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CONVERSION FACTORS

Metric (International System) units are used in this repo

rt. For readers who prefer inch-pound units, the
conversion factors for terms used in this report are listed below:

Multiply metric unit By To obtain inch-pound unit

meter (m) 3.281 foot

meter per second (m/s) 3.281 foot per second
millimeter (mm) 0.03937 inch
centimeter (cm) 0.3937 inch

centimeter per second (cm/s) 0.3937 inch per second
kilometer (km) 0.6214 mile

kilogram (k%) 2.204 pound
kilogram per square centimeter (kg/cm<) 14.22 pound per square inch

Temperature in degrees Celsius (°C) can be converted to degrecs Fahrenheit (°F) as follows:

Temp. °F = 1.8 temp. °C + 32

In this report, time is given in hours and minutes (as 19:30, for example) of 24-hour time.

Specific electrical conductance is given in millisiemens per centimeter (mS/cm). Millisiemens per
centimeter is numerically equal to millimhos per centimeter.

Abbreviations used:

CMOS complementary metal-oxide semiconductor

M, in this report an M, cycle is equal to 12.42 hours
Pst Pacific standard time

RAM random-access memory

RMS root-mean-square

s/d seconds per day

%00 parts per thousand

Conversion Faclors V



COMPARISON OF RECORDING CURRENT METERS IN -
SHALLOW WATERS OF SAN FRANCISCO BAY, CALIFORNIA

By Jeffrey W. Gartner and Richard N. Oltmann

ABSTRACT

Four recording current meters with different types of
speed sensors were field tested to determine their ability
and accuracy in collecting velocity data in shallow, tidally
affected waters under the influence of wind-generated
waves. The speed sensors were: horizontal-axis ducted
impeller, vertical-axis Savonius rotor, inclinometer, and
electromagnetic. The meters were deployed during June to
September 1984 in south San Francisco Bay, California, in
an area where the water depth ranged from 2.0 to 5.1
meters, and windspeeds generally were 5 to 10 meters per
second. All current meters were positioned approximately
1.2 meters above the bottom of the bay using either bottom
platforms or taut-wire moorings.

Overlaid time-series plots of 30-minute vector-averaged
velocity data showed that, when the magnitude of the wind
was about 5 meters per second or greater and the water
depth above the current meter was about 2.3 meters or less,
the vertical-axis rotor meter and inclinometer recorded
higher current speeds than did the horizontal-axis ducted
impeller meter and electromagnetic meter. The higher
current speeds were especially apparent during slack-water
periods when current speed approaches or equals zero.
When windspeeds were greater than 10 meters per second,
the vertical-axis rotor meter and inclinometer recorded
speeds higher than the horizontal-axis ducted impeller meter
and electromagnetic meter regardless of water depth. For
windspeeds between S and 10 meters per second, the
inclinometer tended to record speeds higher than the other
meters, even at high tide. These findings indicate that both
the vertical-axis rotor meter and inclinometer are sensitive
to orbital wave motion induced by wind. (A shallow water
version of the vertical-axis rotor meter was not tested in this
study.) Speed intercomparison plots of the 30-minute,
vector-averaged speed values confirm this conclusion.

The horizontal-axis ducted impeller and electromagnetic
meters recorded speed values that approached zero during
slack water regardless of windspeed and water depth.
However, as current speed increased during tidal flood and
ebb, the speed values recorded by the electromagnetic meter
were 20 to 50 percent higher than those recorded by the
horizontal-axis ducted impeller meter. Price AA
current-meter readings indicated that the horizontal-axis

ducted impeller current-meter values were low, although the
data were not sufficient to be conclusive. In the absence of
wind (or during periods of very light winds when wave
motion was slight), current-speed readings determined by
horizontal-axis ducted impeller and vertical-axis rotor
meters were in close agreement, as were readings
determined by electromagnetic and inclinometer meters.
However, the latter two meters recorded higher speed values
during maximum-flood and maximum-ebb periods than did
the horizontal-axis ducted impeller and vertical-axis rotor
meters. Multiple deployments of the horizontal-axis ducted
impeller and vertical-axis rotor meters were made;
comparison of records collected using the same type of
meter showed variations as much as 20 percent. Whereas
the horizontal-axis ducted impeller and electromagnetic
meters seem to have the ability to measure accurately low
velocities in the wind-wave zone, further testing is required
to determine which meter types record accurately at higher
current speeds.

INTRODUCTION

Population growth and agricultural development
have changed the quality and quantity of freshwater
entering the San Francisco Bay estuarine system
(fig. 1). These changes have altered the chemical and
physical characteristics of the bay, and thus are
perceived to be responsible for observed changes in
the aquatic ecosystem. Aquatic studies have been and
are being done by State and Federal agencies to
understand the complicated relations among physical,
chemical, and biological processes, and to estimate
how changes in freshwater quality and quantity affect
these relations. This study, done by the U.S.
Geological Survey in cooperation with the California
State Water Resources Control Board, addresses a
facet of these complicated relations.

Because hydrodynamic processes generally are
recognized as inseparable from ecological processes,
achievement of the above goals will depend in part on
understanding the bay’s hydrodynamics--a complicated

Introduction 1
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interaction of tides, winds, salinity, freshwater inflows,
and bottom configuration. A clearer understanding of
the hydrodynamic processes depends on the collection
of field data and the use of these data in calibration
and verification of mathematical models. Although
field data are too sparse in space and time to obtain an
adequate understanding of the bay, field data can be
used in conjunction with hydrodynamic models to
provide a greater understanding of the estuarine
system.

A considerable amount of water-level and velocity
data were collected in San Francisco Bay in 1979 and
1980 (Cheng and Gartner, 1984), but nearly all of the
velocity data are from regions where the water depth
is 6 m (meters) or greater. (All depths are referenced
to mean lower low water [see glossary] unless
otherwise stated.) National Oceanic and Atmospheric
Administration (NOAA) bathymetric data indicate that
approximately 44 percent of the San Francisco Bay
system (south San Francisco, central San Francisco,
San Pablo, and Suisun Bays) is less than 2 m in depth
(fig. 1). Collection of velocity data in the shallow
regions of the bay is of particular importance to
enable determination of tidal exchange rates of
biological, chemical, and physical constituents
between shallow tidal flats and deep channels.
Velocity data in shallow regions also are needed to
calibrate mathematical models and to verify model
results so that the models can be used to investigate
declines in the fishery resources, dispersion of
wastewater discharges, and tidal "trapping" of
pollutants in the shallows. Velocity data gencrally are
not available for shallow-water regions of the bay
because of the difficulty associated with collecting
reliable data in shallow regions under the influence of
wind-generated waves. The limited amount of data
that do exist are suspect. This problem is not unique
to San Francisco Bay, but is common to shallow
regions of all bays and estuaries.

The action of wind on a body of water produces
oscillatory (orbital) waves. As these waves pass a
point at the water surface, water particles rise as the
wave approaches and fall as the wave passes,
producing nearly circular (deep water) or elliptical
(shallow water) particle paths. Current-meter studies
by Saunders (1976), Halpern and Pillsbury (1976),
Beardsley and others (1977), Cheng (1978), and Fuyo
Ocean Development Company and Institute of Central
Electric Research (1982) indicated that when a current
meter is subjected to circular or elliptical wave motion
and is not attached to a fixed mooring, the current
meter detects not only the desired horizontal water

velocity, but also mooring-line motion and the orbital
motion of the water produced by the surface waves.
The studies also indicated that measured velocity data
were unreliable because of wave-motion effects to a
lesser or greater extent depending on the type of
current-meter design. These studies were done in
laboratories or in waters about 10 m or more in depth.
Few studies have been done in water depths
approaching the shallow conditions of interest in this
study. A further complicating factor in this study was
changing depths; at times during the study, water
depth doubled during a tidal cycle.

PURPOSE AND SCOPE

This report describes a study by the U.S. Geological
Survey to determine whether reliable current-meter
data can be collected in shallow, tidally affected
waters under the influence of wind-generated waves.
Four types of recording current meters with different
speed sensors were tested, and the accuracy of data
recorded by the meters under different conditions
(slack water and maximum-flood and maximum-¢bb
periods during calm and windy conditions) was
compared. It is important to note that the four meters
tested are not necessarily representative of all available
designs. This report describes the various current
meters and mooring configurations used in the study,
the procedures used to deploy and retrieve the meters
and moorings, the methods for data translation and
analysis, and the results of the comparison of
current-meter records.
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DESCRIPTION OF RECORDING CURRENT
METERS USED IN THIS STUDY

TYPE AND SPEED SENSOR

Four types of recording current meters, each with a
different kind of speed sensor, were used to measure
current velocity (a vector quantity consisting of speed
and direction). The speed sensors were:

1. Horizontal-axis ducted impeller,

2. Vertical-axis rotor (Savonius type),
3. Inclinometer (tilt sensing), and

4. Electromagnetic.

Specifications for each of the meters used in the
comparison are given in table 1. Each meter’s speed
and direction sensors, and sampling and recording
methods, are described in the following sections. The
results of other comparison studies involving these
current meters also are included in the following
discussions. ’

Horizontal-Axis Ducted Impeller

The horizontal-axis ducted impeller current meter
(fig. 2) records the number of impeller revolutions
during the specified sampling interval to determine
current speed. The current meter’s external housing is
designed to align the meter with the direction of
current, which is measured using an internal magnetic
compass. The meter also records water temperature
and electrical conductivity. Data are recorded on
eight-track cartridge magnetic tape at a selected

Shroud

Pressure case

Impeller  Trim weight

Figure 2, Horizontal-axis ducted impeller current meter
(length 85.1 cm; diameter of shroud 40.6 cm).

sampling interval (refer to "Data-Sampling
Characteristics" section). Sampling intervals can be
changed by replacing an internal selection plug.
Current speed is integrated over the sampling interval,
whereas current direction, temperature, and electrical
conductivity are instantaneous values recorded at the
time of each sample. The horizontal-axis ducted
impeller meter is documented in a 16-page service
manual (Environmental Devices Corporation, 1978)
containing meter description and specifications,
instrument operation, and service and deployment
procedures.

Horizontal-axis ducted impeller meters, in use since
1971, were used by the U.S. Geological Survey in
deep regions of San Francisco Bay in 1979 and 1980
(Cheng and Gartner, 1984). Horizontal-axis ducted
impeller meters have been evaluated in several
current-meter performance studies (Beardsley and
others, 1977; Cheng, 1978; Fuyo Ocean Development
Company and Institute of Central Electric Research,
1982). The findings of these studies indicate that the
horizontal-axis ducted impeller meter is not
significantly affected by wave motion. One reason is
that the impeller is able to sense reverse-flow pulses
by turning backwards even though the meter has not
reversed direction, and thus it does not erroneously
record reverse-flow pulses as positive flow.

The horizontal-axis ducted impeller meter is
neutrally buoyant and is designed to be tethered from
a taut-wire mooring. Directional response of the
meter at slack water has been a problem experienced
by the authors and others in the past. If the meter is
not trimmed properly (a difficult task when a range of
density occurs over a tidal cycle), the compass can
lock when the meter’s tilt (due to positive or negative
buoyancy) exceeds the limit of the compass gimbal.
This situation prevails until the flow speed is high
enough, about 10 cm/s (centimeters per second), to
cause the tethered meter to extend downstream and
again become horizontal and parallel to the flow. This
problem can result in incorrect current-direction
readings for a period as great as 1 hour.

Vertical-Axis Rotor

The vertical-axis rotor current meter is of the
Savonius type and uses the number of rotor
revolutions during the selected sampling interval to
determine current speed (fig. 3). Current direction
is determined using a magnetic compass and a
vane that aligns the meter with the current. The

4 Comparison of Recording Current Meters in Shallow Waters, San Francisco Bay, Califomia



Table 1.--Current-meter manufacturer specifications

[Table compiled from Environmental Devices Corp. (1978), InterOcean Systems, Inc. (1984), General Oceanics, Inc. (1982), Aanderaa
Instruments Ltd. (1983), and Appell and Crump (1977). m, meter; m/s, meter per second; cm, centimeter; cm/s, centimeter per second;

kg, kilogram; kg/cm, kilogram per square centimeter; mS/cm, millisiemens per centimeter; s/d, seconds per day]

Specification
| General Oceanics
Endeco 174 Aanderaa RCM-4 6011 MKII InterOcean S4
Date first manufactured 1977 21967 1983 1984
Speed sensor Ducted impeller Vertical-axis Inclinometer Electromagnetic
rotor
Direction sensor Impeller shroud Vane Wing 2-axis E/M sensor

Magnetic heading

Magnetic compass,

Magnetic compass,

3 Hall-effect devices

Flux-gate magnetic

gray code potentiometric
Speed
Range 0-223 cmy/s 2.5-250 cm/s 0-300 cm/s 0-350 cm/s
Resolution 0.89 cm/s (0.4 percent 0.1 percent of range (@ 5 cm/s) £3.1 cm/s 0.2 cm/s
full scale) (@ 20 cm/s) £1.0 cm/s
(@ 60 cm/s) £0.5 cm/s
Accuracy 13 percent of +1 cm/s or 2 percent 1 cm/s +1 cm/s or 2 percent
full scale of reading of reading
Threshold 2.5 cm/s 2 cm/s 2 cm/s 0 cm/s
Reading Average over interval Average over interval Discrete Discrete
Direction
Range 0-360° 0-360° 0-360° 0-360°
Resolution 1.4° 0.35° 1° 0.5°
Accuracy 7.2 +7.5°at25t0 5 +2° +2°
or 100 to 200 cm/s;
+5° at 5 to 100 cm/s
Temperature
Range -5t 45°C -2.46 to 21.4; or -5t 45°C -2.5t0 36 °C
10.08 to 36.0;
or -0.34 to
32.17 °C
Resolution 0.098 °C 0.1 percent of 0.016 °C 0.05 °C
range
Accuracy 0.2 °C +0.05 °C +0.25 °C +0.1 °C

See footnotes at end of table.

Description of Recording Current Melers Used in This Study 5



Table 1.--Current-meter manufacturer specifications--Continued

Specification
| General Oceanics
Endeco 174 Aanderaa RCM-4 6011 MKII InterOcean S4
Electrical conductivity
Range 5-55 mS/cm 25-72, 25-38, or 0-75 mS/cm 1-70 mS/cm
0-77 mS/cm
Resolution 0.098 mS/cm 0.1 percent of range 3] mS/em 0.1 mS/cm
Accuracy +0.55 mS/cm +0.025 mS/cm 3425 mS/em +0.2 mS/cm
Pressure
Range Pressure sensor 0-7.0, 14.1, 35.2, 0-21.1 kg/cm? 0-102 kg/em?;
not available 703, or 2109 kg/em®  0-210.9 kg/cm? others available
Resolution Pressure sensor 0.1 percent of range 0.1 percent of range 0.1 percent of range
not available
Accuracy Pressure sensor 1 percent of range 0.5 percent of range 0.5 percent of range

not available

Allowable tilt

Depth capability

Manufacturer
recommended use

Recorder type

Sampling interval

Output data

Real-time information

27° with compass
gimbal

152 m high-pressure
case available

All

0.64 cm 8-track

2-minute; others
optional (3,4,
5,6, and 10
minute)

Two 4-bit or gray-
code words for each
parameter

Crystal controlled;
elapsed time
+1.5s/d

See footnotes at end of table.

27° mooring tilt;
12° compass tilt

2,000 m

Below wave zone

7.6 cm reel-to-reel

1/2,1,2,5,10,15,
30,60,180 minute
interval

Digital-serial
10-bit binary

Quartz clock;
elapsed time
+2 s/d

0-90°

6,000 m

All

Digital cassette

1,2,4,8,16,32,64,128,256,
512 readings per hour.

1,2,4,8,16,32 vector-
averaged samples per
reading

Serial binary

Real time
recorded +0.1 s/d

6 Comparison of Recording Current Meters in Shallow Waters, San Francisco Bay, California

250

1,000 m

All

CMOS static
RAM (64K)

Duty cycle 1 minute
to 225 days.

On/off cycle
selectable

RS232
ASCII code

Quartz clock factory
set to Greenwich
Mean Time (5-yr
life) £12 min/yr



Table 1.--Current-meter manufacturer specifications--Continued

Specification

Endeco 1741

Aanderaa RCM-4

General Oceanics
6011 MKII

InterOcean S4

Limit

Power source

Dimensions

Material

Weight

Buoyancy

Galvanic corrosion
protection

Price

40 days at 2-minute
interval

8 D-size (12V)
batteries

76 cm long
40 cm diameter

Polyvinyl chloride
plastic with
stainless
hardware

123 kg

Neutral

Not applicable

Standard $7,000
Conductivity added,
$1,000
Data interface,
$7,500

10,000 samples on
183 m of tape

Eveready 276 batteries
(NEDA 1603) (9V)

51 cm long,
12.8 cm diameter,
37x100 cm vane

Copper/nickel/
silicon alloy

13.7 kg, vane 129 kg

93 kg

Zinc anodes

Standard $5,400
Pressure added,
$574
Conductivity added,
$640
Data interface,
$2,650

1 year at 2 samples/

hour (battery limit)

Lithium battery (6.5 V)

51.4 cm long
10.5 cm diameter

Plastic and anodized
aluminum

9 kg

2.7 kg

None

Standard $5,250

Conductivity added,

$6,745

Pressure added,

$6,145

Conductivity and
pressure added,

$7,600

Data interface,

$5,065

64K bytes; speed
saved as 3 bytes.
Each analog
channel takes
2 bytes

6 D-size alkaline
batteries (9V)

25 cm diameter

Glass filled cyclo-
aliphatic epoxy
with titanium
mooring rod

8 kg
Neutral

None

Standard $6,400
Temperature added®,
$800
Pressure added,
$1,200

Conductivity added,
$1,800

Tilt added®, $965
Data interface,
$589

Endeco-174 upgrade (174SSM) to include solid-state memory, real-time clock, selectable sampling interval, and vector averaging. Data

transfer via RS-232 interface. Production mid-1985. Model 174 replaced hydrodynamically similar model 10S.

Instrument was first introduced in 1967. Numerous technological improvements incorporated subsequently but model name (RCM-4)

retained.

36011 MKII conductivity resolution and accuracy were determined under field conditions, in which fouling occurred. Specifications

under lab conditions should be better by factor of 10 (similar to Aanderaa specifications for conductivity).

All standard units have temperature sensor except InterOcean S4.

354 tilt option compensates for tilt up to 45 degrees.

Description of Recording Cumrent Meters Used in This Study 7
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Figure 3. Vertical-axis rotor current meter (length of pressure case/rotor assembly 51 cm).

meter also records water temperature, electrical
conductivity, and pressure (used to measure water
depth) when optional sensors are installed. The data
are recorded on 64-mm (millimeter) magnetic tape
using 76-mm-diameter reels. The sampling interval is
user selectable by an internal switch. Current speed is
integrated over the sampling interval, whereas current
direction, water temperature, electrical conductivity,
and pressure are instantaneous values recorded at the
time of each sample. Documentation for this meter is
an 84-page service manual (Aanderaa Instruments
Ltd., 1983) containing meter description and
specifications, theory of operation, operating instruc-
tions, and tape-reading, data-processing, calibration,
and maintenance procedures.

Vertical-axis rotor meters have been marketed since
1967, and were previously used in the deep regions of
San Francisco Bay by NOS/NOAA and the Geological
Survey in 1979 and 1980 (Cheng and Gartner, 1984).
Vertical-axis rotor meters have been evaluated in
numerous performance studies, including Saunders
(1976), Halpern and Pillsbury (1976), Beardsley and
others (1977), Cheng (1978), McCullough (1978), and
Fuyo Ocean Development Company and Institute of
Central Electric Research (1982). These studies show
that the rotor speed sensor is extremely sensitive to
orbital wave motion and to mooring-line motion. The
Fuyo Ocean Development Company study showed that
the rotor rotated when the meter was slowly hoisted in
water with no horizontal current or waves present.
Cheng (1978) concluded that although the vertical-axis
rotor meter is susceptible to inaccurate speed readings
because of mooring-line motion, orbital motion from
wind-fetched short-period waves does not have a
substantial influence on current-meter records if the

meter is rigidly mounted (meter deployed 3 m below
surface). All the studies concluded that mooring-line
motion is a problem with the vertical-axis rotor meter
because of its Savonius-type rotor, and that the meter
is not recommended for use in wave zones. The
manufacturer also recommends that this meter be used
only below the wave zone (Aanderaa Instruments Ltd.,
1983). Nevertheless, vertical-axis rotor meters were
used in this study to evaluate whether rigid mounting
of the meter reduces its sensitivity to orbital wave
motion, and, if the rigid mounting does not diminish
the meter’s sensitivity to orbital wave motion, whether
the speed records from the meter could serve to
indicate the presence of orbital wave motion during
periods of high windspeed.

The manufacturer in late 1983 announced the
availability of a new, ducted paddle-wheel rotor for
use with its current meters. Meters with this new type
of sensor were not tested in this study.

Inclinometer

The inclinometer is a current deflection meter
(fig. 4) that has no external moving parts. The meter
hangs vertically in the absence of a current, and is
tilted downstream in the presence of a current. The
angle of tilt varies with the speed of the current. The
instrument utilizes an inclinometer to determine the tilt
angle, which is converted to current speed. Three
orthogonally mounted Hall-effect sensors are used to
determine current direction. = Water-temperature,
electrical conductivity, and pressure sensors are
available. Data are recorded on a magnetic-tape
cassette. Various combinations of vector averaging,

8 Comparison of Recording Current Meters in Shallow Waters, San Francisco Bay, Californla



]/Mounting ring

Wing

| —Pressurecase

Figure 4. Inclinometer current meter (length 51.4 cm).

burst sampling, and sampling intervals are selectable
by internal switches (General Oceanics, Inc., 1982).
Documentation for the meter is a 20-page service
manual (preliminary) containing meter description and
specifications, principles of operation, guides to data
translation, and operating instructions.

Cheng (1978) determined that the inclinometer
recorded accurate speed readings at slack water for
both calm and windy periods. However, it also was
determined that the nonlinearity of the speed-and-tilt
relation was a problem in certain speed ranges. The
meter used in the study that is the subject of this
report was equipped with the standard wing for
intermediate flow rates; the manufacturer also provides
a "low speed” wing that can be used for speeds up to
about 70 cm/s. The maximum speed recorded during
this study was about 40 cm/s; therefore, the use of the
low-speed wing would have been preferable because
with the low-speed wing the same range of wing tilt
is related to a smaller speed range.

Electromagnetic

The electromagnetic current meter is a spherical
solid-state meter (fig. 5) that uses no external moving
parts. Water flows through an electromagnetic field
created by the meter, thereby producing a voltage that
is proportional to the magnitude of the current speed
(Faraday’s principle). Although the meter is a new
design, the electromagnetic operating principle has
been in use for several years. The current direction is
determined by using a flux-gate magnetometer.
Water-temperature, electrical conductivity, and
pressure sensors are available. Data are stored in a
complementary metal-oxide semiconductor (CMOS)
static random-access memory (RAM). Sample interval
and operation mode (burst sampling or vector
averaging) are user selectable. A 47-page service
manual (InterOcean Systems, Inc., 1984) contains
meter description and specifications, and procedures
for communication, programming, diagnostics,

@/Mooring rod

Instrument program and
dataretrieval port

Electromagnetic
sensor

O

Figure 5. Electromagnetic current meter (sphere diameter
25 cm).

Description of Recording Current Meters Used in This Study 9



retrieval and reduction of data, deployment, and
maintenance. Because of the operating principle, the
meter is recommended by the manufacturer for use in
all situations, including wave-zone applications.

DATA-SAMPLING CHARACTERISTICS |

If possible, each current meter used in a comparison
study of this type should be set at the same sampling
interval and use the same speed-sampling mode (speed
integrated over sampling interval, instantaneous
(burst), or vector averaged). Unfortunately, differ-
ences in equipment design, available sampling options,
and data-storage capacities among the four instruments
made this comparison impossible for this study.

The only speed-sampling mode available for the
horizontal-axis ducted impeller and vertical-axis rotor
meters is integration over a selected sampling interval.
The horizontal-axis ducted impeller meters used in this
study already were set for a 2-minute sampling
interval. Because the data-tape capacity was sufficient
to store data for the expected deployment period--and
for consistency with the 1979-80 data already
collected--the 2-minute sampling interval for the
horizontal-axis ducted impeller meter was not
changed. However, the data-tape storage capacity of
the vertical-axis rotor meter was not sufficient to allow
the use of a 2-minute interval. Also, existing
data-processing software required 10-minute-interval
input data. Therefore, a 10-minute interval was
selected for the vertical-axis rotor meter.

The inclinometer and electromagnetic meter do not
have an option for averaging speed over the sampling
interval. Both meters can be programmed to make a
number of instantaneous readings at a selected
sampling interval. In the case of the inclinometer, the
data-tape capacity for the expected deployment length
was the limiting factor in the choice of four
instantaneous readings (bursts) per sample and a
15-minute sample interval. The four readings are
made approximately 1.0 second apart. The
clectromagnetic meter also was programmed with a
15-minute sample interval, and four data points were
recorded at each sampling. However, the electro-
magnetic meter data points are vector averages of 120
1/2-second readings. These four readings were later
vector averaged (refer to "Data Translation” section)
to provide an average velocity at the time of sampling;
the same procedure was used for the four inclinometer
readings.

Therefore, the inclinometer data represent an
average over an interval of approximately 4 seconds
every 15 minutes; the electromagnetic meter data
represent an average over a 4-minute interval every 15
minutes; and the horizontal-axis ducted impeller and
vertical-axis rotor meter data represent averages over
consecutive 2- and 10-minute intervals, respectively.
The time-series data for each meter then were vector
averaged to 30-minute time series for use in plotting
routines. Nevertheless, the original data are of two
types: (1) integrated (averaged) over the sample
interval (horizontal-axis ducted impeller and
vertical-axis rotor meters), and (2) instantaneous (even
though vector averaged in the case of the electro-
magnetic meter) for the inclinometer and
electromagnetic meter.

DATA COLLECTION
DATA-COLLECTION PLAN

The data-collection plan consisted of deploying
current meters attached to fixed mooring platforms in
a shallow-water region of the bay that was not
sheltered from the wind. To avoid disrupting the flow
field at one current meter because of the presence of
another, the platforms were deployed 9 to 10 m apart
in a line approximately perpendicular to the flood- and
ebb-current directions. All meters were positioned
approximately 1.2 m above the bottom of the bay.
Water-level data were collected to provide a record of
varying water depth (tidal fluctuations) at the
current-meter site.  Wind data recorded at San
Francisco International Airport (13.5 km (kilometer)
west of the current-meter site) were used to define
windy periods when wind-generated waves were
present.

Selection of the deployment site was based on the
following requirements: (1) a flat, hard bottom to
provide a firm foundation for the equipment, (2) an
arca of unobstructed flow, (3) a minimum water depth
of 2 m, and (4) an area not sheltered from the wind
(that is, a long fetch). The site was selected using
NOS/NOAA sounding charts, and the results of
fathometer traverses and bottom probes (a pole was
used to determine the firmness of the bottom). The
sitc selected was in south San Francisco Bay
approximately 4 km north of the San Mateo Bridge
and 6 km from the east shore (fig. 6).

Current-meter and water-level data collection began
June 13, 1984, and concluded October 2, 1984.
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Figure 6. South San Francisco Bay, showing location of current-meter deployment site and surrounding bathymetry.

Deployments of equipment covered consecutive
periods of about 28 days. The deployment periods for
each of the instruments used during the study are
shown in figure 7. Because multiple horizontal-axis
ducted impeller and vertical-axis rotor meters were
available, they were deployed to provide a comparison
between meters of the same type and to increase the
probability that at least one record from each would
be available to compare with the inclinometer and
electromagnetic meter. Velocity data are not available
for all four current-meter types for the entire data-

collection period because of meter acquisition
problems, and because of equipment malfunctions and
losses. (See "Lost Data" section.) An electromagnetic
meter was not acquired for testing until about 1 week
before the scheduled completion date (September 5)
fcr data collection. Nevertheless, the meter was
deployed at the study site on August 29, 1984.
However, to provide a longer data-collection period,
the electromagnetic meter was not retrieved on
September S5 with the other meters. One
horizontal-axis ducted impeller meter was redeployed

Data Collection 11



INSTRUMENT

DEPLOYMENT NUMBER
2 3 4

VERTICAL-AXIS ROTOR METER 1

VERTICAL-AXIS ROTOR METER 2

INCLINOMETER

HORIZONTAL-AXIS DUCTED
IMPELLER METER 1

HORIZONTAL -AXIS DUCTED
IMPELLER METER 2,3,4

HORIZONTAL-AXIS DUCTED

IMPELLER METER 5§
ELECTROMAGNETIC METER

TIDE RECORDER

June 13

July 11-12

August 8-9 September 5 October 2

EXPLANATION

m=mmmmm Data obtained during these periods

Figure 7. Periods of instrument deployment and of lost data.

on September 5 near the electromagnetic meter to
provide a comparison record, but unfortunately the
horizontal-axis ducted impeller meter could not be
recovered when the clectromagnetic meter was
retrieved on October 2.

During each visit to the study site, electrical
conductivity and temperature readings were taken to
verify data recorded by those current meters that were
equipped with electrical conductivity and temperature
sensors. Also, water samples were collected for
laboratory determination of salinity for comparison
with current-meter records. (Salinity records were
calculated from current-meter electrical conductivity
and temperature data.) In addition, current-speed
measurements were taken using a nonmoored,
nonrecording current meter (Price AA current meter)
suspended from the deployment vessel at the depth of
the recording current meters (1.2 m above the bottom).

Data unobtainable for these periods

ADDITIONAL EQUIPMENT
AND MODIFICATIONS

Current-Meter Moorings

The horizontal-axis ducted impeller and vertical-axis
rotor meters were mounted on hexagonally shaped
1.7-m-diameter aluminum platforms (figs. 8 and 9)
that weighed about 80 kg (kilograms) with bottom
weights attached. The horizontal-axis ducted impeller
meters were attached to the platforms using stainless-
steel mounting brackets (figs. 8§ and 10) designed so
that the neutrally buoyant horizontal-axis ducted
impeller meter could tum freely in water. The
brackets were designed to allow up to S degrees of tilt
to compensate for slight bottom irregularities.
Compass calibrations were done by the manufacturer
on two meters with and without brackets attached, and
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The only equipment lost during the study was
horizontal-axis ducted impeller meter 5, which was
deployed on September 5, 1984, for the purpose of
providing a record for comparison with the
electromagnetic meter. This horizontal-axis ducted
impeller meter was lost because the mounting bracket
failed as a result of corrosion.

DATA TRANSLATION, DISPLAY,
AND HARMONIC ANALYSIS

The reduction, display, and analysis of
current-meter and water-level data involved several
steps. These include the transfer of binary data from
instrument storage media to computer storage,
translation of binary data to engineering units,
determination of data quality and quantity, and display
and analysis of the data.

DATA TRANSLATION

Each of the current meters used in the study utilized
a unique data format and type of storage medium
(eight-track tape, cassette tape, recl-to-reel tape, and
solid-state memory). Each storage medium required
its own translation or interface unit and supporting
software to allow the data tape or memory to be read,
and the data to be retrieved, formatted, and output to
computer storage. Translation of data from binary to
engineering units involved the use of mathematical
relations unique to each type of meter and calibration
constants unique to each meter serial number.

Data tapes from the horizontal-axis ducted impeller
(eight-track) and vertical-axis rotor (reel-to-reel)
meters were processed using available tape readers
interfaced with a minicomputer system.
Data-processing procedures for velocity, temperature,
and electrical conductivity (salinity) for the
horizontal-axis ducted impeller current meter are
described by Cheng and Gartner (1980). The
vertical-axis rotor data were processed in a similar
manner using software developed or modified as
required. As part of data processing, the
horizontal-axis ducted impeller meter (2-minute) and
vertical-axis rotor meter (10-minute) time-serics data
were vector averaged to produce a new set of
30-minute time series data for input to subsequent
plotting programs.

Data from the electromagnetic current meter were
recovered from the meter’s internal memory and

supplied by the manufacturer. The data, in the form
of binary numbers representing north and east speed
components, subsequently were converted to
engineering units and then to speed and direction
values. Each set of four 1-minute vector averages
(collected at 15-minute intervals) was vector averaged
to form a new 1S5-minute time series of single
readings. This time series later was vector averaged
to a 30-minute time series for input to plotting
programs.

The inclinometer data were provided by the
manufacturer on nine-track tape in engineering units.
The four-burst-per-sample spced and direction
readings were vector averaged to form a new time
scries of single, 15-minute readings. It should be
noted that the sample interval was not exactly 15
minutes, but rather an interval slightly less than 15
minutes. This was a result of timing intervals that are
bascd on multiples of 7 seconds. Thus, a 15-minute
interval was actually 896 seconds (14.93 minutes).
Newer versions of the meter have sampling intervals
equal to the exact number of minutes selected. The
result of the noninteger sample interval was a shift in
sample time of about 6 minutes every 24 hours.
However, the meter contains a real-time clock and
time is recorded with each sample: therefore, a linear
interpolation could be performed. The original time
serics of uasi-15-minute data was first vector
averaged to create a time series of 30-minute
(approximate) data, and then a linear interpolation was
done on that record to create a new time series of
30-minute data with all readings on the hour and half
hour (required for input to plotting programs).

The horizontal-axis ducted impeller meter 2-minute
and vertical-axis rotor meter 10-minute time-series
data were used as input to harmonic-analysis
programs, as were the 15-minute vector-averaged
inclinometer and electromagnetic meter data. Within
the harmonic-analysis programs, all input data were
first vector averaged to 30-minute time-series data for
consistency before proceeding with the analysis.

Water-level data recorded by the tide recorder and
current-meter data from the horizontal-axis ducted
impeller current meter were processed in a similar
manner. The same tape reader was used; however,
software modifications were required to format data
correctly because pressure was recorded as a 12-bit
word, whereas all data interpreted by the old-style
(horizontal-axis ducted impeller) tape reader are seen
as 8-bit words. After the data were formatted
correctly, adjustments for variations in atmospheric
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pressure were incorporated, and the data were
translated to engineering units, averaged to 1-hour
values, and stored for later harmonic analysis and
plotting.

DATA DISPLAY

Time-series plots of current-meter records are
contained in Supplemental Data A (at end of report).
The current velocity in the form of 30-minute
vector-averaged speed and direction (relative to true
north) is plotted against time. Hourly water-level data
also are plotted (Supplemental Data B). The mean of
the time series of water-level data is computed during
harmonic analysis and is subtracted from the
time-series values prior to plotting. For reference, one
temperature and one salinity record (30-minute
average) from each deployment is displayed in
Supplemental Data C. Wind conditions during the
study are displayed in the form of stick diagrams
(Supplemental Data D). Source of the wind data is
3-hour-interval wind readings as recorded at San
Francisco International Airport.

HARMONIC ANALYSIS

The method of harmonic analysis for tide (water
level) and tidal-current data is well documented by
Schureman (1940) and Cheng and Gartner (1984). In
all cases the data sets for both water level and current
are truncated to an even number of M, cycles (56
cycles maximum). The M, cycle (12.42 hours) is
used because it is by far the largest partial tidal
constituent in San Francisco Bay. ‘

Results of harmonic analysis of the water-level
records collected during the study are included in
Supplemental Data B. The seven major tidal
harmonic constituents (01, K, Ny, M,, Sz, M,, and
MKj,) were computed using the least-squares method,
and nine minor constituents (Q;, My, P, J;, I,
(MU,), v5 (NU,), L,, T,, and K,) were computed by
means of inference based on equilibrium theory.
Results include the following variables used in the
prediction of tides: height (H), local epoch (x), and
modified epoch (x’) for each constituent, as well as
the mean of the water-level heights.

In the case of current-meter data, six harmonic
constituents (O,, K, Ny, M,, S,, M,) were computed
for east-west and north-south tidal-velocity
components. Minor constituents were not calculated

using the inference method for two reasons: (1) The
equilibrium theory of tides is less reliable in the case
of tidal currents, and (2) the accuracy of current
measurements in estuaries is less than that of
water-level measurements.  Results of harmonic
analysis of current-meter records collected during the
study are included in Supplemental Data A. In
addition to harmonic constituents, the summary sheets
shown in Supplemental Data A include some general
properties of tidal currents computed by the
harmonic-analysis program such as the
root-mean-square (RMS) current speed, maximums of
spring- and neap-tidal currents, principal tidal-current
direction, tidal-current form number, and Eulerian
residual current (time-averaged velocity). Depending
on the usable length of the record, the time-averaged
velocities are computed for every 12 M, tidal cycles,
and an even number less than 12 M, cycles for the
remaining available data in the record. The time
average for the entire record length (maximum even
M, cycles) also is given.

COMPARISON OF CURRENT-METER
RECORDS

COMPARISON METHODS

The accuracy of velocity data that were collected
using the current meters was evaluated by comparing
respective current-meter data records. Special care was
given to examining records during several specific
flow and field conditions. Responses of the meters’
speed sensors were compared during slack water and
maximum ebb and flood flows during calm and windy
conditions, and during high and low tide. Accuracy of
current speeds recorded by different meters can be
evaluated only during slack-water periods (essentially
a known value). During times of higher current
speeds, actual current speeds are unknown because it
is extremely difficult to measure current speed
accurately from a boat (Kallio, 1966); therefore,
during higher current speeds, only the relative speeds
as recorded by the meters can be compared. It also
should be noted that current speed during slack-water
periods does not always equal zero; however, the
spced approaches zero as the current direction
gradually rotates from ebb to flood or vice versa.
Water depth is of importance because as the
magnitude of the wind increases, so does the size of
the surface waves and the depth of penetration of the
orbital wave motion. The responses mentioned above
were evaluated by: (1) comparison of current-meter
speed data with nonmoored, nonrecording Price AA
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meter speed readings; (2) comparison of speed and
direction time-series plots; (3) speed intercomparison
plots; and (4) comparison of results of harmonic
analyses, including time-averaged velocity calculations
(Eulerian residuals).

FIELD CONDITIONS DURING
DATA-COLLECTION PERIOD

Time-series plots of water-level, water temperature,
salinity, and wind velocity data (Supplemental Data B,
C, and D) show that the field conditions during the
data-collection period were relatively constant. Except
for very short periods when winds were from the
southwest, the winds consistently were from the west
to northwest and windspeed generally varicd between
5 and 10 m/s (meter per second) (Supplemental Data
D). The average daily windspeed for each of the three
deployments was 6.7, 6.0, and 6.2 m/s, respectively.
Water-level records show that water depth at the
current-meter site ranged from about 2.0 to 5.1 m,
with a mean of 3.7 m. Salinity at the study site
ranged from 28.5 to 30.8 %o (parts per thousand), and
no salinity stratification was detected. Water
temperature ranged from 17.5 to 24.0 °C.

COMPARISON WITH SPEED DATA FROM
NONMOORED, NONRECORDING METERS

Three sets of speed data (tables 2-4) were collected
using nonmoored, nonrecording Price AA meters for
comparison with speeds recorded by deployed current
meters. Price-meter data are not available to compare
with the inclinometer and eclectromagnetic meter
because either: data were lost, the meter was being
serviced (inclinometer) when the Price-meter data
were being collected, or the water-surface conditions
precluded the collection of Price-meter data
(electromagnetic meter). Although the amount of
Price-meter data is limited, the data are uscful in
comparing speed readings obtained using dcployed
meters during the absence of wave motion.

The vertical-axis rotor meter 10-minute data were
linearly interpolated, in compiling tables 2-4, to
provide speed data that would coincide with the times
of the Price-meter readings. The horizontal-axis
ducted impeller meter 2-minute data were used as
recorded.

Generally, the Price-meter readings are higher than
the horizontal-axis ducted impeller and vertical-axis

rotor current-meter values; however, speed differences
commonly are within expected limits--considering the
meters’ speed resolution and accuracy specifications.
The elapsed time since the previous servicing of the
deployed meters may explain some of the
discrepancies between the speed values. Fouling of
moving speed sensors by marine growth or debris
affects meters to some extent, and it scems to affect
the vertical-axis rotor meters more than the
horizontal-axis ducted impeller meters. In all cases,
when the Price-meter readings were collected shortly
(about a day) after the deployed meters had been
serviced (cleaned), the speed differences were less for
scrviced meters than it was for those meters collected
at the end of a 4-week deployment.

Although some of the discrepancies in the data
shown in tables 2-4 can be explained by partial
fouling, there also are differences among recently

Table 2. Comparison of speed data recorded by
Price AA current meter and by deployed current
meters, July 12, 1984

Recorded speed (centimeters per second)
Horizontal- Horizontal- Horizontal-

Time Price  axis axis axis Vertical- Vertical-
AA  ducted ducted ducted axis axis
impeller impeller impeller  rotor rotor
2 5 1 2 1
09:42 39 27 31 27 29 32
09:44 39 27 37 27 28 32
09:46 38 27 32 28 28 33
09:56 33 27 32 29 27 32
09:58 35 23 32 29 27 31
10:00 34 24 33 30 27 31
10:02 34 23 35 26 27 31
10:04 31 23 32 24 . 27 31
10:06 34 24 33 24 26 30
10:12 28 23 31 26 26 30
10:15 34 23 31 26 25 29
10:18 35 22 30 28 25 29
Deployment vessel moved
10:56 26 17 21 20 Meter 24
10:58 25 17 21 21 retrieved 24
11:12 24 17 16 17 for 21
11:14 26 16 18 15 servicing 21
11:18 23 16 18 16 20
11:20 26 14 17 15 20
11:22 23 13 17 15 20
Date deployed
meters last
serviced June 13 July 11  July 11  June 13 July 11
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serviced meters of the same type. (See July 12 and
August 9 data for horizontal-axis ducted impeller
meters 5 and 1.) These 10- to 30-percent differences
demonstrate the variance that exists among meters of

Table 3. Comparison of speed data recorded by
Price AA current meter and by deployed current
meters, August 8, 1984

Recorded speed
(centimeters per second)

Horizontal- Vertical-
Time Price AA axis ducted  axis rotor

impeller 3 2
09:52 15 16 10
09:58 14 14 8
10:00 15 15 8
10:06 12 14 8
10:08 18 14 7
10:10 17 12 7
10:12 15 10 -7
10:14 14 11 6
10:16 13 9 5
10:26 9 9 3

Deployed meters last serviced on July 12

Table 4. Comparison of speed data recorded by
Price AA current meter and by deployed current
meters, August 9, 1984

Recorded speed
(centimeters per second)

Horizontal-
axis ducted  Vertical-
.Time Price AA impeller axis rotor
S 1 1
09:42 28 25 24 27
09:44 30 26 24 26
09:54 25 24 22 25
09:56 26 24 20 25
10:08 26 20 22 23
10:10 23 22 21 23
10:12 26 22 19 23
10:14 24 19 19 23

Deployed meters last serviced on August 8

the same type. This variance, in part, may be
attributed to speed resolution (0.25 cm/s, vertical-axis
rotor meter; 0.89 em/s, horizontal-axis ducted impeller
meter) and speed accuracy (1 cm/s, vertical-axis
rotor; 6.7 cm/s, horizontal-axis ducted impeller) of
the meters (table 1). Also, these data were not
collected at the exact location of the compared current
meter. Although the assumption was made that a
homogeneous flow field existed at the study site, some
minor differences would be expected. Therefore,
caution must be exercised in drawing conclusions
from such a limited data set.

TIME-SERIES PLOTS

Time-series plots of 30-minute vector-averaged
velocity data for each deployment (approximately 28
days) for each current meter are shown in
Supplemental Data A.

Examination of individual plots reveals variations in
data recorded by the same meter type as well as some
significant anomalies. The record from horizontal-axis
ducted impeller meter 3 obtained during the second
deployment (p. 45) includes numerous spikes in the
speed readings during the last 9 days of the record.
These probably are the result of incorrect recording of
the speed encoder’s bit pattern on the data tape. Also
during the second deployment, vertical-axis rotor
meter 2 (p. 63) recorded a speed of zero for an
abnormal length of time on July 14. Abnormal
zero-speed periods also occurred several times for both
vertical-axis rotor meters during the third deployment
(p. 65, 67) near the end of the records (between
August 27 and September 5). A possible explanation
may be marine growth or debris temporarily fouling
the speed rotor or shaft. The records for both
vertical-axis rotor meters for the latter part of the third
deployment appear to be of questionable accuracy,
also probably due to partial fouling.

Except as described below, the direction data from
the various meters are in reasonable agreement given
the accuracy and resolution of the direction sensors of
the individual meters. However, there seems to be a
consistent, nearly 10-degree difference between the
two vertical-axis rotor meter direction sensors. This
difference probably is due to a calibration problem.
During the first week of the first deployment, and also
3 days near its end, the horizontal-axis ducted impeller
meter 2 (p. 41) uncxplainably recorded direction data
lower than that recorded by all other meters during the
same time period. In addition, direction records from
horizontal-axis ducted impeller meter 3 for the second
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deployment (p. 45) and horizontal-axis ducted impeller
meter 4 for the third deployment (p. 51) show several
periods of abnormal data during neap tides. At least
in the case of meters 3 and 4, these abnormal data
seem to be the result of poor response of the current
meter to direction changes during periods of lower
flows. None of these horizontal-axis ducted impeller
meters were equipped with the additional vane,
whereas the five remaining direction records were
collected by horizontal-axis ducted impeller meters
with the vane addition--and only one of those records
shows any type of abnormal data. These abnormal
data were for horizontal-axis ducted impeller meter 1
during the third deployment (p. 55); the data appear
somewhat less stable than do data from horizontal-axis
ducted impeller meter 5 (p. 53). It is not known if the
variation in this record is associated with the vane
addition. Refer to the "Comparison of Horizontal-
Axis Ducted Impeller Current Meters With and
Without Vane Addition" (p. 32) section for further
discussion of vane addition.

Comparison of the time-series plots from different
current-meter types also reveals useful information.
For example, the data from the inclinometer and
electromagnetic meter show higher speed values
during maximum-flood and maximum-ebb currents
than do data from the horizontal-axis ducted impeller
and vertical-axis rotor meters; the inclinometer data
also are more variable than the data from the other
meters. In addition, slack water seems to be more
accurately recorded by the horizontal-axis ducted
impeller and electromagnetic meters than by the
vertical-axis rotor meter and inclinometer.

These conditions are evident from the current-speed
overlay plots shown in figures 15-17. The plots are
each 7 days long and cover (1) a spring-tide period,
(2) a neap-tide period, and (3) the only period when
records are available from all four meter types.
Windspeed and water-level plots also have been added
in order to examine the relations between speed data
and field conditions.

The first 7-day overlay plot is for June 26 through
July 2 (first deployment) and includes a spring-tide
condition (fig. 15). The record from horizontal-axis
ducted impeller meter 2 was chosen because analyses
showed that speed readings from meter 1 were slightly
high during the first deployment, and slightly low
during the second and third deployments, relative to
other horizontal-axis ducted impeller meters. The
record from vertical-axis rotor meter 2 was arbitrarily
chosen for comparison. The plot shows that the
inclinometer was recording speed values 20to 30

percent higher than the horizontal-axis ducted impeller
and vertical-axis rotor meters for all maximum-ebb
and maximum-flood periods, and also was recording
higher values during numerous slack-water periods.
The record from the vertical-axis rotor meter also
includes higher speed values in comparison with the
record from the horizontal-axis ducted impeller meter
during several slack-water periods, and during a few
maximum-ebb and maximum-flood periods.

Further investigation of figure 15 reveals that
agreement or lack of agreement between speed values
for the horizontal-axis ducted impeller, vertical-axis
rotor, and inclinometer meters is dependent on wind
and water-depth conditions. For example, for the first
two slack-water periods on June 27, when windspeed
was relatively low (less than S m/s), the
horizontal-axis ducted impeller and vertical-axis rotor
meters are in close agrecment, and the inclinometer
teadings are only slightly higher. However, when the
windspeed exceeds about 5 m/s, such as in the third
slack-water period on June 26 and 27, the vertical-axis
rotor meter values are higher than the horizontal-axis
ducted impeller meter values, and the inclinometer
values are the highest of the three vertical-axis rotor
sets of values. In contrast, when windspeed was
between 5 and 10 m/s and the water depth was about
3.5 m or greater, such as occurred during the second
and fourth slack-water periods on June 26, little or no
difference can be seen between the records for the
horizontal-axis ducted impeller and vertical-axis rotor
meters; the inclinometer seems to show substantial
wave-motion effects (fourth slack-water period on
June 26). These wave-motion effects are observed at
numerous places in the records--whenever windspeed
exceeds about 5 m/s, regardless of water depth (for
example, during the fourth and third slack-water
periods for June 26 and 27, respectively). These
examples seem to imply that for these shallow-water
conditions, the inclinometer is more sensitive to orbital
wave motion than the vertical-axis rotor meter when
using the described mooring configurations.

The second 7-day overlay plot is for August 16
through August 22 (third deployment) and includes a
neap-tide condition (fig. 16). The selection of the
comparison vertical-axis rotor meter was arbitrary.
Horizontal-axis ducted impeller meter 4 was not
considered because it was not equipped with a vane
addition, and horizontal-axis ducted impeller meter 1
was not used for the reason stated previously. The
effccts of the various field conditions discussed above
again are apparent and can be found throughout all the
records.
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Figure 15. Time-series plots of windspeed, water level, and current speed for spring-tide period (June 26-July 2, 1984).
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Figure 16. Time-series plots of windspeed, water level, and current speed for neap-tide period (August 16-22, 1984).
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Figure 17. Time-series plots of windspeed, water level, and current speed for period when electromagnetic current meter
was deployed (August 29-Scptember 4, 1984).
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The last 7-day overlay plot includes data from
August 29 through September 4 (fig. 17), the only
period when records are available from all four meter
types. As previously stated, records for both
vertical-axis rotor meters for this period contain
erroneous data that probably are due to partial fouling
of the rotor. This partial fouling explains some of the
data anomalies shown for the vertical-axis rotor meter
plot. The same effects resulting from the different
wind and water-depth relations discussed above again
are evident for the horizontal-axis ducted impeller,
vertical-axis rotor, and inclinometer meter records.
The record from the electromagnetic meter compares
well with the record from the inclinometer at
maximum ebb and maximum flood when the
windspeed is less than about 5§ m/s (first two ebb and
flood periods for August 31 and September 1-2); the
inclinometer recorded higher speeds than did the
electromagnetic meter when windspeed exceeded
about 5 m/s (August 30). At slack water, both the
electromagnetic and horizontal-axis ducted impeller
meters seem to record slack water without any
apparent effects due to wave motion (August 30).
However, the electromagnetic and horizontal-axis
ducted impeller meter records generally differ by 20
to SO percent during maximum-ebb and maximum-
flood periods (first three ebb and flood periods of
August 31).

SPEED INTERCOMPARISON PLOTS

Speed intercomparison plots of current-meter data
were made by plotting the resultant 30-minute,
vector-averaged speed values of one current meter on
the x-axis against the corresponding 30-minute,
vector-averaged speed values of a second current
meter on the y-axis. If the current meters recorded
identical speeds, the plotted points fall on a line with
a slope equal to 1 and with a y-axis intercept equal to
zero. As it is assumed that the flow regime was
homogeneous for all deployed meters, Systematic
differences between meters are indicated if the trend
of the data points deviates from a slope of 1 and an
intercept of zero. This method of comparison is
especially useful for examining the relations between
meters at or near slack water. Speed intercomparison
plots for the three deployment periods and for the
8-day period when data are available for all four meter
types are shown in figure 18. Simple linear regression
has been applied to the data shown on the plots. The
y-axis intercept (A), the slope (B) of the regression
line, and the coefficient of determination (r2) are
shown on each plot. The r? value (0 <r? <1.0) is
used as an indicator of the amount of scatter in the

speed readings (the higher the value, the less the
scatter). Plots for the same meter type will be
discussed first.

Comparisons of horizontal-axis ducted impeller
meters: (plot a, deployment 1; plots a, b, and c,
deployments 2 and 3) and

Vertical-axis rotor meter 2 compared with
vertical-axis rotor meter 1: (plot f, deployment 1;
plot j, deployments 2 and 3).

1. Scatter of data is much less for the
horizontal-axis ducted impeller meter
intercomparison plots (r? range of 0.94 t0 0.97)
than for the vertical-axis rotor meter
intercomparison plots (r? range of 0.77 to 0.85).
There is no apparent pattern to the scatter, which
appears about the same throughout the entire
speed range.

2. All intercept values for plots comparing the
horizontal-axis ducted impeller and vertical-axis
rotor meters are close to zero, with a range of
-0.15 to 2.5 cm/s.

3. Slopes for plots comparing the horizontal-axis
ducted impeller and vertical-axis rotor meters
generally are similar, ranging from 0.84 to 0.98.

When meters of the same type are compared, an
intercept value near zcro and a slope near 1.0 does not
necessarily mean that the meters are recording correct
values, because both meters should be similarly
affected when subjected to the same adverse condition
(wave motion). Also, the scatter should not increase
significantly near the origin (zero speed); nor should
the number of data points decrease substantially near
the origin, indicating a lack of readings at the low end
of the speed range (slack water).

The higher r2 values for the horizontal-axis ducted
impeller meter intercomparison plots clearly show that
under the field conditions of this study, the
horizontal-axis ducted impeller meters demonstrated
better repeatability than did the vertical-axis rotor
meters. As has been previously mentioned, the
vertical-axis rotor meters are affected by wind waves,
which probably caused the scatter of the speed
readings throughout the speed range. The greater
overall scatter apparent in the plot of the vertical-axis
rotor meter speed data for deployment 3 probably is
the result of intcrmittent fouling, as discussed in the
preceding section. Because the comparisons are for
meters of the same type, the slopes are expected to be
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Figure 18. Comparisons of plots of current speed. (A is the intercept, B is the slope, and r2 is the coefficient of
determination). A, deployment 1 (June 13-July 11, 1984). B, deployment 2 (July 12-August 8, 1984). C, deployment 3
(August 9-September 5, 1984). D, eight-day period (August 29-September 5, 1984) of deployment 3 when

electromagnetic current meter was deployed.

close to 1.0 and the intercepts near zero, and this is
the case, except for those plots using horizontal-axis
ducted impeller meter 1 data. The cause of the lower
slope values is that horizontal-axis ducted impeller
meter 1 recorded somewhat lower speed values during
deployments 2 and 3 (possibly due to fouling) in
comparison with the other horizontal-axis ducted
impeller meters (horizontal-axis ducted impeller meter
1 data plotted on y-axis). '

Comparing the density of points near the origin on
the horizontal-axis ducted impeller and vertical-axis
rotor meter plots shows that there are fewer points in
this region for the vertical-axis rotor meter plots than
for the horizontal-axis ducted impeller meter plots.
This density of points again is indicative of the
vertical-axis rotor meters’ susceptibility to wave
motion.
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Figure 18.--Continued.

Horizontal-axis ducted impeller meters compared
with vertical-axis rotor meters: (plots b through e,
deployment 1; plots d through i, deployments 2 and
3). Vertical-axis rotor meter data are plotted on the
y-axis.

1. Scatter of data for the plots comparing the
horizontal-axis ducted impeller and vertical-axis
rotor meters (mean r2=0.78) is very similar to
that for the plots comparing the vertical-axis
rotor meters (mean r2=0.81).

2. Intcrcept values for plots comparing the
horizontal-axis ducted impeller and vertical-axis
rotor meters (mean intercept is 3.75 cm/s) are
higher than for the plots comparing the two
vertical-axis rotor meters and the four
horizontal-axis ducted impeller meters.

3. Slopes gencrally are substantially lower for
the plots comparing the horizontal-axis ducted
impeller and vertical-axis rotor meters (0.66 to
0.86) than for those plots that compare like
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Figure 18.--Continued.

meters.  The exceptions are horizontal-axis
ducted impeller meter 1 plots, for which slopes
ranged from 0.88 to 0.98 for deployments 2 and
3. These values are bclieved to be erroncously
high because horizontal-axis ducted impeller
meter 1 was reading low during these
deployments.

These results are not surprising, considering the
discussion of the time-series plots. The majority of
scatter in the plots in the low speed range, and the
tesulting high intercept values and low slope values
are causcd by the vertical-axis rotor meters’ tendency
to record erroneously high speeds in shallow water
when subjected to wave motion.
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Figure 18.--Continued.

Horizontal-axis ducted impeller meters compared
with inclinometer: (plots g and h, deployment 1;
plots k, 1, and m, deployment 3). Inclinometer data
are plotted on the y-axis.

1. Scatter of data for the plots comparing the
horizontal-axis ducted impeller meter and
inclinometer (mean r2=0.64) is greater at both
low and high speeds than in the plots comparing
horizontal-axis ducted impeller and vertical-axis
rotor meters.

2. Intercept values (mean intercept is 8.10 cm/s)
are about twice those for the horizontal-axis
ducted impeller and vertical-axis rotor meters
plots comparing for the same two deployments.

3. The mean of the slopes for the plot
comparing the horizontal-axis ducted impeller
meter and inclinometer is 0.85.

The greater and more evenly distributed scatter and
the higher intercept values in comparison with the
corresponding values for the plots comparing the
horizontal-axis ducted impeller and vertical-axis rotor
meters indicate that the inclinometer is affected to a
greater extent than is the vertical-axis rotor meter by
wind-wave orbital motion when the vertical-axis rotor
meter is attached to a fixed mooring platform. The
plots also show that the inclinometer was recording
higher speed values throughout the entire speed range
in comparison with the horizontal-axis ducted impeller
meters. (The majority of points are above the
slope-equal-to-1.0 line in the high speed range.) This
comparison also explains why the slope for the
horizontal-axis ducted impeller meters compared to
inclinometer plots generally is closer to 1.0 than is the
slope for the horizontal-axis ducted impeller compared
to vertical-axis rotor meter plots. There is a
considerable difference in the mean values of all three
variables for deployments 1 and 3. Deployment 1
showed a higher degree of scatter (mean r < is 0.54 for
deployment 1 and 0.71 for deployment 3), a higher
intercept (10.84 compared with 6.28), and a lower
slope (0.68 compared with 0.96). All three factors
probably are the result of stronger winds during the
first deployment than during the third deployment (6.7
and 6.2 m/s average daily windspeed, respectively).

Vertical-axis rotor meters compared with
inclinometer: (plots i and j, deployment 1; plots n
and o, deployment 3). Inclinometer data are plotted
on the y-axis.
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1. The scatter of data for the plots comparing
the vertical-axis rotor meters and inclinometer
(mean r2=0.65) is virtually the same as for the
plots comparing the horizontal-axis ducted
impeller meters and inclinometer.

2. The mean of the intercept values for the plots
comparing the vertical-axis rotor meters and
inclinometer is 5.97 cm/s.

3. The mean of the slopes for the plots
comparing the vertical-axis rotor meters and
inclinometer is 0.94.

Note that the distribution of points on the speed
plots for the vertical-axis rotor meters and
inclinometer differs from other meter intercomparison
combinations. Most points are grouped near the
center of the plot, with relatively fewer points located
in the low speed region, and there is more scatter in
the midspeed and high-speed ranges. This would tend
to reinforce the conclusion that under these field
conditions, both the inclinometer and vertical-axis
rotor meters are reacting to wind-wave conditions by
recording values that are too high, and that the
inclinometer is recording speeds generally higher than
are the vertical-axis rotor meters. For the third
deployment period, values for the mean intercept for
the plots comparing the horizontal-axis ducted
impeller meters and the vertical-axis rotor meters to
the inclinometer are viriually the same (6.28 and 6.11
cm/s, respectively). Likewise, the mean of the slope
values are the same (0.96). However, values for the
first deployment are very different for these two
comparisons. Whereas the intercept (5.84 cm/s) and
slope (0.92) values for the plots comparing the
vertical-axis rotor meter to the inclinometer are similar
to those of deployment 3, the values for the plots
comparing the horizontal-axis ducted impeller meter to
the inclinometer are very different, as explained in the
preceding section. This compariso<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>