
and barometric pressure, will influence the rise and fall of the ocean (or lake). These latter
parameters do not follow the same predictable periodic nature of the astronomical factors
and therefore are not included in tidal predictions.

2.2.4 Tidal Predictions

NOAA provides tidal predictions at many U.S. and international locations. These
predictions are available in published tables or via the internet. For many years NOAA
printed these Tide Tables on an annual basis. More recently, NOAA and other (mostly
private) entities have published these predictions electronically. NOAA predictions are
available on the internet at www.co-ops.nos.noaa.gov (Search terms: NOAA tide
predictions).

NOAA tidal predictions are provided for both Reference Stations and Subordinate
Stations (also referred to as Primary and Secondary Stations) along the U.S. coastline.
There are approximately 250 Reference Stations and over 3000 total stations (Reference
and Subordinate). Tide predictions are available at up to 6-minute intervals for Reference
Stations. Figures 2.3 and 2.4 are examples of the detailed tide predictions available from
NOAA. In these figures, the observed tides are also shown. An important note is that the
predicted tide from NOAA and from other sources will generally give accurate estimates of
the astronomical tides only. The actual tides, as recorded, will also have the effects of wind
and barometric pressure affecting the reading.
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Tide tables are available for all Reference Stations, such as shown in Table 2.1 for
the Charleston Harbor Reference Station (only a few, representational days of data are
shown). The tide tables include time and height for all high and low waters. Predicted tide
level, times and other characteristics can be taken directly from these tides tables. For
example on January 3, 2004, the high tide elevation of 5.3 feet (compared to mean lower low
water) occurs at 4:45 am. The next low tide of 0.7 feet occurs at 11:14 am. This indicates a
range of 4.6 feet. However, the range is less for the next tide cycle (high of 4.4 and low of 0.2
yields a range of 4.2 feet). The fact that there are two highs and two lows indicates either
mixed or semidiurnal tide conditions.

Table 2.1. Tide Predictions (High and Low Water) January 2004, NOAA,
National Ocean Service, Charleston, South Carolina.

Date Day Time Height Time Height Time Height Time Height

01/01/04 Thu 03:05AM 5.0H 09:30AM 09L 03:24PM | 45H | 09:32PM | 0.3L

01/02/04 Fri 03:56AM 51H 10:25AM 0.8L 04:15PM | 44H | 10:19PM | 0.3L

01/03/04 Sat 04:45AM 53H 11:14AM 0.7L 05:03PM | 44H | 11:05PM | 0.2L

01/04/04 Sun 05:31AM 54H 12:00PM 0.5L 05:50PM | 44H | 11:49PM | 0.1L

01/05/04 Mon 06:15AM 55H 12:42PM 04L 06:34PM | 45H

01/06/04 Tue 12:31AM 0.0L 06:57AM 56H 01:22PM | 0.3L | 07:16PM | 45H

01/07/04 Wed 01:12AM -01L 07:36AM 57H 02:00PM | 03L | 07:55PM | 4.5H

All times are listed in Local Standard Time. All heights are in feet referenced to Mean Lower Low Water (MLLW).

Subordinate Station tide table values are determined by applying corrections to
Reference Station values. These corrections are time and height differences, as illustrated in
Table 2.2. Typically, the Subordinate Station lists the associated Reference Station (in the
case of Table 2.2, this Reference Station is Charleston). The subsequent discussion
describes the meaning of these various corrections.

Table 2.2. Tidal Differences.

Subordinate Stations

Time Height Reference
Difference Difference Station
Stono River
Snake Island +0 01 -012 *1.01 *1.01 Charleston
Abbapoola Creek entrance +017 | +002 *1.01 *0.95 Charleston
Elliott Cut entrance +049 | +052 *0.99 *1.21 Charleston

Pennys Creek, west entrance | +123 | +1 21 *1.03 *1.42 Charleston
Sandblasters, Pennys Creek +130 | +119 *1.03 *1.53 Charleston
Limehouse Bridge +143 | +134 *1.08 *1.32 Charleston
Church Flats +1 52 +114 *1.22 *1.26 Charleston

Time Differences: The columns labeled "Time Differences" allow determination of
the time of high and low tide at any station listed in this table. The values in these columns
represent the hours and minutes to be added or subtracted from the time of high or low tide
of the Reference Stations. A plus sign (+) indicates that the tide at the Subordinate Station
occurs later than at the Reference Station and the difference should be added; a minus sign
(-) indicates that it is earlier and should be subtracted.
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To obtain the tide at a Subordinate Station on any date, apply the difference to the
tide at the Reference Station for that same date. In some cases, however, to obtain an AM
tide it may be necessary to use the preceding day's PM tide at the Reference Station or to
obtain a PM tide it may be necessary to use the following day's AM tide.

The results obtained by application of the time differences will be in local time for the
subordinate station. The necessary allowances for the change in date when crossing the
international date line, or for different time zones have been included in the time differences
listed.

Height Differences: The height of the tide, referred to the datum of nautical charts, is
obtained by means of either height difference or ratios (found in the "Height Difference"
columns). A plus sign (+) indicates that the difference should be added to the height at the
reference station, and a minus sign (-) indicates that it should be subtracted. For most
Subordinate Stations, use of a predicted height difference would give unsatisfactory
predictions. In such cases they have been omitted and one or two ratios, indicated by an
asterisk (*), are given. To obtain the height of tide at the Subordinate Station in these cases,
multiply the height of tide at the Reference Station by the ratio listed. The result is normally
rounded to the nearest 0.1 foot.

For some Subordinate Stations there is given, in parentheses, a ratio as well as a
correction. In those instances, each predicted high and low water at the Reference Station
should be first multiplied by the ratio and then the correction is added or subtracted from
each product.

For example, the Limehouse Bridge location on the Stono River (shown in Table 2.2)
has high and low tides 1hr43m and 1hr34m after the corresponding tides at the Charleston
Reference Station. High and low tide levels are 1.08 and 1.32 times the corresponding tides
at Charleston Reference Station (Table 2.1). Using this data the first two tides on January 3,
2004 are a high tide of 5.7 feet at 6:28 am (5.3 x 1.08 = 5.7 ft at 4:45 am + 1:43 = 6:28 am)
and a low tide of 0.9 feet at 12:48 pm (0.7 x 1.32 = 0.9 ft at 11:14 am + 1:34 = 12:48 pm).
Note that the computed heights are relative to the MLLW at the Subordinate Station and that
conversion of these heights to a fixed datum would require additional information (the
difference between MLLW and the fixed datum) at the Subordinate Station.

2.2.5 Tidal Range and Variability

As described earlier, the tide range is the elevation change from low water to high
water for any given cycle. The specification of the tide range is one of the parameters
needed to set the boundary conditions for modeling the hurricane surge. The NOAA Tide
Tables present both the mean range and the spring range. The mean range is the average
difference between high and low tide for the year. The spring range is the annual average of
the spring tidal range. Spring tides occur when the sun and the moon combine to generate
the greatest difference between high and low tide. There are typically two spring tides each
month that coincide with new and full moons.

A hurricane that occurs during a spring high tide would potentially lead to the highest
water levels when the surge is combined with the astronomical tide. Alternatively, if the storm
surge peak coincided with the spring low tide, the net storm tide (surge plus astronomical
tide) would be much lower.
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There are significant differences in mean and spring tidal ranges along the United
States coast. Table 2.3 illustrates some of these differences. These differences are due to
the combination of the geometry and bathymetry of the coastline at each of these stations. It
is interesting to note that there is not a uniform decrease in range as one moves from Maine
to Florida. In fact, because of the extensive continental shelf, some of the largest tides on the
U.S. eastern coast are in Georgia. Table 2.3 also illustrates the difference between the mean
and the spring tide. In a conservative engineering analysis, the spring range is often used to
account for maximum tidal flow conditions.

Table 2.3. Mean Tidal Ranges (ft).
Station Mean Spring

Calais, ME 20 23
Chatham, MA 7 8
Cape May, NJ 4 5
Charleston, SC 5 6
Savannah, GA 7 8
Key West, FL 1 2
Port Isabel, TX 1 1
Point Loma, CA 4 5
Puget Sound, WA 11 15
Source: Shore Protection Manual (USACE 1984)

The annually published "NOAA Tide Table 2 (Tidal Differences and Other Constants)"
presents the mean and spring ranges by location for each water body and major port. If a
specific site is not listed, it may be possible to extrapolate from the nearest site for which
these data are reported. Typically, Reference (or Primary) Stations listed in NOAA Tide
Table 2 are located along the coast at major port entrances and the Subordinate (or
Secondary) Stations are sites further inland and between the Reference Stations along the
coastline. Once again, wind, pressure, and other factors effect the accuracy of the
predictions.

2.2.6 Simulating Tide Constituents

Predicted tidal station high and low tide values generally do not contain sufficient
stage versus time information to apply in an unsteady analysis. In such cases, mathematical
approximations of astronomical tides are used. These equations can range from simple to
more complex. Two such equations are described below.

Simple Tidal Constituent Equation: A location with a semidiurnal or diurnal tide

may be approximated using the simple cosine relationship. For cosine functions using
radians or degrees the relationship is:

H,(t)= acos(@jJrZ =acos($j+z (2.1)
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Astronomical tide at time t (ft, m)

Tidal amplitude (ft, m)

Time (hr)

Tidal period (hr)

Vertical offset or datum adjustment (ft, m)

The tidal period, T, will be approximately 12.5 or 25 hours depending upon whether
the tide is semidiurnal or diurnal. The amplitude can be selected as half the range between
mean high and mean low with or between mean higher high and mean lower low water. The
values of the mean tide range and mean spring tide range are available in the NOAA tide
tables. Because tide levels can vary so much from one tidal cycle to the next, it is often
desirable to use this simple relationship based on mean tide amplitude (or, more
conservatively, the spring tide amplitude) when developing a numerical model. Sections
2.10 and 2.11 include worked examples of determining the constants in the simple tidal
constituent equation.

Complex Tidal Constituents Equation: A more complex equation allows better
replication of all types (i.e., mixed, semidiurnal, and diurnal) of observed astronomical tides
and to make predictions of tide levels. Since the various forces that produce astronomical
tides cycle on regular periods, tides can be decomposed into a sum of harmonic terms of
known amplitude and frequency. The decomposition requires tide measurements over a long
period, at least one year, and depending on the length of time, should not include significant
wind or hurricane events (Herbich 1990). NOAA publishes the harmonic constants at the
Reference Stations for use in the following equation:

N =ag + 04 Ccos(ot+8;)+a, cos(o,t+3,)+0;cos(ozt+05)+... (2.2)
where:

n=Hy(t) = Astronomical tide at time t (ft, m)

0o = Vertical offset or datum adjustment (ft, m)

oy = Amplitude of the tidal constituent (ft, m)

o = Angular frequency, or speed (degrees or radians/hr)

Time since start of epoch (hr)
Phase angle, or epoch (degrees or radians)

Figure 2.5 is an example of harmonic constant data from NOAA. For their predictions,
NOAA applies 36 constituent variables into equation 2.2. In general, very good astronomical
tide predictions can be produced from the first 6 constituents. The constituent names relate
to the astronomical force. For example M2 and S2 are the lunar and solar semidiurnal
constituents. The S2 constituent has a speed of 30 degrees per hour (360 degrees in 12
hours), which indicates that the S2 constituent repeats twice per day.

The constants can be located at www.co-ops.nos.noaa.gov (Search terms: NOAA
harmonic constants). The maximum tide level can be estimated by adding all of the
amplitudes. This is an unusually high tide that occurs when all of the forces coincide at a time
such that (ot + &) are all equal to a multiple of 360 degrees. As shown by the solid line in
Figure 2.6 (as well as Figures 2.3 and 2.4), predictions that are made using Equation 2.2 can
be very accurate in the absence of wind. Sections 2.10 and 2.11 include worked examples
of calculating water levels using the complex tidal constituents equation.
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http://www.co-ops.nos.noaa.gov/data_retrieve.shtml?input_code=100201001har

Harmonic Constants (P2)

# --  Order in which NOS lists the constituents.

Name --  Common name used to refer to a particular constituent,
subscript refers to the number of cycles per day.
Click here for definitions.

Ampl --  One-half the range of a tidal constituent.

Epoch - The phase lag of the observed tidal constituent relative
to the theoretical equilibrium tide.

Speed -- The rate change in the phase of a constituent, expressed in

degrees per hour. The speed is equal to 360 degrees divided
by the constituent period expressed in hours.

Please refer to the Tide and Current Glossary for definitions of terms.
Amplitudes are in Feet

Phases are in degrees, referenced to UTC (GMT)

8665530 CHARLESTON, COOPER RIVER ENTRANCE , SC

# Name Ampl Epoch Speed

1 M2 2.487 12.3 28.9841042
2 82 0.430 39.0 30.0000000
3 N2 0.548 358.8 28.4397295
4 K1 0.341 202.4 15.0410686
5 M4 0.092 203.4 57.9682084
6 01 0.256 205.4 13.9430356
7 M6 0.033 86.0 86.9523127

Figure 2.5. Example harmonic constant data from NOAA.
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Figure 2.6. Example of predictions from harmonic constant data.
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2.2.7 Tidal Currents

Depending on the coastal location, normal U.S. tidal ranges can vary from less than 1
foot to over 20 feet. This range, over a typical semidiurnal half-period of about 6.25 hours
(assuming a lunar day of 25 hours) can result in a significant head between the ocean and a
bay. This head will in turn cause a flow, or a tidal current.

Tidal nomenclature describes a flood tide as the tidal current that occurs during
rising tide conditions (or when the tide enters a waterway from the ocean). An ebb tide refers
to the flow released (or returning) from the waterway to the ocean during falling tide
conditions. Since the astronomical tides are predictable, it follows that the tidal currents are
also predictable. In fact, NOAA has prepared annual "Tidal Current Tables" similar to the
"Tide Tables." One can also get tidal current predictions from NOAA (www.co-
ops.nos.noaa.gov). These predictions are available for approximately 2000 U.S. coastal
locations.

These predicted tidal currents, while very helpful for navigation, are not appropriate
for design and should be used with extreme caution, even for model calibration purposes.
Partially, the reason for these caveats is because waterway bathymetry can vary even over
short distances, so even a waterway segment with essentially the same tidal elevation may
have very different amounts of tidal current. If tidal currents are used for model calibration,
judgment should be used in their interpretation. As described by NOAA on their tidal current
website: "Currents are spatially variable, thus predictions should NOT be extrapolated even
to near-by locations. Interpolation between two near-by locations should NOT be attempted.
Use of such extrapolations can be hazardous."

Tide levels and tidal currents within an estuary, inlet or bay result from the
astronomical tides at the ocean boundary. The waterway bathymetry, channel geometry, and
any upstream runoff/riverine flow control how the wave translates up and through the tidal
waterway and, therefore, how the tidal currents vary through the waterway. For example,
Figure 2.7 illustrates semidiurnal tidally induced water levels within the nearly 200-mile length
of the Chesapeake Bay. At the point of time represented in the illustration, a high tide is
occurring at the Chesapeake Bay entrance (southeast on the map). Nearly 135 miles
upstream, a low tide occurs near Solomons Island, Maryland. Between these two locations,
the tidal prism is irregular, partially attributable to the numerous shallow tributaries with their
associated storage. Normally the tidal "wave" takes approximately 12 hours to transverse the
entire Chesapeake Bay. However, during the period represented in the figure, rainfall events
in upstream rivers have resulted in large freshwater inflows that attenuated the tidal wave.

An other example of the complexity of tidal hydrodynamics is the James River in
Virginia. Figure 2.8 shows tide level relative to a fixed datum. As the tide progresses
upstream from Newport News, at the mouth, to the confluence with the Chickahominy River,
the tide range and mean tide level decrease. From the Chickahominy River up to Richmond,
Virginia, the tide range amplifies and mean tide level rises. Figure 2.9 shows tides at
Newport News, the Chickahominy River and Richmond from tide gage data. The tide
decreases in amplitude as it translates upstream to the Chickahominy River in approximately
three hours. From the Chickahominy River the tide increases in amplitude as the wave
propagates up to Richmond in approximately another four hours. The rate of propagation
and the changes in tide level and amplitude depend on channel geometry, flow resistance,
and upstream inflow. Therefore, computing flow velocities at any point along the James
River requires information on the tides at the mouth, channel geometry up the estuary, and
upstream flow conditions. Major tributaries must also be included in the numerical model.
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------- Newport News
—— Chickahominy R.
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Tide Elevation (ft-NGVD)
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Date

Figure 2.9. Tide translation on the James River, Virginia.

The hydrodynamic models discussed in this manual (Chapter 4) are used to simulate
tidal currents. When the boundary conditions for a particular site are defined as the local
predicted tide, without the additional component of a storm surge, then the resulting model
flow will be the tidal current. In terms of bridge scour analysis, most studies will be concerned
with a combination of both the tidal currents as well as the additional current resulting from
the additional head due to the storm.

2.3 STORMS AND OTHER CLIMATOLOGIC CONDITIONS

In addition to astronomical tides, coastal hydrology is affected by storms and other
local atmospheric or climatologic conditions. Whereas in a riverine analogy, the astronomical
tides may be considered the "base flow", the coastal storm events are the equivalent of the
longer recurrence interval flows used in design and analysis of large flows.

Often coastal storm events are associated with hurricanes and other tropical events.
In reality, coastal storms may consist of many different types of systems including
nor'easters, El Nifio episodes, winter storms, and other local atmospheric and climatologic
conditions. Figure 2.10 shows the recorded tracks of topical and extratropical storms along
the North American coastline for a 20 year period from 1984 to 2003. This figure was
obtained at http://hurricane.csc.noaa.gov/hurricanes/ (Search terms: historical hurricane
tracks). Tropical storms reaching the east and gulf coasts are highly variable in magnitude
and track. Tropical and extratropical storms rarely reach the U.S. west coast. In all cases,
these storm events produce additional increases (or decreases) of coastal water surface.
Additionally, these storm events also have an associated time period that must be
considered in developing overall tidal hydrology. The sudden impact of tsunamis is another
hydraulic event that may be very destructive.
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Figure 2.10. Storm Tracks along the North American Coastline (1984-2003).

This section describes characteristics and manifestations of these storm events.
Additional information on and specific details on each of these storms are available in the
literature and Internet sites (FEMA 2003). In many cases, associated criteria and scales
assist in "ranking" the severity of such storm events. However, none of these scales should
be assumed to correspond to any design frequency — derivation of such storm frequencies
are site specific and require statistical and engineering assessment and judgment.

2.3.1 Tropical Storms and Hurricanes

A hurricane is a type of tropical cyclone, the general term for all circulating weather
systems (counterclockwise in the Northern Hemisphere) over tropical waters. Tropical
cyclones are classified as follows: Tropical Depression - an organized system of clouds and
thunderstorms with a defined circulation and maximum sustained winds of 38 mph; Tropical
Storm - an organized system of strong thunderstorms with a defined circulation and
maximum sustained winds of 39 to 73 mph; and Hurricane - an intense tropical weather
system with a well defined circulation and maximum sustained winds of 74 mph or higher.
The term "sustained wind" refers to surface wind speeds (10 m above the surface) that
persist for durations of one minute.

Hurricanes originate in the tropical oceans, frequently in the eastern Atlantic Ocean
and are then powered by the heat from the sea. The hurricanes typically are steered
westward by easterly trade winds. The Coriolis effect provides the characteristic cyclonic spin
of these storms. Around their core, winds grow with great velocity, generating violent seas.
As the fierce winds accompanied by the low pressure move ashore, the storm surge grows
and creates extensive flooding. In addition, the hurricane carries with it torrential rains and
can produce tornadoes which cause significant structural damage.
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Hurricanes are rated on the Saffir-Simpson Hurricane Scale (Table 2.4). The scale is
a one through five rating (called categories) based on the hurricane’s intensity. Although
lower category hurricanes are more frequent, these ratings do not have any direct
correlation the recurrence interval of surge and other flooding events. Rather, the
Saffir-Simpson ratings are an indicator of the property damage and coastal flooding that
results from a hurricane landfall. Table 2.4 also summarizes wind speed, storm surge, and
surface pressures associated with all five of the hurricane categories.

Table 2.4. Saffir-Simpson Hurricane Scale.

Saffir- Maximum Sustained Minimum Surface Typical Storm
Simpson Wind Speed Pressure Surge*
Category mph m/s kts mb Ft m

1 74-95 33-42 64-82 Greater than 980 3-5 1.0-1.7
2 96-110 43-49 83-95 979-965 6-8 1.8-2.6
3 111-130 50-58 96-113 964-945 9-12 2.7-3.8
4 131-155 59-69 114-135 944-920 13-18 3.9-5.6
5 156+ 70+ 136+ Less than 920 19+ 5.7+

*Storm surge of a specific category can vary greatly depending on location and storm track.

Since storm surge values are highly dependent on the continental shelf slope in the
landfall region, wind speed is the determining factor in the scale. Winds are evaluated
using the maximum one-minute surface wind speeds. Appendix C shows the number of
hurricanes of different categories that have crossed 50 nautical mile segments of the U.S.
coastline between 1886 and 1999.

Damages from hurricanes extend well inland. Frequently, the most noted or
newsworthy aspect of hurricane damage results from flooding along the coastal area. This is
particularly important in low-lying areas such as the coastal barrier islands. Of course, the
flooding continues upstream in every inlet open to the ocean. The damages for each level of
hurricane increase with the intensity of the storm.

2.3.2 Extratropical and Nor'easter Events

Cyclonic events such as extratropical storms form whenever unstable air produces
significant temperature and pressure differences. At times, such systems may stall off the
coast and produce long (i.e., several days) periods of high winds and inland rainfall. These
events rarely obtain hurricane level wind speeds; however, they can cause significant coastal
hydrological effects and wave damages.

Many historically significant events on the upper Mid-Atlantic and New England
coasts were a result of Nor'easter storm events. The "Ash Wednesday" storm of March 1962
was formed by the combination of several slow moving coastal low pressure systems along
the Atlantic seaboard. This combined storm resulted in hurricane force winds and water
levels 9 or more feet above mean water level in areas of Maryland and Delaware over a
period of several days (to contrast, for this same region, the 1933 "hurricane of record"
produced water elevations 7 feet above mean low water). Likewise, the popularized 1991 "All
Hallow’s Eve" or "Perfect Storm" produced 5 days of high wave action, coastal erosion, and
washover (USGS 2003). These extratropical events are not limited to the Atlantic Coast;
Florida’s west coast experiences severe flooding from such events. During one March 1993
event, at a location north of Tampa Bay, the resulting inundation (and damages) was similar
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to those predicted to occur from a Category 1 hurricane (Citrus County 2000). Likewise, the
Great Lakes coastal regions endure wave damages during winter extratropical events
(USGS 2003).

Nor’easters should be considered relative to wave attack, erosion and design high
water at transportation facilities. While these types of events are extremely destructive, from
a bridge hydraulic and scour standpoint, the rate of rise and fall of these events is generally
too gradual to produce high flow velocities in tidal waterways. In some locations, these types
of events may control the hydraulic design and should be considered on a case by case
basis.

2.3.3 Tsunamis, El Nifio, and Winter Storm Events

Tsunamis ("harbor wave") normally result from an underwater disturbance (usually an
earthquake) that triggers a series of waves that can travel many hundreds (or even
thousands) of miles. In the open ocean, the waves may average 450 miles per hour.
Reaching shallower waters, the waves decrease speed, but gain amplitude. Tsunamis
appear on the coast as a series of successive waves where the period from wave crest to
wave trough can range between 5 and 90 minutes (but normally between 10 and 45
minutes). Typically, the first of these waves is not the largest. A 1964 Alaskan earthquake
sent tsunami waves between 10 and 20 feet high along the coasts of Washington, Oregon,
and California. In regards to frequency, Hawaii and Alaska can expect a damaging tsunami
on the average of once every seven years, while the West Coast experiences a damaging
tsunami once every seventeen years (FEMA September 1993). The sudden impact of a
tsunami can be extremely destructive, but from a bridge hydraulic and scour standpoint, they
are outside the scope of this document.

El Nifio refers to a periodic rise in equatorial Pacific Ocean surface temperatures that
affect global weather patterns. Historical data reveals a relationship between El Nifio and
Southern California tropical cyclones and flood events (USGS 2003, FEMA 2004).
Additionally, El Nifio is responsible for increases of sea level (on the order of 10 inches) as
eastward flowing water accumulates on the West Coast shore (USGS 2003). Some research
also indicates that both EI Nifio and La Nina events have some relationship in affecting wind
conditions and the California current (Schwing and Bograd 2003). Figures 2.11 and 2.12
illustrate differences in coastal water surface elevations at a Northern California bridge
waterway during El Nifio (October 1997) and after El Nifio (April 1998) (USGS 1998)
episodes. El Nifio may need to be considered relative to wave attack and freeboard
requirements. To account for the hydrodynamic effect of an El Nifio event on bridge
hydraulics and scour, the tides could be simulated with and without a 1 ft vertical offset to
determine the worst case hydraulic condition.

During winter months along the West Coast and Great Lakes, changes in the jet
stream and other metrological conditions may trigger storm events that impact coastal
regions. For example, the infamous "Pineapple Express" event occurs when the jet stream
dips into the vicinity of Hawaii (thus the "pineapple") and carries a fast, moisture laden storm
system to Washington, Oregon, and California. Unlike tropical events, these winter storms do
not behave as cyclonic systems. Instead they are characterized by high winds that drive
waves onto coastal areas. Again, these conditions could be a possible design concern
related to wave attack or freeboard requirements for transportation facilities, but are probably
not a design case for bridge hydraulics and scour.
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Figure 2.11. Coastal water levels during El Nifio event.

Figure 2.12. Coastal water levels following El Nifio event.
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24 STORM SURGES

During the infamous Hurricane Camille in 1969, a 25-foot storm surge inundated
Pass Christian in Mississippi. The predicted surge level for Cedar Point, Florida (north of
Tampa Bay) for a (simulated) Category 5 hurricane is 34 feet. In 1961, Hurricane Carla
inundated Galveston, Texas with an 8-foot surge. Clearly, storm surge is extremely
dangerous and needs to be considered in coastal hydrology.

For the purposes of this manual, a storm surge is the rise of water level above the
astronomical tide as a result of a tropical and extratropical event. Normally associated with
hurricanes, surges may be formed by a variety of storm events. A surge is characterized by
both this increase in water elevation and the duration that the water inundates a location.

2.4.1 Factors in Surge Formation

Factors in surge formation are dependent on the type of storm event and location in
the United States. Wind speed is the most important factor in surge formation during
hurricanes, nor’easters, and lake storms. Important factors that may influence the level and
duration of a storm surge include:

Astronomical tides Rainfall

Basin bathymetry/hydrography Maximum wind speed

Forward speed of storm Radius of maximum winds

Central pressure of storm Storm track

Atmospheric pressure difference Surface wind waves and wave setup
Earth’s rotation Initial ocean state

In a cyclonic event such as a hurricane, the storm rotates about a low pressure
center. The lower the central pressure, the stronger the wind. At sea the dominant effect is
the low pressure that "pulls" the water in the center of the storm vertically upward. As the
surge moves toward the coast and the water depth decreases, the importance of wind and
the confining shoreline becomes paramount. The low pressure continues to pull water in the
center of the storm vertically upward while the wind blowing over the water causes an
onshore flow. Waves moving landward break at the shoreline and add to the surge height.

2.4.2 Surge Constituents

The factors listed above may influence development of different surge constituents.
These constituents are commonly referred to as Stillwater, Wave Setup, and Fetch (there are
others) water elevations.

Stillwater refers to the surge elevation from barometric pressure and the direct wind
on the water surface. Conceptually, the pressure gradient introduces a pressure head to the
water surface, resulting in an increase in the water surface elevation. The direct wind
describes the increase in water surface elevation as a result of horizontal stresses at the
wind/water interface. Direct wind is the primary element of estimated stillwater elevation.
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Wave setup is the additional increase in water surface elevation as wind fields create
wave fields and radiation stresses along the nearshore coastal region. Conceptually, waves
breaking onto shore carry a significant volume of water. During a storm event this volume
does not rapidly or easily return offshore. The differences in the rates of water coming ashore
and returning offshore results in water "piling up" at the shore.

Similar to wave setup, Fetch typically refers to a length of water that allows formation
of relatively unimpeded wind fields. The effect of fetches manifests itself as increased water
surface elevations as the wind drives (piles up) water along the leeward shore. Fetch can be
a primary surge constituent in lakes and other large, open, (unusually) inland bodies of
water. In 2003, tropical storm lIsabel created extreme surge conditions in the upper
Chesapeake Bay, as a result of strong wind fields driving water 170 miles northward. The
resulting surges exceeded stillwater elevations produced by the 1937 hurricane of record.

A storm surge event may not exhibit all (or even many) of these constituents. Typical
coastal flood insurance studies (FIS) include tables of both estimated stillwater and wave
setup water surface elevations for given frequencies. Methods of estimating a surge may not
consider all of these constituents, so caution is warranted when reviewing a surge elevation.
Selection of appropriate values of water surface for any specific site or project may require
consultation with a qualified coastal engineer.

2.4.3 Surge Configuration

At any affected location, storm surge does not happen immediately, rather water
elevations exhibit dynamic, time dependent characteristics, analogous to the formation of a
riverine runoff hydrograph. Additionally, depending on many of the factors detailed above,
the surge elevation and duration can vary by location.

Conceptually (and simplistically), imagine the storm surge as a "cone" of water. The
highest water elevation is typically just right of the storm "eye" (or peak of the storm) and
tapers down as distance increases from this "apex" of high water elevation. As this "cone" of
water travels towards the coast and makes landfall, areas directly in the path (or storm track)
are expected to see indications of surge first. Water levels increase and the peak surge
occurs before the storm eye passes over. As the storm continues to track over land, water
surface levels diminish. Coastal areas affected by the "cone", but not directly on the storm
track (i.e., the path of the apex of the "cone") typically see surge later and not reach as high
on elevation (although this may not be true as a result of the factors described above).

For example, once again consider the case of hurricane Carla that occurred in the
Gulf of Mexico and traveled into Texas from the 7th to 12th of September 1961 (USACE
1984). Coastal areas just to the right of Carla’s hurricane eye track experienced surge earlier
and reported the highest surge elevations. Coastal areas close to, but not on the track,
reported that surge began later and exhibited lower peak water elevations.

2.5 PREDICTING STORM SURGE HYDROLOGY
Prediction of storm surge is very important for determining the potential effects of the

hurricane on coastal engineering works, evacuation, erosion and scour in waterways. A
myriad of techniques, methods, and models exist for the formulation, analysis, and creation
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of storm surges in coastal hydrology. These methods have been applied to nearly every
coastal or tidally influenced area in the United States. Some (but not all) methods and
models include:

Historical data probability analyses

Synthetic storm surge hydrograph method (Pooled Fund Study)
FEMA Surge model

Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model
Advanced Circulation (ADCIRC) model

Florida DOT Surge Hydrographs

These methods typically develop stillwater elevations and may not represent wave setup
effects. The products from these techniques are generally those surge values contained
within FEMA FIS documents and materials. Some approaches provide both surge level and
duration information; others only provide the peak surge level.

These methods generally adopt one of two basic approaches as the basis of storm
surge predictions: probabilistic — direct stochastic analysis of storm history; and
deterministic — surge derived from using equations or numerical model(s) that simulate
physical characteristics and processes.

This manual cannot provide details on all background, factors and issues of these
methods and approaches, including applicability. However, this section will provide
information on overall concepts and provide details on simpler approaches, as appropriate.

2.5.1 Issues in Selection of Storm Surge Hydrology

Selection of the storm surge hydrologic approach requires a large degree of coastal
engineering judgment including consideration of contributions of historic and local conditions.
The judgment should include an assessment of the relative vulnerability and criticality of the
transportation facility. As an analogy to this assessment, many States differentiate culvert
design flow frequencies depending on the relative expected average daily traffic — an
Interstate culvert may require sufficient size to pass a 50-year flow, whereas a local rural
roadway may only need to allow a 10-year flow frequency. In a coastal setting, this judgment
may entail considering the different risks associated with a single designated evacuation
route (e.g. Florida Keys) versus a location that may provide alternative evacuation segments
(e.g. Delaware beaches).

Similarly, other factors may influence the degree of detail in tidal and coastal
hydrologic approaches. For example, the relatively shallow landward approaches of the Gulf
Coast of Florida may result in different surge hydrology than those encountered from Alaska,
where the continental shelf rapidly transitions to the deep Northern Pacific oceanic basin.
Likewise, many historic surge events in New England are associated with Nor'easter storms,
in contrast to winter storms or El Nifio events that drive surge in California. Even the Great
Lakes, with their negligible tidal affects, may experience hydrologic surge attributable to the
length of wind driven fetch and corresponding wave setup.
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2.5.2 Probabilistic Approaches for Surge Prediction

Probabilistic approaches apply stochastic approaches to historical water level or
storm records to predict surge elevations (and potentially duration). These probabilistic
techniques generally apply generally accepted techniques such as those described in WRC
Bulletin 17B (WRC 1982). However, similar to riverine stream gage analyses, any
probabilistic approach would be conducted using appropriate data selection and
interpretation (WRC 1982).

A primary issue for applying this approach is typically the lack of historical data
associated with many coastal areas. However, many coastal areas and seaports have been
keeping tidal records for a significant length of time and this data source should not be
discounted. While not as robust, review of historical water levels at or near a project site
might yield information useful in validation of other approaches.

Finally, these records are useful in evaluating any changes in sea-level or land
subsidence. Such an evaluation assists in making predictions of present and future
conditions (the topic of sea-level change will be addressed later in this document).

2.5.3 Deterministic Approaches for Surge Prediction

Deterministic approaches are typically more numerically sophisticated and complex
than probabilistic approaches, but allow derivation of surge estimates at a much more
extensive coastal area. Additionally, while some information can be obtained from historic
water level records, these techniques allow prediction for specific storm events. Reid and
Bodine (1968) provided the seminal information on storm surge prediction including the
effects of Coriolis force, surface slope, inverse barometer, astronomical tidal potential, wind
stress, bottom stress and rainfall rate. More complete treatment is given by Westerink et al.
(1994) who extends the work of Reid and Bodine and others to a global circulation model
that incorporates the dynamics of the hurricane based upon the specified hurricane track,
central pressure and maximum winds. The latter are available for historic storms from the
National Hurricane Center of NOAA.

Modeling to predict storm surge in the sea and along the coastline is complicated and
typically requires the use of super computers. However, for nearly all historic storms, these
models have been run and the storm surge off the coastline has been calculated and. The
results of these simulations may include only peak surge values or complete storm tide
hydrographs that can be used as boundary conditions for bay or estuary models.

Synthetic Storm Surge Hydrograph Method

The Synthetic Storm Surge Hydrograph method is one (simple) deterministic
approach. The method provides a means to generate time-dependent surge values needed
in an unsteady flow analysis. Generally this method provides conservative estimates of
coastal hydrology that might be appropriate for scour studies conducted for a bridge
waterway project. To develop a synthetic time series, the storm surge can be idealized by
(Cialone et al. 1993).
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(2.6)

where:
D =  R/f = half storm duration (hr)
R = Radius to maximum wind speed (n-mile, km)
f =  Forward speed of storm (knots, kph)
Sp = Peak surge elevation for selected return period (ft, m)
t = Time (hr)
to =  Time of peak surge or land-fall (hr)

The critical variables in the method are the half storm duration (D) and the peak surge
elevation (Sp). D is determined as the ratio of radius of maximum winds (R) to the forward
speed of the storm (f). The appropriate values of R and f used to compute D can be
determined from the data provided by the NOAA report NWS-38 (1987) and reproduced as
Appendix D in this manual. The Pooled Fund Study recommends using the 50 percent
values of R and f (Ayres Associates 2002a). These data give values of R and f as a function
of distance measured along the shoreline from the U.S. - Mexico border. Using the 50
percent values of R and f generally results in values of D between 1.5 and 2.5 hours. The
amount of time that water levels are above normal (surge duration) produced by Equation 2.6
is much longer than the value of D. This is true for Equation 2.6 and, of course, for the actual
surge.

The value of S, is assumed to be for either the desired design event for hydraulic
design or the 100- or 500-year event for scour analyses. Appendix E provides a listing of the
100- and 500-year storm surge heights generated from ADCIRC processed output as part of
the Pooled Fund Study (Ayres Associates 2002a). The heights, given in meters relative to
local mean sea level, are for the nearest location to a given water body. Other sources,
including FEMA Flood Insurance Studies, NOAA, USACE, and State studies can be used to
determine values of Sp or S;.

Equation 2.6 creates a symmetrical storm surge hydrograph as the shape is based on
atmospheric pressure effects alone. As a result of the assumptions of storm duration in
Equation 2.6, the shape tends to have rapidly increasing and decreasing limbs. This shape
may not produce as accurate a boundary condition for a hydraulic study as other methods.
However, in many cases, the shape might be ideal in a scour analysis where the rapid
changes in depth (and velocity) would produce conservative results.

In some cases, the falling limb of the surge hydrograph tends to be steeper than the
rising limb and the water surface elevation can drop below zero (Ayres Associates 2002a).
Equation 2.6 well represents the rising hydrograph limb. An alternative synthetic surge
hydrograph has been developed to better represent the falling limb. This alternative equation
is:

D

S(t)=S,| 1-¢ (7%

_0.14(t—t,)e Ol | o> 2.7)
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Equation 2.7 is the same as Equation 2.6 except for the additional term that should
only be applied after the peak surge. At the peak (t = to) both equations are undefined, but at
this point S; = Sp. When applying these equations in a spreadsheet, a practical way of
avoiding division by zero is to add a very small number to the time. Equation 2.7 can be used
to represent the falling hydrograph limb because it more realistically represents the
hydrograph shape. Figure 2.13 shows the two synthetic hydrograph shapes with a peak
surge, Sp, equal to one. Also shown in Figure 2.13 are the average of 16 major storm surges
along the East Coast as predicted by an ADCIRC model. This is the data used to fit the
additional term of Equation 2.7. The data shown on Figure 2.13 indicate that Equation 2.6
works well for the surge rising limb and that Equation 2.7 better represents the surge falling
limb.
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Figure 2.13. Alternative synthetic storm surge hydrographs.

FDOT Storm Surge Hydrographs

Coastal engineering consultants to the Florida Department of Transportation (FDOT)
recently completed a study that investigated storm surge techniques and developed a site-
specific 50-, 100-, and 500-year storm surge hydrographs for locations along most of the
Florida coast. The study contrasted and applied a variety of deterministic approaches and
models. Details on this study can be found on the FDOT Hydraulic website:
http://www.dot.state.fl.us/rddesign/dr/DHSH.htm (Search terms: Florida design hurricane
surge hydrographs). Many other states have conducted studies identifying peak surge
elevations along their coastlines for various recurrence intervals but do not have complete
hydrographs.
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2.6 STORM TIDES

The Storm Tide is the combination of the astronomical tide and the storm surge. The
resulting storm tide hydrograph can be applied as the boundary condition in hydraulic and
scour studies. However, the temporal aspect of both astronomical tides and storm surges
complicate this application. Considerations in developing the storm tide hydrograph may
include:

Hurricane forward speed

Hurricane radius of maximum wind

Maximum water surface elevation

Timing of the hurricane relative to the astronomical tide

Each of these considerations will affect the shape, rate of rise and rate of fall of the
storm tide hydrograph and, therefore, the bridge’s design hydraulic condition. For example,
Figure 2.14 shows the observed storm tide and predicted astronomical tides at two gages
along the west coast of Florida during Hurricane Gordon (September 2000). An inspection of
Figure 2.14 reveals several interesting observations:

o Gordon passed the Old Tampa tide gage at high tide and passed the Cedar Key gage
approximately four hours later very nearly at low tide.

e The difference between the storm tide observations and astronomical tide predictions is
the storm surge — the maximum storm surge at both locations appears to be
approximately 4 feet.

o While peak storm tide elevations at both locations were similar (approximately +5.5 feet
MLLW), if the timing of the peak storm surge and high astronomical tide at Cedar Key
had coincided, rather than being out of phase, the peak storm tide may have reached +8
feet MLLW.

e The duration of the storm surge appears to be approximately 18 hours at Old Tampa Bay
and 10 hours at Cedar Key, which should not be confused with the duration variable, D,
in Equations 2.6 and 2.7.

Figure 2.15 shows the astronomical tide, actual storm tide, and synthetic storm tide
from Equation 2.7 for the Old Tampa Bay gage. From the National Hurricane Center data,
hurricane Gordon had a forward speed (f) of 10 miles/hr and a radius of maximum winds (R)
of approximately 30 miles. The duration variable (D) in Equations 2.6 and 2.7 would be
equal to 3 hours (30 miles / 10 mph = 3 hrs). The duration of the actual and computed
surges are greater than 15 hours. The synthetic storm tide matches the measured storm tide
very well for the rising limb and is too steep on the falling limb. Even with the overly steep
falling limb, the rising limb usually produces the most extreme hydraulic condition. The
synthetic hydrograph is not intended to replicate every storm, but is meant as a simple, three
variable (surge height, forward speed, radius of maximum wind) equation to develop
reasonable boundary condition storm tides for design conditions.
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Figure 2.14. Observed storm tides for Hurricane Gordon.
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Figure 2.15. Comparison of observed and synthetic storm tides for Hurricane Gordon.
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2.6.1 Combining Storm Surge and Astronomical Tides

With the selection of S, the storm surge plus tide (storm tide) hydrograph can be
determined by combining Equation 2.1 or 2.2 with either Equation 2.6 or 2.7 to form the
following equation:

S (t) =S (1) +H,(t) (2.8)

However, in order to apply Equation 2.8 as a storm surge boundary condition, the
astronomical tide and storm surge properties must be known. One could develop a large set
of surge hydrographs using Equation 2.8 with a range of input parameters for the hurricane
properties and timings, however, the number of simulations required will be excessive.
Therefore, the recommended approach is to develop a set of design hydrographs that
incorporate the expected hurricane properties.

Since the storm surge can occur at any point in the tide cycle, a conservative
approach is to model the peak storm surge timed with four points on a tide cycle, high, low,
mid-rising and mid-falling tide. These four conditions would be for the hydraulic analysis. It is
important that each simulation have the same peak water surface, Sy, for the desired
recurrence interval. This is achieved by selecting the peak surge time, t,, (high tide, mid-
rising tide , etc.) and adjusting S, in Equations 2.6 or 2.7 until the maximum value of S in
Equation 2.8 matches the desired storm tide peak. Section 2.10 and 2.11 include worked
examples of developing the parameters for computing storm surge and astronomical tides.

2.6.2 Single Design Hydrograph Approach

Due to the complexity of many tidal hydrodynamic models, even these four
simulations may require excessive effort, especially if multiple bridge alternatives are being
investigated. If only one simulation is run, it is a reasonable approach to time the surge peak
with the mid-rising tide. This method is called the Single Design Hydrograph (SDH)
approach. Figure 2.16 shows the four design hydrographs for a base tide with a 4-foot (1.2
m) range, a datum adjustment of 1 foot (0.3 m) between mean tide level and a fixed datum,
and an 11-foot (3.35 m) peak water surface corresponding to the design condition.

2.7 WIND CONSIDERATIONS

Wind is a significant component of the surge at a coastline. The U.S. Army Corps of
Engineers Storm Surge Analysis manual (USACE 1986) indicates that wind is the greatest
component of storm surge and that the peak surge occurs in the area of maximum winds.
Hurricane winds rotate in a counterclockwise direction in the northern hemisphere and
clockwise in the southern hemisphere due to the rotation of the earth. Many mathematical
models have been proposed to simulate the wind field in a hurricane to assist in determining
the location and level of the storm surge. One of the simplest is the Rankin vortex. As shown
in Figure 2.17, the highest wind speeds occur on the right side of hurricanes because the
wind and forward speed are additive.
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Figure 2.16. Example surge design hydrographs.

Each of the sources of data for surge along the open coast (NOAA, FEMA, and
ADCIRC) already include wind effects. Wind also affects flow conditions on inland
waterways. If wind effects are included in a surge simulation within an estuary, bay or other
tidal waterway, then additional considerations are required. These include (1) adjusting wind
speeds to durations sustained long enough to realistically move water within the waterway,
(2) adjusting wind speeds because the wind has been interrupted by land as it moves from
ocean to an embayment, (3) using a realistic storm path that is consistent with the simulated
surge, and (4) using realistic hurricane wind fields.

Adjusting wind speeds requires information on the individual numerical model being
applied. A hurricane is defined by maximum 1-minute sustained wind speeds. The numerical
model should use longer duration wind speeds. Figure 2.18 shows one method for the
adjustments that could be made between different duration sustained winds. The other
adjustment is required because wind speeds drop as the wind moves inland. Figure 2.19
shows one approach for adjusting wind speeds based on the type of land crossed by the
wind as it moves from open ocean to inland embayment. Storm tracks for the study area
should be evaluated to determine probable paths. The NOAA coastal service center website
(http://hurricane.csc.noaa.gov/hurricanes/ (Search terms: historic hurricane tracks) is a good
resource for locating historic hurricane tracks. The model being used should have a cyclonic
wind field generator to produce realistic storm wind patterns.
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2.8 UPLAND RUNOFF

Upland runoff can affect storm surge heights and flow conditions in tidal waterways if
significant runoff discharges occur during the surge. Hurricanes can produce significant
amounts of rainfall and extreme flooding in river systems much farther inland than the
flooding caused by the surge. Upland flood discharges could reduce flood tide discharges
and increase ebb tide discharges because the upland flood would be filling volume upstream
of the bridge during the flood tide and replenishing storage during the ebb tide. Upland flood
discharges should only be included in a surge analysis if (1) the flooding is caused by the
same hurricane that is causing the surge and (2) it is likely that upland flood runoff can reach
the bridge during the surge. If the flooding is caused by a prior hurricane or other weather
system, then the surge and flood are statistically independent and should be analyzed
separately. As the drainage basin size upstream of the bridge increases there is less chance
that upland runoff can significantly affect the flow at a bridge during the storm surge. This is
true for either the flood or ebb surge condition.

In general, it is recommended that constant upland runoff rates equal to the mean
daily flow be used in storm surge analyses. A more conservative approach would be to
include an upland flow hydrograph as an input to the storm surge analysis. This hydrograph
should consist of a constant inflow equal to the average daily flow up to the point when the
flood tide at the bridge peaks. After the peak, the hydrograph representing a flood that can
be generated from a basin with a time of concentration equal to 6 to 10 hours could be
included. This short time of concentration is recommended because this is the period when
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hurricane-produced intense rainfall can occur in near coastal areas (USACE 1984). For large
tidal waterways, upland runoff is unlikely to have a significant affect on surge flows.

Although it is unlikely that the 100-year storm surge and the 100-year upland flood
would coincide, it may be necessary to analyze each condition independently to determine
scour conditions in a tidal waterway. The peak surge discharge will decrease for bridges
located farther from the coast and at some point the upland flood condition will exceed the
surge condition. The peak surge discharge should be compared to the upland flood
discharge for the same return period and the larger discharge will generally be used as the
design condition. It may be necessary to analyze each condition for scour and design using
the worst case.

29 OTHER CONSIDERATIONS

2.9.1 Sealevel Changes

The tide is the diurnal (or semidiurnal) variation of the water level along the coast due
to the influence of the moon and sun. There are much longer period fluctuations in coastal
water levels that sometimes need to be considered in some engineering applications. These
changes, over decades, may be important in the design and analysis of structures with
potential useful lives of fifty to one hundred years. Ocean level rise and fall are taking place
in the context of even longer periods (on the order of tens of thousands of years) that have
seen coastal water levels as much as 500 ft lower than today’s levels.

While it is always useful to be aware of the changes that have taken place in geologic
time, engineers are more concerned with the potential for change in the next few decades.
Figure 7.17 illustrates the changes determined from tide gage records for a few U.S. Atlantic
coast sites. For the sites shown in this figure the trend has been for an increase in sea level.
An often-used estimate for the trend along the mid-Atlantic coast is a rate of sea level rise of
approximately 1 ft per 100 years. For other U.S. sites the trend has been for a smaller rate
of rise, and for some sites along the Alaskan coast the trend has been a decrease in sea
level. These changes in sea level are due to a complex interaction of geologic (subsidence,
rebound, and uplift) and climatic factors. Since changes in sea level at any location are
related to a number of factors, the terms "apparent” or "relative" ocean level rise are used.

NOAA monitors sea level changes through its network of tide gages. This information
is available through their web site: http://www.co-ops.nos.noaa.gov (Search terms: NOAA
tide data).

The U.S. Environmental Protection Agency (EPA) has invested considerable
resources in the prediction of future trends in sea level. The following is an excerpt from one
of these EPA reports, "The Probability of Sea Level Rise," Titus and Narayanan (1995):

The Earth's average surface temperature has risen approximately 0.6°C (1°F) in the
last century, and the nine warmest years have all occurred since 1980. Many climatologists
believe that increasing atmospheric concentrations of carbon dioxide and other gases
released by human activities are warming the Earth by a mechanism commonly known as
the "greenhouse effect." Nevertheless, this warming effect appears to be partly offset by the
cooling effect of sulfate aerosols, which reflect sunlight back into space.
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Climate modeling studies generally estimate that global temperatures will rise a few
degrees (C) in the next century. Such a warming is likely to raise sea level by expanding
ocean water, and melting glaciers and portions of the Greenland Ice Sheet. Warmer polar
ocean temperatures could also melt portions of the Ross and other Antarctic ice shelves,
which might increase the rate at which Antarctic ice streams convey ice into the oceans.
Along much of the United States coast, sea level is already rising 2.5-3.0 mm/yr (10 to 12
inches per century).

Based on these assumptions, which the EPA report explains in detail, the results can
be summarized as follows:

1. Global warming is most likely to raise sea level 15 cm by the year 2050 and 34 cm by the
year 2100. There is also a 10 percent chance that climate change will contribute 30 cm
by 2050 and 65 cm by 2100. These estimates do not include sea level rise caused by
factors other than greenhouse warming.

2. There is a 1 percent chance that global warming will raise sea level 1 meter in the next
100 years and 4 meters in the next 200 years. By the year 2200, there is also a 10
percent chance of a 2-meter contribution, and a 1-in-40 chance of a 3-meter contribution.
Such a large rise in sea level could occur either if Antarctic ocean temperatures warm
5°C and Antarctic ice streams respond more rapidly than most glaciologists expect, or if
Greenland temperatures warm by more than 10°C. Neither of these scenarios is likely.

3. By the year 2100, climate change is likely to increase the rate of sea level rise by 4.2
mm/yr. There is also a 1-in-10 chance that the contribution will be greater than 10 mm/yr,
as well as a 1-in-10 chance that it will be less than 1 mm/yr.

4. Stabilizing global emissions in the year 2050 would be likely to reduce the rate of sea
level rise by 28 percent by the year 2100, compared with what it would be otherwise.
These calculations assume that we are uncertain about the future trajectory of
greenhouse gas emissions.

5. Stabilizing emissions by the year 2025 could cut the rate of sea level rise in half. If a high
global rate of emissions growth occurs in the next century, sea level is likely to rise 6.2
mm/yr by 2100; freezing emissions in 2025 would prevent the rate from exceeding 3.2
mm/yr. If less emissions growth were expected, freezing emissions in 2025 would cut the
eventual rate of sea level rise by one-third.

Along most coasts, factors other than anthropogenic climate change will cause the sea to
rise more than the rise resulting from climate change alone. These factors include
compaction and subsidence of land, groundwater depletion, and natural climate variations. If
these factors do not change, global sea level is likely to rise 45 cm by the year 2100, with a 1
percent chance of a 112 cm rise. Along the coast of New York, which typifies the United
States, sea level is likely to rise 26 cm by 2050 and 55 cm by 2100. There is also a 1
percent chance of a 55 cm rise by 2050 and a 120 cm rise by 2100.

These predictions of future changes in sea level are useful as guides. For most
engineering studies it is important to recognize the potential for an increase in the rate of sea
level rise and plan accordingly. Such changes, if and when they occur, will of course have
potentially significant impacts on tidal hydrodynamics and structure performance due to the
net change in water depth.
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2.9.2 High-Velocity Flows

Floodwaters moving at high velocities can lead to hydrodynamic forces on structural
elements in the water column, including drag forces in the direction of flow and lift forces
perpendicular to the direction of flow. Oscillations in lift forces correspond to the repeated
shedding of vortices from alternate sides of the structural element (for example, these
vortices can often be seen in the wakes behind bridge pilings in rapidly moving water). High-
velocity flows can also move large quantities of sediment and debris. Current FEMA Flood
Insurance Study (FIS) "V" zone mapping procedures cannot accurately predict locations
where high-velocity flows and their impacts will be felt.

High velocity flows can be created or enhanced by the presence of manmade or
natural obstructions along the shoreline and by "weak points" formed by bridges or shore-
normal canals, channels, and drainage features. For example, anecdotal evidence after
Hurricane Opal struck Navarre Beach, Florida, in 1995 suggests that large engineered
buildings channeled flow between them, causing deep scour channels across this area and
washing out roads and homes situated farther landward. Observations of damage caused by
Hurricane Fran in 1996 at North Topsail Beach, North Carolina, show a correlation between
storm cuts across the area and ditches and bridge locations along the frontage road (FEMA
1999).

2.10 TIDE AND STORM SURGE EXAMPLE PROBLEMS (SI)

The following examples illustrate conversion of tide levels and datums, the use of simple and
complex tidal constituents equations, and the development of storm tide hydrographs. The
data used for these examples were obtained primarily from NOAA websites referenced
earlier in this chapter.

2.10.1 Example Problem 1 — Tide Heights (SI)

Using the data provided below for the Cooper River Entrance at Charleston, South
Carolina, determine the mean tidal range, mean amplitude, and the datum adjustments to
covert the tide heights from MLLW to MTL and from MLLW to elevations in NGVD29.

Data:
Station ID: 8665530 PUBLICATION DATE: 04/29/2003
Name: CHARLESTON, COOPER RIVER ENTRANCE

SOUTH CAROLINA
NOAA Chart: 11524 Latitude: 32° 46.9" N
USGS Quad: CHARLESTON Longitude: 79° 55.5% W

Elevations of tidal datums referred to Mean Lower Low Water (MLLW),
in METERS, FEET:

HIGHEST OBSERVED WATER LEVEL (09/21/1989) = 3.817, 12.52
MEAN HIGHER HIGH WATER (MHHW) = 1.757, 5.76
MEAN HIGH WATER (MHW) = 1.648, 5.41
NORTH AMERICAN VERTICAL DATUM-1988 (NAVD) = 0.957, 3.14
MEAN SEA LEVEL (MSL) = 0.891, 2.92
MEAN TIDE LEVEL (MTL) = 0.853, 2.80
NATIONAL GEODETIC VERTICAL DATUM-1929 (NGVD) = 0.658, 2.16
MEAN LOW WATER (MLW) = 0.057, 0.19
MEAN LOWER LOW WATER (MLLW) = 0.000, 0.00
LOWEST OBSERVED WATER LEVEL (03/13/1993) = -1.245, -4.08
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Elevation Information for FID = CJ00SS, WM = 611
Station_ID —--—- B665530

——— PMHHW = 5.76 feet

——— MHW = 5.41 Feest

——— NAVDSS = .14 feet

——— MTL = Z.50 feet

——— MNGVDZ2 = Z.16 Feet

L] = 0.19 fFeet
——— rMLLW = .00 feet

The MHAYD S8 and Tthe HGEYD 23 elevations related to MLLW were computed
from Bernch Mark, S66 5530 TIDAL 13, at the station.

Displayed tidal datums are Mean Higher High Water (MHHWD ,
Mean High Water (MHW), Mezn Tide Lewesel (MTL), Mean Low Water (ML),
and Mean Lower Low Water (MLLW) referenced on 13953-2001 Epoch

Solution:
Mean Tidal Range = MHW - MLW = 1.648 - 0.057 = 1.591 m
Mean Tidal Amplitude = Mean Tidal Range / 2.0 = 1.591/2.0 = 0.796 m

MLLW - MTL = 0.00 - 0.853 = -0.853 m (subtract 0.853 m from all tide heights relative to
MLLW to obtain elevations in MTL).

MLLW - NGVD29 = 0.00 - 0.658 = -0.658 m (subtract 0.658 m from all tide heights relative
to MLLW to obtain elevations in NGVD29)

2.10.2 Example Problem 2 — Simple Tidal Constituent Equation (SI)

Using the data and results of Example Problem 1, determine the parameters for the
simple tidal equation for mean tide conditions (Equation 2.1) so the resulting astronomical
tide function computes tide elevations in the NGVD29 datum. Assume a semidiurnal tide
and use the engineering approximation of the length of a tidal day. Compute the tide height
at 48.5 hours. What is the maximum tide elevation in NGVD29 that can be predicted by the
resulting equation? Compare this result with MHW in NGVD29. Also, identify the timing of
high, low, mid-rising and mid-falling tides.
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Solution:
H,(t)=a cos[ﬁ) +Z

a = tidal amplitude = 0.796 m (from Example Problem 1)

Z = vertical datum offset = MTL - NGVD29 = 0.853 - 0.658 = 0.195 m

Note: A value of Z equal to zero in Equation 2.1 results in tide levels relative to mean tide
level (MTL). Therefore, the adjustment in Equation 2.1 is the difference between MTL and
NGVD29, not the difference between MLLW and NGVD29.

T = half the tidal day (engineering approximation) = 25/2 = 12.5 hrs.

H,(t)=0.796 cos 3008 | 5.105
12.5

H,(t)=0.796 cos

[Mj +0.195=0.775 m

Himax) = 0.796 + 0.195 = 0.991 m (NGVD29)
MHW = 1.648 - 0.658 = 0.990 m (NGVD29)

(Note that these results should be the same since the equation was developed for mean tide
amplitude.)

In Equation 2.1, the cosine function is a multiple of 360° (2 radians) whenever t is a multiple
of T. Therefore:

Cos(360t/T) = 1 at t=0,T,2T.... Therefore high tides occur at t = 0 hours and every 12.5
hours thereafter.

Cos(360t/T) = -1 at t=T/2,3T/2, 5T/2.... Therefore low tides occur at t = 6.25 hours and at
12.5 hour intervals thereafter.

The first mid-rising tide occurs one-quarter tide cycle after the first low tide.
Therefore, mid-rising tides occur at t = (6.25 + 12.5/4) = 9.375 hours and at 12.5 hour
intervals thereafter.

The first mid-falling tide occurs one-quarter tide cycle after the first high tide.
Therefore, mid-falling tides occur at t = (0.0 + 12.5/4) = 3.125 hours and at 12.5 hour
intervals thereafter.

2.10.3 Example Problem 3 — Complex Tidal Constituents Equation (Sl)

Using the harmonic constants provided below for the Cooper River Entrance at
Charleston, South Carolina and the results of Example Problems 1 and 2, compute the tide
elevation in NGVD29 at t = 100 hours using Equation 2.2 and the first four constants. What
is the maximum tide elevation in NGVD29 that could occur using the first eight constants and
compare this value with MHW and MHHW in NGVD29.
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Data:

Harmonic Constants (P2)

# - Order in which NOS lists the constituents.

Name - Common name used to refer to a particular constituent,
subscript refers to the number of cycles per day.
Click here for definitions.

Ampl - One-half the range of a tidal constituent.

Epoch -- The phase lag of the observed tidal constituent relative to the
theoretical equilibrium tide.

Speed - The rate change in the phase of a constituent, expressed in

degrees per hour. The speed is equal to 360 degrees divided
by the constituent period expressed in hours.

Please refer to the Tide and Current Glossary for definitions of terms.

Amplitudes are in Meters

Phases are in degrees, referenced to UTC (GMT)

Latitude: 32° 46.9% N Longitude: 79° 55.5% W

8665530 CHARLESTON, COOPER RIVER ENTRANCE , SC-------———————————————————

# Name Ampl  Epoch Speed

1 M2 0.783 10.4 28.9841042
2 82 0.119 36.1 30.0000000
3 N2 0.172 354.9 28.4397295
4 K1 0.105 199.7 15.0410686
5 M4 0.033 209.6 57.9682084
6 01 0.079 203.4 13.9430356
7 M6 0.006 135.3 86.9523127
8 MK3 0.008 4.4 44.0251729

Solution:

Since datum offset, ag, of zero in Equation 2.2 provides tide levels relative to the
mean tide level (MTL), the datum offset, ayo, for tide elevations in NGVD29 is 0.195 m (from
Example Problem 2).

O = 0.195 m

o1€0s(o4t+34) = 0.783c0s(28.9841042*100+10.4) = 0.686 m
02€08(o,t+3,) = 0.119c0s(30.0000000*100+36.1) = -0.109 m
03€08(o3t+d3) = 0.172c0s(28.4397295*100+354.9) = 0.130 m
04C08(04t+54) = 0.105c0s(15.0410686*100+199.7) = -0.011 m
n =0.195+ 0.686 - 0.109 + 0.130 - 0.011 = 0.891 m (NGVD29)

nmax(first 8 constituents) = 0.195 + 0.783 + 0.119 + 0.172 + 0.105 + 0.033 + 0.079 + 0.006 +
0.008 = 1.50 m (NGVD29)

MHHW = 1.757 - 0.658 = 1.099 m (NGVD29) (from conversion in Example Problem 1)
MHW = 1.648 - 0.658 = 0.990 m (NGVD29) (from conversion in Example Problem 1).

The maximum tide from the first eight constituents is 0.40 and 0.50 meters higher

than MHHW and MHW. This difference is expected because MHHW and MHW are
averages of high tide conditions.
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2.10.4 Example Problem 4 — Storm Surge Hydrograph (Sl)

Using the simple tidal constituent equation developed in Example Problem 2 and the
following data, develop the input parameters for a 100-year combined storm surge and
astronomical tide (equation 2.8) for Charleston Harbor. Use the synthetic surge hydrograph
(Equation 2.6) to represent the storm surge. Time the surge peak with the third mid-rising
astronomical tide.

Data:

Peak Storm Tide Elevations:

Appendix E ADCIRC 100-year = 3.59 m (local Mean Sea Level)

MSL - NGVD29 = 0.891 - .658 = 0.233 m (0.23 m)

ADCIRC 100-year = 3.59 + .23 = 3.82 m (NGVD29)

FEMA Study (FIS) stillwater = 12.0 to 13.0 feet (NGVD29) = 3.66 to 3.96 m (NGVD29)
South Carolina Study = 13.1 feet (NGVD29) = 3.99 m (NGVD29)

The three estimates of 100-year surge elevation are reasonably consistent. The
South Carolina Study value of 3.99 m (NGVDZ29) is selected as it is slightly conservative.

Hurricane Parameter:

Appendix D 50% levels:

Radius of Maximum Wind, R = 26 nmi.
Forward Speed, f = 11 knots.

Half Duration, D = R/f = 26/11 = 2.36 hours

FEMA FIS:

Average Radius of Maximum Wind, Rayg = 22.1 nmi.
Average Forward Speed, f,,4 = 10.2 knots.

Average Half Duration, Dayg = Ravg/favg = 2.17 hours

The values are reasonably consistent. Use D = 2.36 from Appendix D. A slightly
steeper surge rate of rise and fall would be produced by using the lower value of D.

Mid-rising tides occur at t = 9.375 hours and at 12.5 hour intervals thereafter. The
third mid-rising tide in this data series will occur at 9.375 + 2x12.5 = 34.375 hours.
Therefore, ty = 34.375 hours.

Solution:

2.36
Sit(t) = Sy(t) +H(t) = Sp[1 —e t34'375} +0.796 cos(%) +0.195

The value of S, must be adjusted using a trial and error process until the maximum
value of Sy is equal to one of the surge values (3.99 m in this case). This will occur at or
near t,. S, was determined by trial and error using a spreadsheet and a value of S, = 3.63 m
was obtained. This yields the target value of S equal to 3.99 at t = 35.0 hours. Had a
different time for hurricane landfall been used, a different value of the surge peak would have
been required to produce a 3.99 m storm tide elevation. The spreadsheet input and results
are shown in Figure 2.21. The complex tidal constituents equation could also have been
used as the astronomical tide component to provide a more realistic base tide condition. If
the more complex astronomical tide condition is used, the selected time period should
represent average tide range conditions.
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Check the result at t =ty and t = 35 hours.

S (t = 34.375)=3.63+0.796 cos 360x34.375) . ) 195-3.83 m

12.5

2.36
S(t=35)=3.631-¢ ‘35-34-375‘ +0.796 cos % +0.195=3.99 m

Tide input
Tide Amplitude, a, ft or m 0.796
Tide Period, T, hr 12.50
Datum Adjustment, Z, ft or m 0.195
Surge input
Radius of Maximum Wind, R, n.mile or km
Forward Speed, f, knots or kph
Peak Surge, Sp, ft or m
Time of Peak Surge, to, hr
Enter 0 for symmetrical surge, 1 for alternative surge
Computed half storm duration, hr
Computed peak surge plus tide, ft or m
Storm  Tide + 5 I [
Daily Tide, Surge,ft Surge,t | | |.---- Da||y Tide
Time, hr ftorm orm orm
0.00 0.99 0.24 1.23 4 —Surge
0.25 0.98 0.24 1.23 — T
0.50 0.97 0.24 1.21 Tide + Surge
075 0.94 0.25 1.18 € 3
1.00 0.89 0.25 1.14 -
125 0.84 0.25 100 [ §
1.50 0.78 0.25 1.03 = 2 4
1.75 0.70 0.25 0.96 ®
2.00 0.62 0.26 0.88 >
225 053 0.26 079 | @
2.50 0.44 0.26 0.70 L N
275 0.34 0.26 0.61 R g -
3.00 0.24 0.26 0.51
3.25 0.15 0.27 0.41
3.50 0.05 0.27 0.31 A !
3.75 -0.05 0.27 0.22 o = "
4.00 -0.14 0.27 0.13 _1
4.25 -0.23 0.27 0.04
4.50 -0.31 0.28 -0.04
475 -0.39 0.28 -0.11 O 1 0 20 30 40
5.00 0.45 028 -0.17 .
5.25 050 028 022 Time (hr)
5.50 -0.55 0.29 -0.26
5.75 -0.58 0.29 -0.29

Figure 2.21. Solution to Example Problem 4 (SI).
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2.11 TIDE AND STORM SURGE EXAMPLE PROBLEMS (U.S. Customary)

2.11.1 Example Problem 1 — Tide Heights (U.S. Customary)

Using the data provided below for the Cooper River Entrance at Charleston, South
Carolina, determine the mean tidal range, mean amplitude, and the datum adjustments to
covert the tide heights from MLLW to MTL and from MLLW to elevations in NGVD29.

Data:

Station ID:
Name:

NOAA Chart:
USGS Quad:

8665530 PUBLICATION DATE: 04/29/2003
CHARLESTON, COOPER RIVER ENTRANCE

SOUTH CAROLINA

11524 Latitude: 32° 46.9" N
CHARLESTON Longitude: 79° 55.5% W

Elevations of tidal datums referred to Mean Lower Low Water (MLLW),
in METERS, FEET:

HIGHEST OBSERVED WATER LEVEL (09/21/1989) = 3.817, 12.52
MEAN HIGHER HIGH WATER (MHHW) = 1.757, 5.76
MEAN HIGH WATER (MHW) = 1.648, 5.41
NORTH AMERICAN VERTICAL DATUM-1988 (NAVD) = 0.957, 3.14
MEAN SEA LEVEL (MSL) = 0.891, 2.92
MEAN TIDE LEVEL (MTL) = 0.853, 2.80
NATIONAL GEODETIC VERTICAL DATUM-1929 (NGVD) = 0.658, 2.16
MEAN LOW WATER (MLW) = 0.057, 0.19
MEAN LOWER LOW WATER (MLLW) = 0.000, 0.00
LOWEST OBSERVED WATER LEVEL (03/13/1993) = -1.245, -4.08
Elevation Information for PID = CJO0O08S, WM = 611

Station_ID -—- S665530

——— FMHHW = 5.76 feet

——— MHW =  5.41 feet

——— MAVDES = 3.14 feet

——— MTL =  z.80 feet

——— MGWD22 = 2.16 feet

——— mLW ©.19 feet
——— LW = .00 feet

The HNAYD 88 and the NGEVYD 29 elevations related to MLLLW were computed
from Bench Mark, 866 5530 TIDAL 13, at the station.

Displayed tidal datums are Mean Higher High Water (MHHW,
Mean High Water ©MHW), Mean Tide Lewel (MTL), Mean Low Water (MLWI,
and Mezn Lower Low Water (MLLW) referenced on 1983-2001 Epoch
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Solution:
Mean Tidal Range = MHW - MLW = 5.41 - 0.19 = 5.22 ft
Mean Tidal Amplitude = Mean Tidal Range / 2.0 = 5.22/2.0 = 2.61 ft

MLLW - MTL = 0.00 - 2.80 = -2.80 ft (subtract 2.8 ft from all tide heights relative to MLLW to
obtain elevations in MTL).

MLLW - NGVD29 = 0.00 - 2.16 = -2.16 ft (subtract 2.16 ft from all tide heights relative to
MLLW to obtain elevations in NGVD29)

2.11.2 Example Problem 2 — Simple Tidal Constituent Equation (U.S. Customary)

Using the data and results of Example Problem 1, determine the parameters for the
simple tidal equation for mean tide conditions (Equation 2.1) so the resulting astronomical
tide function computes tide elevations in the NGVD29 datum. Assume a semidiurnal tide
and use the engineering approximation of the length of a tidal day. Compute the tide height
at 48.5 hours. What is the maximum tide elevation in NGVD29 that can be predicted by the
resulting equation? Compare this result with MHW in NGVD29. Also, identify the timing of
high, low, mid-rising and mid-falling tides.

Solution:

H,(t)=a cos[ﬁ) +Z

a = tidal amplitude = 2.61 ft (from Example Problem 1)

Z = vertical datum offset = MTL - NGVD29 = 2.80 - 2.16 = 0.64 ft

Note: A value of Z equal to zero in Equation 2.1 results in tide levels relative to mean tide
level (MTL). Therefore, the adjustment in Equation 2.1 is the difference between MTL and
NGVD29, not the difference between MLLW and NGVD29.

T = half the tidal day (engineering approximation) = 25/2 = 12.5 hrs.

H,(t)=2.61cos 300t) . 0.64
12.5

+0.64=2.54 ft

H,(t) = 2.61003(Mj

Himax) = 2.61 + 0.64 = 3.25 ft (NGVD29)
MHW = 5.41 - 2.16 = 3.25 ft (NGVD29)

(Note that these results should be the same since the equation was developed for mean tide
amplitude.)
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In Equation 2.1, the cosine function is a multiple of 360° (2 radians) whenever t is a multiple
of T. Therefore:

Cos(360t/T) = 1 at t=0,T,2T.... Therefore high tides occur at t = 0 hours and every 12.5
hours thereafter.

Cos(360t/T) = -1 at t=T/2,3T/2, 5T/2.... Therefore low tides occur at t = 6.25 hours and at
12.5 hour intervals thereafter.

The first mid-rising tide occurs one-quarter tide cycle after the first low tide.
Therefore, mid-rising tides occur at t = (6.25 + 12.5/4) = 9.375 hours and at 12.5 hour
intervals thereafter.

The first mid-falling tide occurs one-quarter tide cycle after the first high tide.
Therefore, mid-falling tides occur at t = (0.0 + 12.5/4) = 3.125 hours and at 12.5 hour
intervals thereafter.

2.11.3 Example Problem 3 — Complex Tidal Constituents Equation (U.S. Customary)

Using the harmonic constants provided below for the Cooper River Entrance at
Charleston, South Carolina and the results of Example Problems 1 and 2, compute the tide
elevation in NGVD29 at t = 100 hours using Equation 2.2 and the first four constants. What
is the maximum tide elevation in NGVD29 that could occur using the first eight constants and
compare this value with MHW and MHHW in NGVD29.

Data:
Harmonic Constants (P2)

# - Order in which NOS lists the constituents.

Name - Common name used to refer to a particular constituent,
subscript refers to the number of cycles per day.
Click here for definitions.

Ampl - One-half the range of a tidal constituent.

Epoch -- The phase lag of the observed tidal constituent relative to the
theoretical equilibrium tide.

Speed - The rate change in the phase of a constituent, expressed in

degrees per hour. The speed is equal to 360 degrees divided
by the constituent period expressed in hours.

Please refer to the Tide and Current Glossary for definitions of terms.

Amplitudes are in Meters

Phases are in degrees, referenced to UTC (GMT)

Latitude: 32° 46.9" N Longitude: 79° 55.5% W

8665530 CHARLESTON, COOPER RIVER ENTRANCE , SC----—--———————————————————

# Name Ampl  Epoch Speed

1 M2 2.569 10.4 28.9841042
2 S2 0.390 36.1 30.0000000
3 N2 0.564 354.9 28.4397295
4 K1 0.345 199.7 15.0410686
5 M4 0.108 209.6 57.9682084
6 01 0.260 203.4 13.9430356
7 M6 0.020 135.3 86.9523127
8 MK3 0.025 4.4 44.0251729

Solution:
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Since datum offset, ag, of zero in Equation 2.2 provides tide levels relative to the
mean tide level (MTL), the datum offset, ayo, for tide elevations in NGVD29 is 0.64 ft (from
Example Problem 2).

oo = 0.64 ft
01C0S(01t+81) = 2.569c0s(28.9841042*100+10.4) = 2.251 ft
012€08(0:t+5,) = 0.390c0s(30.0000000*100+36.1) = -0.356 ft
013C08(03t+83) = 0.564c08(28.4397295*100+354.9) = 0.425 ft
04COS(cat+84) = 0.345c08(15.0410686*100+199.7) = -0.037 ft
n=0.64 +2.251 - 0.356 + 0.425 - 0.037 = 2.92 ft (NGVD29)

Nmax(first 8 constituents) = 0.64 + 2.569 + 0.390 + 0.564 + 0.345 + 0.108 + 0.260 + 0.020 +
0.025 = 4.92 ft (NGVD29)

MHHW = 5.76 - 2.16 = 3.60 ft (NGVD29) (from conversion in Example Problem 1)

MHW = 5.41 - 2.16 = 3.25 ft (NGVD29) (from conversion in Example Problem 1).

The maximum tide from the first eight constituents is 1.32 and 1.67 feet higher than
MHHW and MHW. This difference is expected because MHHW and MHW are averages of
high tide conditions.

2.11.4 Example Problem 4 — Storm Surge Hydrograph (U.S. Customary)

Using the simple tidal constituent equation developed in Example Problem 2 and the
following data, develop the input parameters for a 100-year combined storm surge and
astronomical tide (equation 2.8) for Charleston Harbor. Use the synthetic surge hydrograph
(equation 2.6) to represent the storm surge. Time the surge peak with the third mid-rising
astronomical tide.

Data:

Peak Storm Tide Elevations:

Appendix E ADCIRC 100-year = 3.59 m (local Mean Sea Level) = 11.8 ft (MSL)
MSL - NGVD29 =2.92 - 2.16 = 0.76 ft (0.8 ft)

ADCIRC 100-year = 11.8 + 0.8 = 12.6 ft (NGVD29)

FEMA Study (FIS) stillwater = 12.0 to 13.0 feet (NGVD29)

South Carolina Study = 13.1 feet (NGVD29)

The three estimates of 100-year surge elevation are reasonably consistent. The
South Carolina Study value of 13.1 ft (NGVD29) is selected as it is slightly conservative.

Hurricane Parameter:

Appendix D 50% levels:

Radius of Maximum Wind, R = 26 nmi.
Forward Speed, f = 11 knots.

Half Duration, D = R/f = 26/11 = 2.36 hours

FEMA FIS:

Average Radius of Maximum Wind, Rayg = 22.1 nmi.
Average Forward Speed, fag = 10.2 knots.

Average Half Duration, Dayg = Ravg/favg = 2.17 hours
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The values are reasonably consistent. Use D = 2.36 from Appendix D. A slightly
steeper surge rate of rise and fall would be produced by using the lower value of D.

Mid-rising tides occur at t = 9.375 hours and at 12.5 hour intervals thereafter. The
third mid-rising tide in this data series will occur at 9.375 + 2x12.5 = 34.375 hours.
Therefore, ty = 34.375 hours.

Solution:
2.36

S(t) = Sy(t) + Hy(t) = sp(1 - e‘34'375} +2.61 cos(%ofj +0.64

The value of S, must be adjusted using a trial and error process until the maximum
value of Sy is equal to 13.1 ft. This will occur at or near t,. S, was determined by trial and
error using a spreadsheet and a value of S, = 11.93 ft was obtained. This yields the target
value of S equal to 13.1 at t = 35.0 hours. Had a different time for hurricane landfall been
used, a different value of the surge peak would have been required to produce a 13.1 ft
storm tide elevation. The spreadsheet input and results are shown in Figure 2.22. The
complex tidal constituents equation could also have been used as the astronomical tide
component to provide a more realistic base tide condition. If the more complex astronomical
tide condition is used, the selected time period should represent average tide range
conditions.

Check the results at t = ty and t = 35 hours.

+0.64=126 ft

S(t=34.375)=11.93+ 2.61003(M]

2.36

S (t=35)=11 .93{1 = e3534'375J + 2.61cos(%) +0.64=13.1ft
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Tide input

Tide Amplitude, a, ft or m
Tide Period, T, hr

Datum Adjustment, Z, ft or m

Surge input

Radius of Maximum Wind, R, n.mile or km

Forward Speed, f, knots or kph

Peak Surge, Sp, ftor m

Time of Peak Surge, to, hr

Enter 0 for symmetrical surge, 1 for alternative surge

Computed half storm duration, hr
Computed peak surge plus tide, ft or m

2.61

12.50

0.64|

Storm Tide +
Daily Tide, Surge, ft Surge, ft
Time, hr ftorm orm orm

0.00 3.25 0.79 4.04
0.25 3.23 0.80 4.03
0.50 3.17 0.80 3.97 —
0.75 3.07 0.81 3.88 -
1.00 2.93 0.82 3.74 C"
1.25 275 0.82 3.57 o
1.50 2.54 0.83 3.37 =
1.75 2.30 0.83 3.14 ©
2.00 2.04 0.84 2.88 =
225 1.75 0.85 2.60 9
2.50 145 0.85 2.30 L
275 1.13 0.86 1.99
3.00 0.80 0.87 1.67
3.25 0.48 0.87 1.35
3.50 0.15 0.88 1.03
3.75 -0.17 0.89 0.72
4.00 -0.47 0.89 0.42
4.25 -0.76 0.90 0.14
450 -1.02 0.91 -0.12
4.75 -1.26 0.91 -0.35
5.00 -1.47 0.92 -0.55
5.25 -1.65 0.93 -0.72
5.50 -1.79 0.94 -0.85
5.75 -1.89 0.95 -0.94

——Surge

----- Daily Tide

—Tide + Surge

10

20 30
Time (hr)

40

50

Figure 2.22. Solution to Example Problem 4 (U.S. Customary).
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CHAPTER 3

BASIC TIDAL HYDRAULIC METHODS

3.1 INTRODUCTION

A variety of techniques are available for the hydraulic evaluation of bridges in tidal
waterways. These techniques range from simple conceptual approaches to full hydro-
dynamic modeling. The basic simplified methods are discussed in HEC-18 (Richardson and
Davis 2001) and are summarized in this chapter. More complex dynamic modeling
approaches are presented in Chapter 4.

Unlike the analysis of bridge hydraulics for extreme conditions on rivers, where the
discharge is known for a given flood frequency, tidal hydraulic methods are used to compute
the peak discharge during an astronomical tide, hurricane storm surge or hurricane storm
tide. For simple methods (tidal prism, Section 3.2, and orifice approach, Section 3.3) the
continuity equation is applied to determine the velocity needed for scour calculations.
Complex methods (Chapter 4) use unsteady flow simulation to determine the peak discharge
and compute the hydraulic parameters needed for scour calculations. Routing (Section 3.4)
is intermediate in complexity, and can generally be replaced with a simple 1-dimensional
model.

The applicability and limitations of the various tidal hydraulic approaches to different
tidal waterway conditions are also discussed in this chapter. The simple approaches are
adequate for many tidal waterways. The simple methods become less suitable as the length,
size, or complexity of the waterway increases. Complex methods produce more reliable
estimates of tidal hydraulic conditions. The greater effort required to apply the complex
methods is justified when the simple methods are overly conservative and result in
unwarranted bridge design, construction, and countermeasure costs. The complex methods
are even more appropriate when multiple bridges are included in a single model so the costs
and benefits can be distributed.

3.2 TIDAL PRISM

The tidal prism approach (Neill 1973) can be used when the waterway or bridge does
not significantly constrict the flow, the water surface is relatively level, and there is little energy
loss as flow travels through the reach. As shown in Figure 3.1, this approach is most applicable
to estuaries. The basic assumption is that the entire estuary fills and empties simultaneously
with the daily tide or storm tide. While this is physically impossible, it is reasonable for small
waterways. The assumption results in a simple equation for maximum discharge:

Qmax = T x VOL/T (3.1)
where:

Qmax = Maximum discharge during a tidal cycle (ft*/s, m%s)

VOL = Volume of water in the tidal prism between low and high tide (ft*>, m®)

T = Tidal period between successive high or low tides (s)

The resulting discharge is often a conservative estimate of peak flow. Figure 3.2 shows the tidal
stage and discharge hydrographs resulting from this approach. The maximum discharge is
assumed to occur about midway between low and high tides.
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Figure 3.1. Estuary (after Neill 1973).
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Figure 3.2. Simplified tidal hydrograph (after Neill 1973).
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In addition to waterway constriction, other factors influence the applicability of the
simplified tidal prism method. If the estuary is long and the limit of tidal action is far inland, then
this approach can be overly conservative because the water surface within the tidal storage
zone will not be level and it cannot be assumed that the interior tide rises and falls
simultaneously with the ocean tide. Figure 3.3 shows typical tide attenuation in an estuary. If
there is little difference in both tide height and travel time (time between ocean at estuary high
tides) then the tidal prism approach can produce reasonable results. If there is a significant
difference in either height or travel time, then the flood prism approach is overly conservative.

Another factor that can greatly influence the accuracy of the tidal prism approach is
whether flows are confined primarily to the channel or, especially during a storm surge,
inundation of the floodplain occurs. When the floodplain area is inundated, the prism volume
increases rapidly with respect to elevation. Because floodplain flow is shallow and vegetation
causes high roughness, energy loss can be significant, making the simple prism approach
overly conservative. Figure 3.4 shows typical estuary volume versus stage relationships. Case
1 is an estuary that has little floodplain, and Case 2 is an estuary with significant floodplain area.
For Case 2, the large floodplain area results in significant curvature in the storage curve.
Assuming a storm tide ranges from elevation 0 to 4, the simple prism method is more applicable
to Case 1 because approximately half of the prism volume is filled at elevation 2. For Case 2,
flows are confined to the channel up to elevation 2 and only 20 percent of the prism volume
would actually be filled. For Case 2, use of the simple prism approach results in half of the
prism volume is filled at elevation 2. This produces 2.5 times the discharge than could actually
occur based on available volume. A slight modification to the simple tidal approach is to solve
for the discharge using the following equation:

Q = AVOL/At (3.2)
where:
Discharge for the time step (ft*/s, m*/s)

Incremental change in stored volume for the time step (ft*, m°)
Computational time increment (s)

Q
AVOL
At

This method uses the storm tide hydrograph to determine a change of elevation for the
time increment. The change in volume for that change in elevation is determined from the stage
versus storage curve for the estuary. Except for small estuaries, dynamic modeling is more
appropriate because higher resistance in the floodplain areas can also make the tidal prism
method overly conservative.

3.3 ORIFICE APPROACH

The orifice approach is applicable to constricted waterways, such as inlets to bays,
where significant energy loss is confined to the inlet channel and the adjoining bay is only
partially filled during a tide cycle (Figure 3.5). The maximum velocity (ft/s, m/s) is calculated as:
Vmax = Cd(ZQAH)1/2 (33)
where:

Cq
AH

Coefficient of discharge
Maximum head differential (ft, m)
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Figure 3.3. Typical Tides in an Estuary.
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Figure 3.4. Typical storage relationships for tidal prism method.
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Figure 3.5. Bay and inlet (after Neill 1973).

The discharge coefficient includes entrance and exit losses and friction loss in the
channel (van de Kreeke 1967). This is analogous to treating the inlet as if it were a culvert.
The discharge coefficient cannot exceed 1.0 and for many practical applications can be
assumed to equal 0.8. The discharge coefficient can be estimated by

Cq = (1/R)"? (3.4)
where:
2gn?L,
R=K0+Kb +W (35)
and
R Coefficient of resistance

1.486 in English units and 1.0 in Sl units
o Velocity head loss coefficient on the ocean side taken as 1.0 if the
velocity goes to 0

Kb = Velocity head loss coefficient on the bay side taken as 1.0 if the
velocity goes to 0

n = Inlet channel Manning's n

L. = Length of inlet (ft, m)

he = Average depth of flow in the inlet at the mean tide elevation (ft, m)

As shown in Figure 3.6, this approach is most applicable to daily tides where the head
differential can be measured. For storm tide discharge computations, the head differential
would need to be estimated, which in practical application can be difficult. Once the
maximum velocity is estimated, the maximum discharge is then calculated from the continuity
equation (Q=VA). The peak discharge occurs for the maximum head differential, which can
occur at elevations other than mid-tide, but is often assumed to occur at mid-tide. Figure 3.6
illustrates why the tidal prism approach is not at all applicable to inlets. This is because the
tide range and timing are so different between the ocean and bay.

3.5



5 —QOcean (A)
s 4 — Bay (B)
SN Al
5 o Maximum
o Head \
§ 17 Differential
c 07 \
B -1
LAVERVERVERLY/
\
-3 \V \V \V
-4
0 10 20 30 40 50
Time (hrs)

Figure 3.6. Typical Tides in a Bay.

Another issue with inlets is the condition where degradation does not produce a
reduction in velocity. In rivers, channel degradation and contraction scour reduce flow
velocity as the channel enlarges. In inlets to large bays, however, flow velocity may not
decrease as the inlet degrades and waterway area increases. This is because inlet velocity
is related to the head differential between the ocean and bay (Equation 3.3). The discharge
coefficient can actually increase as the inlet depth increases. If the bay is large, the
corresponding increase in discharge may not significantly affect the bay water surface level
and the head differential, AH, may not decrease. Therefore, inlet velocity can remain
relatively constant as the inlet degrades and the degradation can continue unabated. Inlet
degradation may be limited by an erosion resistant layer but, if no resistant layer is present,
the inlet will continue enlarge until, eventually, the tidal prism is satisfied and velocities
actually do decrease.

3.4 ROUTING APPROACH

To overcome the limitations of the tidal prism approach (assumed zero energy loss) and
orifice approach (unknown head differential during a storm surge), routing methods can be
applied. A method developed by Chang et al. (1994) is presented in HEC-18 (Richardson and
Davis 2001). The method combines the orifice equation, the storage relationship for the bay,
and the surge hydrograph to calculate flows through a constricted waterway such as the inlet to
a bay (Figure 3.5). The ocean storm tide is input as a function of time, the bay storage is related
to bay water surface elevation, and the discharge through the waterway is calculated from the
head differential between the ocean and the bay. The iterative solution technique is presented
in HEC-18 using a spreadsheet or simple computer program. A similar approach is used in the
ACES-Inlet model (USACE 1992). In ACES, the bay is treated as a storage area and the flow
in the inlet is computed for the input storm surge hydrograph. The ACES-Inlet model can also
be used to compute flow in two inlets connected to a single bay.
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Routing methods can have varying levels of refinement. They can, for example, include
upland runoff as a separate inflow. They can also account for overtopping flow over approach
roadway embankments and barrier islands. If the bay is formed by a barrier island,
overtopping would act as relief for the bridge. When the ebb tide drops below the
overtopping elevation, unless a breach or new inlet forms, the entire bay may have to drain
through the existing inlet.

In the case of large or long bays, the routing method can also be conservative because,
as with the simple prism method, the bay is assumed to fill as a level pool. The level-pool
assumption is an approximation of the actual flow conditions. In large bays the error this
assumption causes can be significant. For small bays the level-pool assumption is not overly
conservative. In most cases where routing is considered, a 1-dimensional model, such as HEC-
RAS or UNET, can be substituted with a similar level of effort.

3.5 METHOD SELECTION

Based on the assumptions and limitations incorporated into the previously described
approaches, selection of the appropriate method is dependent on the characteristics of the
tidal waterway or crossing. Figure 3.7 provides general guidance on how these factors
influence the selection process. Dynamic modeling should always provide the most reliable
results, although the effort required for dynamic modeling is not warranted for some bridges
over tidal waterways. In Figure 3.7, each factor (in capital letters) increases in amount or
significance from left to right. As the factor increases in significance, the recommended
analysis approach changes from simple techniques such as tidal prism or orifice to
increasing degrees of sophistication, such as 1- or 2-D hydrodynamic.

As an example of the information in Figure 3.7, the second item in Figure 3.7
illustrates the modeling choices for floodplain size. An estuary with little or no floodplain
would be adequately modeled with tidal prism. As floodplain size increases, 1- or 2-D
modeling would be more appropriate. For very wide floodplains, 2-D modeling is
recommended. The seventh item in Figure 3.7 shows that if wind effects are very important,
2-D modeling is needed as wind stresses are better simulated in a 2-D model. All other
approaches (tidal prism, orifices, routing, and most 1-D models) do not incorporate wind
effects, and are applicable when wind is not an important.
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Figure 3.7. Factors influencing the selection of a tidal modeling approach.

3.8




CHAPTER 4

TIDAL HYDRAULIC MODELING

4.1 INTRODUCTION

Dynamic modeling is recommended when complex geomorphic or hydraulic conditions
make the basic methods of Chapter 3 unusable or when the simplifying assumptions of these
above methods are violated to such a degree that the results are overly conservative. Complex
geomorphic conditions include anabranching or multiple channel inlets or estuaries, large
floodplain areas constricted by main channel and relief bridges, and complex channel geometry
near bridges. For estuaries with large or vegetated floodplains, where the simple tidal prism
method is overly conservative due to high flow resistance, dynamic modeling is most
appropriate. Dynamic modeling is also most appropriate in the case of large bays where an
assumed level water surface is overly conservative or where wind effects are significant.

In the Pooled Fund study (Ayres Associates 1994), UNET (HEC 1997) and FESWMS-
2DH (Froehlich 1996) were recommended for dynamic tidal hydraulic modeling. UNET is a 1-
dimensional model and FESWMS-2DH is a 2-dimensional model. While other 1- and 2-
dimensional models are also applicable for tidal hydraulic modeling, the recommended models
incorporate bridge, culvert, and road overtopping hydraulics. Therefore, these models were
deemed most applicable for tidal bridge hydraulic and scour evaluations. HEC-RAS Version
3.X (USACE 2001) incorporates the UNET dynamic routing routines. Therefore it should be
equally as applicable as UNET and much easier to apply.

Dynamic models perform hydraulic computations for channels, overbanks, bridges and
culverts, and the models should be set-up to include areas filled during daily tides and areas of
potential inundation during storm tides. Dynamic models yield the most accurate hydraulic
analysis for scour computations and countermeasure design. The governing equations used in
these models are the full dynamic equations for conservation of mass and momentum. One-
dimensional modeling is applicable for estuaries with well defined channels and for bays with
single or multiple inlets. When bays are crossed by numerous causeways, especially
causeways with multiple bridge openings, 2-dimensional modeling is recommended. Estuaries
with multiple anabranched channels can be modeled with 1-dimensional network models (such
as UNET), but the complexity often warrants the use of 2-dimensional models.

4.2 MODEL EXTENT

The model extent (upstream and downstream model limits) for bridges in tidal
waterways differ from the model extents typical for riverine hydraulic analyses. The minimum
number of cross sections in a steady state riverine analysis include an upstream (Approach),
downstream (Exit) and bridge cross sections. The water surface elevation is specified for the
Exit cross section and a discharge is specified for the simulation. Additional upstream and
downstream cross sections are often warranted to assess hydraulic impacts of the bridge
design.

For tidal waterway analysis, the discharge is typically not known and the downstream
stage is represented as time series (stage hydrograph) that is specified at the ocean. The
hydraulic condition at the bridge is computed based on applying the dynamic model (either 1-
or 2-dimensional) to as much of the tidal waterway as is necessary to establish accurate flow
conditions. The limits, therefore, are the entire tidal waterway but, as a minimum, must
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extend sufficiently inland to accurately represent the dynamic flow conditions. If the
upstream limit is too close to the ocean, the storage (or prism) will be under represented and
the computed discharge will be less than actually occurs. The wave also cannot propagate
inland and will reflect off the upstream boundary resulting in inaccurate results. Therefore, it
is best to extend the model well inland so the upstream extent does not cause inaccuracies
in the model results.

The downstream boundary of the model should be at a location where the tide and
surge conditions are well defined. Although a tide conditions may be known at some
distance up an estuary, the storm surge is probably best defined at the coastline. If a known
tide that is located far inland from the coast is combined with an ocean surge, the results at
the bridge are almost certainly conservative because the surge will probably dissipate as it
travels inland. Therefore, to avoid overly conservative design hydraulic conditions at a
bridge, the downstream boundary should be located at the ocean. However, it is often
desirable to locate the downstream boundary some distance inland to reduce the modeling
effort as long as this does not result in inland surge that is too conservative.

4.3 ONE-DIMENSIONAL MODELING

As illustrated in Figure 4.1, 1-dimensional models use a series of reaches to
represent the network of channels that form the waterway. Each reach is represented by a
series of cross sections that includes channel and overbank geometry. The cross sections
provide a 2-dimensional representation of the channel geometry, elevation and distance.
The distance between cross sections results in an overall representation of the waterway
geometry. The model is considered 1-dimensional because the direction of flow is assumed
along the channel perpendicular to the cross sections. Flow expansion and contraction
occurs between cross sections and flow in the vertical direction is not simulated.
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Figure 4.1. lllustration of 1-D model geometric layout.
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One-dimensional models have the advantage of simplicity and speed over 2-D
models. The advantage of speed is both in model setup and in the run-time of the computer
simulation. Also, the results are more readily interpreted for design and scour computations.
One-dimensional models are best suited for long estuaries. The more the tidal waterway
looks like a river, the more suitable are 1-D models. One-dimensional models require the
engineer to identify the flow direction and orient the cross sections perpendicular to the flow.
This can be difficult in reversing flow conditions because areas that are ineffective during
flood-tides may be effective during ebb-tides. Therefore, as flow conditions become more
complex, 1-D models become less suitable.

Handling ineffective flow areas can be a major issue in the use of 1-D models.
Ineffective flow areas are areas that flood, but do not convey flow along the channel. The
engineer can specify ineffective flow areas in UNET and HEC-RAS models. In these
models, ineffective flow areas are included for storage (they fill and empty during the tide or
surge) but flow is not conveyed through an ineffective flow area.

The advantages of 1-D models are that they are relatively easy to develop and they
are much faster to run. One-dimensional models provide excellent results for many tidal or
river flow conditions provided that the 1-D modeling assumptions are not violated. These
assumptions include (1) flow perpendicular to the entire cross section, (2) level water surface
across the entire cross section, (3) discharge is distributed within a cross section based on
the conveyance distribution and (4) the energy slope is uniform across the entire cross
section. Therefore, the limitation of 1-D models is the fact that they are not 2-D models. As
hydraulic conditions become more complex, the 1-D model assumptions listed above will be
violated and 2-D modeling should be used.

4.4 TWO-DIMENSIONAL MODELING

Two-dimensional models use either finite difference or finite element computational
methods. Models are considered 2-dimensional in the sense that they compute velocity
magnitude and direction (two horizontal components) and ignore any vertical component of
flow. Figure 4.2 is an example of a portion of a 2-D finite element network at an inlet. The
network is developed to accurately represent the waterway geometry. Velocity magnitude
and direction are computed at nodes located at the corners and sides of each element.
Examples of 2-dimensional models that are applicable to tidal modeling are FESWMS
(Froehlich 1996) and RMA-2 (USACE 1997). Finite difference methods typically represent
geometry using a regular grid of ground elevations. Finite element methods typically
represent geometry with a network of three- and four-sided elements that are not restricted to
a regular pattern. Finite difference models have the advantage of faster computational
speed and finite element models have better flexibility in representing geometry. With the
finite element method, smaller elements are used in areas of complex geometry and complex
flow patterns. The elements can also be oriented along the curved channel while in a finite
difference grid orientation is less flexibility.

Although 2-D models require greater effort to develop and longer computer time to
perform a simulation, they are well suited for complex hydraulic conditions. While they
required greater effort, in some respects they require less judgment from the engineer. For
example, the model determines flow direction so the concept of cross section orientation is
not a consideration in 2-D modeling. Ineffective flow is also directly determined in 2-D
models. If an area is not effective in conveying flow along the channel, the 2-D model will
compute still water or an area of flow circulation. If that area becomes effective as the flow
conditions change, the 2-D model will automatically account for this change. Therefore, the
advantage of 2-D models is that they more accurately simulate areas of complex flow
patterns.
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Figure 4.2. Example of 2-D model layout and results.

Two-dimensional models are best suited for waterways with multiple bridge openings,
wide floodplains and large bays, especially bays with multiple causeways. Two-dimensional
models are also best suited to simulating the effects of wind stresses although some 1-D
models incorporate wind conditions.

One approach that combines the advantages of 1- and 2-D models is performing a 1-
D analysis of the entire system and using the results as input to a detailed 2-D model of the
local site. Assuming a 1-D model provides a reasonable representation of the entire system,
this combined approach provides more detailed flow distribution information than a 1-
dimensional model while reducing data requirements and total modeling effort compared to a
system level 2-dimensional model. The 2-D model is run either in steady-state mode for the
worst-case conditions from the 1-D analysis or run in dynamic mode using the temporal
results of the 1-D analysis. The 2-D model then provides better information on flow
distributions and more accurate estimates of roadway overtopping.

The advantage of 2-D models is that they compute velocity magnitude and direction
throughout the model network. Therefore, complex flow conditions and flow transfer
between channel and floodplain are simulated much more accurately. Two-dimensional
models remove some of the judgment required for 1-D modeling since decisions related to
cross section location and orientation is not required. The disadvantages of 2-D modeling
are that they require relatively greater effort to develop, require more computer time to
perform a simulation, and tend to have more problems with numerical instability, especially in
areas of wetting and drying. As computer speeds increase and advances are made to
network development software, these disadvantages become less significant.
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4.5 MODEL SELECTION

Guidance on the selection of appropriate methods for tidal hydraulic analysis of
bridges is provided in Section 3.5. In general, hydrodynamic models should be used as the
size and complexity of the tidal waterway increases. Two-dimensional models should be
used for wide floodplains, large tidal marshes, floodplains with significant variability in
topography or ground cover, multiple bridge openings, parallel roads and railroads
(especially when the bridges or piers are not well aligned), areas with significant wind effects,
skewed embankments, crossings with significant road overtopping, and extreme channel
sinuosity near the bridge opening. Once the decision has been made for 1- or 2-dimensional
modeling, there may be several models to choose from. The user should consider the
particular strengths and weaknesses of the models and the user’s familiarity with the models
in making this decision. The U.S. Army Corps of Engineers HEC-RAS model will be
applicable for many 1-dimensional conditions. Other 1-dimensional hydrodynamic models
include UNET and DYNLET. HEC-RAS and UNET include several useful features, such as
bridge, culvert, other hydraulic structures, and storage areas, but do not include any wind
modeling. DYNLET includes wind modeling, although wind modeling is generally simulated
with 2-dimensional models.

For 2-dimensional applications, FESWMS and RMA-2 are frequently used. Each of
the 2-dimensional models includes wind and storm wind modeling. In storm wind modeling
the model generates a wind field based on user specified hurricane properties, such as
forward speed and radius of maximum wind. FESWMS also includes specialized features,
such as pier drag and roadway overtopping, that the current version of RMA-2 does not.
FESWMS does not simulate the flow field around a pier directly, but includes an additional
force, caused by pier drag, in the solution of the momentum equation for the element
containing the pier.

The models referenced above are not an exhaustive list of model that are applicable
to tidal hydrodynamic modeling for bridges. It is important to recognize each model’s
strengths and weaknesses, and to apply models that incorporate the hydraulic conditions,
structure hydraulics and boundary conditions for the specific application.

4.6 MODEL CALIBRATION AND TROUBLESHOOTING

4.6.1 Model Calibration

Overbank and channel roughness coefficients (Manning's n) are typically determined
using tabulated values, ground cover and geomorphic data, and engineering judgment.
However, due to the high degree of variability inherent in tidal systems, these roughness
values should be adjusted when possible to calibrate the model to actual conditions.

Calibration of a hydrodynamic model requires sufficient data to perform a dynamic
simulation. The dynamic calibration simulation should be long enough to render any initial
condition error insignificant at interior observation points. The minimum simulation time of
the calibration will vary with the size and type of the model, but should generally simulate at
least two lunar days (approximately 50 hours).

Overbank roughness calibration is not typically practical in the absence of observed
storm surge stage and velocity hydrographs at all open model boundaries and at interior
locations in the model. The minimum data required to calibrate main channel roughness for
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a hydrodynamic model are observed stage hydrographs at all tidally influenced model
boundaries and at least one interior point in the model. If daily riverine inflows to the system
significantly influence hydraulic conditions, then upland flows are also required. The
calibration can also be improved by using channel velocity measurements at interior points in
the model.

The stage hydrographs may be developed using water level recorders (tide gages)
placed as close as possible to the actual model boundaries. Each gauge should be
surveyed into a fixed modeling datum and should be set to allow synchronization of the stage
time series with the other stage and velocity measurements. Interior water level gauges
should be placed at a minimum of one point. The entire gauge network should operate long
enough to provide sufficient data for the calibration simulation. Five-minute water surface
elevation readings will adequately characterize the hydrographs for calibration purposes. In
addition, because water surface elevations are less sensitive to small changes in roughness
than channel velocities, channel velocities should be measured over a full tide cycle for at
least one interior point of interest while the tide gauge network is active.

The model should be run using the observed boundary condition hydrographs and
the computed results at the interior observation points compared to the observed velocity
and stage hydrographs taken at those points. Channel roughness should be adjusted to
match computed velocity magnitude, tide phase shift and attenuation to observed values.
This simulation and roughness adjustment procedure should be iterated to minimize the
difference between predicted and observed interior channel velocities and tide height, range,
and phase shift. If the model calibration procedure results in unreasonable roughness values
or if it is impossible to adequately calibrate predicted conditions to observed conditions, then
the model network should be examined to determine if it adequately represents the actual
system.

4.6.2 Model Troubleshooting

Tidal hydrodynamic modeling can be an extremely challenging endeavor. The
waterways and adjacent land areas can be extremely large, potentially extending over 100
miles in length. It is also necessary to obtain detailed hydraulic results at a bridge, or often
many bridges, within a model that covers and extensive area. There are numerous
computational problems that can occur during the simulation. Since each simulation may
require many computer hours, even days, to run, the time required for model calibration and
production runs can be extensive even if other modeling problems have been avoided. If
there are other modeling problems, such as numerical instability, troubleshooting these
problems will require additional effort. The following categories of modeling problems and
potential troubleshooting solutions are discussed in this section.

¢ Model fails to execute
e Numerical instability
e Model doesn’t calibrate

Execution Failure. If the numerical model fails to execute, meaning that it doesn’t run
at all, then there is almost certainly a problem with the data entry. Depending on the level of
error checking that is internal to the program and the level error messages that the program
includes in the output, this type of problem can be very difficult to trace. Correcting this
problem may require a painstaking review of all of the model input files to determine whether
they are complete and consistent. There may be required data that are missing, or even a
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required input file that is missing. It is also possible that the boundary condition file is either
internally inconsistent or inconsistent with the model geometry. An example of an internal
inconsistency is identifying one time period or starting date for the dynamic run, and
providing boundary conditions for another time period. An external inconsistency would
include setting an initial water surface elevation that is below the ground elevations in the
model or that is significantly different that the tide water surface elevations. For a storage
area in HEC-RAS, the user must set an initial water surface elevation. The default water
surface elevation is one foot above the lowest elevation in the storage area. If this default
results in a water surface elevation lower than the tide elevations the simulation could fail
instantly due to the large head differential at the start of the simulation. Similar problems can
occur in 2-dimensional models because an initial water surface must be consistent with the
boundary condition water surface. The problems may also exist due to errors in the model
geometry. For example, in 1-dimensional models, the user may need to identify how the
various channel reaches connect and an error in the connections could result in a model that
cannot execute. In summary, when a model immediately fails to execute, then the user
should check:

Program output error messages
Missing input data

Incorrect input data

Missing input files

Inconsistent input data

Numerical Instability. Numerical instability occurs when a model does not converge
to a solution during the number of iterations specified for a specific time step. The computed
values of velocity or depth may oscillate without convergence or the changes from one
iteration to the next may amplify until the model "blows up." Occasionally, the model may
exhibit minor convergence problems for a few time steps and then get past cause of the
instability and continue without further problems. The cause of numerical instability may be
related to computational time step length, lack of geometric refinement, wetting and drying
problems, or structure hydraulics. It is often necessary to use computational time steps of 6
minutes or less for storm surge simulations. One minute time steps may be necessary
during the rapid rise and fall of a storm surge. Some models allow one time step for
computation and another for output in order to limit output file size. Very short time steps
tend to increase run times, although there are cases when decreasing the time step can
decrease the total simulation run time. This can occur if the model requires only 2 iterations
to converge for a short time step but may require many more iterations for the longer time
step. Model stability can also be affected by selection of the implicit weighting factor, theta,
used for the time derivatives. A theta value of one is the most stable, but a lower value,
usually around 0.6, produces a more accurate solution. It is usually better to reduce time
step than to use values of theta approaching 1.0.

In some cases, lack of geometric refinement can produce numerical instability. This
is especially true for 2-dimensional models in area where flow separation is occurring and a
large scale eddy should form. If the model lacks sufficient geometric refinement, the model
may not converge because the flow field may be poorly defined. This type of instability can
also occur in 1-dimensional models if, due to a severe constriction, the flow velocity changes
too rapidly between cross sections. In either case (1- or 2-D), the solution is to further refine
the model in the area of instability. In most cases, the area can be easily determined
because the location of greatest change is identified in the model output.
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Another type of geometric problem occurs as areas of the model wet (become
inundated) or dry. In 2-dimensional models, wetting and drying requires elements to activate
or de-activate. The inclusion of these extra elements can create a shock to the solution of
the simultaneous equations. A similar problem can occur in 1-dimensional models based on
the fact that a small increase in stage may produce a large increase in flow area if the
floodplain is wide and relatively flat. Decreasing the computation time step length is one way
to reducing problems with wetting and drying. Some 2-dimensional models include methods
of maintaining elements active even if the water surface is not higher than the entire element.
For examples, the RMA-2 model includes "marsh porosity" and the FESWMS model includes
"storativity." A simple explanation of these methods is that they keep elements active by
included some very small flow area associated with the element at all times. The amount of
flow in these artificially wet elements does not significantly affect the model results.

Another common source of model instability is weir flow. If the model includes
roadway overtopping, the initiation of flow over the road can be sudden and the change in
flow from one time step to the next can be extreme. The number of iterations required to
converge to a solution may be very large when road overtopping occurs. Alternatively, the
time step length should be reduced to reduce the amount of change, in both head and flow,
from one time step to the next.

In summary, the causes of numerical instability are:

Computational time step too long
Lack of geometric refinement
Wetting and drying problems
Weir flow

Calibration Problems. Calibration is usually conducted for astronomical tide
conditions because the data are more easily obtained than for storm surge conditions.
However, there are many problems associated with model calibration even for astronomical
tide conditions. With an accurate representation of the tidal waterway geometry and
boundary conditions, the model should calibrate very well. Calibration is usually conducted
by comparing model tide range and timing with observations at a tide gage at several
locations in the modeled area. It is recommended that velocity measurements also be
obtained at key locations, especially the bridge crossing, to compare with the model results.
The primary variable that needs to be calibrated is the Manning n of the areas below high
tide. The Manning n should only be adjusted within a reasonable range for the bed
conditions. If the bed is sand, then Manning n should range from 0.018 to 0.025, although
for some small, less regular channels, values up to 0.035 may be acceptable. If the model
does not calibrate using a reasonable range of Manning n values, then other areas should be
investigated. Most frequently, problems with calibration are associated with inaccurate
bathymetry, although insufficient upstream extent, improper conversions between datums,
unmodeled wind effects, or incorrect upstream flow can also cause a model to not calibrate.

If the model does not include the entire tidally affected area, then wave propagation
and volume of the tidal prism will be misrepresented and model calibration will not be
possible. Even if the tide range and timing could be matched fairly well with observations,
flow velocities could not be matched. Since tide propagation is primarily controlled by flow
depth, errors in the model bathymetry will result in errors in calibration. This can occur if out-
of-date hydrographic surveys are used to develop the model and there has been general
filling or lowering of the channel in the interim. Another source of inaccurate bathymetry is in
conversion between datums. If the original bathymetry is recorded in a tidal datum such as
mean lower low water, then the bathymetry should be converted to a fixed datum.
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The tides that were used for boundary conditions and for calibration must all be in the
same datum as the bathymetry. This generally requires that the gages be surveyed. In
many cases, NOAA tide gage data include information on conversion to fixed datums.

If the modeling does not include wind effects, but the tides are significantly affected
by wind, then calibration will not be successful. Another external control, or boundary
condition, that will effect calibration is upstream inflow. In most cases, upstream inflow is
small in comparison to tidal flows, especially for daily tides and normal daily upstream
inflows. An example of a case where inflow was significant is a model of the Cooper River in
South Carolina. The flow from upstream reservoir releases was consistently higher than
normal during the time when tide gages were installed. Without the appropriate inflow, the
model would not calibrate with the measured tides. Once the correct inflow was obtained
from USGS records and included in the model, the model calibrated without further
adjustment.

In summary model calibration will be affected by:

Appropriate model extents

Accuracy of model bathymetry

Correct datum conversions for bathymetry
Correct datum conversions for tide gages
Inclusion of wind effects

Inclusion of appropriate upstream inflow

4.6.3 Evaluating Results

Just because a model runs doesn’'t mean the model results accurately represent the
real world. The model input and output files should be reviewed in order to assure that
appropriate input variables have been used and that the model results are realistic. The first
step in evaluating the model results is to review the output file for any error or warning
messages. A warning may indicate that some corrective action, such as additional geometric
refinement or a shorter time step, is required. The warning message may indicate that a
hydraulic condition, such as excessive weir flow, has been computed. The weir flow should
be checked manually to check whether the model result is reasonable.

The model results should also be checked to ensure that the solution is numerically
stable. Scan the output file to check whether convergence is achieved for each time step.
Also plot hydrographs from several locations to determine whether there are oscillations or
sudden changes in the stage or flow hydrographs. For 2-dimensional model, plot the velocity
magnitudes and vectors to determine whether there are any areas of apparent instability. At
times, an area my appear unstable because the velocity vectors appear randomly oriented.
Make sure that the velocity vectors are scaled relative to the velocity magnitude because the
velocity in this area may actually be near zero and the results are valid.

4.7 PHYSICAL MODELING IN COASTAL ENGINEERING
This section provides an overview of the capabilities and limitations of physical
models and the facilities required for analyzing coastal engineering problems, including

wave, tidal, and littoral processes. Bridges and highways cross or parallel estuaries and
inlets and, in some cases, must be protected by coastal structures such as seawalls or
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jetties. Consideration of the complex hydrodynamic and sediment transport processes of the
coastal zone may require the use of physical modeling and the hydraulic laboratory facilities
required are quite different from those used for riverine models. This section highlights those
difference to aid in the selection of an appropriate hydraulics laboratory, if physical modeling
is required to meet project objectives. The information in this section is drawn, primarily,
from two sources: U.S. Army Corps of Engineers Coastal Engineering Research Center
Special Report No. 5, "Coastal Hydraulic Models" (Hudson et al. 1979) and a more recent
text on "Physical Models and Laboratory Techniques in Coastal Engineering” by S.F. Hughes
(1993) of the Coastal Engineering Research Center.

4.7.1 Coastal Engineering Models

The field of coastal engineering involves providing reliable and economic design
solutions to support man's activities in the coastal zone. Coastal engineers must study and
attempt to understand such diverse topics as wave mechanics and wave climate prediction,
shoreline erosion and protection methods, harbor design and design of protective structures,
geological and geotechnical aspects of foundation design, dredging technology, estuarine
processes, hurricane and storm surge effects, and environmental impacts of coastal projects.
Laboratory investigations play an important role in many of these areas (Hughes 1993).

Coastal engineers rely on three complementary techniques to deal with the complex
fluid flow regimes typical of many coastal projects. These techniques are field measurements
and observations, laboratory measurements and observations, and mathematical
calculations. Laboratory studies are generally termed physical models because often they
are miniature reproductions of a physical system. In parallel to the physical model is the
numerical model, which is a mathematical representation of a physical system, as
described in previous sections.

Measurements and observations of hydrodynamic phenomena made at a specific site
are often critical for understanding the hydrodynamic regime and its impact on existing or
planned coastal projects. These measurements can be used to quantify the hydraulic flows,
to specify hydrodynamic forcing conditions for numerical or physical model studies, or to
verify the correct formulation and operation of numerical or physical model simulations.

Numerical modeling has shown steady growth and utility over the past decade. Large
physical models of tidal estuary systems have now been almost totally replaced with
numerical models that can predict flows with a good degree of success. Numerical models
are also practical for cases where wave refraction, shoaling, and diffraction are the only
important hydrodynamic characteristics, and considerable success has been shown in
accurately simulating nearshore circulation with numerical models (Hughes 1993).

However, many flow conditions and problems in coastal engineering are not
amenable to mathematical analysis because of the nonlinear character of the governing
equations of motion, lack of information on wave breaking, turbulence or bottom friction, or
numerous connected water channels. In these cases it is often necessary to resort to
physical models for predicting prototype behavior or observing results not readily examined
in nature.

4.7.2 Advantages and Limitations of Physical Models

A review of the historical development of hydraulics and hydraulic models indicates
that the scale model played an increasing role in the design of hydraulic structures and
coastal works in the United States from about 1930 to about 1970 (Hudson et al. 1979).
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Important model techniques and procedures were developed, instrumentation was improved,
and simulation of more complicated phenomena became possible through experience and
basic research. For many of the complex problems in coastal engineering, especially those
concerning the effects of wave action, the best approach to the problem of obtaining the
optimum balance between the functional, stability, and economical aspects of design is the
use of scale models. However, as noted above, since the 1970s numerical modeling
techniques have improved sufficiently to permit accurate and economical numerical
simulation of the estuarine processes of most interest to the highway engineer.

Physical models constructed and operated at reduced scale still offer an alternative
for examining coastal phenomena that may presently be beyond our analytical skills (Hughes
1993). There are several distinct advantages gained by using physical models to replicate
nearshore processes:

1. The physical model integrates the appropriate equations governing the processes without
simplifying assumptions that have to be made for analytical or numerical models.

2. The small size of the model permits easier data collection throughout the regime at a
reduced cost, whereas field data collection is much more expensive and difficult, and
simultaneous field measurements are hard to achieve.

3. The degree of experimental control with physical models allows simulation of varied or
sometimes rare environmental conditions at the convenience of the investigator.

4. The ability to get a visual feedback from the model gives the investigator an immediate
qualitative impression of the physical processes which in turn can help to focus the study
and reduce the planned testing.

Although there are distinct advantages in favor of laboratory experimentation and
physical modeling, physical hydraulic models have some serious drawbacks, most notably
(Hughes 1993):

1. Scale effects occur in models that are smaller than the prototype if it is not possible to
simulate all relevant variables in correct relationship to each other. A common scale
effect in coastal models is viscous forces that are relatively larger in the scale model than
in the prototype.

2. Laboratory effects can influence the process being simulated to the extent that suitable
approximation of the prototype is not possible. Typical laboratory effects arise from the
inability to create realistic forcing conditions and from the impact model boundaries have
on the process being simulated. A common laboratory effect arises when unidirectional
waves are generated in the model to approximate multidirectional waves that occur in
nature.

3. Sometimes all forcing functions and boundary conditions acting in nature are not included
in the physical model, and the missing functions and conditions need to be assessed and
accounted for in evaluation of model results. For example, wind shear stresses acting on
the free surface may generate significant nearshore circulation currents in nature that
would be absent in any model which included only mechanical wave generation.
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4.7.3 Types of Physical Models in Coastal Engineering

In terms of their physical characteristics, physical models used to study nearshore
coastal processes can be divided into two classes: fixed-bed models and movable-bed
models (Hughes 1993).

Fixed-bed models have solid boundaries that cannot be modified by the
hydrodynamic processes ongoing in the model. Fixed-bed models are used to study waves,
currents, or similar hydrodynamic phenomena in the Ilaboratory under controlled
circumstances. They are also used to study the interaction of hydrodynamic forces with solid
bodies, such as pilings, breakwaters, harbor basins, etc. The scaling effects associated with
fixed-bed models are reasonably well understood and much confidence can be given to the
results of carefully-conducted fixed-bed model studies.

Examples of fixed-bed model studies in 2-dimensional facilities include wave tank
tests to examine wave propagation and transformation, studies of wind wave generation in
flumes, breakwater stability tests, studies on wave/current interaction, measurement of
hydrodynamic forces on structures, and examination of fluid kinematics.

Three-dimensional fixed-bed models are more involved, and they examine such
coastal engineering problems as wave penetration into harbors, harbor seiching response to
short waves, transformation of directionally-spread irregular waves, interaction of oblique
waves and currents, stability of complex coastal structures, and other challenging
engineering problems.

Moveable-bed models, as the name implies, have a bed composed of material that
can react to the applied hydrodynamic forces. The scaling effects inherent in movable-bed
physical models used for studying sedimentary problems are not as well understood as they
are for fixed-bed models. Consequently, movable-bed model results must be carefully
reviewed in the context of previous, similar models that have demonstrated success in
reproducing prototype bed evolution.

Examples of 2-dimensional movable-bed coastal models include studies of beach
profile evolution, dune erosion, ripple development, scour at the toes of coastal structures,
response of beach fills to storms, response of cobble beaches to wave action, and bedform
translation under unidirectional currents.

Three-dimensional movable-bed models are much rarer, due in part to the high costs
associated with these models. Examples include studies of erosion of oil drilling sand
islands, littoral drift induced by oblique wave approach, formation of sand spits, 3-
dimensional ripple formation, and scour holes in the vicinity of structures such as highway
bridge piers.

A final characteristic that can be assigned to either fixed-bed or movable-bed models
is whether the model is "short-term" or "long-term." Short-term models examine response
of the project or physical system to short-duration (hours to days), high intensity events, such
as storms. Long-term models determine system changes that occur over extended time
periods (days to years). Short-term physical models are far more practical to conduct.

4.7.4 Modeling of Estuary Processes
Estuary modeling is usually restricted to modeling water-related problems where tidal
action provides the major source of system energy (Hudson et al. 1979). In some cases,

other phenomena such as river flow, wind waves, and storm surges are of major importance,
with tidal action merely a part of the physical processes that control the system.
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Estuary modeling techniques have been applied to two major problem types: (a)
predicting effects of construction in areas subject to tidal action, and (b) establishing base-
line conditions against which future changes can be measured. Predicting the effects of
changes caused by construction has been the major use of estuary modeling. Establishing
base-line conditions in areas of anticipated changes has been a more recent application
which has grown from the need for guidelines against which possible future developments
may be compared. A typical estuary model layout is shown in Figure 4.3.

All models of estuaries have one common characteristic, i.e., the models cannot be a
completely accurate simulation of all of the complex phenomena inherent in tidal waterways.
To approximate complete model-prototype similarity, a hydraulic model of an estuary should
reproduce the geometry and boundary roughness of the prototype and be able to simulate
the following (individually and collectively) as they vary with tidal cycle time at all points in the
system:

o Water surface elevations

e Current velocities and directions

e Salinities

e Physical characteristics of sediments

e Transportation, deposition, and scour of sediments

o Parameters reflecting water quality, such as dissolved oxygen, temperature, viscosity,
diffusion of introduced pollutants, etc.

e Freshwater and saltwater discharges into the estuary and the turbulent intermixing within
the water mass

o Effects of winds on setup, waves, local water currents, mixing, diffusion, etc.

Simulation of all of these estuarine phenomena is unnecessary to solve every problem. In
model studies of certain problems, some of the phenomena would be completely irrelevant
and others would be so nearly irrelevant as to be negligible. The recommended approach to
the design of an estuary model would be to first select the prototype phenomena which
would significantly affect, or be affected by, the problem to be studied (or by possible
solutions), and then to design the model to simulate the selected phenomena with
acceptable accuracy.

4.7.5 Modeling Coastal Erosion and Coastal Structures

Movable-bed scale-model investigations of coastal erosion and coastal sediment
transport phenomena are probably the most difficult hydraulic models to conduct (Hudson et
al. 1979). However, such model studies are feasible in certain circumstances (e.g., littoral
transport, onshore-offshore transport, scour, or erosion around structures). Careful planning
is required, and the acquisition of extensive and accurate prototype data is necessary.
Numerous scale-model laws can be derived by making various assumptions regarding the
physical processes governing sediment motion.

The most important phase in this type of scale-model study is to obtain the quantity
and quality of prototype data required for model verification. Some of the many problems
that must be dealt with in model operation are model circulation, type of bottom sediment,
model size, and rapid measurements and remodeling of bottom topography. Although nearly
quantitative moveable-bed scale-model investigations of some coastal erosion and coastal
sediment transport problems are considered feasible, a considerable amount of additional
applied research is necessary before such studies become routine.

4.13



“(TL6T ‘8961 ‘uupwiisy XolFe) [opoWl AIen3sg ISATY BIQUNTO) ‘§-¢ oIndTy

o o 33 o 5: 1300w
T —aEy, 344101 00a

1334 N? 53TV¥3S

1N0AVT 300N

YO Il @
V NOILVLS v
2 I9NwY ﬂk

[{ELER]

VO L¥0g 5,
YIAMOT~ YNy m

68

Figure 4.3. Columbia River estuary model (Hudson et al. 1979).
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In contrast, hydraulic modeling techniques are routinely applied to coastal structure
design. In preliminary design stages, many coastal structures can be designed using
empirical formulae and nomograms developed from parametric small-scale physical model
tests of generic structures (Hughes 1993). This initial design is often sufficient to estimate
approximate costs or to select the most appropriate type of structure to meet project needs.
However, designs of larger, more expensive coastal structures are usually tested and
optimized using a physical hydraulic model. The relative cost of performing a model study is
minor compared to the expense of an over-designed structure or a structure that requires
frequent repair.

Coastal structures are intended to protect shorelines or navigation channels from the
effects of waves and other hydrodynamic forces. Design must consider a range of likely
wave heights and periods combined with water level variations composed of tide, storm
surge, and wind setup. Some structures are designed to reflect wave energy, while other
structures attempt to decrease most wave energy through wave breaking and dissipation
upon and within a permeable structure.

The most common type of coastal structures include rubble mound structures and
vertical wall structures (seawalls). The most common purposes for conducting stability
models of coastal structures include:

1. Examine the stability of rubble-mound armor layers protecting the slopes, toes, and/or
crowns when exposed to wave attack at different water levels.

Determine the hydrodynamic forces exerted on monolithic structures by wave action.

3. Optimize the structure type, size, and geometry to meet performance requirements and
budget constraints.

4. Investigate structure characteristics such as wave run-up, rundown, overtopping,
reflection, transmission, absorption, and static/dynamic internal pressures for different
structure types, geometries, and/or construction methods.

5. Develop and/or test methods of repairing damage on existing structures or improving the
performance of an existing structure.

6. Determine the effects of a proposed modification on an existing structure's stability and
performance.

Physical model tests directed at any of the above purposes will yield quantitative results
provided the model is correctly scaled and operated, and scale effects are determined to be
minor.

Coastal structure physical models can be 2-dimensional (2-D) or 3-dimensional (3-D).
The more expensive 3-D models are used to obtain optimum positioning, length, height, and
alignment for a protective coastal structure such as a harbor breakwater. Also, oblique wave
attack and jetty head stability can be studied in a 3-D model. A typical 2-D model of a
breakwater is shown in Figure 4.4.

4.7.6 Modeling Tidal Inlets

The tidal inlet is a complex part of the coastal environment. The three primary forces
of importance to the coastal inlet are lunar-dominated ocean tides, winds, and freshwater
inflow (Hudson et al. 1979). These forces interact in the ocean, bay, and inlet proper to
produce many phenomena that affect the inlet. Among these phenomena are: (a) tidal
currents, (b) littoral currents, (c) wind waves, (d) density currents, (e) changes in water levels
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due to lunar tides, (f) wind wave run-up, (g) currents generated by wind-water surface
interaction, (h) littoral transport of material to the inlet, (i) wind transport of material to the
inlet, and (j) freshwater transport of material to the inlet. A true physical model requires the
accurate simulation of all of these phenomena active at a particular inlet. This simulation is
not only beyond the capability of present physical modeling, but beyond the capabilities of
any known simulation technique. The physical model does, however, provide a means of
investigating the effects of a significant number of these phenomena. For many cases, this
will allow an effective understanding of what does or could occur at a tidal inlet.

Figure 4.4. Typical 2-dimensional coastal structure model (Hughes 1993).

Studies in tidal inlet models are generally directed to development of methods for
maintaining an effective navigation channel through the inlet, but often other aspects must
also be investigated. Problems that can be investigated by physical inlet models are:

Stabilization of navigation channel dimensions and location
Structural dimensions of jetties, etc., and location and configuration
Bridge scour and stability if a highway crosses an inlet
Sand-bypassing techniques

Shoaling and scouring trends

Tidal prism changes

Navigation conditions

Salinity effects

Modification of the inlet by a proposed plan of improvement could result in changes to the
tidal prism, i.e., the magnitude of flow into and out of the bay system, or changes to current
patterns and the location of predominant currents within the bay system. Effective analysis
of a potential plan of improvement dictates consideration of these aspects. A typical model
layout for analyzing the effects of jetties on a tidal inlet bridge crossing is shown in Figure
4.5.
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Figure 4.5. Details of jetty plans, Shrewsbury Inlet.

4.7.7 Physical Model Facilities

The facilities required to conduct a physical model for coastal engineering
applications (estuaries, erosion, structures, inlets), are significantly different from those
needed for a typical riverine model study. If a hydraulic model is required to support design
for a bridge or highway project in the coastal zone, investigations may be necessary to locate
a government, university, or private hydraulics laboratory with the necessary facilities and
experience to conduct such studies.

For riverine studies the hydraulics laboratory at Colorado State University can be
considered typical (Figure 4.6). CSU's indoor Hydraulics Laboratory is 280-feet long by 120-
feet wide with a maximum ceiling clearance of 32 feet. Covered laboratory space for testing
and models exceeds 20,000 square feet. Figure 4.6 is a photograph of the Hydraulics
Laboratory with a river model shown during testing in the center of the picture. The river
model was constructed in a 20- by 100-foot flume.

In contrast, coastal hydraulic models generally involve the effects of waves and
currents in the coastal region. Wave motions can be separated into two logical divisions:
short waves which have wave periods in nature between 1 — 20 seconds and long waves
which can have periods ranging between minutes and days (Hughes 1993). The division of
waves by period is well suited to modeling (both physical and numerical) because in each
case certain terms in the governing equations are dominant while other terms are less
important. This simplifies model scaling requirements to better fit the assumption that
dynamic similarity is achieved by a balance between only two dominant forces.
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Figure 4.6. Photograph of hydraulics laboratory with river model during testing
(center of photograph).

Short-wave models are used to study wind wave and swell effects on coastal
projects, beaches, and navigation; and long-wave models are used to study the effects of
tides, tsunamis, and other long-period waves on harbors, ports, estuaries, and tidal inlets.
Some coastal engineering projects such as design of a harbor, must evaluate both short- and
long-wave impacts. Short waves can enter the harbor and create a "chop" that makes small-
craft mooring and navigation difficult and dangerous. On the other hand, long-wave energy
can excite the harbor at a basic mode of oscillation that can cause difficulties for larger
moored vessels. Generally, both types of wave motion cannot be investigated in the same
physical model unless the harbor is quite small (Hughes 1993).

The realm of short-wave hydrodynamic models used in coastal engineering is quite
varied. Studies can be conducted in laboratory wave tanks with the understanding that the
model presents a 2-dimensional (2-D) viewpoint of the wave processes (Figure 4.7), or they
can be conducted in wave basins where the width is large enough that waves can have an
oblique approach to the beach and 3-dimensional (3-D) processes can be studied (Figure
4.8). Short-wave physical models can be used to study specific, real-world situations, or they
can be used to examine systematically generic, idealized cases with the purpose of
developing physical insight or engineering design guidance. Model waves can be generated
as regular waves closely approximating theoretical formulations, or they can be made
irregular to provide a more realistic simulation of nature (Hughes 1993).

The wave tank is the traditional tool of the coastal engineer and it enables less
expensive examination of problems that can be approximated as 2-D processes. Wave
basins provide the capability to study evolution of the wave field over nonuniform bathymetry
or at particular sites as the waves undergo refraction, diffraction, shoaling, and breaking.

Long-wave hydrodynamic fixed-bed models are used primarily in the study of rivers,
estuarine systems, or very large harbor complexes and hence, they are almost exclusively
conducted in large wave basins. Tides are usually reproduced in coastal harbor models as a
static water level over the duration of wave action; however, when necessary, time varying
tide elevations can be reproduced (Hughes 1993).
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Figure 4.8. Typical laboratory wave basin (Hughes 1993).
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CHAPTER 5

TIDAL SCOUR

5.1 BRIDGE SCOUR ANALYSIS FOR TIDAL WATERWAYS

5.1.1 Overview

In the coastal region, scour at bridges over tidal waterways that are subjected to the
effects of astronomical tides and storm surges is a combination of long-term degradation,
contraction scour, local scour, and waterway instability. These are the same scour
mechanisms that affect non-tidal (riverine) streams. Although many of the flow conditions
are different in tidal waterways, the equations used to determine riverine scour are applicable
if the hydraulic conditions (depth, discharge, velocity, etc.) are carefully evaluated.

Analysis of bridge scour in tidal waterways is very complex. The hydraulic analysis
must consider the magnitude of the 100- and 500-year storm surge, the characteristics
(geometry) of the tidal inlet, estuary, bay or tidal stream and the effect of any constriction of
the flow due to the bridge. In addition, the analysis must consider the long-term effects of the
normal tidal cycles on long-term aggradation or degradation, contraction scour, local scour,
and stream instability. Coastal analyses require a synthesis of complex meteorological,
bathymetric, geographical, statistical, and hydraulic disciplines and knowledge.

The astronomical tidal cycle with reversal in flow direction can increase long-term
degradation, contraction scour, and local scour. If sediment is being moved on the flood and
ebb tide, there may be no net loss of sediment in a bridge reach because sediments are
being moved back and forth. Consequently, no net long-term degradation may occur.
However, local scour at piers and abutments can occur at both the inland and ocean side of
the piers and abutments and will alternate with the reversal in flow direction. If, however,
there is a loss of sediment in one or both flow directions, there will then be long-term
degradation in addition to local scour. Also, the tidal cycles may increase bank erosion,
migration of the channel, and thus, increase stream instability.

The complexity of the hydraulic analysis increases if the tidal inlet or the bridge
constrict the flow and affect the amplitude of the storm surge (storm tide) in the bay or
estuary so that there is a large change in elevation between the ocean and the estuary or
bay. A constriction in the tidal inlet can increase the velocities in the constricted waterway
opening, decrease interior wave heights and tidal range, and increase the phase difference
(time lag) between exterior and interior water levels. Analysis of a constricted inlet or
waterway may require the use of an orifice equation rather than tidal relationships.

For the analysis of bridge crossings of tidal waterways, a three-level analysis
approach similar to the approach outlined in HEC-20 is suggested. Level 1 includes a
qualitative evaluation of the stability of the inlet or estuary, estimating the magnitude of the
tides, storm surges, and flow in the tidal waterway, and attempting to determine whether the
hydraulic analysis depends on tidal or river conditions, or both. Level 2 represents the
engineering analysis necessary to obtain the velocity, depths, and discharge for tidal
waterways to be used in determining long-term aggradation, degradation, contraction scour,
and local scour. The hydraulic variables obtained from the Level 2 analysis are used in the
riverine equations presented in HEC-18 to obtain total scour. Using these riverine scour
equations, which are for steady-state equilibrium conditions for unsteady, dynamic tidal flow
may result in estimating deeper scour depths than will actually occur (conservative estimate),
but this represents the state of knowledge at this time for this level of analysis. For complex
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tidal situations, Level 3 analysis using physical and 2-dimensional computer models may be
required.

The steady-state equilibrium scour equations given in HEC-18 are suitable for use to
determine scour depths in tidal flows. As mentioned earlier, tidal flows resulting from storm
surges are unsteady but no more so than most unsteady riverine flows. For both cases,
scour depths are conservative.

5.1.2 Level 1 Analysis

The objectives of a Level 1 qualitative analysis are to determine the magnitude of the
tidal effects on the crossing, the overall long-term stability of the crossing (vertical and lateral
stability) and the potential for waterway response to change.

The first step in evaluation of highway crossings is to determine whether the bridge
crosses a river which is influenced by tidal fluctuations (tidally affected river crossing) or
whether the bridge crosses a tidal inlet, bay or estuary (tidally controlled). The flow in tidal
inlets, bays and estuaries is predominantly driven by tidal fluctuations (with flow reversal),
whereas, the flow in tidally affected river crossings is driven by a combination of river flow
and tidal fluctuations. Therefore, tidally affected river crossings are not subject to flow
reversal but the downstream tidal fluctuation acts as a cyclic downstream control. Tidally
controlled river crossings will exhibit flow reversal.

Tidally Affected River Crossings. Tidally affected river crossings are characterized by
both river flow and tidal fluctuations. From a hydraulic standpoint, the flow in the river is
influenced by tidal fluctuations which result in a cyclic variation in the downstream control of
the tail water in the river estuary. The degree to which tidal fluctuations influence the
discharge at the river crossing depends on such factors as the relative distance from the
ocean to the crossing, riverbed slope, cross-sectional area, storage volume, and hydraulic
resistance. Although other factors are involved, relative distance of the river crossing from
the ocean can be used as a qualitative indicator of tidal influence. At one extreme, where the
crossing is located far upstream, the flow in the river may only be affected to a minor degree
by changes in tailwater control due to tidal fluctuations. As such, the tidal fluctuation
downstream will result in only minor fluctuations in the depth, velocity, and discharge through
the bridge crossing.

As the distance from the crossing to the ocean is reduced, again assuming all other
factors are equal, the influence of the tidal fluctuations increases. Consequently, the degree
of tail water influence on flow hydraulics at the crossing increases. A limiting case occurs
when the magnitude of the tidal fluctuations is large enough to reduce the discharge through
the bridge crossing to zero at high tide. River crossings located closer to the ocean than this
limiting case have two directional flows at the bridge crossing, and because of the storage of
the river flow at high tide, the ebb tide will have a larger discharge and velocities than the
flood tide.

For the Level 1 analysis, it is important to evaluate whether the tidal fluctuations will
significantly affect the hydraulics at the bridge crossing. If the influence of tidal fluctuations is
considered to be negligible, then the bridge crossing can be evaluated based on the
procedures outlined for inland river crossings presented in HEC-18. If not, then the hydraulic
flow variables must be determined using dynamic tidal flow relationships. This evaluation
should include extreme events such as the influence of storm surges and inland floods.

From historical records of the stream at the highway crossing, determine whether the
worst-case conditions of discharge, depths and velocity at the bridge are the 100- and 500-
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year return period tide and storm surge, or the 100- and 500-year inland flood or a
combination of the two. Historical records could consist of tidal and stream flow data from
Federal Emergency Management Agency (FEMA), National Oceanic and Atmospheric
Administration (NOAA), USACE, and USGS records; aerial photographs of the area;
maintenance records for the bridge or bridges in the area; newspaper accounts of previous
high tides and/or flood flows; and interviews in the local area.

If the primary hazard to the bridge crossing is from inland flood events, then scour
can be evaluated using the methods given in HEC-18 and HEC-20. If the primary hazard to
the bridge is from tide and storm surge or tide, storm surge and inland flood runoff, then use
the approach outlined in the following sections on tidal waterways. If it is unclear whether the
worst hazard to the bridge will result from a storm surge, maximum tide, or from an inland
flood, it may be necessary to evaluate scour considering each of these scenarios and
compare the results.

Tidal Inlets, Bays, and Estuaries. For tidal inlets, bays and estuaries, the goal of the
Level 1 analysis is to determine the stability of the inlet and identify and evaluate long-term
trends at the location of the highway crossing. This can be accomplished by careful
evaluation of present and historical conditions of the tidal waterway and anticipating future
conditions or trends.

Existing cross-sectional and sounding data can be used to evaluate the stability of the
tidal waterway at the highway crossing and to determine whether the inlet, bay or estuary is
increasing or decreasing in size, or is relatively stable. For this analysis it is important to
evaluate these data based on past and current trends. The data for this analysis could
consist of aerial photographs, cross section soundings, location of bars and shoals on both
the ocean and bay sides of an inlet, magnitude and direction of littoral drift, and longitudinal
elevations through the waterway. It is also important to consider the possible impacts (either
past or future) of the construction of jetties, breakwaters, or dredging of navigation channels.

Sources of data would be USACE, FEMA, USGS, U.S. Coast Guard (USCG), NOAA,
local Universities, oceanographic institutions, and publications in local libraries. For example,
a publication by Bruun (1966), "Tidal Inlets and Littoral Drift" contains information on many
tidal inlets on the east coast for the United States.

A site visit is recommended to gather such data as the conditions of the beaches
(ocean and bay side); location and size of any shoals or bars; direction of ocean waves;
magnitude of the currents in the bridge reach at mean water level (midway between high and
low tides); and size of the sediments. Sounding the channel both longitudinally and in cross
section using a conventional "fish finder" sonic fathometer is usually sufficiently accurate for
this purpose.

Observation of the tidal inlet to identify whether the inlet restricts the flow of either the
incoming or outgoing tide is also recommended. If the inlet or bridge restricts the flow, there
will be a noticeable drop in head (change in water surface elevation) in the channel during
either the ebb or flood tide. If the tidal inlet or bridge restricts the flow, an orifice equation
may need to be used to determine the maximum discharge, velocities and depths (see
Chapter 3).

Velocity measurements in the tidal inlet channel along several cross sections, several

positions in the cross section and several locations in the vertical can also provide useful
information for verifying computed velocities. Velocity measurements should be made at
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maximum discharge. Maximum discharge usually occurs around the midpoint in the tidal
cycle between high and low tide, although constricted inlets usually cause peak discharge to
occur closer to high and low tides.

The velocity measurements can be made from a boat or from a bridge located near
the site of a new or replacement bridge. If a bridge exists over the channel, a recording
velocity meter could be installed to obtain measurements over several tidal cycles.
Currently, there are instruments available that make velocity data collection easier. For
example, broad-band acoustic Doppler current profiles and other emerging technologies will
greatly improve the ability to obtain and use velocity data.

In order to develop adequate hydraulic data for the evaluation of scour, it is
recommended that recording water level gages located at the inlet, at the proposed bridge
site and in the bay or estuary upstream of the bridge be installed to record tide elevations at
15-minute intervals for several full tidal cycles. This measurement should be conducted
during one of the spring tides where the amplitude of the tidal cycle will be largest. The
gages should be referenced to the same datum and synchronized. The data from these
recording gages are necessary for calibration of tidal hydraulic models.

The data and evaluations suggested above can be used to estimate whether present
conditions are likely to continue into the foreseeable future and as a basis for evaluating the
hydraulics and total scour for the Level 2 analysis. A stable inlet could change to one which
is degrading if the channel is dredged or jetties are constructed on the ocean side to improve
the entrance, since dredging or jetties could modify the supply of sediment to the inlet. In
addition, plans or projects which might interrupt existing conditions of littoral sediment
transport should be evaluated.

It should be noted that in contrast to an inland river crossing, the discharge at a tidal
inlet is not fixed. In inland rivers, the design discharge is fixed by the runoff and is virtually
unaffected by the waterway opening. In contrast, the discharge at a tidal inlet can increase
as the area of the tidal inlet increases, thus increasing long-term aggradation or degradation
and local scour. Also, as Neill points out, constriction of the natural waterway opening may
modify the tidal regime and associated tidal discharge (Neill 1973).

5.1.3 Level 2 Analysis

Level 2 analysis involves the basic engineering assessment of scour problems at
highway crossings. Scour equations developed for inland rivers are recommended for use in
estimating and evaluating scour for tidal flows. However, in contrast to the evaluation of
scour at inland river crossings, the evaluation of the hydraulic conditions at the bridge
crossing using either WSPRO or HEC-RAS is only suitable for tidally affected crossings
where tidal fluctuations result in a variable tailwater control without flow reversal. Other
methods, described in this manual, are recommended for tidally affected and tidally
controlled crossings where the tidal fluctuation has a significant influence on the tidal
hydraulics.

Evaluation of Hydraulic Characteristics. = Several methods to obtain hydraulic
characteristics of tidal flows at the bridge crossing are available. These range from simple
procedures to more complex 1-dimensional and 2-dimensional unsteady flow models. The
use of the simpler hydraulic procedures is discussed in Chapter 3. An overview of the
unsteady flow models which are suitable for modeling tidal hydraulics at bridge crossings is
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presented in Chapter 4. The use of the simpler hydraulic procedures given in Chapter 3 can
give large values if their underlying assumptions are violated. In these cases, 1- and 2-
dimensional computer models can give more realistic values.

The velocity, depth and discharge at the bridge waterway are the most significant
variables for evaluating bridge scour in tidal waterways. Direct measurements of the value of
these variables for the design storm are seldom available. Therefore, it is usually necessary
to develop the hydraulic and hydrographic characteristics of the tidal waterway, estuary or
bay, and calculate the discharge, velocities, and depths in the crossing using coastal
engineering equations. These values can then be used in the scour equations given in HEC-
18 to calculate long-term aggradation or degradation, contraction scour, and local scour.

Scour Evaluation Concepts. The total scour at a bridge crossing can be evaluated
using the scour equations recommended for inland rivers and the hydraulic characteristics
determined using the procedures outlined in the previous sections. However, it should be
emphasized that the scour equations and subsequent results need to be carefully evaluated
considering other (Level 1) information from the existing site, other bridge crossings, or
comparable tidal waterways or tidally affected streams in the area.

Evaluation of long-term aggradation or degradation at tidal highway crossings, as with
inland river crossings, relies on a careful evaluation of the past, existing and possible future
condition of the site. This evaluation is outlined under Level 1 and should consider the
principles of sediment continuity. A longitudinal sonic sounder survey of a tide inlet is useful
to determine if bed material sediments can be supplied to the tidal waterway from the bay,
estuary or ocean. When available, historical sounding data should also be used in this
evaluation. Factors which could limit the availability of sediment should also be considered.

Over the long-term in a stable tidal waterway, the quantity of sediment being supplied
to the waterway by ocean currents, littoral transport and inland flows and being transported
out of the tidal waterway are nearly the same. If the supply of sediment is reduced either
from the ocean or from the bay or estuary, a stable waterway can be transformed into a
degrading waterway. In some cases, the rate of long-term degradation has been observed
to be large and deep. An estimate of the maximum depth that this long-term degradation can
achieve can be made by employing the HEC-18 clear-water contraction scour equation to the
inlet. For this computation the flow hydraulics should be developed based on the range of
mean tide. It should be noted that the use of this equation would provide an estimate of the
worst case long-term degradation which could be expected assuming no sediments were
available to be transported to the tidal waterway from the ocean or inland bay or estuary. As
the waterway degrades, the flow conditions and storage of sediments in shoals will change,
ultimately developing a new equilibrium. The presence of scour resistant rock would also
limit the maximum long-term degradation.

Potential contraction scour for tidal waterways also needs to be carefully evaluated
using hydraulic characteristics associated with the 100- and 500-year storm surge or inland
flood as described in the previous section. For highway crossings of estuaries or inlets to
bays, where either the channel narrows naturally or where the channel is narrowed by the
encroachment of the highway embankments, the live-bed or clear-water contraction scour
equations can be utilized to estimate contraction scour.

Soil boring or sediment data are needed in the waterway upstream, downstream, and
at the bridge crossing in order to determine if the scour is clear-water or live-bed and to
support scour calculations if clear-water contraction scour equations are used. The HEC-18

5.5



critical velocity equation and the ratio of V-/T can be used to assess whether scour would be
clear-water or live-bed.

A mitigating factor which could limit contraction scour concerns sediment delivery to
the inlet or estuary from the ocean due to the storm surge and inland flood. A surge may
transport large quantities of sediment into the inlet or estuary during the flood tide. Likewise,
inland floods can also transport sediment to an estuary during extreme floods. Thus,
contraction scour during extreme events may be classified as live-bed because of the
sediment being delivered to the inlet or estuary from the combined effects of the storm surge
and inland flood. The magnitude of contraction scour must be carefully evaluated using
engineering judgment which considers the geometry of the crossing, estuary or bay, the
magnitude and duration of the discharge associated with the storm surge or inland flood, the
basic assumptions for which the contraction scour equations were developed, and mitigating
factors which would tend to limit contraction scour.

Evaluation of local scour at piers can be made by using the HEC-18 equations as
recommended for inland river crossings. These equations can be applied to piers in tidal
flows in the same manner as given for inland bridge crossings. However, the flow velocity
and depth will need to be determined considering the design flow event and hydraulic
characteristics for tidal flows including flow reversal.

5.1.4 Scour Equations

The HEC-18 (Richardson and Davis 2001) contraction and local scour equations can
be applied to bridges in tidal waterways when the design hydraulic conditions are determined
based on appropriate tidal hydrodynamic methods. The most recent edition of HEC-18
should be used. Specific HEC-18 equations are not included in this section in order to limit
any inconsistencies between this manual and future editions of HEC-18. The overall
procedures outlined in HEC-18 should be followed for tidal applications. Contraction scour
should be computed based on the live-bed or clear-water equations depending on the
velocity of flow approaching the bridge in the unconstricted waterway. The location of the
approach flow will depend on whether worst case conditions occur during the flood or ebb
tide.

Local scour can also be computed using the HEC-18 equations. HEC-18 includes
pier scour for standard and complex pier geometry. The HEC-18 equations include wide pier
correction factors that may be applicable to bascule piers when the pier is wide in
comparison to the flow depth. The complex pier equation is applicable to piers that include
waterline pile caps supported by a group of piles. Other local scour equations are presented
in Melville and Coleman (2000), Hoffman and Verheij (1997), and Sheppard (2003).

If astronomical tide currents have high velocities, scour should be computed for these
conditions in addition to design velocities produced by hurricane or storm surge conditions.
Surges can produce extreme velocities that could produce very deep scour. The HEC-18
equations may be overly conservative for surge conditions because these equations were
developed for ultimate scour conditions. While the surge may produce extreme velocity, the
high velocity condition may persist for such a short duration that ultimate scour cannot be
reached. Additional sediment transport analysis and judgment may be necessary for
computing scour in tidal waterways.
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5.2 TIME DEPENDENT CONTRACTION SCOUR

Hurricane storm surges often produce extreme flow conditions for time periods of only
a few hours. Computing ultimate contraction scour amounts for these conditions may not be
reasonable. Ultimate contraction scour is reached when the sediment supply from upstream
is matched by the sediment transport capacity in the scoured bridge opening. Equating
sediment transport capacity to upstream supply results in the HEC-18 live-bed contraction
scour equation, which uses a simplification of the Laursen sediment transport equation.
Sediment transport relationships could also be used directly to compute ultimate contraction
scour. Applying sediment transport formulas to contraction scour is recommended in HEC-18
for more complex situations. Specifically, HEC-18 states:

Both the live-bed and clear-water contraction scour equations are the best that
are available and should be regarded as a first level of analysis. If more
detailed analysis is warranted, a sediment transport model should be used.

A sediment transport model, such as the USACE HEC-6 could be used to compute
ultimate contraction scour conditions for a constant flow rate as long as a sufficient
simulation duration was used. It could also be used for unsteady conditions and/or for
shorter durations. Similarly, sediment transport relationships could be used directly to make
predictions of ultimate scour and, since the sediment transport equation produces a rate of
sediment transport, also the rate of contraction scour.

Generally, sediment transport modeling is beyond the scope of most scour studies.
However, a method could be developed using the same data required by the standard HEC-
18 contraction scour equations and a suitable sediment transport equation within a
spreadsheet application. The required data would be channel width, discharge and average
flow depth within the bridge opening and at an approach section, median bed material size,
fall velocity and an estimate of Manning n. Two other parameters that would need to be
estimated are the scour hole entrance and exit slopes and sediment void space or porosity.
The steeper the upstream and downstream scour hole slopes, the faster that scour will occur
because a smaller volume of material is eroded. A 1V:1H could be assumed for upstream
and downstream slopes for conservative results. The volume of erosion is greater than the
computed sediment transport rate by a factor or 1/(1-n), where n is the void ratio. A value for
n of 0.4 (40 percent void space) is reasonable for sand.

The other variable that must be input is the duration used for computation. The most
extreme hydraulic condition is generally used to compute scour, even though this condition is
brief. Figure 5.1 shows typical storm surge hydraulics. The most extreme condition occurs
during the flood tide. The entire flood tide lasts for less than five hours. By applying the
peak condition for half the duration of the flood tide, the total flow through the bridge would
be approximately maintained. Because scour conditions do not occur during the entire flow,
this approach is also conservative (i.e., using the most extreme hydraulic condition with half
of the flow duration). For the conditions of Figure 5.1 a duration of three hours would be
appropriate.

Figure 5.2 shows the results from a time dependent scour analysis using the
approach described above. It shows the scour development through the time required to
reach ultimate conditions. It also shows the ultimate scour estimates from HEC-18 (Laursen)
and a sediment transport function, and the intermediate value of scour for a 3-hour duration.
No specific time is associated with the HEC-18 result as it is for "ultimate" conditions.
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Figure 5.2 shows that 5.1 feet of contraction scour can occur in 3 hours and that it
would require approximately 400 hours to reach ultimate contraction scour conditions. The
sediment transport function predicts 13.3 feet of ultimate scour compared with 12.9 feet
using the HEC-18 equation. Contraction scour for live-bed conditions is generally less
extreme than equivalent clear-water conditions. However, live-bed scour reaches ultimate
conditions in less time than equivalent clear-water conditions. For relatively small amounts
of live-bed scour, three hours can be sufficient to reach the ultimate scour.

This approach of applying sediment transport calculations can result in a prediction of
considerably less scour than the HEC-18 equation in some situations. By using the peak
hydraulic conditions and steep upstream and downstream scour hole slopes, the method
should produce conservative results. This level of conservatism is warranted due to the
rapidly varied flow in a bridge constriction. Based on a surge hydrograph or flashy upland
stream flow hydrograph, the engineer should select a reasonable time interval for the scour
prediction. For hurricane storm surges, the time interval would typically range from two to
five hours. It is recommended that the discharge and velocity hydrographs be reviewed to
establish a reasonable time interval to apply the peak hydraulic conditions.

5.3 TIME DEPENDENT LOCAL SCOUR

Several methods exist for predicting rates of pier and abutment scour. Gosselin and
Sheppard (1998) concluded that more research is needed before meaningful relationships
can be developed for time dependent local sour. This is because most of the research has
been conducted on clear-water conditions (approach velocity less than the critical velocity for
sediment transport) and at small laboratory versus prototype scales. It is generally accepted
that local scour in live-bed conditions occurs much more rapidly than for clear-water
conditions. As this area of research evolves there may be benefits to computing time
dependent local scour amounts. One additional complication is that the time dependent local
scour amounts would have to be added to ultimate local scour amounts produced by daily
tides.
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CHAPTER 6

DATA CONSIDERATIONS AND SOURCES

6.1 INTRODUCTION

There are many data sources for use in developing models for tidal hydraulics and
scour computations. The primary data effort begins with collection of bathymetry. Proper
attention must be given to the datum for the soundings or mapping. As mentioned
previously, there are many different datum references (datum) that can vary significantly. In
areas of low tide, MLLW can be mistaken for NAVD. The second category of data is
boundary conditions. These include appropriate upstream hydrographs, rainfall, and ocean
boundary conditions. The latter includes both astronomical tides as well as storm surges.
Table 6.1 provides a listing of internet sources of data which can be used in a typical tidal
project. Additional searching on the internet will provide other useful data in these
categories.

Table 6.1. Internet Sources of Relevant Data for Storm Surge Modeling.

Data Type Source Internet Location and Search Terms
Bathymetry NOAA/NOS www.ngdc.noaa.gov NOAA bathymetry
Aerial Microsoft Terra Server www.terraserver.microsoft.com terraserver
Photography USGS EROS Data Center http://edc.usgs.gov USGS EROS data
Publications | Coastal Engineering Manuals | http://chl.erdc.usace.army.mil USACE CEM
Tidal Data Xtide for Unix and X11 http://www.flaterco.com/xtide xtide

NOAA/NOS http://tidesonline.nos.noaa.gov NOAA tides online
NOAA/NOS http:/co-ops.nos.noaa.gov NOAA tide data
Benchmarks NOAA/NOS www.co-ops.nos.noaa.gov NOAA tidal benchmarks
Tidal Benchmarks
NOAA/NGS www.ngs.noaa.gov National Geodetic Survey
Hurricanes National Hurricane Center www.nhc.noaa.gov National Hurricane Center
Historic Storms
NOAA Coastal Service Center http://hurrican/ESC/NOAA.gov/hurricane
historical hurricane tracks
Unisys Weather http://weather.unisys.com/hurricane/index.html
Hurricane/Tropical Data Including unisys hurricane

Historical Storm Tracks

6.2 TIDE GAGES

Tide gage data should be obtained for model boundary condition development and
for use in model calibration. NOAA websites can provide predicted tides and, in many
locations, real time tide measurements. In addition to NOAA data, Table 6.1 includes various
university and proprietary sites and software resources for predicting tides. In addition to
these predicted and observed tide sources, it is usually necessary to install tide gages at
several locations in the project waterway. If there is a NOAA real time gage, this can serve
as one of the project gages. Project tide gages should also be installed at or near the
downstream boundary, at the bridge crossing, and one or several locations well up the
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estuary or at various locations within a bay. The project tide gages should be run for a
minimum of one week and, if possible, for several weeks to a month. The time period should
include spring tide conditions if possible. The data will not be sufficient to independently
develop tide constituents. The data can be compared with other long-term gages in the area
that have well defined tide heights to develop the equivalent of a subordinate station time
and height differences as discussed in Chapter 2. The tide gages must be surveyed to
accurately establish the tide elevation in a fixed project datum.

6.3 TIDAL BENCHMARKS AND VERTICAL DATUMS

A vertical datum is a reference level for elevations. The elevations used on most
topographic maps, bridge plans, floodplain maps, etc. are referenced to a fixed vertical
datum. A fixed datum is a reference level surface that has a constant elevation over a large
geographical area. Hydraulic analysis always requires reference to a fixed vertical datum.

In the United States, the most commonly used fixed datums are those established by
the National Geodetic Survey (NGS). In some locations, however, local fixed datums are
used. Local datums are established by the state, city or county and are independent of the
standard NGS datums.

A tidal datum is a reference level that applies at one geographic point in a tidal water
body. Much of the data available for the analysis of tidal waterways refers to tidal datums
rather than fixed datums. Most bathymetric data, navigation charts and tide level
observations, for instance, present elevations above tidal datums. Tidal datums are defined
on the basis of mean tide fluctuations.

6.3.1 Tidal Datums

Several terms related to tide levels are defined in Section 2.2. For the purposes of
explaining tidal datums, some of these terms are illustrated again in Figure 6.1. Usually the
reference level for a tidal datum is mean low water (MLW) or mean lower low water (MLLW).
Occasionally mean sea level (MSL) is used as a reference datum.

The relationship between a tidal datum and a fixed datum can vary widely within a
single estuary or bay system because the mean tide range is variable. Moreover, a tidal
datum at a given point changes with time. Mean tide levels are established for a complete
tidal epoch, a period of approximately 19 years (see Section 2.2). Because of ocean level
rise the values usually change from one tidal epoch to the next.

Confusion often arises when MSL is referenced as a vertical datum. Mean tide level
(MTL) is the midway point between MLW and MHW. MSL is not necessarily synonymous
with MTL. Often, when a bridge drawing or other document refers to MSL as its vertical
datum, it is actually referring to a fixed datum. When the datum is named as MSL, the user
of the data must clarify whether the reference is equivalent to MTL for the current tidal epoch.
If it is found that MSL actually refers to a fixed datum, the user must determine the
relationship between that fixed datum and the datum used in the study at hand.
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Figure 6.1. Definition sketch for tide level terminology.

6.3.2 Fixed Datums

The fixed datums used most commonly in the United States are the National
Geodetic Vertical Datum of 1929 (NGVD29) and the North American Vertical Datum of 1988
(NAVD88). These reference surfaces were established by the NGS. High-accuracy
benchmarks referenced to these datums have been set by the NGS throughout the country.

The National Geodetic Vertical Datum of 1929 (NGVD29) was called the Sea Level
Datum of 1929 until the name was changed in 1973. Many older plan sets, maps, and
documents refer to a datum of Sea Level or Mean Sea Level that is actually equivalent to
NGVD29. One must not assume this equivalency, however, without verification. NGS
accomplished the establishment of NGVD29 by connecting the major vertical benchmark
networks in the country to 26 tidal benchmarks along the Atlantic, Gulf, and Pacific Coasts.

The North American Vertical Datum of 1988 (NAVD88) was established by the NGS
in 1991. It is considered to be a significant technical improvement over NGVD29 in terms of
accuracy and applicability over very large areas. All new NGS benchmarks are established in
NAVD88. The difference between NGVD29 and NAVDS88 is variable, depending on region.
For a particular tidal study, the region is usually small enough that difference should be
consistent. This is not the case, however, for tidal datums. Tidal datums can vary
significantly within a bay or estuary.

6.3.3 Datum Conversions

Hydraulic modeling and analysis must be performed in a fixed-datum. The model
should be developed with reference to the same fixed datum as the bridge plans.

In past years, the conversion of elevations from a tidal datum to a fixed datum was

usually a difficult process. Now, however, the required information is readily available on the
Internet. Table 6.1 presents the current Internet location of several data sources, including
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the NOAA tidal benchmarks web site and the NGS benchmark data sheet web site. The tidal
benchmark web site lists official tidal benchmarks in a closely-spaced network throughout the
coastal regions of the United States. The description of each benchmark includes the height
of the benchmark above MLLW at that location. The MHHW, MHW, MTL, and MLW levels
above MLLW are also provided.

In most cases a direct Internet link is provided to the NGS data sheet for the particular
benchmark. The NGS data sheet provides the NAVD88 elevation and the NGVD29
elevation of the benchmark. At this web page there is also a link to a graphical plot
comparing the tide levels to both NAVD88 and NGVD29 (Figure 6.2).

Once this comparison is obtained, the conversion from the tidal datum to the fixed
datum is straight forward. The tidal benchmark represented on Figure 6.2 is located near the
mouth of the Wando River in Charleston County, South Carolina. Elevation 0.0 in NAVD88
is 3.51 feet above MLLW at this location. To determine the NAVD88 elevation of any point in
the subject data, one would subtract 3.51 feet from the height of the point above MLLW.
For example, a point fifteen feet below MLLW has an elevation of —18.51 feet NAVD88 at this
location. A point one foot above MLLW has an elevation of —2.51 NAVD88. Although the
arithmetic is extremely simple, it is common to make the adjustment in the wrong direction by
adding when subtraction is called for, or vice versa.

When data covering a significant portion of an estuary or bay are to be converted, it is
usually necessary to break the data into zones by proximity to different tidal benchmarks.
Each tidal benchmark requires its own conversion from a tidal datum to a fixed datum. If
there is a significant difference in the datum adjustment for two adjacent tidal benchmarks,
the user should consider using transition areas between the zones.

The relationship between NGVD29 and NAVD88 varies geographically. If a
conversion between these two fixed datums is necessary, the locally appropriate adjustment
should be verified. The USACE CorpsCon program is useful for converting large data sets
from one fixed vertical datum to another. It includes a database of conversion constants for
the entire country. CorpsCon also converts horizontal coordinates between various systems,
such as Latitude-Longitude to Universal Transverse Mercator (UTM) or state-plane, etc.

6.4 HURRICANE SURGE DATA

As discussed in Section 2.3, there are numerous sources that should be investigated
for hurricane surge data. Hurricane surge heights can be estimated for various return
periods or categories based on the ADCIRC modeling results in Appendix E. Other sources
for surge height are FEMA, NOAA, U.S. Army Corps of Engineers, and individual state
studies. These studies can be compared with long-term tidal gage records. If several
different studies are available for an area of coastline, then these studies should be
compared before selecting a surge height for design purposes. When comparing surge data
from various sources, it is important to exclude surface waves. Surface waves are not
simulated in the hydrodynamic models because they do not contribute to the pressure head
term of the momentum equation. Therefore, the FEMA still water elevation should be used.
If a recorded or estimated surge includes wave height then this should be excluded in the
boundary condition development.
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Figure 6.2. Tidal benchmark datum comparison, from NGS web site.

6.5




If a hurricane is active along the U.S. coastline, then the NOAA tides online website
located at http://tidesonline.nos.noaa.gov (Search terms: NOAA tides online) will include tide
gages that are operating in storm mode. These gages record real-time measurements of the
tide and surge heights. Figure 2.18 is an example of data obtained from gages operating in
storm mode.

6.5 WIND DATA

Wind data are generally more difficult to obtain. NOAA tide stations at the tides
online website that are operating in storm mode may also include wind speed and direction
measurements. NOAA also includes wind data at the National Data Buoy Center website
located at http://www.ndbc.noaa.gov/ (Search terms: NOAA wind data). These data may be
supplemented with local National Weather Service station records. If winds are to be
included in modeling or in hurricane surge simulation, it is important that the wind values
include adjustments for duration and terrain as discussed in Section 2.4. The 1-minute wind
speed used to define hurricane category is not an appropriate wind speed for wave height
computations or for simulating wind stress over a body of water.

6.6 BATHYMETRIC AND TOPOGRAPHIC DATA

Accurate bathymetric and topographic data are required if realistic results are
expected from tidal hydrodynamic modeling. In many cases, this requires project specific
hydrographic survey, topographic mapping and bridge structure ground surveys.
Hydrographic survey is generally conducted with boat mounted survey grade GPS and
fathometers recording location and water depth and converted into the project horizontal and
vertical datums. In many cases, the significant effort required for the survey is avoided by
using other sources of data. One source is the National Geophysical Data Center GEODAS
hydrographic survey data located at http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html
(Search terms: NOAA GEODAS bathymetry). The GEODAS data includes data from several
sources, but is primarily from the NOS hydrographic data base. Since these data are from
as early as the 1930s, the bathymetry may have changed significantly and the data would no
longer be useful for modeling. Even more recent data should be checked for accuracy. In
addition to the GEODAS data, other sources of bathymetric data include bridge plans and
inspection records for crossing up- and downstream of the project site and even navigation
charts. Regardless of the source, the data must be converted into a consistent horizontal
and vertical project datum.

Similar care should be used in establishing the topography of areas inundated by
surge conditions. USGS quad sheets and Digital Elevation Models (DEMs) should only be
used if more accurate mapping is not available.

6.7 AERIAL PHOTOGRAPHY AND MAPPING

An extremely useful resource for aerial photography and USGS quad maps is the
Terraserver website located at http://terraserver.microsoft.com/ (Search term: terraserver).
This site contains recent aerial photographs that have been georeferenced. The NOAA
National Ocean Service data explorer website (http://oceanservice.noaa.gov/dataexplorer/ or
search "NOAA data explorer") with access to aerial photographs, navigational charts and
coastal survey maps. Historic mapping can be obtained from various government agencies,
including the USGS EROS Data Center and USDA Farm Service Agency.
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CHAPTER 7

OTHER COASTAL ENGINEERING CONSIDERATIONS

7.1 COASTAL ZONES AND BEACH DYNAMICS

7.1.1 Introduction

This section provides an introduction to special considerations for highway structures
in the coastal zone and dynamic processes of beaches in the near-shore zone. This material
is extracted, primarily, from the AASHTO Model Drainage Manual (AASHTO 2004), AASHTO
Highway Drainage Guidelines (AASHTO 2004), and the U.S. Army Corps of Engineers
Coastal Engineering Manual (USACE 2002).

Coastal engineering is a specialized branch of the engineering profession which
includes the many physical science and engineering disciplines having application in the
coastal area. Coastal engineering addresses both the natural and man-induced changes in
the coastal zone, the structural and non-structural protection against these changes, and the
desirable and adverse impacts of possible solutions to problem areas on the coast. The
coastal engineer's work can be divided into three phases: understanding the nearshore
physical system and the shoreline's response to it; designing coastal works to meet project
objectives within the bounds of acceptable coastal impact; and overseeing the construction
of coastal works and monitoring their performance to ensure that projects function as
planned (USACE 2002).

7.1.2 Coastal Zones

The boundary between the land and water is commonly called the coastline or
shoreline. The strip of land of indefinite width that extends inland to the first major change in
terrain is commonly referred to as the coast or coastal zone. The coastal zone may be
several miles wide. Highways that are located near coastlines and shorelines of oceans,
tidal basins, bays, estuaries, and the lower reaches of many major river systems present
challenging design conditions for roadway, structural, and hydraulic engineers.

The forces in coastal zones are more diverse than in typical riverine conditions and
the data requirements are more extensive. There are several distinct types of hydraulic
problems that may be encountered:

Wave surge and tidal action along a coastline

Seasonal shifts of the shore

Along shore and offshore transport of beach sands

Floods resulting from upland runoff in combination with tides and waves

These problems are common to the Atlantic, Pacific, and Gulf coasts. Many coastlines are
significantly affected by winter storms that bring large waves and storm surges. Generally
the shift is a recession, increasing the exposure of beach locations to the hazard of damage
by wave action.
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Consequently, stabilization of the shoreline is one of the most important
considerations when highway facilities are located in the coastal zone. The design of
foundations and protective works must be predicted on knowledge of local soils and geology.
It is also necessary to determine the dominant geomorphic processes of the shore line. This
type of information may be obtained from borings, soil surveys, analysis of aerial
photographs, and field reconnaissance. Because shorelines may have significant temporal
variability, it is necessary to obtain sufficient historical data to identify either this variability or
long-term trends. The hydraulic engineer needs to recognize that these changes may be
seasonal, annual, or even longer at some locations.

7.1.3 Pacific Coastlines

The coastline of the states bordering on the Pacific are periodically faced with El
Nifio. The El Nifio is the common name for what most scientists refer to as the ENSO (El
Nifio — Southern Oscillation) phenomenon related to the interactions between the ocean and
the atmospheric circulation patterns with an inter-decadal scale variability. Typically, the
storms affecting the west coast of the United States are generated in the North Pacific and
the waves travel southerly. El Nifio events cause waves to travel in a northerly direction
along the coast. The waves associated with the El Nifio are frequently as large or larger than
the storm waves from the North Pacific. Usually, the northeastern seaboard of the United
States can credit El Nifio with milder-than-normal winters and relatively benign hurricane
seasons.

Tsunamis are another coastal hazard for Pacific coastlines. A tsunami is a wave, or
series of waves, generated in a body of water by an impulsive disturbance that displaces the
water column in a vertical or horizontal direction. Earthquakes, landslides, volcanic
eruptions, explosions and even the impact of cosmic bodies, such as meteorites, can
generate tsunamis. Tsunamis can savagely attack coastlines, causing devastating property
damage and loss of life.

As a tsunami approaches shore, it begins to slow and grow in height. As the tsunami
reaches the shoreline, part of the wave energy is reflected offshore, while the shoreward-
propagating wave energy is dissipated through bottom friction and breaking or turbulence.
Tsunamis have a large amount of energy and very long wavelengths. As it approaches, the
shoreline the wavelength becomes shorter causing a very large increase in wave height.
This large wave height has great potential for erosion and destruction. Frequently, this
results in stripping beach material and depositing it landward as well as undermining trees
and destroying large structures. Tsunamis have had a maximum vertical runup of as much
as 100 feet.

7.1.4 Dynamic Beach Processes

The beach and near-shore zone of a coast is the region where the forces of the sea
react against the land. The physical system within this region is composed primarily of the
motion of the sea, which supplies energy to the system, and the shore, which absorbs this
energy. Because the shoreline is the intersection of the air, land and water, the physical
interactions that occur in this region are unique, very complex, and difficult to fully
understand. While there have been significant advances in understanding beach processes
in recent years, the ability to predict changes is still limited.

On coasts where the shoreline is unconsolidated sediment such as a clay, sand or
silt, the energy from the waves, wind and tide can cause rapid change in the shape and
dimensions of the shoreline. Waves are the most significant factor to cause shoreline
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change. As waves move from offshore to the beach they will often break, reform and break
again. The process of breaking results in a portion of the wave energy being dissipated.
Additional energy is dissipated on the beach with the resultant transport of the beach
sediment.

Figures 7.1 and 7.2 illustrate the principal features of the beach and nearshore wave
environment, or the littoral zone. The offshore region lies beyond the zone of wave breaking.
On many sandy coasts the landward end of this region is characterized by the presence of a
longshore bar. The inshore region extends from the bar (or bars) across the surf zone to
position of the tidal low water line. The foreshore extends from the low water line to the
upper limit of swash and the beginning of the beach backshore. On beaches where dunes
are present, the seaward toe of the dune marks the end of the backshore. If dunes are not
present on the beach, the landward limit of the beach backshore is generally considered to
be the upper limit of storm wave impacts. Other important features illustrated in these figures
include the berm and the trough (just inshore of the alongshore bar).

LITTORAL ZONE -

— Ofishare Inshore Ea;:; Backshote e
Berms ﬂ\
Beaoch Faca T

Low-Tida
Terrdce

Beach Searp
Berm Crest

LONGSHORE

" Trough
BAR

Figure 7.1. Beach profile terminology (USACE 1992)

Offshore ———ttg— Nearshore Zane —_— =
Brauk Swash
Znnl‘r‘ surf Zone Al Zone |

Bore 1

Figure 7.2. Nearshore wave processes terminology (USACE 1992).
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The widths of the breaker and surf zones shown in Figure 7.2 change with wave
conditions. During storms, when the waves are relatively large, these zones extend further
offshore as the waves break in deeper water. Similarly, the swash zone will also be larger
(and penetrate further landward) during storm conditions. A complete discussion of the
nature of waves and sediment transport can be found in the U.S. Army Corps of Engineers
Engineer Manual EM1110-2-1502: "Coastal Littoral Transport" (USACE 1992).

Normal Conditions. As a wave moves toward the shore it will break when the wave
height is equal to about three-quarters of the water depth. The actual depth at breaking is a
function of the beach slope and the wave length and period. Breakers are classified as four
types: plunging, spilling, surging and collapsing. Plunging breakers have distinct curls,
spilling breakers break more gradually, and have characteristic white water and surging
breakers begin to form a plunging face, but reach the beach before this face is formed.
Collapsing breakers are a transition category between plunging and surging.

The form of breakers is controlled by wave steepness and nearshore bottom slope.
Breaking results in a dissipation of wave energy by the generation of turbulence in the water
and by the suspension and transport of sediment. The broken wave forms a bore that moves
across the surf zone to the beach where it forms the wave uprush and backwash in the
swash zone. The formation of the bar is directly related to the sediment transport
characteristics of the breaking waves. The dimensions and locations of the various wave
zones are functions of the wave characteristics and the stage of the tide. Regions with
relatively large tide ranges will have wider limits to the positions of these zones.

Storm Conditions. The high winds associated with storms generate large waves. In
open water, the actual size and period of the waves are a result of a combination of the size
of the storm (fetch), the length of time the storm winds have been blowing across the fetch
(duration), and of course the magnitude of the wind itself (see Section 2.4). In enclosed
bodies of water, such as bays and estuaries, the shape of the shoreline as well as the depth
of the water also affect the wave conditions. As the storm waves move to the coast, they are
modified by the presence of the shallow water, and when they reach their limiting depth, they
break. These breakers, and the associated energy dissipated are greater than during normal
conditions, and therefore there is more energy available to erode the shoreline. These
changes often include the movement of the bar offshore, the recession of the beach, and in
extreme storms, the erosion of the dune. Since the storm conditions may also include the
presence of a storm surge, the portion of the beach profile exposed to wave attack is greater
than during normal non-storm conditions.

Figure 7.3 illustrates the changes that are likely to occur on a beach as a result of a
storm. As the waves and surge increase, sediment is moved offshore as the bar migrates to
deeper water. The bar may in fact grow large enough to cause the storm waves to break
further offshore thereby reducing the wave energy in the breaker zone. This process of bar
migration offshore can be thought of as a process by which the shoreline is protecting itself
from further erosion by the storm waves. Figure 7.3, Profile B, illustrates this mechanism.

The beach berm is naturally built by the waves during periods of relatively low wave
energy and sediment accretion. The berm elevation approximates the highest elevation
reached by normal waves. When storm waves erode the berm and transport the sediment
offshore, the protective value of the berm is reduced and large waves can penetrate further
landward across the beach backshore. The width of the berm at the time of a storm is thus
an important factor in the amount of dune and upland damage a storm can inflict.
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Figure 7.3. Schematic Diagram of Storm Wave Attack on Beach and Dune (from U.S. Army
Corps of Engineers 1984).
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During severe storms, such as hurricanes (or large northeasters), the higher water
levels resulting from storm surge may lead to dune erosion. It is not unusual for 20 to 30 m
wide dunes to disappear in a few hours. This dune erosion will be greater when the period of
maximum storm surge coincides with a high astronomic tide (Figure 7.3, Profile C).

After the storm has passed and the waves return to normal size and period, the
beach goes through a period of recovery. Material is transported from the bar and nearshore
profile back to the beach above mean water level. The berm builds out, and when the
sediment dries, is transported by the wind to rebuild the dune. This mechanism of beach
rebuilding is illustrated in Figure 7.3, Profile D.

During very large storms the combination of the surge and large waves may succeed
in completely overtopping the dunes causing extensive coastal flooding. When this occurs,
the water transports beach and dune sediments landward in a process referred to as
overwash. In some cases, on barrier islands, the overwash may transport sediment
completely across the island and deposit the material in the estuary (sound or bay). This
transport of material out of the littoral zone represents a net loss of material from the beach
and nearshore. In rare cases, the overwash and storm flooding (from both the ocean and the
estuary) may erode enough sediment to cut an inlet across the island. Such an inlet may
close within a matter of weeks or months, or in extreme cases become a new feature of the
barrier island.

Beach and Dune Recovery. Following a storm there is a return to more normal
conditions that are characterized by low wave heights and longer periods than during storms.
These waves that are not generated by the local winds along the coast are termed swell. As
noted above, these waves tend to transport material back to the shoreline, moving the bar
shoreward and rebuilding the berm. Often the rebuilding of the beach is incomplete, as there
is a net loss of material from the system as material is transported far offshore, or along the
beach. This latter transport is referred to as longshore transport.

On some shorelines there is a characteristic seasonal change in the shape of the
beach. During the winter months, with relatively frequent storms, the beach is cut back so it
appears to be relatively narrow and flat. During the summer months the beach rebuilds, the
berm widens and the foreshore returns to the characteristic summer profile.

7.1.5 Longshore Current and Sediment Transport

Longshore current is the flow of water parallel to the coastline that is driven by the
longshore component of the wave-induced thrust as it enters the surf zone. The longshore
currents are responsible for the downdrift movement of sediments in the nearshore zone.
Longshore sediment transport is influenced by the wave height, period, direction of
approach, and the beach slope (AASHTO 2004).

The sediment that is carried with the longshore current is called longshore or littoral
transport. Onshore-offshore transport is determined primarily by wave steepness, sediment
size and beach slope. In general, high steep waves move material offshore and low waves
of long period (low steepness waves) move material onshore. Longshore transport results
from the stirring up of sediment by the breaking wave and the movement of this sediment by
the longshore current generated by the breaking waves.
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The direction of longshore transport is directly related to the direction of wave
approach and the angle of the wave crest to the shore. Thus, due to the variability of wave
approach, longshore transport direction can vary from season to season, day to day, or hour
to hour. The rate of longshore transport is dependent on the angle of wave approach,
duration and wave height. Thus, high storm waves will generally move more material per unit
time than that moved by low waves. Because reversals in transport direction occur and
because different types of waves transport material at different rates, two components of the
longshore transport rate become important. The first is the net rate, the net amount of
material passing a particular point in the predominant direction during an average year. The
second component is gross rate, the total of all material moving past a given point in a year
regardless of direction. Most shores consistently have a net annual longshore transport in
one direction. Determining the direction and average net and gross annual amount of
longshore transport is important in developing shore or highway protection plans.

Inlets can have significant effects on adjacent shores by interrupting the longshore
transport and trapping onshore-offshore moving sand. During ebb tide, sand transported to
the inlet by waves is carried seaward a short distance and deposited on an ebb tide bar.
When this bar becomes large enough, the waves begin to break on it, moving the sand over
the bar back toward the beach. During flood tide, when water flows through the inlet into the
bay, sand in the inlet is carried a short distance into the lagoon and deposited. This process
creates mounds of sediment, known as shoals, over which the depth of flow is comparatively
shallow. Shoals in the landward end of the inlet are known as flood tide shoals or inner bars.
Later, ebb flows may return some of the material in these shoals to the ocean, but some is
almost always lost from the littoral system and the down drift beaches. In this way, tidal
inlets store sand and reduce the supply of sand to adjacent shores. Since bridges cross
many inlets they are of particular concern to a transportation engineer. A highway crossing
at Indian River Inlet, Delaware, is shown in Figure 7.4. Some inlets are considered to be
unstable in that their position changes with time. In some cases the inlet will migrate along
the coast in a persistent direction while in others the inlet will tend to shift with no net change
in general location. Some of these inlets have been stabilized by the construction of jetties.
Jetties are generally designed to improve navigation through inlets, but they will also fix the
position of the inlet and can interrupt longshore transport.

Figure 7.4. Indian River Inlet, Delaware.
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7.2 WAVE ANALYSIS

7.2.1 Wind Waves

This section provides an introduction to short period waves in tidal waterways and is
primarily focused on defining the variables and characteristics that are pertinent to predicting
wind-induced wave heights in the vicinity of bridges. The primary variables (Figure 7.5) in
describing waves are length (L, the horizontal distance between wave crests), height (H, the
vertical difference between the wave crest and adjacent trough) and period (T, the time
between successive crests). The wave speed, or celerity, is the wave length divided by the
period (C=L/T). Another factor that affects wave height is the still-water depth, which is the
depth of water if there were no waves.

Waves are classified as deep, transitional and shallow water waves. For deep water
waves, the wave height is virtually unaffected by the depth and the wave celerity is
unaffected by the bottom. For transitional water waves the bottom has some affect on the
wave height and celerity. For shallow water waves the celerity is only a function of depth. If
the water depth is greater than 0.5 times the wave length, it is considered a deep water
wave. If the water depth is less than 0.04 times the wave length, it is a shallow water wave.
Transitional water waves are in the range between 0.04 and 0.5 times the water depth.

v
O

Still Water Level

Figure 7.5. Wave characteristics.

Waves that are produced by wind are affected by the wind speed, wind duration and
fetch. Fetch is the distance that an unobstructed and constant wind, both in terms of speed
and direction, acts over a body of water. Land is an absolute limit to fetch but changes in
water depth and wind direction can also limit fetch. For very large bodies of water, the
change in wind directions due to the circular wind field of a hurricane can limit fetch.
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It is possible to predict wave heights for specific wind and waterway conditions. The
primary factors are water depth, wind speed and fetch. If the wind duration is not sufficient to
produce the computed wave height, then the waves are duration limited rather than fetch
limited. If the waves are duration limited, the fetch distance used for computations should be
reduced until the required duration equals the actual wind duration.

Wave heights and lengths also have a random nature in that each wave, even in a
constant wind field, does not have the same height or arrive at a consistent period. The
predictive equations are developed to predict the significant wave height, Hs, which is defined
as the average of the one-third highest waves. The heights of less frequent waves can be
estminated based on the significant wave height. For example, Ho.10, Ho.01, @and Hooo1, the
average of the ten, one and one-tenth percent highest waves, are approximately 1.27, 1.67,
and 2.0 times the significant wave height. The frequency of these waves can be estimated
by using the wave period (T) divided by the percentage represented as a fraction.

7.2.2 Wave Height Computations

It is useful to determine both the surge and wave height when establishing the low
chord of tidal bridge decks. South Carolina, for example, uses the 10-year surge plus wave
height plus two feet freeboard as the minimum elevation for the bottom of the deck. NOAA
(1975) provides surge elevations (10-, 50-, 100-, and 500-year) for the South Carolina coast.
It is reasonable to use a relatively low hurricane wind (Category 1) to compute wave heights
for a 10-year surge in South Carolina. Wind speeds for a Category 1 hurricane, which has
maximum wind speeds between 74 and 95 mph, should be used for this relatively frequent
event. The maximum winds occur along the right side of the hurricane eye. For other areas
of the coastline, refer to Appendix C to assess the frequency of various hurricane categories.
From these figures it appears that Category 1 hurricane wind speeds should be used to
compute 10-year wave heights for the entire coastline except for the southern Florida coast
between Key Largo and Port Salerno, and the area between Cape Hatteras and Oregon
Inlet, North Carolina. For these areas, Category 2 wind speeds appear to be more
appropriate.

The methodology recommended to compute wave heights is from the Coastal
Engineering Manual (USACE 2002). The data required to compute wave heights are wind
speed, fetch length, channel flow depth, floodplain flow depth and 10-year surge elevation.
Separate wave height computations should be conducted for the channel and floodplain.
The computed wave height is the significant wave height, which is defined as the average
height of the one-third highest waves. This wave height should be converted into a one
percent wave, Hgoq, the average of the one percent highest waves. The waves may be
limited by fetch or by the duration of the wind. If the waves are limited by wind duration, then
the fetch should be reduced until the computed duration equals the actual wind duration.

It is generally assumed that 70 percent of the computed wave height is added to the
surge elevation (still water level). The period is time between successive waves, which is
the wave length divided by the wave speed. Waves are classified as deep water, where the
wave height is virtually unaffected by the bottom and the celerity is unaffected by the
water depth, transitional waves, where the bottom affects the wave height and depth
affects the wave celerity, and shallow water waves, where celerity is a function of depth only
and waves are more likely to break. The maximum wave height is approximately 0.78 times
the flow depth. This limiting wave height is unlikely in the deep channel area but a
reasonable estimate for waves in shallow floodplain areas. Therefore, for shallow areas the
maximum water surface height (still water plus wave) is 1.55 times the depth (0.7 x 0.78 +1).
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Figure 7.6. Wave height plus surge.

For the purposes of computing wave heights within a bridge opening, the definition of
fetch requires the greatest judgment. Fetch is the distance of unobstructed wind with fairly
uniform speed and direction. Figure 7.7 shows a road embankment and bridge crossing a
floodplain and channel. The floodplain is assumed to have some relatively shallow depth of
flooding during the surge. The wind is assumed to be oriented in the worst case direction
with respect to the channel, but within a range of directions that can be reasonably produced
near the peak of a the storm surge. The range of directions should be limited to within 45
degrees of the storm track. Land is an absolute limit to the fetch. Because waves tend to
break in shallow water, the length of deeper channel could limit the fetch. It is reasonable,
however, to extend the fetch somewhat upwind of the deep channel area, perhaps by 1,000
to 2,000 feet. For small tidal waterways in heavily wooded floodplains, it is reasonable to
assume that wind waves will be minimal during a storm surge.

7.3 SHORE PROTECTION COUNTERMEASURES

The dynamic shoreline environment frequently necessitates that some type of
protective device be installed to ensure the stability of highway and bridge infrastructure.
This section provides a summary of many such devices and is extracted from AASHTO
Highway Drainage Guidelines (2004). The reader is directed to other references for more
detailed information. (For example see U.S. Army Corps of Engineers (1984)). Hydraulic
Engineering Circular (HEC-23) "Bridge Scour and Stream Instability Countermeasures" also
provides experience, selection, and design guidance for a wide range of countermeasures
that would be applicable to the channel, estuary, or inlet portions of the tidal environment.
Shore protection devices may be classified according to the materials used for construction,
the general shape of the device, or their function or application. The typical classification
used in design and that provided in the following paragraphs is by function or application.
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Figure 7.7. Definition sketch for wave calculations.

7.3.1 Seawalls

Seawalls are essentially vertical structures, constructed parallel to the shoreline, that
separate land and water areas and are primarily designed to prevent erosion and other
damage due to wave action. These can be used to protect shorelines during storm events
such as hurricanes. Design considerations are given by the U.S. Army Corps of Engineers
(1995). Seawalls have been used to protect vital infrastructure such as the Great Ocean
Highway in San Francisco, as shown in Figure 7.8, and the City of Galveston, Texas, as
shown in Figure 7.9. The seawall in Galveston was constructed shortly after the hurricane of
September 1900 that drowned approximately 6,000 people and it has continued to protect
the City against flooding from subsequent hurricanes. These are typically massive structures
built from reinforced concrete with pile foundations.

7.11



Figure 7.9. Seawall at Galveston, Texas.
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7.3.2 Revetments

Revetments are shoreline structures constructed parallel to the shoreline and
generally sloped in such a way as to mimic the natural slope of the shoreline profile and
dissipate wave energy as the wave is directed up the slope. Revetments are the more
common type of protective device because the protection is in direct contact with the
embankment. Moreover, there are a wide range of economical materials available and
designs adaptable to specific sites.

Controlling shoreline retreat through construction of a seawall or revetment does
nothing to retain a beach or maintain a nearshore profile. As retreat continues, the beach is
eroded and wave energy is expended directly on the base of the structure. This removes
additional sediment, increases the water depth at the base and makes the unit vulnerable to
being undermined. Therefore steps must be taken to protect the toe of the structure using
features such as the stepped foundation of the seawall shown in Figure 7.8.

Rigid Revetment. Rigid revetments can be used in low energy environments and
where the structure can be protected from settlement and flanking. This type of structure
provides protection from moderate waves and currents but usually cannot withstand a severe
environment. Failure often occurs if portions of the semi-monolithic structure are cracked,
washed away or undermined. Below are two special types of revetment:

¢ Soil and cement (soil cement), mixed to form a solid, somewhat rigid embankment

¢ Rigid type armoring, such as Portland Cement Concrete (PCC), grouted rock and sacked
concrete structures

The latter must be well founded to avoid undermining or flanking and should be
placed so that it will not be overtopped for any but extreme events. Rigid revetments are
usually most appropriate for areas of "quiet water" such as inlets, coves and backwater
zones.

Flexible Revetment. In light wave conditions, flexible type armor protection, such as
Articulating Concrete Block Systems (ACBs) blocks, gabions, articulated revetments and
even oyster shells, have been successfully used for shore protection. In more moderately
exposed locations stone is more frequently used as shown in Figure 7.10. All of these types
are able to adjust with settlement of the foundation without creating a catastrophic failure.

When designing shoreline protection for large sea states, heavy rock slope protection
is frequently used. When adequate stone size is not available, precast concrete armor
sections such as tetrapods, core-loc, dolos and other special shapes and designed for
specific purposes are used. Rock protection is usually the most economical when stones of
sufficient size, quality and quantity are available. Rock shore protection has several other
advantages and is the most commonly used embankment protection for ocean or lakeshore
exposure. The following determinations must be made in the design of rock slope protection:

o Size of stone
e Foundation depth (below scour depth or to solid rock)

o Height of riprap placement (at an elevation above wave run-up or deep water wave
height for protection from splash and spray)
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e Thickness (sufficient to accommodate the largest stones; additional thickness on the
slope will not compensate for undersized stones)

o Filter blanket (uniformly graded stone filter, geotextile filter fabric or both to prevent
embankment material from being exfiltrated through the voids of the face stone)

o Slope of face (usually determined by the angle of repose of the embankment material but
smaller stones could be used on flatter slopes)

Figure 7.10. Stone revetment.

7.3.3 Riprap Shore Protection

When used for shore protection, riprap reduces wave runup as compared to smooth
types of protection. Other types of armor can be used to revet the slope, but stone is
frequently the least expensive and more readily available at least for projects for which the
waves are not greater than 6 feet. Equally important in the success of the protection is the
placement of the stone and the underlying filter materials. The typical section schematic in
Figure 7.11 identifies the relationship of the section to the bank of the existing shoreline
(AASHTO 2004). The section also identifies the toe trench that is typical with all revetments.
The toe trench is used to prevent the scour from occurring and undermining the revetment.
Sometimes a sheetpile wall at the toe of the revetment fills this function.

The proper stone or armor unit size to use on a reveted slope will be a function of the
wave height, slope of the revetment, type of armor placement, and the specific gravity of the
armor. This presumes that adequate filter layer is present as a part of the design. The
purpose of the design is to design the size of the armor unit just large enough to resist the
forces of the wave uprush and downrush that would cause the armor to move. Based upon
numerous laboratory experiments and field verification, the "Hudson Equation" (U.S. Army
Corps of Engineers 2002) was developed to provide that relationship between the stone size
and these parameters. The Hudson equation is:

e
Kp(S—1)%coto

(7.1)
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in which

W = design weight of armor unit

Y = unit weight of armor

H = wave height or typically H,,

Kp = dimensionless coefficient

S = specific gravity of armor

0 = angle of revement with the horizontal
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Figure 7.11. Riprap rock shore protection — typical design configuration.

Typically, W is in pounds force, H is in feet and vs is in pounds force per cubic foot.
The dimensionless coefficient, Kp, is based on laboratory experiments with different types of
armor. Values for typical armor types are given in Table 7.1. Nomographs are provided in
(Racin, Hoover, and Crosset-Avila 2000) that can be used in place of the Hudson Equation,
Equation 7.1.

The example given in Figure 7.11 clearly shows a toe trench that holds the revetment
against scouring. The toe stone is typically the same size as the armor stone and is placed
upon a filter fabric. The height of the revetment should extend to the limits of the runup
calculated and then provide freeboard for protection against the effects of wind driving the
runup even higher. Consideration should also be given to protecting the bank above the rock
slope protection from splash and spray. Sometimes a filter material is used instead of a
geotextile filter. If a geotextile filter is used it should be tucked under the outer stones in the
toe trench to prevent the fabric from unraveling from the stone.
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Table 7.1. Suggested Kp Values for Different Armor Types.
(Shore Protection Manual)
Trunk
Armor Type Breaking Nonbreaking

Quarrystone — smooth rounded 1.2 2.4
Quarrystone — rough angular 2.0 4.0
Riprap — graded angular 2.2 2.5
Coreloc — one layer 16.0 16.0
Tetrapod 7.0 8.0
Tribar 9.0 10.0

In placing the toe, stone should be founded in a toe trench dug to hard rock or keyed
into soft rock. If bedrock is not within reach, the toe should be carried below the depth of the
scour. If the scour depth is questionable, extra thickness of rock may be placed at the toe
that will adjust and provide deeper support. In determining the elevation of the scoured
beach line, the designer should observe conditions during the winter season, consult re-
cords, or ask persons who have knowledge of past conditions. Thickness of the protection
must be sufficient to accommodate the largest stones. Except for toes on questionable foun-
dation, as explained above, additional thickness will not compensate for undersized stones.
When properly constructed, the largest stones will be on the outside, and if the wave forces
displace these, additional thickness will only add slightly to the time of complete failure. As
the lower portion of the slope protection is subjected to the greater forces, it will usually be
economical to specify larger stones in this portion and smaller stones in the upper portion.
The important factor in this economy is that a thinner section may be used for the smaller
stones. If the section is tapered from bottom to top, the larger stones can be selected from a
single graded supply.

7.3.4 Jetties

A jetty is an elongated artificial obstruction projecting into the sea, reservoir or lake
from the shore to direct and confine the stream or tidal flow to a selected channel. Many
jetties are constructed at the mouth of a river or entrance to a bay to help deepen and
stabilize a channel and thus facilitate navigation, as shown in Figure 7.12. Jetties interrupt
the littoral drift causing deposition on the updrift side of the entrance and prevent accretion
and shoaling in the channel area. This interruption of the littoral drift can result in
accelerated shoreline erosion on the downdrift side of the jetty. Jetties are typically
constructed from the materials listed below using landbased equipment. In some instances
larger projects will require construction also from floating equipment.

Stone. As with revetment for slope protection, the most economical material for the
construction of jetties is rock where stones of sufficient size, quality and quantity are
available. It is important to note that broken concrete is sometimes used as a substitute for
stone but it is never an adequate substitute. Broken concrete is usually platy with
unsatisfactory relative dimensions and low specific gravity.
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Figure 7.12. Jetty entrance for navigation channel. (Note the updrift sediment and
starved downdrift shoreline.)

Precast Concrete Armor Units. Where stones of sufficient size and quantity are not
available, precast solid or hollow concrete armor units may be substituted for rock in jetty
construction. Details of this type of construction can be obtained from U.S. Army Corps of
Engineers (1995). Solid, reinforced and nonreinforced prismatic concrete blocks have long
been a substitute for rock. These blocky shapes do not easily interlock or provide enough
voids between blocks to dissipate the energy of large waves.

Various shapes of concrete blocks have been devised that combine interlocking
properties with improved voids between blocks for the dissipation of energy from large
waves. Examples of this kind of jetty armor are:

e Quadripod
e Dolos
e Core-loc

An example of a Core-loc structure is given in Figure 7.13. The construction shows
the placement of the Core-loc over the previous dolos armor layer.

717



Figure 7.13. Core-loc Armor Units on Manasquan Jetties being placed over dolos.
(The darker units are dolos.)

7.3.5 Groins

A groin is a relatively slender permeable or impermeable barrier structure aligned and
constructed to trap littoral drift or retard erosion of the shore. Basically, it is a spur structure
extending outward from the backshore. A schematic example is shown in Figure 7.14.
Factors pertinent to design are:

Material
Alignment

Grade
Permeability
Length

Spacing

End configuration

Materials. Materials used in groin construction are similar to that used in jetties.
However, the groin is typically exposed to less severe wave conditions since it only extends
through the surf zone. Examples of construction materials are given below.

Stone. Stone is the most common material used in the construction of groins. Other
materials used for groin construction are concrete, steel and timber. Stone groins are built
like a jetty or breakwater structure, usually massive with a core of smaller, graded stone,
having a trapezoidal section and dependent on weight for stability.
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Figure 7.14. Schematic showing effect of a single groin on the Shoreline and the
effect of a continuous groin field.

Concrete. Concrete groins are usually precast heavy solid blocks, fillable cells or
interlocking shapes like tetrapods. Like those constructed with stone, they typically have a
smaller, graded stone core. An example of a groin constructed with precast concrete units is
shown in Figure 7.15.

Steel. Steel groins may be as simple as a line of sheet piling, or combination of H-
piling, waling and sheeting. Corrosion of steel in salt water is a major factor in comparing
costs of alternative materials for groin construction. Steel must be specially coated with an
epoxy finish when used in seawater.

Timber. Timber piling in single or multiple rows may be used for groin construction.

An example of a timber groin using sheet piling inserted between king piles is shown in
Figure 7.16.
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Figure 7.15. Concrete groin constructed with precast units. (Note the stone
protection around the "T" at the seaward end.)

Figure 7.16. Timber pile groin.
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Alignment. The conventional alignment of groins is normal to the shore. The obvious
factors that might influence alignment are:

Effectiveness in retaining or detaining littoral drift
Protection of the groin itself from damage by wave action

The seaward end of groins have been finished in various configurations. For stone,
there is typically an enlarged head to reduce the slope. Timber, concrete and steel have
been frequently constructed with an "T," "L" or angle at the end of the section.

Permeability. Permeability of a groin may be a desirable characteristic but has not
generally been considered to be a necessary element in the design of groins. Currently,

more consideration is being given to groin permeability to allow downdrift movement of
sediment (4).
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APPENDIX A

Metric System, Conversion Factors, and Water Properties

The following information is summarized from the Federal Highway Administration, National
Highway Institute (NHI) Course No. 12301, "Metric (SI) Training for Highway Agencies." For
additional information, refer to the Participant Notebook for NHI Course No. 12301.

In S| there are seven base units, many derived units and two supplemental units (Table A.1).
Base units uniquely describe a property requiring measurement. One of the most common
units in civil engineering is length, with a base unit of meters in SI. Decimal multiples of
meter include the kilometer (1000m), the centimeter (1m/100) and the millimeter (1 m/1000).
The second base unit relevant to highway applications is the kilogram, a measure of mass
which is the inertial of an object. There is a subtle difference between mass and weight. In
Sl, mass is a base unit, while weight is a derived quantity related to mass and the
acceleration of gravity, sometimes referred to as the force of gravity. In Sl the unit of mass is
the kilogram and the unit of weight/force is the newton. Table A.2 illustrates the relationship
of mass and weight. The unit of time is the same in Sl as in the English system (seconds).
The measurement of temperature is Centigrade. The following equation converts Fahrenheit
temperatures to Centigrade, EC = 5/9 (EF - 32).

Derived units are formed by combining base units to express other characteristics. Common
derived units in highway drainage engineering include area, volume, velocity, and density.
Some derived units have special names (Table A.3).

Table A.4 provides useful conversion factors from English to Sl units. The symbols used in
this table for metric units, including the use of upper and lower case (e.g., kilometer is "km"
and a newton is "N") are the standards that should be followed. Table A.5 provides the
standard Sl prefixes and their definitions.

Table A.6 provides physical properties of water at atmospheric pressure in S| system of

units. Table A.7 gives the sediment grade scale and Table A.8 gives some common
equivalent hydraulic units.
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Table A1.

Overview of S| Units.

Units Symbol
Base units
length meter m
mass kilogram kg
time second s
temperature® kelvin K
electrical current ampere A
luminous intensity candela cd
amount of material mole mol
Derived units
Supplementary units
angles in the plane radian rad
solid angles steradian sr

*Use degrees Celsius (EC), which has a more common usage than kelvin.

Table A.2. Relationship of Mass and Weight.

Weight or
Mass Force of Force
Gravity
English slug pound pound
pound-mass pound-force pound-force
metric kilogram newton newton
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Table A.3. Derived Units With Special Names.

Quantity Name Symbol Expression
Frequency hertz Hz s’
Force newton N kg A m/s?
Pressure, stress pascal Pa N/m?
Energy, work, quantity of heat joule J NAm
Power, radiant flux watt W J/s
Electric charge, quantity coulomb C AAs
Electric potential volt \ W/A
Capacitance farad F CN
Electric resistance ohm Q VIA
Electric conductance siemens S AN
Magnetic flux weber Wb VAs
Magnetic flux density tesla T Wb/m?
Inductance henry H Wb/A
Luminous flux lumen Im cd A sr
Luminance lux Ix Im/m?
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Table A.4. Useful Conversion Factors.

From English To Metric Multiplied
Quantity Units Units By*
Length mile km 1.609
yard m 0.9144
foot m 0.3048
inch mm 25.40
Area square mile km* 2.590
acre m? 4047
acre hectare 0.4047
square yard m? 0.8361
square foot m? 0.09290
square inch mm? 645.2
Volume acre foot m> 1233
cubic yard m? 0.7646
cubic foot m? 0.02832
cubic foot L (1000 cm?®) 28.32
100 board feet m® 0.2360
gallon L (1000.cm®) 3.785
cubic inch cm’ 16.39
Mass Ib kg 0.4536
kip (1000 Ib) metric ton (1000 0.4536
kg)
Mass/unit length plf kg/m 1.488
Mass/unit area
psf kg/m? 4.882
Mass density pcf kg/m” 16.02
Force Ib N 4.448
kip kN 4.448
Force/unit length plf N/m 14.59
kIf kN/m 14.59
Pressure, stress, psf Pa 47.88
modulus of elasticity ksf kPa 47.88
psi kPa 6.895
ksi MPa 6.895
Bending moment, ft-Ib NAmM 1.356
torque, moment of ft-kip kKN Am 1.356
force
Moment of mass Ib A ft m 0.1383
Moment of inertia b A ft° kg A m? 0.04214
Second moment of in* mm®* 416200
area
Section modulus in’ mm® 16390
Power ton (refrig) kW 3.517
Btu/s kW 1.054
hp (electric) w 745.7
Btu/h w 0.2931

*4 significant figures; underline denotes exact conversion




Table A.4. Useful Conversion Factors (continued).

Quantity From English To Metric Units Multiplied by*
Units
Volume rate of flow ft’/s m°/s 0.02832
cfm m*/s 0.0004719
cfm L/s 0.4719
mgd m°/s 0.0438
Velocity, speed ft/s m/s 0.3048
Acceleration f/s? m/s? 0.3048
Momentum Ib A ft/sec kg A m/s 0.1383
Angular momentum b A ft¥/s kg A m%/s 0.04214
Plane angle degree rad 0.01745
mrad 17.45
*4 significant figures; underline denotes exact conversion
Table A.5. Prefixes.
Submultiples Multiples
deci 10™ d deka 10’ da
centi 1072 c hecto 102 h
milli 10° m kilo 10° k
micro 10° u mega 10° M
nano 107 n giga 10° G
pica 10712 p tera 10" T
femto 10" f peta 10" P
atto 1078 a exa 10'® E
zepto 102 z zetta 102" z
yocto 102 y yotto 102 Y

A5




Jaybiy jusatad  Ajpyewnxoidde aie 1a)em eaS 10} SaNjeA _mo_..,‘_\»._.v
Jaybiy usoiad ; Aojewixoidde ale 1ajem easS 10} Sanjea __mo_n_\»._.m
Jaybiy Jusoiad ¢ Ajsjewixoidde ale 1sjem eas 10} SanjeA __mo_n_\»._.N

JIe UM JOBJUOO Ul I3}BM JO LOISUD) S0BLNS

68500 00€'10l , 0L X¥6C ;01 XZ8T 86€'6 856 e 001
0900 ool'oL ,opxece 0L XSlL'e L9v'6 G96 o6l -06
92900 00v'Lp 0L Xy9'e 0 XPSE GeS'6 cl6 9Ll .08
#7900 00Z'le ,0LXeLy »01 X¥0¥ 7656 8.6 8S1 0L
29900 000'02 0L XPLY »0b X99% £r9'6 €86 OFl -09
6,900 00T ;0L X€S'S » 0L X LIPS £69'6 886 ocCl -0S
8z¢C 96900 08e’'L ,0b X899 ;0 X€S9 zeL'6 c66 o0l o0
XA 70,00 0£9's ;0L X¥T L ,01 X0C°L 1G.'6 66 56 oSE
T4 00 0sZ'y ,01 X008 , O X16'L LLL'6 966 098 -0€
€ce 0200 0LL'E , 0L Xvy6'8 ,0b X168 18,6 166 oLl oS¢
oze 8c/00 ore's o0l X00°L 0l x00l 06.'6 866 -89 -0C
9Lz Gel00 00.L°L g0 X¥L7L L0V XPL 008'6 666 B6S oSl
Lz Zrl00 Al OV X1EL Ol X1EL 018'6 000"} 05 0l
s0C 6¥7.0°0 Z.8 0L X157 SOl X1SL 018'6 000°} ol oG
661 9600 L9 GO X6l <OV X6L} 018'6 000°} oCE o0
W/NO W/N ‘sqe JWw/N S/, W wys-N JWN Ww/B Jlayuaiyed apeibusd
SNINPo uoIsua | aInssald AUSODSIA R)ISOOSIA WUBIBAA Nb_mcmn_
yhg ,808lNg lodep Lohewsuny “o_Emc\An_ Noc_omo_m aineladws |

"SHUN |S Ul ainssald ouaydsouwny Je Ja)epn 1o saiadold [eoishud "9y @|9el

A6



J8ybiy usoled $ Aje1ewixoidde sie 1sjem BaS 10} San|eA _mo_n:ﬂ._.w
Jaybiy jusolad 4 Ajsjewixoidde aie 19)em B8S 10} SBN|RA __mo_n;._._m
Jaybiy jusolad ¢ Aj@jewixoidde ale J1a)em BaS 10) SanjeA _mo_&,._.N

1Ie U}IM JOBJUOO Ul 13)em JO UOISUS) 30eUNg,

0L¥1L 61€0 €650°0 EV8'6S /v8L 00l clc
Ay LWeo L£90°0 SEL'09 6981 €€6 00c
1672 S8e0 9200 98509 €88’ 228 081
viv orr 0 SEB0°0 900'1L9 968" L L'LL 0sl
68°¢C €150 6.60°0 98€'19 806" L 009 orl
000'cee 9900 691 0190 2110 614719 8161 68 ocl
000'1E€ 6.¥00° G6'0 Wi erlL'0 86619 /261 A 001
000'62E 98700 0.0 8¢8°0 0910 8l1L'Co 1€6°1 cece 06
000'GcE Z6¥00° 160 6260 0810 21229 Y671 L'9e 08
000'61€ L6¥00° 9€'0 90’ S0c0 00£29 oc6’) L'ie 0L
000'clE 0S00° 920 1zl GeC'0 99¢€'C9 6E6°L 9’6l 09
000's0€ 80500 glL'0 Wl €/20 80F'C9 or6'L 00l 0s
000'96C #1500 clo 91 €20 (XA AL or6'L a4 or
ey 29 ors’1L oy c'6e
000282 815000 600 Ol X€6') , O XPLE0 91¥'29 ove’l 0 A
ET WAl Al 089S/ Y AH/08s-q Al WBIsAA /sbnig speibus?d Jlsyuaiye
SNINPOA uoIsus | alnssald FISOOSIA AIS00SIA WBIAA Aisusq
Ming ,90BlINg Jodep, Lolewauny ﬂo_c:m;.::“_ No_h_omgm aineladwa

"'siun ysybu3 ul ainssald ouaydsowy 1k Jajepp Jo soiuadold |eoisAyd /Y digel

A7



Repoeuyisp | — | = ¥20-60 ¢000°0-5000°0 960v/1-8¥0c/1L
Repsuy4 [ e e G0l G000°0-0L00°0 810¢/L-v20L/L
Repwnipsy | - | e e L-C 0100°0-0200°0 v2oL/L-cLG/L
Repesieoy [ — | | - <y 020007000 ZlLs/L-992/1
Wseuyhiep | 0 — | | - -8 ¥00°0-800°0 9GZ/L-8CL/1L
sougq4 L e 89l 80009100 8CL/L-vo/L
lswnpsy (- e al-Le 9L00-L€0°0 vorL-cerl
Jlsesieoy | - = e L€-C9 1€0°0-290°0 ce/L-9L/L
pues aul Aisp 0ec ose | 29-scl 290'06¢L'0 al/L-8/L
pues sul4 oclL 1772 2 I SgclL-0se GZL'06C0 8/L-v/l
pues wnips\ 09 oc | 0S2-00S GZ'0-050 vIL-c/L
pues 8sie0) 1> cc | 00S-0001 0S'0-00°L a-l
pues 851200 AIoA 8l S 000L-000C 00'L-00C 1-C
[oAeIB suly A1oA oL 6 goo9bo0 | o | v
[onelb auiq S S ato<o | = — | — -8
T e go9o0 |  — | - 8-ol
[presbosieony | — | oo<ctL | — | = ol-ze
[paelb asieod Alep | — | ¢gvsec | -1 - ce-v9
s9[qqoo Jews | /| se¢es - | ¥9-0¢l
se|lgqoo ebiel | - e oL | —-— 1 - 0€1-0S¢
slepjnoq ews | - | - oLcc |\ - | 062-00S
sldpjnoq wnipsy | -— | gco?v | - | 005-0001
siepnogebrer | 0 -— [ - op08 | - | 0001L-000C
siepjnog 8biej iep | -— | - og0o0b | - 1 0002-000%
piepuels ‘'sn 19]AL sayou| SUOUDIA
you| 1ad sbuiuado
sse|D yse\ aAaIS ajewixoiddy YA
"9]e0S SpeID S9|DIed JUBWIPSS gV dldel

A8



L c8'¢cc lege 004 000! 058 gl puooss/ lajaul
¢8 Er00 L L¥SL 890°¢C LB'EY ¥ ¥69 AepyeB uolw
£€ 8200 €9¥9°0 3 €861 Ze’8e 8'8¥¥ puooos/ ]os)
3¢ #1000 6GZE0 Z 050 3 8Z kIl £9¢¢ Aeppooj-aioe
L00'0 é8 220’0 L€ GC0'0 S0 0400 L Gg'Gl puodss/ial
9-360¢€9 OF L1000 8¢¢ 200°0 6Ly #00°0 60 €900 3 apnuiw;uo) ef
098/ Js10W AepyeBb uolw 09%/.300} ABpAO0J-3I0E 29s/18]|| ujwyuo|eb
jusjeainby Hun
(awi]rawnjop ‘a1ey mold) ableyssiq
L £96°) vk ¢ Qog € 0ot 98 00F 9%9 000 .¥¥ T 9+3J¢ehl fep-100}-53s
Z ¥0G°0 L £eC | 29l 096 ¥ 006 G2t 000 eec | 9+3.2'G. J00)-3l0E
9-3.2'80% 9-390L8g L 30¢'L le'ge Z'¥9C 000! 0zo L9 i8jew
9-36¢lg 9-386l9 99%.°0 I 1 0'coc 9¥%9. 099 9% plek oigna
9-3.G°LL 9-396°¢2 Z€ 8200 0 LE0°0 L L8 L (4314 8CL1 100} JIqna
9-3.ivGL 9-3880¢C 8/ £00°0 LG6 #00°0 LEeel’o 3 G8.L'¢C 0'lEc uojieb ‘sn
6-3.80% 6-390Lg 1000 80€ 1000 L€ 6£0°0 ¢ %920 I A3 18]
fep-00)-088 100}-a10€ lajaw o1gna plef aigno 1004 JIghd uojjeB 's'n JBy yaul a1gha
seAnbg n
awn|oA

"SpUN 2lnelpAH JusjeAinbg uowwo) "6y djgel

A9



APPENDIX B

Our Restless Tides

A BRIEF EXPLANATION OF THE BASIC ASTRONOMICAL
FACTORS WHICH PRODUCE TIDES AND TIDAL CURRENTS
by the National Oceanic and Atmospheric Administration — National Ocean Survey

Chapter 1 — Introduction

The word "tides" is a generic term used to define the alternating rise and fall in sea level with
respect to the land, produced by the gravitational attraction of the moon and the sun. To a
much smaller extent, tides also occur in large lakes, the atmosphere, and within the solid
crust of the earth, acted upon by these same gravitational forces of the moon and sun.
Additional nonastronomical factors such as configuration of the coastline, local depth of the
water, ocean-floor topography, and other hydrographic and meteorological influences may
play an important role in altering the range, interval between high and low water, an times of
arrival of the tides.

The most familiar evidence of the tides along our seashores is the observed recurrence of
high and low water - usually, but not always, twice daily. The term tide correctly refers only
to such a relatively short-period, astronomically induced vertical change in the height of the
sea surface (exclusive of wind-actuated waves and swell); the expression tidal current
relates to accompanying periodic horizontal movement of the ocean water, both near the
coast and offshore (but as distinct from the continuous, stream-flow type of ocean current).

Knowledge of the times, heights, and extent of inflow and outflow of tidal waters is of
importance in a wide range of practical applications such as the following: Navigation through
intracoastal waterways, and within estuaries, bays, and harbors; work on harbor engineering
projects, such as the construction of bridges, docks, breakwaters, and deep-water channels;
the establishment of standard chart datums for hydrography and for demarcation of a base
line or "legal coastline" for fixing offshore territorial limits both on the sea surface and on the
submerged lands of the Continental Shelf; provision of information necessary for underwater
demolition activities and other military engineering uses; and the furnishing of data
indispensable to fishing, boating, surfing, and a considerable variety of related water sport
activities.

Chapter 2 — The Astronomical Tide-Producing Forces
General Considerations

At the surface of the earth, the earth's force of gravitational attraction acts in a direction
inward toward its center of mass, and thus holds the ocean water confined to this surface.
However, the gravitational forces of the moon and sun also act externally upon the earth's
ocean waters. These external forces are exerted as tide-producing, or so-called "tractive"
forces. Their effects are superimposed upon the earth's gravitational force and act to draw
the ocean waters to positions on the earth's surface directly beneath these respective
celestial bodies (i.e., towards the "sublunar" and "subsolar" points).
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High tides are produced in the ocean waters by the "heaping" action resulting from the
horizontal flow of water toward two regions of the earth representing positions of maximum
attraction of combined lunar and solar gravitational forces. Low tides are created by a
compensating maximum withdrawal of water from regions around the earth midway between
these two humps. The alternation of high and low tides is caused by the daily (or diurnal)
rotation of the earth with respect to these two tidal humps and two tidal depressions. The
changing arrival time of any two successive high or low tides at any one location is the result
of numerous factors later to be discussed.

Origin of the Tide-Raising Forces

To all outward appearances, the moon revolves around the earth, but in actuality, the moon
and earth revolve together around their common center of mass, or gravity. The two
astronomical bodies are held together by gravitational attraction, but are simultaneously kept
apart by an equal and opposite centrifugal force produced by their individual revolutions
around the center-of-mass of the earth-moon system. This balance of forces in orbital
revolution applies to the center-of-mass of the individual bodies only. At the earth's surface,
an imbalance between these two forces results in the fact that there exists, on the
hemisphere of the earth turned toward the moon, a net (or differential) tide-producing force
which acts in the direction of the moon's gravitational attraction, or toward the center of the
moon. On the side of the earth directly opposite the moon, the net tide-producing force is in
the direction of the greater centrifugal force, or away from the moon.

Similar differential forces exist as the result of the revolution of the center-of-mass of the
earth around the center-of-mass of the earth-sun system.

Chapter 3 — Detailed Explanation of the Differential Tide Producing Forces

The tide-raising forces at the earth's surface thus result from a combination of basic forces:
(1) the force of gravitation exerted by the moon (and sun) upon the earth; and (2) centrifugal
forces produced by the revolutions of the earth and moon (and earth and sun) around their
common center-of-gravity (mass) or barycenter. The effects of those forces acting in the
earth-moon system will here be discussed, with the recognition that a similar force complex
exists in the earth-sun system.

With respect to the center of mass of the earth or the center of mass of the moon, the above
two forces always remain in balance (i.e., equal and opposite). In consequence, the moon
revolves in a closed orbit around the earth, without either escaping from, or falling into the
earth - and the earth likewise does not collide with the moon. However, at local points on,
above, or within the earth, these two forces are not in equilibrium, and oceanic, atmospheric,
and earth tides are the result.

The center of revolution of this motion of the earth and moon around their common center-of-
mass lies at a point approximately 1,068 miles beneath the earth's surface, on the side
toward the moon, and along a line connecting the individual centers-of-mass of the earth and
moon (see G, Figure 1). The center-of-mass of the earth describes an orbit (E1, E2, E3)
around the center-of-mass of the earth-moon system (G) just as the center-of-mass of the
moon describes its own monthly orbit (M1, M2, M3..) around this same point.
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The solid and dashed circles represent
near-equatorial cross-sections through
the earth, containing the plane of the
Moon's orbit around the barycenter (G).
Points E1, E2, E3 and M1, M2, M3

are corresponding positions of the
centers of mass of the
Earth and Moon
respectively.

Earth

FIGURE 1. The Monthly Revolution of the Earth and Moon Around the Barycenter of the
Earth-Moon System.

This revolution is responsible for a centrifugal force component (Fc) necessary to the
production of the tides. (Note that the earth revolves around G, but does not rotate
around G. There is no monthly rotation of the earth as it revolves around the
barycenter such that the same point on the earth's surface always faces the moon.)

1. The Effect of Centrifugal Force. It is this little known aspect of the moon's orbital motion
which is responsible for one of the two force components creating the tides. As the earth and
moon whirl around this common center-of-mass, the centrifugal force produced is always
directed away from the center of revolution. All points in or on the surface of the earth acting
as a coherent body acquire this component of centrifugal force. Since the center-of-mass of
the earth is always on the opposite side of this common center of revolution from the position
of the moon, the centrifugal force produced at any point in or on the earth will always be
directed away from the moon. This fact is indicated by the common direction of the arrows
(representing the centrifugal force Fc) at points A, C, and B in Figure 1, and the thin arrows
at these same points in Figure 2.
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Type of Force Designation
F¢ = centrifugal force due to Earth's revolution thin
around the barycenter arrow
Fg = gravitational force due to the Moon heavy arrow
F¢ =the resultant tide-raising force due double shafted
to the Moon armrow

Relative Magnitude
of the Forces Present

A| Fg > Fc » Ft

at

Anorth-south cross-section through the Earth's

vV . v center in the plane of the Moon's hour angle;
C Fg = Fc > 0 the dashed ellipse represents a profile through
v I A the spheroid composing the tidal force envelope;
B Fg < Fg > Fy the solid ellipse shows the resulting effect on the

Earth's waters.

FIGURE 2. The Combination of Forces of Lunar Origin Producing the Tides.

(A similar complex of forces exists in the Earth-Sun system)

It is important to note that the centrifugal force produced by the daily rotation of the earth on
it axis must be completely disregarded in tidal theory. This element plays no part in the
establishment of the differential tide-producing forces.

While space does not permit here, it may be graphically demonstrated that, for such a case
of revolution without rotation as above enumerated, any point on the earth will describe a
circle which will have the same radius as the radius of revolution of the center-of-mass of the
earth around the barycenter. Thus, in Figure 1, the magnitude of the centrifugal force
produced by the revolution of the earth and moon around their common center of mass (G) is
the same at point A or B or any other point on or beneath the earth's surface. Any of these
values is also equal to the centrifugal force produced at the center-of-mass (C) by its
revolution around the barycenter. This fact is indicated in Figure 2 by the equal lengths of
the thin arrows (representing the centrifugal force Fc) at points A, C, and B, respectively.

2. The Effect of Gravitational Force. While the effect of this centrifugal force is constant for
all positions on the earth, the effect of the external gravitational force produced by another
astronomical body may be different at different positions on the earth because the magnitude
of the gravitational force exerted varies with the distance of the attracting body. According to
Newton's Universal Law of Gravity, gravitational force varies inversely as the second power
of the distance from the attracting body. Thus, in the theory of the tides, a variable influence
is introduced based upon the different distances of various positions on the earth's surface
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from the moon's center-of-mass. The relative gravitational attraction (Fg) exerted by the
moon at various positions on the earth is indicated in Figure 2 by arrows heavier than those
representing the centrifugal force components.

3. The Net or Differential Tide-Raising Forces: Direct and Opposite Tides. It has been
emphasized above that the centrifugal force under consideration results from the revolution
of the center-of-mass of the earth around the center-of-mass of the earth-moon system, and
that this centrifugal force is the same anywhere on the earth. Since the individual centers-of-
mass of the earth and moon remain in equilibrium at constant distances from the barycenter,
the centrifugal force acting upon the center of the earth (C) as the result of their common
revolutions must be equal and opposite to the gravitational force exerted by the moon on the
center of the earth. This fact is indicated at point C in Figure 2 by the thin and heavy arrows
of equal length, pointing in opposite directions. The net result of this circumstance is that the
tide-producing force (Ft) at the earth's center is zero.

At point A in Figure 2, approximately 4,000 miles nearer to the moon than is point C, the
force produced by the moon's gravitational pull is considerably larger than the gravitational
force at C due to the moon. The smaller lunar gravitational force at C just balances the
centrifugal force at C. Since the centrifugal force at A is equal to that at C, the greater
gravitational force at A must also be larger than the centrifugal force there. The net tide-
producing force at A obtained by taking the difference between the gravitational and
centrifugal forces is in favor of the gravitational component - or outward toward the moon.
The tide-raising force at point A is indicated in Figure 2 by the double arrow extending
vertically from the earth's surface toward the moon. The resulting tide produced on the side
of the earth toward the moon is know as the direct tide.

At point B, on the opposite side of the earth from the moon and about 4,000 miles farther
away from the moon than is point C, the moon's gravitational force is considerably less than
at point C. At point C, the centrifugal force is in balance with a gravitational force which is
greater than at B. The centrifugal force at B is the same as that at C. Since gravitational
force is less at B than at C, it follows that the centrifugal force exerted at B must be greater
than the gravitational force exerted by the moon at B. The resultant tide-producing force at
this point is, therefore, directed away from the earth's center and opposite to the position of
the moon. This force is indicated by the double-shafted arrow at point B. The tide produced
in this location halfway around the earth from the sublunar point, coincidentally with the direct
tide, is know as the opposite tide.

4. The Tractive Force. It is significant that the influence of the moon's gravitational attraction
superimposes its effect upon, but does not overcome, the effect's of the earth's own gravity.
Earth-gravity, although always present, plays no direct part in the tide-producing action. The
tide-raising force exerted at a point on the earth's surface by the moon at its average
distance from the earth (238,855 miles) is only about one 9-millionth part of the force of
earth-gravity exerted toward its center (3,963 miles from the surface). The tide raising force
of the moon, is, therefore, entirely insufficient to "lift" the waters of the earth physically
against this far greater pull of earth's gravity. Instead, the tides are produced by that
component of the tide-raising force of the moon which acts to draw the waters of the earth
horizontally over its surface toward the sublunar and antipodal points.
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Since the horizontal component is not opposes in any way to gravity and can, therefore, act
to draw particles of water freely over the earth's surface, it becomes the effective force in
generating tides.

At any point on the earth's surface, the tidal force produced by the moon's gravitational
attraction may be separated or "resolved" into two components of force - one in the vertical,
or perpendicular to the earth's surface - the other horizontal or tangent to the earth's surface.
This second component, know as the tractive ("drawing") component of force is the actual
mechanism for producing the tides. The force is zero at the points on the earth's surface
directly beneath and on the opposite side of the earth from the moon (since in these
positions, the lunar gravitational force is exerted in the vertical - i.e., opposed to, and in the
direction of the earth-gravity, respectively). Any water accumulated in these locations by
tractive flow from other points on the earth's surface tends to remain in a stable configuration,
or tidal "bulge."

Thus there exists an active tendency for water to be drawn from other points on the earth's
surface toward the sublunar point (A, in Figure 2) and its antipodal point (B, in Figure 2) and
to be heaped at these points in two tidal bulges. Within a band around the earth at all points
90° from the sublunar point, the horizontal or tractive force of the moon's gravitation is also
zero, since the entire tide-producing force is directed vertically inward. There is, therefore, a
tendency for the formation of a stable depression here. The words "tend to" and "tendency
for" employed in several usages above in connection with tide-producing forces are
deliberately chosen since, as will be seen below, the actual representation of the tidal forces
is that of an idealized "force envelope" with which the rise and fall of the tides are influenced
by many factors.

5. The Tidal Force Envelope. If the ocean waters were completely to respond to the
directions and magnitudes of these tractive forces at various points on the surface of the
earth, a mathematical figure would be formed having the shape of a prolate spheroid. The
longest (major) axis of the spheroid extended towards and directly away from the moon, and
the shortest (minor) axis is center along, at right angle to, the major axis. The two tidal
humps and two tidal depressions are represented in this force envelope by the directions of
the major axis and rotated minor axis of the spheroid, respectively. From a purely theoretical
point of view, the daily rotation of the solid earth with respect to these two tidal humps and
two depressions may be conceived to be the cause of the tides.

As the earth rotates once in each 24 hours, one would ideally expect to find a high tide
followed by a low tide at the same place 6 hours later; then a second high tide after 12 hours,
a second low tide 18 hours later, and finally a return to high water at the expiration of 24
hours. Such would nearly be the case if a smooth, continent-free earth were covered to a
uniform depth with water, if the tidal envelope of the moon alone were being considered, if
the positions of the moon and sun were fixed and invariable in distance and relative
orientation with respect to the earth, and if there were no other accelerating or retarding
influences affecting the motions of the waters of the earth. Such, in actuality, is far from the
situation which exists.
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First, the tidal force envelope produced by the moon's gravitational attraction is accompanied
by a tidal force envelope of considerably smaller amplitude produced by the sun. The tidal
force exerted by the sun is a composite of the sun's gravitational attraction and a centrifugal
force component created by the revolution of the earth's center-of-mass around the center-
of-mass of the earth-sun system, in an exactly analogous manner to the earth-moon
relationship. The position of this force envelope shifts with the relative orbital position of the
earth in respect to the sun. Because of the great differences between the average distances
of the moon (238,855 miles) and sun (92,900,000 miles) from the earth, the tide producing
force of the moon is approximately 2.5 times that of the sun.

Second, there exists a wide range of astronomical variables in the production of the tides
caused by the changing distances of the moon from the earth, the earth from the sun, the
angle which the moon in its orbit makes with the earth's equator, the superposition of the
sun's tidal envelope of forces upon that caused by the moon, the variable phase relationships
of the moon, etc. Some of the principle types of tides resulting from these purely
astronomical influences are describe below.

Chapter 4 — Variations in the Range of the Tides: Tidal Inequalities

As will be shown in Figure 6, the difference in the height, in feet, between consecutive height
and low tides occurring at a given place is known as the range. The range of the tides at any
location is subject to many variable factors. Those influences of astronomical origin will first
be described.

1. Lunar Phase Effect: Spring and Neap Tides. It has been noted above that the gravitational
forces of both the moon and sun act upon the waters of the earth. It is obvious that, because
of the moon's changing position with respect to the earth and sun (Figure 3) during the
monthly cycle of phases (29.53 days) the gravitational attraction of moon and sun may
variously act along a common line or at changing angles relative to each other.

When the moon is at new phase and full phase (both positions being called syzygy) the
gravitational attractions of the moon and sun act to reinforce each other. Since the resultant
or combined tidal force is also increased, the observed high tides are higher and low tides
are lower than average. This means that the tidal range is greater at all locations which
display a consecutive high and low water. Such greater-than-average tides resulting at the
syzygy positions of the moon are know as spring tides - a term which merely implies a
"welling up" of the water and bears no relationship to the season of the year.

At first- and third-quarter phases (quadrature) of the moon, the gravitational attractions of the
moon and sun upon the waters of the earth are exerted at right angles to each other. Each
force tends in part to counteract the other. In the tidal force envelope representing these
combined forces, both maximum and minimum forces are reduced. High tides are lower and
low tides are higher than average. Such tides of diminished range are called neap tides,
from a Greek word meaning "scanty."
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First Quarter

New To Sun
Moon

L ]

Looking down on the north pole of the
Earth's figure (central solid circle). The
two solid ellipses represent the tidal force
envelopes produced by the Moon in the
positions of syzygy (new or full moon) and
quadrature (first and third quarter), respectively;
Third Quarter the dashed ellipse shows the smaller tidal force
envelope produced by the Sun.

FIGURE 3. The Phase Inequality: Spring and Neap Tides.

The gravitational attractions (and resultant tidal force envelopes) produced by the
Moon and Sun reinforce each other at times of new and full moon to increase the
range of the tides, and counteract each other at the first and third quarters to reduce
the tidal range.

2. Parallax Effects (Moon and Sun). Since the moon follows an elliptical path (Figure 4), the
distance between the earth and moon will vary throughout the month by about 31,000 miles.
The moon's tide-producing force acting on the earth's waters will change in inverse
proportion to the third power of the distance between the earth and moon, in accordance with
the previously mentioned variation of Newton's Law of Gravitation. Once each month, when
the moon is closest to the earth (perigee), the tide-generating forces will be higher than
usual, thus producing above-average ranges in the tides. Approximately two weeks later,
when the moon (at apogee) is farthest from the earth, the lunar tide-raising force will be
smaller, and the tidal ranges will be less than average. Similarly, in the earth-sun system,
when the earth is closest to the sun (perihelion), about January 2 of each year, the tidal
ranges will be enhanced, and when the earth is farthest from the sun (aphelion), around July
2, the tidal ranges will be reduced.

When perigee, perihelion, and either the new or full moon occur at approximately the same
time, considerably increased tidal ranges result. When apogee, aphelion, and the first- or
third-quarter moon coincide at approximately the same time, considerably reduced tidal
ranges will normally occur.

B.8



S =S5un
E1 = Earth at perihelion {(January 2nd)
E2 = Earth at aphelion (July 2nd)

M1 = Moon at perigee
M2 = Moon at apogee

Aphelion
(July 2) Moon's Orbit

Perigee

94.5
million miles

E2

Common
projection of
the Earth's orbital
plane around the Sun
{the ecliptic) and the Moon's

orbital plane around the Earth.

Earth's Orbit

Perihelion
{(Jan. 2)

FIGURE 4. The Lunar Parallax and Solar Parallax Inequalities.

Both the Moon and the Earth revolve in elliptical orbits and the distances from their
centers of attraction vary. Increased gravitational influences and tide-raising forces
are produced when the Moon is at position of perigee, its closest approach to the
Earth (once each month) or the Earth is at perihelion, its closest approach to the Sun
(once each year). This diagram also shows the possible coincidence of perigee with
perihelion to produce tides of augmented range.

3. Lunar Declination Effects: The Diurnal Inequality. The plane of the moon's orbit is inclined
only about 5° to the plane of the earth's orbit (the ecliptic) and thus the moon monthly
revolution around the earth remains very close to the ecliptic. The ecliptic is inclined 23.5° to
the earth's equator, north and south of which the sun moves once each half year to produce
the seasons. In similar fashion, the moon, in making a revolution around the earth once
each month, passes from a position of maximum angular distance north of the equator to a
position of maximum angular distance south of the equator during each half month. (Angular
distance perpendicularly north and south of the celestial equator is termed declination.)
Twice each month, the moon crosses the equator. In Figure 5, this condition is shown by the
dashed position of the moon. The corresponding tidal force envelope due to the moon is
depicted, in profile, by the dashed ellipse.
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A north-south cross-section through the Earth's
center; the ellipse represents a meridian section
through the tidal force envelope produced by

the Moon.
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FIGURE 5. The Moon's Declination Effect (Change in Angle With Respect to the Equator)
and the Diurnal Inequality; Semidiurnal, Mixed, and Diurnal Tides.

A north-south cross-section through the Earth's center; the ellipse represents a
meridian section through the tidal force envelope produced by the Moon.

Since the points A and A' lie along the major axis of this ellipse, the height of the high tide
represented at A is the same as that which occurs as this point rotates to position A' some 12
hours later. When the moon is over the equator - or at certain other force-equalizing
declinations - the two high tides and two low tides on a give day are at similar height at any
location. Successive high and low tides are then also nearly equally spaced in time, and
occur twice daily (see top diagram in Figure 6). This is known as semidiurnal type of tides.

However, with he changing angular distance of the moon above or below the equator
(represented by the position of the small solid circle in Figure 5) the tidal force envelope
produced by the moon is canted, and difference between the heights of two daily tides of the
same phase begin to occur. Variations in the heights of the tides resulting from the changes
in the declination angle of the moon an in the corresponding lines of gravitational force action
give rise to a phenomenon known as the diurnal inequality.
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FIGURE 6. Principal Types of Tides.

Showing the Moon's declinational effect in production of semidiurnal, mixed, and
diurnal tides.




In Figure 5, point B is beneath a bulge in the tidal envelope. One-half day later, at point B' it
is again beneath the bulge, but the height of the tide is obviously not as great as at B. This
situation gives rise to a twice-daily tide displaying unequal heights in successive high or low
waters, or in both pairs of tides. This type of tide, exhibiting a strong diurnal inequality, is
known as a mixed tide (see the middle diagram in Figure 6).

Finally, as depicted in Figure 5, the point C is seen to lie beneath a portion of the tidal force
envelope. One-half day later, however, as this point rotates to position C', it is seen to lie
above the force envelope. At this location, therefore, the tidal forces present produce only
one high water and one low water each day. The resultant diurnal type of tide is shown in
the bottom diagram of Figure 6.

Chapter 5 — Factors Influencing the Local Heights and Times of Arrival of the Tides

It is noteworthy in Figure 6 that any one cycle of the tides is characterized by a definite time
regularity as well as the recurrence of the cyclical pattern. However, continuing observations
at coastal stations will reveal - in addition to the previously explained variations in the heights
of successive tides of the same phase - noticeable differences in their successive time of
occurrence. The aspects of regularity in the tidal curves are introduced by harmonic motions
of the earth and moon. The variations noted both in observed heights of the tides and in
their times of occurrence are the result of many factors, some of which have been discussed
in the preceding section. Other influences will now be considered.

The earth rotates on its axis (from one meridian transit of the "mean"” sun until the next) in 24
hours. As the earth rotates beneath the envelope of tidal forces produced by the moon,
another astronomical factor causes the time between two successive upper transits of the
moon across the local meridian of the place (a period known as the lunar or "tidal" day) to
exceed the 24 hours of the earth's rotation period - the mean solar day.

The moon revolves in its orbit around the earth with an angular velocity of approximately
12.2° per day, in the same direction in which the earth is rotating on its axis with an angular
velocity of 360° per day. In each day, therefore, a point on the rotating earth must complete a
rotation of 360° plus 12.2°, or 372.2°, in order to "catch up" with the moon. Since 15° is
equal to one hour of time, this extra amount of rotation equal to 12.2° each day would require
a period of time equal to 12.2°/15° x 60 min/hr, or 48.8 minutes - if the moon revolved in a
circular orbit, and its speed of revolution did not vary. On the average it requires about 50
minutes longer each day for a sublunar point on the rotating earth to regain this position
directly along the major axis of the moon's tidal force envelope, where the tide-raising
influence is a maximum. In consequence, the recurrence of a tide of the same phase and
similar rise (see middle diagram of Figure 6) would take place at an interval of 24 hours 50
minutes after the preceding occurrence, if this single astronomical factor known as lunar
retardation were considered. This period of 24 hours 50 minutes has been established as
the tidal day.

A second astronomical factor influencing the time of arrival of tides of a given phase at any
location results from the interaction between the tidal force envelopes of the moon and sun.
Between new moon and first-quarter phase, and between full moon and third-quarter phase,
this phenomenon can cause a displacement of force components and an acceleration in tidal
arrival times (known as priming the tides) resulting in the occurrence of high tides before the
moon itself reaches the local meridian of the place. Between first-quarter phase and full
moon, and between third-quarter phase and new moon, an opposite displacement of force
components and a delaying action (known as lagging of the tides) can occur, as the result of
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which the arrival of high tides may take place several hours after the moon has reached the
meridian.

These are the two principle astronomical causes for variation in the times of arrival of the
tides. In addition to these astronomically induced variations, the tides are subject to other
accelerating or retarding influences of hydraulic, hydrodynamic, hydrographic, and
topographic origin - and may further be modified by meteorological conditions.

The first factor of consequence in this regard arises from the fact that the crests and troughs
of the large-scale gravity-type traveling wave system comprising the tides strive to sweep
continuously around the earth, following the position of the moon (and sun).

In the open ocean, the actual rise (see middle diagram, Figure 6) of the tidally induced wave
crest is only one to a few feet. It is only when the tidal crests and troughs move into shallow
water, against land masses, and into confining channels, that noticeable variations in the
height of sea level can be detected.

Possessing the physical properties of a fluid, the ocean waters follow all of the hydraulic laws
of fluids. This means that since the ocean waters possess a definite, although small internal
viscosity, this property prevents their absolute free flow, and somewhat retards the overall
movement of the tides.

Secondly, the ocean waters follow the principle of traveling waves in a fluid. As the depth of
the water shallows, the speed of forward movement of a traveling wave is retarded, as
deducted from dynamic considerations. In shoaling situations, therefore, the advance of tidal
waters is slowed.

Thirdly, a certain relatively small amount of friction exists between the water and the ocean
floor over which it moves - again slightly slowing the movement of the tides, particularly as
they move inshore. Further internal friction (or viscosity) exists between tidally induced
currents and contiguous current in the oceans - especially where they are flowing in opposite
directions.

The presence of land masses imposes a barrier to progress of the tidal waters. Where
continents interpose, tidal movements are confined to separate, nearly closed oceanic basins
and the sweeps of the tides around the world is not continuous.

Topography on the ocean floor can also provide a restraint to the forward movement of tidal
waters - or create sources of local-basin response to the tides. Restrictions to the advance
of tidal waters imposed both by shoaling depths and the sidewalls of the channel as these
waters enter confined bays, estuaries, and harbors can further considerably alter the speed
of their onshore passage.

In such particularly confined bodies of water, so-called "resonance effects" between the free-
period of oscillation of the traveling, tidally induced wave and that of the confining basin may
cause a surging rise of the water in a phenomenon basically similar to the action of water
caused to "slosh" over the sides of a wash basin by repeatedly tilting the basin and matching
wave crests reflected from the opposite side of the basin.

All of the above, and other less important influences, can combine to create a considerable
variety in the observed range and phase sequence of the tides - as well as variations in the
times of their arrival at any location.
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Of a more local and sporadic nature, important meteorological contributions to the tides know
as "storm surges," caused by a continuous strong flow of winds either onshore or offshore,
may superimpose their effects upon those of tidal action to cause either heightened or
diminished tides, respectively. High-pressure atmospheric systems may also depress the
tides, and deep low-pressure systems may cause them to increase in height.

Chapter 6 — Prediction of the Tides

In the preceding discussions of the tide-generating forces, the theoretical equilibrium tide
produced, and factors causing variations, it has been emphasized that the tides actually
observed differ appreciably from the idealized, equilibrium tide. Nevertheless, because the
tides are produced essentially by astronomical forces of harmonic nature, a definite
relationship exists between the tide-generating forces and the observed tides, and a factor of
predictability is possible.

Because of the numerous uncertain and, in some cases, completely unknown factors of local
control mentioned above, it is not feasible to predict tides purely from a knowledge of the
positions and movements of the moon and sun obtained from astronomical tables. A
partially empirical approach based upon actual observations of tides in many areas over an
extended period of time is necessary. To achieve maximum accuracy in prediction, a series
of tidal observations at one location ranging over at least a full 18.6-year tidal cycle is
required. Within this period, all significant astronomical modifications of tides will occur.

Responsibility for computing and tabulating - for any day in the year - the times, heights, and
ranges of the tides - as well as the movement of tidal currents - in various parts of the world
is vested in appropriate governmental agencies which devote both theoretical and practical
effort to this task. The resulting predictions are based in large part upon actual observations
of tidal heights made throughout a network of selected observing stations.

The National Ocean Survey, a component of the National Oceanic and Atmospheric
Administration of the U.S. Department of Commerce, maintains for this purpose a continuous
control network of approximately 140 tide gages which are located along the coasts and
within the major embayments of the United States, and it possessions, and the United
Nations Trust Territories under its jurisdiction. Temporary secondary stations are also
occupied in order to increase the effective coverage of the control network. Predictions of
the times and heights of high and low water are prepared by the National Ocean Survey for a
large number of stations in the United States and its possessions as well as foreign countries
and United Nations Trust Territories.
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APPENDIX C

Hurricane Frequency

The frequency of hurricanes varies significantly along the Atlantic coastline. To
assess the frequency of different hurricane categories, the coastline was divided into 50
nautical mile segments and the number of hurricane strikes (determined by the hurricane
eye) were recorded. The maps seen in Figures C.1 — C.3 show approximate return periods
along the East Coast for category 1 or greater, category 2 or greater, and category 3 or
greater hurricanes, respectively. The number in parentheses is the landfall occurrences of
hurricane eye for each 50 nautical mile segment during the 113-year period from 1886 to
1999. The return period was calculated by taking the total number of occurrences and
dividing it by the 113 years of record. The maps only indicate the return frequency of the
storm eye for each window. The maps do not take into account other factors such as the
size of the storm, storm asymmetry, or whether the hurricane was land falling or land exiting.
Along shore hurricanes are not included.

The maps show that the majority of hurricanes make landfall along the Florida and
North Carolina coasts. The strongest hurricanes (category 3 or greater) are most frequent in
south Florida and the Outer Banks of North Carolina. Category 3 storms are rare north of
Virginia and the eye of a storm greater than category 3 has never made landfall north of
Wilmington, North Carolina.

The return periods reflect the frequency with which the eye of a storm passes through
a particular coastline segment. The storm eye is easy to track but is only one aspect of a
storm that must be considered when determining its impact. The storm (and storm surge)
may extend 50 or more miles from the center. The most intense winds of a hurricane are on
the right side of the storm. Therefore, a storm that is heading west and for which the eye
makes landfall near Miami may have a significant impact on the coast 50 to 100 miles to the
north. For a storm that is heading north and makes landfall at the Outer Banks of North
Carolina, the most intense winds would be east of the eye and over open water, reducing the
impact on coastal areas. Factors such as these should be considered when using the maps.
The correlation of occurrence and hurricane category is not a design tool but should be used
as an indicator of the frequency with which one may expect the potential damage, flooding,
and wind conditions in an area of interest.
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Hurricane Return Periods
(occurrences in 113 years)

For occurrence of storm eye within a 50 n. mile segment

Category 1 or Greater
From HURDAT 1886-1999 (covering 113 years)

Figure C.1. Return period of Category 1 or greater hurricanes along the Atlantic coast.
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Hurricane Return Periods
(occurrences in 113 years)

For occurrence of storm eye within a 50 n. mile segment

Category 2 or Greater
From HURDAT 1886-1999 (covering 113 years)

Figure C.2. Return period of Category 2 or greater hurricanes along the Atlantic coast.
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Hurricane Return Periods
(occurrences in 113 years)

For occurrence of storm eye within a 50 n. mile segment

Category 3 or Greater
From HURDAT 1886-1999 (covering 113 years)

[>1130)
{>1130)
113 (1)

Figure C.3. Return period of Category 3 or greater hurricanes along the Atlantic coast.

C4



APPENDIX D

NOAA Hurricane Properties — Radius of Maximum Wind and Forward Speed
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APPENDIX E
ADCIRC Surge Estimates*

ADCIRC Results

State Waterway Name (local mean sea level)

50-Year 100-Year 500-Year
(m) (m) (m)
LOUISIANA
Sabine Pass 3.28 4.20 6.34
Calcasieu Pass 3.33 4.08 5.82
Vermilion, West & 2.32 2.82 3.98
East Cote Blanche Bay 1.90 2.31 3.26
Terrebonne, Timbalier Bay 1.59 2.07 3.18
Barataria Bay 1.61 2.10 3.24
Lake Borgne 5.49 6.78 9.78
MISSISSIPPI
Pearl River 5.49 6.78 9.78
Heron Bay 5.49 6.78 9.78
St Louis Bays 5.49 6.78 9.78
Biloxi Bay 4.68 6.13 9.50
Graveline Bay 2.53 3.29 5.05
Pascagoula Bay 2.53 3.29 5.05
Pascagoula River 2.53 3.29 5.05
Bayou Casotte 2.53 3.29 5.05
Point Aux Chenes Bay 2.53 3.29 5.05
FLORIDA
Pensacola Bay 1.79 213 2.92
Choctawhatchee Bay 1.30 1.53 2.06
West, N, E Bay 1.17 1.38 1.87
(Panama city) 1.17 1.38 1.87
St Joseph Bay 1.02 1.19 1.58
Apalachicola Bay 1.54 1.89 2.70
1.54 1.89 2.70
2.03 2.56 3.79
Ochlockonee Bay 2.98 3.71 5.41
Dickerson Bay, Levy Bay 2.98 3.71 5.41
Oyster Bay 2.98 3.71 5.41
2.98 3.71 5.41
Walker Creek 2.98 3.71 5.41
Goose Creek Bay 2.98 3.71 5.41
St Marks River 2.98 3.71 5.41
Aucilla River 3.50 4.21 5.86
Henderson River 3.77 4.65 6.69
Deadman Bay 3.80 5.01 7.82
Suwannee River 3.45 4.60 7.27
Waccasassa River 3.30 3.99 5.59
Crystal Bay 2.58 3.06 4.17
Homosassa Bay 2.58 3.06 4.17
Chassahowitzka Bay 2.58 3.06 4.17
Pithlachascotee River 2.28 2.71 3.71
Anclote River 2.28 2.71 3.71
Tampa Bay 2.78 3.54 5.30
Lemon Bay 3.09 4.00 6.11
Charlotte Harbor 3.60 4.51 6.62
3.66 4.51 6.48
3.83 4.80 7.05
Sarasota Bay Longboat Pass 2.92 3.83 5.94
New Pass 3.05 4.00 6.21
Big Sarasota Bay 3.05 4.00 6.21
Venice Inlet 2.93 3.83 5.92
Estero Bay 3.83 4.80 7.05
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State

GEORGIA

SOUTH
CAROLINA

NORTH
CAROLINA

Waterway Name

Gordon Pass
Big Marco Pass
Caxambas Bay

First Bay
Whitewater Bay
Biscayne Bay
Miami
Bakers Haulover Inlet

Turning Basin

Hillsboro Bay
Boca Raton Inlet

South Lake worth Inlet

Lake Worth Inlet
Loxahatchee River
St Lucie River
Fort Pierce Inlet
Sebastian Inlet
Cape Canaveral
Ponce De Leon Inlet
Matanzas Inlet
St Augustine Inlet
St Johns River
Nassau Sound

St Marys River
St Andrew Sound
St Simons Sound

Hampton River

Altamaha River

Sapelo

Sapelo Sound

St Catherines Sound
Ossabaw Sound
Wassaw Sound
Savannah River

Calibogue Sound
Port Royal Sound
St Helena Sound
North Edisto River
Stono Inlet
Lighthouse Inlet
Charleston Harbor
Breach Inlet
Bulls Bay
North Santee Bay
Winyah Bay
North Inlet
Pawleys Inlet
Midway Inlet
Murrells Inlet
Hog Inlet
Little River Inlet

Tubbs Inlet
Shallotte Inlet
Lockwoods Folly Inlet

E.2

ADCIRC Results

(local mean sea level)

50-Year
(m)

3.67
3.43
3.37
3.37
3.27
3.27
1.00
1.00
0.82
0.82
0.77
0.77
0.77
0.79
0.76
0.91
1.17
1.41
0.84
0.95
212
217
2.58
217

3.06
3.53
3.53
3.31
3.31
3.31
3.86
3.86
342
3.42
3.42

3.42
3.34
3.02
3.06
3.06
3.06
2.92
2.92
2.92
3.06
3.42
3.42
3.42
3.42
3.24
3.24
3.24

3.24
3.24
2.07

100-Year
(m)

4.60
4.32
4.18
4.18
3.92
3.92
1.21
1.21
0.99
0.99
0.91
0.91
0.90
0.94
0.94
1.13
1.45
1.75
0.97
1.10
2.46
2.51
3.02
2.51

3.60
4.32
4.32
3.96
3.96
3.96
4.71
4.71
4.30
4.30
4.30

4.30
4.05
3.52
3.64
3.64
3.64
3.59
3.59
3.59
3.94
4.39
4.39
4.39
4.39
4.16
4.02
4.02

4.02
4.02
2.53

500-Year
(m)

6.76
6.39
6.06
6.06
5.43
5.43
1.70
1.70
1.38
1.38
1.24
1.24
1.20
1.29
1.36
1.64
2.10
2.54
1.27
1.45
3.25
3.30
4.04
3.30

4.85
6.15
6.15
5.47
5.47
5.47
6.68
6.68
6.34
6.34
6.34

6.34
5.70
4.68
4.99
4.99
4.99
5.15
5.15
5.15
5.98
6.64
6.64
6.64
6.64
6.30
5.83
5.83

5.83
5.83
3.60



State

VIRGINIA

MARYLAND

NEW JERSEY

NEW YORK

Waterway Name

Cape Fear River
Carolina Beach Inlet
Masonboro Inlet
Mason Inlet
Rich Inlet
New Topsail Inlet
New River Inlet
White Oak River
Beaufort Inlet
Nelson Bay
Thorofare Bay
Cedar Bay
Stumpy Point Bay

Chesapeake Bay
Metonplain Bay

Kegotank Bay
Chincoteague Bay

Chincoteague Bay
Ocean City Inlet
(Assowoman Inlet)

Delaware Bay
Cape May Inlet
Hereford Inlet
Townsend Inlet
Corson Inlet

Great Egg Harbor Inlet

Absecon Inlet
Brigantine Inlet
Little Egg Inlet
Barnegat Inlet
Manasquan Inlet
Shark River
Raritan Bay

Lower Bay
Upper NY Bay
Raritan Bay
Rockaway Inlet
East Rockaway Inlet
Jones Inlet
Great South Bay
Moriches Bay
Shinnecock Bay
Mecox Bay
Gardiners Bay
Smithtown Bay
Huntigton Bay
Oyster Bay
Sea Cliff
Manhasset Bay
Little Neck Bay
Little Bay
Eastchester Bay

E.3

ADCIRC Results

(local mean sea level)

50-Year
(m)

2.07
2.59
2.59
2.59
2.54
2.54
2.67
2.75
242
1.98
1.98
1.76
1.80

2.86
2.24
2.24
2.24
2.24

2.24
1.57

1.68
1.59
1.59
1.59
1.66
1.66
1.66
1.81
1.81
2.04
1.84
1.86
1.95

1.95
1.95
1.95
2.1
2.1
2.1
2.48
2.05
2.02
1.85
2.07
2.07
2.07
2.07
2.07
2.07
2.07
2.07
2.07

100-Year
(m)

2.53
3.18
3.18
3.18
3.21
3.21
3.39
3.48
3.1
2.45
245
2.14
2.37

3.55
2.73
2.73
2.73
2.73

2.73
2.05

2.21
2.14
2.14
2.14
2.30
2.30
2.30
248
248
2.89
2.56
2.60
2.74

2.74
2.74
2.74
2.90
2.90
2.90
3.69
2.90
2.74
2.45
2.78
2.78
2.78
2.78
2.78
2.78
2.78
2.78
2.78

500-Year
(m)

3.60
4.55
4.55
4.55
4.77
4.77
5.06
5.18
4.71
3.54
3.54
3.02
3.69

5.15
3.87
3.87
3.87
3.87

3.87
3.16

3.44
3.42
3.42
3.42
3.79
3.79
3.79
4.04
4.04
4.86
4.23
4.32
4.57

4.57
4.57
4.57
4.73
4.73
4.73
6.50
4.87
4.41
3.84
4.43
4.43
4.43
4.43
4.43
4.43
4.43
4.43
4.43



State Waterway Name

Echo Bay
Larchmont Harbor
Mamaroneck Harbor

CONNECTICUT
Greenwich Harbor
Cos Cob Harbor
Stamford Harbor
Cove Harbor, Goodwives
River
Scott Cove
Fivemile River
Norwalk Harbor
Saugatuck River
Mill River
Black Rock Harbor
Pequonnock River
Housatonic River
The Gulf
New Haven Harbor
Branford Harbor
Clinton Harbor
Patchoguee River
Oyster River
Connecticut River
Niantic Bay
New London Harbor
Poquonock River
Mystic River
Stonington Harbor
Little Narragansett Bay

MAINE
Portsmouth River
Brave Boat Harbor
York River
Cape Neddick Harbor
Webhannet River
Mousam River
Kennebunk River
Saco River
Scarborough River
Spurwink River
Casco Bay
Sheepscott Bay
Linekin Bay
Johns Bay
Muscongus Bay
Penobscot Bay
Blue hill Bay
Frenchman Bay
Gouldsboro, Dyer Bay
Narraguagus, Pleasant
Western Bay
Chandler, Englishman Bay

Machias Bay

E.4

ADCIRC Results

(local mean sea level)

50-Year
(m)

2.07
2.07
2.07

3.47
3.41
3.35

3.32

3.32
3.32
3.26
3.20
3.17
3.1
2.96
2.93
2.99
3.05
3.05
2.90
2.90
2.87
2.83
2.77
2.74
2.87
2.90
2.93
2.93

0.77
0.77
0.77
0.99
0.99
0.82
0.82
0.88
0.88
0.88
0.71
0.69
0.69
0.69
0.69
0.52
0.52
0.74
0.74
0.60
0.60
0.60
0.60
0.66

100-Year
(m)

2.78
2.78
2.78

3.66
3.60
3.51

3.47

3.47
3.47
3.41
3.35
3.35
3.32
3.17
3.1
3.17
3.28
3.28
3.17
3.17
3.17
3.14
3.08
3.05
3.17
3.28
3.29
3.29

0.97
0.97
0.97
0.78
0.78
1.03
1.03
1.09
1.09
1.09
0.86
0.87
0.87
0.87
0.87
0.65
0.65
1.00
1.00
0.79
0.79
0.79
0.79
0.85

500-Year
(m)

443
4.43
4.43

4.21
4.08
3.90

3.84

3.84
3.84
3.78
3.75
3.72
3.69
3.47
3.47
3.66
3.75
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.81
3.84
3.84

1.43
1.43
1.43
0.29
0.29
1.52
1.52
1.58
1.58
1.58
1.21
1.29
1.29
1.29
1.29
0.95
0.95
1.60
1.60
1.23
1.23
1.23
1.23
1.29



ADCIRC Results
(local mean sea level)

State Waterway Name 50-Year 100-Year 500-Year
(m) (m) (m)
Chesapeake
Bay
Entrance to Bay 217 2.68 3.86
Entrance to Bay 1.92 2.38 3.45
Ocean City 1.52 1.98 3.05
Near Wachapreague 1.96 2.44 3.55
Bay Tunnel 1.97 2.46 3.60
Mouth of James River 2.46 3.08 4.52
York River 1.31 1.61 2.31
Potomac River 1.36 1.68 2.42
Coles Point, Potomac 1.1 1.36 1.96
Lexington Park 1.12 1.46 2.25
Severn River 1.39 1.90 3.08
Dundalk 3.45 4.58 7.20
NA NA NA NA
NA NA NA NA
Cambridge, MD 1.42 1.73 2.45
Cape Charles 1.64 2.08 3.10
Near Chincoteague 0.96 1.19 1.72
NA NA NA NA
Chesapeake Bay 1.27 1.58 2.30
James River 0.98 1.20 1.71
Mouth of Rappahanoc 1.63 2.00 2.86
Mouth of Potomac 1.05 1.31 1.91
Potomac River 1.07 1.33 1.93
Mouth of Severn 1.07 1.43 2.27
Chesapeake Bay 1.28 1.68 2.61
Chesapeake Bay 1.40 1.76 2.60
Entrance to C&D Canal 1.07 1.37 2.07
Susquehanna 1.01 1.26 1.84
Chesapeake Bay 0.93 1.19 1.79
Eastern Bay 0.71 0.86 1.21
Tred Avon River 0.64 0.79 1.14
Holland Straits 1.00 1.21 1.70
Tangier Sound 0.92 1.1 1.55
Pocomoke Sound 1.79 2.25 3.32
Chesapeake Bay 1.73 2.08 2.89
Mouth of Bay 0.99 1.16 1.55
Paramore Island 1.46 1.90 2.92
Chincoteague NA NA NA
Ocean City NA NA NA

*The ADCIRC surge estimates were developed by fitting an extreme value probability distribution to
peak storm surges from ADCIRC simulations of 108 years of historic hurricane conditions.
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