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Discharge Measurements Using a
Broad-Band Acoustic Doppler
Current Profiler

By Michael R. Simpson

INTRODUCTION discharge measurements. It is not intended to replace
, he “hands-on,” USGS-approved training required for

The measurement of unsteady or tidally affectedy| Apcp discharge-measurement system operators.
flow has been a pr_oblem faced by_hydr_ologlsts for manyyig report only describes the Microsoft Disk
years. Dynamic discharge conditions impose an Operating System (MS DOS) version of the discharge-
unreasonably short time constraint on conventional assurement software, Transect, and will have to be
current-meter discharge-measurement methods, whighised to include future versions that run under
typically last a minimum of 1 hour. Tidally affected  \icrosoft Windows. The report also only describes the
discharge can change more than 100 percent during gqnfiguration and use of the R.D. Instruments, Inc.
10-minute period. Over the years, the U.S. Geologicag(ém), broad-band ADCP (BB-ADCP). Subsequent
Survey (USGS) has developed moving-boat discharggysqgifications to the BB-ADCP will be included in
measurement techniqyes that are much fas?er_ but Ies@pdates to this report if these modifications
accurate than conventional methods. For a bibliographyjgnificantly change the configuration of the ADCP or
of conventional moving-boat publications, see SIMpsofk gischarge-measurement techniques must be changed.
and Oltmann (1993, page 17). This report also will be updated if another

The advent of the acoustic Doppler current  manufacturer's ADCP is used to measure discharge by
profiler (ADCP) made possible the development of a 3 significant number of USGS users.
discharge-measurement system capable of more
accurately measuring unsteady or tidally affected flow.
In most cases, an ADCP discharge-measurement A Short History of Acoustic Doppler Current
system is dramatically faster than conventional Profiler Discharge Measurement
discharge-measurement systems and has comparable or
better accuracy. In many cases, an ADCP discharge- In 1982, an ADCP was used to measure the
measurement system is the only choice for use at a discharge of the Mississippi River at Baton Rouge,
particular measurement site. Louisiana (Christensen and Herrick, 1982). The test

ADCP systems are not yet “turnkey”: they are results were encouraging, differing less than 5 percent
still under development, and for proper operation, ~ ffom simultaneous measurements made with conven-

require a significant amount of operator training. Not tional moving-boat methods. However, the computer

only must the operator have a rudimentary knowledgéOftware and hardware were incapable of processing
of acoustic physics, but also a working knowledge of the yelocny _data provided by the profiler on a real-time
ADCP operation, the manufacturers' discharge- basis; the discharge measurements had to be computed

promising at the time of these tests, computer and

safety.
Y Doppler signal-processing technology had not
progressed to the level needed to collect and compute
Purpose and Scope reliable river and estuarine discharge measurements.
The purpose of this report is to describe ADCP In 1985, the USGS purchased a narrow-band

operating techniques, fundamental ADCP theory, ADCP to be used for the development of a discharge-
ADCP discharge-measurement theory, and vessel measurement system (an explanation of the differences
mounts and operating techniques required for ADCP between narrow-band and BB-ADCPs is given in
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chap. 1). This discharge-measurement system was the “Workhorse” with a bottom-tracking option
successful (Simpson and Oltmann, 1993) but, becaugghap. 1) and the “Rio Grande,” which is a Workhorse
of minimum depth limitations, the narrow-band ADCP\yjth pyilt-in bottom-tracking capability. Because the
was usable only in rivers and estuaries with depths . o \e2 ~turer has four types of ADCPs capable of
greater than 3.4 meters (m) [11.5 feet (ft)]. measuring river discharge (narrow-band, broad-band,
Because of depth and measurement precision workhorse, and Rio Grande), they will be referred to as

limitations of the narrow-band ADCP, the ADCP ADCP discharge-measurement systems in this report,
manufacturer began exploring a slightly different area, 4 4 instrument will be referred to as an ADCP
of acoustic technology, which has been termed “broa '

band.” In 1991, a prototype BB-ADCP was developeau-.nless details specific to a particular model are
and tested. The BB-ADCP short-term random error  discussed.

(standard deviation of measured water velocities) was  The ADCP discharge-measurement system may
reported to be an order of magnitude lower than that Gfg the only feasible, accurate method for measuring

ghpeiir?]?;;ogvf_gra:ﬁaﬁ%ﬁir\gg:dép%ig%gi? of this, could fscharge in tidally affected rivers and estugries, as well

_ as in rivers or canals with unsteady flow (Simpson and

The USGS was interested in this technology  ojtmann, 1993). The ADCP also has proven useful as a

because of its application to shallow water and substitute for conventional discharge-measurement
purchased one of the first production models of the

BB-ADCP from RDI in February 1992 to be evaluated]EeChmgyes in many upland rivers with depths too deep
for use in the measurement of river discharge. This 0F Wading measurements.
evaluation is ongoing in the California District and has On the other hand, the setup and operation of the
been joined by several other districts of the USGS.  Apcp for dischar ’ - -

. ge measurements is complicated,
Morlock (1996) evaluated the BB-ADCP for CIISChargecompared with conventional methods. Configuration of

measurement at selected locations throughout the the ADCP for disch i :
United States. This evaluation compared discharges "¢ or dischargé-measurement Use requires a

measured utilizing a BB-ADCP with discharges working knowledge of conventional discharge-
measured at 12 stream-gaging sites having stable stafg@asurement principles, as well as a basic knowledge
discharge relations. The results of the evaluation of acoustics and Doppler shift measurement techniques.
showed that the BB-ADCP system can be used to  With the help of this report, attendance at a USGS-
accurately measure discharge at sites similar to thos@pproved ADCP discharge-measurement course, and
measured by Morlock (1996). the manufacturer’s documentation, it is hoped that an
The manufacturer has since developed smallerinterested individual can gain the skills needed to
versions of the BB-ADCP. Two such instruments are accurately measure river discharge using an ADCP.
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CHAPTER 1: THEORY OF OPERATION

Basic Acoustic Velocity Measurement Principles

Before the operational aspects of an ADCP
measurement can be understood, some of the basic
physical properties of sound and sound propagation
through different mediums must be examined. This
chapter introduces basic acoustic Doppler velocity
measurement principles and some of the problems
associated with such measurements. Much of the
information in this chapter was taken from R.D.
Instruments, Inc. (1989, 1996).

The Physics of Sound

What commonly is perceived as sound is a
vibration of our eardrums caused by the arrival of
pressure waves. The eardrum transfers the pressure-
wave information to parts of the inner ear where the
mechanical energy of the pressure waves is converted
to an electrical signal. The brain interprets this
electrical signal as sound.

Sound waves can occur in most media (water, air,
and solids) and are similar to water waves; sound wavergure 1.1. Christian Johann Doppler.
have crests and troughs that correspond to bands of
high and low air pressure, and water waves have crests
and troughs that correspond to high and low water-level
elevations. Pitch (frequency) of sound waves increasddague, Czechoslovakia. The Doppler principle can be
as the wavelength (the distance between the wave described best using the water-wave analogy
peaks) becomes shorter. This frequency, or pitch,  (figs. 1.2, 1.3).

usually is expressed in hertz (Hz). One hertz equals one Figure 1.2 shows a stationary observer watching

wave (cycle) per second. The human ear can hear geries of waves that are passing at a rate of one wave
frequencies from about 40 Hz to about 24 kilohertz .\ cacond. This rate is analogous to a transmit

(kHz) (24,000 Hz). These frequencies are dubbed theyeqyency of 1 Hz. In figure 1.3, the wave observer is

“sonic” frequencies. Sound frequencies below about ,,41ing toward the wave source at a rate of four wave-
40 Hz are called “subsonic,” and sound frequencies |engihs per second. Because the waves are passing at a
above 25,000 Hz are called “ultrasonic. rate of one wave per second, the observer notices the
passage of five waves during each second of his boating
The Doppler Principle Applied to Moving Objects trip. He senses that the rate of the passing waves is 5 Hz,

The ADCP uses sound to measure water velocitghough the wave source is still emitting waves at 1 Hz.
The sound transmitted by the ADCP is in the ultrasonid NS Phenomenon is known as the Doppler effect.

range (well above the range of the _human ea_r). The Many people have experienced the Doppler
lowest frequency used by commercial ADCPs is aroungffect while on a busy street. The sound of a car horn
30 kHz, and the common range used by the USGS fajeems to drop in frequency as the car passes and recedes
riverine measurements is between 300-3,000 kHz.  from the observer. The apparent lowering of frequency
The ADCP measures water velocity using a  is called the Doppler shift (fig. 1.3). The car is a moving
principle of physics discovered by Christian Johann sound-wave source; therefore, when the car is
Doppler (1842) (fig. 1.1). Doppler’s principle relates approaching an observer, the frequency of the sound
the change in frequency of a source to the relative  waves striking the observer’s ear drums is proportional
velocities of the source and the observer. Doppler to the speed of the car (in wavelengths per second) plus
(1842) stated his principle in the article, “Concerning the frequency of the car horn in hertz. When the car is
the Coloured Light of Double Stars and Some Other receding from the observer, the frequency of the sound
Constellations in the Heavens,” while working in waves striking the observer’s ear drums is proportional
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Wave rate:

one wave per second ;

Boat speed:
zero waves per second

Figure 1.2. Stationary wave observer.

Wave rate:

one wave per second ;

Boat speed:
four waves per second

Figure 1.3. Moving wave observer.

to the frequency of the car horn (in hertz) minus the
speed of the car (in wavelengths per second). If the
exact source frequency is known and the observed

frequency can be calculated, equation 1.1 can be us¢

to calculate the Doppler shift due to the relative
velocities of the source and observer (R.D. Instrument
Inc., 1989):

(1.1)

where

Fp = the Doppler shift frequency, in hertz;

V = relative velocity between the sound source
and the sound wave receiver (the speed at
which the observer is walking toward the
sound source), in meters per second; and

C =the speed of sound, in meters per second.

Note that:

«If the observer walks faste¥/(
Doppler shift Fp ) increases

«If the observer walks away from the souid (
negative), the Doppler shifEg ) is negative

«If the frequency of the soun&{ ) increases, the
Doppler shift Fp ) increases

«If the speed of sound} ) increases, the Doppler
shift (Fp ) decreases

increases), the

is

Measuring Doppler Shifts Using Acoustic Backscatter

An ADCP applies the Doppler principle by
bouncing an ultrasonic sound pulse off small particles
of sediment and other material (collectively referred to
as backscatterers) that are present, to some extent, even
in optically clear water. A magnified view of the water
column and the backscatterers “illuminated” by the
sound pulse are shown in figure 1.4. There are, of
course, exceptions to every rule, and in tow tanks and
some natural rivers, backscatterer density can be too
low for the proper operation of an ADCP.

The ADCP transmits an acoustic “ping,” or pulse
into the water column and then listens for the return
echo from the acoustic backscatterers in the water
column. Upon receiving the return echo, the ADCP’s
onboard signal-processing unit calculates the Doppler
shift using a form of autocorrelation (the signal is
compared with itself later). A schematic diagram of a
transmitted acoustic pulse (ping) and the resulting
reflected acoustic energy are shown in figure 1.5. Note

Transducer

Acoustic
pulse

Magnified view
of backscatterers

F¢ = the transmitted frequency of the sound
from a stationary source, in hertz;

4

Figure 1.4. Magnified view of backscatterers.
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Transmitting F

Transmitted acoustic ping

Transducer 0% Transducer Moving Moving
.

@ 000 40 sound pulse backscatterers
—» o 0 o

(-]

° e
Reflected acoustic energy
0,°
« :Zo °
[111] 0%

Transducer Scatterers Second Doppler shift (as perceived by transducer)
’ °°°°
@ «— ‘_@D ° :°o°:° (KO_’ Figure 1.6. Reflected pulse showing two Doppler shifts.
<%

(=]

Receiving

each other. The Doppler shift between the source and
the Earth exactly cancels the opposite shift between the
Earth and the receiver (R.D. Instruments, Inc., 1989).

Figure 1.5. An acoustic pulse being backscattered.
Radial Motion

that very little reflected acoustic energy is reflected
back (backscattered) towards the transducer in
figure 1.5; most of the acoustic energy is absorbed o
reflected in other directions.

Only radial motion, which is a change in distance
|between the source and receiver, will cause a Doppler
shift. Figure 1.7 shows 1-second boat tracks in three
different directions, relative to the wave source. Boat
vector A is parallel with the wave direction; therefore,
Measuring Doppler Shifts From a Moving Platform vector A encounters the full component of Doppler
shift. Boat vector B is moving at an angle to the wave

ADCP, the sound (if it could be perceived by the direction and encounters only a part of the Doppler shift
scatterers) shifts to a lower frequency. This shiftis cOmponent, whereas boat vector C (normal to the wave

proportional to the relative velocity between the ADCPSOUrce) encounters no Doppler shift.
and the scatterers (fig. 1.5). Part of this Doppler-shifted
sound is backscattered towards the ADCP, as if the
scatterers were the sound source (fig. 1.6). The sound is
shifted one time (as perceived by the backscatterer) and
a second time (as perceived by the ADCP transduce
(R.D. Instruments, Inc., 1989).

Because there are two Doppler shifts,
equation 1.1 becomes equation 1.2:

When the scatterers are moving away from the

Wave rate:

one wave per second ;

F,= 2F, <\6/) (1.2)

Boat speed:

If the sound source and receiver move, relative tp
four waves per second

the Earth, but stay at a fixed distance from one anothér,
there is no Doppler shift. The Doppler shift exists only
when sound sources and receivers move in relation tEigure 1.7. Effect of radial motion on Doppler shift.
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Mathematically, this means the Doppler shift

results from the velocity component in the direction of

the line between the source and receiver (R.D.
Instruments, Inc., 1989) as shown in equation 1.3:

Fo 2FS<\é)cos(6) (1.3)

where

6 = the angle between the relative-velocity vector

and the line between the ADCP and
scatterers (fig. 1.8).

Acoustic Doppler Current Profiler Beam Geometry

Calculating Three-Dimensional Velocity Components

In a vessel-mounted system, the transducers a

mounted near the water surface and aimed downward.

Figure 1.9 shows a typical ADCP. Note that there are
four independently working acoustic beams with eac
beam angled 20-30° from the vertical axis of the
transducer assembly. This configuration of beams is t
so-called “Janus” configuration, named after the Greg
God, Janus, who could simultaneously look forward
and backward.

Beam Scenarios

Tovisualize the three-dimensional capabilities o
the “Janus” configuration, refer to figure 1.10 while
reading the following scenarios:

forward) beam has a negative Doppler shift, and
the forward and aft beams have no Doppler shift,
then the water is flowing from starboard to port
(or the water is still and the boat is sliding
starboard)

«If the forward beam has a negative Doppler shift,
the aft beam has a positive Doppler shift, and the

«If the starboard (90° left of forward) beam has a

positive Doppler shift, the port (90° right of

ADCP transducer

Component of / i

velocity seen

byADCP
/‘o 0 ¢ )

.Water velocity
Magnitude and
direction

Figure 1.8. Velocity components. ADCP, acoustic Doppler current
profiler.

6 Discharge Measurements Using a Broad-Band Acoustic Doppler Current

Figure 1.9. Downward-looking, convex-head acoustic Doppler
current profiler.

Forward

Port Starboard

Aft

Figure 1.10. Boat-mounted acoustic Doppler current profiler with
the “Janus” configuration.

Profiler



starboard and port beams have no shift, then th

water is flowing under the boat from aft to
forward (or the water is still and the boat is
backing)

«If the forward and port beams have a positive
Doppler shift of magnitude 1 and the aft and

starboard beams have a negative Doppler shift
of magnitude 1, then water is passing under thg

boat from a point halfway between forward and

port with a magnitude of the square root of 2, of

1.414 (or the water is still and the boat is
crabbing toward the forward port quarter at a
magnitude of 1.414)

«If all four beams have a positive Doppler shift,
the water is flowing upward toward the hull of

Large negative
Doppler shift

Large positive
D oppler shift ]
Small negative
R Doppler shift

=

the boat (or the water is still and all personnel on

the boat should don their life jackets)
The computation of velocity in three dimensions

Figure 1.12. Northeast-moving water-velocity vector and the
resulting Doppler shifts for a hypothetical, three-beam sonar.

(x,¥, z) requires at least three acoustic beams (figs. 1.11

and 1.12). Figure 1.11 shows a northwest-moving
water-velocity vector and the resulting Doppler shifts
from each of three acoustic beams (a hypothetical,
three-beam sonar). Because the water-velocity vector

negative Doppler shift because the water-velocity
vector is receding from, but not perfectly parallel with,
beam 2. This configuration also could measure vertical
Velocities. If all three beams have positive Doppler

almost exactly at right angles to beam 2, the resultingspfts, then a vertical component of water velocity

Doppler shift on beam 2 is small. The water-velocity
vector is approaching and is almost aligned with
beam 3; therefore, beam 3 has a large, positive Doppl
shift. The water-velocity vector is receding from, and i
almost aligned with, beam 1; therefore, beam 1 has
large negative Doppler shift.

Figure 1.12 shows a northeast-moving water-
velocity vector. Note that because the water-velocity
vector almost is at right angles to beam 3, the resulta
Doppler shift is small. The water-velocity vector is

s .
aShIf'[S measured with three sonar beams.

moving toward the transducers is present. By using
simple trigonometry, velocity components in three

[ .
Srthogonal coordinates can be calculated from Doppler

The Fourth Beam and Error Calculations

nt  Some ADCP manufacturers use a four-beam
configuration and the fourth redundant beam is used to

approaching beam 1 at an angle; therefore, beam 1 hésmpute an error velocity. This error velocity can be

a large positive Doppler shift. Beam 2 has a large

; 4 __ Small positive
Doppler shift

1

00—

Large negative
Doppler shift

Large positive
Doppler shift

N

|

Figure 1.11. Northwest-moving water-velocity vector and the
resulting Doppler shifts from a hypothetical, three-beam sonar.

used to test the assumption that flow volume of water
bounded by the four measurement beams is homo-
geneous. Velocity homogeneity means that the water
velocities do not change significantly in magnitude or
direction within the confines of the acoustic beam
footprint. Figure 1.13 shows a homogeneous velocity
field bounded by the four beams of an ADCP.

If a velocity field existed as in figure 1.13, the
ADCP would provide a nearly zero error velocity. Error
velocity is defined as the difference between a velocity
measured by one set of three beams versus a velocity
measured by the other set of three beams during the
same time frame. A difference between these two
measurements could be caused by a bad or corrupt
beam velocity or by nonhomogeneity (fig. 1.14). In
practice, a small error velocity almost always exists
because complete homogeneity of the velocity field
rarely occurs during field measurements.
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Figure 1.13. Acoustic Doppler current profiler measuring a
homogeneous velocity field.

Figure 1.14. Nonhomogeneous velocity field bounded by the

acoustic Doppler current profiler beams.

Acoustic Doppler Current Profiler Water-Velocity
Profile Measurements

Acoustic Doppler Current Profiler-Measured Profiles
Compared with Conventional Current Meter Measurements

The ADCP is best known for its capability to
measure profiles of water velocity. A velocity profile
can be compared roughly to using a number of point-
velocity meters that are suspended in the vertical axis of
a water-velocity field (fig. 1.15). Theoretically, the
velocity measured by each conventional current meter
is analogous to the velocities measured at the center of
ADCP depth cells (fig. 1.15). However, the analogy
between a string of current meters and an ADCP profile
is not perfect. Current meters measure water velocity at
individual points in the vertical profile, whereas
velocities that are measured by the ADCP and assigned
to individual depth cells are really the center-weighted
mean of velocities that are measured throughout the
sample window (fig. 1.15).

Time Gating: Measuring Doppler Shifts from Different
Depths

The ADCP profiling capability is accomplished
by time gating (and sampling) the received echo at
increasingly longer time intervals as the acoustic-beam
wave fronts vertically traverse the water column
(fig. 1.16).

The analogy of a Navy sonar operator can be used
to understand time gating. The sonar operator presses a
button on the sonar console causing a “ping” to be
transmitted by the ship’s sonar transducer. As soon as
the ping is transmitted, the sonar operator activates a
stopwatch and begins listening to the returned echo.
The sound from the ping travels through the water very

ADCP Conventional
current meter

|

Figure 1.15. Analogy of a conventional current-meter string to an
acoustic Doppler current profiler (ADCP) profile.
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river bottom (bottom tracking). If the velocity of the
water is known, relative to the ADCP, and the velocity
Bing4 Ofthe ADCP is known, relative to the river bottom, then
the water velocity, relative to the bottom, can be
Bin3  calculated. The bottom-track pulse is somewhat longer
. than the water-track pulse to properly ensonify the
Bin2  pottom (fig. 1.17). All ADCP instruments that are
. designed to measure discharge have the ability to
Binl  calculate vessel velocity using a bottom-track pulse.
Blank  1he bottom-track ping also is used to measure the
profiled depth range from each beam. These depth-
range measurements are averaged to obtain a depth for

RANGE FROM ADCP

start  end Gate 1 Gate2 Gate3 Gated

Transmit the measured velocity profile.
pulse T|ME—>
Figure 1.16. Acoustic Doppler current profiler (ADCP) time gating. Acoustic Doppler Current Profiler Limitations for Velocity-
Adapted from R.D. Instruments, Inc., (1989). Profile Measurements
fast, but at a finite speed that can be calculated. The Range Limitations

operator hears a continuous, low-intensity echo that is Recention and calculation of Doppler shift from

caused by the sound reflecting off of particles in the P . i bp .

water as the ping speeds toward the ocean floor. The2 '€turned echo requires sophisticated electronic

operator hears an abrupt increase in echo amplitude aﬁ'ﬁcgr'ittrgrg; Wrﬁlleaflg]gg_sgri:?nglgztriﬁ?n::;grr?\(ifrsos-mg

frequency and immediately presses the stop button oft Y X . y .
rocessors capable of resolving very small changes in

the stopwatch. The echo anomaly was caused by a P :
submerged submarine. The operator then calculates tfgNC Poppler shift that are needed for accurate water-
elocity and bottom-velocity measurement. However,

distance to the submarine using the elapsed time from) . . .
the stopwatch and a speed-of-sound equation there are some problems assomateq with echo reception
(Urick, 1975). The speed of the submarine, relative toand water-velocity measurement using ADCPs.
the Navy ship, also can be calculated and is In an ADCP, the backscattered echo amplitude
proportional to the Doppler shift of the returned echofalls off as a function of range, frequency, and pulse

If the sonar operator was replaced by a computeidth, as well as the attenuating properties of the water
controlled receiver and time circuit, the received echdnass. InADCP systems, the uncertainty (random error)
could be recorded and “sliced up” into small pieces ©f the returned velocity measurement is strongly
with each piece corresponding to a received time. Eacifected by changes in the backscattered echo
slice (depth cell) would be from an increasingly deepefmplitude. Figure 1.18 shows a spectrograph
part of the water column. The speed of the particles iHlustrating the relationship among transmit frequency,
each depth cell could be measured by calculating theecho amplitude, and spectral width. For accurate water-
Doppler shift of the echo in each depth cell. For this

purpose, most ADCPs contain a computer-controlled Entire beam does not Entire beam does
receiver and timer circuit for each acoustic beam, as illuminate the bottom illuminate the bottom
well as sophisticated signal-processing hardware to at one time at one time
calculate Doppler shifts. = = = =>

The ADCP transmits a ping along each acoustic
beam and then time gates the reception of the returned
echo on each beam into depth cells. Speed and direction
are then calculated (using a center-weighted mean of /
the velocities measured in the depth cell) and assigned
to the center of each depth cell (bin) over the measured
vertical.

Bottom Tracking Short pulse Long pulse

To measure absolute water velocities (water
velocities relative to the_ Earth), the ADCP Must SeNSigure 1.17. Short and long bottom-track pulse. Adapted from
and measure the velocity of the ADCP, relative to theR.D. Instruments, Inc., (1989).
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Transmit Thus, changes in spectral width are related to velocity
_— frequency Doppler frequency uncertainty, especially in the last one-third of the
— average profiling range (R.D. Instruments, Inc., 1989).
Doppler Shift The echo amplitude is the measure of the energy
“f" in the echo and varies with a dynamic range of many
Transmitted
Echo Transmitted acoutic pulse (ping)
amplitude
DB W n “ H n Scatterers
Transducer
Spectral O
. width i . 5
ol
Frequency O 0
Figure 1.18. Spectrograph of received Doppler signal. DB, decibels.

velocity measurement, the returned signal should have
a very small spectral width (as shown by the dotted line
labelled “Doppler frequency average” in figure 1.18),
but, in reality, there are several factors that “spread” or
“smear” the returned frequencies over a larger part of

Receiving
Reflected acoustic pulse (ping)
1

<=

about the center frequency (Urick, 1975). This effect is
the dominant source of spectral spreading of the
received Doppler shifted echo. This spectral spreading
causes increased random error in the determination of
Doppler shift and, therefore, increased random error in
the measurement of water velocity. The smaller the
pulse width, the greater the amount of random error. Figure 1.19. Phase change due to size and speed differences of

Figure 1.19 shows a signal being backscattered """
from scatterers of different sizes that are moving at
different speeds, which results in the arrival of signal#

1
the frequency spectrum, as bounded by the solid line in Scatterers
figure 1.18. Transducer < \ O

The first factor is the finite duration of the |

acoustic transmit pulse. If the pulse is t seconds long, . | ol
the reflected signal has a frequency spread of 1/t Hz, \[\I\[\W 0"

1

1

1
Pulses have a different
phase attime t

MANAAANANAAANANANAAAAAAA

at differing phases. Because the autocorrelation
technigue needs accurate phase information to
calculate frequency shift, this spreading effect causes
random error in the determination of Doppler shift.

In natural waters, the reflected signal is affectec
significantly by scatterer velocities in the cloud of
particulate matter that is “illuminated” by the ultrasonic
pulse (fig. 1.20). The result of this cloud-scattering
effect is to increase the spectral width of the return
signal.

Although the dominant source of spectral
spreading is the transmit pulse length, the measured
spectral width can be an indicator of velocity

Exaggerated redition of

Transmit pulse particle cloud
# .
Scatterer *¢
i
l @o
\ iy
Transducer

Cloud-scattered echo

«

—

uncertainty. As the signal-to-noise ratio decreases nei

the end of the profile, the spectral width increases. Thi

S]

increase translates directly into velocity uncertainty. Figure 1.20. Echo returned from a cloud of particles.
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orders of magnitude; therefore, it is converted to from the far bin, echoes can be reduced because of
decibels. The echo amplitude is a function of several absorption, beam spreading, and attenuation.
things:

*Transmit pulse power Side-Lobe Interference
*Transmit pulse length Most transducers that are developed using
*Reflective quality of scatterers present technology have parasitic side lobes that are

, emitted 30—40° off the main beam acoustic beam. Side-

*Quantity of scatterers lobe interference is caused when the parasitic side lobe

*Absorption coefficient of the water of an acoustic beam strikes the bottom before the main

When the echo amplitude is high, the signal—to-beam finishes trayersmg the.total depth (fig. .1.21).
noise ratio of the returned echo is high. However, when When the side lobe strikes the bottom, it usually
the echo amplitude drops below a certain level, the swamps the receivers with an increased amplitude
signal-to-noise ratio drops, increasing the spectral ~ Signal that smears the_ velocity information that is being
width, which, in turn, increases the uncertainty of the gathered from the main-beam echo. On a 1,200-kHz
velocity measurement. This effect increases with rang8B-ADCP system, the loss of vertical profiling range
because the echo signal-to-noise ratio decreases witRecause of this effect is approximately 15 percent with
range. The signal-to-noise ratio also can decrease if 30°-beam angles and 6 percent with 20°-beam angles.
there are too fe particles in the water column. Figure 1.22 shows a screen shot of a typical
Ironically if there are too mamparticles (as with a very Doppler profile showing the backscattered amplitude
high sediment concentration), signal-to-noise ratio, or, using an RDI-coined term, the “reflected signal

A A
= Transducer draft Transducer

Distance that corresponds to 4 ] ]
electronics and transducer Blanking distance
recovery time (after ping) ,

Side lobe
Profiled
area
/ Main beam
Distance along the Side lobe
acoustic wave-front where
side lobe interference
causes loss of reception gf |

the main-beam acoustic Signal.

Side lobe interference ig caused by the
reflection (from the bottom) of the
downward pointing side\lobe.

Water surface

Area of side lobe
nterference

Figure 1.21. Acoustic Doppler current profiler transducer beam pattern.
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Bottom Ping - RSSI

RSSI - Reflected Signal Strength Indicator
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Figure 1.22. Reflected signal strength indicators (RSSI) for a four-beam acoustic Doppler current profiler.

strength indicator” (RSSI). Notice that the RSSI falls where
off logarithmically with depth until the side lobes strike

the bottom. A sharp increase in the RSSI occurs when _
the side lobes hit the bottom because the bottom is such D = distance from the ADCP to the channel

R, = maximum measurable range, in meters;

a strong reflector. Another reflection is seen below the bottom, in meters; and
first bottom reflection. This is called a multiple, and it A = angle of the beam relative to the vertical, in
occurs when the signal is reflected off the bottom, degrees.

travels to the surface, and is reflected off the surface.
Note that the multiple is twice the depth as the
“original” bottom echo.

The standard deviation of single-ping water-
velocity measurements decreases as a function of
beam-pointing angle (angle between beam and the
vertical). If standard-deviation values are known for a
Effects of Different Beam Angles given beam angle, they can be predicted for other beam
angles using the ratio of the sines of the angles (eq. 1.5).

Although using smaller beam angles increases
the percentage of the profile that is measured, the Oq SN(A)
precision of water-velocity measurements also is O, = —sima) (1.5)
reduced because of decreased coupling with the
horizontal. The formula for this calculation is shown iny,here

equation 1.4 (R.D. Instruments, Inc., 1989): . . . .
g ( ) o, = predicted single ping standard deviation of

measured horizontal water velocity, in
Rn = Dcog(A) (1.4) centimeters per second:;

12 Discharge Measurements Using a Broad-Band Acoustic Doppler Current Profiler



Oy = single-ping standard deviation of measurecRandom and Bias Error
horizontal water velocity, in centimeters

. When using an ADCP, two types of errors
per second, using beam angje

contribute to velocity uncertainty; random error and
A =beam angle, in degrees; and bias. Bias errors are sometimes called systematic errors.
a = beam angle of predicted measurement, in Random error can be reduced by daf[a averaging; bias

d error cannot. A thorough understanding of these two

egrees. . ) i
o types of errors is a crucial prerequisite to the assessment

Note thato, approaches infinity as the beam  of ADCP velocity and discharge measurement

angle approaches zero (fig. 1.9). accuracy.

Blanking Distance Random Error

After transmitting acoustic pulses, the ADCP sources of random error are as follows:
transducers and associated electronics must rest a short  *Pulse length—The shorter the pulse length for a

time before receiving the reflected acoustic signals. A given frequency in a narrow-band ADCP, the
good analogy of this effect is a large gong. The greater the random error

vibrations from a gong take a long time to die out *Transmit frequency—the lower the frequency at
(sometimes several minutes). A transducer ceramic is a given pulse length (or lag distance), the greater
similar to a miniature gong in that the pulse (ping) the random error

vibrations at the 1,200-kHz resonant frequency mustbe  «Signal-to-noise ratio—the lower the signal-to-
allowed to die out before the transducer is used as a noise ratio, the greater the random error

listening device. These tiny vibrations last about
170 microseconds. During that time, the acoustic pulse
has traveled about 0.3 m (0.98 ft) if sound velocity is
assumed to be 1,500 meters per second (m/s)

[4,921 feet per second (ft/s)], and velocity measure-
ments cannot be made within that distance (fig. 1.21

*Beam angle—As the beam angle approaches
vertical, random error approaches infinity

A random velocity-vector error is composed of a
random magnitude and a random direction. Figure 1.23
shows 1,920 pings (individual velocity measurements)
taken on a lake near Sacramento, California, using a

The actual distance to the first measured bin  BB-ADCP. Velocities were taken in still water from
depends on several factors: depth cell number 10 (bin 10) and averaged into

«Blanking distance 10 ping groups that gave a total of 192 velocity
awerages. The north and east components were
*Speed of sound averaged for 10 pings each and the resultant averages
*Operating mode were converted to polar coordinates, then plotted.
Notice that the error pattern is similar to the pattern of

*Bin size : o

_ a shotgun blast, with the errors evenly distributed
*Transmit frequency around zero. A directional bias would show as a
Transducer beam angles nonuniform pattern of data points distributed along one

of the directional axes.

) Random error is reduced by the square root of the
Instrument Development: Solving the Problem of  ympber of samples. When data averaging reduces
Velocity-Measurement Uncertainty random error magnitudes below the value of bias errors,
further averaging becomes superfluous. Figure 1.24

_ Aside from the instrument errors discussed in thghows the same set of data as in figure 1.23 averaged for
previous section, most early ADCP measurement  apoyt 200 pings; the same set of data yields nine
systems suffered from “sloppiness,” or in more averages.

technical terms, “velocity-measurement uncertainty.”
Single-ping velocity uncertainty for an RDI narrow-
band 1,200-kHz ADCP purchased in 1986 (using
default settings), for example, was 13 cm/s (0.43 ft/s). A velocity-vector bias has a fixed magnitude and
Luckily this “sloppiness” is, for the most part, randomdirection that either is constant or proportional to the
and can be reduced by data averaging. “Narrow-bandheasured velocity. Bias error is nonrandom and,

is defined later in this chapter. The following section therefore, cannot be reduced by data averaging.
discusses the reasons for velocity-measurement Fortunately, in most cases, bias error in ADCP-
uncertainty and some techniques used to reduce it. measured velocities and discharge measurements is

Bias Error

Chapter 1: Theory of Operation 13
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180 degrees 360 degrees

foot per second

90 degrees

Figure 1.23. Polar plot of 10-ping broad-band acoustic Doppler current profiler velocity averages.

small. Examining figure 1.24 reveals that there may bef the beam angles change, with regard to the flow field
a small bias error or an actual water velocity in the lakéeq. 1.3, fig. 1.8), during instances of pitch and roll.
at a direction of 250°. Random and bias error are

discussed in more detail in this report in the sections on  Changes in bin depths also are evident during
velocity and discharge-measurement errors. pitch and roll occurrences (fig. 1.26). Bottom depths
and bin depths must be “remapped” during an ADCP

pitch and roll occurrence. For small angles of pitch and
Pitch and Roll roll, these corrections are not significant unless velocity
o _ _ _profiles in all three orthogonal coordinates are desired.
Pitch is defined as rotation along the fore/aft axis/a|ues of horizontal water velocity are a function of the
of the ADCP, whereas roll is defined as rotation in the;gsine of the pitch and roll, which is insignificant for
direction of the starbo_ard/port axis of the ADCP. MOStangles less than 5°. However, if accurate vertical
ADCP systems contain instruments that detect the g |qcjties are desired, even small amounts of pitch and
magnitude of pitch and roll, as well as methods to roll can significantly affect accuracies. ADCPs
correct ADCP-measured velocities for the effects of commonly are designed with penduluh-type pitch and
pitch and roll. Figure 1.25 shows the pitch and roll axes sensors, which are affected by acceleration,
as they apply to a boat-mounted ADCP. However, if an ADCP is expected to be used primarily
Corrections for pitch and roll of an ADCP must aboard a vessel in areas having large waves, then fast-
address velocity corrections and depth corrections. Thesponding gyroscope systems should be used to
velocity corrections are needed because the geometrgompensate for pitch and roll.

14 Discharge Measurements Using a Broad-Band Acoustic Doppler Current Profiler
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Figure 1.24. Polar plot of about 200-ping broad-band acoustic Doppler current profiler velocity averages.

Beam-Angle Error Narrow-Band and Broad-Band Doppler Shift Measurements
Errors in the beam angles could have been a
significant source of bias error with early ADCP is used here only because the term is used in the
systems before the manufacturer instituted quality- industry to describe a certain type of ADCP instrument.
assurance procedures to minimize this type of error. The termis used to describe a pulse-to-pulse incoherent
Beam-angle errors are best detected on a fixed distan®®CP. This means that in a narrow-band ADCP, only
course. The manufacturer has developed a computero€ pulse is transmitted into the water, per beam per
program that accurately calculates ADCP beam-angldiéasurement (ping), and the resolution of Doppler shift
errors, based on data that are collected on the fixed Must take place during the duration of the received

. ulse. In the case of RDI-manufactured narrow-band
dl_stance, Iake,_ or bay course. Beam-ar!gle errors a.IS(%DCPs, this is accomplished using an autocorrelation
will show as biases during intercomparison tests with

. ) technique.

conventional discharge measurements or other

discharge-measurement devices. The broad-band (BB) ADCP was developed by
o _ RDI in an attempt to solve some of the measurement

Beam-angle errors can be eliminated in recently,ncertainty problems seen with the narrow-band ADCP.

developed (after 1993) ADCP firmware by mtroducm_gm a BB-ADCP, the Doppler shift is resolved by

corrections into the ADCP system flash memory. Thigransmitting two pulses of the same shape that are in

procedure should be done only by the manufacturer. phase with each other (pulse-to-pulse coherent). The

Suspect systems should be sent to the manufacturer fotlowing section describes, in detail, the operation of

beam-angle testing and recalibration. narrow-band ADCPs and BB-ADCPs.

“Narrow band” is not a very descriptive term and

Chapter 1: Theory of Operation 15



Narrow-Band Doppler Shift Measurements

+ Doppler shift can be described as the perceived
frequency shift of a transmitted (and then reflected)
signal caused by the movement of the reflector. Doppler
effect also can be described as the magnitude of the

- . phase difference between two coherent (but indepen-
Pitch dent) samples of a reflected signal. The following
axis analogy provides an explanation of narrow-band

Doppler shift velocity measurements.

Joel Gast (R.D. Instruments, Inc., oral
commun., 1992) has likened a narrow-band Doppler

Roll shift measurement to the measurement of automobile
. O speed on a freeway (at night) using a strobe light and a
axis high-speed camera. Consider a freeway at night with

traffic moving at a steady rate of speed. A camera has
been placed near the freeway and posts have been
installed at set distances within the camera's field of
view. A strobe light is actuated and, while the freeway
is illuminated by the single-strobe pulse, the camera
takes two high-speed photographs. When the
investigator examines the photographic negatives he
finds that by lining up (synchronizing) the images of the
cars on the two photographic negatives, the distance
- traveled by the cars can be determined by measuring the
apparent shift in position of the reference posts
(fig. 1.27). The auto speeds also can be calculated by
+ multiplying intrapost distance by the lag time between
the two photos. If the strobe flashes become acoustic
Figure 1.25. Pitch and roll axes for a boat-mounted acoustic Doppler ~ Pulses, the cars become reflective particles in the water
current profiler. column, and the negatives become the received

""""" mapping, T

Pitch or roll angle

Figure 1.26. Bin positions during an acoustic Doppler current profiler roll occurrence.
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each measurements is shown asusing an auto-
correlation technique, the Doppler shift is then calcu-
lated. In the narrow-band ADCP, the pulse length
depends on the lag (Twhich is a function of bin size.

A filter scheme that looks at the whole returned signal

PHOTOGRAPH PHOTOGRAPH is used to resolve ambiguity.
NUMBER ONE NUMBER TWO

‘M‘ Broad-Band Doppler Shift Measurements

Using the freeway analogy, if the investigator
decides to install another camera a distance of ten or
more car lengths (parallel to the freeway) from the first
camera, he could actuate a strobe, take a picture with
the first camera, wait a short time, actuate another
strobe, then take a picture with the second camera. If the
strobes are timed correctly, the cars will travel from the
Figure 1.27. Freeway strobe-light system used to measure vehicle field of view of the first camera into the field of view of
speed. the second camera during the time between photos. The

investigator synchronizes the positions of the cars on
reflected signals, this scenario becomes roughly the two negatives and finds that there is a much longer
analogous to the workings of a narrow-band ADCP lag time (time between each strobe versus the time
system. between two photos taken during the same strobe) and

he drawback h is that th that the cars traveled a longer distance. The investigator
The drawback to such a system is that the strobgey can calculate the speed of the cars with much

pulse dissipates very quickly and the two photos musg eater precision than with the single-strobe system.

be taken while the same cars are still illuminated by th§,q distance between the cameras and the time between
strobe. This means that time lags are very short and ”_é%tch strobe must be chosen carefully. If the investigator
distance traveled by the cars (reflectors) is very shorty 5its 100 long between strobes, random movement

therefore, the car s_pe.eds cannot bg measured precisgi¥tween the cars (passing, slowing down, speeding up,
Because of these limitations, velocity measurements 5nq 5o forth) will render the two negatives

made using the narrow-band technology are “noisy” «nmatchable” (uncorrelated). Transmitting a pair of
(have a relatively high random error). Figure 1.28 5 |ses (strobes) into the water allows for much longer
shows a diagram of a narrow-band Doppler shift lag times (therefore, more precision) than the narrow-

measurement. The signal i_s sampled twic_e during theygng system. The investigator finds, however, that there
reception of the reflected signal. The lag-time betweegre some “costs” associated with this technique.

One of the most significant costs is self noise.
The description of self noise again uses the freeway
N a I’I’O W' b a n d A D C P analogy. Suppose that, because of limitations in
photographic technology, the freeway cameras have no

shutters. Because the investigator must leave the
camera shutters open, both cameras will “see” the

COMPOSITE PHOTOGRAPH

A traffic illuminated by the two strobes. However, only

- I T =Lag 50 percent of the “scenery” will be usable to both

‘g» ] cameras for correlation purposes. For example, the film

& in camera one is exposed once during the first strobe.

2 Pulse Length =T +n*T  The cars then travel out of the field of view of camera
T > RD B one and_ into the field of view of camera two. However,
= v I setsn =4/30 the film in camera two already has been exposed by the
& ] TL —f (Bin Size) flash of the fir§t strobg a}nd, thus, any cars photographed
o L] o have left the field of vision. When the second strobe

Ambiguity is resolved flashes, the film in both cameras is again exposed

(double exposed) and the cars that were first
photographed by camera one are now photographed by
camera two. Because the film has been double exposed,
Figure 1.28. Narrow-band acoustic Doppler current profiler (ADCP) ~ only 50 percent of the scenery in each exposure

shift measurement. RDI, R.D. Instruments, Inc. contains cars that are common to both cameras.
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As in the film of the freeway cameras, the
reflected wave front from the first BB-ADCP pulse-pair
is again “exposed” by the incident wave front of the
second pulse and, therefore, is subject to the same
“double exposure.” The increased noise due to this
50-percent correlation is reduced by data averaging
(very narrow pulses can be used, and, therefore, large
amounts of data can be collected and averaged).
Without a technique called phase coding (discussed
later in this section) and a high signal-processing rate,
BB-ADCP velocity measurements would be less
precise (because of self noise) than measurements
made by the narrow-band ADCP system.

The BB-ADCP cannot only measure the phase
angle differences between pulse pairs, but can measure
the change in lag spacing between transmitted and
received pulse pairs (time dilation). This pulse-pair
measurement concept can be visualized using a series
of illustrations depicting a stationary particle, a movingFigure 1.30. Acoustic pulse pair reflected from a stationary
particle, and the effects of these particles on lag timegarticle.
between reflected pulse pairs in a liquid medium.

Figure 1.29 shows a transmitted pulse pair from a Transducer
stationary source approaching a stationary particle.

Figure 1.30 shows the same pulse pair reflecter
from a stationary particle. In the case of a stationary
particle, lag A (fig. 1.29) is equal to lag B (fig. 1.30).
Now assume that the particle is moving away from the
transducer. Figure 1.31 shows the aforementioned /
transmitted pulse pair approaching a moving particle.

Figure 1.32 shows the pulse pair after their reflection
from the moving particle.

Note that, in the case of a moving patrticle, the Lag A
reflected pulse lag distance (lag B) has increased g
because the particle’s movement delays the reflectior

of the second pulse, relative to the first. Although this

Transducer

%

Pulse 1

/

Stationary
Particle

Pulse 2

Pulse 1

Moving
particle

Transducer

Figure 1.31. Acoustic pulse pair approaching a moving particle.

Pulse 2

can be thought of as a time-domain phenomena, it is
really a description of Doppler effect. The transmitted
Pulse 1 pulse repetition frequencies appear to vary in

accordance with changes in the speed and direction of
/ the transducer and (or) reflector.

Lag distance between the reflected pulses
increases as the transducer and particle move apart. The
opposite occurs if the particle and transducer move
together. The difference between transmitted and

Stationary received lag distance is proportional to the speed of the
particle partic_le (relative to _the transdu_cer) or th_e transgiucer
(relative to the particle). The difference in lag distance

is exaggerated in these examples to aid comprehension.
Figure 1.29. Acoustic pulse pair approaching a stationary particle. In reality, the ratio of the sound speed in water

Lag A /
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Figure 1.32. Acoustic pulse pair reflected from a moving particle.

[1,500 m/s (4,921 ft/s)] to the particle speed

[0-2 m/s (0—6.6 ft/s)] results in very small lag
differences. If a particle is moving slowly, the lag
differences will be small and hard to measure. For that
reason, discharge measurements of flows with low
water velocities (0.05 m/s or less) are imprecise using
the BB-ADCP discharge-measurement system unless
special methods are employed. The accurate measure-
ment of these lag differences is discussed in the next
section.

Self noise can be visualized as shown in Figure 1.33. Acoustic pulse pair with a small reflected pressure
figure 1.33. When pulse “a@” illuminates an object, a Wave.
small pressure wave is reflected back toward the

transducer. This pressure wave contains pure infor- geen The camera shutter is opened, and the first of two
mation about the speed of the object that caused thestrope flashes is actuated. After a short time, the other
reflection. The passage of pulse “b” through the flash is actuated. The investigator rotates the developed
reflected pressure wave again illuminates scatterers ifegatives to synchronize the car outlines and estimates
the vicinity of the pressure wave and contaminates th@ejr speed by multiplying the distance between the

pure speed information of the pressure wave with  yoes by the time between strobe flashes.
unwanted noise. This contamination causes a dramatic

increase in the single-ping random error of the velocity ~ This speed-measurement system works well until
determination. the car speeds increase substantially or the investigator

decides to increase the time between strobe flashes (lag

gimes) to improve measurement precision. After the first

strobe flash, the cars complete one lap (past the spot

where they were first photographed) before the second

strobe flash. When the investigator attempts to

synchronize the negatives, he becomes confused

cause he cannot determine how many (if any) laps the

ars have completed or whether the cars have gone
orward or backward.

Another cost for using the increased lag spacin
available with the BB-ADCP system is velocity
ambiguity. The freeway analogy is not appropriate to
explain the velocity ambiguity phenomenon, therefore
a circular racetrack analogy is used (figs. 1.34a, b).
Suppose the investigator decides to mount cameras
strobe systems in a helicopter that hovers above a
circular racetrack at night. Both cameras are mounte
so that the racetrack is within their field of view. The
circumference of the racetrack has been estimated and  The “ambiguity velocity” is the velocity the cars
some reference poles (visible around the edge of themust achieve before this confusing circumstance
track) have been identified. The investigator tests thehappens. If the strobe flashes are temporally close, the
strobe and finds that just the outlines of the cars can l@nbiguity velocity is high (higher than the cars
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measuring plus and minus 10 mm/s or even plus and
F minus 170 mm/s using our one-half cycle yardstick, but
when the measured velocity is 190 mm/s, our yardstick
reads a velocity 0170 mm/s. This is an error of
360 mm/s. Notice that this ambiguity velocity is
& 180 mm/s and is equivalent to 180° on our circular
yardstick. The measurement error (when the ambiguity
velocity is exceeded) is always equal to two times the
ambiguity velocity.

The BB-ADCP (and even the narrow-band
ADCP) may report an erroneous velocity caused by
/ ambiguity when scatterer velocities are high enough

that their movement between lags exceeds one-half of
the transmitted frequency wavelength. Because a
1,200-kHz BB-ADCP uses the change in phase of a
1,200-kHz sinusoid for a Doppler shift “ruler,” it is
impossible to identify which cycle of the reference
signal to use when calculating the phase shift between

the two returned reflections when the reflected signal

F phase shift is greater than one-half of one wave length.
To solve this problem, the manufacturer has included a
signal processing technique that corrects for ambiguity
errors. This technique takes additional time, however,
and somewhat slows the water ping rate. Shortening the
lag distance increases the ambiguity velocity, causing it
to be more noticeable and less bothersome, especially if
water and bottom velocities are significantly lower than
the ambiguity velocity. However, decreasing the lag
distance also increases noise (standard deviation of
measured velocities).

The ambiguity velocity of a 1,200-kHz
BB-ADCP can be estimated by equation 1.6
(L.Gordon, R.D. Instruments, Inc., written commun.,

Figure 1.34a. Race track analogy during the first strobe flash.

Figure 1.34b. Race track analogy during the second strobe flash. 1992):
normally travel) but measurement precision is lower U, = 47
because the cars have traveled a shorter distance L (1.6)

between strobe flashes. If the investigator lengthens the
time between strobe flashes (lag) to improve the where
measurement precision, the ambiguity velocity U

becomes lower and, therefore, more troublesome. ® = the ambiguity velocity, in meters per

second; and
The primary method of measurement used by _ ‘oo wp [ n
BB-ADCP systems is the measurement of phase-angle L= thciﬁngggcmed by the BB-ADCP "&L

differences between the pulse pairs. This measurement
is subject to ambiguity errors because the yardstick The maximum allowed ambiguity velocity is
used to make these measurements actually is one-hdf2 m/s (17 ft/s)l( = 9) for a 1,200-kHz system.

of one cycle at the transmitted frequency. Figure 1.35Contamination of the measured data shows up as
shows the error factor when the speed of the measuredlocity spikes at the ambiguity interval (twice the
velocity exceeds the ambiguity velocity. The colored ambiguity velocity). This means that if ambiguity errors
circle represents one cycle of transmitted energy with are suspected, the (unaveraged) data should be
possible phase measurement capability of 0-360°. Inexamined for velocity spikes of the opposite sign that,
this example, we will let 1 millimeter per second when compared with the last good measured velocity,
(mm/s) equal 1° of phase change. We have no troubléave a difference of about twice the ambiguity velocity.
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Ambiguity Velocity

Example: 180 mm/s= 180 degree phase change

360 360 360
| 6 6
180 180 180
10d= 10mm/s 170d = 170 mm/s 190d =-170mm/s

-10d =-10mm/s -170d =-170mm/s

Expected = 190, measured = -170, result = 360 mm/s error
An ambiguity error will be 2 multiplied by ambiguity velocity

Figure 1.35. Explanation of ambiguity velocity. mm/s, millimeter per second; V, velocity; d, degree.

Differences Between Phase-Shift Measurements and the water-track pulse to properly illuminate the bottom
Lag-Spacing Measurements (Time Dilation) (fig. 1.17). In many cases, a group of water-velocity

, _pings is averaged along with one or more bottom-track

An unambiguous measurement can be obtainegings to form an averaged ensemble. To compute

from the returned Doppler information by looking at  gjscharge, the ADCP must provide the horizontal water
the change in lag spacing (figs. 1.31, 1.32) but this 54 poat velocity components, depth, and time between
method of measuring time dilation is muc_h less precisgnhsembles. The ADCP discharge-measurement
than the measurement of phase-angle difference.  software discussed in chapter 2 uses these data to
Figure 1.36 shows the differences between phase anglgicjate a vector cross product at each bin and then
and time dilation. Note that even though the ambiguity,cag an extrapolation scheme to estimate the cross

velocity has been exceeded in the last example, the -5,cts in the unmeasured areas near the top and
time-dilation measurement still provides a “ball-park bottom of the profile (eq. 2.2, chap. 2)

measurement of velocity. The time-dilation method
usually is used to resolve ambiguities. The discharge-measurement software then
integrates these cross products over the profile depth to
obtain a mean, depth-weighted cross product for each
ensemble. The depth-weighted cross products are

To measure discharge, the ADCP must sense argimmed during the cross-section traverse to produce
measure the velocity of the ADCP, relative to the riveithe discharge measurement (eq. 2.2, chap. 2). Bottom
bottom (bottom tracking). If the velocity of the water istracking is required by the discharge-measurement
known, relative to the ADCP, and the velocity of the software to compute discharge. If the river bed is
ADCP is known, relative to the river bottom, then the moving, or if the bottom-track velocities are affected by
water velocity, relative to the bottom, can be calculatednaterial moving near the bottom, then the cross product
The bottom-track pulse must be somewhat longer thanill be biased. This problem sometimes can be

Bottom-Tracking Limitations
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Figure 1.36. Description of time dilation compared with phase-angle difference.

alleviated by shortening the bottom-track pulse lengttand precision of the more recent BB-ADCP technology.
(as shown in fig. 1.37) using the “&R” direct commandSome of the known sources of error that affect the
as discussed in chapter 5. If shortening the pulse widticcuracy of velocity measurements (and, therefore,
does not work and if the river bed is moving at a speegischarge measurements) and errors due to the physical
of more than a few centimeters per minute, this bottonymjtations of the system are listed in this section. The
track error cannot _be eliminated _and other means mu§fgnal processing technology required to accomplish
be used to determine boat velocity (chap. 8). water-velocity measurements with the BB-ADCP is
extremely complex; the manufacturer and users will
The Broad-Band Acoustic Doppler Current undoubtedly find new error sources during operational
Profiler: Overcoming the Self-Noise Problem use of the BB-ADCP system. Major error sources in the
narrow-band ADCP systems were identified over a
period of 5 years (1986—91), and it is possible that the
same length of time will be required to fully understand
the sources of error in the BB-ADCP system, as well.

Error Sources Unique to Broad-Band Acoustic Doppler
Current Profilers

In the previous section we discussed general

ADCP errors. To enable a more complete Errors that affect the performance of BB-ADCPs

understanding of the broad-band technology, we will for velocity measurements (and, therefore, discharge

touch upon those error sources again showing their Measurements) can be either random or bias. As
effects on BB-ADCP systems. Although many source§iscussed earlier in this chapter, random errors can be
of error for narrow-band ADCP systems have been reduced by data averaging; bias errors cannot. For
discussed by Hansen (1986), Theriault (1986), purposes of this report, random errors are assumed to be
Chereskin and others (1989), and Simpson and Gaussian (normally distributed about the mean) and are
Oltmann (1993), few investigators have identified andexpressed as standard deviations (in percent) of the
itemized the error sources that can degrade accuracymeasured mean quantity. Bias errors have sign and
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Figure 1.37. Effect of bottom-track pulse width on bias caused by bottom movement.

magnitude and are expressed as a percent of the “truefiapter). Figure 1.33 shows an acoustic beam with a

mean quantity, where “true” is defined as unbiased.
This report will not attempt a complete

pair of long acoustic pulses being transmitted into the
water (pulse “a” and pulse “b"). Directly after the

discussion of BB-ADCP bias error sources related to transmission of the pulse pair, the receiver begins

the physics of the acoustic signal (other than beam- “listening” to the pressure waves that have been

angle errors and depth-measurement errors) becauséeflected from scatterers in the water column. At time t,
many of these sources are not yet documented and dhe reflected signals from scatterers in the water mass,

beyond the scope of this report. Bias errors for the

illuminated by pulse a, begin their return path toward

narrow-band ADCP system (with some application tothe transducers in the form of a small pressure wave.
the BB-ADCP system) are discussed in Simpson andThe small pressure wave advances toward the

Oltmann (1993). The most overwhelming source of
velocity-measurement error in the BB-ADCP is
random uncertainty due to self noise.

Random Uncertainty Caused by Self Noise

Whenever a pair of pulses is used to measure
water velocity (using lag times associated with the
BB-ADCP), only a 50-percent correlation can be

transducer for a short time before it is illuminated by
pulse b traveling in the opposite direction. The passage
of pulse b causes instantaneous reflected signals to be
superimposed on the original reflected signals in the
small pressure wave, creating a “double exposure.” This
is the 50-percent decorrelation effect caused by self
noise (discussed above). The reflected signals (actually
a continuum of reflected signals) travel back to the
transducer. These signals are received and shunted to a

obtained from the scenery illuminated by the pulse paielay-line register (or scratch-pad memory) for a short
when attempts are made to synchronize (autocorrelatgne while the BB-ADCP signal processor applies an

the reflected signals (as discussed earlier in this

autocorrelation technique to the received signals in an
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attempt to synchronize (match) reflections obtained water than a narrow pulse), but is logically split into
from the same water mass (data separated by the timenany small segments called code elements, each
betweentandt + 1, as shown in fig. 1.33). If the lag ishaving a phase shift of either 0° or 180° (fig. 1.39).
matched CorreCtIy, the autocorrelation function of the The Coding order of these phase shifts is pseudo

reflected signals will reach a peak. Because the two  random (behaves numerically like a random sequence).
pulses were transmitted coherently (with the same  Thjs technique has previously been applied to radar
phase), amplitude and phase information can be signals and some spread-spectrum communications
calculated from the function output. By using the phasesijgnals (Minkoff, 1992), but the BB-ADCP

information, the speed of the reflective particles can bemanufacturer probably is the first to use this technique
determined, however, measurement precision Is |Im|tedor water-velocity-measurement sonar.

because of self noise. The consequence of transmitting this phase-

Suppose very narrow (short) pulses are coded pulse-pair series into the water is that even

transmitted at a and b (fig. 1.38). These pulses are sothough the pulses are long, the signal processor still
narrow that 100 of them can be placed into the space Must wait the full lag period (a to b) before achieving an
occupied by the original long pulses. This modification autocorrelation peak of significant amplitude _
will increase measurement precision by the square rooffig. 1.40). In other words, because of the phase coding,
of the number of samples (in the case of 100 samplesit iS difficult for the au_tocorrelatlon algorithm to realize
by a factor of 10). With this increased precision (even @ Peak at the wrong interval.

with the 50-percent level of self noise), the BB-ADCP The objective of the manufacturer is to achieve
capabilities surpass those of the narrow-band ADCP bydecorrelation of adjacent pulse pairs and, therefore, a
almost one order of magnitude. This increased

precision is gained at great cost because of the limited

amount of energy the narrow pulses can deliver into the Transducer

water. This energy loss caused by the narrow pulses is
S0 great that it renders the system nearly unusable. To
overcome this energy loss, the manufacturer developed
a design innovation that incorporates most of the
advantages of wide and narrow pulses. A wide pulse is
transmitted (therefore, delivering more energy into the

Transducer
Pulse b Pulse b
100
narrow
pulses %
L [eY) o)
% <
Pulse a _Pulse a ® =
' e ©®
O /
<
o O
e
Figure 1.38. Narrow pulse pairs compared with wide pulse pairs. Figure 1.39. Phase-coded pulse pair.
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Figure 1.40. Effects of code element lag on correlation.

greater effective N (number of samples used for dataamount of random uncertainty in velocity measure-
aweraging). Effective N as opposed to actual N is ments due to self noise has not been formally presented
discussed in chapter 9. Obviously, there are times whdyy the BB-ADCP manufacturer, but presumably is
accidental correlation occurs because currently therecontained in the performance data for overall system
are only two phase choices, but, overall, a much greateandom uncertainty (noise) values predicted by the
precision is achieved using phase coding (because ofmanufacturer's error model and presented later in this
improved signal-to-noise ratio) than by simply using achapter. When a phase coding method is used to reduce
narrow pulse pair. The principle reason the random uncertainty due to self noise, its effectiveness is
manufacturers named the ADCP “broad-band” was thajreatly dependent on the order and number of the

its bandwidth was increased to accommaodate the signaseudo-random code elements used to construct the
processing of narrow-pulse pair (coded or not). The measurement pulse pair.

Chapter 1: Theory of Operation 25



Table 1.1. Comparison of narrow-band and broad-band single-ping standard deviation
[m, meter; ft, foot; cm/s, centimeter per second; ft/s, foot per second]

Property Narrow-band Broad-band
Single-ping standard deviation..............ccovueieiieieiiieeeriee e 13.5 cm/s (0.44 ft/s) 6.2trt/s)(0.
MINIMUM DIN SIZE ..o 1. m (3.3 ft) .25 m (.82 ft)
PiNgS PEr SECONA ......oiiiiiiiiiiii et 8 2
Standard deviation of a 5-second average...........cccccevvvieieeiiiiieeee e, 2.1 cm/s (.07 ft/s) 1.81 cml/s (.06 ft/s)

The single-ping random error of a narrow-band Summary
ADCP is significantly higher than a BB-ADCP for a

given operating frequency and bin size. However, the Narrow-band acoustic Doppler current profilers
signal processing requirements of the BB-ADCP (ADCPs) and broad-band acoustic Doppler current

system are much greater than those of the narrow—baﬁgigglseljrse(gg}ﬁgscoiaaué? \'[/Z?Og?ypgg rn? Qggﬁf to

ADCP, slowing the ping rate markedly. The ping rate ofjischarge, they also must measure velocity of the
a narrow-band ADCP system can be as high as 10 ping®CP, relative to the river or estuary bottom.

per second (or higher, depending on depth and Narrow-band ADCPs use a measurement method

transducer frequency), whereas the maximum ping rafg, o4 pulse-to-pulse incoherent velocity measurement,
of a BB-ADCP system is less than three pings per  \hich means that the ADCP transmits single,

second (using present technology). Table 1.1 is an  independent acoustic pulses from each beam and
example of the net result of these effects (for 30° beamesolves the Doppler frequency shift during the duration
angle systems). of a single pulse. The frequency determination method

usually is an autocorrelation technique.
The narrow-band ADCP has a 5-second average

standard deviation that is comparable to the BB-ADCI?SynCE’r En'?\z?ag)P gc%ies':ivgi)glggnso{r? ;Z@Ereerﬂé called the
if the BB-ADCP bin size is one-fourth that of the

_ pulse-to-pulse coherent method. The frequency
narrow-band ADCP. This means that the BB-ADCP hagetermination method usually is an autocorrelation

a higher resolution and a smaller bin size, and can beechnique that measures the phase angle difference and
used in shallower water than the narrow-band ADCP the time difference (spacing) between the transmitted
system for a given operating frequency. and received pulse pairs to determine Doppler shift.

Future systems using the narrow-band ADCP The single-ping random error of a narrow-band
technology should not be ruled out. If an adaptive ~APCP is significantly higher than a BB-ADCP for a

. ) jven operating frequency and bin size, however, the
scheme were used to increase the narrow-band ADQ ignal processing requirements of the BB-ADCP

ping rate and reduce the narrow-band ADCP bin size igystem are much greater than those of the narrow-band
shallow water, discharge measurements using either ADCP, slowing the ping-rate markedly.

system would have comparable accuracies. Because of

. Increasing the lag distance between the pulse
larger, more energetic pulses, the narrow-band ADCPpairs in a BB-ADCP system lowers the single-ping

system also has a slightly greater range for a given  standard deviation (to a point). Longer lag times
frequency than the BB-ADCP system, as well as a mofiicrease the chances of ambiguity errors and should be
robust bottom-tracking ability. used with caution, especially when averaging data.
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CHAPTER 2: ACOUSTIC DOPPLER CURRENT where

PROFILER DISCHARGE-MEASUREMENT Q, = total river discharge, in cubic meters per
PRINCIPLES second;
V¢ = mean water-velocity vector, in meters per

In chapter 1, narrow-band ADCP and BB-ADCP
velocity measurements were discussed in detail. In this i )
chapter, we will discuss the methods used to calculate N = a unit vector normal tds  at a general point;
discharge from data collected using an ADCP. A basic and
knowledge of conventiona! river discharge- ds = differential area; in meters.
measurement techniques is necessary to understand
how an ADCP measures discharge. C_onventlonal Tae General Equation, as Applied to Acoustic Doppler
ADCP discharge-measurement techniques are coverg Profiler Movina-Boat M
in Buchanan and Somers (1969) urrent Profiler oving- oat Measurements

second;

The above is just a form of the familiar equation
. . Q = AV integrated over a cross section. For moving-
P'fms of an Acoustic Doppler Current Profiler boat discharge applications, the asea is defined by the
Discharge Measurement vertical surface beneath the path along which the vessel

Just how is an ADCP used to measure discharg%@vels' Th(_a dot p'.“’d“‘?‘ of¢ -0 will equal zero when
The ADCP could be used as a conventional current he vessel is moving directly upstream or downstream,

meter. If an ADCP were mounted to a boat, the operat@"d Will equalV - when the vessel is moving normal to
could position the boat at 30 or more stations (verticals  ; both vectors are in the horizontal plane.

in the cross section. Velocities and depths could thenbe  Because the ADCP provides vessel-velocity and
taken at each vertical, and the discharge calculated water-velocity data in the vessel's coordinate system, it
using the area/velocity metho@(= AV ). Sucha s convenient to recast equation 2.1 in the following
method would be only a slight improvement over the form (eq. 2.2) (Christensen and Herrick, 1982):
conventional boat-tagline discharge-measurement

techniques. o
The unique ability of the ADCP to continuously Q = ff((vf x V) - k) dz dt (2.2)
collect water-velocity profile data and ADCP-velocity 00

(boat-velocity) data, relative to the bottom, lends itself
to the use of a more sophisticated method of dischargehere
measurement integration. A velocity vector cross

L . L T = total cross-section traverse time, in seconds;
product at each depth bin in a vertical profile is

calculated using ADCP-collected data. This cross d = total depth, in meters;
product is first integrated over the water depth V, = mean vessel-velocity vector, in meters per
measured by the ADCP and then integrated, by time, second:

over the width of the cross section. The following

equations illustrate the integration method. The reader k'=a unitvector in the vertical direction;

should try to envision them as descriptions of the dz = vertical differential depth, in meters; and
discharge-measurement algorithm and mechanics. dt = differential time, in seconds.

The derivation of this equation by Christensen
Velocity Cross-Product Measurement Using an and Herrick (1982) is summarized in Simpson and
Acoustic Doppler Current Profiler Oltmann (1993). The equation originally was

formulated by Kent Dienes (R.D. Instruments, Inc., oral
commun., 1986).

The cross-product algorithm is well suited to
ADCP discharge-measurement systems. Translated
into nonmath terms, the above can be described as the
cross product of the boat velocity and the water velocity
first integrated over the cross-section depth and then
=(_ 2.1) integrated, by time, over the cross-section width
= Jy nas ( (fig. 2.1).

General Equation

The general equation (eg. 2.1) for determining
river discharge through an arbitrary surfage, ,is
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Figure 2.1. Cross-product vectors during a cross-section traverse. Figure 2.2. Properties of the water-velocity/boat-velocity cross
product.
_ The cross product part of equation 2.2, zero. In practice, several ADCP pings often are
(Vrx V,) -k, can be converted to rectangular aweraged to help reduce random error. This group of
coordinates to facilitate plugging in boat- and vessel-aweraged water- and bottom-track velocity
velocity vectors (eq. 2.3). measurements is called an ensemble. The cross product

is calculated from the averaged ensemble velocities and
is expressed in units of square meters per second per

(\_/jx \_/b)'l_( = albz_azbl y (23) Second
where ) Integrating the Cross Product Over the Water Depth
a, = cross component of the mean water-velocity
vector, in meters per second; When the cross product is integrated over depth,

the resulting value is in cubic meters per second per
second, and by substituting in the values for the
beginning and ending times of each ensemble, a

a, = fore/aft component of the mean water-
velocity vector, in meters per second,;

b, = cross component of the mean vessel- discharge value (cubic meters per second) is determined
velocity vector, in meters per second; and for each measured ensemble. The discharges for each
b, = forelaft component of the mean vessel- ensemble then are summed to obtain total channel

velocity vector, in meters per second discharge (fig. 2.1). The mechanics of this operation
' ' require casting equation 2.2 into a form usable by the

which can be represented as shown in equation 2.4:

Ny rd
S =ab,—ab,, (2.4) 0,= 3 [ffz dz} 1, (2.5)
i=10L0
where
1 = the cross product of the water-velocity and Where
boat-velocity vectors. 0,, = measured channel discharge (doesn’t

include the unmeasured near-shore

discharge), in cubic meters per second;

Properties of the Acoustic Doppler Current Profiler _ . . )
Measured Cross Product N, = number of measured discharge subsections;

i =index of a subsection;

Figure 2.2 shows the properties of the cross _ L )
product. Note that the boat must be traversing a velocity d = depth of a subsection, in meters;

field before the cross product becomes greater than 1. = value of cross product at depth ;
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dz = integrated vertical depth of subsection , in Side-Lobe Interference

meters; and _ e
_ Most transducers emit unwanted (parasitic) side
t; = elapsed traveltime between the ends of lobes of acoustic energy at 30—40° angles off the main
subsectiong ant—1 ,in seconds. beam. Figure 2.3 shows a slice of a typical transducer

beam pattern. The side lobe probably is a single, hollow
cone with its apex at the transducer (fig. 2.4). This is
only the author’s mental image of the three-dimensional
side-lobe structure, but the image probably is a

Problems arise when trying to implement the simplistic view of the true pattern. This three-

above summation for several reasons. To understand dimensional structure should be kept in mind when
those reasons. the limitations of an ADCP water- profiling close to obstacles. Most acoustic beams have

velocity measurement are reexamined in the following parasitic side lobes (including external depth sound.ers
sections. that may be mounted on the vessel). As discussed in
detail in chapter 1, up to 15 percent (depending on the
beam angle) of the water column near the bottom
Blanking Distance cannot be measured because of interference from these
side lobes.

Estimating Cross Products in the Unmeasured Portions of the
Profile

Blanking distance was discussed in chapter 1,
but is examined again here. Figure 2.3 is a modified The combination of the effects of transducer
version of figure 1.21 showing the unmeasured parts oflraft, blanking distance, and side-lobe interference
a vertical-velocity profile. As discussed in chapter 1, Yields a profile that is incomplete. To properly compute
the small ceramic element in the transducer is like a discharge for each subsection, the cross-product values
miniature gong. The large voltage spike of the transmithear the water surface and near the bottom must be
pulse bangs it like a hammer, and the vibrations, as wel@stimated.
as the residual signal, must die off before the transducer
can be used to receive incoming signals. This means
that incoming signals are not used if they are received
during a short period after the signal is transmitted.

This time period is equivalent to a distance traveled byThe unknowry values are labelgt at the water

the signal known as the blanking distance. The surface angn  at the channel bottom. The simplest
blanking distance plus the transducer draft (depth of the,, .iqd of estimating thege  values would be tglet

transducer face below the water surface) compose a atthe surface equgl  andtofiet  at the bottom equal

part of the near-surface profile that is not measured by, 4 |ast measured valug—1 ) and approximate the
the ADCP.

As shown in figure 2.5, values are not provided
at or near the water surface and below a point equal to
85-94 percent of the total depth. The percent of
unmeasured profile area depends on the beam angle.

Transducer

Blanking
distance

Maximum t

slant
range

measured
discharge

Side lobe Main beam

Side lobe
interference|

Streambed

Figure 2.3. Acoustic Doppler current profiler-beam pattern showing . . .
side-lobe features. Figure 2.4. Hypothetical shape of a parasitic, side-lobe pattern.
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Figure 2.5. Example velocity profile showing measured and missing
f values.

to this rule, especially in an estuary, but for general use,
the top-most and bottom-most values in an ADCP-
measured profile must be estimated to calculate an
accurate ADCP discharge measurement.

The author attempted to calculate discharge using
several different methods for profile estimation
(Logarithmic and general power law), but found that
because of “noisiness” of the ADCP-profile data, the
resulting least-squares-derived estimates were
unrealistic, especially near the upper part of the profile.
A method using a one-sixth power law (Chen, 1989)
eventually was chosen because of its robust noise
rejection capability during most streamflow conditions.
A full discussion of the one-sixth power law and its
derivation can be found in Simpson and
Oltmann (1993). The power law estimation scheme is
an approximation only and emulates a Manning-like
vertical distribution of horizontal water velocities.
Different power coefficients can be used (one-half to
one-tenth) to adjust the shape of the curve fit to emulate
profiles measured in an estuarine environment or in
areas that have bedforms that produce nonstandard
hydrologic conditions and provide alternate estimation
schemes under those circumstances. Figure 2.6 shows a

integral in equation 2.5 using a trapezoidal calculatioyne_sixth power curve drawn through the same set of

(eq. 2.6):
"Nt
&g = E(l——z&‘—l) (Zj+1 _Zj) , (2.6)
i=1
where
g, = depth-weighted megh value in
measurement subsection , in square

meters per second per second;
j =index of depths and respectjfe values;

n = number of measured and estimafed values

and

z; = depth from water surface of respective
measured and estimatgd values.

Although equation 2.6 appears intimidating, it is
nearly the same method as used on standard USGS

discharge-measurement notes to sum discharge. In thig
case, however, it is used from surface to bottom rathel;

than across the width of the river.

Evolution of the One-Sixth Power-Curve Estimation Technique

The above method might work, but, in most

cases, water at the surface is moving faster than water
deeper in the profile, and the water near the bottom of

1 values that were illustrated in figure 2.5.

In cases where bidirectional flow exists (water is
moving one direction at the surface and is moving the
opposite direction near the channel bottom), the power-
curve estimation scheme will not work. In these cases,
the unmeasured areas must be estimated using other
methods.
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the profile SI_OWS to zero velocity as it nears the Channﬂgure 2.6. Example velocity profile of one-sixth power-curve fit
bed (assuming a stationary bed). There are exceptionsd typical f values.
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In most cases, points at the top and the bottom @frea), but, because of these and other ADCP depth
the profile can be estimated using the one-sixth powdimitations, shallow areas near the edges of the
curve estimation scheme. The estimated points then atigerbank cannot be measured. The near-shore areas are
used with the actual measured points, to calculate a estimated using a ratio interpolation method presented
depth-weighted mean cross product for each ensemblgy Fulford and Sauer (1986), which can be used to
Discharge then can be calculated for each ensemble estimate a velocity at an unmeasured location between
pair because the time between each ensemble is knowhe riverbank and the first or last measured velocity in a

cross section. The equation for the estimate is

Integration, By Time, Over the Width of the Cross Section equation 2.8
The summation in equation 2.5 is accomplished % v
by equation 2.7 < = —= (2.8)
Jd, Jd,
q; = &i; (2.7)
where

where _ ) _ e = a location midway between the riverbank and

q; = midsection discharge between measurement first or last ADCP-measured subsection;

subsection and subsectibr 1 , in cubic

V, = estimated mean velocity at locatien , in

meters per second;
meters per second;

g; = depth-weighted megf value in

measurement subsection , in square V., = measured mean velocity at the first or last
t; = vessel traveltime between measurement second;
subsection and-1 ,in seconds. d, = depth at subsection , in meters; and
Equation 2.5 is used to calculate the main d, = depth at the first or last ADCP-measured
channel discharge by summing @lvalues (eq. 2.7) subsection, in meters.
collected during the cross-section traverse. Unfor- Fulford and Sauer (1986) defing( angl as

tunately, before the total channel discharge can be
calculated, two other areas need estimation scheme
(fig. 2.7).

depth and velocity at the center of the first or last
Smeasured subsection and not the near-shore edge of the
subsection, as presented in equation 2.8. However,
because the ADCP subsections purposely are kept very
Estimating Discharge Near the Channel Banks narrow at the start and finish of each measurement, the
» , differences between the two applications are not
_ The power-curve fitting scheme estimates valuegijgnificant (Simpson and Oltmann, 1993). Figure 2.8
in the areas at the top and bottom of the profile illustrates the estimation method used for near-shore
(blanking/draft distance and side-lobe interference  discharge. With this method, discharge can be estimated
by assuming a triangular discharge area between
subsectionm and the riverbank, which reduces

Unmeasured Unmeasured . )
l near-shore near-shore \ equation 2.6 to equation 2.9
discharge discharge
Unmeasured area due to blanking distance and transducer draft
: Vv, =0.707V, (2.9)
Area of measured discharge - Remembering thap = 4V, discharge in the
estimated area can be calculated by equation 2.10.
0.707V,Ld
0, = —~—*~ (2.10)
2
where
Unmeasured area due to side-lobe interference 0, = estimated edge discharge, in cubic meters
e 1
per second; and
Figure 2.7. Unmeasured areas in a typical acoustic Doppler current L = distance to the riverbank from the first or last
profiler discharge-measurement cross section. ADCP-measured subsection. in meters.
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The discharge-measurement software calculategchniques described in the chapter on discharge-
depth ¢,, ) from the average of the depths measured aneasurement techniques.

all four beams. The distance ( ) to the riverbank from

The triangular ratio-interpolation method works

the first or last discharge measurement subsection iswell in parabolic-shaped natural channels, however, it

provided by the system operator using estimation

Figure 2.8. Edge-value estimation scheme described by equations

EXPLANATION

Estimated mean velocity at
location e

Measured mean velocity at
first or last ADCP-measured
subsection

Depth at subsection e

Depth at first or last ADCP-
measured subsection

Distance to the riverbank from the
first or last ADCP-measured
subsection

A location midway between the
riverbank and first or last ADCP-
measured subsection

2.8,2.9, and 2.10. ADCP, acoustic Doppler current profiler.

does not work well in rectangular concrete channels or
natural channels with nonstandard slopes near the
banks. In these cases, a bank-slope coefficient can be
used to properly depict the channel-bank geometry (see
chapter 5.)

Determination of Total River Discharge—Putting
it All Together

Using all the methods and equations described in
this chapter, total river discharg@,( ) can be calculated
by equation 2.11

Qt = Qm + Qei + Qer (211)

where

0,, = total channel discharge [the sum ofll
values collected during the discharge
measurement traverse (eq. 2.7)], in cubic
meters per second,;

0. = near-shore discharge estimate on the left
side of the channel, in cubic meters per
second; and

Q. = near-shore discharge estimate on the right
side of the channel, in cubic meters per
second.

Discharge-Measurement Software

Based on the above principles, the USGS, as well
as the manufacturers of ADCPs, have written computer
programs designed to collate ADCP data collected
during a cross-section traverse and compute discharge
in real time. Because of the difficulty in maintaining
and updating such a program, the USGS has elected to
use manufacturers’ proprietary programs for this
capability, provided the proper algorithms are used and
guality assurance (QA) criteria are met. The current QA
plan (Lipscomb, 1995) requires that the whole system
(ADCP and discharge-measurement software) meet
certain standards.

The USGS has an archtype computer program
written in Pascal that can be used as a basis for a
vendor-created software package. Because the archtype
computer program has not been translated into machine
code that will run on IBM personal computers and
compatibles, most ADCP system operators utilize
“Transect,” a suite of proprietary software modules
developed by RDI for use with their ADCPs. The
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Transect software includes the estimation methods uséiktance. Discharge cannot be measured near the
by the USGS in the archtype program and has proven thannel bed primarily due to side-lobe interference.
be a useful, accurate discharge-measurement tool. Cross products in these unmeasured portions of the
Other manufacturers currently are developing similar channel cross-section usually are estimated using a one-
software. sixth power-curve estimation scheme (unless the profile
shape dictates other methods). Discharges in the
Summary unmeasured portions of the cross-section near the edges
of the riverbank are estimated using a ratio-

Unlike conventional discharge-measurement interpolation method.
methods, acoustic Doppler current profiler (ADCP) _
discharge-measurement software does not calculate The U.S. Geological Survey (USGS) has
discharge directly from area and velocity data. The developed a discharge-measurement archtype program;
ADCP discharge-measurement software calculates ahowever, most ADCP system operators are using a
water/boat velocity vector cross product in each bin proprietary suite of software modules called “Transect”
before integrating the cross products over the sub- developed by R.D. Instruments, Inc., for use with their
section depth. The resulting subsection discharges th&DCPs. Transect includes the estimation methods used
are summed over the width of the cross section. by USGS in the archtype program and has proven to be

Discharge cannot be measured near the water & usable, accurate discharge-measurement tool. Other
surface because of the draft required by the transduceranufacturers also are developing discharge-
(depth below water surface) and transducer blanking measurement software.

Chapter 2: Acoustic Doppler Current Profiler Discharge-Measurement Principles 33



This page left blank intentionally.

34 Discharge Measurements Using a Broad-Band Acoustic Doppler Current Profiler



Water Modes?
Deep - Shallow

Fast - Slow

Bottom Modes?
Deep - Shallow

~_

Figure 3.1. Choosing the proper measurement mode is difficult.

CHAPTER 3: R.D. INSTRUMENTS, INC., BROAD-
BAND ACOUSTIC DOPPLER CURRENT PROFILER
MEASUREMENT MODES

Measurement Modes—Why?

One of the most compelling features of ADCP
systems is their versatility. Versatility comes with a

Parameters that dictate the operation of water-
and bottom-track measurement modes are set by direct
commands sent to the profiler from the Transect
configuration file (chap. 5). These direct commands
take the form of W$nnn, or B$nnn, where W = water
mode and B = bottom mode. The “$” signifies the
water- or bottom-mode parameter that receives the
numeric value, nnn. These direct commands are
discussed in detail in this chapter.

Water Modes

The water-measurement modes juggle different
lag distances, pulse lengths, code element
combinations, and adaptive schemes to measure water
velocity under many hydrologic conditions. Some of
these modes should be used with caution because errors
can result if they are misapplied. Direct commands for
these modes take the form of WMn, where nis 0, 1, 4,
5, 7, or 8, depending on the mode used.

Water Mode Zero (WMO0)

Water mode zero (direct command WMO) is
referred to as the “expert” mode because it allows the
user to set virtually all aspects of the water-
measurement ping structure. Water mode zero will not
be addressed further in this report because it is almost

cost, however, and the cost is added complexity. Mostever used under routine measurement conditions.

ADCPs have several water-measurement modes
(fig. 3.1) and bottom-measurement modes. These

When this mode is used, it is used in connection with
instructions from the manufacturer and usually is used

modes are chosen based on environmental conditionfor special circumstances where other modes are

(fast/slow or shallow/deep water and current shear).

A simple matrix of mode choices for different

inadequate.

measurement conditions would be desirable for this Water Mode 1 (WM1)

chapter, but, unfortunately, it's not that easy! Several

environmental factors may play a part in the choice of Water mode 1 (direct command WML1) is called

measurement modes.

the “dynamic” mode. This is a general purpose mode

In an ADCP manufactured by RDI, these modeghat should be used (in preference to mode 4) for most
are set using direct commands placed in a configuratid@utine measurement conditions—with one caveat; the

file (chap. 5). The BB-ADCP commands W (water
mode) and B (bottom mode) can be set to different

ambiguity velocity must be set correctly for stream
conditions. Operators can modify the ambiguity

values depending upon the flow and bottom condition¥elocity (and, thereby, the lag spacing of the mode 1
expected at the discharge measurement site. MistakeRing structurelsing the WV command. Proper
in setting these values may cause unrecoverable errgtdjustment of the WV value allows mode 1 to be used

in the measurement of discharge. This chapter,

in shallow and deep water and in current shear where

therefore, is devoted to the explanation of the differen@ther modes fail. Ambiguities in the measurement of
operational modes available for ADCPs manufacturedelocity are not automatically resolved in water mode

by RDI. It is quite likely that when this report is

and the maximum expected velocity of the boat

published, operational modes for ADCPs manufacturefelative to the water) must be estimated before setting

by RDI will be available that are not covered in this

the WV command. If the value is set too low, an

chapter. The manufacturer releases technical notes apgnbiguity error could be introduced into the velocity
bulletins when such changes are developed, which af@easurement (see chap. 1).

available on the manufacturer’s web site
(www.rdinstruments.com).

The default WV value (lag spacing) for mode 1
allows a high ambiguity velocity [480 centimeters per
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second (cm/s), 16 ft/s]. The single-ping standard

deviation of a velocity measurement using this defaulifferent values for the WV command

setting is about 19 cm/s (0.62 ft/s). This magnitude offapcp, acoustic Doppler current profiler; kHz, kilohertz; cm/s, centimeter

uncertainty usually produces an unacceptable precisianr second; ft's, foot per second]

Table 3.1. Mode 1 single-ping standard deviation using three

for the resulting discharge measurement, unless the

measurement vessel is slowed to less than one-third offrequency

ADCP

Ambiguity velocity

Single-ping

N A (WV command) standard deviation
the speed of the absolute water velocity (water velocity (kHz)
relative to the Earth) during the cross-section traverse 300 480 cm/s (15.78 ft/s)  19.35 cm/s (0.63 ft/s)
Fortunately, the mode 1 default lag spacing can be 300 190 cm/s (6.23 fi 14.07 emis (.46 fU
changed by altering the WV command. Note: Most of cm/s (6.23 fUs) 07 cm/s (46 f/s)
the ambiguity-velocity directives expect radial (along- 300 60 cm/s (1.99 ft/s) 6.87 cm/s (.23 ft/s)
beam) ambiguity velocity, not horizontal ambiguity 600 480 cm/s (15.78 ft/s) 19.35 cm/s (.63 ft/s)
velocity. Radial ambiguity velocity can be determined
using the following formula (eq. 3.1) if the desired 600 190 cm/s (6.23 ft/s) 14.08 cm/s (.46 ft/s)
horizontal ambiguity velocity is estimated 600 60 cm/s (L.99 ft/s) 6.87 cmis (.23 fi/s)
Vosir = 15V o )sin® (3.1) 1200 480 cm/s (15.78 ft/s) 19.37 cm/s (.64 ft/s)
1200 190 cm/s (6.23 ft/s) 14.08 cm/s (.46 ft/s)
where 1200 60 cm/s (1.99 ft/s) 6.87 cms (.23 ft/s)
V,qaia = radial ambiguity velocity, in centimeters
per Secor_]d; o o Depth-range
Viorizontar = hOrizontal ambiguity velocity, in
centimeters per second; and )

0 = transducer beam angle, in degrees. 1425 mm ((1620(?0k|f||_|zz’,5205'_ccn%Cceén)
The horizontal ambiguity velocity can be
estimated by adding the highest expected ADCP speed
(relative to the water) and the highest expected absolute
water velocity. This value i8,,,..... and is plugged
into equation 3.1 to arrive at a reasonable value for the | 7.0 m (600 kHz)
WV command. It is multiplied by 1.5 in the equation 3.5 m (1200 kHz)

for safety reasons. Usually, it is better to have a bit of |J§

MODE 1 OPERATION
B Mode 5/8 window for WZ05
H Mode 8 window for WZ05

[C] Mode 5 window for WZ10
[] Mode 8 window for WZ10

extra noise (standard deviation of velocities) in the V58] Ms

measurement than to inadvertently average in an 3.5 m (600 kHz)
ambiguity error. Table 3.1 shows the single-ping -I\i;-snli/l“ MS 1'75m 1200 kZH
standard deviation for three different ambiguity- M5/ ] 2)

velocity values.

0 05 1 2 10

Mode 1 can be used in slightly more shallow MAXIMUM RELATIVE WATER SPEED (M/S)
water than mode 4 [1 m (3.3 ft)], but modes 5 or 8 are, o .
preferred for medum-to-slow velocities [below e 2 Destengespeet peraoral ‘windous” for vt
10 cm/s (0.33 ft/s)] because of the increased resolutiQlys meter per second. Y '
available with these modes. Mode 1 sometimes can be
used in shallow water where modes 5 and 8 do not wolkandwidth (which improves the signal-to-noise ratio).
because of high velocities and shear. Figure 3.2 shownfortunately this also increases the velocity
the depth and velocity range windows wherein each measurement standard deviation by a factor of 2. See
mode is designed to function properly. Notice that  chapter 9 (table 9.1) for the maximum recommended
mode 1 encompasses a much larger range of depths aagges for ADCPs of different frequencies. The WB
velocities than do the other modes. command only can be used for mode 1 operation.

To increase the range of mode 1 in water depth§etting WB to anything other than zero in other water
near the edge of the ADCP measurement capability modes will cause unpredictable results.
(depends on frequency), the operator can toggle the For routine discharge measurements in swift-
WB command from 0 to 1. According to the flowing waters with depths greater than 2 m (6.5 ft),
manufacturer, setting the WB command to 1 enablesmode 1 is the mode of choice. The operator must set the
greater ADCP range by narrowing the received WV command for the proper ambiguity velocity. Water
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modes 2 and 3 are obsolete and are no longer used facoustic pulse) shows the car with the racing stripe

riverine measurements. leading the pack of racers (fig. 1.34a). The second
strobe flash reveals that the pack of racers apparently
Water Mode 4 (WM4) has passed the racing-striped car and won the race

(fig. 1.34b). Or does it? If the racing-striped car was

Until recently, water mode 4 (default for the BB-actually moving three or four times faster than the other
ADCP) was used as the general production mode forracers, it not only won the race but has almost “lapped”
water-discharge measurement. This mode is no longetie rest of the racers. In this case, the racing-striped car
recommended by RDI for discharge measurement  has exceeded the velocity at which the timekeeper
because of hard-to-detect errors that can be introduceduld determine its speed without ambiguity. In the
with automatic mode switching. Mode 4 uses a singlecase of mode 5 operation, this ambiguity velocity is
set of pulses with a long lag that is dependent on deptklatively low [50 cm/s (1.7 ft/'s) ADCP speed, relative
cell length. The lag is either one-half the depth cell to the water].
length or has a horizontal ambiguity velocity of A long lag time increases the possibility of
160 cm/s (5 ft/s),_ whichever is greater. The \_/alue of_ decorrelation between pulses. Using the above
160 cm/s (5 ft/s) is used for most depth cell sizes. Usingcetrack analogy, the photographer could overlay the
the minimum depth cell size for a given operational npegative of the first strobe flash on the negative of the
frequency [25 centimeters (cm), 10 inches (in.)] for a second strobe flash and then rotate the negatives until
1,200-kHz BB-ADCP, for example, will decrease the the “pack” of cars are aligned. When the pack of cars
lag, raise the ambiguity velocity slightly, and increasegye aligned, the checkered flag on the first negative will
the measured water-velocity standard deviation. The pe g certain distance from the checkered flag on the
ambiguity is resolved on this single set of pings by a second negative. By using this distance and the time
proprietary signal-processing algorithm developed byyetween strobes, the speed of the pack of cars can be
the manufacturer (R.D. Instruments, Inc., 1996).  computed. This method of speed computation works

If necessary, mode 4 can be used in high- and unless the time between strobes becomes so long that
low-velocity conditions. When depths become too  the cars in the pack change position, lanes, or speeds. If
shallow [2 meters (m) and below], or if the signal returrthis happens, the cars will not “match up” when the
is too weak, the ADCP will shift automatically to negatives are rotated. The two negatives are then said to
mode 1 operation. The operator is not notified when be uncorrelated. This effect can occur using mode 5 if
automatic mode switching occurs and it is there is shear and turbulence in the water column.

recommended that an appropriate WV command be Because of the above two effects, mode 5 is not
inserted into every configuration file that uses mode 4;sapble in water with substantial velocity, shear, or
operation. The WV command value can be estimateckyrbulence. However, in slow-moving water with little
using equation 3.1 (see Water Mode 1 discussion). current shear, mode 5 can be used to obtain highly
Again, mode 4 is no longer recommended for precise discharge measurements. Because of the high
discharge measurement use. It is only available on BBrecision of mode 5, smaller bin lengths can be used,
ADCP systems and should be used only if directed byvhich enables mode 5 to be used in shallow water.

the manufacturer, or if mode 1 will not work. Direct command changes must be made for mode 5
operation. The WZ command sets the starting length of
Water Mode 5 (WM5) the mode 5 and mode 8 lags and it is recommended that

a command of WZ05 be used as a starting point for
Water mode 5 (“low and slow” mode) uses a truemode 5 and mode 8 operation. Table 3.2 describes
version of pulse-to-pulse coherent signal processing.water mode 5 performance for the specified setup.
The two transmitted pulses are completely independent
of each other, but are synchronized in phase. To Water Mode 7 (WM?7)
eliminate self noise in mode 5, the second pulse is not _
sent until the first pulse dies out. This procedure creates ~_ Water mode 7 (extended range mode) is used to

a long lag with low standard deviation of the measure@btain water profiling at ranges 10-15 percent greater
water velocity. than profiling ranges available in other modes. Mode 7

converts the BB-ADCP system to a system similar to a
narrow-band ADCP, thereby increasing the signal-to-
noise ratio and range. This mode is practical only for

One problem with extra long lags is a low 75-, 150-, and 300-kHz BB-ADCPs and is intended for
ambiguity velocity. Using the racetrack analogy from open-ocean use where extended depth range is needed.
chapter 1, the first strobe flash (analogous to an Mode 7 water-velocity measurements have

Ambiguity Velocity Revisited
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Table 3.2. Setup and performance values for water mode 5 operation (\WZ05)
[kHz, kilohertz; cm, centimeter; cm/s, centimeter per second; m, meter; ft/s, foot per second,; ft, foot. WF, WS, keyboardsfomma

Acoustic Doppler . Single-ping ] Minimum Maximum
current profiler B!ankmg Depth cell standard Range to first profiling profiling
. distance . L. depth cell
operating WE size, WS deviation (m) range range
frequency (cm’) (cm) (cm/s) (f0) (m) (m)
(kHz) (ft/s) (ft) (ft)
600 25 (WF25) 10 (WS10) 0.5cm/s 0.35m 0.9m 7.0m
(0.16 ft/s) (.15 ft) (2.95 ft) (23.0 ft)
600 25 (WF25) 25 (WS25) .3cmls 50m 1.6m 7.0m
(.010 ft/s) (1.64 ft) (5.25ft) (23.0ft)
600 25 (WF25) 50 (WS50) .2 cmls 75m 22m 7.0m
(.007 ft/s) (2.46 ft) (7.1811) (23.0 ft)
1200 25 (WF25) 5 (WSO05) .6 cm/s .30m .8m 35m
(.020 ft/s) (.98 ft) (2.63 ft) (11.5 1)
1200 25 (WF25) 10 (WS10) 4 cmls 35m 9m 3.5m
(.013 ft/s) (2.15ft) (2.95ft) (11.51t)
1200 25 (WF25) 25 (WS25) .3cmls 50m 1.6m 3.5m
(.010 ft/s) (1.64 ft) (5.25ft) (11.511)

approximately 2.5 times the standard deviation of  Mode 8 sometimes will work in shallow water where
velocities measured with a mode 4 ping using the samrelative water velocities are too high for mode 5

depth cell size. operation. The higher standard deviation of the mode 8
measurements usually requires some data averaging, or
Water Mode 8 (WMS8) a slow cross-section traverse (at speeds below that of

, , the water speed, relative to the Earth).
Water mode 8 is for shallow water and will

sometimes work in conditions where mode 5 will not.
This mode uses a pulse-to-pulse coherent configuratid@pttom-Track Modes
much like mode 5 to calculate velocity, but employs

sophisticated signal processing techniques to reduce. Bottom-track modes are implemented
lag times. A mode 8 ping has a single-ping standard 'ndependently of the water-velocity measurement
deviation 10 times greater than a mode 5 ping of the modes and sometimes are set differently. There are two

same bin size, but can be used in shallow water in manttom-track modes currently used by the BB-ADCP:

the same manner as mode 5. Setups for mode 8 are @g}desbﬂ?nd t5 BI(()tton&-track mlca)des ;F%Frg o&soé_ete.
same as the setups for mode 5. Table 3.3 gives the er bottom-track modes may be available by the ime

conservative values provided by the manufacturer forthIS report is published.

mode 8 performance (R.D. Instruments, Inc., 1995). Bottom tracking is done by proprietary firmware
Under certain circumstances, the operator may see ugchemes built into the ADCP by the manufacturer;

to a 30 percent improvement over the maximum depthowever, all such schemes must rely on the assumption
range and maximum velocities listed in table 3.3; that the bottom reflection obeys basic laws of physics.

however, it is best not to expect optimum performancd hese principles of bottom tracking should be known
under field conditions. by the ADCP operator to properly evaluate bottom

tracking under variable field conditions.

Range/Speed “Windows” for Water Modes 1, 5, and 8

- . ) The Bottom Reflecti
Figure 3.2 shows a graphic rendition of the @ Botiom Reflection

depth-range/speed operational “windows” for water When an acoustic signal strikes the river bottom,
modes 1, 5, and 8. Notice that mode 1 is, by far, the the reflected signal normally is much stronger (by

most robust operational mode, with the largest orders of magnitude) than the reflected signal from
operational range of depth and relative water speed. Fscatterers in the water mass. It is no surprise, therefore,
slow velocities with shallow depths, mode 5 is the  that the standard deviation of the bottom-track velocity
mode-of-choice, especially with 600-kHz ADCPs.  measurement is about 10 times less than the water-mass
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Table 3.3. Setup and performance values for water mode 8 operation (\WZ05)
[kHz, kilohertz; cm, centimeter; cm/s, centimeter per second; m, meter; ft/s, foot per second; ft, foot. WF, WS, keyboardsfomma

. Single-ping . Minimum Maximum
B!ankmg Depth cell standard Range to first profiling profiling
Frequency distance size, WS deviation depth cell range range
(e) o (om) (cmis) - (m) (m)
(ft/s) (ft) (ft)
600 25 (WF25) 10 (WS10) 8.2cm/s 0.35m 0.6 m 7.0m
(.27 ft/s) (1.15ft) (2.97 ft) (23.0ft)
600 25 (WF25) 25 (WS25) 5.2 cm/s S50m 9m 7.0m
(.17 ft/s) (1.64 ft) (2.95 ft) (23.0ft)
600 25 (WF25) 50 (WS50) 3.7cm/s 75m 14m 7.0m
(.12 ft/s) (2.46 ft) (4.59 ft) (23.0 1)
1200 25 (WF25) 5 (WSO05) 11.0 cm/s .30m S5m 35m
(.36 ft/s) (.98 ft) (1.64 ft) (11.51t)
1200 25 (WF25) 10 (WS10) 7.8 cmls 35m .6m 3.5m
(.26 ft/s) (2.15ft) (2.97 ft) (11.51t)
1200 25 (WF25) 25 (WS25) 5.0 cm/s 50m 9m 3.5m
(.164 ft/s) (1.64 ft) (2.95 ft) (11.511)

velocity measurement. Figure 3.3 shows a 1,200-kHzcan be used; the input from a differential global posi-
ADCP backscattered intensity (measured in counts) tioning systems (GPS) receiver and depth sounder is
that decreases with depth until the acoustic beam  used to replace the data from the ADCP bottom-track
strikes the river bottom at a depth of approximately pulse. Because this method requires that the operator
7 m (23 ft). Data averaged from a series of water-trackave an indepth understanding of GPS systems, as well
pulses were used to construct figure 3.3, but a single

bottom-track pulse backscattered-intensity plot woul
look much the same.

Modern bottom-track schemes are self adaptive 0
to stream conditions and use factors such as correlation u
magnitude, correlation side peak location, and (or) 0
spectral width to determine the presence of the bottom L
echo. Still, bottom-track failures can occur when one ar -
more of the parameter identification criteria are not met 3 [ -

by the output signal or, for some reason, are met at the
wrong time.

In the case of heavy sediment load, which causes
high absorption and scattering of the acoustic signal,
the weakened bottom reflection (from deep water)
cannot activate a detection threshold. In some cases 7
when this happens, the ADCP firmware is programmed :
to try other (more robust) bottom-tracking modes -

DEPTH , IN METERS

before flagging the data as “bad.” 9

Another problem occurs during periods of high 10
flow when heavy sediment loads are moving on or near 140 145 150 155 160 165
the channel bed; the bottom-track velocities become BACKSCATTERED AMPLITUDE IN COUNTS
biased. The physical process that causes this
phenomenon is theorized only at this time. Attempts
have been made to overcome this bias problem by using
lower frequency systems and special bottom-track
schemes. A separate method of measuring vessel  Figure 3.3. Acoustic Doppler current profiler-backscattered
velocity that eliminates the need for bottom tracking intensity with depth showing the bottom reflection.

Hid

~
o
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as significant investment in additional GPS and deptfTable 3.4. Minimum depth ranges for bottom-track modes 4 and 5
sounding equipment, it will not be discussed in this

. . . . kHz, kilohertz; m, meter; ft, foot
report. For more information on using this method for<2 Klohertz, m, meter; ft, foof

discharge measurements during conditions of bottom-  Frequency D("n':;"
sediment movement, contact the ADCP manufacturer.  (kHz) (f)
1200 0.8 m (2.6 ft)
Bottom-Track Mode 4 (BM4) 600 8m (2.6 f)
Bottom-track mode 4 is a general-purpose 300 1.5m (5 ft)
bottom-track mode. This mode can unambiguously
determine the speed of the ADCP, relative to the At least one other ADCP manufacturer has

channel bottom, under most conditions. The detailed developed the software and system firmware (bottom-
detection scheme used is proprietary and copyrightedracking algorithms) for the measurement of river
by RDI, but mode 4 uses the correlation side-peak  discharge; however, at the time this report was written,

position to resolve velocity ambiguities and it lengtheng,g getajled information was available for analysis and
the lag at predetermined depths to improve variance.yplication.

Bottom-track mode 4 can be used with water-track
modes 1, 4, 5, 7, and 8; however, because of processing

limitations, the standard deviation of bottom-track Summary
velocity data (using mode 4) increases as depth

decreases. Water-track modes and bottom-track modes are

independent of each other and must be carefully
Bottom-Track Mode 5 (BM5) chosen, depending upon the stream conditions. In
general, a good starting point for measurements at an

most discharge-measurement and velocity-profiling Unfamiliar site is water mode 1 (WM1) and bottom-
use. This mode uses a pulse-to-pulse coherent track mode 5 (BM5). In cases 01_‘ sIov_v-movmg, shallow
technique that has a lower variance in shallow water flow, water mode 5 should be tried first, followed by
than bottom-track mode 4 by a factor of up to four. InWwater mode 8, followed by modified versions of mode 1
very shallow water at slow speeds, mode 5 variance ig/se bottom-track mode 5 in all cases). In cases of high
lower than mode 4 by a factor of 100. Although mode %elocities, high shear, abrupt boat movements, or

has a very precise measurement capability, it has a dynamic depth conditions, default and modified

slightly slower ping rate than mode 4. Bottom-track versions of mode 1 can be tried with a slow cross-
mode 5 will automatically switch to bottom-track section traverse to reduce random error. In such cases,

mode 4 when water is too deep (or too fast) for mode pottom-track mode 4 probably should be used.
operation. Because of this adaptive capability, mode 5

Bottom-track mode 5 is the default mode for

is the mode of choice for small rivers and estuaries The theory of ADCP discharge measurement has
(table 3.4). Table 3.4 lists the minimum bottom- been discussed in chapters 1-3. Chapters 4-9 introduce
tracking depths for bottom-track modes 4 and 5. “practical” techniques and equipment.
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CHAPTER 4: ACOUSTIC DOPPLER CURRENT When another ADCP manufacturer produces a

PROFILER HARDWARE AND ANCILLARY capable system that is used by a significant number of

EQUIPMENT USGS offices, a description of that system (and its
associated software) will be included in a follow up to
this report.

In this chapter we discuss the equipment needed
to measure river discharge with an ADCP (fig. 4.1).
Although a generic discussion of ADCPs is provided iWhere Do We Start?
this report, the following three sections cover the
ADCP manufactured by RDI. The reason for this is
twofold:

The following equipment is needed to measure
river discharge with an ADCP:

ADCP system
+Until recently, RDI was the only manufacturer «Pressure case and transducer assembly

of ADCP systems that could be utilized for *Power supply and communications interface
discharge measurements (bottom-track

algorithms). Another vendor (Sontek) has -Discharge-me’asurement software
developed a bottom-tracking ADCP that can be *Manufacturer’'s documentation
used for discharge measurements, but the Ancillary equipment

system is not yet widely used by the USGS -Measurement platform or vessel

*As discussed in chapter 2, RDI has written *ADCP mounting assembly
discharge-measurement software that is «Laptop computer

integrated with the ADCP to calculate discharge «Range finder or method for estimating distance
and to store data (Transect software). to shore

Knowledge of the details of this software is . .
Of course, the measurement equipment is

required for the collection of accurate OIiSCh""rgefNorthless unless used by a competent, well-trained

measurements. ADCP operator. If a boat is used, the skipper must be
experienced in boat-maneuvering techniques required
for ADCP discharge measurement and must have
attended a U.S. Department of Interior (DOI) boat
safety course.

Acoustic Doppler Current Profiler Equipment

Acoustic Doppler Current Profiler Pressure Case and
Transducer Assembly

The direct-reading BB-ADCP is configured
much like the narrow-band ADCP (Simpson and
Oltmann, 1993); however, the transducer and
electronics are contained in the same cylindrical
enclosure (pressure case). The diameter of the
enclosure is approximately 150-220 millimeters (mm),
depending on the configuration. A convex or concave
) . _ ) transducer assembly on one end of the cylindrical
Figure 4.1. “Which equipment do we need? canister employs an orthogonal (Janus) beam aiming
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Figure 4.2. A 1,200-kilohertz broad-band acoustic Doppler current profiler with attached pipe brackets.

pattern with the three or four transducer beams anglethe Workhorse line of ADCPs can be purchased with
20° (or optionally 30°) outward from the center axis ofor without bottom-tracking capability. A river version
the assembly. The transducer assembly diameter  of the Workhorse (the Rio Grande, fig. 4.3) is available
depends on the frequency of operation and config- With bottom-tracking and operational modes suited to
uration. For most work, the concave transducer headriver-discharge measurements.

has proven to be more durable because it is protected

somewhat from floating debris and direct contact withPower Supply and Communications Interface

the river bottom. Figure 4.2 shows a BB-ADCP with

a 1,200-kHz concave transducer assembly with pipe For BB-ADCP direct-reading units, the
brackets attached. manufacturer supplies a deck unit with the BB-ADCP

that can convert several power sources to voltages
RDI has introduced another version of the required by the BB-ADCP. The deck unit can accept
BB-ADCP into its product line called the “Workhorse.” 120-volt (V) alternating current (AC), 20- to 60-volt
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Figure 4.3. An R.D. Instruments, Inc., 600-kilohertz Workhorse “Rio Grande” acoustic Doppler current profiler.

direct current (DC), or 12-volt DC (fig. 4.4). The deckdata are being transmitted to and from the ADCP.

unit has a power switch on the front panel as well as twa 13-mm (0.5-inch) diameter cable connects the BB-
luminescent electronic display (LED) indicators. One ADCP to the deck unit assembly. At the ADCP end, the
LED indicator lights up when power is applied to the cable is potted to an underwater connector (fig. 4.5).
deck unit, and the other LED indicator lights up whenThe shell connector at the deck unit end of the cable has
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Figure 4.4. Front and rear view of an R.D. Instruments, Inc., acoustic Doppler current profiler deck unit.

24 pins and uses a bayonet-style connector. The The manufacturer also markets an ADCP product
overhang on the back of the deck unit can hinder the known as the “Workhorse Rio Grande” (fig. 4.3) that
ability to easily disengage this connector and many oes not require a separate deck unit. The Workhorse
users do not fully engage the bayonet mechanism. is powered directly from a DC source, or optionally

Connectors for RS-232 serial communications, powe
connections, and fuse holders also are on the back pa gma 120-volt AC 10 a 12-volt DC converter. The

of the deck unit. The fuses protect the ADCP and deck¥/orkhorse communications cable and the power
unit in the event of short circuits and incorrect (reversejupply cable are attached to the pressure case by way
battery polarity. of a submersible connector.
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1994). The technical manual is shipped with each
ADCP; however, the Transect computer software and
manual must be purchased separately. The Transect
software and users manual are shipped as computer
diskettes. Both manuals are updated periodically and
hard copies of these updates can be obtained from the
manufacturer for a fee. The manufacturer also main-
tains an internet web site that provides downloadable
copies of the latest ADCP documentation updates,
technical bulletins, and complete manuals
(www.rdinstruments.com). The operator also should
become familiar with the “Quality assurance plan for
discharge measurements using broad-band acoustic
Doppler current profilers” (Lipscomb, 1995).

Figure 4.5. Connector cable for attachment of R.D. Instruments,

Inc., broad-band acoustic Doppler current profiler to Ancillary Equipment
accompanying deck unit.

. . . Measurement Platform or Vessel Requirements
Acoustic Doppler Current Profiler Discharge-Measurement

Software Discharge measurement platform or vessel

: . .requirements will vary, depending on the size and flow
Tomeasure river discharge, the ADCP system I%ates of the rivers and streams. For example, if

?COP? ;;Jos”eg 23)/ qr'ﬁghgggﬁggfa?%georpﬁ?; zgmg:g is measurements are in large rivers or estuaries, the
discuséeo] in.detail in chapter 5 BB-ADCP may b(_e mounted on a 9- to 15-m (30- to
' 50-foot) vessel with an enclosed cabin. If, on the other
hand, discharge measurements are on small, slow-
Documentation moving rivers, the vessel of choice may be a 5- to 6-m
(16- to 20-foot) skiff. For very small streams or rivers

The manufacturer provides several pieces of with minimal wave action, the BB-ADCP may be

documentation that are essential for the proper : :
operation and setup of the BB-ADCP including mounted on an inflatable boat, such as a Zodiac.
“The Direct Reading and Self-Contained BB-ADCP For improved safety while taking measurements

Technical Manual” (R.D. Instruments, Inc., 1995). Forthat would be hazardous using manned platforms or to
those using the Workhorse Rio Grande, RDI providesawid traffic hazards, the USGS Indiana District has
“Workhorse Rio Grande Technical Manual P/N 957- developed a tethered platform (fig. 4.6). For flood work
6101-00,” November 1999. Also needed is the Transeeind bridge scour measurements, the USGS Office of
Program users manual for the broad-band acoustic Surface Water has developed a prototype radio-
Doppler current profilers (R.D. Instruments, Inc., controlled platform (fig. 4.7).
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Figure 4.6. Tethered acoustic Doppler current profiler discharge measurement platform.

Figure 4.7. Radio-controlled, 12-foot, broad-band acoustic Doppler
current profiler platform.

The proper boat choice will depend on the
topography and hydrology of the area of interest;
however, it is best to have several alternative vessels for
discharge measurement use. In the USGS California
District, three boats are used for ADCP discharge
measurements. Figure 4.8 shows a 30-m (95-foot)
vessel with a side-swing mount. Using this
configuration, measurements in the estuary can be
obtained under all but the worst of conditions.

Figure 4.9 shows a similar mount on a 6-m
(20-foot) Boston Whaler. This vessel can be used in
estuaries, rivers, and in river tributaries. A large
150-horsepower (hp) engine is used to get from place to
place quickly when making discharge measurements in
an estuary or river delta. A smaller engine is used when
making discharge measurements in small rivers and
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Figure 4.8. Two views of an acoustic Doppler current profiler side-swing mount on a 30-meter (95-foot) vessel.

slow-moving water. This vessel can be rigged with ~ €ngine or an electric trolling motor can be used to slow
canvas for inclement weather. the vessel. For accurate measurements in very slow-

. . . velocity water, this vessel can be pulled on a tagline.
Figure 4.10 shows a side-swing mount on a y P g

4.5-m (15-foot) Boston whaler. This vessel is easily In Sweden, BB-ADCP operators have used a
trailerable and is used when measuring small rivers. small, inflatable dinghy when making discharge

The main engine has a four-cycle, 45-horsepower measurements (fig. 4.11). The advantage of this type of
engine that can be idled at low speeds for discharge vessel is that launch ramps are not needed. The dinghy
measurement. This configuration is used mainly in faican be inflated on the riverbank and the equipment set
weather; however, canvass also can be rigged to makep for use in less than 30 minutes.

the vessel usable in inclement weather. It is imperative that not only the correct boat be

When making discharge measurements in used for any given set of river and weather conditions,
narrow rivers, a trolling plate can be used on the mairut also that boat operators be properly trained. Correct
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Figure 4.9. Side-swing mount on a 6-meter (20-foot) Boston Whaler for an acoustic Doppler current profiler.

operation of the boat is vital to obtaining high-quality the amount of data processing required, the computer
discharge and velocity measurements. The DOI must have an i286 central processing unit (CPU) or
requires that boat operators attend a DOI motor boatequivalent (an i386, i486, or Pentium CPU is desirable),
operators training course before operating a USGS boand also must be IBM compatible. The computer at
or vessel. All passengers on USGS vessels should wdaast must be capable of displaying extended graphics
life jackets (type V or better) and observe all U.S. Coastrray (EGA) compatible graphics. Because of the
Guard and USGS water safety regulations. amount of data storage required, a hard drive
(nonvolatile ram drive) should be used with at least

Laptop Computer 20 megabytes (Mb) of available storage space.

The computer screen display should be visible in
The computer selection for running the direct and diffuse sunlight (fig. 4.12). Those computers
BB-ADCP software is very important. Because of  that do not rely on backlighting for display illumination
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Figure 4.10. Side-swing mount on a 4.5-meter (15-foot) Boston Whaler for an acoustic Doppler current profiler.

seem to have the most visible display in direct sunlighscreen coatings, shock-mounted hard drives, and water-
Standard monochrome liquid crystal display (LCD) resistant keyboards and access panels. Standard laptops
and LEDs have the best visibility. Active matrix color have minimal protection from the elements; rain and
displays have fair-to-poor visibility, and dual scan colordust protection are not provided and many have flimsy
LCD displays have poor-to-no visibility in direct plastic doors covering the port connections. These
sunlight. The computer purchase should be based orplastic doors fall off or are easily broken (fig. 4.13).

the computer’s ability to run the Transect software and

on the visibility of the screen display in direct sunlight. . Do not rely on the internal laptop battery 10
provide power for an all-day measurement session

For routine collection of streamflow data, a because most laptop batteries will not last beyond about
rugged laptop computer is desirable. Several 3 hours and many will not last 1 hour before requiring
manufacturers now produce laptops with antiglare  recharge. Most of these rechargeable batteries tend to
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Figure 4.12. Laptop computer screen in diffuse sunlight.

Figure 4.11. Acoustic Doppler current profiler mount for an
inflatable dinghy.

The data-processing computer is connected to the
BB-ADCP through a serial connection on the back of
gradually lose capacity with age. The measurement the deck unit. Normally, this serial connection is
system operator should attempt to power the computefs_232¢: however, for long cables (longer than 200 ft),
from an external battery with a large capacity, suqh aRs-422 protocol should be used. RS-422 protocol
an external 12-volt automobile or deep-cycle marine o jires the use of a separate converter box as well as

battery. Many of the newer laptops do not directly . . . .
accept 12-volt power and require special adapters forchanges in the internal BB-ADCP switch settings
power conversion. These adapters should be purchasg&D' In.struments,. Inc., 1995). The RS-232¢ serial
with the computer, if possible, because they may be Onnection is provided by way of a standard IBM
unavailable with ensuing computer model changes. Personal computer (PC) 9-pin female to 25-pin male
Most adapters have a Cigarette ||ghter p|ug at the adaptor cable, which is available in most Computer
12-volt end of the adaptor. The cigarette lighter plug shops. A null-modem adaptor is not needed.

can be replaced with two alligator clips that can be The comput tb tected f direct
attached directly to battery terminals. Another . puter must be protected from direc
alternative for laptop power is to purchase a 200-watSunlight and heat during data collection. The LCD

(W) inverter. There are several small efficient inverter§Créen tums dark and unusable if it remains in direct
on the market today that do not draw excessive powetunlight too long. The computer also can be damaged
under idle conditions. The inverter is connected to thédy the heat of direct exposure to the sun. One solution
12-volt batteries and the computer AC adaptor is is to place the computer inside an empty cooler that is

plugged into the inverter. turned on its side. The cooler shades the computer and
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Figure 4.13. Laptop computer with missing plastic doors and port
covers.

LCD from direct sunlight and also protects the
computer from splashing water.

Acoustic Doppler Current Profiler Mounts

For discharge measurement or profiling, the
BB-ADCP is positioned with the transducer assembly
facing downward into the water column with beam
three oriented forward. The BB-ADCP can be mounted
in many different ways, but two methods have been

used for most deployments; the side-swing mount antt4—95 ft) and on streams 3.5 m (10 ft) wide and on
the “sea chest” mount. rivers as wide as 1.6 km (1 mi). These mounts have the

. . disadvantage of being far from the boat keel and,
. Figures 4.14 and 4.15 show two types of side- herefore, are subject to altitude changes caused by
swing mounts that have been used successfully. An iich and roll. However, for most applications, these

Figure 4.14. Inexpensive acoustic Doppler current profiler mount.

inexpensive mount made from 51-mm (2-inch) mounts produce acceptable results
aluminum pipe and 51-mm by 305-mm (2-inch by P P '
12-inch) lumber is shown in fig. 4.14, and a more Figure 4.16 shows a “sea-chest” mount that has

expensive mount fabricated from 6061-T aluminum isbeen used successfully for narrow-band ADCPs and
shown in fig. 4.15. These types of mounts have beencan be modified for use with BB-ADCPs. The “sea-
used on boats that range in length from 4-30 m chest” mount has the advantage of being close to the
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Figure 4.15. Aluminum acoustic Doppler current profiler mount.

boat keel and, therefore, less subject to altitude chang#é® transom swing mount is being used by the USGS
due to pitch and roll. The position also places the lllinois District (fig. 4.20). An easily detachable swing
BB-ADCP away from edges of the boat wake where mount was designed and used by the USGS Idaho
entrained air is present. Entrained air can cause loss Bistrict (fig. 4.21).

bottom track.

ADCP operators at Tampa, Florida, have Range Finder or Method for Estimating Distance to Shore

developed a variant of the swing mount (fig. 4.17) that  Eqge discharges are estimated in the Transect
allows the BB-ADCP to be easily swung aboard the software using a technique similar to that used when
measurement vessel. A hydraulic mount was designesaking conventional discharge measurements. The

and installed on a “john boat” in the USGS Indiana unmeasured area between the boat and the river edge is
District (fig. 4.18). A unique variant of the transom  estimated using the last measured mean velocity, the
mount was designed by Harry Hitchcock of the USGSast measured depth, and the distance from the boat to
Kentucky District (fig. 4.19). An inboard variation on shore. The algorithm assumes a triangular-shaped area
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Figure 4.16. Sea-chest mount for a narrow-band acoustic Doppler current profiler.

for this estimate. If the river channel is rectangular, and shore. The most reliable way of ensuring accurate
these edge estimates can be doubled and an adjustmegije estimates is to set buoys out from the shore at

made for the roughness of the edges. known distances (measured with a tape or distance
Estimating the distance to shore can be done witfi€ter). The Transect software is then started and

the naked eye; however, such distance estimates arestopped at these buoys. This method is not always

almost always short of the true distance (under- possible when large numbers of discharge

estimated). The reason for this is unclear, but is measurements are needed at different locations within a

possibly due to lack of visual clues between the boatshort time period.
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Figure 4.17. Mount used by the U.S. Geological Survey Tampa, Florida, Subdistrict.

There are several types of distance-measuremeand then rotates a knob to converge two images of the
devices on the market that have been used to increasghject. The distance is then read from a scale on the

the accuracy of the edge estimates without the need Hfé%/ice. This method requires a little practice but, with

set buoys or onshore devices. The devices can be placlcc)ar perly calibrated range finders, acceptable accuracy

into three categories:
I gorl can be obtained up to about 180 m (600 ft).

*Optical
*Sonic Sonic devices that have been tried, require a
eInfrared laser vertical wall for a signal return. Riverbank edges
Good results have been obtained with generally do not have topographies that enhance
inexpensive, optical range finders (fig. 4.22) that use &coustic reflections. To be usable, these devices need

parallax and a focusing device to estimate distance. Tis@ecial sonic targets (corner reflectors) placed on the
operator identifies a rock or object at the stream edgeiverbanks. These devices can be useful if the operator
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] hundreds of meters (thousands of feet) with targets. The
major drawback to these devices are their cost and
durability. They require precision optics, which are
delicate and easily damaged.

Trolling Motors/Plates

Discharge measurements typically require the
use of slow boat speeds, especially in low water-
velocity conditions. The main boat engine usually is too
large for use when making discharge measurements. A
battery-operated trolling motor (fig. 4.23) with variable
speeds or a small gasoline-driven marine engine may be
used to maneuver the boat at the slow speeds required
for making a discharge measurement.

If an electric trolling motor is used, extra deep-
cycle marine batteries should be included in the
discharge-measurement equipment inventory. When
using a trolling motor, a full day of discharge
measurements may require two or more fully charged,
deep-cycle marine batteries. If a gasoline-powered
trolling motor is used, the operator may wish to
purchase a four-cycle marine engine. A four-cycle
engine is quieter than a two-cycle engine, does not
smoke as much, idles for longer times at low speeds
without spark plug fouling, and does not require an
oil/gas mixture for operation.

Inexpensive steering adapters (fig. 4.24) can link
smaller trolling motors to the main engine steering, and
remote throttles and gearshifts also can be console
mounted. Electric trolling motor steering even can be
done with a foot pedal.

Figure 4.18. Hydraulic mount used by the U.S. Geological Survey
Indiana District.

Miscellaneous Measurement Equipment

is able to deploy the sonic targets at the cross-section Miscellaneous discharge-measurement
edges. equipment may include the following:

Laser devices are cumbersome and more delicate ~ *Buoys with attached anchors for marking cross-
than the other range finders, but can be more accurate section edges
over longer distances. They can be used without targets  «Tag-line systems for measuring very slow
(corner reflectors) up to about 75 m (250 ft) and up to velocities
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Figure 4.19. “Toggle” mount used by the U.S. Geological Survey Kentucky District.

«External depth sounders and navigation previously. In most cases, beam three is oriented toward
equipment the bow of the vessel, however, if the vessel will be
*Rain/sun canopy and computer-protection geameasuring discharge next to bridge piers or vertical
walls, the ADCP should be oriented such that the beams
are at 45° angles to the axis of the vessel. This

Installation of the Broad-Band Acoustic Doppler o tation allows the closest approach to the vertical
Current Profiler wall.

Care must be taken to eliminate magnetic fields
or ferrous materials from the vicinity of the pressure
case. Not only the ADCP mounts, but all nuts, bolts, and

The ADCP is mounted on the measurement  other fasteners must be made from nonferrous
vessel using the mounting systems described materials.

Mounting the Acoustic Doppler Current Profiler on the
Vessel
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Figure 4.20. Swing mount variation used by the U.S. Geological Survey lllinois District.

Deck-Unit and Power-Supply Connections other than electrical connector pins. The manufacturer
has corrected this problem, but several of the early deck

The other components of the BB-ADCP systemunits had no mechanical attachments on the DC-to-DC

also must be mounted or placed in safe (splash-free)converter block. The block would become dislodged

areas on the measurement vessel. There are some during transportation and the deck unit would not

precautions to be observed when installing the systefnction when connected to 12-volt DC power.

components. The deck unit (if used) should be

positioned out of direct sunlight (excessive heat) and The connections on the back of the deck unit are

away from exposure to moisture (the housing for the shown in figure 4.25. Using the deck unit, the

deck unit electronics is not waterproof). The deck uniBB-ADCP may be powered with 110- to 120-volt AC

should be opened and examined to ensure that all power, 12-volt DC power, or 20- to 60-volt DC power.

components (especially the DC-to-DC convertor blockyhe AC power is supplied to the deck unit using a

are firmly attached to the board socket by some meaissandard IBM personal computer-style pigtail
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Figure 4.22. Optical range finders used to estimate near-shore
distances.

power the BB-ADCP and computer for the whole day.
The second battery is for backup.

A range of 20—60 V DC can be supplied to the
deck unit through the bayonet style coaxial (BNC)
connector (fig. 4.25). This voltage also must have
proper polarity, as it is delivered directly to the
BB-ADCP. The voltage must be supplied using a
properly insulated (center positive) female BNC
connector. IMPORTANT!!! These voltage magnitudes
can be lethal, especially around water. Make sure all
connections are insulated properly.

The voltage entering the 20- to 60-volt connector
does not go through the DC-to-DC convertor before
Figure 4.21. Detachable swing mount used by the U.S. Geological being sent to the BB-ADCP; therefore, it is not “stepped
Survey Idaho District. up” to the nominal BB-ADCP transmit voltage of 50.

Voltages less than 30 may not supply the BB-ADCP
with enough transmit power to enable profiling in the
connection. The 12-volt DC power is supplied using adeeper depth ranges, especially if the water has few
user-designed cable connected to the labeled terminalkcatterers. Voltages greater than 60 may damage BB-
block on the back of the deck unit. Polarity is importanADCP power regulation components.
when connecting to this terminal block using this cable
connector. Early versions of the deck unit did not hav@coustic Doppler Current Profiler Cables and Connectors
input diode protection and could be damaged by
improper DC polarity. The input polarity should be
double checked before applying power. Most
experienced BB-ADCP users begin a daily measuring A multi-pin shell connector on the BB-ADCP
session with two fully charged marine deep-cycle  cable connects to a 24-pin bayonet socket on the back
batteries. One fully charged 12-volt battery should of the deck unit. This connector assembly is not very

Broad-Band Acoustic Doppler Current Profiler
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Figure 4.23. Typical battery-operated trolling motor used when
making acoustic Doppler current profiler discharge measurements.

shell connector can be ordered (when specifying the
cable length) that may provide greater protection than
the standard shell connector.

The molded underwater connector on the
BB-ADCP end of the cable has a plastic alignment key
that can become worn. Slight misalignment caused by
wear of the alignment key can cause connector pins to
bend when mating the connectors and tightening the
locking ring. The O rings on both connector ends
should be lubricated regularly with silicone grease and
the connector rocked slightly to enable proper
connector mating. If the alignment key or keyway is
worn excessively, the connectors should be replaced.

It is possible that a long, coiled BB-ADCP cable
can cause improper BB-ADCP operation. Noise or
interference can be introduced (induced) into the coiled
cable. Excess BB-ADCP cable should not be coiled, but
flaked (using a non-overlapping S-shaped pattern)
along the deck. It is best to order a short cable for use
when the deck unit is mounted close to the BB-ADCP.

Workhorse Rio Grande

There is no deck unit for the Workhorse Rio
Grande ADCP. Power is supplied to the electronics in
the pressure case through a combination power and
communications cable. The communications cable is
terminated with a standard DB-9 RS-232 connector that
mates with most laptop communication ports. The
power cable is terminated with alligator clips that can
be attached to a 12-volt battery. A users guide (R.D.
Instruments, Inc., 1999) for connecting and configuring
the Rio Grande is provided with the instrument or can
be obtained from the RDI web site
(www.rdinstruments.com).

Undoubtedly, other equipment will be needed
that is unique to each operator or measurement site.

sturdy and should be protected from undue twisting antlost operators build a “kit” containing ADCP
mechanical pressure. The overhang at the back of theneasurement equipment, manuals, and field forms to be
deck unit prevents easy disengagement of the bayontstaded before each deployment, thereby reducing the
mechanism, and many operators only partially engagehances of forgetting to pack a vital piece of

the mechanism to facilitate easy removal. A right-angleneasurement gear.
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Figure 4.24. Two views of a steering adaptor that connects the trolling motor to

Summary

The acoustic Doppler current profiler (ADCP)
discharge-measurement system consists of the
following items:

An ADCP system with bottom-tracking
capability

*Pressure case and transducer assembly
*Power supply and communications interface
eDischarge-measurement software

60 Discharge Measurements Using a Broad-Band Acoustic Doppler Current Profiler

the main engine.

Manufacturers’ documentation
Ancillary equipment

*Safe measurement platform or vessel
*ADCP mounting assemblies

eLaptop computer

*Range finder or method for estimating distance
to shore

*A knowledgeable ADCP operator and well-
trained vessel operator.
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Figure 4.25. Interconnections of the broad-band acoustic Doppler current profiler (BB-ADCP) deck unit with other components of the
acoustic Doppler current profiler discharge-measurement system. Adapted from R.D. Instruments, Inc., (1995). DC, direct current;
AC, alternating current; V, volt.
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CHAPTER 5: BROAD-BAND ACOUSTIC DOPPLER preliminary configuration files from ADCP training
DISCHARGE-MEASUREMENT SYSTEM classes or the USGS Office of Surface Water ADCP
CONFIGURATION users’ group Web site (http://il.water.usgs.gov/adcp/).
Experienced users usually bypass the Transect
communication, calibration, and planning modules and
Discharge-Measurement Software—"Transect” directly modify preexisting configuration files using a
Although the BB-ADCP can be used as a text editor to fit the desired stream conditions.

velocity-profiling instrument, this report primarily To familiarize the reader with the Transect
addresses its usefulness as part of a discharge- communication, calibration, and planning modules, we

measurement system. The purpose of this chapter is Y§!! first discuss a method for creating a preliminary

discuss proprietary software used to configure the ~ configuration file, and then discuss each section of the

BB-ADCP or Workhorse Rio Grande and to acquire c0nfiguration file, in detail.

data from these ADCPs to measure discharge. This

software is called “Transect.” Most of the information Creation of a Preliminary Configuration File Using Transect

covered in this chapter also can be found in the Transekfiodules

Users Manual for the BB-ADCP (R.D. Instruments,

Inc., 1995). This chapter will not dwell on the small

details of configuring the BB-ADCP or Rio Grande,

but will attempt to touch on the important issues and The Transect software provides a communication

provide tips to the neophyte ADCP operator. test and setup whereby the user can establish com-
Transect is composed of a series of stand-alondnunication with the BB-ADCP processor. The user also

software modules that incorporate the discharge- ~ ¢an use any terminal-emulation software or the soft-

measurement algorithms discussed in chapter 2 and Ware supplied by the manufacturer called "BBTALK”
also include the following features: to establish communication with the BB-ADCP.

BBTALK is a simple terminal emulator with file-

_ _ capture capability that can be used to initially check the
*Graphical output of ADCP velocity and BB-ADCP communication parameters if the Transect
discharge-measurement data _ software cannot establish communication.

*Tabular output of ADCP velocity and discharge- Instructions for using the emulator are in a disk

measurement data file called 'BBTALK.DOC' that is shipped with the
«Command and control interface to the ADCP  Transect software utilities. If the operator cannot
*Raw and processed data storage and playbaclestablish communication with the BB-ADCP, then the
Transect also includes algorithms for estimatingBB-ADCP technical manual should be consulted and
unmeasured parts of the water column and cross the communications and power connections should be
section. The Transect software has the ability to accegiouble checked. Different baud rates and bit combina-
and record (along with the velocity data) external tions can be tried on a trial-and-error basis in the event
navigation and depth inputs. that the BB-ADCP was setup on a nondefault baud-
rate/bit combination. This will be practical only for
semistandard parity bit and stop bit combinations (for

Communications Setup

A graphical user interface

Transect Configuration example, no parity bit, eight data bits, one stop bit). It is
The configuration file is at the heart of the possible to set the BB-ADCP to a nonstandard baud rate
Transect software. The configuration file can be ~ With @ combination of stop bits and parity that is
thought of as the interface between the ADCP and th&ifficult (if not impossible) to determine by trial and
Transect software modules. Commands in the error. If all standard methods produce “garbage” output

configuration file tell the Transect software how to 10 the BBTALK screen, the ADCP should be
communicate with the ADCP, how to configure the  disassembled and the master reset button on the CPU
ADCP, and how to modify the ADCP data-collection Poard should be pushed (R.D. Instruments, Inc.,
parameters for proper discharge measurement. Itis 1995-1999). This will reset the BB-ADCP to factory
possible to use the communication, calibration, and default communication values. This should, however,
planning modules of the Transect software to build a P& done only after the failure of all other attempts to
trial configuration file on the basis of rough stream ~ €stablish communication with the ADCP.

parameters. Although this method is used below to By using the BB-TALK terminal emulator
illustrate some of the modules in the Transect softwardfig. 5.1), the operator can invoke the BB-ADCP

it is recommended that neophyte operators obtain  diagnostics menu with the PT command. PTO displays
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Figure 5.1. BB-TALK terminal emulator help screen.

the test menu. PT200 performs an entire suite of problems. The communications parameters established
diagnostic tests. The BB-ADCP technical manual  in @ session using the communication submenu are
provides a detailed description of the diagnostic testsadded to the communication section of the

Parts of the PT200 diagnostic test often will indicate configuration file.

failure if the ADCP transducer assembly is not The communications ADCP submenu (fig. 5.3)
immersed in water. In fact, certain parts of the PT200provides for the setup and checkout of initial BB-ADCP
diagnostic test may fail (with a healthy ADCP) if the communication parameters. Once these parameters
transducers are immersed in a shallow bucket of watérave been determined, the trial configuration file can be
that is placed on a hard surface. saved with these parameters included. The communi-
cation menu also provides for the setup of communica-
tions between navigational devices, external readouts,
and the external sensors (if any are required). The setup
&gthese devices is covered in detall in the Transect
Software documentation (R.D. Instruments, Inc., 1999)
and is not covered in this report.

For best results, the diagnostic tests should be
performed at the river cross section with the ADCP
immersed in water. If the tests must be done in the
office or lab, the transducer surfaces should be clean
with soap and water (to remove grease), and then
immersed in a plastic pail of water sitting on a foam
pad. The manufacturer should be called if the
BB-ADCP fails any of the PT200 suite of diagnostic Calibration Setup
tests using this scenario. Discharge measurements After establishing communication with the
shpuld not be done if the diagnostic tests indicate a BB-ADCP (and, thereby, setting up communication
failed s'ubsystem. A PT200 test sh_ould be done beforﬁarameters in the configuration), the operator then
ewery discharge-measurement series, and the test  ghqy|d go to the calibration submenu for the next level
output should be captured to a file and archived. ¢ configuration file construction. In the calibration

The communications menu selection of the ~ menu within the main menu (fig. 5.4), two submenus
Transect software main menu (fig. 5.2) allows the  (offsets and scaling) will help create a “trial”
operator to establish communication with the configuration file when saved.
BB-ADCP, provides the proper communication The calibration offsets submenu (fig. 5.5)
parameters for the construction of the configuration provides the operator with the opportunity to set the
file, and provides access to direct (terminal emulationBB-ADCP time and to enter compass alignment offsets
communication with the BB-ADCP for checkout, (if the compass is separate from the BB-ADCP) or to
configuration, and debugging of configuration enter compass magnetic corrections.
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Figure 5.2. Transect main menu showing menu choices. BB-ADCP, broad-band acoustic Doppler current profiler.
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Figure 5.3. Communication acoustic Doppler current profiler (ADCP) submenu.

The next menu entered should be the calibratiotop estimation method, and “power” for the bottom
scaling submenu (fig. 5.6). The calibration scaling  estimation method, unless examination of the profiles
submenu provides the operator with the option to  indicates that these values should be changed or
change several important velocity-profile scaling and bidirectional flow exists in the measurement cross
estimation parameters. If salinity at the measurementsection. The power-curve exponent also should be left
site is known, or can be accurately estimated, it can ket 0.16670, unless otherwise indicated (chap. 8). Pitch
entered in this menu. Speed of sound can be enteredand roll compensation should be left at the default
manually if it is known, but, in almost all cases, shouldsetting of YES, which allows the Transect software to
be computed for each ensemble. The discharge automatically compensate for vessel pitch and roll
extrapolation scheme should be left at “power” for theduring the discharge measurement. The absorption
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coefficient and echo intensity scale also should be left Planning Setup

at default values, unless otherwise indicated. The value

of these parameters has no effect on discharge- or The next main menu is the planning menu
velocity-measurement results. The configuration file (fig. 5.7). The planning menu, has two submenus (set
should be saved with the appropriate name upon exitirend ADCP) that, when used properly, will complete the
the calibration menu. initial creation of the configuration file.

cal ilration

Figure 5.4. Transect main menu showing calibration menu choices. BB-ADCP, broad-band acoustic Doppler current profiler.
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Figure 5.5. Calibration offsets submenu screen. ADCP, acoustic Doppler current profiler
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The planning setup submenu (fig. 5.8) prompts The deployment name should be a unique, four-
the operator for the deployment name, primary drive,letter identifier for the measurement site. For example,
secondary drive, recorded data types, measurement the identifier FRES could be used for Sacramento River
processing, and engineering units used for tabular arat Freeport, California, session 5 (fig. 5.8). Future
graphics output. If an operating frequency for the releases of Transect may support the use of a longer
ADCP has not been specified, the setup menu will identifier. The deployment name has two functions; it
prompt the operator to provide an entry. becomes the name of a MS DOS root-level directory

File D:FRE3.CF&

Fixad salinity valuas H.H et Fitch aml roll conpansalion

Zound FSpeed ! COMPUTE EACH EMSEMEBLE Abzorption coelf icient B.448 dBSm
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COAMUTE FOR EVERY ENSERBLE i Fifreq,temp,salinity)

op estimation method MWEHR
=t bl FURIEH Echo intenzity scale H.438 4B count
1 4 H.1&b67H
Fronpt | ATCEE Hi DEFAULT ENTER UALUE
Edge smlope coellicie TR IANGLE

Figure 5.6. Calibration scaling submenu screen. ADCP, acoustic Doppler current profiler.

pllamn i ng

Figure 5.7. Transect main menu showing planning menu choices. BB-ADCP, broad-band acoustic Doppler current profiler.
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Figure 5.8. Planning setup submenu screen. ADCP, acoustic Doppler current profiler.

where all ADCP data collected with this configurationexecute properly. This report will not cover the
will be stored and it also forms the first four charactergperation of external navigation interfaces.

of each filename of ADCP data. The processing selection (fig. 5.8) controls data
The primary and secondary drives in the setup 2raging done by the Transect software (not in the

submenu are usually the same and are used to constrB&APCP) and is used for processed data output. The
the data storage path name. For example, data from tff&/V ensemble data can be averaged with time (traverse
above example would be stored in the FRES directoryN€) OF space (cross-section distance). This setting will
on the C drive (C:\FRES). The secondary drive is usef€Ct the number of ensembles that are displayed

in cases where the Transect software runs out of storafjfing & cross-section traverse but will not affect the
space on the primary drive. When hard disk space is cording of raw ADCP data. The averaging of raw data

PR ; P affected by the number of measurement pings
grr?g;‘(je,rtﬂgrzeggﬂdoarrg %g\ﬁ);%?i\?:_ changed to Indlcaﬂaé\/eraged by the ADCP firmware (discussed in chap. 6).
The graphics and tabular displays can be

Data recorded with Transect may be stored in  gnnotated in either standard or metric units. This setting
three different types of files: raw, processed (averagedjoes not affect the raw data.

and navigation. Raw datanaysshould be recorded for . ,
. . The planning ADCP submenu (fig. 5.9) allows
USGS d|sc_harge me_a'tsurerpents. The”se data} provide E'H% operatgr to ingut ship speed and(thge Ien)gth of
operator with the ability to "play back” any discharge dtransect, and then provides the operator with a display
measurements that were recorded from Unprocessed, o giimated transect time, first and last depth-cell
BB-ADCP data-output files. Processed data can be ', vione “time between ensembles, and standard
gicr?r:d?ﬂéf d"’i‘ggr']t;?nglg;%g?é'r?]gr?tesegﬁetg %Z\?J%raetg deviation of individual ensemble velocity averages. The
uring the ge: =S operator also is informed of the amount of available
files contain unmodified data recorded directly from th isk space and disk space required for the transect
ADCP. Processed data files typically contain average '

ADCP data, but also may contain data from an external  |f the operator has saved the configuration file at
navigation device, configuration-file data, and each of the above described menu steps, a configuration

Navigation data should not be recorded unless
the BB-ADCP is connected to external navigation
devices such as GPS or Loran C systems. The recording  As explained in the previous section, the ADCP
and processing of navigation data requires a recent configuration file is used by the Transect software to
version of the Transect software (4.00 or later) to communicate with, configure, and control an ADCP.

The Configuration File, in Detail
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Figure 5.9. Planning acoustic Doppler current profiler submenu screen. ADCP, acoustic Doppler current profiler.

The configuration file also controls the type of data The Communications Section
collected and where the data are stored on the host

computer. Configuration files are standard text files th% hich-rsrze?sﬁlrft fheecal?gr:zgstes%?tryvgrzntlg%:gjlE“Svsi(;ﬁ?t?e
can be opened with a generic text editor. P

L _ A . ADCP. The section contains directives in the form
The first line of a configuration file verifies that

Lo Nt . ¢ h Device 5sp (Switch sp Port sp Baud-rate sp
this is an official RDI configuration file and must be Paritybits sp Databits sp Stopbits) [port baud

present for proper loading. If the line becomes altered parity databits stopbits]
or corrupted, the operator will get a message that readshere
“the file is not a Transect configuration file.” If the

. : Sp = space.

above described error occurs, the line can be corrected ) .

(with the exact text shown in fig. 5.10) using a text ltems in parentheses should be edited to match
editor. the device configuration. Items in brackets are

reminders or comments and should not be changed. For

The configuration file consists of the following example, if an ADCP were setup to communicate at

sections: o _ 38,400 bauds per second with no parity, eight stop bits,
*The communications section and one data bit through the COM1 port of a computer,
*The calibration section the first directive line would rgad: ADQP (ON C_OMl
«The recording section 38400 N 8 1) [Por-t Bayd Parity Databits Stopblts].
«The ADCP hardware section ~ There are directives for all allowed devices that

_ _ might communicate with the Transect software through

*The direct command section the various computer ports. The ADCP directive line is
*The processing section mandatory; however, the other directive switches
*The graphics section should be turned off unless needed (fig. 5.10). These

directives also can be set from the communication

*The h'StO_ry section _ o menu in the Transect software.
Each section of the configuration file addresses

different aspects of ADCP command and control, as
well as Transect software data storage and
visualization. We will discuss each section of the The ensemble out section (fig. 5.10) contains a
configuration file in detail in the following paragraphs.series of toggles that enable or disable output of the
Sections within the configuration file are enclosed in various ensemble data. If the ENSOUT directive in the
braces. communication section is ON, then information from

Ensemble Out Section
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BEG N RDI CONFI GURATI ON FI LE— This line must be first in all RDI configuration files

COMMUNI CATI ONS — Begin communication section

{ Switch Port Baud Parity Databits Stopbits
ADCP — A Must ON COowL 9600 N 8 1 — Mustbe setto ADCP rate
ENSQUT OFF COowe 9600 N 8 1
NAV — Thisisfor OFF COM3 9600 N 8 1

GPS or Loran Optional...see
REFQUT OFF cowt 9600 N 8 1 explanation in text.
EXTERNAL OFF COWb 9600 N 8 1
UseSof t war eBr eak (NO — This is set to yes when using a radio modem.
}
ADCP HARDWARE
{
Fi r nwar e (5.57) |
Angl e ég(())) This section (ADCP hardware) will fill with pertinent information
Frequency (éHI P) when you start the acquire program (see text). If you have set these
I\S)b/j;em ( ( 1)) " values incorrectly, you will receive a warning message after the ADCP

: responds.
Oientation ( DOMN) P
Pattern ( CONVEX) |

}

Figure 5.10. Communication, ensemble out, and acoustic Doppler current profiler (ADCP) hardware sections of the configuration file.
RDI, R.D. Instruments, Inc.; GPS, global positioning system.

each ensemble is transmitted from the selected Additional information regarding this check is given
computer port. This section normally is not used for |ater in this chapter.

ADCP discharge measurements. Details for obtaining

real-time ensemble data are available in the Transect

software manual (R.D. Instruments, Inc., 1995). The Direct Commands Section
ensemble out section also can be set up from the ) )
communications menu in the Transect software. Direct commands are commands interpreted by

the ADCP, much like a computer operating system
interprets commands issued by a user. Direct
Acoustic Doppler Current Profiler Hardware Section commands can affect the outcome of a discharge
_ _ ~ measurement, therefore, it is imperative that the ADCP
The ADCP hardware section (fig. 5.10) is a list ofgperator fully understand the purpose and outcome of
parameters that describe the ADCP hardware the basic direct command set. The direct commands
configuration. These parameters are not actually  section is the most important part of the configuration
transmitted to the ADCP but are checked against actufile (fig. 5.11). Some direct commands are mandatory
ADCP hardware parameters upon ADCP “wake up.” for proper discharge measurement. Erroneous
Missing parameters are filled in to match ADCP commands can cause improper operation of the ADCP.
hardware. If the Transect software discovers a The most important of the direct commands are the
discrepancy between parameters in the configurationwater- and bottom-mode commands (WM, WV, and
file ADCP hardware section and configuration data BM). These commands were discussed in chapter 3,
transmitted by the ADCP, a warning is displayed. and are not discussed here.
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Some direct commands may be controlled from Direct commands, like all other BB-ADCP
menus within the Transect software. Direct commandgarameters, can be edited into the configuration files
are discussed in detail in the technical manuals for th@ithout using the Transect software menus. However,

BB-ADCP, Rio Grande, and narrow-band ADCP
(R.D. Instruments, Inc., 1995-1999) and many of
them are not referenced in this report. However, an
understanding of the most important commands is
required for proper creation of configuration files.

the expert mode (alt-M) in the ADCP planning sub-
menu provides an easy way to enter direct commands
into the configuration file. This mode allows the
operator to specify the direct commands that will be
sent to the BB-ADCP during Transect initialization

(fig. 5.12).

DI RECT COMMANDS — Direct command section: These commands are very important

and are covered in detail later in chapter 5 of this report.

{

WE25 — Bin size

BX300 — Bottom-track depth

WAXXX — Number of water-measurement bins
WF50 — Blanking distance

W/170 — Mode 1 ambiguity velocity

WZ5 — Mode 5 lag

WD111100000 — Qutput data types

WML — Water mode 1 — Number of bottom pings
WP5 — Number of water pings

BP4 — Number of bottom pings

BVb — Bottom-track mode

TPO00006 — Time between pings

EX10111 — Coordinate transformation flags
ESO — Salinity
}

RECORDI NG— Beginning of the ADCP recording setup section

{

Depl oynent ( FRE5) — Unique four-letter deployment name

Drive 1 (C — Primary data storage drive

Drive 2 (C — Secondary (or emergency) data drive

ADCP ( YES) — Set YES to record ADCP data (a MUST)
Average (NO — Averaged data are not usually recorded

Navi gation (NO) — Setto No external GPS data are recorded

St art Recordi ng (NO — Settoyestoturnrecording on by default
when Transect is first started.

}

Figure 5.11. Direct command and recording sections of the configuration file. ADCP, acoustic Doppler current profiler; GPS, Global
Positioning System.
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Figure 5.12. Planning acoustic Doppler current profiler (ADCP) menu in expert mode (Alt-M).

The direct command numeric arguments are setvhen a new configuration file is created with the ADCP
by the manufacturer and are in metric units. To avoid frequency specified. In some cases, these values may
confusion, standard-unit conversions will not be have to be changed (in very deep or very shallow water,
presented in the following discussion. All direct for example). Consult the BB-ADCP technical manual
commands listed in the technical manual are importantiefore doing so. The WS parameter also may be set in
however, some are set by default and almost never the planning menu of the Transect software.
change, some are not changed except under rare Whonn
conditions, and some are changed dynamically by the ,
instrument. Some direct commands must be changed WNnnn is the command used to set the number
by the operator for optimum BB-ADCP operation in of water-velocity measurements (depth cells) in the

changing environments and are discussed below.  vertical profile, and can have a numeric range of 1-128.
. . . This value should be set so that WS multiplied by WN

When discussing the direct commands, the g ceeds the maximum expected depth in the cross
syntax for each command will be shown as CCnnnn, gaction by a safe margin. CAUTION! Failure to

where CC is a two-letter command; and nnnnis an  yroperly set this parameter can cause loss of discharge-

integer parameter. For example, the water ping measurement accuracy, loss of vertical resolution, and
command will be referred to as WPnnnn, where nnnn ig,complete velocity profiles. This parameter also can be
the nurtr;lber of water pings averaged for a data set using the planning menu in the Transect software.
ensemble.

WPnnnn

WPnnnn is the command that sets the number of
water-velocity measurements (pings) that are averaged
WSsnnn together to form a data ensemble (range from O to

WSnnn is the command used to set the length, in
centimeters, of the depth cell used for water-velocity Table 5.1. Optimum bin size (WSnnn) for acoustic Doppler current

Water-Track Commands

measurement (0-999), and controls the vertical profiler (ADCP) discharge-measurement applications

resolution of the measured-velocity profile. In most  [kHz, kilohertz]

cases, this value of WS can be determined using ADCP WSnnn for WSnnn for WSnnn for

table 5.1 watermode  1,200-kHz ADCP  600-kHz ADCP  300-kHz ADCP
These settings provide the best resolution in the Mode 1 25 50 100

event that velocity p_roflle information must be Mode 5 5 10 20

extracted from the discharge measurement. By default,

these values are placed in the direct command section Mode 8 S 10 20
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6384). As a general rule it is recommended that this Bottom-Track Commands
value be set to 1 because if an ambiguity error occurs,
it will not be averaged with other pings and therefore i . .
can be readily identified. If data are averaged by usir;)zrI BANNn is the bottom-track evaluation amplitude

o inimum (1-255 counts). This command defaults to
a WP command greater than 1 and an ambiguity err 0, but can be changed to 25 when bottom movement is

occurs in one of the ensembles, it will be averaged suspected. Values lower than 25 should not be used

along with the good pings and will cause a bias errorcﬁecause of the possibility of velocity-measurement
that may not be recognized when the data are played;oniamination by sediment moving above the bottom.

back. In situations where many ambiguity errors occuiy/hen bottom-sediment movement is present, using
the discharge measurement will be biased. This bias |ower frequency ADCPs (300- or 600-kHz) may

can occur using water modes 5 and 8 and sometimesggmetimes help eliminate bottom-movement bias
seen using mode 1 during dynamic conditions. (chap. 3) (example BA25).

BAnnn

In some cases during low-flow measurements, BCnnn
when using mode 1, a modest number of pings canbe  gopnn s the bottom-track correlation magnitude
averaged to help reduce the standard deviation of theminimum (1-255 counts). The BB-ADCP flags any
discharge measurement. Averaging pings in the ADCHata having a correlation magnitude less than this value
by using a non-zero Wp command_can Increase the as bad data—perfect correlation (solid target) is
total number of pings collected during a discharge 255 counts and the default value is 220 counts. This
measurement because the ADCP firmware processesalue can be set slightly lower when bottom tracking is
data faster than the Transect software. However, usirdjfficult to acquire (example BC210).
a non-zero WP command is dangerous (because of the

possibility of disguised velocity ambiguities) and Bran

should be used with caution. BPnnn is the number of bottom pings that are
aweraged for each data ensemble (1-999 pings). This
WFnnnn value should be set to the same value as that of the WP

command, or one less than the WP command if more

WFnnnn is a command used to set transducer than one water ping is averaged for each data ensemble
blanking distance (range 0-9999 cm); the blanking- (example BP01).
distance command defines the regions near the
transducer faces where no velocity data should be
collected. Depth cells close to the transducer faces m%y BXnnnn is the maximum bottom-track search -
be corrupted because transmitted energy has not  depth, in decimeters [80-9999 decimeters (dm)]. This
completely dissipated from the electronics or value should be set to match the deepest _expected depth
transducer ceramics. If this command is set too low, iP!US & safety factor. CAUTION! Error in this parameter

may cause corruption of the first measured velocity bidgnva’?x;ﬁgg%irhtgfg ?nrgacs%?;r%léﬁtaslgi g&ggt;?mig;ﬁk
This corruption can be very hard to detect. For 9 9

) ensembles. This parameter is set in decimeters, rather
1,200- and 600-kHz BB-ADCP units, the recom- than centimeters, and, therefore, is more prone to
mended minimum setting for this value is 50 for mOdeoperator setup errors (example BX100).
1 and 30 for modes 5 and 8 operation. For Rio Grande
units, the recommended setting for this value is 25 for &Rnn
all modes. Minimum recommended values for this The &Rnn command, while not a standard
parameter also depend upon operating frequency.  bottom-track command, must be set properly in the
BB-ADCP because the default setting is not optimized
WDnnn ann nan for river discharge measurement. The value nn is the
: length of the bottom-track pulse, in percent of total
WDnnn nnn nnn is the water-data output from depth. In BB-ADCP firmware, the default for this is
the BB-ADCP. The toggles for these parameters are sgh' (3 percent). The manufacturer suggests that a value
tolorO (1_: enabled,_ 0 :_dlsabl_ed) for the following o5 oo (20 percent) is more applicable to riverine
data: velocity, correlation, intensity, percent good,  environments. The recommended setting for this
status, and PO, P1, P2, and P3 (Px = external paramegginmand is &R20, and it should be included in the
data 0-3). For example, WD111100000 outputs direct commands section of the configuration file so that
velocity, correlation, intensity, and percent good. the default value is overwritten.

BXnnnn
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General Commands averaging is set to five water pings and five bottom-
ESnn track pings per ensemble and beam coordinate
transformation is selected, coordinate transformation
and pitch and roll correction will not occur until the
aweraged ensemble is transmitted to the computer from
open ocean (ES35), which can cause discharge- the ADCP. In the above case, the transformation and
correction occurs at the end of a 4- to 5-second interval.

measurement errors in freshwater if undetected. An fthe boat h itched lled sianificanty during th
ESO command is necessary in the configuration file if. 1€ Poat has pitched or rolled significantly during the
5-second period, the correction may be applied

measuring freshwater. Salinity in brackish or oceanic: correctlv or not anolied at all. For velocit
waters should be measured with a salinimeter. Unles&! y PP ' y

the salinity is known, this command always should becoordinates, the Transect software calculation is not

set for zero salinity (ES0) because the value can be 2ffected by the coordinate system being used, however
He software does require exact synchronization

changed after the fact in the Transect calibration Sec“i)etween the bottom-track vector and the water-track

(if it is discovered that brackish water was present, fo tor. If both dinat Earth t ; d at th
example). If the value is set to the wrong salinity (other’ SC'OF- T DOt coordinates are E=artn transformed at the
d of a 5-second interval and there are abrupt heading

than 0) in the direct command section, it is much hard h during the int | th hronizat f
to correct the resulting discharge values. changes during n€ interval, the synchronization o
these vectors may not be achieved because of
EXnnnnn time/phase lag in the onboard flux-gate compass. For

EXnnnnn is the set of coordinate transformatiorthese reasons, despite the lower ADCP ping-rate
flags, where each n in the command is set to a 1 or al@grformance, the WP and BP commands probably

ESnn is the estimated salinity, in parts per
thousand (0—40). It is important to set this parameter
properly because the BB-ADCP default setting is for

according to the following encoding scheme: should be set to average 1 ping for each data ensemble
*EX00Nnnn = no transformation (beam (WPO1 and BPO01) in windy conditions or conditions
coordinates) with a significant amount of pitch and roll.
«EX01nnn = instrument coordinates Another reason for setting WP and BP to 1 is so

ambiguity errors (chap. 3) will be more apparent. If
data are averaged along with an ambiguity error, the
error could be masked because of the averaging. This

*EX10nnn= ship coordinates
*EX11nnn = Earth coordinates

*EXnnlnn = uses tilts (pitch and roll) in can be especially devastating in mode 5 because
transformation ambiguity errors are more likely to occur.
*EXnnnln = allows three-beam solutions if one Pitch and roll corrections should be applied,
beam is below WC threshold unless the tilt sensors are defective. If tilt sensors are
*EXnnnn1 = allows bin mapping transmitting invalid data, they can be disabled to collect
This command allows the BB-ADCP to discharge data.
transform beam coordinates into other coordinate In most cases, three-beam solutions always
systems. The Transect software can do the above  should be enabled so that velocities can be calculated in
transformations if radial-beam velocities (beam the event that data are lost from one beam, however,

coordinates) are recorded (the default mode). For  there is some controversy as to the proper setting for
robust operation, the BB-ADCP probably should be sehree-beam solutions. Please check the USGS ADCP

for ship coor(_jinate transformation because the data aggers web site (http:/il.water.usgs.gov/adcp/) for late-
transformed in the Transect software rather than breaking instructions.

adjustments made to the raw recorded data. Bin-depth mapping should be enabled so that the

If velocity profiles are required, it is preferable to jmeasurement bins are kept at the same depth for each
collect raw data in beam coordinates because of the peam during a pitch and roll event.

difficulty in changing coordinate systems after
conversion to Earth coordinates. (It is difficult to “back

out” raw-beam coordinates if there is N0 ping-by-ping, . 'y 1 the transformation, allows three-beam
record of the COfI’E(.'JtIOII'IS for pitch, roll, and h_ead'ng')solutions for missing beams, and allows bin-depth
When recording in ship or beam coordinates  mapping for pitch and roll).

while averaging ensemble data in the profiler, pitch,
roll, and sharp boat movements and heading changes
should be kept to a minimum. Corrections for these
ewvents are calculated by the Transect software attheend  The recording section of the configuration file
of the ensemble (not for each ping). For example, if (fig. 5.11)contains information that is used by the

For example, an EX00111 command does no
coordinate conversion (beam coordinates, uses pitch

Recording Section
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Transect software to set up the data recording paths, esordinate transformation and discharge calculation.
well as specifications for drive priority, averaged dataNote that these data can be changed upon playback and
recording, and navigational data recording. Requiredare not part of the raw data file.

sections are as follows: +ADCP depth, in meters, is the draft (depth below

<Deployment (cccc), where cccc is a four-
character file name to be used as a prefix for the
data file. For example, if the operator picks
deployment (TUFA), resulting file names will
be TUFA001r.000, TUFA002r.000, and so forth.
The deployment name and configuration file
name should be the same to keep the correct
configuration file synchronized with the correct
data set (version 2.72 and earlier). Version 2.80
(and later) of the Transect software stores a
configuration file with each transect, thereby
eliminating the synchronization problem.

*Drive 1 (d) where d is the path name for the
primary data-storage drive. For example, if
drive C:\ is the primary data drive, then the
proper directive is drive 1 (C).

*Drive 2 (d) where d is the path name for the
secondary data-storage drive. For example, if
drive C is nearly full and is the primary data-
storage drive, the Transect software will
automatically switch to the secondary storage
drive upon filling C drive with data. If a
formatted floppy disk is placed in drive A for
such an emergency, then the proper directive
would be drive 2 (A).

*ADCP (YES/NO) specifies that the Transect
software record (or not record) ADCP raw
(unaveraged) data. This always should be set to
YES.

*Average (YES/NO) specifies that the Transect
software record (or not record) averaged data.
This directive usually is set to NO, unless the
operator wishes to record averaged data.
Because raw data can be averaged on playback,
this directive usually is not needed, even if
aweraged data are desired.

*Navigation (YES/NO) specifies that the
Transect software record (or not record)
external-navigation data. This is set to YES if
external-navigation data from Loran C or GPS
systems are to be recorded with each ensembile.
Any external RS-232 data can be recorded in
this manner and synchronized with the ADCP
data.

Calibration Section

The calibration section of the configuration file

water surface) of the ADCP transducer faces.
This parameter is used by the Transect software
to calculate the depths at the bin centers and is
vital to the proper calculation of the curve fit
estimation data as well as subsection depth.

eHeading/magnetic offsets are values that are
primarily used to correct the internal flux gate
compass of an ADCP to true north. One
parameter adjusts for magnetic anomalies (such
as metal objects), whereas the other adjusts for
magnetic declination obtained from
navigational charts or maps.

*Transducer misalignment is a value that is
nonzero only when the compass is separate from
the transducer assembly. This value is used to
correct the azimuth of the transducer assembly
to the azimuth of the compass (in degrees), and
is primarily used with gyroscopic-based heading
systems.

*The intensity and absorption values are scale
factors used to correct the raw, backscattered
intensity counts from the ADCP into decibel
values corrected for receiver gain and range. The
intensity scale factor is used to convert raw
counts to decibels and should be left at the
default value unless other values are indicated.
From the calibration menu, the absorption value
can be set to a default value, set to a known
value, or calculated by the Transect software as
a function of frequency, water temperature, and
salinity. All three choices can be made from the
Transect calibration software by tabbing to the
appropriate selection in the sound absorption
coefficient part of the scaling submenu.

«Salinity should be set to the measured or
estimated salinity at the measurement site.

*Speed-of-sound correction and pitch-and-roll
compensation normally should be set to YES,
unless the temperature or tilt sensors are
providing erroneous data.

*Tilt misalignment, pitch offset, and roll offset
normally are set to zero unless the tilt sensors are
mounted external to the ADCP case.

*Top discharge estimate can be set to POWER or
CONSTANT. If it is set to POWER, then the
Transect software uses the power-curve
coefficient to estimate velocities in the

unmeasured area near the water surface. If it is
set to CONSTANT, then the Transect software

(fig. 5.13) contains important information that supplies
the Transect software with data that are vital to proper
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CAL| BRATI ON— ADCP calibration section (discussed in detail in chapter 5 of this report ).

{

ADCP depth (0.16 m — ADCP draft (distance below water surface).
DBTDraft (0. 00 m — Depth sounder draft (if an external depth sounder is used).

Headi ng / Magnetic offset

(0.00 10.00 deg) — For setting compass alignment to

true north.

Transducer mi salignnment (0.00 deg) — For aligning compass to ADCP (if compass is

Intensity scale (0.43 dB/cts)
Absorption (0.278 dB/ n

separate).

} Normally left at default values.

Salinity (0.0 ppt) — Setto correct salinity value here (or zero if in doubt).

Speed of sound correction (YES)
Pitch & roll
Tilt
Pitch O fset

conpensati on (YES)
M sal i gnnent (0. 00 deq)
(0. 000 degq)

Roll _Offset (0.000 degq)

Top di scharge estimate (PONER)
Bott om di scharge estinate (PONER)
Power

}

curve exponent

} Normally set to YES.

Normally set to 0.00 unless the tilt sensors are mounted
external to the ADCP case.

} Normally set to POWER.

(0.1667) — Normally setto 0.1667 unless the velocity profiles appear

to be nonstandard.

Figure 5.13. Calibration section of the configuration file. ADCP, acoustic Doppler current profiler.

76

uses the same cross product as is used for the
uppermost measured bin to estimate near-
surface, unmeasured discharge. Chapter 8
contains a discussion on how to examine the
measured profiles to determine the proper
estimation technique.

*Bottom discharge estimate can be set to
POWER or CONSTANT. Ifitis setto POWER,
then the Transect software uses the power-curve
coefficient to estimate velocities in the
unmeasured area near the channel bed. Ifitis set
to CONSTANT, then the Transect software uses
the same cross product as is used for the bottom-
most measured bin to estimate near-bottom,
unmeasured discharge. Chapter 8 contains a
discussion on how to examine the measured
profiles to determine the proper estimation
technique.

Discharge Measurements Using a Broad-Band Acoustic Doppler Current Profiler

*Power-curve exponent usually is set to 0.1667
for a “Manning-like” water-velocity profile.
Under most conditions, this value should be set
to the one-sixth power setting (0.1667), even in
the estuary. A good test of this value is to pick a
transect and average a series of ensembles in the
deeper, faster part of the cross section. The
aweraged profile then should be then viewed
from the discharge profile plot in the Transect
software playback menu. If the plotted power
curve fits the data points, the one-sixth exponent
value can be used. If the plotted power curve
does not fit the data, other exponent values can
be tried until a good fit is obtained. If the
velocity profile is distinctly nonstandard, or
crosses zero (bidirectional) then a power-curve
fit should not be used (use CONSTANT for top
and bottom velocity estimates). This technique
will be discussed in more detail in chapter 8.



Processing Section using the F6 special function key. These settings are

The processing section of the configuration file discussed in chapters 6 and 8.

(fig. 5.14) contains directives to the Transect software
that control ensemble averaging, profiled depth, and
internal depth-sounder data, as well as directives that

control the output of an external velocity monitor  modified by the Transect software. This section gives
(refout): the version number of the Transect software used with

«Average every () directive can be set to a time the configuration file and should not be changed by the
value or a spatial value. For example, if the ~ Ooperator.

value is set to “average every [5.00 seconds

(s)],” then the Transect software will display anFinishing the Preliminary Configuration File: Required

averaged output to the console every 5 s. This Commands

parameter also can be set to a metric distance - : L
value. “Average every (5.00 m)” will send an Before the preliminary configuration file that we

averaged output to the console every 5 m (16 ft)created in the first part of this chapter can be used for

During data acquisition (acquire) it usually is data collection, some additional commands must be
best to set this value to zero for faster updates tgdded; either by using an editor or by using the expert
the computer screen. The setting of this value mode in the Transect software calibration menu. The

will not affect the raw-data file. sections must be checked, changed, or modified

Deth q | b VES (figs. 5.15-5.18).
’ (I\?Opg ]'ﬁtotlﬁg flgé?:’uﬁa?gﬁtin?e?r?gl[s‘ifth-b)ecgm Entries in the ADCP hardware section that are

. added by the Transect software during the first run of
g'?hp;?wsiggni?ik gmz \éaeliif thoo;djlg b((.el.ﬁfst o YESt‘he Acquire module are shown in figure 5.15. These
normally éhould be set to NO unléss you have %In_tries also_ can be ao_lded using a text editor sqch as
special system.) ’ icrosoft Disk Operating System (MS DOS) Edit. The

P y ' Transect software will check the values against values
*BTM layer percent () is a value that overrides returned from the ADCP and will deliver a warning to

History Section

The history section of the configuration file is

the normal maximum bottom profile range
percentage (85 percent with 30° transducer
angle and 94 percent with 20° transducer

the operator if they do not match.

Entries in the direct command sections that must

be checked and entered manually, if necessary, also are

angles). This directive need not be used unlesgp oy in figure 5.15. The command syntax and purpose

the operator wishes to change the default

are discussed in the Direct Commands Section earlier in

profiling range for the ADCP. This change mustyig chapter. The critical entries to check are as follows:

be made for old firmware versions for mode 5
operation and for other special circumstances.
The accuracy of the Transect software output
data can be seriously degraded if this value is set
incorrectly. Inclusion of this command is not
recommended unless you are trying to use water
mode 5 with an older BB-ADCP with phase 2
firmware.

The remainder of the values in the processing
section are not discussed in this report, and are used
only if data are being sent to an external reference via
an RS-232 port. Information on these settings is in the
BB-ADCP or Rio Grande technical manual
(R.D. Instruments, Inc., 1995-1999).

Graphics Section

The graphics section of the configuration file
controls the Transect software display scaling factors.
This section is best changed from within the Transect
software in either the Acquire or playback software

*WPnnn is the water pings per ensemble. This
value normally should be set to 1 (example
WP001).

*BPnnn is bottom pings per ensemble. This value
normally should be set to the same value as the
WP value (example BP001).

*ESnn is estimated salinity, in parts per thousand.
This value should be set to zero, unless the
operator is sure of the actual salinity value
(example ESO0). The Transect software can
calculate speed-of-sound using salinity values
after-the-fact.

*EXnnnnn is for coordinate transformation. If
beam coordinates are selected, then EX00111
should be used.

*BXnnnn is bottom-track maximum search
depth, in decimeters. This value should be set
slightly deeper than the expected maximum
depth at the measurement site. Loss of bottom
track can result if this value is too shallow, and
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PROCESSI NG— Beginning of the ADCP processing parameter section.

{

Aver age every (0.00 s) — Normally setto 0.00 unless you are data averaging

Use Depth Sounder (NO) — Setto NO unlessthe ADCP has a depth-sounder beam.

MaxFi | eSi ze (1200) These data should be left alone

External formats (NN NN N [HDT HDG RDI D RDI ] :gﬁizt::Q(?frf];”;pou:igrb;'”g
External _decode (N N N N) [heading pitch roll tenp] device other than the computer
Start_Shore_distance (-1) [cn running the Transect software.
End_Shore_distance (-1) [cn]

Edge_di stance_pronpt (NO

Use GPS For Btm (0)

}

GRAPHI CS — Graphics parameter section.
Units (English)
Vel ocity Reference (BOTTOV)
East _Velocity (-1.0 1.0 ft/s)
North_Velocity (-1.0 1.0 ft/s)
Vert _Velocity (-0.5 0.5 ft/s)
Error_Velocity (-0.5 0.5 ft/s)
Depth (1 35 bin)
Intensity (50 200 counts)
Di scharge (-1 1 ft3/5s)
East _Track (-211 211 ft)
North_Track (-190 231 ft)
Ship track (1 bin 0.5 ft/s)
Proj _Velocity (-1.0 1.0 ft/s)
Proj _Angle (250.0 deg fromN)
Bad_Bel ow _Bottom ( YES) -
Linel (' Standard Config file for 1200 kHz) }'”f‘”ma“"“ stored in these lines
Shi p)

. ) is displayed on Transect's output
Line2 (Mde 1 -- 25cmbins -- 5 W 4 BP -- data plots.
}

H STORY

{ _ _ .
SOFTWARE ( BB- TRANSECT) This section should not l?e modified.
Transect stores the version number here

Version (4.05) that was used to collect discharge data.

}
END RDI CONFI GURATI ON FI LE—This is a required end-of-file statement.

| These values are setin the Transect program and should
not be changed directly by editing the configuration file.

Figure 5.14. Processing, graphics, and history sections of the configuration file. ADCP, acoustic Doppler current profiler; GPS, Global
Positioning System; RDI, R.D. Instruments, Inc.
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BEG N RDI CONFI GURATI ON FI LE
COVMUNI CATI ONS

{

ADCP (ON COML 9600 N 8 1) [Port Baud Parity Databits Stopbits]
ENSOUT(OFF COVR 9600 N 8 1) [Port Baud Parity Databits Stopbits]
NAV (OFF COMB 9600 N 8 1) [Port Baud Parity Databits Stopbits]
REFOUT( OFF COV4 9600 N 8 1) [Port Baud Parity Databits Stopbits]
EXTERNAL (OFF COWb 9600 N 8 1) [Port Baud Parity Databits Stopbits]
UseSof t war eBr eak (NO)

}

ENSEMBLE OUT

{

ENS CHO CE (NNNNNNNN) [ Vel Corr Int %d Status Leader BTrack Nav]
ENS OPTIONS (Bottom 1 8 18) [Ref First Last Start End]

ENS TYPE (RAW [RAW (default) or AVERAGED data transmtted]

}

ADCP HARDWARE

{

Fi rmvare (5.57)

Angl e (20)

Frequency (1200) This section now has information that should
System ( SHI P) - correspond to the current ADCP hardware
Mode (1) on your system.

Oientation (DOMN)
Patt ern ( CONVEX)
}

DI RECT COMVANDS

{

BX200 — The maximum bottom-track depth is 200 decimeters (20 meters).
WB50 — Water bin size is 50 centimeters.

VWNO60 — Set for 60 depth bins.

WF50 — Blanking distance is 50 centimeters.

W/170 — Mode 1 ambiguity velocity is set for 170 centimeters per second.
WD111100000 — Data collected are velocity, correlation, intensity, and percent good.
WML — Water-measurement mode 1.

WP1 — One water ping averaged per ensemble.

BP1 — One bottom ping averaged per ensemble.

BMb —Bottom-measurement mode 5.

EX10111 — Coordinates are ship, with pitch and roll correction and bin mapping enabled.
ESO — Salinity is set to zero.

&R20 — Bottom-track bin size is set to 20 percent of the measured depth.

}

Figure 5.15. Hardware and direct command sections of the configuration file. RDI, R.D. Instruments, Inc.; ADCP, acoustic Doppler current
profiler.
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RECORDI NG

{
Depl oynent ( FRE5) — Make sure to update this deployment name when

using the CFG file in another area.
Drive 1 (O

Drive 2 (O

ADCP ( YES)

Aver age (NO

Navi gation (NO

St art Recor di ng (NO
}

Figure 5.16. Recording section of the configuration file. ADCP, acoustic Doppler current profiler; CFG, configuration (file).

excessive ensemble times can result if it is too *The unique configuration file can be loaded
deep. For example, a BX0250 command sets the automatically and used during the Transect
bottom-track maximum search depth at 25 m. software playback.
“WMnn. BMnn. and WVnnnn are water and *The Transect module “Acquire” starts with

recording turned off. This feature eliminates two
keystrokes at the start of each measurement.
Percent good is redefined by the user in

bottom mode commands. These commands
should be added per instructions in chapter 3.

The recording and calibration sections of the processed data files.
completed configuration file are shown in figures 5.16 e Transect software will extrapolate discharge
and 5.17, respectively. If the configuration file is in missing bins.

renamed for use at another measurement site, the four-
character deployment name must be changed to one
matching the new site. If the configuration file is reused

*Default data file size is changed from
300 kilobytes (K) to 1,200 K.

at another site, the proper transducer draft must be *Other enhancements are included as detailed in

entered. Failure to do so can cause significant errors the Transect version 2.80 software

when measuring shallow/wide rivers. The two-line documentation.

be updated when reusing the configuration file. additional commands within the configuration file and
at the DOS prompt (or in the Autoexec.bat file).

Transect Release Enhancements (2.80 and Later) Earlier versions of the Transect software allowed
only for a triangular-shaped edge slope. Transect 2.80+

For purposes of brevity, Transect software allows the operator to select an edge slope that can vary

releases 2.80 and later hereafter will be referred to agrom square to no slope at all (fig. 5.19). Entering a -1
Transect 2.80+. The following enhancements are  directs the Transect software to use a triangular-shaped
included in Transect software release 2.80+: edge slope (default). Entering a -2 directs the Transect

) o ) software to use a square-edged slope, and entering a

*A copy of the configuration file is saved with 5 between 1 and 0 directs the software to use that
each discharge data file with the letter C value as a slope coefficient where 0.91 is nearly square,

imbedded in the file name. Example—lIf the rawg 35 js aimost triangular, and 0.05 is nearly flat
data file name is JUNKOO1R.000, then the (fig. 5.19).

configuration file is JUNKO01C.000. . . , L
In the processing section of the configuration file,
*The user is prompted for starting and ending there are three new items used by Transect 2.80+. If
edge distances. These values are stored in theEdge_distance _prompt is set to YES, then the software
configuration file and in the processed data filewill prompt the operator for edge-distance estimates
if one has been generated. during data acquisition (acquire). The values that are
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entered by the operator are saved in the configuratioonfiguration file with each save of a raw- (or

file in the Start_Shore_distance and the processed-) data file. The file names have the following
End_Shore_distance variables (fig. 5.20). form. If the deployment name in the RECORDING

Several DOS environmental variables also mussgection of the configuration file is, ARKN, for example,
be set before running Transect 2.80+. DOS then the files saved are

environmental variables can be compared to memory _
“mail boxes.” The system operator puts a directive into *ARKNOO1R.000 for the raw-data file;

a mail box, and when the Transect starts, it _checks.the «ARKNOO1P.000 for the processed-data file (if
mail box, reads the mail, and takes appropriate action.
In the case of Transect 2.80+, four environmental
variables (mail boxes) are used to send directives tothe ~ «ARKN001C.000 for the configuration file (this
Transect software. The first environmental variable is is the new one!);

typed at the DOS prompt, or in the Autoexec.bat file;

requested);

(set AUTOSAVECFG =Y). This environmental *ARKNOO1N.000 for the navigation file (if
variable tells the Transect software to save a requested).

CALI BRATI ON

{

ADCP depth (0.16 m — Thisvalue must be updated when copying the

DBTDraft (0.00 m CFG file for use in a new deployment.

Headi ng / Magnetic offset (0.00 0.00 deg)
Transducer m salignment (0.00 deg)
Intensity scale (0.43 dB/cts)
Absorption (0.278 dB/'m

Salinity (0.0 ppt)

Speed of sound correction (YES)
Pitch & roll conpensation (YES)
Tilt Msalignnent (0.00 deg)
Pitch_Ofset (0.000 deg)

Rol | _Offset (0.000 deg)

Top di scharge estinate (POAER)
Bott om di scharge estinate (POAER)
Power curve exponent (0.1667)
Edge_sl ope coefficient (-1.00000) [-1=Trianglar(0.3535):-2=Square(0.91): User]
OneCycl eK (0. 0000000)

OneCycl eO fset (0.0000000)

TwoCycl eK (0. 0000000)

TwoCycl e f set (0. 0000000)

DBTOf fset (0.00 m

DBTScal eFact or (NO

GPSLead (0.00 s)

}

Figure 5.17. Calibration section of the configuration file. ADCP, acoustic Doppler current profiler; GPS, Global Positioning System.
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(Graphics section in part)

Proj _Angle (250.0 deg from N)

Bad_Bel ow_Bott om ( YES)

Line 1 (Sacranmento River at Freeport)

Line 2 (Mbde 1 -- 25cmbins -- 5 WP 4 BP -- Ship)}
}

HI STORY

{
SOFTWARE ( BB- TRANSECT)

Version (4.05)
}
END RDI CONFI GURATI ON FI LE

Remember to update this two-
line message when redeploying
the ADCP in a new area

Figure 5.18. Graphics and history sections of the configuration file. ADCP, acoustic Doppler current profiler; RDI, R.D. Instruments, Inc.

If AUTOSAVECFG = N or is missing, the Transect software started with recording turned on and
Transect software will not save a configuration file  the operator was required to toggle recording off before
when it saves a data file. starting ADCP data collection.

The second environmental variable is The fourth and final environmental variable
AUTOLOADCFG. Transect 2.80+ will autoload relates to the collection of processiata files. Older

the matching configuration file when a data file is ~ versions of the Transect software used an unusual
loaded for playback if the environmental variable definition of percent good to describe the data in each
AUTOLOADCFG is set to Y; (set aweraged bin (number of good four-beam and three-
AUTOLOADCFG =Y). These first two directives beam Earth transformations). In Transect 2.80, the
greatly enhance the post-processing of the Transect operator can define the meaning of percent good in a
software data files. Although still necessary, the processed-data file by setting the following

operator is not dependent only upon the log sheets f&@nvironmental variables; (set USEPERCVEL =Y).

the recording of edge distance estimates. The operator  |f this variable is set to Y, percent good will equal
also will be assured that changes to the transducer drafie number of good velocity values in each bin,

and other configuration directives will not be averaged together by the Transect software; (set

inadvertently applied to the wrong data files during USEPERCQ=Y).

playback. If this variable is set to Y, percent good will equal
The third environmental variable is the number of good discharges in each bin averaged

STARTRECORDOFF, which can effectively eliminate together by the Transect software. Note: the “redefined”
one minor annoyance that is present in earlier versiorgercent good will be saved to the processed-data files,

of the Transect software; (set but nothing is saved to indicate which of the above two
STARTRECORDOFF =Y). definitions were used.
This variable tells the Transect software to start Toensure that the above environmental variables

the Acquire software with the data recording toggled are set each time the Transect software is run, the
OFF. Many operators prefer to start the cross-sectionoperator should edlt'them into the Autoexec.bat file in
traverse with the recording turned off because the boot drive root directory.

discharge should not be collected with zero good bins The additions to the Transect configuration file,
or only one good discharge bin. Recording can begindiscussed above, can be entered with a text editor or
when the operator observes that velocities are being added from the Transect software calibration menu. In
properly measured (chap. 7). Older versions of the the Transect software calibration menu, the
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CAL| BRATI ON

{
ADCP depth (0.16 m

DBTDraft (0.00 m

Headi ng / Magnetic offset (0.00 0.00 deg)

Transducer m salignnent (0.00 deg)

Intensity scale (0.43 dB/cts)

Absorption (0.278 dB/ m

Salinity (0.0 ppt)

Speed of sound correction (YES)

Pitch & roll conpensation (YES)

Tilt Msalignnment (0.00 deg)

Pitch Ofset (0.000 deg)

Rol | _Offset (0.000 deg)

Top di scharge esti mate (POAER)

Bott om di scharge esti mate ( PONER)

Power curve exponent (0.1667)

Edge_sl ope coefficient (-1.00000) [-1=Trianglar(0.3535): 2 =
Squar e(0.91): User]

e Enter "-1" for a Trianglar edge slope (0.3535) (default)
e Enter "-2" for a Square edge slope (0.91)
e Enter a coefficient between 0 and 1 (see diagran)

Edge-slope coefficients

0.00

0.35

0.91 \_/4

1.00

Figure 5.19. Edge-slope coefficient in the Transect 2.80+ configuration file. ADCP, acoustic Doppler current profiler.
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PROCESSI NG

{
Aver age every (0.00 s)

Use Depth Sounder (NO

MaxFi | eSi ze (1200) — This value defaults to 1200 kilobytes. When the file size reaches
1200 kilobytes, it is saved and the file extension is incremented
by 001 and a new file is started.

External _formats (N NN NN [ HDT HDG RDI D RDI E ]
Ext er nal _decode (NNNN) [ heading pitch roll tenp ]

Start_Shore_distance (-1) [ cm] } These values will be added by the operator during

End_Shor e_di st ance (-1) [ cm] transectif ...
Edge_di stance_pronpt (YES) —... THIS value is set to YES (prompts the operator for edge
} values).

Figure 5.20. Transect 2.80+ directives in the processing section of the configuration file.

configuration file must be loaded before the operator configuration file contains instrument and recording

moves to the scaling screen. In the DISCHARGE setup data that enable the Transect software to properly
EXTRAPOLATION box, the “Prompt for Edge Shore \nea5re the cross-section discharge and to store the

Distances” should be set to YES with the spacebar. Tr}%sulting data. This configuration file can be created

“Edge Shore Coefficient” for the channel should be f S .
selected. If the “Edge Shore Coefficient” is unknown, oM within the Transect software or can be modified
TRANGLE should be selected. from a preexisting configuration file using a text editor.
The configuration file should be checked before use
with an American standard code for information
interchange (ASCII) text editor to verify that the correct
The Transect software requires a companion direct commands and recording parameters have been

configuration file for each measurement session. Theincluded and that unwanted commands are not present.

Summary
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CHAPTER 6: DATA ACQUISITION Loading the Configuration File

During Transect initialization, the Transect
software must obtain a valid configuration file. The
proper configuration file can be loaded manually into

As described in chapter 5, Transect is a series ¢fi€ Transect software from any of the menus by pres-
stand-alone software modules that are run froman >"9 F3 and supplying a configuration file name (for

executable menu program named Transect.exe. example, by typing SACU.CFG). The Transect

Transect.exe is an MS DOS-based computer prograrﬁOﬂware stores the name of the last configuration file

used in a small file called TRANSECT.PTR.
that can be run from an MS DOS prompt or from a iANSECTPTR may be edited and modified prior to

Operation of Transect Software

batch file. There are several command line switches th .
: o tering the Transect software. For example, the
can be used when running Transect, but we will discu ANSECT.PTR file contains the following

gg;{v\gfe Il rrlnmf)vrzggnr(-)rruz /r:]no‘:‘jvg'tﬁhcgjnngéhuesgéavr\]lﬁé%tcommand: C:\SACU.CFG. When the Transect software
y tarts, it will look for a file named SACU.CFG for its

running Transect on a laptop with a monachrome liqui itial configuration. Any valid file path name can be

e e et np s modBRANSECT.PTR is edited and C:\SACU.CFG is
operator WiSnes to start 1ransect in monochrome modg,  aceq with C:\BBTRAN26\SACU.CFG, the

he would simply invoke Transect by typing Transect oo
program will find and load SACU.CFG from
TRANSECT /M at the command prompt. The default the C:\BBTRANZ26 directory.

(color) mode is invoked by simply typing TRANSECT
at the command prompt. Unlike unix, MS DOS
commands can by typed in upper or lower case. Starting the Transect Acquire Module

In chapter 5 we discussed the communication, Entry into the Acquire menu (fig. 6.1) causes the
calibration, and planning modules of the Transect  Transect software to load a configuration file using the
software. In this chapter we will discuss the operationpath name in the TRANSECT.PTR file. If a valid file
of the Acquire module. name is not present in TRANSECT.PTR or if

TRANGSECT

CopyrightCcy 13991-33 RD Instruments  EE-AOCP Uersion 4. 04U

Acquire

Figure 6.1. Transect software main menu. BB-ADCP, broad-band acoustic Doppler current profiler.
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TRANSECT.PTR is not present, Transect will prompt *ADCP communication parameters;

the operator for a configuration file name. After loading ADCP firmware parameters—firmware-release
the configuration file, Transect sends a “break” signal version, beam angle, operating frequency.

to the ADCP and waits a short time for aresponse. This  ¢oqrdinate system, operating mode, orientation
is termed “waking up” the ADCP. If the ADCP does not system, and head configuration (pattern);

wake up, usually it is because the operator has failed to

turn on the power from the deck unit or that a communi- ~ “Recording selections;

cations or power cable has not been connected. If all *ADCP operating variables: depth cell length,
attempts to communicate with the BB-ADCP from the number of depth cells, pings per ensemble, time
Acquire menu meet with failure, the operator can do between pings, and blanking distance;

one of two things: exit the Transect software and try to «Configuration file processing parameters.
establish communication with the ADCP using The BB-ADCP operator should inspect the data

BBTALK or another terminal-emulator program, Or ¢4 4ccuracy before continuing with the Transect
enter the Transect software communication ADCP software session.

submenu and select auto connect. The Transect soft-
ware will cycle through all combinations of baud rates
and configuration combinations until it successfully

establishes communications or it makes so many failed  The F10 or escape key then can be pressed to

passes that the operator finally looses patience and caigoke the Transect software profile menu.

for help. The BB-ADCP technical manual contains . . )
. . The Acquire menu provides many different ways
trouble-shooting procedures in cases of BB-ADCP to view ADCP data as they are being collected.

failure or apparent faulty operation. Typically, most users will view incoming data using the

Once the ADCP is communicating properly, the Tabular display. Some of the available data displays are
introductory screen for the Acquire menu will appear described below:

Transect-Data Displays

on the monitor. This screen (fig. 6.2) contains helpful *Profiles of water velocity, echo intensity, and
information on the setup and configuration of the discharge cross product may be displayed
ADCP: (fig. 6.3).

CFG file mame: DCHB17C.CFG ADCF CONHECTED

ADCE ( COHZ 9688 Honme 8 1 2 Depth cell length
Humber of depth cells

Havigation Pings per ensemhle

External Time between ping=s
Blank after transmit

Firmware 5.57 5.597¢
Beam angle Z8 ZA ADCP depth
Frequency 1288 1288 Head offset“HMag war A.AA"~14.88"
Susten SHIP SHIP Hducer mizalignment A.A8 *
Hode 1 1 Sound absorption A.139 dBsn
Orientation OMH DOMWH Intenzity zcale factor A.43 dB-sct=s
Pattern COHCAVE COHCAVE Speed of sound Func(T,5,02
Salinity 8.8 ppt
Pitch and roll used YES
Raw:HO Averaged:HO0 Havigation:HO Tilt mi=zalignment A.88"
Fitch-sRoll off=set A.B8°-A.88"
Top-/Btm 0 method POUER.-POHMER
Power curve exponent a. 1667

Figure 6.2. Transect software Acquire introductory screen. ADCP, acoustic Doppler current profiler.
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«Color or monochrome plots of north velocity, *Backscattered intensities (fig. 6.5) also may be
east velocity, vertical velocity, error velocity, contour plotted. This can be useful for providing
and velocity along a user set azimuth may be the operator with a relative indication of
displayed (fig. 6.4).

Profile

B7-AFR-BH 18:41:54.59
Pitch RBoll Head. Temp
Up =nd Error Uelocitie=z [4t.=] REF: {ET} =B A® 2Z99° 17C
o330 cZ47 1,65 0,83 0,00 0,83 1,65 2.48  3.30 Beam depths [ft1]
. v 11.98 11.71 11.84 11.98

4. 74
5, & Ea=st 1.8 ftr=
) Horth 2.4 ftrs
&. 5 xﬂ“‘m Spd: 1.53 kts Cr=:158"

7.+ L

Hade good 148.33 ft
B. 3 Length 155.89 f+t
g, 74 Time 1 min 168.71 =

0 4845.6 £ =
10. 14 T Average every A.8 =
11. 0

Depth [ft1]

CFG File DCHA18C. AAA
Raw Data DCHA18R. 684
Avg Data HOT RECORDED

11. 54

L s =% 1es oz o000 mE:  Les 298 a.an

— FEast and — MNorth Uelaocities [ftrs] REF: (gry | Mav Data  NOT RECORDED

Figure 6.3. Transect software Acquire profile menu screen.

Velocity

B7-APR-AA 11:58:16.55
Pitch Roll Head. Temp
-4 1* 262" 16C
[ft-=1 Beam depths [ft]
3.3 42.98 44_.13 44.92 42.59

Horthi+) - Southi{-3 WUelocity REF: {BTX

Ea=st 2.4 ftr=
Horth -1.9 ftr=
Spd: 1.82 kts= Crs:129°

Hade good

Depth [ft1

Average every

th, O 4 0 R} h O k@

CFG File JPTAASC. AAA
™ -2.3 Raw Data JPTHASE. A88
[ﬁmd Avg Data HOT RECORDED
Elapsed time 3mh14$015 Nav Data NOT RECORDED

Figure 6.4. Transect software Acquire velocity contour plot screen.
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suspended-sediment concentration in the operator also can display velocity vector “stick”
measured cross section. plots at specified depths.

*The movement of the boat can be displayed in Measured velocities, intensities, and
the so-called shiptrack plot (fig. 6.6). The correlations may be displayed in tabular form

Intensity
ADCP PIHGIHG

B7-AFR-AA 11:57:19.38
Fitch Roll Head. Tenp
—4* A* 151° 16C
=[=h Beam depths [ft]
200 46.89 49.25 48.85 46.52

Felative backscatter - Awverage all beams

Ea=st —4.1 ft-/=
Horth 1.7 ftr=
Spd: 2.61 kts Crs:292°

Hade good

Depth [ft1

Average ewvery 8.8 =

h O B M R O k@

CFG File JPTA1AC. AAA

o Raw Data JPTA1AE. A88
[ﬁmd Avg Data HOT RECORDED
Elapsed time 2mn14&??5 Nav Data NOT RECORDED

Figure 6.5. Transect software Acquire intensity contour plot. ADCP, acoustic Doppler current profiler.

ShipTrack
ADCP FIHGIHG

B7-APR-AB 18:56:24.85
Pitch RBoll Head. Temp
_ -2° -2® 234° 17C
ShipTrack (BT Beam depths [ft]
11.12 11.12 18.68 11.39

Hatear

EpSEd East -8.9 ftss
[ ] Horth -H.4 ft/=
LS Spd: B.57 kts Crs:244°

Marth [ft1]

Hade good 35H.18 ft
Length 3d6H. 32 It
Time 2 nmin 12.54 =
= 0 7128.9 ff /s
=epth Average every A.8 =
2.81
[§+1 CFG File DCHAZZC . AAA
REF: ¢gTy| Raw Data DCHAZZR. A8A
Avg Data HOT RECORDED
Hawv Data HOT RECORDED

0izspl acement

—15s -1z 101 o 2o
Di=placement East [ft1]

Figure 6.6. Transect software Acquire shiptrack plot. ADCP, acoustic Doppler current profiler.
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Tabular
ADCP PIHGIHG

BY-AFR-BA 18:47:21.58
Pitch Roll Head. Temp
Depth Uelocity [ftss1 REF:(BT) & Discharge —2° 1* 291° 17C
[ft1 3 3 UVert [ftZ-=1 Beam depthzs [ft]
.81 Z28.45 12.63 12.98 12.96 12.17
17.94
Ea=t 8.7 ft-=
Horth 2.8 fts=
Spd: 1.26 kts Cr=:162"

Hade good 65.83 ft
Length 65.32 It
Time
0

Average every

3

4.
5.
E.
T
T
8.
9.
A.

R 000 R~ WO
A bWEDADN
BRRAREIDOR®
NUWRWUSD LD~

1

CFG File DCHAZAC. AAA
LETTRNIER 1 DCHAZAR. AAA
Avg Data HOT RECORDED
Hav Data HOT RECORDED

Figure 6.7. Transect software Acquire tabular display screen. ADCP, acoustic Doppler current profiler.

(fig. 6.7). The tabular screen is the most usefulSummary
of the many displays available because of the
information it imparts. The operator can tell
quickly if error velocities are high, or if beam
measurements or bottom tracking are bad, an
scale factors need not be preset.

Transect software data acquisition is invoked
using the Acquire menu. The Transect software always
doads the last used configuration file. There are two
ways to load a new configuration file. The first is to edit
the TRANSECT.PTR file and insert the path name of
the configuration file before starting the Transect

Transect-Data Recording software. The second is to use the F3 key when starting

Data are recorded under the file name given in the Transect software. The software then will prompt

the RECORDING section (figs. 5.11 or 5.16) of the '€ OPerator for a configuration file name.
configuration file. Recording of the data to adata fileis  Actuating the F4 function key starts the data
controlled by toggling the F5 key. When the Transectcollection by the acoustic Doppler current profiler
software is instructed to start recording (by toggling théADCP). Recording can be toggled on and off with the
F5 key), the discharge-measurement registers (but nétd key.

the ensemble counter) are setto zero. The F4 key, onthe  Data displays during data acquisition can be
other hand, wakes up the ADCP, starts the ADCP  selected by the operator. The tabular view is one of the
pinging, and resets the discharge-measurement more useful displays available during data collection.
registers and ensemble counter. Chapter 7 presents &ome operators prefer to collect data while displaying
detailed description of the use of the F4 and F5 keys profile plots of velocity magnitude and direction.
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Figure 7.2. Discharge-measurement cross section on Dutch Slough

Figure 7.1. Improper discharge-measurement technique. near Oakely, California.
CHAPTER 7: DISCHARGE-MEASUREMENT In general, the ADCP operator should look for a
PROCEDURE cross section with a roughly parabolic, trapezoidal, or

rectangular shape, having an average depth of at least
In this chapter we will discuss procedures for 1.5 m (5 ft). The measurement sometimes can be made
making discharge measurements (fig. 1) utilizing the at locations having less depth, if water modes 5 or 8 are
ADCP and the Transect software. The following topicemployed (chap. 3).
will be discussed in detail: Cross sections with asymmetrical bottom
«Cross-section reconnaissance topographies should be avoided, if possible. For
example, the operator should avoid a measurement

*Premeasurement checkout : ; ,
cross section that is very shallow on one side and deep

*Boat-maneuvering techniques on the other.

*Transect software tips and tricks during the Average water velocity also is an important factor
discharge measurement in choosing a measurement cross section. Cross
«Alternate discharge-measurement techniques Sections exhibiting slow [less than 10 cm/s (0.30 ft/s)]
for low-flow conditions average velocities should be avoided. Although

measurements can be made under these conditions,
special techniques must be employed (discussed later in
this chapter).

*What constitutes a “good” discharge
measurement

*Recent Transect software enhancements

Premeasurement Checkout

After the boat is launched and the ADCP

Figure 7.2 shows a 91-m- (300-ft-) wide streamequipment is set up, care should be taken to obtain an
with tidally affected flows having a roughly trapezoidalaccurate transducer depth measurement.
cross section with average depths of 4.5-6 m If a side-swing mount is used, the weight of the
(1520 ft). This cross section on Dutch Slough near operator(s) can cause an unwanted pitch of the ADCP
Oakley, California, is typical of rivers in the northern vessel (fig. 7.3). This pitch angle may cause an
California Sacramento/San Joaquin River Delta. Prop&rroneous reading of the ADCP depth. For example,
cross-section reconnaissance is vital to the precisionwhen the operator moves to the side of the vessel to
and accuracy of ADCP discharge measurements. Theneasure transducer depth, the vessel pitches to that side
measurement vessel depth sounder or the ADCP depliecause of the operator’s shifted weight. The operator
range measurements are useful tools in determining thetes the depth of the ADCP below water surface, and
usability of the cross section for ADCP discharge  then returns to his normal position in the vessel causing
measurements. the vessels pitch to return to the original value. This

Cross-Section Reconnaissance
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Figure 7.3. Broad-band acoustic Doppler current profiler mount
being deployed vertically.

recorded depth measurement will be incorrect. Because
the transducer depth measurement is used in the
Transect software to compute discharge, the error in
ADCP depth sometimes can cause a significant bias of
the ADCP discharge measurement. This is true
especially for wide, shallow rivers.

Before the discharge measurement begins, the
operator should note any conditions relevant to the
discharge measurement on the discharge-measurement
log sheet (fig. 7.4). Wind, bidirectional flow, eddies,
standing waves, passing boats, and sediment conditions
are just some of the things that should be noted for later
analysis of the discharge measurements.

Before a discharge measurement begins, the
operator should complete the following tasks:

*Meet all DOI boat-safety requirements and
make sure all required life jackets, throwable
devices, fire extinguishers, and horns are in
good working condition aboard the ADCP
vessel.

*Determine the “unpitched” transducer depth and

Figure 7.4. Discharge-measurement log sheet/note.

in places, for example), select another
measurement cross section.

«If buoys are used to aid the estimation of edge
distances, they should be deployed and the
distance to shore from each buoy should be
measured and noted on the discharge-
measurement log sheet.

«If range finders are used to determine edge
distances, they should be checked for proper
calibration.

*Record weather, hydrological, and other
physical phenomena pertinent to the discharge
measurement on the discharge-measurement
note.

*Make sure that the right configuration file has
been loaded properly into the Transect software.

*Make sure that the power supply has been turned
on and the ADCP has been “awoken.”

Boat-Maneuvering Techniques

Boat-maneuvering techniques for discharge

enter it on the log sheet and in the configurationneasurements when using the ADCP and the Transect

file.
*Perform a PT200 diagnostic test using

software do not require the precision once needed for
conventional moving-boat discharge measurements.

BB-TALK or other terminal emulator software. However, there are some basic maneuvers that improve
Save the test results to an ASCII file placed in @ccuracy and allow smooth transitions between

the deployment directory.

*Synchronize the computer, ADCP, and operator
watch times.

*Perform a short reconnaissance of the cross

measurements.

Starting the Cross-Section Traverse

For a typical measurement, the operator must

section to determine shallow areas and the shapeaneuver the boat close to, and parallel with, the

of the cross section so that unmeasured areasriverbank (fig. 7.5). The boat should be maneuvered in
near the bank can be characterized. If the crosas close as possible to the bank without grounding
section is unsuitable for any reason (too shallowjbottoming out) the boat motor propeller or the
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Figure 7.5. Acoustic Doppler current profiler vessel at the Figure 7.6. Acoustic Doppler current profiler vessel near center
beginning of a discharge measurement. channel.

BB-ADCP transducer assembly. Performing this During the Cross-Section Traverse (Transect Tips
maneuver takes practice. and Tricks)

While the boat is somewhat stationary, the _ .
operator should start the Transect software and setthe ~ When the Transect software begins collecting
ACquire d|sp|ay to tabular Ve|0city mode (|n|t|a| data, the operator should verify that there is an “ADCP
setting). The tabular mode setting is optional as the PINGING” message near the upper right of the monitor
Transect software will collect data in any display modedisplay and that a transect recording file is opened (file
However, the tabular mode enables the operator to name visible at the lower right of the Transect software
determine if there is an adequate number of depth celiereen). At this time the boat should have just begun
(having good discharge) before starting the traversing the river cross section. The operator must
measurement traverse. This capability provides the quickly scan the initial ensemble display to determine if
greatest advantage over the other display modes,  ewerything is operating correctly. Signs of improper
especially when starting and ending the discharge  operation are flagged “bad” in all columns and rows or

measurement. “bad” in all rows of an individual column. The display
At this point, the operator is beginning the columns correspond to north velocity, east velocity,

discharge measurement and must accomplish Severé{ertlca_ll velocity, error velocity, and percent good. If the

tasks quickly: incoming data appear correct, the operator should

_ _ continue the transect with the same course and a
*The distance to shore must be estimated by  gjightly increased speed (approximately that of the
some means and recorded. water or slightly less). As the boat enters faster flow,
*The operator must turn the ADCP data engine revolutions per minute (rpm) and boat heading
recording off by pressing the F5 key and must may have to be adjusted slightly to enable a smooth
start the ADCP pinging by pressing the F4 keytraverse (fig. 7.6).

*While looking at the tabular display, the Uniform boat speed during a transect is more
operator must verify that the ADCP is collectingimportant than steering a straight course. The course
at least two good bins of velocity data. may be allowed to change slightly and slowly, if

*When the operator is satisfied that accurate dafa@cessary, during the traverse. However, rapid course
are being collected and the boat is in the correcdnd boat heading changes can introduce errors into the

position to start the discharge measurement, hg'eéasurement. The key element here is to DO
must press the F5 key to begin recording and EVERYTHING SLOWLY, including course changes,

wait until two good ensembles have been the speed of the vessel itself, and even the speed of
collected. During this period (about 5 s), the persons moving around onboard the measurement
boat should be barely moving toward center vessel. Sharp accelerations of the measurement vessel
channel. in any direction should be minimized or eliminated.
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Ending the Cross-Section Traverse The boat will crab slowly away from the bank with only
minor adjustments needed in the boat steering.
As the vessel approaches the opposite edge of the
measuring section, the boat should be slowed by slowly . .
changing the heading to a more upstream direction andltérnate Techniques Used During Low-Flow
slowing the boat motor. The boat then can creep (crabpondltw“s
toward the bank. When the operator decides that the The above described technique works only when

approach cannot be continued further, an edge value igyere js sufficient stream velocity to allow the boat to

determined, and the F5 key is pressed toend the a1 At very low stream velocities [less than 10 cm/s
transect. (0.33 ft/s)], the boat must be turned VERY SLOWLY to
At the end of a cross-section traverse (fig. 7.7), enable a direct crossing of the stream. In some cases,
the boat heading is changed just enough so that the bo#ie best approach is to raise the engine and pull the boat
stops its bankward movement and begins to slowly ~ slowly (at the stream velocity or less) across the stream
creep in the direction of center channel. At this point, With ropes or a tag-line (fig. 7.8).
the operator may press the F5 key again to begin The winching system shown in figure 7.8 was
another transect and obtain a starting distance value. used to measure leakage through control structures in
Slow “crabbing” at the start and finish of each cross the USGS lllinois District (Oberg and Schmidt, 1994).
section works better than nosing the boat into the banlBecause the velocities measured were very slow
and then backing away. The ADCP should not be
allowed to pass over the boat propeller vortex during
the discharge measurement. Entrained air in the vorte
will cause failure of the BB-ADCP bottom track and
result in lost ensembles.

The operator should practice the above describe
technique a few times before an actual transect sessign
is begun so that you (and the boat operator) can beconje~
accustomed to the flow conditions at this location. The
more practice you have in making these measurement
the more uniform will be the measurement results.
When maneuvering near the riverbank, you must
remember that making a large heading adjustment
away from the bank (swinging the bow away from the
bank) will bring the stern (and, therefore, the engine
prop and shaft) into contact with the bank or bottom.
This maneuver can produce highly undesirable results

|
Figure 7.7. Acoustic Doppler current profiler vessel at the end of a Figure 7.8. Winching system used to move an acoustic Doppler
cross-section traverse. current profiler vessel at slow speeds.
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[around 10 cm/s (0.3 ft/s)], the ADCP was winched discharge, should be calculated. The standard error, in
slowly across the control structure opening to reducepercent of mean discharge, also is known as the
the random error in the discharge measurement coefficient of variation (CV). The CV is calculated by
(chap. 9). dividing the standard deviation (in discharge units) of
To gain reasonably accurate measurements in the four_transect discharges by the mean discharge. If
very slow moving water, special setup commands mudp€ CV is larger than 5 percent, additional measure-
be used to increase the measurement pulse lag time&n€nts should be made. A large CV can be an indication
(chap. 5). The use of these long lag times causes thethat the ADCP ping rate is too slow, or that the boat
ambiguity velocity to be very low. Therefore, the boatshould be slowed during the cross-section traverse to
must be moved across the stream ever so slowly (as gollect more pings. Outliers or single, bad, transects can

rows of dominoes were balanced on the gunnels).  cause alarge CV, however, they should not be simply
thrown out without an attempt to discover the reason for

their imprecision. When in doubt, it is always advisable
What Constitutes a “Good” Discharge to collect additional transects.

Measurement? For measurements of net flow in tidally affected
estuaries and rivers, many discharge measurements
may have to be made (more than can be logged on the
example ADCP discharge-measurement form).

The ADCP operator should consult Lipscomb
(1995) for guidelines on discharge-measurement

requirements and documentation procedures. Howeveﬁigure 7.11 shows a series of transects made at a tidally

because these instruments are relatively new and  ¢o 0 gaging station on a tributary of the San Joaquin
sometimes used for special purposes, common sensg;

also will dictate the procedures in some cases. General"€" _
procedures conforming to the quality-assurance plan In these cases, a discharge-measurement log
are presented here, but the ADCP operator is cautionéf€et (fig. 7.12) may be used with pertinent data logged
to observe conditions and to document as much ~ On a discharge-measurement note (fig. 7.9) that is
information as possible during the transect session. attached to the log sheet. This log sheet is used by the
With the advent of electronic instruments used for dat®/SGS California District. Standard-deviation
recording, valuable information can sometimes “fall calculations for tidally effected discharge measure-
through the cracks” and may not be missed until the ments are meaningless unless the “true mean” .
ADCP operator reviews the data back at the office. dlscharge can be ca!cglated. Because of the difficulty in

Because a BB-ADCP transect may be made c?flcutlaélrag thhe coef(ﬁment o(; varlat'lor}lforgldally

. { effected discharge (or any dynamically changing

mgﬁ? Eztli:)Itg?rnags(;%?;/instiglll?/l g;:cgvaggafgg‘ dez)sure— discharge), its ir_1c|usion_ on the dispharge-m_ea;yrement
increélse discharge-measurement accuracy. During note example (fig. 7.9) is of questionable significance.

fairly uniform conditions, a group of four or more ~ Where tides or discharge conditions are changing
transects usually are averaged for a final discharge- rapidly, the operator may not wish to average transects
measurement value. If one transect differs significantiind, in these cases, a single transect constitutes a

(+5 percent) from the rest, and there is no rationale télischarge measurement. In most cases, many

discard it, at least four additional transects should bemeasurements will be required to have as much
obtained and the average recomputed. The average 6Pverage as possible of the dynamic flow time series.
these transects can be reported as an individual ~ Single measurements should be logged on a BB-ADCP
discharge measurement and logged on a USGS ADChscharge-measurement note (fig. 7.9) and if many are
discharge-measurement note (fig. 7.9). The back of tHeade, they should be logged on a discharge-

USGS measurement note has space for 14 transectsneasurement log sheet (fig. 7.12) with an attached

their edge-value estimates, and other pertinent data USGS discharge-measurement note. Again, standard-
(fig. 7.10). deviation calculations or coefficient of variation

In figure 7.10, the values labeled standard errorcalculatlons, in these cases, are of questionable value.

(range) and standard error (percent) near the bottom of

the note are critical for measurement results in steadWrchival of Acoustic Doppler Current Profiler
flow conditions. For fairly uniform flow conditions, at Discharge-Measurement Data

least four ADCP discharge measurements should be
made to determine mean and standard-deviation values.  Transect software data files should be placed on
From these data, the standard error, in percent of meanchival media in the following form:
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Figure 7.9. Example of an acoustic Doppler current profiler (ADCP) discharge-measurement note (front).
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Figure 7.10. Example of an acoustic Doppler current profiler discharge-measurement note (back).

Site deployment directory name NNNN (where «Site location
NNNN is the four-letter site designator) Date, start time, and end time
*Set of transect raw data files «Names of measurement staff
{ lNNNN001R 00 *Description of measurement vessel and
| equipment
\/ eTransducer depth (depth from water surface to
NNNNOXXR. 00 the center of the transducer assembly faces)
} *BB-ADCP serial number and firmware-revision
where XX is the last transect number in the number
series, *An electronic copy of the measurement log,
*Transect session *.CFG file NNNN.CFG which is helpful for reconstituting ADCP
«Transect session documentation file discharge measurements. The log copy should
NNNN.DOC include: start time; Transect file name; start-

edge estimate; end-edge estimate; discharge;
and remarks about site conditions, including
indication of eddies or reverse flow at bank

The operator must create an ASCII file, using a
text editor, to be archived with each set of Transect data.
This electronic NNNN.DOC file is needed to preserve _ , .
Transect edge-value estimates and other site-specific edges; and remarks about passing boat traffic
information in the event that hard copies of log sheets and wind conditions (pitch and roll)
are lost or misplaced. This DOC file must be drafted as ~ *Any pertinent information about instrument

soon as possible after the completion of the Transect setup or changes to the setup during the Transect
session and stored in the Transect session directory. At session

a minimum, the file should contain the following These data should be archived to safe media as
information: soon as possible following a Transect session. Safe
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“discharge measurement.” If one measurement is more
than 5 percent from the mean, four additional transects
should be collected and averaged. A CV should be
calculated from the discharge-measurement series by
| dividing the standard deviation, in units of discharge, by
6,000 ek the mean of the series. If the CV is greater than

= 5 percent, the ping rate should be increased or the boat
S slowed during the transect to collect more pings per
Na-a transect. Additional transects should be made until a

- series of four is obtained having a CV of less than

2,000 = 5 percent.

DISCHARGE MEASUREMENTS AT DUTCH SLOUGH
8,000,

4,000

For discharge measurements made in tidally
affected rivers and estuaries, the CV value and standard
deviations cannot be computed easily and, therefore,
-2,000 are not used. However, comparison and common sense

252 307 321 336 330 &0E 4194331 gometimes can detect inaccurate transect discharges. In
TIME, IN HOURS these cases, a single transect can be used as a discharge
measurement, although many measurements usually
are made during a discharge-measurement session to
define the dynamic flow conditions.

DISCHARGE, IN CUBIC FEET PER SECOND
o

Figure 7.11. Discharge-measurement data from a tidally affected

gaging station on a tributary of the San Joaquin River. Suitable IOg sheets and dlscharge-measurement

notes must accompany the discharge-measurement
series. The operator should store a copy of the
configuration file that is used for the series in the
Transect software deployment directory with a
ocumentation file containing edge values and other
}Sertlnent information (described above). A documenta-
tion file should be stored with the Transect software
data files describing stream conditions and pertinent
information not collected by the Transect software.

media may consist of a compact disk, read-only-
memory (CD-ROM), optical media (30-year), oradlskd
drive on a computer system that is backed up regularl
The computer hard disk of the laptop used for data
collection is not considered “safe media.”

Summary All Transect data files and accompanying
configuration and documentation files should be
archived to “safe” media as soon as possible after the
measurements are made. Although paper-copy records
can be kept for records computation, acoustic Doppler
current profiler discharge-measurement archives should
For steady-state flows, at least four transects be such that the discharge measurements could be
should be made and the results averaged to calculatevolly recreated from data stored on electronic media.

A smooth bank-to-bank transect technique is
essential for accurate discharge measurements. The
operator always should remember that slow, smooth
boat movements are desirable.
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Figure 7.12. Discharge-measurement log sheet. ADCP, acoustic Doppler current profiler.
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CHAPTER 8: DISCHARGE-MEASUREMENT notes should indicate the location of the configuration
REVIEW AND ASSESSMENT file used for the discharge-measurement series or

contain a listing of the file.
Individual transects should be checked for

discharge—mgasurement errors and inponsistencies 3iver Conditions

soon as possible after collecting the discharge-

measurement series. In most cases, this examination is  The configuration file should be examined in a
done at the office or in a motel suite, but it can be donkext editor to determine if the proper setup and

at the measurement site. The data are examined by configuration commands were used for the stream or
using the Transect software to reconstruct the river being measured. All sections should be checked,
measurement from the stored raw data and but the most important are the ADCP hardware, the
configuration files. This is termed “playing back” the direct command, and the calibration sections:
discharge measurement. During playback, the edge

discharges also can be estimated, and the power-curve Acoustic Doppler Current Profiler Hardware

(or other) estimation scheme used near the top and
bottom of the profile can be examined for correctness : ol
and changed, if necessary. the configuration file.

Proper review and assessment of ADCP (example)
discharge measurements is almost as important as the ADCP HARDWARE
technigues and instrument setup used to collect the _
original data. Improper instrument setup and faulty Fi r mwar e (5. 45)
measurement techniques can be revealed during post A9l e (20)
processing and, in some cases, corrections can be made  FF equency (1200)
to improve discharge-measurement accuracy. System (BEAM

Review of ADCP discharge measurements (I\ébidgn,f 23 i on ( DOMN)
should include the following steps.

i . . _ Patt ern ( CONCAVE)
«Configuration file review with focus on the
applicability of the following sections to river

*First examine the ADCP Hardware section of

Are these entries compatible with the ADCP used

conditions: to make the discharge measurements? Is the proper
ADCP hardware setup mode being used for the river or stream in question?
ADCP direct commands
ADCP calibration constants Acoustic Doppler Current Profiler Direct Commands

*Transect software playback with focus on the

) ! *Next examine the Direct Commands section of
following subjects:

the configuration file.

Missing data ensembles (example)
Possible bottom-sediment movement DI RECT COVMANDS
Magnitudes of discharge in the
unmeasured (estimated) parts of the W525
cross-section near the top and bottom WF50
of the profile BX200
Technique used for low-velocity WNO60
[< 10 cm/s (0.33 ft/s)] measurements WD111100000
Power-curve-fit applicability \é\ggggm
Reasonableness of edge values WL
Shiptrack examination BVB
These assessment procedures are discussed inthe ESO
following paragraphs. WE0450

Is the blanking distance (WF) adequate for the
transducer frequency? Is the bin size (WS) proper for

The first thing that should be checked is the  the transducer frequency? Are enough depth bins
applicability of the configuration file to the data file andspecified (WN) to cover the range of depth measured?
to river conditions. The ADCP discharge-measuremeri few playback profiles may have to be examined

Configuration-File Review
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before this question is answered. Is the bottom track

maximum depth (BX) greater than the maximum
stream depth? If BX is less than the maximum depth,Have the proper offsets (if any) been entered? Is the

there will be missing ensembles. Are the bottom and proper estimation scheme being used for the bottom and
water modes (BM,WM) specified correct for the

measurement application? Is an ESO (salinity of zeropeing used?
command present?

Calibration Section

*Finally, examine the calibration section.
(example)

CALI BRATI ON

{

ADCP depth (.40 m

Headi ng/ Magnetic of fset (0.00
0. 00°)

Transducer nisalignnent (0.00°)

Intensity scale [0.43 decibels (
dB) per count)]

Absorption (0.440 dB/ m
Salinity [0.0 parts per thousand

(ppt)]
Speed of sound correction (YES)

Pitch and roll conpensation (YES)
Tilt Msalignment (0.00°)
Pitch O fset (0.000°)
Rol | _Offset (0.000°)
Top discharge estinmate (POAER)
Bott om di scharge estinate

( POVER)
Power curve exponent (0.16670)

Moloc ity

Zacroncnto Rivcr —— nICPF Clozz —— Octobcor 1995 s Eﬂ—93

Mo hinx 5 MM 4 TP Crvth

Current o-ojected 240.0 dag f-omn k

TEEF:EBI

Does the transducer draft correspond to the draft
entered on the ADCP discharge-measurement notes?

the surface, and is the proper power-curve exponent

Transect Software Playback

When the configuration file has been verified, the
Transect software data files should be loaded and
replayed using the Transect software playback menu.
When the playback section is first entered, the software
looks for the last loaded configuration file (in
TRANSECT.PTR) for information about file locations.
The operator either can load a new configuration file or
load an individual data file by pressing the F3 key. The
operator can load a list of files from a deployment by
pressing the F8 key. During playback, the data should
be examined with a critical eye for the anomalies
discussed in the sections below. Common sense also
should be used when reviewing Transect software data
files.

Missing Ensembles

A velocity contour plot of the ADCP discharge
measurement should first be examined for missing
ensembles. Missing ensembles show as vertical black
lines in the contour plot, as shown in figure 8.1.
Figure 8.1 shows a transect containing missing

Illead. Tem
] 225"
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I
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Mav Tata

Figure 8.1. Transect containing missing ensembles caused by a loss of bottom tracking.
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ensembles caused by a loss of bottom tracking. Note The method described above should be used with
that, in this case, the missing ensembles would contagaution. It only should be used to “fill in” one or two

a significant amount of flow if they were present. Themissing ensembles, at most. When the method is used,
discharge calculated from the transect described abouteshould be so noted on the discharge-measurement log
will be underestimated unless the missing data are sheet and the discharge measurement should be rated
estimated. accordingly. If most of the measurements collected
éjuring a measurement session contain missing
ensembles, the discharges should be remeasured at a
more favorable cross section (usually with slower

velocities) or should be remeasured when conditions
«In the playback section of Transect, load the filthecome favorable.

to be used in the normal way.

The following procedure can be used (using on
of Transect’s hidden commands) to correct transects
containing bad bottom-track velocities:

*Put playback into single-step mode by toggling
the F4 key, and rewind the file using the ALT W
command.

«Type F6 to open the ‘scale menu’ and enter Errors caused by bottom movement generally
7 m/s (20 ft/s) for the water-speed (current ~ show as negatively biased discharge measurements.

sticks) value. Type F10 to return to the main  These errors are introduced into the discharge-

menu. measurement cross product as apparent upstream boat
movement. Sometimes the quantity of sediment moving
#ear the bottom is enough to completely attenuate the
bottom echo, causing catastrophic loss of bottom track,
which shows as missing ensembles in the playback

. h ; data. Figure 8.1 shows a velocity contour plot with
bottom-track portion (near the right side of the \isqin"ensembles caused by loss of bottom track.
screen). After stepping through the entire file,

type ALT W to rewind the file. Let's assume When the ADCP is affected by bottom-sediment
ensemble 40 was bad. movement but has not lost bottom track, one might
expect the resulting shiptrack plot to be curved in the
*Set caps lock, scroll lock, and num lock on.  pstream direction, even though the vessel is moving
*Single step through the file to the ensemble  normal to the flow. In reality, the boat usually is pushed
preceding the bad ensemble (39). Type downstream by the current and, therefore, the
CTRL-END (simultaneously). A small window information from the shiptrack plot can be misleading.

will open in the upper left corner of the screen If bottom movement is suspected, the vessel

with the message ENTER ACCESS CODE:.  should be anchored near the highest flow area in the
Type 3200 then ENTER (on a laptop computercross section and data collected for at least 10 minutes.
the zero key may be remapped to another  Examination of the resulting shiptrack plot will reveal
location on the keyboard as a result of pressinghe magnitude of the bottom-track error as a upstream-
num lock). The bottom-track velocity now is  going shiptrack. The length of the track, in meters,
locked into its present value. Single step to themultiplied by the elapsed time can be used to calculate
next ensemble (40). The bottom-track velocity the speed of the apparent upstream boat movement.

should be the same as the preceding ensemble . : :
. Figure 8.2 shows a shiptrack plot taken with the
S(’:%)ésh;tgg dnee)\;\}iﬁgz\?vrgblgislgr)] éstgogdé;g)oe ?Oth%oat at anchor. The plot shows an apparent upstream
9 yp . boat movement of 18.7 m (61.5 ft) and an elapsed time
release the lock. If t_he next ensembl_e (41). 'S of 612 s. This indicates an apparent velocity
bad, continue stepping through the file until t.hemeasurement error of 0.03 m/s (0.10 ft/s). It would be
fg;fgzlzﬁéiﬁiﬂlTglégiéaiebgif n.?ﬁénlglfk'iz fempting to use this value to correct discharge
rocedure described above isthenlre eated ur?gleasurements, however, the bottom probably is moving
2” bad ensembles have been correctrc)sd and th ltdifferent speeds in the cross section (slower near the
o . Sdges and faster near the center, for example). A
er_1d of th? file is rea_ched. The to_tal _dlscharge correction based on a single bottom-movement
will then include estimates for missing measurement would be questionable. Again, ADCP
enser_n_bles, based on extrapolated bottom-tractl%easurementS sometimes can be made during
velocities. conditions of bottom-sediment movement by
*Edge estimates should be done in the usual wagubstituting differential GPS-positioning inputs for

Error Caused By Sediment Movement Near the
Bottom

*Hit the space bar to single step through the dat
Write down the ensemble number for any
ensemble that has anomalously long current
sticks, or high or bad speed indicated in the
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ADCP bottom-tracking data. See the manufacturers’ (ALT U) switch invoked. The unmeasured discharge
web sites for information on using GPS systems for magnitudes near the top and bottom of the channel are

bottom tracking (www.rdinstruments.com) and summed with the measured discharge (circled area in

(www.sontek.com). fig. 8.3). If the magnitude of the discharge in these
unmeasured areas is greater than 30 percent of the

Large Magnitudes of the Unmeasured Layers measured discharge, special attention must be paid to

the applicability of the power-curve estimation scheme
Figure 8.3 shows the ending edge estimate  used. A deeper cross section should be located and
(ALT E) screen with the show unmeasured dischargeused, if possible.
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acrancntn Rivocr at Frocport. .25 motoce binz A1-NFA-96 15:11:37 .15
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Figure 8.2. Transect software shiptrack plot of an anchored vessel.
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Figure 8.3. Transect software edge-value screen showing unmeasured layers.
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Low-Velocity Measurements Power-Curve-Fit Applicability

Most of the errors seen during Transect software Figure 8.5 shows a discharge profile with
playback are caused by too few ensembles being  measured data, cross-product curve fit, and the resulting
collected for a given river velocity. Even seasoned discharge profile.

ADCP operators sometimes fall prey to this error. It
cannot be over emphasized that SLOWER river
traverses are BETTER when it comes to the measur

As can be seen from figure 8.5, the actual
easured profile differs significantly from the one-sixth
&

ment of discharge in rivers having slow mean power-curve fit. In this profile, velocity near the surface

velocities. Slow traverses allow more ensembles to b.g less than the velocity_in the middle of the profile (_as
collected, thereby reducing the amount of random erro"‘lhown by the arrow). This may be caused by such things
in the discharge measurement. In general, the boat as wind shear or a fiow reversal near t_he s_urfape. :
should traverse the river at about the same velocity ag1any or all of the measurc_ed pTOf'IeS differ in this

the water. In large, wide rivers, this often is not possibl@anner’ then the TOP estimation scher_ne should be
(or feasible), and in such cases, equation 9.1 in changed from POWER to CONSTANT in the

chapter 9 should be used to estimate the proper boa{:onfiguration file, and the data replayed. The circled
velocity. The large standard deviation of ADCP- area indicates the profiled area where measurement bias

measured (slow) velocities can be seen in the shiptra&?n occur because of incorrect top Igyer_d|scharge
plot of figure 8.4. estimates. Generally, the bottom estimation sgheme_
should be left at POWER. The exception to this rule is
The boat speed for the traverse (fig. 8.4) was when significant numbers of profiles are bidirectional.
close to that of the water. Even though there was a largebidirectional profile is one wherein the velocities are
single-ping standard deviation, the standard deviatiorstratified with the top-most velocities moving in a
of the resulting group of discharge measurements wadifferent direction than the bottom-most velocities. In
small. If any single discharge measurement has a  cases of stratified flow, the estimation scheme should be
coefficient of variation larger than 5 percent, the ADCRet to CONSTANT at the top and CONSTANT at the
and boat operator should be cautioned to decrease bottom. This method will introduce some errors but the
vessel speeds during discharge measurements at the sit®rs will pnot be as great as those caused by setting
in question for similar or lower velocities. the estimation scheme to POWER.
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Figure 8.4. Transect shiptrack plot of acoustic Doppler current profiler-measured velocities on a slow-moving river.
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Edge Values edge distance estimates. The software then calculates
an estimated discharge for each edge and adds it to the
Figure 8.6 shows the Transect software playbactotal discharge. Transect software version 2.80 (and
edge-value estimate screen, which is accessible by later versions) allows the operator to enter edge values
pressing ALT-E after Transect playback. Note! This while acquiring the discharge measurement. These edge
feature is available only during playback at this time. values are saved in the configuration file and can be
This menu allows the operator to insert start and endloaded during playback.
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Figure 8.6. Transect software edge-value screen.
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Note that in figure 8.6, the start edge-dischargesection traverse and to stop the Transect software before
estimate is negative, the main body of discharge is making the course reversal at the end of the traverse.
positive, and the end edge discharge is positive. ThisDuring the discharge measurement, the ADCP operator

phenomena can be caused by two things: also should note any observed longitudinal-flow
*The start-edge discharge is moving in the reversals on the discharge-measurement log sheet.
opposite direction from the main body of Longitudinal-flow reversals can take place at high flow

discharge and the end-edge discharge [this cafdue to eddies) and near slack tide (due to momentum
occur because of eddies or momentum effectseffects). Longitudinal-flow reversals should be noted
(fig. 8.7)]. during the review of shiptrack plots. Then the reviewer
«Initial boat movement was toward the starting should determine whether the reversal is actual or
shore rather than away from it. caused by initial boat movement toward shore.

The sign ¢ or -) assigned to the cross-product The shiptrack plot shown in figure 8.7 also
calculation is based on the boat course, in relation to th@,ould be examined for discrepancies in the motion of
flow direction. If the water is flowing uniformly in one the discharge-measurement vessel. In general, a good
direction and the boat is traversing the flow uniformly gischarge measurement occurs when the measurement
without changing course, the sign of the cross produGfessel makes a smooth traverse from bank to bank. An
should remain constant. If the_ boat reverses course_(g{(treme example of irregularities in the shiptrack is
the flow changes direction during the traverse), the sigl|ystrated in figure 8.8. Examination of the velocity-
of the cross product will change. If this occurs at elthebmf”e data in figure 8.9 does not reveal these
or both edges, the edge velocities will have a sign thafyeqgylarities. If the shiptrack plot of this measurement

differs from that of the main flow body (fig. 8.6). In a4 not been examined, it may have been erroneously
recent versions of the Transect software (version 4.0@;peled as a good measurement.

and later), corrections have been made to eliminate

incorrect signs (+ of) near the riverbank edges, The shiptrack plot should be examined for
however, the operator still should carefully examine théhooks” (fig. 8.10)near the edges that indicate that the
edge-value water velocities. F5 key was either pressed too early in the transect

(before the vessel had started its move toward the far
Shiptrack bank) or too late (after the boat operator has reversed
course at the end of the transect). Such “hooks” can be
The operator should take care to start the edited out of the data using the F8 subsectioning menu
Transect software only after the boat begins the crosgfig. 8.11).
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Figure 8.7. Transect software shiptrack plot.
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Summary correctness and the edge-value estimates should be
checked.

Transects should be replayed as soon as possible ) _
after being collected to check for possible errors in Discharge-measurement technique should be
acoustic Doppler current profiler (ADCP) setup and checked for correctness. In particular, the boat speed
discharge-measurement technique. Configuration fileghould be slow enough to reduce the discharge-
should be examined to see if proper ADCP setup ~ measurement standard deviation to a value under
parameters were used for the measurement. The powepercent (of mean discharge). In tidally affected areas
curve estimation scheme should be checked for or large shallow, slow-moving rivers, equation 9.1
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(chap. 9) can be used to assess discharge-measurenaggcribed in this chapter. If there are many missing

standard deviation. ensembles present in the transect data, the discharges
If bottom movement is suspected, the boat should be remeasured at a different cross section or

should be anchored in an area of the highest channeivhen conditions become more favorable.

flow and transects should be collected for at least Magnitudes of the discharges in the unmeasured

10 mi_nutes. The resulting shiptrack plot should be layers should be examined and, if they comprise a
examined for apparent upstream boat movement.  sjgnificant portion of the total discharge, the operator

If a few missing ensembles are discovered duringhould attempt to locate a deeper cross section for
playback, they can be estimated using the technique future measurements.
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Figure 8.10. Transect shiptrack screen. ADCP, acoustic Doppler current profiler.
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CHAPTER 9: DISCHARGE-MEASUREMENT ERROR Side-Lobe Interference

When a parasitic side lobe strikes the bottom, the

In this chapter we will discuss the major SourCeTeturning echo drowns out the reception of the echo

of error in ADCP discharge measurements. We will first, o +ha main beam. In an ADCP with 20°-beam
review velocity-measurement uncertainty (Chap. 1) angp, a5 this loss of reception occurs at a point equal to
then discuss random and systematic ADCP discharge;

A simole disch ibout 94 percent of the total depth. This area of side-
measurement errors. A simple discharge-measuremefl,q jnterference near the bottom (equal to 6 percent of
error model is presented to aid the operator in

. total depth) can be calculated using equation 1.4. Using
premeasurement planning and error assessment. o equation, the Transect program “throws out”
discharge data in the area of side-lobe interference and
. . . then estimates the velocities near the bottom using
A Review of Major Acoustic Doppler Current power-curve fits or other estimation techniques.
Profiler Velocity-Measurement Limitations and However, if the operator is collecting velocity profiles,
Uncertainties the velocities may not be flagged “bad” by the Transect

software. To determine the depth at which the side-lobe
A short review of ADCP velocity-measurement interference will affect the data, the operator must
uncertainty and measurement limitations will help in examine backscattered intensities. In a normal profile,
understanding discharge-measurement errors. Detailéite backscattered intensities start at around 140 counts
explanations and examples of these uncertainties are(or higher) and “drop off” with depth. Velocity
discussed in chapter 1. measurements become questionable at the point where
intensities increase (or stop decreasing). Looking at
o beam 1 in the tabular plot in figure 9.1, we see that the
Limitations intensities start at 145 and increase to 147 in the
following bin because of ringing (mechanical and
electronic resonance). This error in the top-most bin
occurs if the blanking distance is set too short (see the
next section on Blanking Distance). The intensities
decrease until about 123 counts where they “flatten”

. and then begin to increase. The depth at which the
transducer face (range). As the signal strength and . .
signal-to-noise ratio decreases, the spectral width of trfﬁoeucggﬁgsg r?]r;g/ %223;2?#22?: dlsb;hsei((jj:-rl)(t)rt])st which
re_turnec_i signal increases. Thls Increase in spectral interference. The area between the last good bin center
width with range causes an increased standard nd the bottom must be estimated by some means to
deviation of the measured velocity with range. At som btain mean velocity in the vertical profile
range the return echo is unusable. This limiting range | y P '
largely dependent on transducer frequency and, to a _ o
much lesser extent, on transmit pulse length and beam Unmeasured Velocity Due to Blanking Distance
angle for any given ADCP. The usable range of an and Transducer Draft
ADCP also is affected by the number of scatterersinthe  pger transmitting the acoustic signal, the ADCP

water column. Below is & conservative estimate of  yansqycers and electronics must “recuperate” briefly
ADCP maximum range for several transducer before they can receive the incoming echoes. During
frequencies (table 9.1). recuperation, the acoustic signal travels a short distance
(blanking distance). Acoustic reflections cannot be
received within the area between the transducer face
Table 9.1. Approximate maximum depth range for 300-, 600-, and and the blanking distance.

1,200-kilohertz acoustic Doppler current profiler (ADCP) systems The transducer assembly must be submerged

Range Limitations

The signal strength of an acoustic pulse
decreases logarithmically with distance from the

[kHz, kilohertz; m, meter; ft, foot] adequately so that it does not break the water surface
Range during pitch and roll events. The depth of the transducer
ADCP frequency g .
(kHz) (m) faces below water surface is called transducer draft.
(f) To calculate the distance to the center of the first
300 20 m (390 ft) bin, it is necessary to use the BB-SETUP software
600 48 m (157 ft) module, available from RDI, as part of the Transect
software package. From the screen capture shown in
1,200 15.4m (50.5 ff) figure 9.2 it can be seen that if you are using a
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Tabular
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Figure 9.1. Screen shot of Transect software showing tabular output.

1,200-kHz BB-ADCP with 0.25-m (0.82-f00t) bins, a Random Uncertainty Due to Self Noise and Lag Distance

blanking distance of 0.5 m (1.64 ft) and an ambiguity N

velocity (WV) of 190 cm/s (6.2 ft/s), the center of bin 1 The most significant source of random

will be at a range of 0.85 m (0.28 ft) from the face of th&/Ncertainty in a BB-ADCP water-velocity

transducers. If the transducer draft is 0.25 m (0.82 ftymeasurement is caused by self noise (freeway analogy
the center of the first bin is 0.85 + 0.25 = 1.10 m (3.6 fg'ﬂ(:hap' 1). The magnitude of this uncertainty is

below water surface. Water velocity in the area betweefffected by ADCP transducer frequency, transmit pulse
the water surface and the first bin center must be  Width, lag distance, and many other factors. This

estimated to calculate mean water velocity in the ~ uncertainty directly affects ADCP water-velocity
vertical profile. measurement precision. Techniques such as pseudo

random phase encoding, data averaging, and increasing
the lag distance are used to help reduce the effects of
Random and Systematic Uncertainty this uncertainty. The magnitude of this uncertainty can
be predicted using the BB-SETUP program that is

In chapter 1, we discussed ADCP velocity- shipped with the Transect software files. Figure 9.2
measurement uncertainty in detail. In the following shows a screen shot of a typical 1,200-kHz broad-band
paragraphs we will touch on each of the major source8DCP setup scenario.
of ADCP velocity-measurement uncertainty so that we In mode 1 operation, the operator can control the

can more rea;jily grasp the causes of discharge- lag distance by changing the value of the ambiguity
measurement error. velocity (WV command). Notice that for an ambiguity
ADCP velocity-measurement uncertainty can Vvelocity of 190 cm/s the single-ping standard deviation

take two forms: (an indicator of velocity-measurement random
] uncertainty) is 14.08 cm/s (0.46 ft/s). If the operator
*Random uncertainty lowers the ambiguity velocity to 90 cm/s (2.95 ft/s) for

example, the single ping standard deviation drops to

10.3 cm/s (0.34 ft/s). There are practical upper and
Random uncertainty can be reduced by data lower limits to the ambiguity-velocity setting; setting

aweraging, but systematic uncertainty cannot. If the the ambiguity velocity too high will produce

magnitude of systematic uncertainty is known, it can unacceptable random uncertainty in the velocity

sometimes be corrected using adjustment factors or measurement and setting the ambiguity velocity too low

coefficients. may introduce ambiguity uncertainty (chap. 1). In

«Systematic uncertainty (bias)
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File 3Setup Predictions MWindows Help=<F1: BBESetup 1.10

F k Hater track setup F Systen configuration

Pings per ensemble 1 Freguency 1700 kH=z
Depth cell size .25 m Beam angle 20 °
Humber of depth cells 40 Firmware version 3. umrd
Blank after transmit 0.50 m
Profiling mode 1 = Environment
Ambiguity velocity 190 cm-= Hater temperature Z25.00 C
Hater salinity O ppt
[F[  Bottom track setus Depth of transducer 0.0 m
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Ambiguity mode =i Hater track predictions
Max tracking depth . First depth cell 0.85 m
Last depth cell 10.60 m
[F[  Data collection setus Predicted max range 2365 n
Time btwn ping groups 0.00 = Min ping time 0.23 =
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Deployment length 1.00 days
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Coordinate system BEAM Predicted max range 55.93 m
Correlation YES Min ping time 0.53 =
Intensity YES Uelocity std deu 0.26 cms
Percent good YES
Status YES F Data collection predictions
Enable recorder YES Enzemble size 1142 B
Enable serial output YES Min time per ensemble 1.48 =
Baud rate 38400 Total space needed 1.64 MB
Energy required 3.95 Hh

Figure 9.2. Screen shot of BB-SETUP software showing a typical setup for a 1,200-kilohertz broad-band acoustic Doppler current profiler.

mode 5 operation, the velocity-measurement velocity setting is a trade off and usually can be setto a
uncertainty is greatly reduced (by about a factor of 10)safe” value using equation 3.1 in chapter 3. If the
because of the large lag spacing. However, because thisbiguity-velocity values are set to a high value

large lag spacing lowers the ambiguity velocity, mode Because of possible ambiguity uncertainties, the

only can be used in conditions where the bottom andoperator may have to slow the boat during the cross-
water velocities are low [less than 50 cm/s (1.64 ft/s)]section traverse to improve the discharge-measurement

relative to the ADCP. standard deviation (discussed later in this chapter).
For mode 5 operation, the ambiguity velocity
Systematic Uncertainty Due to Velocity Ambiguity (WZ command) is set automatically by the ADCP,
_ ) . _ depending on water depth and depth-cell length. If,
If the operator is recording single-ping during mode 5 operation, ambiguity uncertainties are

ensembles, velocity-ambiguity uncertainties show as encountered, the operator either must switch

“spikes” in the data that are the opposite sign of the measurement modes or look for a cross section having
“true” velocity. The difference between the “true” lower velocities and (or) current shear.

velocity and the erroneous velocity is twice the
magnitude of the ambiguity velocity (WV command in
mode 1). A detailed explanation of this uncertainty is in
chapter 1. For mode 1 operation, the operator can raise = Speed-of-sound calculations that are not

the value of the ambiguity velocity to eliminate these corrected for temperature can cause velocity-
uncertainties, but the single-ping velocity- measurement errors and depth errors as great as
measurement standard deviation will increase, causingpercent. Fortunately the Transect software uses data
decreased measurement precision. The ambiguity- from a thermistor in the transducer assembly to correct

Systematic Uncertainty in Speed of Sound Due to Temperature
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speed-of-sound calculations for temperature variationmeasurement site. Salinity can be calculated and

in the water near the transducer. Under normal strearantered into the configuration file prior to the discharge
conditions, this correction reduces speed-of-sound measurement, however, a better approach is to enter
errors to insignificant levels. Sometimes, however, theero salinity into the configuration file (ES0). The
water column becomes temperature stratified. Unlike correct salinity can be plugged into the configuration
horizontal water-velocity errors, depth-measurement file during playback. An incorrectly entered salinity
errors can be introduced by temperature gradients in@asing the ES direct command can be very hard to
stratified water column. Figure 9.3 shows depth errors;orrect after the fact.

in percent, due to improper temperature compensation
for speed of sound. Fortunately temperature gradients

. Systematic Uncertainty Due to Incorrect Beam Geometry
must be extremely high (10°C or more) to cause a

significant error in a BB-ADCP depth measurement. The largest source of systematic uncertainty in an
Gradients of this magnitude sometimes can occur  ADCP is caused by uncorrected errors in the
during the summer in slow-moving water. measurement of the beam-pointing angles. These

Speed-of-sound errors also can be caused by auncertainties Usua”y are in older BB-ADCP units that
faulty thermistor in the transducer assembly. An error iivere sold before the manufacturer instituted stringent
temperature causes an erroneous calculation of watefluality-control procedures. Late model BB-ADCPs and

density, which results in a speed-of-sound uncertaintyVorkhorse Rio Grandes have transducer assemblies
that meet more exacting beam-angle tolerance

requirements. Each ADCP is tested on a distance course
and corrections are saved in the ADCP firmware for any
The speed-of-sound equation in the Transect measured beam-angle discrepancies. Older ADCPs can
program (R.D. Instruments, Inc., 1995) depends on abe upgraded by the manufacturer and then tested in a
user-supplied salinity value to calculate speed-of-sounigike to identify and correct beam-angle uncertainties.
corrections (as discussed in the velocity-measurement
error section in the first part of this chapter). This value
is specified in the Transect software configuration file.
If the operator has entered an incorrect value or has Many scientific studies require accurate water-
forgotten to enter the proper value, depths (as well asvelocity profile measurements and discharge
velocities) are calculated incorrectly. Depth errors as measurements. Many of the velocity-measurement
high as 3 percent can be caused by speed-of-sound errors described above can be minimized or eliminated
calculations that are not corrected for salinity (fig. 9.4)by using the following common sense rules:

Systematic Uncertainty in Speed of Sound Due to Salinity

Minimizing Uncertainty in Velocity Profiles

Fortunately “ball park” salinity values usually will «Use the proper water mode for the job. If the
reduce this error to less than 1 percent. velocities are dynamically changing, or the
Velocity errors due to salinity-caused speed-of- vessel is affected by pitch and roll, use water

sound variations can be at least as serious, therefore, mode 1. In shallow water that is placidly
many boat operators carry a salinimeter (or moving, mode 5 may be used. In shallow, fast-
conductivity meter) with them to the discharge- moving water, mode 8 may be used.
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Figure 9.3. Depth error due to speed of sound that is uncorrected Figure 9.4. Depth error due to speed of sound that is uncorrected
for temperature. for salinity.
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«Collect enough data at the profile location to  Table 9.2. Approximate depth-averaged single-ping precision for
ensure that the measured water-velocity 1,200-, 600-, and 300-kilohertz broad-band acoustic Doppler current
standard deviation is within usable limits (after profiler-measured water velocities using mode 1 operation,

20° beams, and WV190
the data are averaged).

o|f the unmeasured bottom and top velocities ardkHz, kilohertz; m, meter; ft, foot; cm/s, centimeter per second; ft/s, foot
to be estimated, ensure that the measured ~ Per second]

portion of the profile (after averaging) is Frequency Depth Average standard deviation
congruent with the estimation scheme used. For ~ (kH2) cell size for depth range
example, if the measured part of the profile is 1,200 0.25m 14.1 cm/s (0.46 ft/s)
bidirectional, a one-sixth power-curve (0.8 ft)
estimation scheme is improper. 600 50m 14.1 cmis (46 fts)
(1.64 ft)
Errors Affecting the Accuracy of Discharge 300 14.1 cm/s (.46 ft/s)

Measurements

If heavy sediment loads are not present and a
moving river bed problem does not exist, errors in
ADCP discharge measurements usually are caused by  The precision of a discharge measurement may
improper river traverse rates or erratic movements of be computed using the following algorithm in
the discharge-measurement vessel. These random equation 9.1:
errors usually cause imprecision in the discharge

Simplified Random-Error Model

measurement (scatter). Reducing the traverse rate and 2 2

eliminating erratic vessel movements can reduce J[(loo&) + <100£> +02 + o2 }

random error. 5 = Vi Vin b 9.1)
The next most common error types are depth 7 [0.75N,N, '

errors caused by incorrect transducer draft, depth errors
due to speed-of-sound variations, and cross-product ywhere
errors due to improper application of the power-curve _ I .
fitting scheme. These sources of error are biases that O = ?:g;ii'ggiﬂ?t:gn gl;cdéi?,harge
cannot be improved by slowing the traverse rate or _ ' p :

averaging the data (see bias error section later in this V., = estimated approximate mean stream

chapter). Random errors in discharge measurements velocity, in centimeters per second,

made with the BB-ADCP system roughly can be X,, = BB-ADCP water-velocity precision, in

predicted if the following values are known: centimeters per second (table 9.2.);
*ADCP water-velocity measurement precision X, = BB-ADCP bottom-track precision, in
*ADCP bottom-track velocity measurement centimeters per second (table 9.2.);
precision

o, = estimated standard deviation of natural

*The standard deviation of naturally occurring
water-velocity pulsations (at the ADCP- value of usually 8-12 percent (at the time

measurement time scale) _ interval used for an ensemble by the
«Approximate average cross-sectional water BB-ADCP);

depth

*Approximate average water speed

*BB-ADCP bin size

*BB-ADCP ping rate

Table 9.2 gives the approximate depth-averaged,
water-velocity standard deviation for 1,200-, 600-, angEquation 9.1 is derived using the following

300-kHz BB-ADCPs with 20° beam angles using assumptions:
mode 1 operation with an ambiguity velocity of

pulsations, in percent of mean velocity; a

o, = depth error due to round off and resolution
limitations;

N, = average number of bins in the vertical; and
N, = total number of subsection measurements.

190 cm/s (6.23 fi/s). *A 15-percent bin-to-bin correlation
Mode 5 bottom-track standard deviation is much *A 0-percent subsection-to-subsection

less than the water-velocity standard deviation for all correlation

ADCP frequencies [0.2-0.3 cm/s (0.006—0.009 ft/s)]. *A smooth rectangular channel
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The 0.75 constant in equation 9.1 is a rough +USGS field office personnel are more adept at
approximation of the Markov model output when there estimating widths and depths in the standard-
is a sample (bin-to-bin) correlation of 15 percent measurement system.

(Matalas and Langbein, 1962). Matalas and Langbein

(1962) present an equation for the calculation of VESSEL SPEED 0.3 METER PER SECOND

effective N for any correlation coefficient, and this (1 FOOT PER SECOND)

equation should be used in error models that are 12

developed for the estimation or prediction of 10 I\

PERCENT

BB-ADCP (or narrow-band ADCP system) discharge-
measurement error.

Depth error due to BB-ADCP round off and
resolution limitations ¢, ) is estimated by the
manufacturer to be 4 percent of the measured vertical2
depth range on an individual beam (Joel Gast, R.D.
Instruments, Inc., oral commun., 1997). Because four&
beams are averaged for the depth measurement,thea 0 02 04 06 08 10 12 14

E ERROR, IN

o N B o o

HA

|

error becomes~ = 2 percent for each ping averaged RIVER VELOCITY, IN FEET PER SECOND
. A4
during the discharge measurement. VESSEL SPEED 0.9 METER PER SECOND
) = (3 FEET PER SECOND)
Figure 9.3 shows graphs of mode 1, 1,200-kHz,._L.)J 25
error model output for a 61-m- (200-foot-) wide river, =<

with boat speeds of about 0.3 and 0.9 m/s (1.0 and 2 20 '\
3.0 ft/s). Figure 9.3 reveals that a boat operator 15
traversing a 61-m- (200-foot-) wide, 4.6-m- (15-foot-) & \

,IN

deep river could use a boat speed of about 0.3 m/s % 10
(1 ft/s) for the measurement of all mean river velocitiesw
above 0.15 m/s (0.5 ft/s). Figure 9.5 also shows that e 5 \-—\_\.
discharge-measurement error increases with the boatz T — .—
speed. This increase occurs because the BB-ADCP iz2 0 0 02 04 06 08 10 12 14
collecting fewer pings during the cross-section : : : : ' : :
traverse, with a resultant increase in random error RIVER VELOCITY, IN FEET PER SECOND
(because fewer data are aver,a,ged)' The_ boat Operatcﬁg;jure 9.5. Discharge error using a boat speed of about 0.3 meter
must remember that the precision of a discharge per second (1 foot per second) and about 0.9 meter per second
measurement can change dramatically with changes {Bifeet per second).
the total number of pings and the total number of bins
sampled during the traverse. The total number of depth VESSEL SPEED 0.9 METER PER SECOND
bins depends on the water depth. Figure 9.6 shows the (3 FEET FER SECOND)
same scenario as in figure 9.5, but with an average 12
cross-section depth of 9 m (30 ft) rather than 4.3 m '\
12
10 \

(15 ft). Note that the discharge-measurement error
decreases to magnitudes similar to those shown in
figure 9.5. This decrease occurs because there are tw
as many bins averaged in the vertical profile.

RRORGIN PERCENT
oo
-

Although equation 9.1 can be programmed into a.,

E
-

spreadsheet and used to predict discharge- e 4 \\_\
measurement uncertainty, a small executable softwar& 9 —_
application (QERROR) has been developed (for 7 s e N

mode 1 use) that is more easily used in the field. e 0 02 04 06 08 10 12 14
Figures 9.7-9.9 show screen shots from the QERROR RiVER VELOCITY IN FEET PER.SECON.D '

application. Figure 9.7 shows the input screen. The ’

measurement units are in mixed systems on the iNPUfigure 9.6. Discharge error using a boat speed of about 0.9 meter
screen for two reasons: per second (3 feet per second) in 9 meters (30 feet) of depth.
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U% BB-ADCP error estimator - Mode 1 ope =10 x|

CHANNEL PROPERTIES ADCP
Channel Width {Ft.) Transducer Draft (cm)
IZI]I] 30

Blanking Distance {cm)
Average Depth {Ft.) |5|]
|3I]
Bin size (cm)
25
Estimated Velocity (Ft./s)

|1_|] W Command (cmis)
190

—ADCP frequency—
&+ 1200 kHz

e 600 kHz

e 300 kHz

ADCP beam angle
& 20 degrees

30 degrees

Figure 9.7. QERROR setup screen. ADCP, acoustic Doppler current profiler.

*ADCP input parameters always are requested ias high as 0.6 m/s (2 ft/s) could be used for accurate
SIS units. measurement of the above described river, partly
Figure 9.8 is the output screen from the becau_se the river (figs. 9.6 and 9.7) is 9 m (30 ft) deep.
QERROR application and it illustrates the importancd the river depth were shallow [3 m (10 ft) or less], the
of slow-vessel traverse rates when measuring rivers boat would have to be slowed to the mean water
with slow mean velocities. Note that the error is velocity to maintain a reasonable precision (a CV of
reasonable when the boat is moving at speeds less thégsgs than 5 percent) (fig. 9.10).
or equal to, the water velocity. A good rule of thumb is

to traverse the river at about the same speed as the mean EX@mination of fig. 9.6 reveals that the length of
water velocity. However, this rule becomes time required for the river traverse increases

inapplicable when measuring wide, deep rivers, with €xponentially as mean river velocities approach 0. The
slow water velocities. The operator would not be able téequirement for this extended averaging period begins
complete such a measurement within a reasonable tint@ defeat the purpose of the BB-ADCP measurement
frame. In cases of wide, deep rivers, the operator carsystem at very shallow depths and low velocities. Water
use equation 9.1 or the QERROR application to mode 5 should be used, if possible, in these cases
estimate discharge-measurement error based on boajecause it will reduce the above described discharge-
speed, average water depth, and estimated mean Waiggasurement errors by almost an order of magnitude,
velocity. however, its use is limited to rivers having little shear or
Figure 9.9 shows the same measurement turbulence. For 600-kHz BB-ADCPs, water mode 8 can
scenario as used for figure 9.8 with a mean river be useful in shallow water if the vessel is slowed to
velocity of 0.15 m/s (0.5 ft/s). Notice that boat speedseduce the higher random error of mode 8 operation.
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Figure 9.8. Discharge error with a mean water velocity of about 0.3 meter per second (1.0 foot per second). ADCP, acoustic Doppler current
profiler.

Bias Error The manufacturer is aware of many of these types of
errors and reports that the two most important of these
are water-velocity measurement errors, due to selective

sorption (nonuniform signal absorption in the water
ass over the transmitted signal spectrum), and

Discharge-measurement random error can be
reduced by data averaging (slowing the vessel speed
the measurement transect), as discussed above. Bia§n

gs\}ésr;e;]rir:]eglc) errors cannot be reduced by data bottom-track errors due to t_errain effect (the leading
o _ edge of the acoustic beam is far20ther away from the
_ Bias error can be separated into two classes: transducer than is the trailing edge when it impinges the
instrument error and operator error. Instrument error ishannel bottom). These and other errors are thought by
due to physical, electrical, or acoustical limitations of the manufacturer to be small and insignificant for most
the BB-ADCP instrument (or defects in the BB-ADCP gpplications (Joel Gast, R.D. Instruments, Inc., oral
hardware and firmware). Operator error is caused by commun., 1992). The following paragraphs will discuss
improper BB-ADCP installation, setup, and, in some o revisit instrument errors that significantly can affect
cases, application. the accuracy of an ADCP discharge measurement.
These errors are as follows:

*Beam-angle errors.

There are many sources of instrument bias error. *Depth-measurement errors.

Some are more significant than others. This report will «Speed-of-sound errors due to temperature and
not attempt a discussion of ADCP systematic error salinity

sources related to the physics of the acoustic signal _ ’ , o
(other than beam-pointing angles and depth *Bias errors cause_d by improperly estimating the
measurements) because many of these sources are not ~Unmeasured portions of the cross section.

yet documented and are beyond the scope of this report.  «Operator-caused bias errors.

Instrument-Caused Bias Error
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Figure 9.9. Discharge error in deep water [9 meters (30 feet)] with a mean river velocity of about 0.15 meter per second (0.5 foot per second).
ADCP, acoustic Doppler current profiler.

Beam-Angle Errors typical BB-ADCP discharge measurement collects

Errors in the beam-pointing angles (discussed iff&ny more depth measurements during the cross-
the velocity-error section) have an equivalent affect offection traverse than are collected using conventional

the accuracy of discharge measurements. methods.
Near the bank edges, the BB-ADCP beams
Depth-Measurement Errors oriented toward shore will show shallow depths,
whereas the beams oriented toward the channel will
The Transect software uses depth measured frogh\y greater depths. An average of all four beams will
the four acoustic beams to calculate mean depth for 555 oximate the vertical depth from the center of the
each discharge-measurement subsection. These dep%pB_ADCp transducer assembly to the bottom. In pitch
measurement errors can come from two Sources:  gn( roll conditions, averaged depth measurements from
Depth sampling errors due to limitations of the all four acoustic beams will be more accurate than

acoustic beams and bin sizes. depths measured by a single, vertically placed, depth
*Depth errors due to improper estimation of  sounder because of the large beam “footprint” or
speed of sound. pattern.

Figure 9.11 shows an exaggerated instance of
depth error due to limitations of the acoustic beams. I§peed-of-Sound Errors Due to Temperature and Salinity Gradients
only a few depth measurements were taken, per cross-
section traverse, this type of error would be significant. Speed-of-sound errors (discussed in the ADCP
However, the averaged depth is calculated using all folwfelocity-Measurement Limitations and Uncertainties
beam depths for each ensemble and, if the ensemblesection of this chapter) affect the accuracy of discharge
are kept short enough, the mound (fig. 9.8) willbe  measurements in the same way that they affect the
integrated into the total cross-section averaged depth.@ccuracy of velocity measurements. These uncertainties
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Figure 9.10. Discharge error in shallow water [3 meters (10 feet)] with a mean river velocity of about 0.15 meter per second (0.5 foot per
second). ADCP, acoustic Doppler current profiler.

are subtle and hard to spot in the collected data. Clos®nstandard profiles as well as bidirectional flow.
attention to detail is required by the ADCP operator td&Examination of the Transect program playback files can
eliminate speed-of-sound uncertainties. sometimes reveal nonstandard profiles and can provide
the basis for a revised power-fit coefficient (chap. 8). In
cases of bidirectional flow, the estimation scheme
should be changed to CONSTANT on the bottom and
CONSTANT at the surface because a power function
Errors of this type are called extrapolation errorsextrapolation mathematically cannot cross zero. In
An example of a nonstandard velocity profile is showrbidirectional flows, the velocities may be positive
in chapter 8 to illustrate this error. The extrapolation (flowing downstream) in the upper portion of the water
scheme used to estimate cross products near the wag@iumn and be negative (flowing upstream) in the lower
surface and channel bed assumes a “Manning-like” portion of the water column.
velocity profile. The unmeasured area near the bottom  Fortunately, extrapolation errors can be corrected
usually is not a problem because the velocity must gQjyring data playback. The raw recorded data are not
to zero at some point close to the bed. However, the affected by changing the extrapolation scheme, and the
unmeasured area near the water surface is problema@bermOr and office analyst can use trial-and-error

particularly in wind-affected cross sections and in  techniques to reduce bias error that is due to incorrect
estuaries. Wind effects can cause nonstandard profil@sstimation of unmeasured cross products.

that are significantly biased (near the water surface). In
these cases, the POWER estimation scheme (used in ]
the Transect program) can be changed to CONSTANT. Operator-Caused Bias Error

In the estuaries and other backwater-affected Operators can introduce a number of bias errors
sites, gravitational circulation sometimes can cause affecting a discharge measurement. Many of these

Bias Error Due to Incorrect Estimation of Unmeasured Velocities
Near the Water Surface and Channel Bottom
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Figure 9.11. Exaggerated instance of depth error due to limitations of the acoustic heams.

errors have been covered in previous chapters, but asgssociated it with the venturi effect of the boat hull on

summarized here. flowing water: water passing under the boat hull is
slowed on the streamward side of the boat, and
Incorrect Transducer Draft accelerated on the downstream side of the boat. This
i i effect causes bias in the uppermost bins. Averaging
This error probably is the most common evennumbers of transects can help reduce this error.

operator-caused bias error. Missetting the transducer
draft can cause significant discharge-measurement _ _
errors, particularly in wide, shallow channels. Incorrect Edge-Distance Estimates

Distances to the riverbank are almost always
Improper Broad-Band Acoustic Doppler Current Profiler Mounting underestimated unless the operator is very close to the
If the BB-ADCP is mounted to the side of the riverbank when the distance is estimated. This

boat keel and in the boat wake, entrained air can cauygderestimation can cause a significant bias error, if

occlusion of one or more BB-ADCP beams. A undetected.

BB-ADCP that is mounted too high near the boat hull

can suffer from the “good side/bad side” effect. The Incorrect Estimated Edge Shapes

“good side/bad side” effect manifests itself in a series

of discharge measurements that seem to be In narrow channels, significant bias errors can

directionally biased. For example, discharges measuradsult from incorrectly characterizing the near-bank
from right to left bank seem to be significantly differentgeometry. Rectangular-shaped edge-discharge areas
from discharges measured from left to right bank.  can contain significant amounts of unmeasured
Victor Levesque (U.S. Geological Survey, oral discharge if the triangular edge algorithm is used for
commun., 1996) has quantified this error and has  edge-discharge estimation.
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Bottom Movement

As a general rule of thumb, all discharge
measurement series taken where velocities are greater
than 1 ft/s or where bottom movement is suspected
should be followed or preceded by a bottom movement
check (chap. 8).

Configuration-File Error

Every BB-ADCP operator undoubtedly has
collected transects with the wrong configuration file or
has inserted incorrect direct commands in the
configuration file (at least once). Attention to detail will
help eliminate this error.

Poor Choice of Cross Sections

Because the BB-ADCP is such a versatile
instrument, it is easy to measure discharge in a cross
section that normally would be rejected for use with
conventional methods. “Pan-handle”-shaped cross
sections with deep channels near one side of the river
are examples of poor cross sections. The beam “foot-
print” (with accompanying side lobes) becomes larger
as depths increase. Discharge in a submerged canyon

the wind come up? Did a motorboat pass the
bow of the measurement vessel during the
transect? This information may be needed
during playback to properly evaluate the
discharge measurement

*|s the discharge-measurement vessel moving
slowly enough? The more pings collected during
a discharge measurement, the more precise the
measurement

Examine discharge data on site, if possible.
Problems with improper setup may not appear
until the measurements are replayed

*Don't trust an “eyeball” edge estimate. Most
people tend to underestimate the distance to
shore unless the vessel is very close to shore
when the estimation is attempted

*Don't be afraid to ask for help! Experienced
BB-ADCP operators carry a cellular phone, a
long list of phone numbers, and are not afraid to
ask, “What gives here?” Only novice operators
are too proud to ask for help.

may be unmeasurable because the beams and side l08@fmary

impinge the canyon walls. Proper reconnaissance and
experience will help in choosing a cross section that
eliminates bias problems due to this effect.

If high sediment loads are not present, errors in

acoustic Doppler current profiler (ADCP) discharge

Common Sense Rules

By following the common sense rules listed
below, errors in discharge measurements can be
reduced or eliminated:

*Be a smooth operator! The BB-ADCP

measurements usually are caused by traversing the river
too fast during the discharge measurement. As a rule,
the vessel should traverse the river at the approximate
speed of the mean water velocity to obtain consistently
precise discharge measurements. When measuring
wide, deep rivers or estuaries, the operator should use
eqguation 9.1 to estimate correct vessel traverse rates, if

discharge-measurement system will give morepossible. If the operator checks the standard deviation
consistent results if rapid movements and coursgf the discharge measurements at the measurement site
changes are kept to a minimum. Smooth boat he or she can easily determine if the discharge

motion is more important than a straight-line  measurements have too much scatter (5 percent or

course

greater). If such is the case, the boat traverse rate can be

*Be observant! Are the edge flows moving in theslowed and the measurements can be redone. Most bias
same direction as the main body of flow? Did errors can be eliminated with proper attention to detail.

122 Discharge Measurements Using a Broad-Band Acoustic Doppler Current Profiler



REFERENCES CITED Morlock, S.E., 1996, Evaluation of acoustic Doppler current
profiler measurements of river discharge: U.S.

Buchanan, T.J., and Somers, W.P., 1969, Discharge Geological Survey Water-Resources Investigations
measurements at gaging stations: Techniques of water Report 95-4218, 37 p.

resources investigations of the United States Geologicﬂl_
Survey, book 3, chap. A8, 68 p. !

Chen, Cheng-Lung, 1989, Power law of flow resistance in
open channels. Manning's formula revisited:

nkoff, John, 1992, Signals, noise, and active sensors.
Radar, sonar, laser radar: John Wiley and Sons, Inc.,
New York, 249 p.

International Conference on Channel Flow and Oberg, K.A., U.S. Geological Survey acoustic Doppler

Catchment Runoff. Centennial of Manning’s Formula current profiler Office of Surface Water support pages.

and Kuichling’s Rational Formula, May 22—26, 1989, http://il.water.usgs.gov/adcp. Accessed July 1998.

Charlottesville, Virginia, (Proc.), v. 8, p. 17-48. Oberg, K.A., and Schmidt, A.R., 1994, Measurements of
Chereskin, T.K., Firing, Eric, and Gast, J.A., 1989, On leakage from Lake Michigan through three structures

identifying and screening filter skew and noise bias in near Chicago, lllinois, April-October 1993: U.S.

acoustic Doppler current profiler instruments: Journal Geological Survey Water-Resources Investigations

of atmospheric and Oceanic Technology, v. 6, Report 94-4112, 48 p.

p. 1040-1054. R.D. Instruments, Inc., 1989, Acoustic Doppler current

Christensen, J.L., and_Herrick, L.E., 1982, Mississippi River profilers—Principles of operation. A practical primer:
Test, Volume 1. Fmgl report DCP4400/300, prepared R.D. Instruments, San Diego, California, 36 p.
for the U.S. Geological Survey by AMETEK/Straza
Division, El Cajon, California, under contract
No. 14-08-001-19003, p. A5-A10.
Doppler, J.C., 1842, Uber das farbige Licht der Doppelsterne
s . . ] 190 p.
und einiger anderer Gestirne des Himmels: . . _
Abn.konigl.b6hm.Ges.Wiss, V. 2, p. 465-482. , 1995, Direct reading and self contained broadband
Fulford, J.M., and Sauer, V.B., 1986, Comparison of velocity ~ acoustic Doppler current profiler technical manual for
interpolation methods for computing open-channel Firmware version 5.XX: R.D. Instruments, Inc., San
dischargen S.Y. Subitsky (ed.) Selected papers in the Diego, California, 460 p.
hydrologic sciences: U.S. Geological Survey Water- , 1996, Principals of operation. A practical primer for
Supply Paper 2290, 154 p. broadband acoustic Doppler current profilers (2nd ed.):
Hansen, S.D., 1986, Design and calibration issues for current  R.D. Instruments, Inc., San Diego, California, 51 p.

profiling systems. High-frequency volumetric , 1999, Workhorse Rio Grande technical manual.

backscattering in an oceanic environment: IEEE Third P/N 957-6101-00. http://www.rdinstruments.com.
Working Conference on Current Measurement, Accessed February 2000.

;arllgir_yzég—m, 1986, Airlie, Virginia, (Proc.), Simpson, M.R., and Oltmann, R.N., 1993, Discharge
. i ' . . measurement using an acoustic Doppler current profiler:
Lipscomb, S.W., 1995, Quality assurance plan for discharge U.S. Geological Su%vey Water—Sup;)IS Paper 239% 34 p.

measurements using broad band acoustic Doppler ) )
current profilers: U.S. Geological Survey Open-File ~ Theriault, D.B., 1986, Incoherent multibeam Doppler current

, 1994, Users manual for R.D. Instruments’ Transect
Program for use with broadband acoustic current
profilers: R.D. Instruments, Inc., San Diego, California,

Report 95-701, 7 p. profiler performance: IEEE Journal of Oceanic
Matalas, N.C., and Langbein, W.B., 1962, Information Engineering, v. 11, no. 1, p. 7-25.

content of the mean: Journal of Geophysical Researclyrick, R.J., 1975, Principles of underwater sound. (2nd ed.):

v. 67, no. 9, p. 3,441-3,448. McGraw-Hill, San Francisco, California, 375 p.

References Cited 123



