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ABSTRA C T I
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Reasonable prediction of the depth, across-channel location, and speed variability of tidal current core maxima at the
mouth of the Chesapeake Bay can be determined to first order without an extensive deployment of current meters.
Fourteen tidal current data sets were acquired with a shipboard Acoustic Doppler Current Profiler (ADCP) on track
lines across the Bay mouth. Data sets were representative of fortnightly tidal range variation (spring, neap, and
transitional), as well as semi-diurnal tidal current cycle phases (ebb, flood, and slack) for the months of June and
September in four different years. Data indicated tidal current maxima were contained within a narrow jet-like core
with a horizontal scale of O(1-2 km) and vertical scale of O(10 m). The depth, across-channel location, and speed of
the maxima varied with the semi-diurnal tidal current cycle phase, and to a much lesser extent, with the fortnightly
variation of tidal range. This temporal variability is modeled by least squares using a sinusoidal function, related to
the dominant tidal current harmonic constituent, and a third-degree polynomial curve fit. Prediction algorithms from
both models result in correlation coefficients for depth (0.95), across-channel location (0.97), and speed (0.93). National
Oceanic and Atmospheric Administration (NOAA) tidal current tables had a speed correlation coefficient of only 0.79
when matched to observations. Comparison correlation coefficients for depth and across-channel location from NOAA
tidal current tables could not be determined since the tables do not provide this information. This method provides a
first-order, empirical means for predicting the depth, across-channel location, and speed variability of tidal current
core maxima under conditions of similar atmospheric forcing and freshwater input without long-term deployment of
current meters at multiple depths and locations. The method is not site-specific. Therefore, it may be applied at other
locations and could be especially beneficial to estuaries where there are no tidal current meters or published tidal
current information.

ADDITIONAL INDEX WORDS: Acoustic Doppler Current Profiler (ADCP), estuaries, current meter.

INTRODUCTION

Comprehensive knowledge of tidal currents is essential for
safe navigation, coastal and oceanic engineering, contami-
nant disposal, effective military operations, and management
of estuarine ecosystems. Knowledge of estuary currents is es-
sential to understanding material fluxes into and out of the
estuary. These fluxes have a direct effect on estuarine life
cycles and water quality (VALLE-LEVINSON, 1998). Yet for
many of the world’s estuaries, there is minimal or no detailed
tidal current data available. Even in the United States, tidal
current tables only provide general information, and are of-
ten based on decades-old current meter data (50% of the U.S.
tidal current stations listed in the National Oceanic and At-
mospheric Administration’s (NOAA’s) Tidal Current Tables
predate 1970) with coarse spatial resolution (O[10* m]) and
short duration (60% of U.S. tidal current stations listed in
the Tidal Current Tables are based on a survey length of less
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than 15 days) (EHRET and KENDRICK, 1999). Therefore accu-
rate prediction of tidal currents, without the use of current
meters, would be valuable.

Data documenting the rise and fall of water level in re-
sponse to tidal forcing is adequately acquired from the many
operating tide stations located around the world. To a first-
order approximation, tidal level values acquired nearshore
(e.g. from a pier) represent water elevation along the coastline
and offshore from the station. Tidal height analysis and pre-
diction is commonplace using this data.

Unfortunately, tidal current analysis and prediction is
much more difficult. The cost of deploying a current meter is
from four to ten times as expensive as deploying equipment
to measure water level. Continuous water level observation
has occurred at some locations since the mid 1800s; whereas
continuous current observations began only a few years ago.
Compared to tide stations, there are relatively few operating
tidal current stations. Most tidal current stations have sig-
nificantly less spatial resolution to describe a more spatially
varying phenomena, and many of them have been active for
only a short period of time. Hence most tidal current predic-
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tions, when there are any, are mathematically inferred from
limited duration data often taken decades ago.

Unlike water level, tidal currents vary spatially in three
dimensions to a first order approximation. At an estuary
mouth, one would need many current meters placed at mul-
tiple depths and locations to provide the same level of cov-
erage as one or two tide level stations. Thus, an individual
seeking detailed tidal current information must seek local
mariners whose experience in the area, both fortunate and
unfortunate, may provide some anecdotal information re-
garding the spatial and temporal variability of local tidal cur-
rents.

Within any tidal current regime, there is a maximum cur-
rent usually embedded within a narrowly defined core of cur-
rent flow. Knowledge of the spatial and temporal distribution
of this jet maximum would be important for those wishing to
avoid, or take advantage of, its properties. Mariners navigat-
ing a channel, engineers designing a pipeline crossing or sub-
merged structure, and military forces wishing to covertly en-
ter and exit an estuary would benefit from comprehensive
knowledge of the depth, across-channel location, and speed
variability of tidal current core maxima.

Factors affecting the spatial and temporal variability of tid-
al current core maxima include earth’s rotation, atmospheric
pressure, wind stress, bathymetric variations, water density
gradient, estuarine type, freshwater input, and fortnightly
variability in tidal range. Although most previous work has
addressed subtidal flow (also known as residual or mean
flow), there is some information regarding the tidally-aliased
core flow, which is the subject of the paper.

Focusing on the main channel of the Chesapeake Bay
mouth, WHITFORD (1999) found tidal currents to have a clas-
sical gravitational circulation modified by coriolis with a near
surface (and less dense) ebb current and a subsurface (and
more dense) flood current, both to the right of flow direction.
This tendency is explained by OFFICER (1976) and OPEN UNI-
VERSITY COURSE TEAM (1989) among others.

Increased fresh water outflow from geologic springs, as
well as increased precipitation, would increase ebb flow due
to volume considerations. This would be especially true in
highly stratified and partially mixed estuaries (DYER, 1997)
and in smaller estuaries where the freshwater input forms a
substantial part of the volume outflow. And, from general
tidal theory, greater inflow and outflow would be expected
during periods of large tidal range (spring tides) with reduced
inflows and outflows during periods of small tidal range
(neap tides).

Wind can affect the temporal variability of the velocity
core. An out-of-the-estuary wind would obviously enhance the
surface outflow. A strong into-the-estuary wind has even be
seen to reverse a classic gravitational flow by forcing inflow
at the surface and outflow near the bottom (ELLIOTT, 1978).
Wide estuaries would be more influenced by wind than nar-
row estuaries. WANG and ErLLioTT (1978) and WANG (1979)
found that the lower Chesapeake Bay responded barotropi-
cally to local winds and coastal Ekman flux producing volume
exchanges larger than those produced by just estuarine cir-
culation and freshwater discharge. And, as might be expect-
ed, there was a seasonal dependence on the wind’s barotropic

influence on estuaries with maximum influence being in the
winter due to higher wind speeds. PARASO and VALLE-LEVIN-
SON (1996) in a study of the lower Chesapeake Bay found that
barometric pressure changes typically were less influential
than wind stress on an estuarine circulation.

L1 and VALLE-LEVINSON (1999) developed a numeric model
for narrow estuaries, defined as narrower than the barotropic
Rossby radius, and found the largest amplitude of the along-
estuary tidal flow to be in deeper water. The flow rate was
also influenced by the rate of change of depth with steeper
channel slope correlating with maximum amplitude of the
flow. These conclusions were subsequently supported by a 60-
day observation of water surface elevation in the James River
estuary.

Along- and across-estuary density gradients can also create
density-driven current flows. VALLE-LEVINSON et al. (1999)
discuss the complex interaction of density-driven and tidally-
driven subtidal flow for the James River estuary. Along-es-
tuary flow was found to depend on lateral depth variation
and fresh water river discharge.

Thus there are several flow constituents in estuaries which
interact in a very complicated fashion. However, it is not the
intent of this paper to identify and focus on the relative con-
tributions of the tidally-driven, density-driven, and meteo-
rologically-driven flow components, but to show a simple,
first-order, predictable relation to their combined result un-
der near steady state conditions.

This paper describes a simple, first-order, empirical meth-
od to predict the depth, across-channel location, and speed of
tidal current jet core maxima based solely on multiple across-
channel Acoustic Doppler Current Profiler (ADCP) transects.
The topic is important because many of the world’s estuaries
are not described by tidal current tables; and for those which
are, these tables do not provide this specificity of information.

STUDY AREA

The Chesapeake Bay is one of the most studied estuaries
in the world with multiple government, academic and indus-
trial institutions focusing on it. NOAA maintains many more
tide stations (18) and publishes much more tidal current in-
formation for this estuary as compared to the information
promulgated for the vast majority of estuaries in the world.
Yet even in this data-rich environment, tidal current cover-
age is poor. There are no active current meters operating in
the Bay today. As part of a major scientific effort, an exten-
sive array of tidal current meters were employed during a
Bay-wide tide and tidal current survey conducted from Au-
gust 1981 to December 1983 by the National Ocean Service
(NOS). However the majority of these deployments were
short-term (1-2 months). It is from these deployments that
NOAA’s annual tidal current tables are developed to provide
predicted current velocities. Tidal current accuracy is not
nearly as good as that for water level. This degradation in
accuracy is warned by the statements “Mariners should use
extreme caution and discretion in the use of published NOS
tidal current predictions for this area” (NOAA, 1999a, p. XI)
found in the Tables for the Hampton Roads and Thimble
Shoals areas of the Bay. Because of the more robust tidal
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Table 1. Tidal current meters placed across the Chesapeake Bay mouth
during the 1981-1983 National Ocean Service tidal current survey (from
FISHER, 1986; NOAA, 1995).

Sub L . Depth at  Begin  Series Harmonic
ocation > !

Cm Sta MLW Series Length Analysis
#! #2 Lat (N)  Long (W) (m) (date)  (days) (days)
38 4516 37-03.37 75-58.33 10.1  5/12/82 22 15
39 4461 07-01.40 75-59.55 6.0  5/12/82 34 29
40 4451 36-58.77 75-59.98 12.7  3/29/82 330 330 & 29*
41 4446 36-57.53 76-00.68 18.7  5/12/82 34 29
42 4441 36-56.33 75-59.98 14.0  5/12/82 22 15

! Current meter number as assigned during the 1981-1983 National
Ocean Service survey.

? Subordinate station number as listed in NOAA Tidal Current Tables.

3 Harmonic analysis of 29 day series beginning 12/17/83 is most repre-
sentative of 330-day period.

elevation network, a similar warning is not found in the com-
panion Tide Tables. In addition, NOAA (1999a, p. VIII) is
undertaking a major quality assurance study of tidal current
predictions because they “. .. do not have the funding, per-
sonnel, and other resources to verify or update tidal current
subordinate stations.” This action may result in removal of
more than 50% of tidal current subordinate stations listed in
the Tidal Current Tables.

This paper will focus on the current variability of the max-
imum tidal current flow in the main navigational channel of
the Chesapeake Bay mouth, the Chesapeake Channel, be-

cause most of the Bay mouth’s volume exchange takes place
in channels (VALLE-LEVINSON et al, 1998) and tidal flow am-
plitudes are greater in channels than over shoals (ONG et al.,
1994; VALLE-LEVINSON and Lwiza, 1997), especially for the
Chesapeake Channel (Boicourt, 1981). The Chesapeake
Channel is also where this study identified the maximum tid-
al current flow for the Bay mouth. The Bay mouth had a
string of five tidal current meters placed across-channel in
the 1981-1983 survey (BoicOURT, 1981). Their location, date,
duration, and other specifications are listed in Table 1 with
specific locations illustrated in Figure 1. This is substantially
more tidal current spatial coverage than is available for most
other estuary mouths.

Early across-channel studies of estuarine flow employed
moored current meters providing continuous temporal re-
cords but low-resolution horizontal spatial coverage (O[km])
and only a single current data point in the vertical (e.g. DOYLE
and WILSON, 1978). This approach necessitated significant in-
terpolation of data between moorings and provided no verti-
cal variability information. Using these procedures, BOICOURT
(1981) identified current maxima with related cores. With the
recent introduction of the ADCP into estuarine studies, much
higher resolution (horizontal (O[10 m to 102 m]) and vertical
(O[1 m])) spatial coverage of flow has been obtained by sev-
eral researchers (VENNELL, 1994; ONG et al., 1994; VALLE-LEV-
INSON et al., 1998; WHITFORD, 1999).

Previous studies of the Bay mouth provided an increasing
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Figure 1. The mouth of the Chesapeake Bay. Contours are in meters. The straight line is the ship’s Acoustic Doppler Current Profiler (ADCP) track
with superimposed circles and adjacent numbers 38-42 denoting the approximate locations and array numbers of the National Ocean Service’s 1981-
1983 current meter array used to predict current speeds in subsequent NOAA tidal current tables. Water level and meteorological data were obtained
from sensors located at the “S” alongside the Bridge/Tunnel. Map redrawn from Ricuarps and Granar (1986). Satellite image insert from Johns Hopkins

University Applied Physics Laboratory.

Journal of Coastal Research, Vol. 17, No. 2, 2001



Chesapeake Bay Tidal Current Data

423

Table 2. Acoustic Doppler Current Profiler specifications.

Table 4. Data Analysis Groups

Parameter Value
Manufacturer RD Instruments
Acoustic Frequency 1200 kHz
Bandwidth narrow
Acquisition mode bottom track
Beam angle 30°
Vertical cell length 1m
Sampling interval 10s

Horizonal averaging
Standard deviation
Short-term random error
Navigation

55 m (achieved in post-processing)

0.01 ms ' (RD INSTRUMENTS, 1991)
+0.02 ms ' (RD INSTRUMENTS, 2000)
global positioning system and gyro compass

amount of tidal current specificity. BOICOURT (1981) used
eleven vertical arrays of fixed current meters, horizontally
spaced O(km) apart, to generalize a surface outflow and sub-
surface inflow in the Chesapeake Channel. GOODRICH (1987)
used fixed current meters to suggest that mean flow features
were relatively stable and that strong flow into the Bay was
confined to the deep Chesapeake Channel. He also deter-
mined that strong outflow appeared near the surface off Cape
Henry. VALLE-LEVINSON and Lwiza (1995) introduced higher
resolution ADCP surveys to the southern Chesapeake Bay at
a location 20 km inside the Bay mouth. They related flow
structure to the hydrographic structure (VALLE-LEVINSON and
Lwiza, 1997) and determined that the tidal variability was
dominated by the semi-diurnal tidal constituents which dis-
played the greatest amplitudes and phase lags near the sur-
face and in the North and Chesapeake Channels (VALLE-LEV-
INSON et al., 1998). WHITFORD (1999) used high-resolution
ADCP coverage to identify a consistent subsurface flood cur-
rent core and a surface ebb core, both on the right side of the
Bay mouth’s Chesapeake Channel in the direction of flow.
Prior to WHITFORD (1999), there is little discussion of the spa-
tial and temporal variability of tidal current core maxima in
any estuary. This study shows that high-resolution tidal cur-
rent core variability can be predicted with just a few ADCP
transects of the Bay mouth.

first five transects; 16-19 Sep 1996
all fourteen transects
all fourteen transects minus one outlier data set

Group I:
Group II:
Group I1I:

METHOD

Multiple across-channel transects of the Chesapeake Bay
mouth were accomplished during the months of September
1996 and June 1997, 1999, and 2000, using the U.S. Naval
Academy’s 102-foot oceanographic research vessel. Current
data were obtained by continuous ADCP operation in one di-
rection followed by acquisition of Conductivity-Temperature-
Depth (CTD) data at seven equally-spaced locations on the
return transect. WHITFORD (1999) discusses the temperature,
salinity, and density structure of the Bay mouth as deter-
mined from the 1996 and 1997 data sets.

Meteorological and water level data were acquired from
NOAA tide station #8638863, mounted on the Chesapeake
Bay Bridge Tunnel, located 8 km to the west of the transect
(Figure 1).

The ADCP used in this study was a vessel-mounted, nar-
rowband 1200 kHz ADCP. it was operated continuously along
a transect and in the bottom tracking mode so that ship mo-
tion over the bottom is removed from the sensed velocities.
ADCP specifications are provided in Table 2. Acquisition hor-
izontal averaging was approximately 25 m. The horizontal
averaging of 55 m was achieved in post-processing of the
data. This reduced the velocity error to = 0.02 ms ' per RDI
(2000).

With the sensor mounted on the vessel’s hull bottom,
ADCP profiles of data began at a depth of 3 m and continued
to a depth equal to an advertised 85% of the total water col-
umn depth (due to acoustic interference from the bottom).
ADCP data were initially displayed using RD Instruments’
Transect© software. Data were then transformed into ASCII
format and transferred to a spreadsheet program for subse-
quent manipulation by Noesys’ Transform© software pack-

Table 3. Data table. Note that generic relative times of 3.1 and 9.3 hours correspond to ebb and flood conditions respectively.

Along- Monthly

Tidal Generic Spring (S) Observed Wind Wind Strait Freshwater Volume

Current Relative Neap (N) Tidal Speed  Direction Wnd Spd Atmos. Input Transport

Date Transect# Phase Time (hr) Variation Range (m) (ms ') (degtrue) (ms ") Press (mb) (m’s 1) (10 m% )
16-Sep-96 16-4 slack 0.0 S-4->N 0.814 2.6 190 -0 1016.2 —2830 20.2
18-Sep-96 18-2 sl-1.4h—>E 1.4 S-6->N 0.895 7.7 306 7 1011.2 —2830 28.4
20-Sep-96 20-1 s1-2.9h->E 2.9 Neap 0.597 5.1 275 5 1014.0 —2830 —59.7
16-Sep-96 16-9 E-0.8h—>sl 3.9 S-4->N 0.846 3.9 155 — 1015.1 —2830 —87.9
06-Jun-99 6-22 E-0.8h—>sl 3.9 Neap 0.854 3.7 71 -3 1024.4 —1274 -96.9
21-Sep-96 21-1 E-0.9h—>sl 4.0 N-1->8 0.564 6 188 -0 1016.9 —2830 -99.9
19-Sep-96 19-2 E-1.0h—>sl 4.1 S-7->N 0.644 9.4 334 6 1011.3 —2830 —64.8
02-Jun-00 2-2 E-1.1h—>sl 4.2 Spring 1.002 2.9 110 -3 1014.6 —2169 —47.8
01-Jun-97 1-14 E-1.4h—>sl 4.5 N-3->8 0.842 2 103 -2 1010.3 —1726 —40.2
20-Sep-96 20-14 E-2.7Th—>sl 5.8 Neap 0.734 3.8 329 2 1017.0 —2830 62.7
19-Sep-96 19-3 s]-0.9h—>F 7.1 S-7->N 0.644 8.4 327 6 1011.9 —2830 2.5
01-Jun-97 1-15 sl-1.1h->F 7.3 N-3->8 0.842 4.8 89 -5 1009.5 —1726 69.6
01-Jun-97 1-17 sl-1.8h—>F 8.0 N-3->8 1.004 5.8 85 -6 1009.3 —1726 103.8
06-Jun-99 6-23 F-0.6h—>sl 9.9 Neap 0.692 3 76 -3 1026.1 —-1274 50.1
16-Sep-96 16-4 slack 124 S-4->N 0.814 2.6 190 -0 1016.2 —2830 20.1
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Figure 2. Across-channel bathymetric profile of the Chesapeake Bay mouth. The eleven data marks (“x”) depict the spatial variability of tidal current
core maxima based on this experiment’s data sets. Note that there are six data points overlayed on each other at the surface between 1.5 X 10% m to 2.0

X 10* m south of the Chesapeake Channel axis.

age. Small data gaps and outliers were discarded and linearly
interpolated data were substituted. Data were linearly ex-
trapolated upward to address the inherent loss of ADCP data
in the upper 3 m. Subsequent mathematical manipulation
was accomplished using The MathWorks’ MATLAB© soft-
ware.

Fourteen transects were used in this study based on data
fidelity. Data were acquired during the periods September
16-21, 1996; June 1, 1997; June 6, 1999; and June 2, 2000.
Data were acquired during spring, neap, and transitional tid-
al ranges, as well as during all phases of a semi-diurnal tidal
current cycle (Table 3). Data were acquired during periods of
relatively steady-state freshwater input and atmospheric
forcing. ADCP transect numbering consisted of the date, a
hyphen, and the transect number of that day (e.g. transect
16-9 was transect number 9 acquired on September 16,
1996). This numbering system is used in several Figures.

Since the desired tidal current algorithms must be predic-
tive, a generic tidal cycle period of 12.4 hours was selected
because of the dominance of the M, tidal current constituent
in this area (BROWNE and FISHER, 1988). Observations and
predictions are referenced to this relative cycle. The obser-
vation time was selected as the time when the vessel passed

Table 5. Tide and tidal current harmonic constituents for the mouth of
the Chesapeake Bay (NOAA, 1997). Tidal information was taken from
NOAA tide station #8638863 mounted on the Chesapeake Bay Bridge Tun-
nel. Tidal current information was taken from a 1982 330-day temporary
current meter located at 36°568'77"N 75%69'98'W and identified as station
#40 in Figure 1.

directly over the Chesapeake Channel’s longitudinal axis.
This time was then converted to a time relative to the M,
cycle since slack, flood, and ebb conditions are adequately
inferred from the tidal current tables. For example, relative
times of 0.0, 6.2, and 12.4 hours refer to slack water condi-
tions prior to maximum ebb, flood, and ebb conditions, re-
spectively. Relative times of 3.1 and 9.3 hours refer to max-
imum ebb and flood conditions respectively. This conversion
could also be accomplished, if no tables were available,
through direct observation of the tidal current flow.

Wind and atmospheric pressure can influence water level
and tidal currents. Their relative contribution to water level
variation was analyzed using the method of PARASO and VAL-
LE-LEVINSON (1996). Water level variation due to a change in
atmospheric pressure was calculated using the inverted baro-
metric effect:

—(1/gp) Apy, (D

where Av,,. 1s the predicted change in water level, g is grav-
itational acceleration, p is water density, and p,,, is the ob-
served atmospheric pressure measured in Pascals. Along-
and across-channel wind component contribution to water
level variation was determined from:

An pred =

7. Ax/(gplh + m,,. D (2)

(3)

where 7, and 1, are the along- and across-channel wind
stress components, Ax and Ay are distances over which the
wind is blowing in the along- and across-channel directions,
h is water depth, and m,,, is the observed water level.
Freshwater input can influence water level and tidal cur-
rents. Increasing freshwater input to an estuary could result
in an increased ebb flow as well as asymmetry between the

An pred

AN = T, Ay/(gplh + MDD

ebb and flood current with regard to core depth, across-chan-

Current
Tide Major Axis Minor Axis
Constitu- Amplitude Phase Speed Phase Speed Phase
ent (m) (deg) (ms ') (deg) (ms ') (deg)
M, 0.393 235.8 0.499 243.4 0.048 210.0
N, 0.089 220.0 0.124 218.6 0.015 216.4
S, 0.074 257.2 0.106 254.7 0.003 317.8
K, 0.059 111.1 0.069 114.0 0.004 294.0
O 0.047 136.8 0.054 136.1 0.006 028.6

nel location, and speed. In smaller estuaries, freshwater in-
put can even overwhelm the tidal current and dominate flow
throughout the tidal cycle. In that situation, the flow might
not exhibit tidal periodicities but could still be modeled under
steady state conditions. For the Chesapeake Bay in June and
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Figure 3. (a) Observed water level, (b) atmospheric pressure, (c¢) across- (solid line) and along-channel (dashed line) wind speed, and (d) observed water
level anomaly (solid line) and water level anomaly attributed to wind stress and atmospheric pressure (dashed line) for an eight-day period bracketing
the September 1996 data set. Acoustic Doppler Current Profiler transect name and duration are depicted in the lower plot. Diamond symbols denote

start and stop time of each transect.

September, freshwater input comprises about 10% of the to-
tal Bay discharge into the ocean (Table 3), and thus is not a
major factor in this analysis.

The transects were divided chronologically into three
groups for analysis (Table 4). Group I consisted of the first
five transects. They occurred during a slack-to-neap transi-
tion in tidal range and provided the data from which predic-
tion algorithms would be initially developed. Group II, con-
sisting of all fourteen transects, and Group III, consisting of
all fourteen transects minus one data outlier, served as ob-
servations to verify the predictive algorithms developed from
Group I's data.

Using observed data of depth, across-channel location, and
speed of tidal current core maxima, two curve fitting methods
were used to develop predictive equations. These were a third-
degree polynomial fit and a sinusoidal function fit using least-
squares. The polynomial fit was calculated using a MATLAB
subroutine. The sinusoidal fit (SPIEGEL, 1975) is based on:

= a, + bx (4)
where

y = parameter to be predicted
(i.e. depth, across-channel location, or speed),

’

o= [SAE ) - (SS ] /o 5w - (5
b= S - (S Sy [pS v (S

n = number of data points, ~ and
x = sin[(2m/T)t],

)

I

where T is the period of the main harmonic constituent, and
t is the relative time referred to a generic tidal current cycle.

RESULTS AND DISCUSSION

Data were acquired across the mouth of the Chesapeake
Bay (Figure 1). The Bay mouth has a 18 km width versus a
maximum width of approximately 45 km inside the bay, and
has a 25 m maximum depth versus an average depth of 10
m inside the bay. The Bay mouth has several significant
bathymetric features which are (listed from north to south):
the North Channel of 13 m depth which does not substan-
tially connect at depth to the Bay or Ocean; the Middle
Ground which is a 3 to 4 km wide shoal area of 5 m depth;
a narrow 1 to 2 km wide channel of 12 m depth; a narrow
shoal area of 8 m depth; and the main Chesapeake Channel
of 5 to 7 km width and 23 m depth. These features are de-
picted in Figure 2. The dominant harmonic constituent for
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current core maxima for September 16-22, 1996 and May 31-June 3, 1997. Observation depths and transect numbers are annotated next to the obser-
vation marker. Correlation coefficient (r) and number of observations (n) are annotated on the graph.

tidal currents is the principal lunar semi-diurnal constituent,
M, which has a 12.4 hr period. The largest five tide and tidal
current harmonic constituents for the Bay mouth are listed
in Table 5.

Data indicated tidal current maxima were contained within
a narrow jet-like core with a horizontal scale of O(1-2 km)
and vertical scale of O(10 m). WHITFORD (1999) illustrates
these current cores in color. Depth, across-channel location,
and speed of tidal current maxima were identified from each
of the data sets. The Bay mouth’s maximum speed always
occurred in the Chesapeake Channel (Figure 2).

For the period of 15-23 September 1996, a tidal range
[Figure (3a)] of less than 1 m was observed, along with an
atmospheric pressure range [Figure (3b)] of 18 mb. Along-
and across-channel wind components were computed (Fig-
ure 3c¢). Results using Equations (1) to (3) indicated that
atmospheric pressure and wind accounted for most of the
water level anomaly and can be visually correlated (Figure
3d). Low wind speeds were mostly prevalent during data
acquisition and thus the ratio of water level anomaly to av-
erage depth was very small O(10 #). Water level anomaly
was less than = 0.3 m [Figure 3(d)] for the eight-day period
and was less than = 0.05 m for the times of the ADCP tran-
sects themselves. Thus, atmospheric pressure and wind
were not considered factors in affecting tidal currents dur-
ing this period. The meteorological conditions, tidal range,

and freshwater input for this period were representative for
all periods of data acquisition.

To assess the accuracy of NOAA’s predicted tidal current
speeds for the Chesapeake Channel against observations
from this study, subordinate station #4446 (labeled as
“Cape Henry Light, 2 nm north of”) was selected from
NOAA'’s Tidal Current Tables (e.g. NOAA, 1995). This sta-
tion was selected because it is coincident with the Chesa-
peake Channel’s longitudinal axis. NOAA’s (1999b) pre-
dicted tidal current speeds for this station at the published
depths of 4.5 m, 11.8 m, and 16.4 m were compared to ob-
servations of maximum current speed from observations
(Figure 4). This is one of the few Bay locations where in-
formation for three depths is provided in the Tables
(NOAA, 1995). To develop a measure of accuracy for these
predicted currents, a correlation coefficient (r) was deter-
mined by comparing current speed observations versus the
predicted current speed using one of the three prediction
depths which was closest to the observation depth. This
approach yielded r = 0.79. Across-channel and depth var-
iability could not be assessed because the information is
not provided in the Tidal Current Tables.

The data analysis is for three data groups listed in Table
4. Figure 5 illustrates predictive curves based on the five data
points of Group I. The data point at 0.0 relative hours repeats
at 12.4 hours for mathematical continuity. Group II and III
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data are also shown on Figure 5, but they were not used for
the fit schemes. Both the polynomial and the sinusoidal fit
for all three parameters have high correlation coefficients (=
0.93) indicating strong positive correlation. Predictive algo-
rithms and correlation coefficients are listed in Table 6. This
first analysis shows that with only five data points, a reason-
ably good fit is achievable.

Curve fits were next determined by using all three Groups
as one data set. The third and final analysis (Figure 6 and
Table 6) was conducted using all three data sets minus tran-
sect #20-14 which appeared in Figures 5 and 6 as an outlier
set of data at t = 5.8 hours. This analysis produced correla-
tion coefficients for depth, across-channel location, and speed
of 0.95, 0.97, and 0.93, respectfully, using both a least-
squares sinusoidal and third degree polynomial fit when
matched to observations. Using the polynomial fit, the range
of error and mean error between prediction and observations
for depth were: —2.9 m to 3.0 m/0.0 m; for across-channel
location: —510 m to 380 m/< 1 m; and for speed: —0.58 ms '
to 0.27 ms~'/ <.001 ms .

CONCLUSIONS

Comprehensive knowledge of tidal currents is important.
Being able to predict the depth, across-channel location, and

speed variability of tidal current core maxima is especially
important.

Through an estuary mouth, tidal currents are highly vari-
able in terms of depth, across-channel location, speed, and
duration. They will often have jet maxima whose spatial and
temporal characteristics are unknown. Even tidal current
publications for one of the world’s most studied estuaries, the
Chesapeake Bay, do not provide this information. Most of the
world’s estuaries have limited to minimal tidal current pre-
diction coverage.

This paper describes a simple, first-order, empirical
method for making reasonable predictions of the depth,
across-channel location, and speed variability of tidal cur-
rent core maxima at the mouth of the Chesapeake Bay dur-
ing summer months and in relatively steady state condi-
tions of atmospheric forcing and freshwater input. It is
based on making fourteen ADCP transects over a semi-
diurnal tidal cycle and fortnightly tidal range variation.
This methodology is especially useful since no other meth-
od is available. Tidal current data from this experiment
show strong periodicity in depth, across-channel location,
and current speed related to the dominant tidal current
harmonic constituent, M,, and to a much lesser extent, to
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Table 6. Predictive algorithms and corresponding correlation coefficients (r) for depth, across-channel location, and current speed based on observations.
“t” represents a generic tidal cycle measured in hours.

Fit Scheme Algorithms r
GROUP I OBSERVATIONS ONLY (n = 6)
polynomial: depth (m) = 0.16 t* — 2.81 t* + 10.61 t — 8.22 r = 0.95
Isq sinusoid: depth (m) = —9.76 + 12.46 sin(|2w/12.4] t) r=0.95
polynomial: across (km) = —0.02 t* + 0.34 t> — 1.51t — 0.40 r = 0.97
Isq sinusoid: across (km) = —0.64 — 1.62 sin([27/12.4] t) r =097
polynomial: speed (ms ') = —0.02 t* + 0.31 t* — 141t + 0.50 r = 0.93
Isq sinusoid: speed (ms ') = 0.21 — 1.51 sin([27/12.4] t) r =093
ALL OBSERVATIONS (n = 15)
polynomial: depth (m) = 0.12 t* — 2.21 t* + 837t — 7.16 r=0.95
Isq sinusoid: depth (m) = ~9.45 + 10.38 sin(|27/12.4] t) r=0.95
polynomial: across (km) = —0.02 t* + 0.36 t* — 1.51t — 0.51 r =097
Isq sinusoid: across (km) = —0.56 — 1.66 sin([2w/12.4] t) r = 0.97
polynomial: speed (ms ') = —0.01 t* + 0.25 t2 — 1.15 t + 0.40 r =093
Isq sinusoid: speed (ms ') = 0.03 — 1.13 sin(|27/12.4| t) r =0.93
ALL OBSERVATIONS MINUS ONE OUTLIER (n = 14)
polynomial: depth (m) = 0.12 t* — 2.21 t> + 857t — 7.46 r=0.95
Isq sinusoid: depth (m) = —8.99 + 10.30 sin(|27/12.4] t) r=095
polynomial: across (km) = —0.02 * + 0.36 t* — 1.59 t — 0.39 r=0.97
Isq sinusoid: across (km) = —0.71 — 1.63 sin([27/12.4] t) r = 0.97
polynomial: speed (ms ') = —0.01 t* + 0.25 t2 — 1.19t + 0.45 r=0.93
Isq sinusoid: speed (ms ') = —0.04 — 1.11 sin([27/12.4] t) r = 0.93
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Figure 6. Polynomial (thin curve) and least-squares sinusoidal (thick curve) fit, based on all observations minus one outlier data set of transect #20—
14, for the parameters of depth, across-channel location, and current speed of tidal current core maxima. All data minus the outlier are represented by
circles. The one outlier data is represented with a box. Positive current speed correlates to a flood current. Across-channel center correlates to the across-
channel center of the Chesapeake Channel. Correlation coefficients are designated by “r”. Annotations at the top of the figure refer to the fortnightly
tidal cycle, e.g. “S-4->N" indicates the data set was acquired four days after a spring tide.
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the fortnightly variation of tidal range. The amplitude of
the tidal range of these fourteen data sets extended from
0.564 m to 1.004 m, doubling from minimum to maximum.
The observed and predictive results show that, even with
this wide variability, correlation is very reasonable. In es-
sence, the varying tidal range amplitude did not measur-
ably affect the depth, across-channel location, or speed var-
iability of the core. This variability is modeled in a least
squares sense using both a sinusoidal function, related to
the dominant tidal current harmonic constituent, and a
third-degree polynomial curve fit. Prediction algorithms
developed from both mathematical models predict vari-
ability in tidal current core maxima. Both prediction mod-
els produced correlation coefficients for depth, across-
channel location, and speed of 0.95, 0.97, and 0.93, respec-
tively. NOAA tidal current tables had a speed correlation
coefficient of only 0.79 when matched to observations.
Comparison correlation coefficients for depth and across-
channel location from NOAA tidal current tables could not
be determined since the tables do not provide depth and
across-channel location information. Using the polynomial
fit, the range of error and mean error between prediction
and observations for depth were: —2.9 m to 3.0 m/0.0 m;
for across-channel location: =510 m to 380 m/< 1 m; and
for speed: —0.58 ms 't00.27 ms '/<.001 ms '. These mod-
els provide a simple, first-order, empirical means for pre-
dicting the depth, across-channel location, and speed var-
iability of tidal current core maxima at the Chesapeake
Bay mouth without long-term deployment of current me-
ters at multiple depths and locations. Results were based
on low wind and freshwater input conditions found in June
and September. The procedure was not tested at other lo-
cations, nor under conditions of significant changes in
freshwater input and wind. Algorithms developed would
only apply under similar conditions of freshwater input
and atmospheric forcing, and thus might only be valid on
a seasonal basis. Algorithms would not be valid during ex-
treme changes in environmental conditions such as storms
and flooding. The procedure is not site specific. NOAA tidal
current tables do not provide this detailed information.
The procedure might be especially beneficial to estuaries
where there are no tidal current meters or published tidal
current information.
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