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EXECUTIVE SUMMARY

In an effort to provide quality data and information on a national level, the Center for Operational
Oceanographic Products and Services is assessing the National Ocean Service's tidal current
program. Theintent of thisdocument isto set guidelinesfor future current surveysinorder to update
the U.S. reference stations in the Tidal Current Tables and to identify areas where rea-time
monitoring of currents may be appropriate. The assessment of the Tidal Current Tablesis based on
astudy of the 1) age, instrumentation, and duration of data coverage, 2) commercial importance of the
region, and 3) tidal and nontidal dynamics of coastal areas. A method of using data from long term
water level gtations to characterize the importance of nontidal variance at tidal current reference
stationsisdevel oped. Based ontheseresults, recommendationsare madefor updating ol der reference
stations and creating new reference stations. Potential locations for real-time current monitoring by
Physical Oceanographic Real-Time Sysems (PORTS™) are identified. In addition to real-time
current data, PORTS™ provides other critical navigational informationsuch aswater level, density,
and meteorological data.

Inview of the correl ation between the factors of age, instrumentation, and length of observations, the
Center for Operational Oceanographic Products and Services recommends updating thirteen of the
existing tidal current reference stations where observations were collected with poles and floats
before 1950, and updating twelve additional stations where data of short duration were collected
between 1942 and 1985. Three existing reference stations have significant nontidal variability and
are recommended for real-time monitoring of currents based on the economicimportance of the ports
they serve. Thirteen portswithout tidal current reference stations, wherevessel traffic and commerce
exceed 10 milliontons, are eval uated and recommended for anew tidal current reference station. The
installation of areal-time current monitoring system is recommended at seven of these ports.






1. INTRODUCTION

The Center for Operational Oceanographic Productsand Services(CO-OPS) providesthepublicwith
coastal oceanographic information necessary to support the National Oceanic and Atmospheric
Administration’ s environmental assessment and prediction mission, inparticular the strategic goal to
promote safe navigation. The Center increases the efficiency of the maritime industry and the safe
use of U.S. ports by providing tidal predictions, real-time water level and current observations, and
forecasts. Operational water level and current information are important i n assisting environmental
preservation and restoration, and for monitoring, evaluating, and predicting hazardous spill response
needs, effects of sealevel riseincoastal regions, and risks associated with stormsurgesand tsunamis.

1.1 Tidal Current Predictions

Professional mariners and ship operators of all propelled vessels of 1600 gross tons or more are
required by the Code of Federal Regulation (33 CFR Chapter 1, 7/1/91 Edition, U.S. Coast Guard,
DOT '164.01 and '164.33) to carry the current editionof the Tide Tables and the Tidal Current Tables
published by the National Ocean Service (or its equivalent) when operating their vessel in navigable
waters of the United States, except in the St. Lawrence Seaway. The Tables predict the daily
magnitude and timing of high and low waters, maximum floods, maxinum ebbs, and slacks for a
limited number of representative stations knownas reference stations. Predictions at theselocations
arethebasisfor predictions at thousands of subordinate stations through the use of scaling factorsand
time differences. These parameters are printed in the Tables and it is up to the user to apply them
properly to daily predictions at the appropriate reference stations. It isclearly evident that all tidal
predictions depend on the quality of the predictions at the reference stations.

1.2 NOS Responsibilities

The evolution of NOS began with The Organic Act of February 10, 1807 (2 Stat, 413), a
Congressiona Actwhich established the Survey of the Coast (later to be known asthe Coast Survey,
the Coast and Geodetic Survey, and finaly, in 1970, the National Ocean Service). The study,
collection, and dissemination of water level and current observations and predictions have remained
aprimary focus. Thefirst Tide Tableswere published in 1867, and by 1890tidal current predictions
were introduced for New Y ork Harbor and vicinity. The two volumes of the Tidal Current Tables
for the Atlantic Coast and the Pacific Coast of North Americawere first published separately from
the Tide Tablesin 1923.

NOSis statutorily authorized to collect, analyze, and disseminate data ontides and currents pursuant
to the 33rd United States Code, Sections 883a - 883f established under the auspices of the Act of
August 6, 1947 (61, Stat, 787). Specifically, 33 USC 883a authorizes NOS to conduct hydrographic
surveys, water level and current observations, geomagnetic, seismological, gravity, and related
geophysical measurements and investigations, and observations for the determination of | atitude and
longitude. In addition, 33 USC 883b authorizes NOS to analyze and predict tides and currents, and
to process and publish data information, compilations, and reports. A bibliography of tidal current
survey technical reports published since the establishment of NOAA in 1970 has been compiled in



Appendix A. Thesereports provide detailed information about the current survey data collected and
the subsequent data analyses carried out.

The mission of NOS' recently-established Center for Operational Oceanographic Products and
Servicesisto providethenationa infrastructure, and the scientific and technical expertise to monitor,
assess, and distribute tide, current, water level, and other coastal oceanographi c productsand services
necessary to support NOAA’s mission. An important aspect of this mission is promoting safe
navigationand improving the efficiency of the maritime industry and the economic productivity of U.S.
ports by providing real-time water level and current observations, predictions, forecasts, and other
coastal oceanographic information.

The 105" U.S. Congress passed H.R. 3461 onMarch 12, 1998, approving a governing international
fishery agreement between the United States and the Republic of Poland. This House of
Representatives bill, which became Public Law 105-384 on November 18, 1998, authorizes
appropriations for conducting tide and current measurements under the Act of 1947 for fiscal years
1999 through 2002. CO-OPSisauthorized to implement and operate a national quality control system
for rea-time tide and current data, and to design and install real-time tide and current data
measurement systems under section 303(b)(4).

In support of CO-OPS mission, tidal current reference dtations are being updated by the
implementationof shorttermcurrent surveysor the installation of Physical Oceanographic Real-Time
Systems (PORTS™). PORTS™ is adecision support tool whichimprovesthe safety and efficiency
of maritime commerce and coastal resource management through the integration of real-time
environmental observations, forecasts, and other geospatial information. PORTS™ collects and
disseminates observations and predictions of water levels, currents, temperature, salinity, and
meteorological parameters (winds, atmospheric pressure, visibility, etc.) needed by the mariner to
navigate safely. PORTS™ has been built upon CO-OPS' red-time water level measurement
capabilities by adding incremental improvements to field systems, sensor capabilities,
communications, informationsystems, and operational proceduresto ensurethatthefull value of NOS
capabilitiesisrealized by the marine transportation community and other users requiring operational
oceanographicinformation[ NOS 1998]. Although PORTS™ hasbeendevel oped by NOS and aneed
for real-time current datamay be identified inthis document, the fundingfor installationand operation
of aPORTS™ remains the responsibility of the local maritime community.

1.3 Objectives

In the past, NOS has relied upon input from local marine pilots associations, harbor officials,
commercia shipping companies, and state and local marine managersto assist in selecting estuaries
that require updated tidal current predictions or real-time current monitoring for increased
navigational safety. This report is intended to provide a basis for evaluating these requests by
identifying potential sites based on new current survey priorities that depend on shipping activity,
economic value of cargo, and increasing vessel traffic and tonnage.

The objectives of this study are three-fold: 1) assess the quality of the reference station predictions
in the NOS Tidal Current Tables, 2) prioritize the NOS tidal current reference stations based on



economic and commercial importance of the ports they serve, and 3) characterize the tidal and
nontidal dynamicsof U.S. coastal areas. Thisevaluationwill determinewhichtidal current reference
stations should be updated, suggest locations for new tidal current reference stations, and indicate
where real-time monitoring of currents would contribute to increased navigational safety. This
document does not assess the accuracy of predictions at subordinate stations referenced to the tidal
current reference stations. The assessment of the subordinate stations may be performed at a future
time.

This report begins with athorough review of the existing tidal current reference station information
in Section 2. Shipping tonnage statistics for major U.S. coastal ports are associated with an
appropriate tidal current reference station and are discussed in Section 3. Section 4 includes the
harmonic analysis of long term water level stations in order to characterize the tidal and nontidal
dynamicsinthevicinity of tidal current reference stations. Recommendationsfor updating predictions
atexistingtidal current reference stations and creating new ones are presented in Section5, longwith
adiscussion of locations where nontidal dynamicsare important and real-time current observations
may be needed.






2. REVIEW OF TIDAL CURRENT REFERENCE STATIONS

The published NOS Tidal Current Tables are presented inthe same format as the NOS Tide Tables.
A limited number of stations knownas reference stations have daily predicted times of floods, ebbs,
and dlacks and maximum current at floods and ebbs printed in a section known as “Table 1". The
established tidal current constituents that are used to make these predictions should be based on the
highest quality data available. Most tidal current predictions are based on data sets that would be
considered inadequate for making tidal water level predictions. Historically, due to technological,
logistical, and resource limitations, current measurements are of a shorter duration than water level
measurements. Thelong term continuousoperation of the National Water L evel Observation Network
(NWLON) stations, resultsin tidal water level constituents that are better resolved and more up to
date than the tidal current constituents.

The tidal constituents are obtained by a process known as harmonic analysis. For short periods, a
Fourier harmonic analysis is carried out [Dennis and Long, 1971]. Either a 15-day or a 29-day
period of continuous data can be analyzed. The 15-day analysisresultsin 9 computed tidal current
congtituents and 15 constituents inferred fromthe computed constituents. The 29-day analysisresults
in 10 computed congtituents and 14 inferred constituents. For longer sets of data, a least squares
harmonic analysisisemployed. A year of observations can be used to accurately resolve 32 of the
37 standard tidal constituents used by NOS for making predi ctions, although good results can often be
obtained with only six months of data[Zervas, 1999]. With smaller data sets, either aleast squares
harmonic analysisfor fewer congtituents may be used or resultsfromseveral 29-day Fourier harmonic
analyses may be averaged together.

For alarger group of tidal current stations called subordinate stations, predicted floods, ebbs, and
dacks are calculated by the user fromthe “Table 1" predictions with time differences and speed
ratios. Theseconstantsarelistedinasection of the Tidal Current Tablesknown as® Table2". “Table
2" alsoindicatesto whichtidal current reference station to apply these constants. The constants are
obtained by a nonharmonic analysiswhich compares a short period of data at the subordinate station
with observations or predictions for the same period at the reference station. The amount of
subordinate station data used is usually less than 15 days and in some cases as little as 1 day.
Deciding which reference station to use for a subordinate station is a subjective decision usually
based on proximity and similarity in the shapes of the tidal current curves.

Datafrom tidal current reference stations are the source for computing accepted vaues of harmonic
and nonharmonic constants essential to daily tidal current predictions. Existing tidal current
predictions are presently based onlimited data sets fromreference stations that date as early as 1901
(North Inian Pass). Reference station name, location, year the data were obtained, length of time
series, type of instrument used, and number of secondary stations associated with each reference
station are summarized in Appendix B. The data from these stations serve as the control for the
reduction of short time seriesfromsubordinate current stations through comparison of s multaneous
observations. Historically, reference stations require a minimum of 15 days of continuous velocity
observations for harmonic analysi sfromwhich subordinate stations predictions canbe computed with
time differences and speed ratios. Longer time series improve predictions at reference stations by
separating similar harmonic constituent frequencies.



A map showing existing tidal current reference stations in the United Statesillustrates the limitations
of the predictions based on age and length of observations (Figure 1). The tidal current reference
stations outside of the United States are not evaluated in this document.
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Figurel. Tidal current reference stations of the United States categorized by duration of
observations with the year of data acquisition in brackets.

2.1 Geographical Coverage

There are some noticeable geographical gaps between tidal current reference stations along the U.S.
coastline. The most noticeable gaps aong the Atlantic Coast are between Chesapeake Bay Entrance
and Charleston Harbor Entrance and the Florida coast between St. Johns River Entrance and Miami

Harbor Entrance. Geographical gaps along the Gulf Coast exist between Tampa Bay Entrance and
M obile Bay Entranceand fromM obile Bay Entrance to Gal veston Bay Entrance. The most noticeable
gaps along the Pacific Coast are between San Diego Bay Entrance and San Francisco Bay Entrance
and between San Francisco Bay Entrance and Grays Harbor Entrance. Thereisalarge geographical

gap intidal current reference stations aong the southern coast of Alaska and Hawaii has no tidal

current reference station.



For “Table 2" purposes, the subordinate stationdata coll ected in these gaps had to be associated with
adistant referencestationwith similar tidal characteristics. The subordinate stations along the North
Carolinacoast are al referenced to Charleston Harbor Entrance. The east Florida coast (with the
exception of . Johns River) is referenced to Miami Harbor Entrance. Most of the Gulf coast of
Florida (excluding Pensacola) is referenced to TampaBay Entrance. The Louisianacoast isdivided
between Mobile Bay Entrance and Galveston Bay Entrance.

All the subordinate stations along the California coast north of San Diego are referenced to San
Francisco Bay Entrance. Many of the subordinate stations along the Oregon coastline are referenced
to the reference station at Wrangell Narrows in Alaska, athough the Columbia River stations are
referenced to Grays Harbor Entrance. The subordinate stations along the southern coast of Alaskaare
referenced to the three reference stations in southeastern Alaska. The Hawaiian Islands have no
regional tidal current referencestation. All of theHawaiian subordinate stationsarereferenced to San
Diego Bay Entrance.

2.2 Characteristics of the Tidal Current Constituents

The tidal constituents for the 41 tidal current reference stations were developed at different times
based on varying lengths of data collected with a variety of current-measuring instruments. These
congtituents are used to produce the daily predictionsin the Tidal Current Tablesevery year. Table
lisalistof propertiesfor each of thetidal current reference stations which can be used to compare
and contrast the predicted tidal currents.

The number of constituents used to make tidal current predictions varies between 8 for the Canadian
station, Bay of Fundy Entrance, and 33 for Charleston Harbor Entrance. Predictions for the Bay of
Fundy Entrance are provided by the Canadian Hydrographic Service and it isincluded in this study
because 135 U.S. subordinate stations are referenced to it. If the Fourier harmonic analysis program,
which requires 29 continuous days of data, was used to derive the tidal constituents, a maximum of
24 congtituents could be obtained. (Ten constituents are calculated and 14 constituents are inferred.)

Smaller condtituents were often zeroed out. For example, at a number of stations, calculated
congtituents lessthan0.03 knots and inferred constituentslessthan0.01 knotswere del eted (A ppendix
B). When the least squares harmonic analysis program is applied to data sets longer than 29 days,
moreof the 37 standard tidal constituents used by NOSfor tidal predictions canbeobtained. Thefive
long-termconstituents (semimonthly, monthly, semiannual, and annual periods) are unreliablewithout
multiple year data sets and are usually zeroed out for tidal current stations. These five congtituents,
while often important for tide predictions, are usually not significant for tidal current predictions.



Table 1. Tidal Current Constituent Properties

Entrance, FL

10

Reference Station Numbgr of Number of MFC MEC Permanent Tidal Tidal

Name Subordinate Constituents Speed | Speed Current Ratio | Classification
Stations (knots) | (knots) (knots)

Bay of Fundy Entrance

(Canada) 135 8 2.3 2.4 -0.041 0.09 S

Portsmouth Harbor

Entrance, NH 82 13 1.2 1.8 -0.300 0.11 S

Boston Harbor, MA 153 13 1.1 1.2 -0.280 0.15 S

Cape Cod Canal, MA 16 17 4.0 45 0.000 0.10 S

m'“k Rip Channel, 115 16 2.0 18 0150 | 0.08 S

The Race, NY 155 22 2.7 3.0 -0.105 0.09 S

Throgs Neck, NY 16 21 1.0 0.6 0.035 0.04 S

Hell Gate, NY 33 20 3.4 4.6 -0.600 0.04 S

The Narrows, New York 77 17 17 2.0 0200 | 0.14 s

Harbor, NY

Delaware Bay

Entrance, DE 92 28 1.4 1.3 0.000 0.16 S

Chesapeake Bay

Entrance, VA 247 32 0.8 1.2 -0.175 0.20 S

Baltimore Harbor

Approach, MD 155 12 0.8 0.8 0.000 0.46 MMS

Chesapeake &

Delaware Canal, MD 8 22 2.0 1.9 0.000 0.44 MMS

Charleston Harbor 227 33 17 20 0217 | 011 S

Entrance, SC

Savannah River

Entrance, GA 124 15 1.6 2.6 -0.450 0.10 S

St Johns River

Entrance, FL 17 18 1.9 2.3 -0.350 0.17 S

Miami Harbor

Entrance, FL 45 24 1.8 1.6 0.051 0.10 S

Key West, FL 18 16 1.0 1.7 -0.360 0.22 S

lﬁmpa Bay Entrance, 54 29 13 13 0037 | 0.80 MMS

Sunshine Skyway 0 28 13 11 0106 | 0.74 MMS

Bridge, FL

Old Tampa Bay 16 29 1.0 0.9 0.038 | 0.65 MMS




Reference Station Numbgr of Number of MFC MEC | Permanent Tidal Tidal
Name Subordinate Constituents Speed | Speed Current Ratio | Classification
Stations (knots) | (knots) (knots)
X'fb"e Bay Entrance, 14 15 14 15 0000 | 186 D
Galveston Bay
Entrance, TX 21 19 1.7 2.3 -0.250 1.76 MMD
Aransas Pass, TX 3 24 1.6 1.5 0.320 4.55 D
San Diego Bay 27 16 1.2 15 0090 | 036 MMS
Entrance, CA
San Francisco Bay 136 20 2.9 3.4 0200 | 038 MMS
Entrance, CA
Carquinez Strait, CA 57 29 2.1 2.2 -0.138 0.51 MMS
\(,:"Vr :ys Harbor Entrance, 44 20 1.9 28 0300 | 0.30 MMS
Strait of Juan de Fuca
Entrance, WA 1 14 0.6 15 -0.500 0.53 MMS
Admiralty Inlet, WA 75 17 1.6 2.6 -0.500 0.53 MMS
The Narrows Puget
Sound, WA 31 20 3.2 2.8 0.000 0.44 MMS
Deception Pass, WA 4 17 5.2 6.6 -0.650 0.29 MMS
Rosario Strait, WA 46 20 1.1 1.9 -0.400 0.70 MMS
San Juan Channel, WA 13 21 2.6 2.6 -0.050 0.50 MMS
Wrangell Narrows, AK 345 21 37 34 0.000 0.16 S
Sergius Narrows, AK 62 18 5.9 55 0.200 0.06 S
North Inian Pass, AK 28 21 2.9 51 -1.400 0.17 S
Isanotski Strait, AK 11 18 3.6 2.8 0.400 0.36 MMS
Unimak Pass, AK 35 20 34 3.0 0.500 0.72 MMS
Akutan Pass, AK 7 21 5.8 5.3 0.200 0.56 MMS
Kvichak Bay, AK 39 17 2.5 2.5 -0.300 0.29 MMS

S = Semidiurnal, M M S = Mixed Mainly Semidiurnal, M M D = Mixed Mainly Diurnal, D = Diurnal

The maximum flood currents (MFC) and maximum ebb currents (MEC), shownin Table 1, are the
average of the greatest speeds during a flood or an ebb period. They provide an estimate of the
srength of current at the reference stations which were usually chosen to be located where the
strongest currents inabay or estuary could be measured. The volume of water that must passagiven
point in a bay or estuary is equal to the tidal prism above that location. The tidal prism is
approximately the area of the bay multiplied by the mean tidal range of the bay. Tidal currents will
be proportional to thetidal prismandinversely proportional to the cross sectional area through which

11




the volume of water must pass. The strongest currents (> 5 knots) occur in narrow channels or
channels through which large volumes of water must pass (Deception Pass, Sergius Narrows, and
Akutan Pass). The weakest currents (< 1 knot) occur in wide or deep channels (Chesapeake Bay
Entrance and Strait of Juan de Fuca Entrance) or at some distance from the ocean (Throgs Neck,
Baltimore Harbor Approach, and Old Tampa Bay Entrance).

The permanent current in Table 1 is a unchanging current in the flood (positive) or ebb (negative)
direction that is always assumed to be present when making tidal current predictions. It is obtained
fromthe mean current measured during the deployment of the instrument. A permanent ebb current is
commonly found in river estuaries. There are 24 reference stations which have permanent ebb
currents, with the strongest at North Inian Pass (1.4 knots); all the other permanent ebb currents are
lessthan 0.65 knots. Seven reference stations have zero for their permanent current. Tenreference
stations have permanent flood currents. A permanent flood current is often driven by thermohaline
circulationbetweenfreshriver water and salty oceanwater. However, the strongest permanent flood
current, at Unimak Pass (0.5 knots), is due to the exchange of water between the Pacific Ocean and
the Bering Sea.

The accuracy of the permanent currents are dependent on the length of the data sets used to obtain
them. A shorter deployment is less likely to give an accurate permanent current especialy if there
were anomalous river flow conditions at the time. Permanent currents can vary substantialy with
depth in the water column or with location in a channel. The presence of a strong permanent current
affects the speeds of maximum flood and maximum ebb and the timing of the dlacks. The reference
stations where the permanent current is the greatest percentage of the average tidal current amplitude
include the Strait of Juan de Fuca Entrance (48%) and North Inian Pass (35%). Therewerelessthan
3 days of current observations at these stations. All the other permanent currents are less than 27%
of the average tidal current amplitude.

The tidal ratio as defined by Defant [1961] is a ratio of the amplitudes of the largest diurnal
condtituents (K, + O,) to the largest semidiurna constituents (M, + S,), classifying tides as
semidiurnal (< 0.25), mixed mainly semidiurnal (0.25 - 1.5), mixed mainly diurnal (1.5 - 3.0), or
diurnal (> 3.0). A subordinate station should be associated with areference station that hasasimilar
tidal ratio. Table 1 identifies each of the reference station’stidal characteristics based on the tidal
ratio. All of the east coast of the U.S. is semidiurnal with the exception of Baltimore Harbor
Approach and Chesapeake & Delaware Canal, which are mixed mainly semidiurnal. Incontrast, the
Gulf of Mexico coast changes from semidiurnal to mixed mainly semidiurnal to diurnal to mixed
mainly diurnal and back to diurnal, proceeding from Key West, FL to Aransas Pass, TX. All of the
reference stations in California and Washington are mixed mainly semidiurnal. In Alaska, the
southeastern stations are semidiurna while the southwestern stations are mixed mainly semidiurnal.

2.3 Age of Data

Historical information for the 41 tidal current reference stations reveals the age of the observations
used to derive the tidal congtituents (Figure 1 and Appendix B). Tidal current predictions based on
theseobservations are used to infer tidal currents at 2784 subordinate stations. Review of theNOAA
tidal current reference station records showsthat 20 of the 41 stations are based on data more than 50
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years old, most of them derived from current pole or Zeskind float measurements (see section 2.4).
The most recently acquired data were obtained by revisiting reference stations as requested by local
pilots associations and harbor officials to update the tidal current predictions. Seven reference
stations have been updated or added in the last 11 years with acoustic Doppler current profiler
(ADCP) data. A completesummary of information for eachtidal current reference stationispresented
in Appendix B.

The Atlantic Coast has 17 tidal current reference stations. The average age of the data is 38 years
ranging from 1926 to 1989. There are 1697 (61% of the total) subordinate stations referenced to the
Atlantic Coast reference stations. The most recently acquired data (1989) were used to update the
Tidal Current Tables at Throgs Neck, and The Race, Long Iand Sound. The reference station at
Charleston Harbor Entrance was al so recently updated with data collected in 1987 and 1988. (Since
this assessment, NOS has updated Savannah River Entrance and St. Johns River Entrance with new
tidal congtituents.)

The Gulf Coast has 7 tidal current reference stations. The average age of the observationsis29 years
ranging from 1935 to 1991. There are only 126 subordinate stations (4.5% of the total) referenced
to the Gulf Coast reference stations. Predictions at four of the seven tidal current reference stations
have been updated inthe last eight years. The Galveston Bay Entrance predictions, which are based
on data acquired in 1935, will be updated with PORTS™ data, and should appear in the year 2000
Tidal Current Tables.

The Pacific Coast has 17 tidal current reference stationsincluding 7 in Alaska. The average age of
the observationsis 55 yearsranging from1923 to 1980. There are 961 subordinate stations (34.5%
of the total) referenced to the Pacific Coast reference stations. The most recent reference station is
Carquinez Strait, first used in the 1989 Tidal Current Tables based on data from 1980. The most
recent data used for an Alaskan reference stationis six days of data from1952 for Sergius Narrows.
Although the reference station at San Francisco Bay Entrance is based on data from 1923 and 1930,
thebay is monitored by PORTS™ and real-time dataareavailable. New San Francisco Bay Entrance
predictions based on PORTS™ datawill appear in the Year 2000 Tidal Current Tables.

2.4 Instrumentation

There is adirect correlation between the age of the tidal current reference station and the type of
instrument used to col | ect the observed data. Data collected fromthe early 1920s through much of the
1940s were of short duration using fixed-depth poles or Zeskind floats. Floatswere used in narrow
passages where the current was too swift to anchor aboat. Floatswere either dropped from shore or
upstream by boat and ranges were monitored by observers with stop watches [C&GS 1950]. This
type of measurement did not record direction and allowed for awide margin of error.

The current pole and log line were the simplest form of apparatus used to measure observed surface
current speed and direction. It consisted of a 15-foot pole weighted at the |ower end to float upright
with the top about afoot out of the water [C&GS 1950]. Thelog line was attached to the pole and
reeled out fromamounted stand. Thelinewas graduated to reflect the vel ocity of the current in tenths
of knots which was indicated by the amount of line carried out by the current pole in a specified
interval of time. A full minute of recording current speed was measured using astop watch noting the
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reference point (beginning mark on thelogline). In strong currents, a 30-second run wasused. The
| ongest record of current pole observations was 748 days at Stonehorse Lightship in Pollock Rip
Channd (August 6, 1934 through August 31, 1936). However, most current pole observations were
for much shorter periods with only five reference stations having enough continuous data to allow a
29-day harmonic analysis.

Roberts Radio Current M eterswere designed by Capt. Elliott Roberts of C& GSand used with success
fromthe 1940s through the mid-1960s. The advantage of the Roberts Current Meter over the poleand
log line was that it could be operated remotely from an anchored buoy and the length of data
measurement was limited only by the life of the batteries. The buoy housed a radio transmitter,
complete with batteries, electrically attached to the current meter and an above-water antenna. The
current meter had arotatingimpeller connected to amagnetic devicethat madeand broke contactwhen
actuated by the current. The devices were arranged so that when the instrument was heading south,
both contacts occurred s multaneoudy. Whenthemeter headedin any other direction, thetimerelation
between the two sets of contacts changed with the meter heading. This time relation served as a
measure of the direction of the current. The current speed was recorded as a number of seconds
between contacts and transmitted by radio signals to a receiving station chronometer. The
corresponding velocity was taken from a rating table prepared from the calibration of the meter
[C&GS 1950]. Instrument accuracy was plus or minus 0.1 knot for current speed and plus or minus
5 degreesfor direction [Long, 1978].

Instrumentation used within the last 30 years have increasingly improved measurement accuracy.
Current direction, speed, temperature, time, conductivity, and depth data were collected with the
Grundy 9021G current meters between the mid-1970s and the mid-1980s. The nearly 5-foot long
meter recorded data on an internal magnetic tape while attached to a taut line mooring secured at a
specified depth from the surface. The Roberts-type rotor speed sensor was oriented into the current
by a20-inchlongfin. The speed was measured by the number of rotations of the rotor averaged over
a 10-minute sampling period. Current direction was measured instantaneoudly at the end of the rotor
count by comparing direction with that of magnetic north from a gimbaled magnetic compass. A
continuoudly running crystal oscillator ensured that the programming of sensors, sampling rate, and
tape motor speed were consi stent throughout the deployment [ Browne, 1983]. Thereported accuracy
of the Grundy 9021G current meter was 2 cm/s [Klavans, 1986].

Current speed, direction, temperature, pressure, conductivity, and time data were collected duringthe
1970s and 1980s using the Aanderaa RCM4 current meters. The speed was cal culated by averaging
the number of rotations of the rotor over a 10-minute interval and direction recorded was an
instantaneous value. The length of the current meter was nearly 4.5 feet in its entirety with a 3-foot
long vane which oriented the meter to the prevailing current direction. Aswith the Grundy, datawere
internally recorded onmagnetictape. The AanderaaRCM4 current metershad atheoretical accuracy
of lessthan 1.5 cm/s.

The General Oceanics Niskin winged current meter (Model 6011 Mark 11), which was deployed in
Miami Harbor in 1985, used atilt sensor (aforce balance inclinometer) to measure the angle of tilt
and three orthogonally mounted flux-gate sensors which acted as a solid state compass to measure
direction. Theangle of tilt varied with the speed of the current; the greater the current the greater the
angle of tilt. The instrument was fitted with a winged stabilizer that oriented the instrument in the
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direction of current flow. The data and time stamp were recorded on a Philips type magnetic tape
cassette. Speed could be determined directly fromtheangleof tilt. A calibration curvefor each style
of wing showed the relation between speed and tilt angle. The current direction was derived from
readings of the three orthogonal sensors. Manufacturer-stated accuracy for instrument tilt was 0.5
degree, current directionsensorshad a2-degree accuracy, and current speed was plus or minus 1 cm/s
at the 1-knot range [General Oceanics, 1984].

The most recent current metersin use by NOS are ADCPswhich use acoustic rather than mechanical
technology. Most of the water column can be profiled with an ADCP whether it is deployed on the
bottomor towed fromthe surface. Thedatacan bedisseminated by radio transmitter inreal time. The
ADCP velocity data has along term accuracy bias of 0.5 percent of the measured velocity, plus or
minus 0.5 cm/s [RD Instruments, 1992].

Eighteen (or 44%) of the 41 reference stations are based oncurrent poleor Zeskind float data. A total
of 1117 subordinate stations (40% of the total) are referenced to tidal current reference stations based
on current pole or Zeskind float data. PORTS™ current meters are in operation near two of those
stations, Galveston Bay Entrance and San Francisco Bay Entrance. NOS plans to update their tidal
congtituents in the 2000 NOS Tidal Current Tables.

2.5 Duration of Measurement

The daily predictions published in the NOS Tidal Current Tables are based on current data which
variesin length from 2 days (North Inian Pass and Strait of Juan de Fuca) to 748 days (Pollock Rip
Channdl). A tidal current reference station needs a minimum of 15 days of continuous velocity
observations in order to compute tidal current constituents by harmonic analysis. Predictions based
on longer data sets can resolve more constituents and provide a closer match to the observed
astronomical tidal curves. The more recently acquired data are of longer duration due to advances
in instrument technology.

As indicated in Appendix B, predictions at three reference stations have been inferred from water
level data. These stations are San Francisco Bay Entrance (1923), Wrangell Narrows (1925), and
North Inian Pass (1925). This was done for older stations where only limited current data were
availablebut atidal current reference station was needed. The constituents of a nearby water level
stationwere adjusted in amplitude and phasetofitthelimited current data avail able usngaprocedure
known as harmonic comparison described inthe Manua of Current Observations [C&GS, 1950]. A
similar method was used to obtain congtituents for the Strait of Juan de Fuca Entrance, by using
congtituents of another tidal current station (Admiralty Inlet) that were adjusted in amplitude and
phase.

Six other tidal current reference stationsare hydraulic current stations (Appendix B) which arelocated
in channels with different tidal driving forces at both ends of the channel. Thetidesat both entrances
may have different ranges and/or phases. The current in the channel is based on the difference in
water levels between the entrances. A limited amount of current data collected in the channel was
thenused to adjust the tidal constituents obtained from the water level difference. Thesix hydraulic
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reference stations are Cape Cod Canal (1956), Chesapeake and Delaware Canal (1937-38), Hell Gate
(1932), Deception Pass (1925), Sergius Narrows (1952), and Isanotski Strait (1940).

Of thetidal current reference stations, 15 (37%) are based on less than 29 days of data (Figure 1)
includingall 7 Alaskanreference stations. Eight tidal current reference station predictions are based
on lessthan 15 days of data. Seven stations have predictions based on 15 days to 28 days of data.
Of all U.S. subordinate stations, 942 (34%) are referenced to tidal current reference station
predictions based on less than 29 days of current data.

Improvements i ninstrument technol ogy haveallowed NOSto obtainlonger time series and to resolve
moreharmonic congtituents. Twel vetidal current reference stations (29%) are based ondataacquired
within the last 30 years with an average of 227 days of Grundy 9021G, Aanderaa RCM4, or ADCP
measurements (Figure 1). Dataacquired withinthelast 10 yearsare based on an average of 211 days
of ADCP data
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3. VESSEL TRAFFIC AND COMMERCIAL ACTIVITY

PORTS™ is designed to provide real-time currents, water levels, salinity, temperatures, and wind
conditions which are critical factors for the safe navigation of ships. At the sametime, thered-time
water level, salinity, and temperatureinformationprovided by PORTS™ all ows shipping companies
to better plan the loading and lightering of vessels transiting the port. The oceanographic
measurements collected by PORTS™ are available to coastal managers to monitor salinity and
temperature conditions in the estuary and in devel oping plans for hazardous materials spill response.
Presently, PORTS™ are located in San Francisco Bay, TampaBay, New Y ork Harbor, Galveston

Bay, and Chesapeake Bay.

Trendsin vessel transit statistics show that U.S. commercial waterways are increasingly congested
with larger deep-draft vessels. Asshown in Figure 2, vessel draft hasdramatically increased since
the mid-nineteenth century. In conjunction with this trend, there is an increasing need for real-time
water level and current data to maximize use of channel depths, to prevent costly delays in offloading
cargo, and for hazardous spill response [NOAA, 1995].

;;;;;;;;

Figure 2. Changesin vessel draft [NOAA, 1999)].

If predicted currents are inaccurate due to long term changes in channel bathymetry and repeated
dredging activity, the incidence of hazardous spills may increase and impact more estuaries and
sensitive environments.  Spill response and cleanup can be hindered by inadequate current
predictions.

Recent oil spillsin Texas, Delaware, Alaska, and Rhode Island indicate that the safe transportation
of crudeoil is a national concern [U.S Coast Guard, 1998]. Petroleum products and organic and
inorgani c chemical stransported as bulk cargo pose the greatest threat to the environment during aspill
situationor vessel accident. Historical data suggeststhat an oil tanker spill can be 5 timeslarger than
one from other vessel types [U.S Coast Guard, 1998]. It is especialy significant when these
hazardous spills occur inhightraffic areas suchas Louisiana, Texas, and Alaska. Qil tanker transits
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in and out of the major Pacific coast ports in 1989, for example, represented about 18% of all
deep-draft cargo-carrying vessel swith drafts greater than19feet[U.S. Coast Guard, 1998]. The 1989
Waterborne Commerce data show that the percentage of oil tanker transits varied from 28% for San
Francisco Bay, to less than 7% for the Columbia River.

The waterborne tonnage val ues presented in thisreport are based onthe 1995 Waterborne Commerce
statistics of the U.S. Corps of Engineers. [U. S. Army Corps of Engineers, 1997]. Appendix C
presents the total tonnage (ranked from high to low) categorized as domestic, foreign, import and
export tonnage at all the mgjor U.S. coastal ports. Appendix D groups the total tonnage for coastal
ports with the associated tidal current reference station (or stations) for each port. If aport does not
contain areference station, it is associated with the reference station for the subordinate stationsin
that port. Some of thetidal current reference stations have no total tonnage reported becausethey are
not associated with amajor coastal port, although substantial vessel traffic may pass nearby enroute
to amajor port (e.g., Strait of Juan de FucaEntrance). (Note that Chesapeake Bay Entrance does not
include Baltimore tonnage and Admiralty Inlet does not include Tacoma tonnage.) The reference
stations in the Aleutian Islands are not associated with a major port but are of significant economic
importance due to the regional fishing industry.

3.1 Type of Tonnage

Cargo isclassified as bulk (liquid and dry), container, general and breakbulk [U. S. Army Cor ps of
Engineers, 1997]. Someexamplesof bulk cargo are petroleum products (crude petroleum, oil), coal,
coke, iron, or steel scrap, and liquid bulk (organic and inorganic chemicals, vegetabledils, jet fuel).
Container cargo may include agri-products, automobiles, and manufactured equipment and machinery.
Examples of breakbulk cargo are stedl, fruit, lumber, meat, motor vehicles, wood products,
paper/pulp, and cocoa beans. Genera cargo could include anything not covered in the other
categories and varies from port to port depending upon the type of traffic (domestic or foreign).

Domestic commerceis considered coastal whenavessel transits an ocean or the Gulf of Mexico (e.g.
New Orleansto Baltimore, New Y ork to Puerto Rico, San Francisco to Hawaii, Alaskato Hawaii).
Domestic traffic is considered interna when vessel movements take place solely on inland
waterways. An inland waterway (e.g. San Francisco Bay, Puget Sound, Delaware Bay and
Chesapeake Bay) is one geographically located within the boundaries of the contiguous 48 states or
within the boundaries of Alaska. The statistics presented in this section and in Appendices C and D
do notincludebarge or tug tonnage through the intercoastal waterways nor do they includecruiseliner
traffic, military cargo moved in Department of Defense vessels, cargo carried on general ferries, or
coal and petroleumproducts|oaded fromshorefacilities directly into bunkers of vessel sfor fuel. The
cargo does include fish landing data as internal and intraport domestic traffic. Intraport traffic is
movement within a single port whether it has one or more arms or channels. It does not include car
or general ferries. Thisreport doesnot include discussion of the Great L akes portsor theinland river
ports on the Ohio or Mississippi rivers.
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3.2 Total Tonnage

The total tonnage statistical datain Appendix Cis presented inmap forminFigure3. Therearethree
major portswheretotal 1995 tonnage exceeded 100 milliontons. The Port of South Louisiana, LA had
the greatest tonnage (204.5 million tons) followed by Houston, TX (135 milliontons) and New Y ork,
NY (119 million tons). Of the twelve ports with total tonnage greater than 50 million tons, nine are
onthe Gulf of Mexico. The other three are New York, NY, Vadez, AK, and Long Beach, CA. The
largest port in Alaska is Valdez (81 million tons) and the largest port in Hawaii is Honolulu (11.5
million tons).

The total tonnage grouped by tidal current reference stationin Appendix D is displayed asabar chart
in Figure4. This providesameasure of the relative importance of individual tidal current reference
station predictions for U.S. commercia shipping. Two Gulf Coast reference stations alone (Mobile
Bay Entrance and Galveston Bay Entrance) account for 46% of the total U.S. tonnage. The Gulf Coast
tonnage (997 milliontons) is52.3% of thetotal. Thetwo major Atlantic Coast reference stationsare
The Narrows (NY Harbor) and Delaware Bay Entrance. The Atlantic Coast tonnage (517 million
tons) is 27.2% of the total. The mgjor Pacific Coast reference station is San Francisco Bay Entrance.
The Pacific Coast tonnage (390 million tons) accounts for 20.5% of the total.
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Figure 3. Total 1995 tonnage for major U.S. ports (with greater than 10 million tons of shipping)
based on Waterborne Commerce of the United States statistics published by the Army
Corps of Engineers.
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The distribution of subordinate tidal current stations does not reflect the distribution of tonnage by
coast. Asstated in Section 2.3, 61% of the subordinate stations are on the Atlantic Coast, 34.5% are
onthe Pacific Coast, and only 4.5% are on the Gulf Coast. More current information for Gulf Coast
locations may be needed to assist vessel operators with the safe transport of cargo.

Examination of the statisticsin Appendix D shows that for sometidal current reference stations, the
tonnage from a distant port is greater than the tonnage of the port in which the reference stationis
located. Thesereferencestationsand portsinparenthesisare: Portsmouth Harbor Entrance (Portland,
ME), Miami Harbor Entrance (Port Everglades), Mobile Bay Entrance (the Mississippi River ports),
San Diego Bay Entrance (Honolulu), San Francisco Bay Entrance (Long Beach and Los Angeles),
Grays Harbor Entrance (the Columbia River ports), Wrangell Narrows (Nikishka, Coos Bay, and
Anchorage), and Sergius Narrows (Vadez). Figure 5 shows U.S. coastal ports with more than 1
million tons of shipping which do not contain atidal current reference station. Tidal Current Table
predictions for these busy ports could be improved if they had a“Table 1" reference stationinstead
of only “Table 2" subordinate stations.

Mobile Bay Entr, AL 521.26
Galveston Bay Entr, TX

San Francisco Bay Entr, CA
The Narrows, NY Harbor, NY
Delaware Bay Entr, DE
Sergius Narrows, AK
Chesapeake Bay Entr, VA
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Tampa Bay Entr, FL
Baltimore Harbor Appr, MD
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Wrangell Narrows, AK
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Bay of Fundy Entr, ME
Carquinez Strait, CA

Race Rocks, B.C.

North Inian Pass, AK

Key West, FL 0.14
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Figure4. Tota 1995 tonnage associated with tidal current reference stations.
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4. TIDAL AND NONTIDAL DYNAMICS

With the advent of ADCPs for measuring currents, there are new opportunities for improving
navigational safety and aiding commercia shipping. The deployment of an ADCP enables the
collection of more accurate data over longer periods of time in locations previoudly difficult to
monitor such as busy shipping channels. The data collected can be used to calculate new, more
accurate, tidal current constituents to update the Tidal Current Tables. With the development and
deployment of rea-time data ddlivery systems (PORTS™), an ADCP can continue to collect current
data and distribute information operationally to users on demand.

Significant nontidal variability at a location important for safe navigation can justify real-time
monitoring of currents to helpidentify dangerous situations. Thedecisionwhether to deploy an ADCP
for alimited time to update tidal current predictions or to install an ADCP to measure currentsinreal
time as part of anew PORTS™ will depend in part on the relative importance of nontidal currents.
Nontidal currents are seasonally-dependent with generally larger amplitudes in the winter due to
storms. Therefore, along current record from both summer and winter monthsis necessary to obtain
a statistically accurate representation of the nontidal current variance. Long term time series from
recent ADCP deployments provide a means of deriving the nontidal current variance at The Race,
Throgs Neck, Bayonne Bridge, Charleston, Sunshine Skyway, Bolivar Roads, Golden Gate, and
Benicia

Nontidal and tidal variances resulting from|east-sgquares harmonic analyses are used to characterize
currents at several locations of navigational importance in Section 4.1 and 4.2. All tidal current
reference stations are then associated with nearby National Water Level Observation Network
(NWLON) stations in an effort to characterize tidal and nontidal current dynamics in each area
(Section 4.3). The nontidal/tidal variance ratio plays akey rolein classifying the NWLON stations
in order to rank the relative importance of nontidal currents at the tidal current reference stations
(Section 4.4).

4.1 Classification by Nontidal/Tidal Variance Ratio

A water level record measured at a single location can be a good representation of water levels for
a large surrounding area, with a variable time lag as tidal and nontidal signals reach different
locations. Unlike water level fluctuations, currentsin bays and estuaries often vary by an order of
magnitude at different locations and at different depths. Current records can show large variationsin
speed depending on the local bathymetry. Currents are generally slower near the sea floor due to
bottomfriction and, consequently, are also slower in shallower waters near shorelines. Currentsare
faster near the surface in deep water areas. Currents are also faster near the entrance to a bay or
estuary where large volumes of water must be transported, compared with locations further fromthe
ocean.

Owing to the spatial variability of current speeds, it is more useful to categorize currents by the
nontidal to tidal variance ratio. The variances can be obtained in the course of performing aleast
squares harmonic analysis on a current time series. The least squares harmonic analysis program
calculates the amplitudes and phases of the tidal constituents. The sum of all the resolvable tidal
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constituent variances is the total tidal variance, V. Theremaining varianceisthe nontidal variance,
Vyr. A water level or acurrent can be classified according to theratio of the nontidal varianceto the
tidal variance, as proposed in Table 2.

Table 2. Classification of Water Levelsand Currents

Tidally Dominated (T D) Vyi/V; < 0.1

Mostly Tidal (M T) 0.1< V/V; <1.0
Mostly Nontidal (M N) 1.0 < V/V; <10.0
Nontidally Dominated (N D) 10.0 < V{/V+

4.2 Classification of Currents

There are presently five PORTS™ in operation in the United States. Four of them have ADCPs
deployed to measure currents; San Francisco has five ADCPs, while New York/New Jersey,
Houston/Galveston, and TampaBay eachhavetwo. L east squaresharmonic anayseswere performed
on 6-minute real-time observations at the following five ADCP stations. Bayonne Bridge, Sunshine
Skyway, Bolivar Roads, Golden Gate (outbound), and Benicia. Two of these stations were recently
established as new reference stations in the Tidal Current Tables: Sunshine Skyway in 1994 and
Bayonne Bridge in 1998. Although Bolivar Roads, Golden Gate, and Benicia were not exactly co-
located with an existing tidal current reference station, they are in close proximity to the reference
stations at Galveston Bay Entrance, San Francisco Bay Entrance, and Carquinez Strait, respectively,
and are expected to have asimilar tidal classification.

L east squares harmonic analyses were carried out for the five PORTS™ stations. In addition, least
sguares harmonic analyses were performed on 10-minute ADCP data from The Race, Throgs Neck,
and Charleston Harbor Entrance. All stations had at least half a year of data with data from both
summer and winter months. All of the standard NOStidal constituents were obtained except for the
five long termconstituents (Sa, Ssa, Mm, Mf, and Msf). The nontidal/tidal variance ratios (Table 3)
ranged between 0.034 for Golden Gate and 0.224 for Bolivar Roads. Based on the classification
proposed in Table 2, all the current stations are classified astidally dominated except for Bolivar
Roads which is classified as mostly tidal.

In harbors without a PORTS™ , the historical current data could be re-analyzed inthe same manner,
but in most cases the data are very old and far lessthan ayear in length. Substantial changes have
occurred to the bathymetry of the bays and estuaries since the measurements were made and nontidal
variances obtained from the old current data are likely to beinadequate. Therefore, in order to make
comparisons between tidal current stations, the tidal and nontidal variances at nearby water level
stations will be examined.

24



Table3. Nontidal/Tidal Classification of Current Stations

Observed Nontidal Tidal Nontidal/Tidal ~ Classifi- Days
Station Name Variance Variance Variance Variance cation of
(m/s)? (m/s)? (m/s)? Ratio Code Data
The Race, NY 0.345 0.015 0.330 0.045 TD 178.3
Throgs Neck, NY 0.075 0.004 0.071 0.056 TD 483.0
Bayonne Bridge, NY 0.388 0.019 0.369 0.051 TD 227.2
Charleston, SC 0.476 0.016 0.460 0.035 TD 315.1
Sunshine Skyway, FL 0.193 0.015 0.178 0.084 TD 305.8
Bolivar Roads, TX 0.266 0.060 0.217 0.224 MT 241.9
Golden Gate, CA 0.764 ERR 0.739 ?? TD 248.3
Benicia, CA 0.376 0.013 0.369 0.036 TD 243.6
T D = Tidally Dominated, M T = Mostly Tidal, M N = Mostly Nontidal, N D = Nontidally Dominated

4.3 Tidal and Nontidal Variance at Water Level Stations

The NWLON operated by the National Ocean Service is composed of primary and secondary control
water level stations along the coasts of the United States [Hicks, 1989]. This network provides the
basic tidal datums for coastal and marine boundaries and the chart datum for NOS nautical charts.
Observations at a secondary control or tertiary water level stationare reduced to equivalent |9-year
tidal datums through the comparison of S multaneous observations with a primary control water level
station. Water level datain close proximity totidal current reference stationswill be used to examine
the relative importance of nontidal dynamics near the reference stations listed in the published Tidal
Current Tables.

Table4 lists the NWLON station chosenfor each tidal current reference station. In some cases, two
tidal current reference stations are associated with the same NWLON station. St. Petersburg represents
thetidal current reference stations at Old Port Tampaand Sunshine Skyway. Cherry Point represents
the tidal current reference stations at Deception Pass and Rosario Strait. Sand Point represents the
tidal current reference stations at Isanotski Strait and Kvichak Bay. Unalaska represents the tidal
current reference stations at Unimak Pass and Akutan Pass.

An effort was made to chose a NWLON station as close as possible to the tidal current reference
station, preferably in the same waterway, but this was not always possible especialy in Alaska.
Isanotski Strait, Kvichak Bay, North InianPass, Unimak Pass, and Wrangell Narrowsareall morethan
adegree of longitude fromtheir associated NWLON station, and the following analysis may be less
applicable for the Alaskan stations than for the other stations.

Thereare 37 NWLON stations that were linked to tidal current reference stations. The NWLON data
analyzed in this study were verified hourly observed water levels referenced to mean lower low
water. For 30 of the stations, 366 days of observed 1996 data were analyzed. Three stations (Sandy
Hook, Dauphin Idand, and Cherry Point) were analyzed with 332, 362, and 358 days of 1996 data,
respectively. Three other stations (Cape Cod Canal, Seavey Island, and Key West) were anayzed
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with 365 days of data from1975, 1985, and 1995, respectively. Chesapeake City was analyzed with
319 days of datafrom 1982-1983, the most recent long term data set available.

Table 4 lists the variances of the long term water level stations linked to the published NOS tidal
current reference stations. Figure 6 presentsaplot of thetidal and nontidal variance, color coded by
symbol for each coast. The range in tidal variance among the stations is more than two orders of
magnitude whereas the range in nontidal varianceisonly one order of magnitude. It is apparent that
the classification of the water level stations is more dependent on the level of tidal variance rather
than the nontidal variance.

Two California stations, San Diego Bay Entrance and San Francisco Bay Entrance, have the lowest
nontidal variances. Although nontidal variance appears to be roughly equivalent for all the other
water level stations, they are dueto different combinations of twodrivingforcesat differentlocations.
Thefirstisthe effect of winter sorms over the continental shelf. The strength of thiseffect isstrongest
in the higher latitudes and weakest in the lower latitudes. It isespecially weak in Californiawhere
the continental shelf isnarrow. The second effect is due to annual meteorological cyclesinwind and
ocean temperature. Routine water level predictions incorporate this effect in thetidal constituents,
Saand Ssa[Hicks, 1989]. Theharmonic analyses performed onthewater level datain thisreport did
not include Saand Ssa and as aresult the annual cycle becomes a part of the nontidal variance. On
the east coast, the annual cycle is very small for northern stations and gradually increases toward the
south to amaximum in Florida. On the Pacific coast, the annual cycleissmall in California, and is
larger for the Pacific coast of Washington and for Alaska.

Table4. Nontidal/Tidal Classification of NWLON Stations
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Associated Tidal Total  Nontidal Tidal Classifi-
NWLON Station Current Reference Variance Variance Variance Variance cation
Station(s) v m? v’ Ratio Code
ATLANTIC COAST
Bay of Fundy Entrance,
Eastport, ME CANADA 3.960 0.016 3.944 0.004 TD
Seavey Island, ME Eﬂ“smoum Harbor Entrance, 768 5014 0774 0019  TD
Boston, MA Boston Harbor, MA 1.102 0.022 1.080 0.020 TD
Cape Cod Canal, MA Cape Cod Canal, MA 0.908 0.017 0.891 0.019 TD
Nantucket, MA Pollock Rip Channel, MA 0.133 0.019 0.114 0.166 MT
New London, CT The Race, NY 0.104 0.024 0.080 0.295 MT
Willets Point, NY Throgs Neck, NY 0.791 0.046 0.745 0.062 TD
The Battery, NY Hell Gate, NY 0.294 0.034 0.260 0.130 MT
Sandy Hook, NJ The Narrows, New York 0309 0029 0280 0105 MT
Harbor, NY
Lewes, DE Delaware Bay Entrance, DE 0.248 0.033 0.215 0.155 MT
Chesapeake City, Mp Chesapeake and Delaware 109 5041 0008 0422 MT
Canal, MD
Annapolis, MD E;g“more Harbor Approach, s 049 0036 0013 2839  MN




NWLON Station

Associated Tidal
Current Reference

Total

Nontidal

Tidal

Classifi-

Variance Variance Variance Variance cation

Station(s) v m? v Ratio Code
Chesapeake Bay Chesapeake Bay Entrance,
Bridge Tunnel, VA VA 0.113 0.028 0.085 0.325 MT
Charleston, SC gga”esmn Harbor Entrance, 4387 0031 0349 0089 TD
Ft Pulaski, GA Savannah River Entrance, GA  0.644 0.038 0.606 0.062 TD
Mayport, FL St. Johns River Entrance, FL ~ 0.274 0.029 0.245 0.119 MT
Virginia Key, FL Miami Harbor Entrance, FL 0.060 0.011 0.049 0.224 MT
GULF COAST
Key West, FL Key West, FL 0.038 0.013 0.025 0.521 MT
Sunshine Skyway Bridge and
St Petersburg, FL Old Tampa Bay Entrance, FL 0.058 0.023 0.035 0.666 MT
Clearwater, FL Tampa Bay Entrance, FL 0.077 0.022 0.055 0.401 MT
Dauphin Island, AL Mobile Bay Entrance, AL 0.033 0.020 0.013 1.568 M N
Port Bolivar, TX Galveston Bay Entrance, TX 0.044 0.027 0.017 1.588 M N
Corpus Christi, TX Aransas Pass, TX 0.052 0.030 0.022 1.364 M N
PACIFIC COAST
San Diego, CA San Diego Bay Entrance, CA  0.270 0.005 0.265 0.018 TD
Golden Gate, CA ii” Francisco Bay Entrance, 561 0008 0273 0030 TD
Port Chicago, CA Carquinez Strait, CA 0.225 0.015 0.210 0.072 TD
Toke Point, WA Grays Harbor Entrance, WA 0.694 0.055 0.639 0.086 TD
Neah Bay, WA Strait of Juan de Fuca 0546 0034 0512 0066 TD
Entrance, WA
Port Townsend, WA  Admiralty Inlet, WA 0.627 0.023 0.604 0.037 TD
Seattle, WA wi Narrows, PugetSound, 4 076 0022 1054 0021  TD
Cherry Point, WA~ DeceptionPassand Rosario q91 0019 0675 0029 TD
Strait, WA
Friday Harbor, WA  San Juan Channel, WA 0.525 0.021 0.504 0.041 TD
Ketchikan, AK Wrangell Narrows, AK 2.351 0.021 2.330 0.009 TD
Sitka, AK Sergius Narrows, AK 0.898 0.022 0.876 0.025 TD
Juneau, AK North Inian Pass, AK 2.622 0.022 2.600 0.009 TD
Sand Point, AK Isanotski Strait and Kvichak ¢ ye6 9028 0438 0063  TD
Bay, AK
Unalaska, AK Unimak Pass and Akutan 0133 0019 0114 0165 MT

T D = Tidally Dominated, M T = Mostly Tidal, M N = Mostly Nontidal, N D = Nontidally Dominated

Pass, AK
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4.4 Classification of Water Level Stations

The next step in assessing the dynamics of the tidal current reference stations is to classify the
appropriate NWLON stations. Thetidal and nontidal variances are shown for each NWLON station
inTable4and Figure6. Thesevauesidentify the NWLON stationsastidally dominated, mostly tidal,
mostly nontidal, or nontidally dominated. The lines separating the categoriesin Figure 6 correspond
to the classification presented in Table 2. The nontidal/tidal variance ratios are displayed as a bar
chartin Figure 7.
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Figure6. Tidal and nontidal variance at National Water Level Observation Network stations. The
diagonal lines separating the categories correspond to the ratios presented in Table 2.
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Eastport, ME
Seavey Island, ME
Boston, MA

Cape Cod Canal, MA
Nantucket, MA

New London, CT
Willets Point, NY
The Battery, NY
Sandy Hook, NJ
Lewes, DE
Chesapeake City, MD
Annapolis, MD

Ches Bay Bridge, VA
Charleston, SC

Ft Pulaski, GA
Mayport, FL

Virginia Key, FL

Key West, FL

St Petersburg, FL
Clearwater, FL
Dauphin Island, AL
Port Bolivar, TX

Corpus Christi, TX

San Diego, CA
Golden Gate, CA
Port Chicago, CA

Toke Point, WA

Neah Bay, WA

Port Townsend, WA
Seattle, WA

Cherry Point, WA
Friday Harbor, WA
Ketchikan, AK
Sitka, AK

Juneau, AK

Sand Point, AK
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Figure 7. Nontidal/tidal varianceratio at NWLON stations.
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The variance ratios of the Atlantic Coast NWLON stations range from 0.004 at Eastport to 2.839 at
Annapolis. Based on Table 2, seven of the Atlantic Coast stationsare classified astidally dominated,
nine Atlantic Coast stations are classified as mostly tidal, and Annapolis is classified as mostly
nontidal. The variance ratios of the Gulf Coast NWLON stations range from 0.401 at Clearwater to
1.588 at Port Bolivar. The three Gulf Coast stations inFloridahave variances that classify them as
mostly tidal while the other Gulf Coast stations are classified as mostly nontidal. The varianceratios
of the Pacific Coast NWLON stations range from0.009 at Juneau and Ketchikanto 0.165 at Unalaska.
All the Pacific Coast NWLON stations are tidally dominated with the exception of Unalaskain the
Aleutian Islands, which is classified as mostly tidal.

Sincethe nontidal to tidal varianceratio of an NWLON stationwill beused to infer the classification
of anearby tidal current reference station, the varianceratiosgivenin Table 3 for currents should be
compared to the variance ratios of anappropriate NWLON station. It can be seen from Table 5, that
the nontidal/tidal variance ratio is generally lower for current stations than for corresponding water
level stations. Thisindicatesthat currentstend to be moretidal than nearby water levels. The current
stations fall into amoretida category than the associated water level station. Mostly tidal (M T)
water level stations have tidally dominated (T D) currents in the vicinity. Mostly nontidal (M N)
water level stations have mostlytidal currents (M T) inthe vicinity. Of course, tidally dominated (T
D) water levels are associated with tidally dominated (T D) currents.

Table5. Comparison of Current and Water Level Classfication

Current Water Level
Station Varialjce Classification Station Varia_nce Classification
Ratio Code Ratio Code

Golden Gate, CA 0.034 TD Golden Gate, CA 0.030 TD
Throgs Neck, NY 0.056 TD Willets Point, NY 0.062 TD
Benicia, CA 0.036 TD Port Chicago, CA 0.072 TD
Charleston, SC 0.035 TD Charleston, SC 0.089 TD
Bayonne Bridge, NY 0.051 TD The Battery, NY 0.130 MT
The Race, NY 0.045 TD New London, CT 0.295 MT
Sunshine Skyway, FL 0.084 TD St. Petersburg, FL 0.666 MT
Bolivar Roads, TX 0.224 MT Port Bolivar, TX 1.588 M N
T D = Tidally Dominated, M T = Mostly Tidal, M N = Mostly Nontidal, N D = Nontidally Dominated

Although attempts were made, areliabl e quantitativerel ationship betweenthe nontidal /tidal variance
ratio of water level and current stations could not be found. There were no significant correlations
between nontidal water levels and currents when thevarianceratioswerelow. Therearesignificant
correlations (up to 0.6) between nontidal water levels and currents when the variance ratios were
higher (i.e., a Bolivar Roads, Sunshine Skyway, and Bayonne Bridge), but these correlations are
dependent on varying amounts of smoothing applied to the nontidal water levels.
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The clearest result of these comparisonsis that a higher water level variance ratio corresponds to a
higher current variance ratio and currents fall into amoretidal category thanwater levelsinthe same
area. Inthenext section, it will be assumed that the classification of water level stations can be used
asaguidein drawing up apriority list for the real-time monitoring of currents by a PORTS™.
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5.  NEW CURRENT SURVEY PRIORITIES

The previous sections of this report have reviewed the reference stations where tidal current
congtituents may be inadequate due to age, instrumentation, or data length, eval uated the nations ports
based on vessd traffic and shipping tonnage, and categorized the water level s and currents based on
the nontidal/tidal varianceratio. Based on these results, recommendations for future current surveys
are presented in this section.

A limited current meter deployment is required to update oldtidal current constituents or collect data
for establishing anew tidal current referencestation. Whenthetidal constituentshave been accurately
resolved, tidal currents will be predictable until there are significant changesin channel bathymetry
or harbor configuration. Short term current surveys are recommended for areas where reference
station predictions are based on data more than 30 years old (Section5.1). Thewaterborne commerce
of the region defines the priority for updating existing reference stations.

The installation of a PORTS™ to disseminate real-time current measurements is preferred for
locations where nontidal signalscompriseasignificant part of the total current variance (Section5.2).
Major ports which do not presently containatidal current reference stationare recommended for new
tidal current predictions and are individually evaluated for rea-time current monitori ng by a new
PORTS™ (Section 5.3).

5.1 Recommendations for Updating Tidal Current Reference Stations

In Section 2, 41 tidal current reference stations for which daily predictions are published inthe NOS
Tidal Current Tables were evaluated on the basis of age, instrumentation, and the length of
observations used to obtainthe tidal constituents. Thereisageneral correlation between thesethree
factors, with older current data collected by current pole or float for periods shorter than 29 days and
newer current data collected by ADCPs for periods longer than 29 days. Adequate tidal current
congtituents are obtained from a 29-day Fourier harmonic analysis. More accurate constituents are
obtained with longer data sets. In view of the correlations between the three factors of age,
instrumentation, and length of observations, recommendations for updating reference stations will be
summarized for three groups of stations based on type of instrumentation.

The current pole or Zeskind float were used to collect data for 18 tidal current reference stations
before 1946. As stated in Section 2.4, the longest current pole measurement was 2 years of
observations fromStonehorseLightship in Pollock Rip Channel. Itisunlikely that thislocation needs
to berevisited. Itisrecommended that all the 17 other pole or float stations be updated based on age,
instrumentation, and length of data. These stations will be called Group 1.

Recently, NOS has obtained new current data for four of the stationsin Group 1. Two current survey
projects were completed in 1998 at Savannah River Entrance and St. Johns River Entrance and new
tidal predictionsfor SavannahRiver Entrance appear inthe 1999 NOSTidal Current Tables. The St.
Johns River Entrance reference station was updated in a January 1999 Notice to Mariners and will
appear in the 2000 Tidal Current Tables along with seven new subordinate stations. A large set of
PORTS™ current data are available for locations near Galveston Bay Entrance and San Francisco
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Bay Entrance and predictions based on new congtituents are planned for the 2000 Tidal Current
Tables.

It is recommended that new current data be obtained for the remaining 13 tidal current reference
stationsin Group 1. In order to prioritize the reference stations that need to be updated, the tonnage
statistics discussed in Section 3 are used. The reference stationsthat need updating are ranked based
on their associated tonnages as displayed in Figure 4. The ranking in Group 1 from most urgent to
least urgent is asfollows:

Mobile Bay Entrance, AL

The Narrows, New Y ork Harbor, NY
San Diego Bay Entrance, CA
Portsmouth Harbor Entrance, NH
Wrangell Narrows, AK

North Inian Pass, AK

Hell Gate, NY

Chesapeake and Delaware Canal, MD
. Strait of Juan de Fuca Entrance, WA
10. Deception Pass, WA

11. Isanotski Strait, AK

12. Unimak Pass, AK

13. Kvichak Bay, AK

CoNou~wWNPE

A second group of stations are based on more recently acquired data obtained with better technology
than the stations in Group 1. The Roberts Current Meter was used to collect datafor 9 tidal current
reference stations between 1942 and 1964. 1n 1965, a Geodyne current meter was used to collect 29
daysof dataat Rosario Strait. Inaddition, datawere collected by the Canadian Hydrographic Service
in 1960 for the Bay of Fundy Entrance with an unknown instrument. The station at Miami Harbor
Entrance was updated in 1985 based on ananalysis of 29 days of data using a Niskin winged current
meter [General Oceanics, Inc., 1984]. These stationswill be called Group 2. It isrecommended that
all 12 of these stations be updated based on age, instrumentation, and limited data sets. Based onthe
tonnage statistics in Figure 4, the ranking in Group 2 from most urgent to least urgent is as follows:

Sergius Narrows, AK

Grays Harbor Entrance, WA
Baltimore Harbor Approach, MD
Admiralty Inlet, WA

Miami Harbor Entrance, FL
The Narrows, Puget Sound, WA
Rosario Strait, WA

Bay of Fundy Entrance, ME

. Key West, FL

10. Cape Cod Canal, MA

11. San Juan Channdl, WA

12. Akutan Pass, AK

WCoNo~wWNPE



The remaining reference stations are placed in Group 3. Between 1971 and 1984, long term data sets
were collected for updating 4 tidal current reference stations with the AanderaaRCM4 or the Grundy
9021G current meters. Between 1987 and 1991, the ADCP was used to collect current data for
updating 7 tidal current reference stations. Only the station at Aransas Passwas based on a short 29-
day harmonic analysis. Since the datafrom all 11 of these reference stations are rel atively recent, it
is not recommended that new data be collected at thistime.

5.2 Proposed Real-Time Current Monitoring at Existing Tidal Current Reference
Stations

Thenontidal/tidal variance ratios discussed in Section 4 canprovideamethodto evaluate areference
station for real-time current monitoring by a PORTS™, dthough other navigational safety
reguirements can be factored into the decision. For locations where along term current time series
is not available, a NWLON water level station in the vicinity was harmonically analyzed and its
nontidal/tidal varianceratio was calculated. All the NWLON stationsthat were classified as mostly
nontidal are considered to have alarge enough nontidal/tidal varianceratio requiring continuousreal -
time monitoring of currents by aPORTS™ (Table 4). These stations are in Chesapeake Bay or the
Gulf of Mexico. Oneof theselocationsisaready part of aPORTS™ (Galveston Bay Entrance). The
three other tidal current reference stationslisted bel ow are associated with significant vessel traffic
and have strong enough nontidal variance to be candidates for anew PORTS™.

1. Mobile Bay Entrance, AL
2. AransasPass, TX
3. Batimore Harbor Approach, MD

Another group of NWLON stations have nontidal/tidal variance ratios that are classified as mostly
tidal (Table4). The associated tidal current reference stationsin the vicinity can be considered for
rea-time current monitoring by a PORTS™, but are not assigned as high a priority as the stations
listed above. The stations at Sunshine Skyway and Old Port Tampa Entrance are already being
monitored inreal time as part of the TampaPORTS™ . The other tidal current reference stationsthat
are associated with major ports (greater than 10 million tons) are ranked below according to the
tonnage statistics shown in Figure 4:

The Narrows, New Y ork Harbor, NY
Delaware Bay Entrance, DE
Chesapeake Bay Entrance, VA
Tampa Bay Entrance, FL

Miami Harbor Entrance, FL

The Race, NY

St. Johns River Entrance, FL

NougkrwdpE
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5.3 Recommendations for Adding New Tidal Current Reference Stations and
Evaluation for Real-Time Current Monitoring by PORTS™

There arelong stretches of the U.S. coastline without tidal current reference stations as discussed in
Section2.1. Over theyears, mgor ports have devel oped in these geographical gaps. The subordinate
stations in these ports are linked to a distant reference station. 1n some cases, discussed in Section
3.2, the tonnage at these subordinate station ports is greater than the tonnage of the port where the
reference stationislocated. Themaor U.S. ports (greater than 1 million tons) without atidal current
reference station are shownin Figure 5. Consideration should be given to establishing new tidal
current reference stations i n some of these ports to assi st marinershandling theincreased vessel traffic
at these locations.

Thirteen U.S. ports with more than 10 million tons of shipping are recommended for a new tidal
current reference station and are evaluated for real-time current monitoring by anew PORTS™. The
Tidal Current Tables were examined to determine how many subordinate stations are inthese ports.
The maximum flood and maximum ebb currents at these subordinate stations were examined to
determine if strong currents exist in these ports (e.g., if both maximum flood and maximum ebb
currents are greater than or equal to 1 knot). They are discussed in the following order based on
tonnage, with the nearest NWLON station in parentheses:

L

Port of South Louisiana, Baton Rouge, New Orleans, Port of Plaguemine,
LA (South Pass, LA)

2. Long Beach, Los Angeles, CA (Los Angeles, CA)

3. Vadez, AK (Vadez, AK)

4. Port Arthur, Beaumont, TX (Sabine Pass, North, TX)

5. Portland, OR / Kalama, Vancouver, Longview, WA (Astoria, OR)
6. Lake Charles, LA (Sabine Pass, North, TX)

7. Pascagoula, MS (Dauphin Idand, AL)

8. Freeport, TX (Freeport, TX)

9. Port Everglades, FL (VirginiaKey, FL)

10. Matagorda Ship Channel, Victoria, TX (Freeport, TX)

11. Honolulu, HI (Honolulu, HI)

12. Portland, ME (Portland, ME)

13. Providence, RI / Fall River, MA (Newport, RI)

Harmonic analysis and eval uation of anearby NWLON station gives the expected tidal regime of the
port with the results presented in Table 6. Thetidal and nontidal variances are plotted in Figure 8,
showingtheclassificationof the stations according to the varianceratio. If water levelsareclassified
asmostly nontidal, currents are likely to fall inthe mostly tidal category and a PORTS™ installation
for monitoring currentsis strongly recommended (indicated by an asterisk). The ports with mostly
tiddl NWLON dtations (Port Everglades, Honolulu, and Providence/Fall River) can also be
considered for current monitoring by PORTS™ but are not assigned as high apriority. The portswith
NWLON dtations classified as tidally dominated are not recommended for current monitoring by
PORTS™. (Although the NWLON station at Astoria, OR is classified as tidally dominated, the
Columbia River is recommended for current monitoring for reasons discussed below.)
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Table6. Classification of NWLON Stations Associated with Major Ports without a Tidal
Current Reference Station

Observed Nontidal Tidal Variance Classifi-

Station Name Variance Variance Variance Ratio cation

m? m? m? Code
South Pass, LA * 0.035 0.020 0.015 1.333 M N
Los Angeles, CA 0.246 0.004 0.242 0.017 TD
Valdez, AK 1.387 0.032 1.355 0.024 TD
Sabine Pass, North, TX * 0.057 0.039 0.018 2.167 M N
Astoria, OR * 0.653 0.047 0.606 0.078 TD
Dauphin Island, AL * 0.033 0.020 0.013 1.538 M N
Freeport, TX * 0.051 0.027 0.024 1.125 M N
Virginia Key, FL 0.060 0.011 0.049 0.224 MT
Honolulu, HI 0.035 0.004 0.031 0.129 MT
Portland, ME 1.100 0.018 1.082 0.017 TD
Newport, RI 0.177 0.021 0.156 0.135 MT

T D = Tidally Dominated, M T = Mostly Tidal, M N = Mostly Nontidal, N D = Nontidally
Dominated
*|nstallation of a real-time current measuring system is recommended for ports near this NWLON station.
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1. Port of South L ouisiana, Baton Rouge, New Orleans, Port of Plaquemine, LA (Nearest NWLON
station, South Pass, LA, is mostly nontidal) These four ports on the Mississippi River together
account for 438 million tons of shipping whichis 23% of thetotal U.S. tonnage. The vesselsentering
or leaving these ports pass through the mouth of the Mississippi. There are no subordinate current
stations near the mouth of the Mississippi or ontheriver itself. Thereisonly one subordinate current
station at Seabrook Bridge in New Orleanswhichisonawaterway betweenthe Mississippi and Lake
Pontchartrain. This station has flood and ebb currents greater than 1 knot.

There is evidence that tidal currents may be important in some stretches of the Mississippi River
itself. Therearesix subordinatewater level stations at the mouth of the Mississippi which havetidal
rangesfrom 0.9 to 1.4 feet. A subordinate water level station at Paris Road Bridge on a waterway
in New Orleans has atidal range of 1.1 feet. Thereisthe following endnote about New Orleans in
the Tide Tables:

“At New Orleansthe diurnal range of the tide during low river stagesaverages 0.8 foot.
Thereis no periodic tide at high river stages.”

Due to the importance of the Mississippi River to U.S. shipping and the complicated, frequently
changing geography due to natural and man-made causes, it is recommended that anew tidal current
reference station be established in the mouth of the Mississippi. Dueto theimportant nontidal effects
from the Gulf of Mexico and fromthe variability of river flow, installation of a PORTS™ should be
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Figure8. Tidal and nontidal variance at NWLON stations associated with major ports, without an
existing tidal current reference station.
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considered. There are likely to be challenges associated with working in such awaterway with a
large volumetric flowrate and deposition of sediment not seen at previous PORTS™ projects.

2. Long Beach, LosAngeles, CA (Nearest NWLON station, Los Angeles, CA, istidally dominated)
There is one subordinate station in this harbor with the following associated endnote:

“InLosAngelesand Long Beach Harbors, the tidal current isweak. Currents can exceed
1 knotinthe outer harbor at San Pedro, under strong wind conditions. Also, itisreported
that three minute surge waves are responsible for magjor ship movements and damage.”

It appears from the small enclosed area and geometry of these harbors that tidal currents are not
important here. 1t should be investigated whether changesto the harbor since the endnote waswritten
haveincreased tidal currents at any location. A PORTS™ may bejustified to monitor thethree minute
surge waves.

3. Valdez, AK (Nearest NWLON ation, Vadez, AK, is tidally dominated) There are 43
subordinate stations in Prince William Sound and OrcaBay. Tidal currents are very weak with four
rotary tidal current stations in the center of the bay. The only strong tidal currents are in narrow
passages near the edges of the bay (El rington Passage, Bai nbridge Passage, and between Hinchinbrook
and Hawkins Idands) which are far from the main shipping channels. The main entrance to Prince
William Sound should be evaluated for locations with currents strong enough for a new tidal current
reference station. Despite the significant tonnage for this port, it is not recommended for real-time
current monitoring by a PORTS™.

4. Port Arthur, Beaumont, TX (Nearest NWLON station, Sabine Pass North, TX, is mostly nontidal)
There are 4 subordinate stations in thiswaterway, with strong flood and ebb currents (greater than 1
knot) at Texas Point, Sabine, and Mesquite Point. This port is recommended for a tidal current
referencestation. Dueto theimportance of the nontidal signal inthe Gulf of Mexico, real-time current
monitoring by a PORTS™ is recommended.

5. Portland, OR / Kalama, Vancouver, Longview, WA (Nearest NWLON station, Astoria, OR, is
tidally dominated) There are 34 subordinate stations in the Columbia River. Both thetidal current
and the river flow are large from the entrance up to the last subordinate current station at Kalama
Upper Range. Both the flood and ebb currents are greater than 2 knots at the subordinate current
stations near Sand Island Tower, Clatsop Spit, and Chinook Point. They are greater than 1 knot at a
number of other locations. Thetide is known to progress further upriver, with subordinate water
level stations at Vancouver, WA with a diurnal range of 1.8 feet and into the Willamette River at
Portland, OR with adiurnal range of 2.4 feet. The Tida Current Table has the following endnote
about the Columbia River:

“The Columbia River bar can be very dangerous because of sudden and unpredictable
current changesaccompanied by breakers. It isreported that ebb currentsonthenorth side
of the bar attain speeds of 6 to 8 knots and that strong NW winds sometimescause currents
that set northinthe area outside the jetties. In the entrance, the currents are variable and
may reach a speed of over 5 knots on the ebb while the flood speed seldom exceeds 4
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knots. Thetida current intheriver isalways modified by theriver discharge, sometimes
to the extent that the flood current isindiscernible and the current ebbs continuously.”

Due to the rapid currents and the volume of shipping, it is recommended that a new tidal current
reference station be established in the Columbia River. Because of the importance of river flow
variability, and repeated requests for information by mariners, a PORTS™ installation is also
recommended. As at the mouth of the Mississippi, there are significant challenges to establishing a
PORTS™ at the mouth of the ColumbiaRiver, but there are also strong tidal currents upriver where
instruments could be located.

6. Lake Charles, LA (Nearest NWLON station, Sabine Pass North, TX, is mostly nontidal) There
is one subordinate station in Calcasieu Pass which is the waterway |leading to Lake Charles. Both
flood and ebb currents are greater than 1 knot. This port isrecommended for the establishment of a
new tidal current reference station because of the ship tonnage, and for real-time current monitoring
by aPORTS™ because of the importance of nontidal effects from the Gulf of Mexico.

7. Pascagoula, MS (Nearest NWLON station, Dauphinlgland, AL, ismostly nontidal) Thereisone
subordinate station at the Pascagoula River highway bridge with both flood and ebb currents greater
than 1 knot. Due to the ship tonnage and the nontida effects of the Gulf of Mexico, this location is
recommended for a new tidal current reference station and for real-time current monitoring by a
PORTS™.

8. Freeport, TX (Nearest NWLON station, Freeport, TX ismostly nontidal) There are no subordinate
stations and therefore no current predictions at this port. Due to the ship tonnage and the nontidal
effects of the Gulf of Mexico, thislocation is recommended for anew tidal current reference station
and for real-time current monitoring by a PORTS™.

9. Port Everglades, FL (Nearest NWLON station, VirginiaKey, FL, ismostly tidal) Thereare six
subordinate stationsinthisport. The stations at the entrance and at the 17" Street Bridge have flood
and ebb currents greater than 1 knot. Thisport is recommended for the establishment of a new tidal
current reference station.

10. Matagorda Ship Channel, Victoria, TX (Nearest NWLON dation, Freeport, TX, is mostly
nontidal) Together these two ports have more than 10 million tons of shipping. There is one
subordinate station at M atagorda Channel (entrancejetty) whichhasflood and ebb speedsgreater than
1 knot. Due to the ship tonnage and the nontidal effects of the Gulf of Mexico, this location is
recommended for a new tidal current reference station and for real-time current monitoring by a
PORTS™.

11. Honolulu, HI (Nearest NWLON station, Honolulu, HI, ismostly tidal) There are no subordinate
current stations for the island of Oahu. The diurna tide range at Honolulu is 2 feet. Based on the
geometry of Pearl Harbor, tidal currents may be measurabl e at the entranceto Pear|l Harbor. Although,
the port of Honoluluis reached by dredged channels directly accessible fromthe ocean, the entrance
to Pearl Harbor may be considered for the establishment of a new tidal current reference stationfor
the state of Hawaii.
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12. Portland, ME (Nearest NWLON station, Portland, ME, is tidally dominated) There are 11
subordinate stations for this port, with flood and ebb speeds greater than 1 knot at Portland Harbor
Entrance. Thisport isrecommended for the establishment of anew tidal current reference station but
not for real-time current monitoring.

13. Providence, RI / Fall River, MA (Nearest NWLON dtation, Newport, RI, is mostly tidal)
Together these two ports have more than 10 million tons of shipping. There are 39 subordinate
stations for Narragansett Bay. The stations at Tiverton, Bull Point, Mount Hope Bridge, Kickamuit
River, Dutchldland, and India Point have flood and ebb speedsgreater than1 knot. Itisrecommended
that anew tidal current reference station be established in Narragansett Bay.

If these new reference stations are added, the priority rankings for updating existing tidal current
reference stations as discussed in Section 5.1 may change dightly. The only significant changesare
the top two stations in Group 2. If anew tidal current reference station is created for Valdez, AK, the
station at Sergius Narrows, AK loses priority. If anew tidal current reference stationsis created for
the Columbia River, the station at Grays Harbor Entrance |oses priority.

41



6. CONCLUSIONS

Inthis report, athorough review was conducted of the data which forms the basis for predictions at
41 NOStidal current referencestations. The geographic distribution, number of subordinate stations,
and characteristics of the tidal current constituents were described and compared. Almost half of the
reference stations were based on data sets more than 50 years old. Most of these stations are based
on data collected using current poles or floats. Over athird of thetidal current reference stationsare
based on less than 29 days of data, with tidal current constituents developed from various types of
nonharmonic analysis. Thereisaclear correlation between age of data, type of instrument used, and
duration of measurement.

Shipping tonnage statisticsfor leading U.S. coastal ports, ascompiled by the U.S. Corps of Engineers,
were examined as anindicator of the relative importance of thetidal current reference stations. Two
Gulf Coast reference stations (Mobile Bay Entrance and Galveston Bay Entrance) were associated
with tidal predictions for nearly half of the U.S. shipping tonnage. Despite the fact that over half of
the U.S. shipping tonnage is associated with Gulf Coast ports, less than 5% of the subordinate tidal
current stations are in the Gulf of Mexico. Six of the twelve ports with the greatest tonnages do not
contain atidal current reference station.

Inorder to determine therel ative importance of nontidal currents at thetidal current reference stations,
amethod of classification was devised based on the nontidal to tidal variance ratio calculated from
harmonic analysis results. Four categories were defined by the variance ratio: tidally dominated,
mostly tidal, mostly nontidal, and nontidally dominated. The nontidal/tidal variance ratio was
obtained for recent long term time seriesrecorded at or near the location of eight reference stations.
All of the stations wereinthetidally dominated category, except for Bolivar Roads whichwasinthe
mostly tidal category. In order to infer the importance of nontidal currents at the other reference
stations, the closest NWLON stations were chosen and the nontidal/tidal variance ratios were
calculated. It was found that mostly nontidal water levels are associated with mostly tidal currents.
Mostly tidal water levels are associated with tidally dominated currents.

Based on the findings summarized above, a number of recommendations concerning current survey
priorities canbe made. An update of thetidal current constituents is recommended for the reference
stations that are based on older data of limited duration. A group of 13 reference stations are based
ondata collected before 1950 with current poles or floats. A second group of 12 reference stations
are based onlimited data sets coll ected by mechanical current metersbetween 1942 and 1985. Based
onananalysisof nontidal/tidal varianceratios, four of the existing tidal current reference stations are
most likely to have strong nontidal currents. Currents at one of them (Galveston Bay Entrance) are
presently being monitored by a PORTS™ . The three other locations (M obile Bay Entrance, Aransas
Pass, and Baltimore Harbor Approach) are associated with significant vessel traffic, and therefore
are aso recommended for real-time current monitoring.

A new tidal current reference stationisrecommended for 13 major ports (greater than10 milliontons)
inorder to provideimprovedtidal current predictions for theseports, which presently arerepresented
by a limited number of subordinate stations. Six of these ports are expected to have significant
nontidal currents, based on the nontidal/tidal variance ratio, and are recommended for rea-time
current monitoring. They arethemouth of theMississippi River, Port Arthur/Beaumont, Lake Charles,
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Pascagoula, Freeport, and Matagorda Ship Channel/Victoria. The mouth of the Columbia River is
also recommended for real-time current monitoring based on the expected importance of river flow
variability.
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APPENDIX A

List of NOS Tidal Current Survey Reports

Since the formation of NOAA in1970, anumber of in-house publications have been produced by NOS
giving informationabout the data coll ected during circul ation surveys and the resulting analysis of the
data. Thesereports were written by the staff of the Coastal and Estuarine Oceanography Branch and
its predecessors, the Estuarine and Ocean Physics Branch and the Circulatory Surveys Branch. The
publications are a part of several numbered series.

The NOS Oceanographic Circul ation Survey Report series were published in order to give detailed
informationabout the data collected during acirculationsurvey. Ingeneral, dataanalysisresultswere
not included in the Circulation Survey Reports.

#1.

#2.

#3.

&

&

#1.

#10.

#11.

Tide and tidal current observations from 1965 through 1967 in Long Idand Sound, Block
Island Sound, and tributaries, EImo E. Long, 1978.

Tampa Bay circulatory survey, 1963, Demetrio A. Dinardi, 1978.
Puget Sound approaches circulatory survey, Bruce B. Parker and James T. Bruce, 1980.

Cook Inletcirculatory survey, 1973-1975, Richard C. Patchen, JamesT. Bruce, and Michael
J. Connally, 1981.

New Y ork Harbor circulationsurvey, 1980-81, David R. Browne and Gary Dingle, 1983.

Southeast Atlantic coast estuaries: Sapelo Sound to St. Simons Sound, Georgia Circulation
Survey, 1980, William A. Watson, 1990.

San Francisco Bay area circulation survey : 1979-1980, Joseph M. Welch, Jeffrey W.
Gartner, and Stephen K. Gill, 1985.

Chesapeake Bay circulation survey, 1981-1983, David R. Browne and Carl W. Fisher,
1986.

Delaware River and Bay circulation survey, 1984-1985, Alan S. Klavans, Peter J. Stone,
and Gina A. Stoney, 1986.

Long Idand Sound Oceanography Project : 1988-1990, editor: Karen L. Earwaker,
contributors: Gerald F. Appell et al., 1990.

TampaBay Oceanography Project : 1990-1991, Fran Nowadly, contributors: Gerald Appell
et al., 1992.

Data analysisresults were published in aseries of NOAA Technical Reports. Theearlier oneswere
published in the series NOAA Technical Report NOS.
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#069. Tida hydrodynamicsin the Strait of Juan de Fuca - Strait of Georgia, Bruce B. Parker,
1977.

#30. Circulation and hydrodynamics of the lower Cape Fear River, North Carolina, Joseph M.
Welch and Bruce B. Parker, 1979.

#100. Tida hydrodynamics and sediment transport in Beaufort Inlet, North Carolina, Alan S.
Klavans, 1983.

They were followed by the series NOAA Technical Report NOS OMA,
#3. Tideandtidal currentsinthe Chesapeake Bay, David R. Browne and Carl W. Fisher, 1988.
and by the series NOAA Technical Report NOS OES.

#2. Tampa Bay Oceanography Project: physical oceanographic synthesis, editor: Chris E.
Zervas, contributors: Kathryn T. Bosley et al., 1993.

#3. Longldand Sound Oceanography Project: summary report, Richard A. Schmadltz, Jr., 1994.
The results of data analysisfor morelimited projects (some knownas miniprojects) were published
as NOAA Technical Memorandums. The earlier publications were in the series NOAA Technical

Memorandum NOS OMA.

#50. TampaBay current prediction quality assurance miniproject, Robert G. Williams, Thomas
D. Bethem, and Henry R. Frey, 1989.

#53. Houston Ship Channel/Galveston Bay current prediction quality assurance miniproject,
Robert G. Williams, Henry R. Frey, and Thomas D. Bethem, 1990.

#60. Corpus Christi Bay current prediction quality assurance miniproject, Robert G. Williams
etal., 1991.

The following publications were in the series NOAA Technica Memorandum NOS OES.

#2. Quality assurance of TampaBay PORTS™: current measurementesat the Sunshine Skyway
Bridge, C. Reid Nichols, Robert G. Williams, and Gerald F. Appell, 1992.

#3. San Francisco Bay current prediction quality assurance miniproject, Robert G. Williams,
Wayne L. Wilmot, and Henry R. Frey, 1993.

#38. Special 1994 tidal current predictions for Aransas Pass, Corpus Christi, Texas, C. Reid
Nichols, 1994.

#9. TampaPORTS™ voice data response systemdescription and access statistics, May 1993 -
May 1995, Thomas D. Bethem, 1995.
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#10. National Ocean Service partnership: rea-time environmental monitoring in upper San
Francisco Bay: final report, Kurt W. Hess et al., 1996.

#14. Special 1995 tidal current predictions for Galveston Bay, Texas, Karen L. Earwaker, C.
Reid Nichols, and William T. Ehret, 1995.
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APPENDIX B

Tidal Current Reference Station Summary. Comments include information from Form C& GS-444, type of instrument, and number
of secondary stations (based on the 1998 NOS Tidal Current Tables). National Water Level Observation Network Stations and long
term control tide stations associated with the Tidal Current Reference Stations are listed in italics. Footnotes from Official Form 696

TS

denoted by “<x>" arelisted at the end of thistable.

L ocation %
. ear Data .
Station Name . _ Obtained Duration Comments
LatitudeN | Longitude W tain
Admir alty Inlet (off Bush 48°01.8' 122°38.22' 1908, 1942 & |means of 29d(2), | 2 ebbs+flood=3 consecutive ebbs; short period compsinc
1943 32d. 26d & 36d 10%; M4, M6, M8 not used because of |g var in kappas
Point), ' from diff analyses.
Pole (1908) and Raoberts CM (1942& 1943),
WA <5> 48°06.9' 122°45' 75sub staref to Admiralty Inlet
Port Townsend
i 54°01' 166°03' 1950 24 dav series 1yr pred (1952) givestropic ebb 8.0kts. T.M officially
Akutan Pass, Aleutian Islands, 7 /31%0 ] changed 10/30/83. Predicted speeds > or = 7.5 knots must
AK be modified according to ascale on C& GS 444. Slack int &
compared to avg vel from 1952 pred; Fld & Ebbint & tropic vel from
tides; S2 kappas Form 180. Harmonic const from 24 day.
0 ' o ' _ Roberts Current Meter at 15ft depth,
Unalaska 53°52.8 166°32.3 from 15-day HA ~ sub Staref to Akutan Pass
ietti 27°50.03' 97°02.65' 1990 4/9-5/7 NOS Analysis for 15t bel MLLW.
Aransas Pass (btw jetties), TX ADCP, 3 sub staref to Aransas Pass
Corpus Christi 27°34.8' 97°13.0'
i 39°00.78' 76°22.10' 1963 8/14 (29davs C& GS 29d HA; short period components inc 7%; used anal
Baltimore Harbor A pproaCh ( & ) values > or = 0.030; Used inferred values >0r=0.010;
(off Sandy Point), MD published vel < 0.3 knot as “weak and variable”.
Roberts Current Meter,
Annap0| is 38°59' 76°28.8' 155 sub staref to Baltimore Har bor Approach
44°45.0' 66°56.0" 1960 June-July, 1960 | Datareceived from Canada; slack intervals obtained from 4
Bay of Fundy Entrance (Grand 29d(2 y months reduction of 1964 Canadian predictions. Ratio =
Manan Channel) (2) Spring vel/mean = 1.13 Time Meridian = 60°.
?instr, 135 sub staref to Bay of Fundy
Eastport, ME 44°54.0' 66°59.0'




Zs

L ocation

. Year Data .
Station Name . _ Obtained Duration Comments
LatitudeN | Longitude W tain
0 ! 0! ! Supercedesrev cur pred b /1976 ACCT; rotary current;
Boston Harbor (Off Deer Isl 4220.267 70°57.317 1971 g/cl)g Ifg/h;(; P use both n&l:e gompoﬁger\;\tl sheets for predictigng
Light), MA (north component) - Aanderaa RCM4, 153 sub sta ref to Boston Har bor
Boston 42°21.3 71°03'
Boston Harbor (off Deer Il 42°20.267" 70°57.317" 1971 Isgha Rotary current; use both n& e component sheets for
Light), MA (east component) 5/10-10/26 predietions
: 0 ! o ' Hydraulic cur sta; two 29d tide obs (8/55) at @ end of
Cape Cod Canal (RR.Bridge), [41°44.5 70°36.8 1956 lZSd% cur & 29d Jydraulic eur sa; two (10/5'6); ch(A inc)ludaStimelag
MA (2) tide series of 0.55hr & 15%incin Col B; kappas derived from orig
values of kappa primes from analysis.
Cape Cod Canal, Buzzards Bay |41°44' 70°37" Roberts Current Meter,
Entrance (1975) 16 sub staref to Cape Cod Canal
i H 0, ! o ' - NOS 224d Isgha at 39ft bel MLLW; first used in 1989
Carqumez Strait, w end 38°03.68 120°13.1 1980 443288 11/12/80 PCSgT; N placelof LUZ; !
bridge, CA ( ays) Aanderaa RCM4, 57 sub staref to Carquinez Strait
Port Chicago 38°03.4' 120°02.3'
0, ! 0 ' - - NOS Isghafirst used in 1997 ACCT;
Charleston Harbor Entr (off  |32°45.36 79°52.22 1987-1988 |5/26/87-7/28/88 OS Isohalls Leed In 99T ACC
Fort Sumter), SC ADCP, 227 sub staref to Charleston Hbr
Charleston 32°46.9' 79°55.5'
! beginnin Grundy current meter,
. o . o , g 247 sub staref to Ches Bay Entr
VA Chesapeake Bay Bridge 36°58.1 76°06.8 3/30/82
Tunnel
032" 249" Hydraulic cur sta; Series by US Engineers; constant “C”
Chesapeake and Delaware 39°32 75°49 1938 ?;2 daés Obs at %lactor :I 1.;315; Col A tiI me I);g corregtli on :SO.86 hr; Orig
Canal (Chesapeske City), MD es City form 444 gave values of kappa from which these kappas
Bridge; June 7 - were computed; Constants rep diff in H,0 levels btw
Cthouse Pt (369 days) & Reedy Pt (369 days), the fld or
JUIy 14,1938 possitve flow taken as eastward.
. le, 8 sub ef toChes& Canal
Chesapeake City (1972-1983)  [39°32.023' | 75°49.014' Pole Saubsare toChesé BE Can
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L ocation

Year Data

Station Name . _ Obtained Duration Comments
LatitudeN | Longitude W tain

i 24" 03g' i Hydraulic current sta; M2 inc 5%, K1 adv 10° constant
Deception Pass (Narrows), 48°24 122°38 1925 3?9??5/ selré)% /25 “C" factor = 18.4, Col A time |a°g =0.87 hr. Epochs
WA <6> B modified by 180° so that east going stream may be

considered as positive. Constants rep diff in elev btw
Y okeko Pt. & Reservation Bay; the elev of Y P above RB
being taken as positive.

Cherry Pt 48951 & 122944 9 Zeskind float, 4 sub staref to Deception Pass
Delaware Bay Entrance, DE  |38°46.85 75°02.58' 1984 221 days, NOS analysis at ézrffjggly'\gtlj_rl;gt ?aﬁed in1987 ACCT
Lewes 38%46.9 75907 2 4/25/84 -12/1/84 92 sub staref to DE Bay Entr
Galveston Bay Entrance 29°20.8' 04°42.3' 1935 two 29day series | Two 29-day series corrected by comparison w/Gal tides;

o e short period comp inc by 5%; may be tabulated as 3

(between jetties), TX Z?g/lggl gg consecutive ebbs where spd <0.3kt is “weak & variable’.
Pole, 21 sub staref to Galv Bay Entr
Port Bolivar 29°21.8' 94°46.7' 4/10/35
o ' 0 ' Analysis of half hourly obs; short period compsinc by 1%.
GraysHarbor Entrance, WA |46°55.0 124°07.5 1950 ﬁg ljirflvly ((th:l)f R tocur ot moter o
begin)r/ﬂng 44 sub staref to GraysHarbor
Toke Point 46°42.4' 123°57.9' 3/25/50
: °, ! 0 ' 35 days of time Hydraulic cur sta; Diff in elev btw Willets Pt and Gov Isl
Hell Gate (off Mill Rock) East ~ |40°46.7 73°56.3 1932 fromaé ationls |l s W i o po . Concint -t
River, NY <1> and 11 davs of vel | 3:520. Col A includestimelag of 0.64 hr, Col D valuesfor
_ay M4 and M6 are revised to agree w/mean from tidal and
from station 6, current constants from Station #6;
whichisin the Pole, 33 sub staref to Hell Gate
open o \ center of the
The Battery 40°42 74°00.9 chamnd.

H i 5! 24" i Hydraulic current station. Constants represent diff in ht of
| sanotski Strait (False Pass 5452 16324 1940 &dayjs_gofosm tideat King Cove & False Pass. Time zone officialy
Cannery), AK &y changed from 165°W to 135°W on 10/30/83; New time

1925 (water reflected 1st in 1985 PCCT. Constant “C” factor = 6.0, Col
levels) A timelag = 1.1hr. Constants 1st used in 1973 PCCT.

Sand Point

55°20.2'

160°30.1'

Pole, 11 sub staref to I sanotski Strait




L ocation

. Year Data .
Station Name . _ Obtained Duration Comments
LatitudeN | Longitude W tain
o ' 0, ' C&GS analysis of half hrly obs. New obsin 1965 indicated
Key West, FL 24°32.9 81°49.0 1954 ﬁg d?ys Oéef:jalf aneed to regise orig constY Dredging of channels caused a
Ou.r y_sp S diff. Orig ampl wereinc 26.6%. Times were adjusted to
beginning 0.2hr earlier viaCol A. New perm current = -0.3kts.
1/22/54 Constants 1st used in 1967 ACCT.
Key \West 24°33.2' 81°48.5' Robertscurrent meter, 18 sub staref toKey West
i ; 0, ' o ' Short period compsinc 12%. Time zone officially changed
Kvichak Bay (Off Naknek River 5842.2 157°15.0 1946 14 days from 1pSOJ W to 13’?5"W on 10/30/83. New time 1styreflec?ed
Entrance), AK beginning in 1985 PCCT.
9/16/46 Pole, 39 sub staref to Kvichak Bay
Sand Point 55°20.2" 160°30.1"

i H 0, ' 0 ! NOS analysisfirst used in 1987 ACCT
Miami Harbor Entrance 25°45.9 80°08.2 1985 tzng ?r?xisn CONS g G (e 6011 MK,
(Government Cut), FL 1/18/85 g 45 sec staref toMiami Harbor Entrance
Virginia Key 25°43.9' 80°09.7'

i °14' °02' 29 day seriesin 1935 w/amplitudesinc 10% except M2 &
Mobile Bay Entr ance, AL 30°14 88°02 1935 29 day S2 which are from 15 daysin 1918 (weight 1) and 29 days
beg' nning in 1935 (weight 2). Inferred values > or = 0.01 except for
5/24/35 M4 & M6, published speeds < 0.3 kts = “weak and
variable’
Dauphi nli SI and 30°15' 88°04.5' Pole, 14 sub staref to Mobile Bay Entrance
H 017" 097! il Harmonic tidal constants at Hoonak. Time zone changed
North Inian Pass, Cross Sound, |58°17 136723 1925 22 days from 120°W to 135°W on 10/30/83. New times reflected 1st
AK in 1985 PCCT. Published spd < 0.3kts = “wesk &
1901 (104 variable’ Tropic inequalities for flood & ebb as derived
dayswater from pred for 1932 are flood=1.2 and ebb = 2.06.
Juneau 58017.9I 13402471 |e'\/e|S) Zeskind Float, 28 sub staref to North I nian Pass
0 ' o ! - - NOSLSQHA, major axisonly; minor axisinsignificant.
Old Port Tampa, Old Tampa 27°51.9 82°33.2 1990-91 S;ﬁg?_ (57 A e,
Bay, FL ADCP, 16 sub staref to Old Tampa Bay
S Petersburg 27°46.012' | 82°37.016 days)
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L ocation

. Year Data .
Station Name . _ Obtained Duration Comments
LatitudeN | Longitude W tain
Pollock Rip (Butler Hole) 41°32.8 69°59.1' 1934, 1935, |748 days Userl anelyzed values > o = 0,080 and iferred values >
Channd, MA <2> 1936 8/6/34-8/31/36 from Narragansett Bay. & Nantucket Sound,
Pole, 115 sub staref to Pollack Rip
Nantucket 41°17.2' 70°05.7'
°04' 042" 15 di le & From HA of 3 short series of obs corrected by comparison
Portsmouth Harbor 4304 10°42 1926 Pricgyéupr)rc;ri w/constants from simultaneous tidal obs at Portland ME.
Entrance, (off Wood Isl), NH Meters from 1926: | Short period comp inc 20%. When times of max flood scan
<3> - ’ backwards, change them to make them progressive.
ROb?ItSslerc]j 1953 Pole & Price (1926); Roberts (1953),
%avey I Sl and M E 43°04.9' 70°44.7" wasn'tu in 82 sub staref to Portsmouth
! : : tables
i i o ! 0, ! C& GS 29day HA first used in 1967 PCCT. Ampl inc 11%.
Rosario Strait, WA 48°27.53 122°46.75 1965 29 days ay Py acthbeoc] pl 0
. begmnmg 46 sub staref to Rosario Strait
Cher ry Point 48°51.8' 122°44.9' 3/10/65
San Di €go B ay Entrance (off 32°40.9' 117°13.8' 1934 29 days Used analyzed $ 0.03I|;ts| an;d in;erred $ 0.010kts. Mean of
o7 ole & meter,
Ballast Point), CA beginning 27 sub staref to San Diego Bay Entr
) 8/24/34 (20in CA&7inHI)
San Diego 32°42.9' 117°10.4'
San Francisco Bay Entrance  |37°48.63° | 122°30.13 1923 | 7dys Giyscomperecl asimuteneoustidd adydat Prevdlo ard bes
(Golden Gate), CA <7> & beginning determined valuesfor Presidio. M2, M4, M6 obtained by
1930 10/19/23 combining orig constants from above method w/ constants from an
(3 days) anaEIysi_s _cgd diff bte\:*,vt _pred]i(cteg f gtis spsegffcg; t'h?ad satrﬁe serri]a
mpirical corrections for K1, O1, and P1 obtained throug
Golden Gate 37°48.4' 122°27.9' comparison w/obs Pole; 136 sub sta ref to SF Bay Entr
San 02g! 57" C& GS analysis where short period components are
Juan Channel (SOUth 48°28 12257 1964 tz)gg(ljgllsn increased 6% and published speeds < 0.3kts are “weak and
entrance), WA 9 variable”. Roberts Current Meter,
5/21/64 13 sub staref to San Juan Channel
Friday Harbor 48°32.7' 123°00.7"
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L ocation

. Year Data .
Station Name . _ Obtained Duration Comments
LatitudeN | Longitude W tain
i 0 ' 0 ' - Means of two 15-day series of hourly speeds beginnin
Savannah River Entrance 3202.2 80°51.5 1934 tW(-) 15bda-y . 5/1/34 corrected by ?c/)mparison w/Ty)l;eSs Light, %gA ti déi.
(between jetties), GA SEMNEesDEYINNING | correction of 0.15 hr to speeds of each component to make
5/1/34 predicted times | ater.
Ft Pul aski 32°02' 80°54.1' Pole, 124 sub staref to Savannah River Entr
i ; ; o ' o ' Hydraulic cur sta. Kappa prime is mean of values derived
Sergl us Narr ows, Peril Strait, 5r244 135°37.6 1952 6 da_tys_ frgmG days of obs anaalpgsis & derived fromtidal constants
AK beg' nning from Sitka and Sergius Narrows. Time zone officialy
5/25/52 changed from 120°W to 135°W on 10/30/83. New TM 1st|
appear in 1985 PCCT. “C” factor = 5.0. (Oldest sec sta1895).
Stka 57003.1| 1350205I Roberts Current Meter, 62 sub staref to Serglus Narrows
H o ' o ' Corrected by comparison w/Mayport tides. Series are half
St. JohnsRiver Entrance, FL |30°24.0 81723.0 1934 %e%ns of two hourly where M2, M4, & M6 wereinc 3%.
i ay Series Pole, 17 sub staref to St JohnsRiver Entrance
Mayport 30°23.6' 81°25.9' beginning
1/4/34
i 07" el - Inferred from Admiralty Inlet such that constantsin Col B =
Strait of Juan de Fuca 4827 124°35 1533_ (2 ?-ays ;gggj]: 2d Y4 those at Admiralty Inlet and kappa prime values = 30
Entrance, WA <8> obs direction) (2days) | minealier. short period components inc 10% Pub speeds
& 1 mo pred may be tabulated as 3 consecutive ebbs +/or “weak and
(1945) a Pole, 1sub sta;/c?rsitarb;tpbf Juan de Fuca
Neah Bay 48°22.1' 124°37 Admiralty Inlet e vandery
Sunshine Skyway Bridge, 27°37.2 82°39.3' 1990 - 1991 {292 days; NOS LSQHA at 15 ft below MLLW first used in 1994
8/22/90 - ACCT. Minor axisinsignificant.
TampaBay, FL 6/10/91 ADCP, no subor dinate stations
S Petersburg 27°46.012' | 82°37.016'
o ! 0 ! - . NOSLSQHA at 15 ft below MLLW 1st used in 1994
Tampa Bay Entrance (Egmont 27°36.3 82°45.6 1990 - 1991 45)1 (/jays, ACCT. Minor sxisingio
Channdl), FL 8/20/90 - ADCP, 54 sub staref to Egmont
Clearwater 27°58.6' 82°49.9' 9/25/91




LS

L ocation

. Year Data .
Station Name . _ Obtained Duration Comments
LatitudeN | Longitude W tain
18’ 033" i Based on 28-day series at station 26 & compared w/tides at
The Narrows (north end) ! Pu get 4718 122°33 1944 28 day SEMNes Seattle. Sho?typeri od comp inc 5%. Va uegfor N2 spec
Sound, WA beginning determined from 2 short series. Pred are for midstream. W
1/19/44 side currents flood most of the time;
east side ebbs most of thetime.
RobertsCurrent Meter,
%attle 47036.2I 122020.2| 31 sub staref to The Narrows Puga Snd
The Narrows, New York 40°36.6' 74°02.8' 1932 29 days; C&GSanalysisof US Engtjir?eerg/obs Short period
componentsinc 9%.
Harbor. NY <4> 8/18/32 - Pole, 77 sub staref to The NarrowsNew York Harbor
Sandy Hook, NJ 40°28.0 74°00.6' 9/16/32
41°14.0' 72°03.6' 1989 72 davs NOS average of 2 29-day HA's at 38 ft below MLLW. First
The Race, L-ong Isiand Sound, 1/1/a8y9 used in 1994 ACCT. Minor axis negligible.
NY 41°71.3 72905.2" 2/13/89; ADCP (89); 155 sub staref to The Race
New London, CT
40°48.6' 73°47.1' 1989 483 days, NOS average of 16 29-day HA's at 15 ft below MLLW.
Throgs Neck, L.ong Island Sound, 3/30/2% _ First used in 1994 ACCT. Minor axis negligible
NY ADCP (89), 16 sub sta ref to Throgs Neck
i 54°21.9' 164°48' 1938 and 11 Yadavs Combination of constants from 3 series of poleobs in 6/38
Uni mak Pass (Off Scotch Cap), 1950 19348 agnd 33 & 7/38 of 44, 4 & 3 daysw/33 days of broken series
Aleutian ISands, AK ( ) w/meter beg 6/14/50. Short period componentsinc 3%.
broken days Station exhibits amin flood (Okt). Time zone officially
(1950) changed from 165° to 135°W on 10/30/83.
New timesreflected 1st in 1985 PCCT.
Unalaska 53°52.8' 166°32.3' Pole, 35 sub staref to Unimak Pass
56°49' 132°58' 1925 16 davsin Au Derived fromtidal constants for Petersourg, AK. Corrected
Wr angd | Narrows (Off Yy g by using channel dir & inc speeds by10%(25). Short period
Petersburg), AK compsinc 6%. Time zone officially changed from 120° to
135°W on 10/30/83; new TM appeared in 1985 PCCT
Ketchikan 55°20' 131°37.5' Zeskind Float, 345 sub staref to Wrangell Narrows
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Footnotes:

<1>

<2>

<3>

<4>

<5>

<6>

Hell Gate (off Mill Rock) East River, NY: Observations by US Engineers 1932. Greenwich interval times are from mean of results from stations 2, 5, &
6 totaling about 35 days. Velacities are from Station 6 (11 days) which isin the center of the channel. Predictions are made w/harmonic constants derived
from tidd constants at Willets Pt. (2 yrs, 1891& 1894) and Governors Idand (3 yrs., 1876-1878), the constants giving the diff in elev of tide & WP and
Gl. Predictions for 1934 obtained from revised constants using lag of 0.64 hr, ebb set of 0.6kt, M4 kappa prime = 106.6, M6 kappa prime = 111.0. Using
these constants, predictions for May 1932 are: Gr SBF=9:03, Gr MFC=11:59 3.26kt, Gr SBE=2:33, Gr MEC =5:35 4.53kts. Spring vel = 3.8kts (flood)
and 5.0kts (ebb) where Spring (Sg) vel = avg vel * sgrt (1.2) where 1.2 = Sg/Mean at The Battery and Willets Point.

Pollock Rip Channel (Butler Hole) MA: One year of observations a Stonehorse Lightship (9/1/34 - 8/31/35) w/15 ft pole. Two years “plus’ (748 days)
8/6/34 - 8/31/36 w/15 ft pole. First used asreference station in 1937. Sg vel = Av vel * [(M2 + S2)+~M2] where [(M2 + S2)+M2] = 1.15. From predictions
for Jan 1937: Greenwich Intervals and corrected velocities are: SBF 7:55, MFC 11:17, MFC vel 1.92 (kt), SBE 1:59, MEC 4:48, MEC vel 1.69 (kt).
Notified by Englebrecht that Lightship was removed. Form 696 has (Butler Hole, MA). Flood differences =6 hr 32 min; Ebb differences = 5 hr 53 min.
Velocities at strength MFC = 2.0 kts, MEC = 1.8 kts; Spring tide MFC = 2.3 ktisand MEC = 2.1 kts.

Portsmouth Harbor Entrance (off Wood Island) NH: Data from pole and meter (9ft and 22ft) copied from “Standard Station Summary” sheet. Radio
current meter & Sta7 9/16/53 - 10/1/53 a 15 ft depth may have questionable directions, particularly flood. Channel is ailmost N-S (dated 4/26/55) and
directions for MFC = 40° and MEC = 170°. Maximum obs vel = 2.2kts, 142° (1953). Data first used in 1934. Remarks: flood diff = Shr 47min and [(M2
+ S2)+M2] where [(M2 + S2)+M2] = 1.16. Average flood vel = 1.2kts, ebb = 1.8kts; mean spring tide = 1.7Kkts.

The Narrows, New Y ork Harbor, NY: 28 days of data (8/18/32 - 9/16/32) collected by US Engineers - Sta 1 (meter at 16.8 ft) Directions are from 11 days
in 1922 a Sta 9. Amplitudes are multiplied by 1.09 to make predictions agree with observations. This station was first used as a reference station
beginning with 1976 Current Tables. It is predicted with north and east components as a rotary current. Average flood vel = 1.7 knots, ebb = 2.0 knots,
mean spring tide = 2.2 knots.

Admiralty Inlet, WA: Mean of the results from following series: 26 days 1908 (Derickson), 32 days 1942 (EB Roberts), 26 days 1943 (Sta 14) (EB
Roberts) and 36 days 1943 (Sta 1) using EB Roberts. Using constants from obs in those 4 years give predictions for 1946 as FL vel 1.6 knots and EB
vel 2.6 knots. Remarks: Tota current vel from Form 180 - Constants used for predictions. Predictions for years 1945 and 1946 give tota current flood
2.6 knotsandtotal current ebb 3.2 knots. Mean Gl (from 4 years): SBF=8.06hr, MFC=10.32hr, SBE=0.29hr, MEC=4.11hr. There are 26 secondary stations
referenced to Admiralty Inlet. Most surveyed in 1946 and 1965 with Roberts Current Meters.

Deception Pass, WA: Based on float (Zeskind) observations from 9/9/25 - 10/9/25. Slacks (9/9/25 - 10/9/25) and strengths (9/13 - 9/17/25). Slacks
averaged 3 min later than the full time series so strengths were decreased by 3 min to obtain the Gl: SBF=5hr20min, MFC=8hr16min, SBE=11hr14min,
MEC=1hr31min. Avg flood vel 5.2 & ebb 6.6 knots.
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<7> San Francisco Bay Entrance (Golden Gate): Weighted mean of 7 days, Oct 19-26, 1923 (Shoppe Sta No 10 - Weight 2). Pole only. Weight 1 = 3 days
May 1-2, 27-29, 1930 by US Eng Sec. R, Sta3 at 10 foot depth. Velocities are from Shoppe’ s observations. Tropic velocities are from 1 year predictions
in 1935. 22 Secondary stations are referenced to San Francisco Bay Entrance. In 1990 ref sta changed from Alcatraz to SFB Entr.

<8> Strait of Juan de Fuca One month prediction (July 1945) using new Admiralty Inlet constants; less 30 min and amplitudestimes 0.5. Directions are from
2 days observations by K.T. Adams, July 22-25, 1931, Station #1. Observations five flood velocity 0.5 knots, ebb velocity 1.4 knots.




APPENDIX C

Leading U. S. Ports Ranked by Total 1995 Tonnage

PORT_NAME TOTAL DOMESTIC FOREIGN IMPORTS EXPORTS
South Louisiana, LA, Port of 204,482,591 106972579 97510012 28867399 68642613
Houston, TX 135,231,322 63694434 71536888 42859905 28676983
New York, NY and NJ 119,341,574 71281214 48060360 38728644 9331716
Baton Rouge, LA 83,612,788 45384087 38228701 26564120 11664581
Valdez, AK 80,955,084 80881706 73378 0 73378
New Orleans, LA 76,984,036 37962557 39021479 18770926 20250553
Plaguemine, LA, Port of 72,897,301 48466434 24430867 7854328 16576539
Corpus Christi, TX 70,456,033 25885340 44570693 38624945 5945748
Long Beach, CA 53,227,490 19738999 33488491 15994553 17493938
Tampa, FL 51,911,335 31812115 20099220 6069656 14029564
Mobile, AL 50,972,223 25083220 25889003 11711441 14177562
Texas City, TX 50,402,938 19213208 31189730 29980279 1209451
Port Arthur, TX 49,799,977 6763743 43036234 36864423 6171811
Pittsburgh, PA 48,849,508 48849508 0 0 0
Norfolk Harbor, VA 47,658,182 10283351 37374831 5543382 31831449
Lake Charles, LA 46,569,641 19740706 26828935 21615421 5213514
Los Angeles, CA 46,478,586 19063467 27415119 13550393 13864726
Duluth-Superior, MN and WI 45,049,184 34932890 10116294 1425472 8690822
Baltimore, MD 44,695,812 13098369 31597443 14359323 17238120
Philadelphia, PA 40,634,284 12763551 27870733 27151633 719100
Portland, OR 31,255,509 13616851 17638658 2714802 14923856
Marcus Hook, PA 30,818,134 14549103 16269031 16222985 46046
St. Louis, MO and IL 30,137,632 30137632 0 0 0
Huntington, WV 28,265,731 28265731 0 0 0
Pascagoula, MS 26,926,582 9481727 17444855 14735302 2709553
Seattle, WA 26,179,838 6041194 20138644 7567122 12571522
Chicago, IL 25,329,030 22082501 3246529 2206262 1040267
Paulsboro, NJ 24,780,664 11645610 13135054 12984722 150332
Newport News, VA 23,365,005 5170196 18194809 1794695 16400114
Beaumont, TX 20,937,132 14922961 6014171 4026335 1987836
Tacoma, WA 20,878,751 7026469 13852282 4009359 9842923
Richmond, CA 20,839,258 15034485 5804773 3649403 2155370
Freeport, TX 19,661,621 5475882 14185739 12271130 1914609
Detroit, Ml 18,660,925 15002672 3658253 3051172 607081
Port Everglades, FL 18,367,389 10238202 8129187 6254011 1875176
Savannah, GA 17,379,724 3566640 13813084 6437974 7375110
Boston, MA 16,744,386 9637706 7106680 6363958 742722
Memphis, TN 15,944,945 15944945 0 0 0
Indiana Harbor, IN 15,700,153 15019457 680696 640254 40442
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PORT NAME TOTAL DOMESTIC FOREIGN IMPORTS EXPORTS
Jacksonville, FL 15,692,999 8740054 6952945 5062499 1890446
San Juan, PR 15,477,965 10900245 4577720 3775480 802240
Cleveland, OH 15,393,496 12323290 3070206 2655471 414735
Lorain, OH 14,964,284 14839878 124406 124406 0
Toledo, OH 14,074,499 7240352 6834147 1376781 5457366
Oakland, CA 13,224,118 2523900 10700218 4330630 6369588
Anacortes, WA 13,109,828 11120181 1989647 538040 1451607
Cincinnati, OH 13,068,362 13068362 0 0 0
New Castle, DE 12,455,809 4874803 7581006 7540893 40113
Honolulu, HI 11,545,102 9374582 2170520 1923739 246781
Portland, ME 11,456,007 2015780 9440227 9295191 145036
Kalama, WA 11,346,546 660579 10685967 15754 10670213
Charleston, SC 11,171,597 3818269 7353328 3326472 4026856
Galveston, TX 10,465,119 3815125 6649994 1986010 4663984
Burns Waterway Harbor, IN 10,275,176 7603119 2672057 2206600 465457
Presque Isle, Ml 10,099,422 8307672 1791750 30173 1761577
Ashtabula, OH 10,010,229 6172507 3837722 1074963 2762759
Gary, IN 9,978,301 9626559 351742 181175 170567
Taconite, MN 9,247,361 9247361 0 0 0
Matagorda Ship Channel, TX 9,237,437 2689155 6548282 5771996 776286
Louisville, KY 8,999,282 8999282 0 0 0
New Haven, CT 8,812,648 6402487 2410161 2218489 191672
Escanaba, Ml 8,479,428 8479428 0 0 0
Stoneport, Ml 8,467,755 7413215 1054540 33215 1021325
Calcite, Ml 8,380,892 6520896 1859996 0 1859996
Two Harbors, MN 8,265,384 8265384 0 0 0
Barbers Point, Oahu, HI 8,232,732 3507894 4724838 3974002 750836
Mount Vernon, IN 8,225,907 8225907 0 0 0
Wilmington, NC 7,860,740 3969329 3891411 2717451 1173960
Vancouver, WA 7,534,764 2173470 5361294 893875 4467419
Providence, RI 6,932,109 4821471 2110638 1613395 497243
Miami, FL 6,578,860 1235938 5342922 2483652 2859270
Longview, WA 6,166,724 1172181 4994543 674806 4319737
Camden-Gloucester, NJ 5,919,077 2747343 3171734 2457449 714285
Albany, NY 5,802,920 4348716 1454204 870288 583916
Conneaut, OH 5,611,533 2986146 2625387 29123 2596264
Vicksburg, MS 5,127,950 5127950 0 0 0
Port Inland, Ml 5,050,272 4630101 420171 31144 389027
St. Clair, Ml 5,028,413 5026826 1587 1587 0
St. Paul, MN 4,769,608 4769608 0 0 0
Nikishka, AK 4,699,710 3376826 1322884 3 1322881
Victoria, TX 4,624,192 4624192 0 0 0
Morehead City, NC 4,577,242 1815307 2761935 732469 2029466
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PORT NAME TOTAL DOMESTIC FOREIGN IMPORTS EXPORTS
Everett, WA 4,440,858 3017536 1423322 384659 1038663
Silver Bay, MN 4,348,458 4348458 0 0 0
Wilmington, DE 4,272,719 782514 3490205 3051774 438431
Portsmouth, NH 3,913,882 813055 3100827 2770435 330392
Marine City, Ml 3,850,333 3850333 0 0 0
Nashville, TN 3,748,978 3748978 0 0 0
Coos Bay, OR 3,628,036 151748 3476288 52140 3424148
Sandusky, OH 3,536,000 888431 2647569 3500 2644069
Marblehead, OH 3,517,954 2990864 527090 4 527086
Bridgeport, CT 3,447,062 3001601 445461 433546 11915
Fall River, MA 3,279,988 2542609 737379 720330 17049
Milwaukee, WI 3,262,288 1632597 1629691 868474 761217
Port Dolomite, Ml 3,261,858 2975002 286856 13635 273221
Anchorage, AK 3,221,587 2269546 952041 251338 700703
Palm Beach, FL 2,972,159 2154336 817823 315169 502654
Fairport Harbor, OH 2,941,343 2376289 565054 47576 517478
Panama City, FL 2,890,579 2395807 494772 68266 426506
Port Canaveral, FL 2,816,904 1218140 1598764 1245094 353670
Alpena, MI 2,766,717 2604507 162210 31833 130377
Guntersville, AL 2,754,096 2754096 0 0 0
Brownsville, TX 2,656,193 1043221 1612972 497062 1115910
Kahului, Maui, HI 2,586,230 2510919 75311 74941 370
Chattanooga, TN 2,525,377 2525377 0 0 0
Kansas City, MO 2,371,609 2371609 0 0 0
Olympia, WA 2,165,575 1998723 166852 4858 161994
Green Bay, WI 2,122,138 1899193 222945 190486 32459
Gulfport, MS 2,023,084 86089 1936995 1231432 705563
Port Jefferson, NY 2,018,078 1855389 162689 162689 0
Brunswick, GA 2,002,489 232582 1769907 996787 773120
Helena, AR 1,964,582 1964582 0 0 0
Monroe, Mi 1,919,912 1867024 52888 6578 46310
Port Angeles, WA 1,910,512 1010344 900168 305137 595031
Greenville, MS 1,873,694 1873694 0 0 0
Buffalo, NY 1,872,534 1324335 548199 487459 60740
Muskegon, MI 1,824,617 1648715 175902 175902 0
Ketchikan, AK 1,821,127 1473285 347842 108889 238953
Biloxi, MS 1,739,456 1739456 0 0 0
Pensacola, FL 1,622,528 1143417 479111 123584 355527
Drummond Island, Ml 1,606,078 1402869 203209 0 203209
Charlevoix, Mi 1,584,187 1521893 62294 0 62294
Grays Harbor, WA 1,565,708 101185 1464523 130 1464393
Tulsa, Port of Catoosa, OK 1,473,584 1473584 0 0 0
Buffington, IN 1,447,039 1416589 30450 0 30450
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PORT NAME TOTAL DOMESTIC FOREIGN IMPORTS EXPORTS
Chester, PA 1,388,968 271641 1117327 885718 231609
Hilo, HI 1,354,365 1303890 50475 49986 489
San Diego, CA 1,351,482 616598 734884 258589 476295
San Francisco, CA 1,330,066 517591 812475 324458 488017
Stockton, CA 1,320,462 129887 1190575 724516 466059
Minneapolis, MN 1,299,922 1299922 0 0 0
Bellingham, WA 1,291,373 530812 760561 400547 360014
Searsport, ME 1,262,712 417246 845466 808638 36828
Bucksport, ME 1,237,542 379639 857903 856294 1609
Georgetown, SC 1,233,580 69198 1164382 1072812 91570
Humboldt, CA 1,220,383 599221 621162 59016 562146
Salem, MA 1,197,416 395561 801855 801732 123
Ludington, MI 1,149,952 1107581 42371 8311 34060
Sacramento, CA 1,137,456 199390 938066 58379 879687
Richmond, VA 1,135,106 581063 554043 300572 253471
Ponce, PR 1,134,115 231 1133884 959193 174691
Nawiliwili, Kauai, HI 1,129,612 1113657 15955 15955 0
Erie, PA 1,056,727 936901 119826 108534 11292
Stamford, CT 994,083 994083 0 0 0
Astoria, OR 985,471 160976 824495 101747 722748
Trenton, NJ 963,860 963860 0 0 0
Grand Haven, Ml 961,189 769042 192147 68016 124131
Hopewell, VA 934,835 634493 300342 9891 290451
Seward, AK 927,669 28210 899459 4975 894484
Marquette, Ml 835,761 835761 0 0 0
Redwood City, CA 753,912 383784 370128 217211 152917
Orange, TX 692,720 619158 73562 0 73562
Charlotte, FL 637,175 637175 0 0 0
New London, CT 623,313 571372 51941 51941 0
Port Huron, MI 487,905 361332 126573 110171 16402
Oswego, NY 435,065 25623 409442 409433 9
Manistee, Ml 431,966 426402 5564 5564 0
Dunkirk, NY 373,946 373946 0 0 0
Port Townsend, WA 362,406 339272 23134 7061 16073
Lake Providence, LA 314,957 314957 0 0 0
Christiansted, St Croix, VI 286,710 144250 142460 79825 62635
Skagway, AK 264,519 24113 240406 93182 147224
Traverse City, Ml 226,187 226187 0 0 0
Rochester, NY 169,563 0 169563 155879 13684
Key West, FL 140,676 140344 332 24 308
Cape Charles, VA 126,195 126195 0 0 0
Ashland, WI 100,051 100051 0 0 0
Harbor Beach, Ml 87,642 87642 0 0 0
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PORT NAME TOTAL DOMESTIC FOREIGN IMPORTS EXPORTS
Sturgeon Bay, WI 71,250 71250 0 0 0
Alexandria, VA 62,137 0 62137 62023 114
Newport, RI 47,629 0 47629 47629 0
Ventura, CA 22,082 22082 0 0 0
Mackinac, Ml 10,944 10944 0 0 0
Monterey Harbor, CA 9,330 9330 0 0 0
Cambridge, MD 5,081 5081 0 0 0
Morro Bay, CA 3,083 3083 0 0 0
Santa Monica, CA 193 193 0 0 0
Sackets Harbor, NY 12 12 0 0 0
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1995 U.S. Port Tonnage Grouped by Tidal Current Reference Station

APPENDIX D

STATION NAME TOTAL DOMESTIC FOREIGN IMPORTS EXPORTS
Bay of Fundy Entrance, ME | 2,500,254 796,885 1,703,369 1,664,932 38,437
Searsport, ME 1,262,712 417,246 845,466 808,638 36,828
Bucksport, ME 1,237,542 379,639 857,903 856,294 1,609
Portsmouth Harbor Entr., NH | 15,369,889 2,828,835 12,541,054 12,065,626 475,428
Portsmouth, NH 3,913,882 813,055 3,100,827 2,770,435 330,392
Portland, ME 11,456,007 2,015,780 9,440,227 9,295,191 145,036
Boston Harbor, MA | 17,941,802 10,033,267 7,908,535 7,165,690 742,845
Boston, MA 16,744,386 9,637,706 7,106,680 6,363,958 742,722
Salem, MA 1,197,416 395,561 801,855 801,732 123
Cape Cod Canal, MA | 0

Pollock Rip Channel, MA | 10,259,726 7,364,080 2,895,646 2,381,354 514,292
Newport, RI 47,629 0 47,629 47,629 0
Fall River, MA 3,279,988 2,542,609 737,379 720,330 17,049
Providence, RI 6,932,109 4,821,471 2,110,638 1,613,395 497,243
The Race, NY 15,895,184 12,824,932 3,070,252 2,866,665 203,587
Port Jefferson, NY 2,018,078 1,855,389 162,689 162,689 0
Stamford, CT 994,083 994,083 0 0 0
Bridgeport, CT 3,447,062 3,001,601 445,461 433,546 11,915
New Haven, CT 8,812,648 6,402,487 2,410,161 2,218,489 191,672
New London, CT 623,313 571,372 51,941 51,941 0
The Narrows, N.Y. Harbor, 125,144,494 75,629,930 49,514,564 39,598,932 9,915,632
Hell Gate and Throgs Neck, NY

New York, NY and NJ 119,341,574 71,281,214 48,060,360 38,728,644 9,331,716
Albany, NY 5,802,920 4,348,716 1,454,204 870,288 583,916
Delaware Bay Entrance, DE 121,233,515 48,598,425 72,635,090 70,295,174 2,339,916
New Castle, DE 12,455,809 4,874,803 7,581,006 7,540,893 40,113
Wilmington, DE 4,272,719 782,514 3,490,205 3,051,774 438,431
Marcus Hook, PA 30,818,134 14,549,103 16,269,031 16,222,985 46,046
Paulsboro, NJ 24,780,664 11,645,610 13,135,054 12,984,722 150,332
Chester, PA 1,388,968 271,641 1,117,327 885,718 231,609
Philadelphia, PA 40,634,284 12,763,551 27,870,733 27,151,633 719,100
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STATION NAME TOTAL DOMESTIC FOREIGN [IMPORTS EXPORTS
Camden-Gloucester, NJ 5,919,077 2,747,343 3,171,734 2,457,449 714,285
Trenton, NJ 963,860 963,860 0 0 0
Chesapeake & Delaware

Canal,MD 0

Baltimore Harbor Approach, MD 44,763,030 13,103,450 31,659,580 14,421,346 17,238,234
Cambridge, MD 5,081 5,081 0 0 0
Alexandria, VA 62,137 0 62,137 62,023 114
Baltimore, MD 44,695,812 13,098,369 31,597,443 14,359,323 17,238,120
Chesapeake Bay Entrance, VA 73,219,323 16,795,298 56,424,025 7,648,540 48,775,485
Norfolk Harbor, VA 47,658,182 10,283,351 37,374,831 5,543,382 31,831,449
Newport News, VA 23,365,005 5,170,196 18,194,809 1,794,695 16,400,114
Cape Charles, VA 126,195 126,195 0 0 0
Hopewell, VA 934,835 634,493 300,342 9,891 290,451
Richmond, VA 1,135,106 581,063 554,043 300,572 253,471
Charleston Harbor Entr., SC 24,843,159 9,672,103 15,171,056 7,849,204 7,321,852
Charleston, SC 11,171,597 3,818,269 7,353,328 3,326,472 4,026,856
Georgetown, SC 1,233,580 69,198 1,164,382 1,072,812 91,570
Wilmington, NC 7,860,740 3,969,329 3,891,411 2,717,451 1,173,960
Morehead City, NC 4,577,242 1,815,307 2,761,935 732,469 2,029,466
Savannah River Entrance, GA 19,382,213 3,799,222 15,582,991 7,434,761 8,148,230
Brunswick, GA 2,002,489 232,582 1,769,907 996,787 773,120
Savannah, GA 17,379,724 3,566,640 13,813,084 6,437,974 7,375,110
St. Johns River Entrance, FL 15,692,999 8,740,054 6,952,945 5,062,499 1,890,446
Jacksonville, FL 15,692,999 8,740,054 6,952,945 5,062,499 1,890,446
Miami Harbor, FL 30,735,312 14,846,616 15,888,696 10,297,926 5,590,770
Miami, FL 6,578,860 1,235,938 5,342,922 2,483,652 2,859,270
Port Everglades, FL 18,367,389 10,238,202 8,129,187 6,254,011 1,875,176
Palm Beach, FL 2,972,159 2,154,336 817,823 315,169 502,654
Port Canaveral, FL 2,816,904 1,218,140 1,598,764 1,245,094 353,670
Key West, FL 140,676 140,344 332 24 308
Key West, FL 140,676 140,344 332 24 308
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Tampa Bay Entrance, 55,439,089 34,845,097 20,593,992 6,137,922 14,456,070
Sunshine Skyway,

and Old Port Tampa, FL

Charlotte, FL 637,175 637,175 0 0 0
Tampa, FL 51,911,335 31,812,115 20,099,220 6,069,656 14,029,564
Panama City, FL 2,890,579 2,395,807 494,772 68,266 426,506
Mobile Bay Entrance, AL 521,260,589 276,319,566 244,941,023 109,858,532 135,082,491
South Louisiana, LA, Port of 204,482,591 106,972,579 97,510,012 28,867,399 68,642,613
Baton Rouge, LA 83,612,788 45,384,087 38,228,701 26,564,120 11,664,581
New Orleans, LA 76,984,036 37,962,557 39,021,479 18,770,926 20,250,553
Plaquemine, LA, Port of 72,897,301 48,466,434 24,430,867 7,854,328 16,576,539
Mobile, AL 50,972,223 25,083,220 25,889,003 11,711,441 14,177,562
Pascagoula, MS 26,926,582 9,481,727 17,444,855 14,735,302 2,709,553
Gulfport, MS 2,023,084 86,089 1,936,995 1,231,432 705,563
Biloxi, MS 1,739,456 1,739,456 0 0 0
Pensacola, FL 1,622,528 1,143,417 479,111 123,584 355,527
Galveston Bay Entrance, TX 347,622,099 141,558,564 206,063,535 155,375,499 50,688,036
Matagorda Ship Channel, TX 9,237,437 2,689,155 6,548,282 5,771,996 776,286
Victoria, TX 4,624,192 4,624,192 0 0 0
Freeport, TX 19,661,621 5,475,882 14,185,739 12,271,130 1,914,609
Galveston, TX 10,465,119 3,815,125 6,649,994 1,986,010 4,663,984
Texas City, TX 50,402,938 19,213,208 31,189,730 29,980,279 1,209,451
Houston, TX 135,231,322 63,694,434 71,536,888 42,859,905 28,676,983
Port Arthur, TX 49,799,977 6,763,743 43,036,234 36,864,423 6,171,811
Beaumont, TX 20,937,132 14,922,961 6,014,171 4,026,335 1,987,836
Orange, TX 692,720 619,158 73,562 0 73,562
Lake Charles, LA 46,569,641 19,740,706 26,828,935 21,615,421 5,213,514
Aransas Pass, TX 70,456,033 25,885,340 44,570,693 38,624,945 5,945,748
Corpus Christi, TX 70,456,033 25,885,340 44,570,693 38,624,945 5,945,748
San Diego Bay Entrance, CA 26,199,523 1,842,754 7,771,983 6,297,212 1,474,771
San Diego, CA 1,351,482 616,598 734,884 258,589 476,295
Nawiliwili, Kauai, HI 1,129,612 1,113,657 15,955 15,955 0
Barbers Point, Oahu, HI 8,232,732 3,507,894 4,724,838 3,974,002 750,836
Honolulu, HI 11,545,102 9,374,582 2,170,520 1,923,739 246,781
Kahului, Maui, HI 2,586,230 2,510,919 75,311 74,941 370
Hilo, HI 1,354,365 1,303,890 50,475 49,986 489
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San Francisco Bay Entr., CA 137,086,419 57,874,053 79,212,366 38,125,664 41,086,702
Long Beach, CA 53,227,490 19,738,999 33,488,491 15,994,553 17,493,938
Los Angeles, CA 46,478,586 19,063,467 27,415,119 13,550,393 13,864,726
Santa Monica, CA 193 193 0 0] 0
Morro Bay, CA 3,083 3,083 0 0 0
Monterey Harbor, CA 9,330 9,330 0 0 0
Redwood City, CA 753,912 383,784 370,128 217,211 152,917
San Francisco, CA 1,330,066 517,591 812,475 324,458 488,017
Oakland, CA 13,224,118 2,523,900 10,700,218 4,330,630 6,369,588
Richmond, CA 20,839,258 15,034,485 5,804,773 3,649,403 2,155,370
Humboldt, CA 1,220,383 599,221 621,162 59,016 562,146
Carquinez Strait, CA | 2,457,918 329,277 2,128,641 782,895 1,345,746
Stockton, CA 1,320,462 129,887 1,190,575 724,516 466,059
Sacramento, CA 1,137,456 199,390 938,066 58,379 879,687
Grays Harbor Entrance, WA | 58,854,722 17,885,242 40,969,480 4,401,114 36,568,366
Kalama, WA 11,346,546 660,579 10,685,967 15,754 10,670,213
Longview, WA 6,166,724 1,172,181 4,994,543 674,806 4,319,737
Astoria, OR 985,471 160,976 824,495 101,747 722,748
Grays Harbor, WA 1,565,708 101,185 1,464,523 130 1,464,393
Vancouver, WA 7,534,764 2,173,470 5,361,294 893,875 4,467,419
Portland, OR 31,255,509 13,616,851 17,638,658 2,714,802 14,923,856
Strait of Juan de Fuca Entr., WA 0

Admiralty Inlet, WA 30,983,102 9,398,002 21,585,100 7,958,842 13,626,258
Seattle, WA 26,179,838 6,041,194 20,138,644 7,567,122 12,571,522
Everett, WA 4,440,858 3,017,536 1,423,322 384,659 1,038,663
Port Townsend, WA 362,406 339,272 23,134 7,061 16,073
The Narrows, Puget Sound, WA 23,044,326 9,025,192 14,019,134 4,014,217 10,004,917
Olympia, WA 2,165,575 1,998,723 166,852 4,858 161,994
Tacoma, WA 20,878,751 7,026,469 13,852,282 4,009,359 9,842,923
Deception Pass, WA | 0

Rosario Strait, WA | 14,401,201 11,650,993 2,750,208 938,587 1,811,621
Anacortes, WA 13,109,828 11,120,181 1,989,647 538,040 1,451,607
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Bellingham, WA 1,291,373 530,812 760,561 400,547 360,014
San Juan Channel, WA | 0
Wrangell Narrows, AK | 13,370,460 7,271,405 6,099,055 412,370 5,686,685
Coos Bay, OR 3,628,036 151,748 3,476,288 52,140 3,424,148
Ketchikan, AK 1,821,127 1,473,285 347,842 108,889 238,953
Nikishka, AK 4,699,710 3,376,826 1,322,884 3 1,322,881
Anchorage, AK 3,221,587 2,269,546 952,041 251,338 700,703
Sergius Narrows, AK | 81,882,753 80,909,916 972,837 4,975 967,862
Seward, AK 927,669 28,210 899,459 4,975 894,484
Valdez, AK 80,955,084 80,881,706 73,378 0 73,378
North Inian Pass, AK | 264,519 24,113 240,406 93,182 147,224
Skagway, AK 264,519 24,113 240,406 93,182 147,224
Isanotski Strait, AK | 0
Unimak Pass, AK | 0
Akutan Pass, AK | 0
Kvichak Bay, AK | 0

NOTE: No port is associated with the Tidal Current Reference Station when total tonnage is zero.
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