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CONVERSIO~ FACTORS 

·[For. use of' those readers· who may prefer to use i nch:..pound units 
rather .than .. metric· units, -the conv 8r s ion f de tors tor the t~rms used 
in th·is report·are I l.sted below:] 
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ACOUSTIC .SYS TC:MS FOR THE MEASUF~E~~ENT". OF STREAMFLOW 

~y· Antonius Laen~n ~nd Winchel I Smi~h 

ABSTRACT 

The acoustic velocity meter 
<AVM>, also referred to as an 
u I tr a sonic f I owmeter, has ·been. 
an operational tool· for the 
measurement of streamffow since 
1965. Very I ittl·e inf.ormation 
Is avai l~ble concerning AVM 

·operation, performan~e, and 
limitations. The purpose of 
this report is. to consolidate 
Information in such a·manner as 
to provide a better understand­
Ing about the appl lcation of 
this instrumentation t9 stream­
flow measurement. 

AVM instrumentation 1s 
highly accurat~ and non­
mechanical. Most commercial ·AVM 
systems that measure streamflow. 
use the ti me-.of-trave I method to 
determine a velocity between two 
points. The systems operate ·on 
the pri.nciple that point-to~ 
point upstrea~ t~aveltime of 
sound is long~r than ·the ~own-. 
stream traveltime, and this 
difference can be monitored and 
measur~d accurately by. 
electronics. AVM equipment.has. 
no practi.c~l upper ltmit of 
measur~ble v~locity if sonic 
tran~ducers are se¢urely plac~d 

and adequately protected. AVM 
systems us~d in streamflow 
measurement.generally operate 
with a resolution of +0~01 meter 
per second but this is dependent 
on system frequency, path 
length, and signal attenuation.· 

. In so~e ~pplications the per­
·torm~nce of AVM equipment may be 
degraded by multipath inter­
ferehce, signal bending, signal 
attenuation, and variable 
stream! ine orientation. 

Present I y used m i.n i computer 
systems, a I thou·gh expensive to 
purchase and maintain, perform 
wei I~ Increased use of AVM 
systems probably wi I I be real­
ized as smaller, less expensive, 
and more conveniently operable 
microp~ocessor-based systems 
become read i I y ava i I ab,l e. 

Available AVM equipment 
should be capabl~ of flow meas­
urement in a wide variety of 
situations h~retofore untried. 

·New signal-detection techniques 
and comrriun t cation, I i nkages can 
provide additional flexibility 
to the systems so that operation 
is possible in more river and 
estuary situations •. 



I NTROOIJ(;T I Or·~ 

Velocity me~surement of· 
fluids by acoustics h~d its 
major developme~t in the fields 

. of .oceanography and pipeline 
hydraulic~. Most~theot~ttcal · 
work on acoustic propaga+ ion in 
water is found :in oceanographic 
textbooks,. Measurement of sound 
~elocities, ~ceah currents, and 
ship speeds have been made ~y 
standard acoustical devices 
since the mid-l950's. Addition­
al information ·on acoustic 
velocity measurement· can be 
found in journ~l articJes. 
dealing with pipeline flow. The 
increased use of. pipe I i nes tor 
transport has provided incentive 
for the de~elopment of very 
·accurate ·nonrestrIctive flow­
~easuri·ng·devices. Acoustic 
velocity meter <AVM> development 
for ~h~ measurem~nt of stream­
flow is an offshoot of: p·ipel ine 
t I owmeter· deve I opment •. · 

Why Use an AVM? 

The devetopmen.t of acoustics 
as a tool tor stream gaging was 
sti~ulated by the desire to 
improve the acc~rac~ of dis­
charge measurement; and the need 
to compute di schar.ge a+ $ i tes 
where tonventibnal tethniques 
were not adequate. ·A VM systems 
are successful when a stable 
relation· i~· developed between 
dis~harge and the velocity along . 

.. the acoustic path. Measurement 
of d.isc.harge under conditi.ons of 
variable b~ckw~ter is one typi­
Cql condition .Jn which 'AVtv1' s 
have been used successtu.ll y. 

.Because i ncreas.i ng emphasis is 
being pI aced on the· management 
of ·water resources:, it· i ~ some­
t.i mes n$tessary to measure 
streamtl.ow at sit~s where 
mechanical mBters.a~d ·stage­
discharge relations are not 
.sufficient. Why ~se an AVM? 
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· j IJ(icau se·, it proper I y used,· it 
! can provide a h i·gh degree of 
1 accuracy and is ~apa~le of meas­

. I uring in situations where path 
velocity and discharge relations 

I can be developed • 

Purpose 

Very little information is 
readily avai I able concerning the 
operation, appl !cations, 
performance, and limitations of 

.AVM equipment. The purpose of 
this report is to assemble both 
pub I ished and unpublished 
information in such a manner as 
to provide a better understand­
ing 9f the application of this 
i·nstrumentat ion to the measure­
ment of streamflow. This report 
is intended to: · 
1. Show how the deveiopment of 

AVM systems by the 
Geological Survey fits in 
with other development both 
here and abroad, ·and with 
other app I i ca+i ons. 

2. Show where AVM equipment is 
used and I ist known 
manufacturers of str~am­
flow-oriented systems. 

3. Initiate those not familiar 
with traveltime equations 
and present other pertinent 
methods used in determining 
fluid velocity. · 

4. Discuss I imlting acoustical 
cr iter i. a with respect to 
streamflow applications. 

5. Discuss in detai 1', 
streamflow-oriented AVM 
systems maintained by the 
Geological Survey. 

6. Present recent developments 
that wl II expand the · 
knowledge of performance, 
limitations,. and applica-
tions of AVM's. · 

SEQUENCE OF· DEVELOPMENT 

The following paragraph is a 



condens~t.ioo ot' early.AVM his­
tory extracted from an article 
by McSha.ne. ( 1971 >: The· concep­
tion of the modern acoustic 
velocity meter can be attributed 
to a German named Oskar Rutten, 
who in a 1928 patent (fig.· 1 > 
described a traveltime-· 
difference syst~m ~equiring:a 
center transmitter and two side 
receivers •. The first usable 
device, however, was not devel­
oped unti I 1953, when a 
scientist, ~enry Kalmus, In the 
Ordinance Electronic.Research 
Branch of the National Bureau of 
Standards, set up. acoust i ca I 
test ,equipment.· · Among oth.er 
things, ,the equ 1 pme'nt was used 
td meas~re the flow of bloo~ 
through small tubes inserted in. 
the aor~a of · a pat i ·ent.. The 
t 1 rst cornnerc i a'l · instrument for 
measuring I i quid f I ow was· 
produced in 1955 by· J. Kritz of 
Maxso'n Co. I who deve.loped an 
instrument-to morll.tor· in-ti ight 
refueling o~~rations for the 
u •. s. Air For·ce. 'By 195'5,· 
devei9pment was in progress on 
acoust·ic velocity meters for 
·i nd us.tr.i a I , med i c·aJ, . oceano­
gra.phic, riverf low, and··-reactor 

··app li cat 1 ons. l'n a.i 1· these 
areas, successful results were 
rep6rted, and investigators. were. 
enthusiastic ·abqut the future of 
acoustical flow ~easurement. 
Durrng this sam~ ·period, the 
sing-around veloci'Cneter became a 
standard instrument for sound 
velocity measur~ment in the 
ocean. 

i lri .1957) the U.S. Geological 
! Survey i·nitiated a cooperative 

~ I re~earch program with the U.S. 
I Army C6rps ·ot·~ngineefs and· the 
1 Cal ifo~nla Department of Water 
1 Resources to develop a suitable 
I flowmeter to measure the 
l discharge'in streams ~Md 

channels subJect to variable 
backwater. This study, which 
terminated in 1966 after the 

·. deve·lopment of a workabl~ proto­
+ype system, demonstrat~d th~t 
an AVM cou I d be b u i It and w.ou I d 
be satisfactory tor gaging flow 
.in str~ams .subject to variable 
backwater • The. prototype 
systems were tested on the 
Delt~-Mendota Canal near Tracy, 
Cal if., and the Snake River near 
Clarkston,· Wash. <SMith and 
W:i res, 196 7 > • These two syste·ms 
worked just ·wei I enough to 

.·demonstrate the potential of 
open-th~nnel acoustical .flow­
meters, b~t m~inten~nce was an 
overwhelming_ problem. . 

Meanwhile~ Westinghou~e 
Electric Cor~., wtth a good 

·background in oceanographic­
equipment manufacturing~ be~an 
testing AVM desfgn~ in 1962. 
They ·instal led their firs+ AVM· 
system in a penstock at 
Sommersv i I le ·Dam· in Wes.t 
Virgini~ .jn 1964~ The 
Westinghouse design was wei I 
proven by· 1967 when a cont~act 
was awarded to them by the· U.S. 
GeoLogica I ·survey and U.S. Army 
Corps of Engineers for a system 

/The use. of brand names in this report is tor identification purposes 
only and :does not 'imply endorsement by the U.S. Geologica·! Survey. 
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FIGURE 1 .. - First AVM patent. 

4 



on the Columbia River at The 
Da I .1 es, Oreg. This i nsta I I at ion 
began operation in 1968 and 
becam~ the:first operati.onal AVM 
in a large nat~ral-channQl 
( S m i t h · an d other s , 1 9 71 ) • 

.Res~arch and development of 
AVM systems (commonly cal led 
ultrasonic tlowmeters in foreign 
countries> were not confined to 
the United States· during this 
period. From 1965. to 1970, 
Tokyo Keiki Co.,· ~td., of Japan, 
instal led acoustic meters in 
several hundred pipel·i~es and in 
five smal I stream channels. In 
Europe, Krupp-Atlas of Germany, 
and .. the Atomic Energy Re~earch 
Estab I i shment < AERE > of En·g·t and 
dev~lope~ s~stems· in. the early 
1970's.. In ·the rn i d-1 970' s the 
~ijkswater~taat of the 
N~therlands began development of 
a system. Today < 1981 ) , there 
are hundreds of acousti~ m~ters 

in use i~ pipet lnes and la~~e 
numbers in use in natural 
channels ~nd canals through6ut 
the wor I d. ·. Modern AVM' s provide 
a c6ntinuous real-t.ime outp~t of 
r i v er d i s charge 5 u· i t 9 b I e · for · 

·operational purposes as wei I as 
normal recordkeeping functions. 

. IQU·I PMENT AVA I LAB I L·: I TY 

A survey ot AVM equipment 
was made to determine state-of~ 
the- art instrumentation, its . 
use, and. its avai labi l·ity. 
Table·4 <at back of .report> 
I ists 88 stream sites ~lth AVM's 
th~t measure velocft~ 6ver paths 
great~r than 10m in length. 
Several Russian AVM systems are 
known to· exist,· but no intorma-

. tion was avai I able for inclusion 
in the table~ AVM. ~yst~ms in 
6pen channels and ·Conduits with 
pa:th .le'ngths less than 10 'm were 
too n.ume.rous to .I i st ... · 

5 . 

Since the first installation 
ot corrvnerc i a II y. ava i ·1 ab I e open­
ch~nnel AVM's .in 1967, two major 
adv ahcements in ·e I ectrori i cs · have 
b~en made: <t) the introd~ctron 
of integrated circuitry and C2> 
the. introduction .of the sit icon 
1nemory chip. For a II practi ca I 
purposes, there have been three 
generations of· AVM equlp~ent 
that coincide in time with. the 
major advancements in 
electronics. 

Westinghouse Electric Corp. 
.equipment tnstal led in 1967 
consisted primarily of separate 
function boards made up of 
transistor ctrc~itry. Board 

.functi6ns wete 'int~ractively 
connected to one another with 
many wires" to form a circuit. so 
that the required operations 
could be performed. This made 
the system configuration 
san·ewhat' flex.i b I e but d iff J·cu It 
to ope~ate .and· troubleshoot.· 
The same b~slc.deslgn was ~sed 
in the n~x+ generation of · 
equipmerit which intorporated 
integrated circults and in­
cfeased the capacity tor more 
paths and computat ·ion a I capab t 1-
ities. This equipment, which 
was marketed as the Westt·righouse 
204 series, can now be ~urchased 
as their improv~d 601 series. 
Microprocessor design is used in 
the last generation of Westing­
house equipment and is marketed 
a·s the LEFM 801 series. 

In 1967, Ocean Research 
Engineering Inc. <ORE> produced 
a hard-wire .sy$tem simi l·ar to 
th~.Westinghouse system •. ·Soon 
ORE changed its phi l~sophy and 
began +o i~plement a·~ystem: 
utilizing a minrconputer to 
manipulate the required timing 
and arithmetic functions. This 
syit~m'used an 6tf~the-shelt 
Data General NOVA 1~00 mini~ 



canputer ~nd Is bas 1 ca II y the · 
same system mafk~ted tod~y ~s 
their 7000 series. The software 

· has progressed thr6ugh a number 
of updates to provide more 

. flexibility. The last g~nera­
tion of ORE equipment uses a 
microprocessor and is marketed 
as their 7200 and 7400 series~ 

Kr~pp begen markettng 
Atlas-Flora equipment in 1972 as 
an outgrowth of its manufacture 
of depth-sounding equipment~ 
This equipment is . genera I I y 
second gener~tion and uses inte­
grated circuitry. The current 
equipment is the 10th ~evision 
of the original equip~ent design 
and is marketed as the· 
Atlas-Flora 10 s~ries. 

AERE in Harwel 1,· Engl~nd, 
began p~oducing an AVM system in 
1974 un.der contract to the Water 
Research Center and ·Department· 
of ·+he Environment of the United 
Kingdom. The system, wh i ch can 
be considered second generation, 
is s i mll ar· to the Westing house 
204 and 601 series. ·The equip­
ment' is marketed in Eng I. and by 
Plessey Radar, Ltd.~ ~nd in th~ 
United States by Redland 
Automation, Ltd., both under 
nonexclusive license by Harwel I 
AER~.. . 0 

Tokyo Keiki Co.~ Ltd.~ of 
Jap~n, on~ of the earl lest 
manufa~turers .of open-chan~et 
AVM' s, instrumented sever a I· 
sites in 1969. The equipment 
was marketed in the United. 
States by Badger Meter Co, 
Tokyo Keiki has since ·concen­
trated on equipment. to measure 
flow in :pipes and small 
channe Is. These ·companies are 
no. longer·affi liated, and Badger. 
no~ manufac+ur~i a series of 
pipe and smal !~channel AVM's of 

· their own des i.gn. 
Fo~ker ~ircra+t lndustrjes, 

of Amsterdam,. manufa·ctures an 
AVM developed by the Institution. 
of Appl led Physics in coopera-

6 

tion with the Hydro-Instrument~-
. tion Department of 
Rijkswaterstaat of the 
Netherlands. Systems·are 
marketed ~s the AKWA 76 series, 
which includes the use of a DEC 
PDP/11/03 minicomputer. The DEC 
minicomputer performs the same 
functions as the NOVA mint­
computer of the ORE systemo The 
basic difference in the systems 
I ies in the acoustic circuitry. 
A fixed~gain preamp I ifier and 
transmitter is bui It into the 
Fokker transducer assembly and 
submerged with it. Other 
systems do not have preamp I i­
fiers or transmitters in their 
transducers. 

Many mote manufacturers 
produce sy~tems that measure 
velocity an~· discharge over 

·smaller distances, but they have 
not been incltided in this 
report. 

BASIC PRINCIPLES 

·Two basic methods are used 
in the acoustic measurement ot 
f I ow: ( 1 ) the t i me-ot--trave I 
methtid, where sound waves are 
transmitted along ~ diagonal tn 
both directions relative to the 
fluid flow and traveltimes are 
measured in each direction, and 
(2) the Doppler shift method, 
where sound waves are projected 
along o.r diagonal to the flow 
path, and the frequency shift in 
the return signal (from back­
scattering of particles in the 
f I u i d) is measured. 

For streamflow appl lcatlons, 
time-of-travel equ.tpment Is more 
important in terms of basic cap­
ab i I it i es and ava i I ab I e systems. 

Ti~e-of-Trave~ M~thod 

Acoustic measurement of 
fluid velocity is possible 
because the velocity of a sound 
pulse in movi·ng water is the 



algebraic sum of the acoustic 
propagation rate and the'com­
ponent of water velocity 
para I I e I· to the acoustic path. 
The mathematical relations shown 
are from papers by Sm\th (1969) 
a~~ Smith and others (1971> and 
can be derived as to I lows <see 
fig. 2>: 

Streamflow 

FIGURE 2.- Velocity component used in 
developing traveltime· equations (Smith 
and others, 1971). 

The traveltime of an 
acoustic pulse originating. from 
a transducer at A and.travel ing 
in opposition to the flow of 
water along the path A-C can be 
expressed as: 

( 1 ) 

and 

7 

c - v = p .a 
tAC 

(2) 

where · 

tAG 

c 

B 

= traveltime from A 
to C (upstream 
path>, and 

= propagation rate 
of sound in sti II 
water, 

= length of the 
acoustic path from 
A· to C, 

= average component 
of water velocity 
par a I I e I to the 
acoustic path. 

Similarly, the traveltime 
tor a pulse trai~l ing.wlth the 
current from C to A (downstream 
path>· is: 

= B (3) 

and 

= ( 4) 

. Using equations 2 and 4 and 
solving simultaneousl-y for vp, 



and as 

· then 

where 

= 

= ( 6) 

s . r., - , l ( 7 ) 

2 cos e t CA . t AC j 

= I ine velocity <the 
average water velo­
city at the depth 

·of the acoustic 
path'} , and 

e = ang1e of departure 
between the stream­
! i he of· flow· and 
the acoustic path. 

Note that the acoustic 
propagation rate (c) in eq~a­
tions 2 and 4 is canceled in 
equations 5 and.7 and is not a 
factor in computing water 
velocity. This feature makes 
use of equation 7 in conjunction 
with time-of-travel equipment 
valuable in computing water. 
velotity in natural conditions. 
Fl~ctuations in the propagation 
rate owing to changes in water 
temperature and other .density 
differences haVe no effect on 
the computation of water 
velocity. · 

Generally, ·th(ee. techni~ues 
are now used. to determ. i ne 
upstream and downstream 
travel times·: <l) Travel time. is 
obtained by directly measuring 
the time b~tween the initiatidn 
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of the transmit pulse and the 
first cycle of the received 
pulse, (2) pulse-repetition 
frequency is obtained by measur­
ing the frequency of upstream 
and downstream pu I se trains with 

· respect to a given time 
interval; and (3) phase shift is 
measured by merging received 
transmissions of continuous 
signals. Another technique not 
yet widely used is to correlate 
the best received signal to the 
transmitted signal. 

Direct Traveltime 

. When a sonic transducer is 
triggered. by a ~ingle spike of 
excitation voltage, it responds 
by emitting a burst of energy 
that osci I lates at· the frequency 
of the piezoelectric crystal 
enc~sed in the transducerv This 
oscil l~tion, shown in figure 3~ 

I~ •--- Traveltime (t~c) -----.4 

Transmit pulse 
Receive pulse 

FIGURE 3.- Voltage representation of transmit 
and receive pulses used with direct traveltime 
method. 

rings for a period of time and 
is da~pened by the ~hysical 
constraints of the system. In 
direct traveltime measurement, 
the ti~e between the start of 
the excitation pulse and the 
start .of the receive pulse· is 
measuted. Normally, thresho1d 
detection of the first cycle of 

( j 



the arriving pulse is used to 
determine the start of the 
receive pu I sa •. A var i'ety of 
schemes has been used to ensure 
that the proper sign~l,· and not 
random no 1 se ( tt)e norma I. . 
bac·kground or statlc>·,.·activa+es 
the· system timing. The s·i'mp I est 
form of threshold detection is 
the triggering·of a counter gate 
when the i neon i ng pu i se reaches 
a selected voltage level. Other 
schemes respond to two or more 
voltage levels occurring in one 
or more prescribed time 
intervals. 

In threshold det~ctioM, only 
noise or noise spikes of the 
transmitter· frequency are 
capable.of. trlgg~ring .the system 
erroneou.s I y. If receIved . 
signals are attenuated or 
d i started sign i't·i cant I y 
<.therefore not meetIng ·the 
threshold.criteria>, the timing 
gate is not tr i gg er·ed. Sane A VM 
systems have an ~t'utomat·i c gain 
:control to f i ?< signa I I e·ve Is and 
e I i m i nate· data· I o s s· wh en· s i g n a I 
strength is low. However, 'noise 
levels are also ·automatical.l y 
i~creased, creatt~g the . 
possibi I ity that ·the noise could 
trigger the timing ga+es •. 
Secohdary rece·i ved. ·pu I ses tr6m 
reflection occur later in time 
and are of a ma~nitud~ that can 
trigger the timing g~te if the 
direct pulse does not meet the 
threshold criteria.· Most errors 
can·. be C·i rcumvented by e I ec­
tronic timing checks that limit 
the maximum anticipated travel­
time. and compare each tra·v.e I time 
with precedihg. +ranimissions. 
The app I i cat.i on ot. :these qua I i ty 
.checks has become quite ... 
sophisticated. 

Pulse~R~petition. Frequency 

In pulse-repetition tre­
quenc~, the recei~ed pulse in 
eqch. direction is. used to 

. ' ''· 
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trigger anoth~r transmit pulse, 
. thus generating a train of 
pulses ('first the .upstrea~ 

. di-rection~ then. the downstream 
directibn) whose period ~quais 
the total acou~tic traveltime. 
This is common I y. referr.ed to as 
the sing-around method, and the 
combination of circuitry and 
transmission path in one d i re·c­
tion constitutes a sing-around 
loop. From equations 1 and 3, 
frequencies rand their repeti­
tion can be defined as foi lows: 

and 

where 

rf· 

.·' ,. 

= 1 = c-V 
~ 

(8) 

.. t AC. 

= 1. 
·teA 

= c+Vp · 
B 

=pulse transmission 
frequency in the 
downstream direc­
tion 

( 9) 

=pulse transmission 
frequency in ·the 
upstream direction, 
then 

1 

teA 
1 

tAc· 

= ~ (10) 
B 



where 

rf = ~ulse r~petition 
treql)ency. 

Two drawbacks to this system 
are· <1) the re~eti~ion· frequency 
is normally smal I and the count~ 
i ng i nterv a I I ong, resu It i ng in 
slow response time tor the 
necessary resolution; ~nd ·(2) 
ref I ected signa Is from· previous 
transmissions ·tend to trigger 
the system at erroneous times. 
However, these prob"lems have 
been 'successtu 1.1 y accommodated, 

. and many AVM systems, particu-
1arly those used in pipel iMes, 
~ti (ize this concept. 

Phase Detection 

When sinusoidal· signals of a 
~iven~ tr~qu~ncy ~re transmitted, 
the. ph~se shitt (~ime shlft, not 
frequency sh.i tt> · between up- . 
stream ·and ·down.stream signa Is is 

( 1 1 ) 

4> = 21T f <teA - tAC) = 4"/_B /~ 
c p 

. . . . 
Equation 11 (McShane; 1971 > 

i I I ustrates that the phase di tf­
erenc~ (~) can be made larger 
and easier· to measure ·by 
increasing the transducer fre­
quency <f), ·wh·i ch is genera I I y 
an adv~ntag~~ · · 

The spe.ed of so·un d is 
. determined by mea·sur i ng t AC and 
teA · · · 

c = 8 [ 1 + 1 J 
2" .tAG . tCA 

( 1 2) 
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and is achieved b~ sens1ng the 
start of the tran~~lssion cycle 
and th~ start of the re6~ption 
cycle in both upstream and 
downstream directions. 

Sonic transd~cers can emit a 
continuous sinusoidal wave if 
driven by an. osc i I i ator. If two 
short-duration wave transmi~­
s~pns are emitted in upstream 
and downstream directions their 
resulting received waveforms can 
be .beat (superimposed) w1th an 
osci I lator waveform whose fre­
quency is n.ear that used to 
drive the transmitter. In turn, 
the resultant waveforms can be 
superimpos~d, and the zero 
cros~ings wil I yield the time 
diff~rential reqtiired for 
I i ne-ve I oc i ty measurement". The 
start of the reception cycle is 
determiried by zero-voltag€ 
referencing of the modul~ted 
recei~~ signal or aperture. 
Using the ~ntire transmitted 
·signal as a detector makes 
detecti6n considerably less 
sensitive to noise but more 
susceptible to distortion from 
multipath. interference. 
However. it is physically 
impractical to operate trans­
ducers for even short durations 
with ~s much voltage as is used 
by dire.ct traveltime systems, so 
phase deteGtion systems normally 

·operate with le~s penetrating 
power. 

Correlation Comparison 

Sonic tr~nsducers can be 
driven to any frequency within a 
I imited range 9f the resonant 
frequency of the piezoe~ectric 
crystal. Therefore, a sonic 
transducer is capab·l e of em it­
ting a trequency~modu1ated 
signal, and this sigrial can be 
modulated to create ~pattern or 
•isignature." Thi.s pattern can 
be digitized ~nd placed i~ · 
computer memory. · The rece i v i"ng 

r.,.. 



transducer is activated at some 
calculated time. after transmit 
and the reception digitized and 
stored. Sequential portions of 
the received· data are then 
compared'to the transmltted data 
by stepping through overlapping 
blocks of time. The best fit 
yields a maximum correlation 
function, and the time of the 
corresponding step number 
determines the traveltime. 
Another method to define a 
unique. transmit pattern is by 
pulse conditioning tech~iques 
which emit a deformed pulse or 
"chirp." 

A similar but simpler method 
tried ~y ·the Dutch (J. G. 
Drenthen,.Rijkswaterst~at, oral 
·cornmun., 1981) is to digitize 
t ime-vo I tag e. po·i nts of an 
anticipated receive signal from 
a sing l'e-burst trans·r~·iss ion and 
corre I ate it· ·with ··actual r·ece i v­
·ed data transmissions. Results 
show that this technique 
increases the rei iabil ity·ot 
attenuated signals but that it 
does not appreclably increase 
signal rei iab i l'ity where· d i star­
t ion ex i·sts·. Corre·l at ion 
schemes are sti II in the 
~xperimental stage·but show some 
promise in situations where 
appreciable signal attenuation 

·and distortion occur~ A modi­
tied signal wi I I have the 
advantage of· being i~entifiable 

in the noise level rather· than 
having to exceed the rioise 
I eve I • L rtt.l·e or no f i Iter i ng 
wi II be necessary and the 
dynamic range of the receiver 
wi II be increased. 

Doppler-Shift· Method 

Motion of a scattering 
object wi I I change the· frequency 
of. a returned signal. The 

1 1 

tre_quency of sound observed 
(scattered> from an object 
moving in a path directly away 
from the source is 

f = f <c ~ V ) I c (13) 
0 s 0 

where 

fo = the observed 
frequency, 

f = the source s 
frequency, 

v = the velocity of the 
0 object, and 

c = the velocity of 
so.und. 

From the point of view of a 
fixed receiver at the source 

. location, the scattering object. 
becomes a moving source and the 
frequency (fr) at the receiver 
is . 

f 
r 

= f <c -·v > 
-sc+V o­

o 

( 14) 

Measurement of the Doppler 
frequency shift versu~ time 
provides a means of determining 
the velocity of the water mass 
versus distance along the trans­
ducer beam <ttg. 4>. 



-- ~ 

N 

FIGURE 4 .. - Doppler-ranging technique (AMETEK, 1979). 
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By assuming that·the scatters . 
ar·e moy i ng with the ve I oc i ty of 
the water, the frequency ·data · 
and range is converted 'to water· 
velocity versu~ ~ransverse 
distance across the river. 
Ranging I~ done by allowing 
·designated .. ~tIme i nterv a I s to 
· l·i sten tot back-scattering· 
frequencies. Ve I oc i ty ot soun.d 
(designated time intervals) is 
adjusted b~ a ret~rence 
backscatt.er at a kno.wn d i srance. 

Doppler equipment can 
measure stream ve·t oc i ty provided 
suff.icient particles or. air 
bubbles are susp~nded in· the 
streamflo~ to backscatter the 
signal. The lower threshhold. is 
not kf'lown. · Dopp·l er equ t· pment., 
capable of measuring velocity at 
r~mot~ points usi·ng only one 
transducer,: can. be· an. exce II eht 
system for many appl icatJohs of 
fluid~tlow measurement. How­
everi'~he·D6pple~·method l~cks 

the penetration capabilities of 
time-of-travel···e~uip~ent because 
it has great~r susceptibl I lty to 
interference from boundary 
conditions (bottan and surface· 
reflections> and is su.bject to 
signal attenuation fran the same 
particles necessary in back-
scattering the· s i".gna I • · In 
contrast with time-of-travel 
systems, Doppler ·systems operate 
w i t h a I a r g e r ·stat i s t i c a I 
scat.ter fran individual m'eas­
urements of shift~.and requir~ a 
great many more samp I es t9 
obtain rei iable resu~ts~ 

LIMITING CRITERIA 

Four basic phenome.na that. 
affect the performance.of 
acoustical equip~ent ·in meas­
uring. streams are < 1 ) the· ·. 
mu It i path phenQ!Tlenon. that is 
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dependent on cross-section 
gAometry, <2> the ray~bendirig 
phenomenon caused by temperature 
or conductivity gradienfsj· (3)· 

the signal-attenuation 
phenomenon caused by sediment 
a~d ent~~~n~d air, and <4> 
variable s+~eaml ine or1eht~tion 

I . 

or large eddy flows. 

Multtpath Phenomena 

Lowel I <1977> ha~ postulat~d 
that a reflected si·gnal that 
arrives at a recei.ver within ·one 
wavelength of the direct signal 
wiJ I cancel th~ first pulse of 
the s i g~a I .<fig. 5 > • 

r-;-.. --_· . _ L ----------1 

Reflector (bottom or surface) 

EXPLANATION: In this example, it is necessary to 
determine clearance height in order to locate trans­
ducers. S.ignals ardving via any reflected signal· path 
":lUSt arnve at least one wavelength later than d1rect 
s1gnal. · . · 

let ;\. = wavelength 
F = frequency 
c "' velocity of sound 
L = path length 
H = clearance height 

. A =s_ 
F 

.l + I.= 2 [(~ y + H2Ju 
since A ~ L, then X 2 ~ 0 

·and H !:!: .Ji;f; . 
· 2F 

FIGURE 5.- Multipath interference (modified 
· froin lowell,l977). 



· Therefore,· this phenomena is a 
I imiting criteria for locating 
transducers based·· qn cross­
section geometr{·and the 
cle~rance ~eight in figure 5 is 

the m1n1mum height needed to 
avoid multipath problems.· T~ble 
1 gives som~ typical statistics 
for frequencies generally used 
iM streamflow applications. 

iab l e .1. :..:-iyp i ca I path I ength ve~_sus operating frequency, c I earance 

height, and effects of one carrier-cycle timing error 

[For clearance height, ·see figure 5] 

Operat i n.g .Clearance 

Path I ength · frequency · . height 

. <kHz> · (meters> 

500 - 1 ,· 000 . 30 3.5· - 5.0 . 

200 - 1 00·. 1.2 - 1.9 

50 - 200 200 . o.43 - o.a7 

· .2o - ··so 300 o. 22. - o. 35 

0. 09 - 0 .·17 

. 1 - 5 ... 1, 000 0. 03 - 0 • .06 

. . . 

Accuracy of. AVM systems 
depends 6n the precfsioh ~ith 
which the individual traveltimes 
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· Ve I oc i ty error for. one 

carrier-cycle timing error 

(meters per second). 

0. 01 1, - 0. 004 

·.0.136-0.054 

p.230 - 0.090 

0.542- 0.145 

2.67 .:... 0.267 

can be measured~ Errors in in­
rdicated velocities are a I inear 

.·fun6ti6n of timing error i~ 
ei+her direction. Table 1 shows 



errors ·that could result if 
timing in one direction were 
triggered by the first pulse of 
the receive sig~al ~nd timing in 

· the other direction· was 
~riggered by th~ second pulse of 

·the re.c.eive signal., a phenanenon 
that cou I d occur when signa Is 
are drastically attenuated. 

Ray-aending Phenom~na 

The velocity of sound in 
water is .. affacted by density 
changes produced by temperature 
or salinity gradi.ents. F'igure 6 
shows how· the velocity of sound 
changes with temperature for 
disti I ~ed water and s~awat~r 
(sa I in i ty = 3? ~/L. ) • 

TEMPERATURE. IN' DEGREES CELSiUS. 

FIGURE 6. -Sonic velocity in water .. 
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Consequently, ray bending, as 
i 11'-:Jstrated in figure 7, 
wi I I occur in the presence ·of 
either vertical or horizontaL 
9ensity gradients. 

Temperat~re gradients of 
O.l°C per meter or more 
generally occur .in the top 
one-half .meter of a stream cross 
section in slow moving and 
ponded water. Below this 
one-half mete~· depth, tempera­
ture gradients are normally much 
less than 0.1°C per meter. Data 
in an unpublished report by 
E. J. Jones (Geological Survey, 
Sacramento, Cal if., Subdistrict> 
show ~hat. out of 183 temperature 
traverses <24 sites with 15 to 
30 observations per site>, only 
five had temperature differences 
exce~ding o~5°C. Temperature 
variations at most sites were 
normally too smal I to measure on 
the thermistor-type thermometer 
that was used. Th~ maximum 
temperature differential was 
4°C, which occurred ·in summer· in 
a small stream ·with ponded 

·water. The above data suggest 
that temperatur~ ~radiants 
probably wi 1·1 be of ·little 
concern where.water is moving, 
~xcept at sites downstream from 
tributary flows with a different 
temperature than that of the 
main stem or at sites in or near 
estuaries .subject to flow 
reversal and incomplete mixing 
with seawater of a different 
temperature. 
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FIGURE 7. - Signal bending caused by different density gradients. 
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Fiyure 8 i~ a plot cit beam 
deflection versus temperature 

·gradients caused by ray bending 
based on Sn$1 l~s law <Clay and 
Medwin,· 1977> •. 
For ex amp I e, it a maxi mum 
vertical temperature gradi~nt. of 
0 ~ l °C per· ·meter ca·n. be expected 
in a stream where a path of 200 
m is to be mea~ured, then the 
maximum si~nal .~tr~~gth.would 

10.0 
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ww 0.1 C1.a: 
~(!) 
ww 
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miss the receiving tr-an~ducer by 
·5 m, b~t a usable signal woufd 
be. received from the peri ph.ery 
of ·the 5° cone of transmi~sion 
{5° beam width>. ~tven this 
.same temperature gradient and a 
path of 500 m, the maximum 
signal strength would be 
det.lected 34m and no usable 
sign~!· wo~ld be received +or a 

.5°. beam· width transducer. 

0.01 0.1 1.0 10.0 100.0 

BEAM DEFLECTION, IN METERS 

\ 

1000.0 

FIGURE 8.- Beam deflection from linea~-temperaturc gradients for different path lengths. Transducer directivity or beam 
width determined at the 3-dB level of the transmittr.d signal pattern. The signal pattern. is propagated beyond the beam 
width but at a weak level. In th~ shaded area the deflection is so great that signals cannot be received directly for any 
transducer beam width. · 
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Temperatur~ gradi~nt~ are 
normally nonlinear and the maxi­
mum gr.ad·i en+ genera II Y. occurs in 
the top one-h~lf ~eter of w~ter 
depth. if transducers are 
I ocated be 1. ow th.i s depth, then 
t·tn~ar assumptiohs are good. In 

:defining t~mperatu~e· gradi~nts 
in the horizontal, it is 
i mpor+ant to define the area 
affected by the differential 
be~ause the smaller the dis­
tance, the greater the gradient. 
Signals can actually be reflec-

·ted by thermal layers of water. 
·. H6rrzontal gradients ~ay· occur. 

even more freque~tly than 

vertical .y~adients. Salinity 
(specific conductance> gradients 
occur routinely in estuaries · 
affected by tidal action. In 
contrast to temperature, these 
gradients are sanetimes so large 
that proper acoustic trans­
mission cannot occur. Where 
thermal or sal inlty problems are 
expected, experience to date 
suggests the necessity for a 
detailed onsite investigation. 

·Figure 9 shows the plot of cqn­
ductivity gradients versus beam 
deflection and can be used in 
the same manner as in figure 8. 

0.1 1.0 10.0 

BEAM DEFLECTION, IN METERS 
. . . 

FIGURE 9. -Beam deflection from linear-Conductivity gradients for different path lengths. Transducer directivity or 
beam width determined at the 3-dB level of the transmitted signal p~ttern. The signaUs propagated beyond the beam 
width but at a weak leveL In the shaded area the d.etlecdon is so great that signals cannot be received directly· for any 
transducer beam width. · 
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The increase in path length· 
~sa ~esult of bending is 

. normal I y very sma.l i ;, however, 
the differences in··sampled 
veloci,ty may be large and can 
create signifi~ant _error. Where 
signal paths are very long and 
ray bendiMg. in· the vertLcal 
ca. u s es s i g n a I ref I e c t i on from 
bottom and <or) surface <and 
possibly again and again>, error 
due to in.Grease·d path length and 
samp I ed ve I oc i ty. becanes much 
greater. Because multiple 
bounces can cause multipath 
interference, use of presently 
avai I able AVM equipment should 
be avoided at sites where 
multiple bounces may occur. 

Signal-Attenuation Phenpmena 

Acoustic sig~als· ate 
attenuated by ab.sorpt ion, 
spreading, arid scatteting~ 
At ten u at i on or s i g n a I I o sse s 
from these sources have to be 
added together to determirie· if 
the ·receiv~d "signal strength 
wt\ I be adequate .to be usable in 
an AVM system. ·Attenuation is 
measured in nepers (~) or 
decibels <dB) •. The decib·e.l is a 
ratio of.· the observed: soun·d· 

. pressure (Po> to . the pressure 
level of the source ('p 5 ). This 
can ·be expressed in the form 

1 dB = 20 ·I og , Po 
p 
·s 

( 1 5) 

Vo I tage can be ·used i n"ter­
changeably with pre~sure l.f both 
source and observation points 
have i dent i ca I i mpedences. 
Nepers is"also defi~ed as a 
power ratio and is most commonly 
used with metri~ di.stances. To 
convert dec i be I$ ·to neper_s, 
multiply by·Q.J151. 

Ab sorption i nvo I yes .t.he 
conversio~ of acoustical ·energy 
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into heat. .In d i s·t i I I ed water, 
absorption is·affected by 
frequency. · In ·seawater, 

.absorption 1s addit1onal.lj 
affected by the energy consumed 
in the ionic relaxation of 
magnesium sulfate CMgS04 > •. 

Figure 10 shows the relation of 
attenuation to seawater and to 
di."sti l·led water. 

·N 
>-1-
ua: zw 
~ ~ 100 
o~ 
w-
a:~ 
~~ 

FIGURE 10.- Atten1:1a~h?n caused by 
· absorption.· 

Spreading loss is a geo­
metrical effect caused by the 
regular weakening of a stgnal as 
it spreads outward fran th_e 
source. It varies· with distance 
according to the ~ogarlthm of 
the path length <Urick, 1975> 
and is expressed in metr 1 c units 
as fo I I ows: 

a = 2.033 log (1.094L) (16) 

where 

a = attenuation, in nepers, and 

L =the path length, in meters. 

Scatteriny losses are caused 
by susp~nded sedtment and 
entrained air.which absorb ·sound 
as· weLl as .. r.ef.l ect or scatter 
it. · Scattering I asses norma I I y 
predaninate because of sediment 
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particle sizes commonly· found in 
streams and signal ftequencles 
generally .used in AVM systems. 

! Figure 11 shows attenuation 
.j· reI ated to. part i c I e d t ameter for 

specified frequencies. 

10~ 

1 o-7 

10~ 

10.ij· 

Urick's equation: 

2a= 2~ 5 [ 1;-k
4 i + k(o -11

2 52+ ~o+ 7)2] 
a= absorption coefficient (attenuation) 

... k·= ~,where')..= wave length= T 
. a = particle radius 

· · PI o = density ratio= Po 

s = ---.2... ( 1 + .L ·) wh~>re 1') = GL = bulk -------~-----J'-----t 
4~a ~a • · Y2ji. 

modules of elasticity. w = 21rf. and 

J.L = kinematic viscosity 

r='h+~ 
C = Concentration by Vlteiqht in milligrams 

per liter X 1 Q-6(assume density = 2.65, 

10~ 0 ~~~~_.~~~--~'--~~~~._-~~~~~~---~~~~~U--~~~~~.u 

0.1 1.0 10.0 100.0 1000.0 10,000 .. 0 

PARTICLE DIAMETER, IN MICRONS. 

FIGURE 11 . ..,.. Attenuation from sediment for selected frequencies for a sediment concentration of 1 mg/L. To 
·determirie total attenuation from sediment, results m\lst be weigA1ted by. particle size and then multiplied by 
concentration. 

20 



fh8se curves are developed 
fran equ~tlons by Ur~ck (1975) 
and have no+ 'been exper 1 menta ll.y 
~erified for the tr~quency ran~e 
in which AVM's normaiiy. operate. 
Expe~ience with eiisting AVM's. 
suggests that attenuation 

· obtai ned from Urick'. s ·equations 
is generally higher:than 
actua I I y occurs. These curves 
also i~dic~te that particle-size 
distribution ·Is important in 
computing attenuation. 

A gas bubb I e of the. same 
diameter as a sediment particle 
can atten~a+e the signal 400 
times more than a particle if 
the bubble resonates <Clay .and 
Medwin, 1 977 > • · Resonat ion 
o~curs when the bobble is 
approximate)y.the same diameter 
as the si~nal .~avel~ngth. 

· Litt·le ·is known about bubble 
populations iri stream~; 

therefore, attenuation caused by 
b ubb I ~s cannot a I ways ·be 
predicted. Observations, using 
por.tab I e .acoustic equipment· · 
below Grand CoUI·ee Dam, showed 
signa I attenu·at ion from 
entrained air in the channel for 
distances of 5 to 8 km. be I ow the 

.dam. D3ta were collected when 
7,000 m /s was being spi I !ed. 
Using an estimated 3 m/i mean 
velo~ity, the observations imply 
a bubb I e· pers i stance of 25 to 45 
~lnl.ite~ after wate~ ~as spi I led. 
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Onsite meesurements of 
signal attenuation should be. 
made at c~itJcal time~ at sites 
where bubbles from air 

·entrainment could caus~ 
prob I ems. 

Variable Stream! ine Orientation 

Stream I i nes of f .low in a 
cross section may change 
direction with time and dis­
charge <see fig. 12>. 
AVM systems norma II y ha.ve trans­
ducers located near each bank on 
a diagonal across the sfream. 
When stream! ines of flow change 
direction, an error in 
angularit~ is· introd~ced~ Table 
2 shows ratios necessary~to 
adjust for change~ in angu­
larity. A crossed path (as 
shown in figure 12> can provide 
valuable information tor making 
necessary corrections~ Diff- · 
erences in cros~-~ectional area 
along the two acoustic paths 
introduce errors to the computed 
discharge <approximately 1 
percent error for 20 percent 
ditfer~nce between cross­
sectional areas>. Neither· 
single-path nor cross-path 
methods can be used to·compute 
velocity if· large eddies persist 
in the stream. Stream reaches 
with large eddies should always· 
be avojded when locating an AVM. 



Normal streamflow and s·ingle acoustic path Skewed streamflow and crossed acoustic path 

A B 

Large eddy flow and crossed acoustic path 

c 

FIGURE 12.- Schematics. of angularity and eddy flow. Schematic A shows that only a diagonal path 
is necessary when streamlines of flow are unchanging. When streamlines change as in schematic 8 an· 
error in angularity is introduced and a (;russed acoustical path must be used to detect the change. If 
a large eddy affects all or part of the fbw in the section, as shown in schernatic C, then a cross path is 
inadequate. Stream reaches with large eddies should be avoided in AVM.Iocati.on. 
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r~1ble 2 • ..;.-:-/\r.1jus'trn(::nt factur~:. t:~ .J<!Ibcity for ~rror in path angle 

[Fran report by Sr" i t·.h ·and others, 1971 j 

Path 

angle 

-3~ 

30° , • 040 1 ~ 030 1. 020 

45Q· l. 070 l. 052 l. 035 

50° 1. 083 1 .062 l. 042 

60° 1 • 1_2l 1 • 091 1. 060 

~YSTEM ·coNSIDERATIO~S 

The U.S. GeologicaL Survey 
dperates· and m~intains six 
AVM's. Consid·ering the·use of 
aco'ust i.e meas:urement in other 
a p p I i ~ ~ t i on s today , . th i s 
r e .I at i v e I y sm a I 1· n umber of 
operational systems ie~ms out of 
step. aecause AVM·systems have 
been expensive and sophi~ti-· 
cated, they have not been 

.considered for use ~M stream 
gaging. Costs of the· initial 
instrumentation, mounting of 
transducers, I ay i ng o·f a sub­
marine cable, constructi~n of an 
air-~onditioned ~nd heated . 
b u i I d i n g , . an d con t .1 n u o us 
maintenance o·f COTip 'I ex equipment 
have discouraged many ·potential 
users. 

-1 0 

1.010 

1.017 

1 • 021 

1. 030 
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Error 

+1 0 

1. 000 0.990 0 •. 989 0.970 

1 .000 .983 .965 .948 

1. 000 .979 .958 .9~8 

1 .000 .970 .940 .909 

An evalu~tion of the perfor­
mance, required maintenance, 
.calibration techniques, and 
equipment accuracy is necessary 
to. determine what has been 
I earned fr.an the t'i rst genera­
tions of operational equipment. 

Minicomputer System 

The AVM systems used by the 
Geological Survey (fig. 13) 
.in~orporate a d1r~ct traveltime 
rnode of operation. 

0.960 

.930 

• 91 7 

.879 
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FIGURE 13.- Minicomputer and teletype 
of Columbia River at The Dalles, Oreg. 

Receive signals are detected by 
a double voltage threshold. A 
common transceiver is used to 
minimize differentials imposed 
by the electronics that might 
bias timing functioris in either 
direction. The basic contr61 of 
the system, alI arithmetic 
funct.ions, and formation of data 
output are done by a mini­
computer. Because the function 
of this central processor can be 
modified by software changes, a 
variety of operating and 
debugging routines can be sel­
ected. Onsite selection of 
sampling intervals, averaging 
intervals, and quality checks 
are possible because programing 
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is flexible. Conversion of out­
put from veloc ity index to dis­
charge can be made by the entry 
of desired constants of pa t h 
length, path angle, ve locity 
adjustments, and area adjust­
ments on the teletype keyboard . 

Systems are programed to 
make acoust ic transmissions once 
in each direct ion every 4 to 10 
seconds, to "provide a readout of 
average path ve loc ities and 
discharge once every 10 minutes, 
and to compute hourly and daily 
averages. Data not meeting 
quality timing checks are 
flagged as questionable. No 
significant equipment modifica­
tions have been made since the 
in it i a I i nsta I I at ion of a I I 
systems. On several occasions, 
canputer programs have been 
updated to remedy faulty logic 
and to provide more tlexibi l ity. 

Calibration ot Operational 
Systems 

AI I but one of the AVM 
systems maintained by the 
Geological Survey are single 
path and have been calibrated by 
current-meter measurements in 
order to compute a record of 
discharge. Basic data recorded 
are stage (H) and average vel­
ocity paral lei to the acoustic 
path (VP.). These parameters are 
correlated with the geometric 
and hydraulic conditions at the 
site in order to define the 
elements of the basic-flow 
equation: 

Q =A V ( 17) 



! . 

Q = the discharge, 

A = the ar~a of the 
cross. section, and 

V =,the mean velo~ity in· 
the cross sect i o'n. 

The relation between area 
(A) and· st?lge <H>, in most 
c~ses, can be adequately defined· 
by a.-. second-or.der . equation: 

( 1 8) 

where· 

:c1, c , and c = constants 
t~at can 6e eva\ uated. from 
data obtai red during·. 
conventiona1 c~rrent-meter 
m~asurements. 

The reI at ion b.etween the 
path veloci~y <Vp> and. the mean 
veLocity in the cross section 
can also be re~resented by a 
second-order equation: 

( 1 9) 

v 
+ C H

2 
K = - c4 + c 5H 

vP 
6 
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1 ·t~here 

I 
I .. 

K = a ratio <that may or 
may not Include· the 
path angIe), and 

I . 

c4, c5' and c6 = constants 
eva\ uat.ed trom .current-met·er 

·measurements and 
corr·espond i ng AVM path· 
v e I c>C i t i es • 

Substitution of equations 
I 8 and ·1 9 i n to e quat i on 1 7 
resu)ts in the genera·! equation: 

(20} 

Q - <C +C2H+C3H2 ><C4+c5H+c6~2 lVp 

Equation 20·can be combined 
further into a fourth-order 
equation with five constants, 
wh·i ch · is done in sane programs 
uti I ized ~~USGS systems, but 
the concepts of rating analysis 
are simp\ ified if this equation 
·is left in the form shown. This 

. permits sepa~ate analysis of 
·area versus stage and K versus 
stage r·e I at ions. 

. Accuracy of Operational Systems 

Figures 14 a~d ~5 are 
respective plots of area versus 
stage and K ~ersus stage.rela­
tions for Columbia River at The 
·Dalles, Oreg. The K values in 
figure 15 represent a ratio of 
mean velocity. to an index of 
velocity. 
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AREA, IN SQUARE METERS 

FIGURE 14.- Relationship of stage versus area 
for Columbia River at The Dailes, Oreg. Points 
represent measurement of area by sounding.· 
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K COEFFICIENT. 
RATIO OF MEAN VELOCITY TO VELOCITY INDEX 

FIGURE 15.- Relationship ofK versus stage 
for Columbia River at The Dalles, Oreg. Points 

·represent the ratio of average meaSured velocity 
to the velocity index of the A VM system. 
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The number produced by the 
original. AVM equipment was 
dimensionless, and not scaled to 
represent Vp. Accuracy of the 
area versus stage curve is 
excel lent, ~nd the demonstrated 
stabi I lty of the K versus stage 
curve is· also impressive. The 
standard deviation of departures 
for·the stage~area relation is 
0.7 percent and tor the stage~K 
relation is 2.7 percent. Only 
one out of 60 measurements made 
·from 1969 to 1976 II es ·outside 
the +5 percent error range. 
CombTnation of these error 
sour~es indicates a proba~le 
accuracy ·at 2.8 percent tor 
can~uted· discharges. When most 
flow is th~ough the turbines at 
The oa·l I es ·Dam, comparison of 
discharges computed independ­
ently tram operation logs from 
the dam substantiates·thls 
estimate of probable accuracy~ 
Rating information plotted ~n 
figures 14 and 15 represents 7 
years of operation. The ratings 
were developed in 1970, and were 
not significantly modified until 
new equipment was insta1 led in 
1978. This fact is emphasized 
because it proves the long-term 
stab i I i ty of· the system and 
supports the concept that AVM's 
are dependab I e too Is for. stream 
gaging. 

Statistics pertaining to 
acturacy hav~ been equally 
encouraging a+ the other AVM 
locations. For 25 current-meter 
mea~uremen+s made at Snake River 
at Lower Granite Dam, the area 
relation standard deviation was 
1.3 percent and the K deviation 
3.3 percent. For Wi I lamette 
River at Portland, where 44 
current-meter measurements 
were.made, the area deviation 
was I .6 percent and the K 
deviati~n J.O percerito The 
Willamette Blver relation tor K 
has been ch~nged five times; 



howev·er., none of ·the change~ has 
resu I ted. i·n more than a +5 

. p·ercent change .in discharge~ 
.lncident·ally, the ·wi llame+te 
s i te · is · the on I y AVM· s i te 
menti6n~d ·that does not· measure 
across the entire :stream cross 
section •. For . 26 meas·urements 
made at trand Coulee Dam, th~ 
sta~dard deviation was 3.6 · 
percent tor discharge <combined 
error of K versus area and·K 
versus velocity). For 43 
mea.surements made at the J 

Sacr~rnento River, the. standard 
de~iation was 2.3 ~ercent for 
dischqrge. . 

Line-veracity measurement 
accuracy· is limited by the 
resolvable dlffer~nce. in sound 
~~eed betw~en upstrea~ and 
downstream tra've It i m·es. Determ­
ination df these traveltimes in 
an· AVM system· is norma I l·y 
accarip I i shed by a vo I tage­
threshhold d~tector. The 
frequency·of'the system, the 
al low~ble ·attenuation of ·the 
signal <for sane sy·stems>,·+he 
tolerance of the threshhold 
detector, and the ·path I eng·th, 
determine system resolution. 
For sy'stems used in streamflow 
measurement~ resolution is. 
normally within 0.01 m/s. AVM 
systems can man i tor f I ows .. at 
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I' velociti·es less .than the 
· thr~~hhold level for mechanical· 

or·h~ad-.lo~s ~~ters <o.·l ~Is>~ 

i~~o~eti~al Calculations 
. . 

An independent theoretical K 
curve was devel·oped for al 1· 
sites •. K values were caiculated 
for a range of stages based on 
cross-section data and assuming 
parabolic vertical-velocity 
distribution. Figure 15 shows 
th·is theoretical ·K curve for 
Columbia River at The Dalles. 
For alI sites, statistical 
scatter of streamflow measure­
ments about.the theoretical 
curve·~a~ not significantly 
I arg.er than the scatter about 
the regressed curve. A recent 
study by the putch <Drenthen, 
1981 >·indicates similar results. 
The statistical study· by the 
Dutch was based on logarithmic. 
velocity distribution for a wide 
variety ~f ~ross section and 
boundary situations, and ·showed 
an expected accuracy of about 6' 
percent for measur·ements based 
on one I ine velocity (refer to 
table 3>. Four paths seem ·to be 
the optimum number necessary to 
define velocity tor most 
situations, and this ~ould·· 
re$ult in· a probab·le 2· percent 
accuracy. 



Table.3.~-Err~r analysis for me~n velocity in a cross section based on 
·equations using the velocity along a horizontal path 

[Mod i.f i ed trom Drenthen, 1981] 

Number 
of paths . · Equations ]) 

Error 
(percent> 

v = 0 • 96 v p 0 • 5 . 6' 

2 4.'5 

3 v = + 0.30Vp0 ~ 4 . + Q.25VP0.2 3.5 

4 .v = 0.25 CV PO. 8 +· VPO. 6 . + VPO .3 ·+ VPO.i 2'.0 

6 v = 0.10VPO.O + 0.20VPO.B + 0.20Vp0 •6 
+ 

0.20VP0. 4 + 0.20VP0. 2 + 0.10VP0. 2 2.0 

1/ vp denotes traction of total depth. 

For many locations of AVM 
systems in large streams, 
current-meter measurements may 
be unnecessary ·if accurat~ path 
length, path angle, ~nd cros~­

section data are avai I able. 
However, the true path angle is 
difficult to obtain, a~d an · 
error of +1° (for path ·~ngles of 
approximately 45°) w.i II yield a 
velocity error ot +1 .1 percent 
<see table 2). ·A current-meter 
measuremen~ or the use bf 
another. acoustical path crossing 
the existin~ p~th 's netessary 

·to verify path ang I es. Path 
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lengths which can be easily 
measured by conventional tech­
niques, yield an error of +0.2 
percent for a 500-meter path. 

Maintenance Requirements 

Minicomputer-based AVM 
systems are sophisticated 
electronic devices that require 
maintenance by:competent.tech-
nlclans. The technician must be 
knowledgeable in diagnostic 
troubleshooting and in the 
operation of osci I loscopes, 
te l.e,types, and computers. 
System failures can result from 



problens In input-output devices 
(including radio telemetry>, 
m i hi canputer programing. and 
electronics, cable breakage, 
power supp I i es,. and fran many· 

·other .. see·m i ng I y ·m l.r:"~or · items. In 
rece~t ye~rs, p~riodic contract 
maintenance provided·by:the 
manufacturer has improved 
overal I performance. The best 
performance of ·AVM -systems has 

.been achieved.a+ sites monitored 
by telemetry that indicates 
outages· immediate I y so that 
service can be scheduled accord­
l~gly. Sit~s. visited 
infrequently have significant 
downt i rne. 

To date, most equipment 
mal functions have been .traceable 
to te I etype· or mini compute.r 
fa i I ures·. If· .the· te I etyp~ is 
serv·iced· at regular Intervals by 
qua·l i ~ i ed personnel and the 
minicomputer is.kept .. in· a 
temperature- a~d·dust~coritrol led 
environment, the AVM systems now 
used should operate relativeJy 
troub I e free. 

A good spare-parts inventory 
i s .a I so essen t. i a I to rn i n i m i z e 
equipment down-time. Districts 
in the North.west rna i nta in a 
transport~ble spare-parts 
package that can be shipped· to 
any. of the four AVM sites.within 
hours qy corrvnon . carrier. 

Significant prob l'~ms ·have 
been enco.uhtered w·i th t·he· · 
initial installation of AVM 
systems. ·Although systems ~can 
be instal l&d· and p.laced iri· 
operation by competent tech­
nicians, experi~nced personnel· 
shou I d be on hand ·to deterrn i ne 
if the system is operating at 
peak performance.···. 

29 

OP~RATIONAL STREAM GAGES 

·columbia R i ve·r at the Da lies 

·An AVM was first placed in 
operation on the Columbia River 
at The· Da I I es, Oreg., In January 
1~66 (see ·report by Smith and 
others, 1971 ). A traveltime-
·difference method and 
single-threshold detection 
technique were used in this 
system. Transducers were placed 
at each end of a 552-meter path 
at an elevation of about 18.3 m, 

·approximately 4.6 m· below normal 
pool elevation. An abandoneq 
telephone cable was used as a 
submarine lirik between trans­
ducers. Initial performance was 
good~ but the system began to 
~altunction in Apri ~ 1968. 
System failure was apparently 
relate~ .to changes in river 
environment and the effects of. 
these changes· on the propagation 
of acousti·c signals. 

·Transducer real inement and 
circuitry modifications resulted 
in minor improvement, but 
frequent p~riods of poor record 
persisted. An extensive f·ield 
su~vei I lance was made by 
Westinghouse field engineers in 
January 1969. They concluded 
that the loss of signal was due 
to signal bendin~ in response to 
very smal I thermal gradients 

.. 1 near the surf ace of . the ·river • 
I 

:·Correlation between system 
i outages, I ow· f.l·ow, and co I d 

weather lent some support to 
this theory. The recommendation 
of the Westinghouse engineers 
was to lower the transducers and 
shorten the path length. They 



theorized that. s i gnJ f i cant 
temperature gradients would less 
I ikely be found near mlddepth in 
the cross sect~~n and that 
short~nlng the path length would 
provide further security against. 
signal loss. · 

. ~elo~atlon of transducers, 
·which lowered the acoustic path 
to ·an elevat1on of. 11.6 m and 
shortened it to a lerigth of 402 
m~ was completed in Apri I 1969. 
After final system modifications 
and tuneup that same, month, a 

·very stab I e operating system 
emerged. As a result, signal 
outages of more than an hour 
were infrequent, and recor~ loss 
from a II ·causes· averaged I ess 
thqn 3 per.cent from. ·1969 through 
1 975. 

Durlng 1976 and 1977, record 
. loss bet~me mo~~ frequent due to 
dete~ioratibn of certain 
el~ctronit. parts~ especially the 
peripheral output· circuitry. In 
1'977, a~encies i·n~olved. 
~urchased new 1nitrumentati6n to 
repl~ce. the old, thus··increa~ing 
versati I i~y and providi~g the 
tapabi I ity 6t interfacing with 
other system~ •. The replaced 
acoustic transmitters and 
receivers of the original 
equipment had operated almost 
tlawlessly.trom 1967 to 1977 and 
would. probab I y st·i II be opera­
ting had not ~he processor and. 
peripheral eqi.J ipment circuitry 
become tau·l ty . and obsolete. 

By 1 978 ':' the submar i·ne cab I e 
in use since 1967 deteriorated 
to fhe point where. ifs signal­
.ca~rying capacity was tenuous at 
.best. Nolse levels increased 
w.i th time, as 'did 'the data. I ass; 
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·however, even wit~ the extreme· 
noise problem, the equipment 
ope~ated with only 10 percent 
I oss of data. In Apr i I 1 981_ , 
the old cable was replaced with 
an armorsd coaxlal cable which 
.eliminated much of the noise 
problem an~ i~creassd the. 
dynamic ~ange of the system •. 

Snake River at Lower Granite Dam 

AVM equipment was placed in 
operation in October 1972, with 
~ransducers placed 5~2 m below 
normal pool elevation at a ~ath 
length of 320m. Unti I 1975, 
velocity data collected at this 
site were relatively camplete 
·except tor two short periods in 
January and June of 1974. 
Presumab I y, signa I ·.I oss tor 

·these short periods could have 
been from high concentrations of 
suspended sediment during the 
high flow ln the river, addi­
~ional ·entrained air due to 
increased turbulence, and <or> 
the nois~ that w~s generated by 
movement of the cobblestone bed 
material. 

In February 1915, Lower 
Granite Dam became opetational 
and ~ubsequently operation of 
the AVM became 'intermittent. 
Spi I I over the dam caused · 
continuous air entrainment 
initially, but installation of 
turbines reduced spil I and 
resulted in less turbulence. 
From 1975 .t9 1976, flow pattern 
from sp i I I· ways changed and .the 
d~creased spi II. increased the 
rei iabi I ity of the AVM system. 
Currently 85 percent of the data 



is normal·ly uritlagged <noted as 
errpneous by the system) ~nd 

i rrrned i ate I y acceptab I e whe0 
electronic circuitry is 
functi6ning •. Ho~ever, the 
uqutpment has· had about 30 
percerit downtime because of 
electr6nic malfunctio~s in power 
supp:l ies, canputer 'circuitry, 
and teletype components. 

Columbia River Below ·Grand 
Coulee Dam 

AVM eq4ipment was placed in 
operation in October 1972; with 
transduce~s placed 5.8 m below 
normal pool elevation and with a· 
path length of 205·m~ This 
system· produces a fO-m i nute 
average of reservoir outflow 
that· assists the u.s.· Bureau of 
Rec I am at ion with :operation a I 
control of.Grand Coul~e Dam. 

Initially AVM operation was 
sporadic. The AVM was placed 
1 • 4 ·Km downstream from the darn 
to pro~ide a real~tim~ operating 
record that would be l~ttle 

affected by in-channe.l storage. 
The system operated only during 
those periods when alI, or 
near I y ·a I I , · the ·f i ow passed 
through the pow~rplant. Large 
qu~ntities of air were entrained 
in the water during periods of 
spil I, causing the attenuation 
of acoustic signals and loss of 
data. 

Acoustic-transmission 
problems associated ·with water 
turbul.ence and ai.r.entrainment 
were ~I le~iated by +he .increased 
use of th·e· th i.rd powerp I ant 
which began ~artial .. operation in 

. ~ .: 
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Se~tember· 1975. For the years 
1976, 1977, and 1978, the ap­
praisal of AVM operation 
indicated that 75) 84, and 94 
percent.of the data, respec­
tively, was unflagged and 
immediately acceptable. The. 
in~rease in ~cceptable.data 

correlates with the addition of 
each new turbine put in 
operation.. · 

The instrumentation has·had 
its share of e~ectronic malfunc­
tions. Earth-moving activities 
and heavy cohstruction nearby 
caused a very dusty environment 
inside the instrument shelter. 
When constr~ction activities 
ceased, so .did most of· the 
electronic problems. Excel tent 
cooperation and assistance from 
u.s. Bureau of Reclamation 
personnel, who are in the 
vicinity at alI times, have been 
helpful in maintaining a high · 
level 6t performan~e and minimal 
downt1me for this equipm~nt. 

Wi I lamette River at Portland 

AVM equipment was placed in 
operation November 1972, and is 
in one of the towers of .the 
Morrison Street Bridge. Trans­
ducers were placed at an 
elevation of 3.9 m below mean 
low water. One transducer was 

. located on the pier of the 
bridge drawspan and the other on 
the seawal I next to the bridge. 
The path length of 226 m is 
about two-thirds of the total 
channel wi~th. During low-flow 
periods there is reverse flow 
fran tidal fluctuations.· 



When this system is in· 
operation, approximate1~ 95 
percent of the data is unflagged 
and immediately ·acceptable; 
however, there has been consid­
erab~~ down-time because cit 
ships docked in.the acoustic 
path. In 1977., a ship . damaged 
one of the transducers by 
knocking It from its mount. In 
February .1 978, this prob I em was 
r~solved by lowering the seawal I 
transducer ·2.4 m and protecting 
it with a shield .directly aboVe 
the mou.nt i ng. 

The submarine cab I e I ink 
used tor the W i I I amette River 
system is very noisy but 
adequate for ·hi gh:..qua I i tv. system · 
pe~formance. T~~ control cable 
used ·for e I ec'tr',anechan ica 1. 
functr6ns ~f the bridge carries 
the transmit and receive. signals 
on a previously unused pai~ of 
6onducto~s.· Oth~r conduc+ors 

. used in .this cable car~y 
60-cycle AC ·and motor-control 
signals that induce ·noi.se in the 
pair of conductors used to carry 
AVM sighals. Fortunately, no 
slgnal·s ar~ present with~ fre­
quency charaGter i st i'cs s i:m i I ar 
to operating frequency of the. 
AVM system. · 

Sacramento River at Freeport 

AVM equipment w~s ~laced in 
operation November 1978; with 
transduc~rs placed 2.93 m· below 
summer pool elevation· and ·a. path 
length of 196m. The AVM pro­
duces an 'hourly (3ver~ge of dis­
charge that assists ·the county 
of S~cramento i.n. con.tro !ling. 
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'eft I uent from the region a I 
waste~water ·t~eat~ent plant. 
The plant outfall is . 
approximately 79 m downstream 
tram the mid-point of the · 

1 transducer cross section. A 
high d~g~ee .of accuracy and 
dependabi 11ty of flow 
measurement must be 
maintained, especially during 

·periods of low flow. 
Performance of this system 

has been excel len~~ with only 10 
perce·nt data loss from November 
1978 to October 1980. Most 
record loss was caused by 
electrical noise. A nearby 
tau I ty power I i ne i nsu I ator 
seemed .to have· been the cause of 
this noise, and therefore has 
been replaced. During the 
problem p~riod, the receiver 
gain had been·set lower than 
normal to keep noise below 

·detector threshold levels • 
·The calibration of this 

system has been extreme I y 
stable, as evidenced by the fact 
that a single rating fits alI 43 
measurements made to within +2.5 
to -8.8 percent, with a.standard 
departure of 2.3 percent. 

Osage River Below Truman Dam 

AVM equipment was placed in 
operation in May 1978, with six 
transducer paths. The trans­
ducer pairs are set 1.5, 3.0, 
4 • 2, 6 • 0, 7 • 6, and 8 • 5 m be I ow 
mean low water. The streambed 
is at. an average elevation of 
9.4 m below mean low water. 
Path lengths range from 200 to 
284m •. The system wi II p~ovide 



~ record to ·assist the Army 
~orp~ of Engi·heers with. the 
oper~ti6n~l control of frum~n 
Dam. The ·ih~ta·l.lation is 600 m 
downstream fran ·the da·m. : 

To·date~ petformance of the 
AVM· at t~is site has been ~ery 
poor~ Si.gnifi~ant loss of 
record is attributed to th~ f I ow 
character i s.t i cs 6t the channe I 
and the presence of bubbles in 
the water. Construction at 
Truman Dam has not. yet been 
completed, and alI water flowing 
past the AVM has passed·over the 
sp i I I way, entering· the channe I 

. -at an angle and on one side of 
the stream. Large eddie~ are 
prod.uced ..just below the· ~am and 
pass through the mea~uri~g· 
section, ·causing the·str~~ml.jnes 
to. cross the acousti~ p~t~ at 
v ar i i.lb I e ang I es. ··'Consequent I y, 
the AV0 ca~ .register ·~pparent 
t~ows that range_ ·from -85·to ·235 
m Is to~ con~·~ant downstream 
flow of 140m /s.· None of the 
acoustic paths in use is_a 
cross-path; however, becabse of 
the ~ery unstable hydraulic 
conditions,·there is no reasbn 
to assume that the errors are 
random and compensating. 

In addition to the 
undefined-streamline orientation 
problem, gas bubbles attenuate 
the acoustic s1gnals ·below 
threshold leveJs. Th~ bubble 
source is fran the production of 
methane gas by ·large amounts of 
decaying org~nic ·matter. recently 
submerged during fi.l I i·ng of the 
reservoir. 

In addition to·the problems 
above, much damage to the elec­
tronic system has been caused by 
l_ightning, f~ulty wiring. in the 
shelter, extr~mely hlg~-supply 
voltages~. and rats and mice 
gnawing transducer cables. AI I 
the e. I ee.tr i ca I prob I ems have now 
been resolved. When +he 
hydraul it conditions in. the 
channel are corrected and the 
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I .powerhouse goes on I ine in the 
1 · frj I I . of 1 9 8 1 . , i t i s ant i c I pate d 
1 t· h at us a b I e r (~a I - t I me data w I I I 
' be obtained. 
I 
I 
I 

f Operationai Gages in the United 
I. 
1 Kingdom 

Nirieteen AVM systems ·are 
presently in operation in the 
United Kingdom (Chi Ids,· i98Q)·. 
Locations of these systems can 
be found in table 4 <at the back 
of this report>. Two of the 
systems are m~ltipath and one is 
a portable sy~tem. With satis-· 
factory conditions and efficient 
operation, the English 
single-path systems yield a +5 
percent accuracy. Systems wTth 
at least four paths have shown 
~ccuracies within + 1 percent. 

Problem~ regar~ing AVM 
operation in the United Kingdom 
have been varied and numerous;· 
however,· the u~+rasonic 
ci~cuit~y by itself has been 

.relatively troub/le free. The 
more serious ~nd f~equent faults 
have generally occurred with the 
peripheral equipment such as 
pap~r-t~pe punches, the ~~pth 
gage and interface, and the 

.transmitter-receiver switching 
circuitry. Record loss has also· 
occurred because of changes in 
the acoustic environment. Ex-
_treme temperature gradients and 
heavy weed growth.h~ve perpetua­
ted signa I I ass at a number of 

·instal lations. Attempts to 
discourage weed growth by I ining 
the channel with a polythene 
cover has been moderately 
success f u I • 

Velocity and stage data from 
the Eng I ish AVM instal lations 
are processed in a main-frame 
computer by their Water Data 
Unit. Because punch-tape 
recorders generally operated 
po6rly, processing. data was 
lengthy, and considerable· data 
were :lost or .unusable. 



The: -En.~J I ish recognize ·tha·t 
hydrological. instrumentation and 
data-aquisition systems have and 
w.i II become more $Oph i st i cated, 
and it is neces.sary to augment 

·their e I e·ctron·i c expertIse and 
develop sound progranmed 
maintenance. Eng I ish mal.nten­
ance philosophy consists of 
three bas i c · i t ems , < 1 ) a 
scheduled ~aintenance, (l) an 
adequate technicai manual, and 

.(3) a good spare-parts inven­
tory. They feel it is ·desirable 
to .have week I y checks by a 
hydronetric technician and 
quarter I y checks by a qu9l if i ed · 
electronics engineer. Adequate 
docurnentpt ion is a I so· necessary . 
such that a technician can. 
recogn:i ze fau It· symptans on 
site. .<-Much loss. of data in the 
E~gl ish AVM systems was .perp~tu­
ated beca~se an adequate. 
technical manual was not 

· avai I able.) Lastly, they feel 
that a good sp.are- parts· 
inventory is a necessity but it 
is very expensive. This expense 
can be held down by usi~g a 
central ~aiding authority as a 
means of distribution. 

The English feel that site 
selection is important to AVM 
operation and that hydraulic, 
aquatic growth, and temperature­
salinity conditions have to be 
considered. They tend to avoid 
situations ·where oblique flow, 
weeds, and tida·l or ponded water 
cou .I d cause potentia I prob I ems • 

RECENT DEVELOPMENTS 

Chipps· Island Study 

The Sacramento River at 
Chipps Island near Pittsburg, 
Cal if., h~s. !prig been a 
strategic. location tor measuring 
the combined outflow of the 
he9v i I y t armed s·acramento and 
San Joaquin. Valleys. Almost a.l I 
the outflow is chanheled through 
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this relatlv~ly narrow 
·.tide-affected reach of the 

river. Operation of the complex 
Cal itornia Aqueduct system would 
be faci I itat~d if a real time 

. continuous measurement of the 
net outflow could be achieved at 
this .locatioh. A deta1 led 
report by Sm1th (1969) suggest~d 
that a usable measurement of 
outflow could be made if ~ 

suitable AVM system were 
avai I able. 

The Chipps Island channel is 
about 1,000 m wide with a 
maximum· depth of about 15m. 

·The p~th length for ah AVM 
system was·about 1,200 m,.m~ch 
of it traversing a cr6ss section 
about 9 m in depth. Initially 
it was thought that· a multipath 
system would provide needed 
acctiracy~ but the acoustical 
environment· is comp I i cated by 
variabi I ity in salinity and 
temperature grad·i ents. 

A twice-daily tidal prism 
moving through the channel 
produces djs~harges on the order 
of 8,500 m /s both upstream and 
downstream. When freshwater 
outflow is low, saltwater 
intrudes up the channel and salt 
concentrations on the order of 
10,000 to 20,000 mg/L can 
result. Temperature gradients 
are also present because of (1) 

thermal loading from local 
industries; <2 > differences In 
water temperatures of the 
Sacramento and San Joaquin River 
systems, that come together 3 mt 
to the east; (3) a~d differences 
.in temperature of the 
upstream-migrating saline water 
from San Francisco Bay and the 
downstream moving freshwater.· 

In 1978, transducers, 
operating at 100, 40, and 24 kHz 
were instal led on the north and 
south shores of the channel to 
determin~ the rei iabi lity of 
·acoustical transmissions over a 
long path in this tidal estuary. 



Transmissions were activated by 
~programed transmifter on the. 
north shore and received signals 
were recorded. on the south 
s~ore. Tests cartied out·over a 
period of about 60 9ays 
indicated highly variable 
attenuation of signal str~ngth. 
Jhese tests showed more rei iable 
performance at lower frequ~ncies 
and more co~sistent acous~ic · 
tr ansm iss ions · f·or paths pI aced 
near middepth. Correlations 
could not be established between 
performance and any of the.· 
parameters of ~tage,· velocity, 
phases of the tidal·cyc.le, wind 
and surface waves, or sp~cific 
conductance. 

A subrnar i ne cab I e was· pI aced 
across the ch·annel ·tn 1979, and 
an AVM using .30 kHz tranSducers 
was instal led for.evaluatloh. 
Ana1ys1s of received aco~stic 
signals showed frequent periods 
when received signals were 
greatly di~torted, causing·· 
timing ·errors of unacceptable 
magnit~de. When signa1 
t~ansmission was poot, the 
injtial part of the received. 
sig~al was atten~ated bel~w +he 
threshold level 6f the tlming 
circuitry, ·and several cycles of 
the signal were·missed before 
the ti 1n i ng period terminated. 
Data-qual lty checks, bui It into 
~he AVM computer, could identify 
gross error~ but would nof 
eliminate bias associated with 
carrier-cycle. timing error. 

Work done by Henry Falvey of 
the Bureau ot Reclamation in 
1981 suggests that the' principal 
c a LJ se of· s i g n a I I o s s at the 
Chipps Island ~ite is ray 
bending due to temperature and 
salinity g~adients along the 

.acoustic path. Falvey's 
computat .ions, based. on· · 
temperat~re and sp~cific 
conductance o~servations neat 
the north shore, show that the 
transmitted signals do not 
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1· fol·low· a straight I ine at the 
l elevation .of the. transducers, 

I 
but may in tact be retracted 
sever a I · tj mes from the sur face 
or the bottan. Figures f.6 and 
1 7, taken from an unpub I 1 shed 
r.eport by Fa l·vey, ·show ray_ 
bending caused by sallnity and 
temperature ~cadients th~t couid 
occur at thls site. 

In reality, the gradients 
exist simultaneously, the result 
being a very compl~x form of 
'bending. Th~ net effect could 
·be the destruction of the . 
received waveform, particularly 
the most important Initial 
cycle. ·The primary imp I ication · 
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FIGURE 16.- Upward-curving paths. (radius= 
. 5 km) caused by a typical salirlity gradient 
in the Sacramento ·River at Chipps lsland, 
Calif. (modified from Falvey, i981). 

FIGURE 17.- Downward-curving paths 
(radius= 5 km) caused by a typical temper­
ature gradient in the Sacramento River at 
Chipps Island, Calif. (modified from Falvey, 
i981). 



of ray bending. is· that it 
inval J·dates the a~~umpti6n of 
the unique relation between the 
velocity measur~d alci~g a 

· part.ic~lar acoustic pat~· and the 
mean v~locity in .t~e chan~~ I. 
For long path systems subject to 
thermal .or conduc+.ivrty · 
gradients~ the r~ceived. signals 
may trav~rse almost any ~ath. 

·Consequently, errors of 
approximately.+5 percent. may be 
anticipated in -:-the reI at ion. · 
between velocities defined by 

. the acoustic system and ths mean 
velocity in the cross settion at 
this s ·i te. · Th.is error in gross 
conputation of flow is 
a·pprox i mate I y. the mag·n i t1,.1 de of 
the tot~l net flow and thus 
renders. canputation of nef flow 
meaningless. 

Use of the·equi~m~nt at 
Chipps lsl·and,· wher~ typical 
estuary ti da I conditions· exist, 
shows· that AVM systems· can 
however be. t.ised ef feet i ve I y for 
measurement of gross t ida I: 
f I ows. Measuremen·ts made under 
these t i d·a I cond it rons do not 
have the precision ·that· can ·be 
obtai ned in· more homogeneous 
streams. Long path systems are 
subjec+. to I arger errors than 
short pat~ < les~ than 400 m) 
systems 6ecause·· the ·l.ocati6n of 
the .actual aco~stic path cannot 
be pred·i cted. 

Research in the Netherlands 

The Dutch have been actively 
engaged in. researching AVM. 
systems. and rel~ted techni·ques 
since 1975~ Experiments in the 
wide, shallow thannel of the 
Oostersc~elde estuary proved to 
them the .va I ue of A VM sy sterns. 
An acoustic path of. 1,000 m was 
~easured with 65 kHz tr~nsducers 
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( S c h m i dt , 1 9 7 8 > ; · and · use f u I 
acoustical signal·s were received 
most of the time •. 

After careful assessment of 
error sources <Drenthen, 1981) 
·and practical t~ansducer 
locations in the field, the 
Dutch hav~ ~rawn the fol·lowing 
conclusions: 
1 •. Most relatively straight ~nd 

.confined channels can be 
measure in one horizontal 
plane to within 5 to 10 
percent accuracy· for paths 
l·es~ than 1,000 m • 

2. Transducer locatiohs ~ear 
the ·surf ace or bottom o.f a 
cross section are not 

·practical because of. 
sigha·l bending and 
multipath problems. 

3. A cross path ii necessary 
~here the angl~ of the 
acoustic path to the 
stream! ines of flow cannot 
be determined accurately. 

4. An additional path,. which 
can be out of the water at 
low stages, is necessary 
when a large range of 
stage occurs. 

5 •. K coefficients can be 
accurately determined by 
physical modeling 
techniques, and in situ 
measurements .are, for the 
most part, unnecessary. 

The Dutch have designed 
their own transceiver and trans­
ducer systems pr·imari ly for 
streamflow measurement in wide, 
shallow cha~nels~ At present, 
their model studies have defined 
v~locity profiles in· low-slope, 
low-velocity ihannels with 
surges. Future research .wi I I 

'ihVolve channels with bends; 
wJnd effect; and temp~rature, 
sal in tty, and s~diment gradl­
e:nts. : The Dutch have a I $0 . 

.,.. 
0 '•.:~o ·~ < 0 0 

t-1 \ I • ! ' ' 
0 
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FIGURE 18.- Shelter and equipment at the Willamette River test site. 

experienced considerable 
problems with aquatic growth on 
transducers faces, and are 
experimenting with different 
epoxy resins and other 
approaches to discourage growth . 

Comparison Testing of New 
Microproce~sor Systems 

Of the many recent develop­
ments incorporated by AVM manu­
facturers, the trend toward 
using microprocessors is 
probably the most important. 
This trend has reduced costs 
drastically and has simpl itied 
the electronics of AVM systems. 
New microprocessor systems do 
not necessarily replace 
minicomputer-oriented systems. 
Microprocessor AVM's record 
basic velocity-measurement data 
with less flexibi I ity. However, 
microprocessor-based systems 
have a different flexibi I ity 
because they are small, require 
I ittle power, generally otter 
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some self-test diagnostics, and 
do not require temperature 
contro I . 

A test of microprocessor 
equipment by the Geological 
Survey is in progress using 
Westinghouse and ORE systems in 
the WI I lamette River near 
Wilsonvi I le, Oreg. The purpose 
of the test, managed by the 
Hydrologic Instrumentation 
faci I ity and the Oregon 
District, is threefold: (1) to 
evaluate equipment performance 
and maintenance requirements, 
(2) to stress the systems and 
evaluate their weaknesses, and 
(3) to make recommendations to 
the Water Resources Divis ion 
pertaining to future system 
configurations. The AVM units 
and the shelter are shown in 
figure 18. Westinghouse · 
equipment is on the right side 
of the top shelf and ORE 
equipment is just below on the 
next shelf. Other equipment 
includes an osci I 1 iscope (for 
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test pu~p6ses only>, an ena)bg 
re~orderJ a dlgitel _recorder, 
and assocl~ted timers. Mor~ 
facts about the syste~ are given 
in tab ie .4 at the back of this 
r~port. 

TestJng of Doppler ~ystems 

Tests o+ a. Doppler ·system· 
wer¢ made i·n 1~79 on~the · 
Cal itornia Aqueduct and the 
·sacramento ·River tor the 
Geological Survey by Ametek, 
St~aza Division. Doppler. Sonar 
current profi llng equipmeht used 
to define ocean currents in the 
vertical, was·~odified to 
operate as a streamflow meter 
and measure velot1~y alon~· a· 
ho~lzontal ~egm~nt. Resul·ts 
·frcth these pi :1 ot tests have 
shown that this·equipmeht is 
·capab·l e of· obtaIning sane usefu I 
information~ 

Tests· we·re. made under.· · 
favorable acoustic conditions, 
and ve I oc i"ty prot. i I es in the· 
her i zontal· were obta·i nab I e for 
24 m of ·the 36: m width of the 
C~l ifornia Aqueduct and for 60 m 
of the 210 m·wtdth 6f th~· 

Sacramento River. Interference 
created by reflections fr6m 
botton and sur. face destroyed the 
competence of velocity detection 
beyond the· af6rement i oned · 
distances. 

Distances to which. the 
acoustic. beam wi II ~ffectively 
penetrate ar.e· -direct I y r:e I ated 
to the transducer beam width and 
the channe I geometry. The 
effective directivity of th~ 
coni ca I ·acot,~st i c.· beain of .the 
test equipment was 9··degrees. 
By .reduci hg this. beam. width· to .3 
degrees; ve I oc i ty· -a l.ong .the 
total widfh of. the Sacramento 
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River could have been measur~d~ 
However, construction of a 
transducer to accommodate :3· · 
degr~es would. resu·lt t~ a probe 
of u nacceptab I_ e p:hys rca I prop·or- . 
t i on s • I t i s .a I so d i f f i c u I t to 
ascertairi where in the vertical 
the backsc~ttered frequency 
shift _oc~urs and relate thts 
information to a mean velocity. 

Sediment loads tn the 
streams were approximately 150 
mg/L, a favorable.condition for 
th~ Doppler tests. Greater 
sedi~ent load~ wb~ld undoubtedly 
decrease the penetration 
capabilities of the system; 
lesser sediment could eliminate 

·operation entir~IY~ Mote . 
intensiVe ~es+ing is necessary 
to prove the· app I i cat i oh .. of · 
Doppler equi"pment +o s+reamft:ow 
measuremerft ~ ·. ·· 

Future Applications 

Recent deve l·_opments ·in other 
areas of· electron·i·cs should make 

· AVM systems even more versatile. 
The nee·d for a hardwi re '·I ink be­
tween transducers (a high-cost 
item for long paths) wi I 1. event-

. ually be eliminated. ·Acoustic 
measur~ment of· stage· and cross 
sec+ ion can be eas "il y i ncorpor­
ated into AVM systems. 
Utilizing ·acou~tics to provide 
an· indication of suspended­
sediment c6ncentration is also a 
pass i b i I i ty •. 

Systems· are now avai I able 
that do not require a submarine 
cable link. Kru~p-Atla~ and ORE 
have designed responder systems 
that uti I ize ind~p~ndent 
transducers and s·irnp le I og t c 
components I ocated on the ban.k 
opposi.te the p~imary electronics 
< see t i g • 1 9 ) • · 
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Streemflow 

UIJstream trovolti.me 1s computed as follows: 

tup = t~B + tL .+ ~ + tc~ + ~ 
where 

tA " time delay in r!lsponder electronics 

lpE " umn fkllay in primary elec~ronics 

tL •. t•m.c delay 1n cables between tra~sducer imd· 
elet!rOniC:S · · · . 

Downstream traveltime is computed as follows: 

tnn = toe + tL + ~ t leA.+ tp~ 
· Then: 

v. • a (...L - _J._) 
. P 2 \Jn tup 

·Nhere vp ,, the water veloc.ty'component alony the acoustic 

path, and B •s the totallenyth of the acous11c path from A to 

B and from C to D 

FIGURE 19.- ~omponent~ necessary for 
responder technique. 

A signal can be transmitted 
downs tr earn from transducer A 
along a diagon9l path to 
transducer B. The received 
signal· is then routed to a 
responder where it triggers a 
transmit signal with s·ane 
minimal electronic· delay <tR>. 
This signal travels downstream· 
31 ong anot.her d i agona I path from 
transdu.cer C to transducer D arid 
is received back in the primary. 
electronics package where the~e 
is minimal dE31ay <tP.E)·. There 
is additional time delay in the 
cabling that connects the trans­
ducers to the electronics. For 
the upstream traveltime the 
above procedure. is reversed. 

Reciprocity is· ·ensured becau~e 
al 1· paths traveled ln the. 
opposite di~ections are equal. 
Radio, rada·r, or laser teremetry 
c6uLd also be u~ed as a 
replace~ent for the.submarine 
cable lin~ bat dev~l.opMent is 
needed. A responder-type. system 
seems to offer M~r€ pot~ntial 
than radio,. radar, or laser 
telemetry systems. 

The electronics used in 
transmission and reception of 
acoustic pulses, associated 
timing, and sealing exists in 
all present equipment. Addi­
tional ·transducers areal I that 
are required for additional 
velocity outp~t. "Systems are 
·avai l~ble that can ·record stage 
with either ·upward-looking 
( u·n derwater) or downward-·1 ook i ng 
<air-mount~d) transducers. 

S~gnal tr~nsmissions ~ra 
attenuated because of scattsring 
by suspended~sediment partic.les. 
Monitoring the attenuati6n. of 
the received signal provides·an 
indication of sediment concen­
tra~~on and shouid provide a 
usable index to help with the 
canp u tat ion of sediment ·records 
at·many locations. It proven, 
this scheme of monitoring 
sediment by use of AVM equipment 
could be incorporated, with 
·minor modi f i.ca.t.i' ons ,' in· exist i ·ng 
or future systems. 

.

.. , To date.<1981), AVM.systems 
have.been too expensive for most 
field operations, but this is 
being changed ·by use of new 
microprocesior .equipment. This 
·equ~pment can now be used in 
rnany situations where· use of 
.A;VM' s was forrner I y cost proh i b 1-
tive. Acoustic measurement of 
v e I oc i t i es: is now. econom I ca I I y 



feasible tot use in remote 
are(js, sand channe Is, ice­
covered streams, and estuaries 
(to nam~ only· a few>. 

CONCLUSIONS 

Acoust i ca·l .. mea·sur i g'g 
techn1ques ln. open cha~rie~s are 
not used as frequently as In 
oceans and pi pel in~s. Costs of 
acoustical equipment and its 
operat.io~ have been r~strictive, 
and knowledg~ of how··such 
systems work in· a much more 
complicated envrronment than 
exlsts in either the ocean 6r in 
pipes is limited. The increased 
use ot AVM systems iM st~eam 
gaging is predicated on the 
continued heed tot accq~ate 
syste~s to. mea~ure streamflow at 
locations where there is no 
direct relationship·betw~en 
discharge and stage. 

Measurement by acoustical 
means· has proven· to be a 
desirab·le methbd for determining 
discharge at problem sites. 
Acoustic·measu~ement of ~elocity 
has the edvant~ge of ~eing 
nonintrusive and n6nmechanical. 
AVM Is have . no- pract i ca I upper 
I imit of rneasurable ve'loci·ty and 
wi 11· normally ope~ate with _a 
resolutiori of +0.01 m/s. AVM's 
have been hi ghTy accurate· and 
rei iable, ~ut.only because of 
consta~t maintenahce~ It is 
anticipated that more r·e I i ab I e 
and less campi icated equipment 
w i I I decrease rna i ntenance 
constraints •. 

To datej stream-based AVM 
systems have measured velocities 
a I ong_. paths as. long as 1, 200 m. 
Discharge has bfaen canputed for 
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numerous channel configurat.ions,· 
uti I izing the I ine velocity a~ 
an index. Discharge computa­
tions are n6rmal ly.within the +5 
percent accuracy range •. Many­
AVM systems. have uti I ized a 
multipath.cbnfi~ur~tion to 
better ·defin~ the mean velocity 
component. 
· AVM systems are normally 
used at sites wh.ere ve I oc i ty 
distribution is somewh~t · 
regular; hence, they are 
norm~l ly used at sections where 
curr'ent-meter measurements can 
be made. As discu~sed 
.previo~sly, fo~r factors affect 
acoustic per form ante: .( 1 ) 
multi.~ath intetfer~nce~ (2) ray 
bending, {3) attenuatldn, ahd 
(4) changes in stream! ine 
orientation. However, in many 
instances, these factors may. not 
be serious limitations it a 
c~reful anal~sis of. focal 
conditions. is made. AVM systems 
w iII work in a wide variety of 
cohditions if they are used 
wtthin their. I imitations. 

Operational equipment has 
provided much practical exper­
ience and has ·helped to define 
I imitations and indicate 
deve I opmenta I needs. 'A I I 
systems have shown that, when 
operating undet- acceptable 

·conditions, they perform wei I 
and ~re accurate. To date, the 
Geological Survey AVM systems 
have ~equired consi~erable· 
service s.terrvn i ng ·tram: < 1 > 

temperamental teletype 
equipment; _(2) power-sensitive 
computer equipment; and ( J.) 

canputer sensitiv-ity to :dust, 
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temperature·, ;;lnd humidity~ 
lhstrume~tation at The 

Dalles, Oreg., and Chipps 
Island, Calif .• , ha~ given 
indications of what.can and 
cannot.be done wh~n temperatu~e 
and sa I in J·ty grad i"ents ex l st. 
Experience gaihed at three sites 
<Grand Coulee Dam, Wa~h~, Lower 
Granite Dam, Wash., and Truman 
Dam,· Mo.) have snown the 
necessity to define attenuation, 
·espec i a II y with·. respect to 
entrained air or gas, before 
locating an AVM system. Prob­
lerns at the Truman Dam site 
indicate the nece~sity of being 
awate of stream! ine aberrations 
before placing transducers. 
Problems on the Sacramento River 
site at Freeport.have shown the· 
necessity to investigate 
electrical noise before 
spec i fy·i ng system requ j rements. 
ln6reased u~~~6f sophisticated 
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.I electronic AVM systems <as wei I 
as other new hydrol·og ic systems> 
demands more in- hous·e· techn i ca I 
expertise •. 

Past performance has shown 
that the serv1teabil ity pertain­
ing to.acoustic circuitry,. has 
been exce I I ent. Hopefu I I y, · 
microp~ocessor .~quip~ent wit I 
provide the cost~etfective 
systems long desired and reduce 
the many I og is+ i c .and ma i nten­
ance constraints of·.the mini­
computer systems. New signal-
detect1on t~chniqu~s and · 
communication I inks may provide 
additional flexibi I ity so that 
systems can operate under 
diverse conditions' In rivers and 
estuaries. Demonstrations are· 
necessary to show the feasi­
bi~i·ty.of using.this equipment 
in situations s~ch as those 
i~volving ice-covered streams, 
sand channe1s~ and ~stuartes. 
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.p.. 
·w 

Country 

United 
·Kingdom 

Do. 
Do. 
Do. 

1>0. 
Do. 
Do. 
Do. 
Do. 
Do. 

Do. 

w. 
D.l. 
D.>. 
D.l. 

Do. 
Do. 
Do. 

Nether:.. 
lancb 
·Do. 

Do. 

We at 
CenMny 

D.>. 
D.l. 
Do. 
Do. 

Svitze:r­
land 

Do. 
Do. 
Do. 

United 
Kingdom 

• • 

_Nearest city 
or other 

location 

Knapp Kill 

Kingston 
. Hempholme 
Orton 

Ashleworth 
Clen Faba 
Sutton-Courtney 
Bath 
Ironbridge 
Latchford 

Howley Weir 

Fick.aring:; Ct:t 
Kegworth 
Black'Wall Bridge 
Royal Windsor 

Park 
Langport. · 
Weybridge 
Bredon 

Dordrecht 

Burghaluis 

lUjavijk 

l5 locations 

Brugg 
Gampelen 

Sugiez 
Cenf 
Ringgenberg 

• 

Table 4. --Acoustic-velocity installations (water-mc·asnr~nt onlv). with path lerut.ths greater than 10 meters 

River, canal, 
aqueduct, pen-
stock, or other Date in-

name stalled Status 

Trans­
ducer 
fre­

quency 
.. (kHz:) 

Path 
length 

(mecers). 

. Type 
of 

path Acaustica~ anomaly 

A.E.R.E. Harwell (Atomic Energy Research Establishment) Pleaaey Radar, Ltd. 

River Avon 

River Thames 
River· Hull 
River Nene 

River Severn 
River Stort 
River Thames 
River Avon 
River Dee 
Manchester Ship 

Canal 
River Hersey 

· River Weaver_ 
River Soar 
fi.iver F\other 
River Thames 

River Parret 
River Wey 
River Avon 

Noord River 

Easteracheld­
estuary 

Rijn River 
Harbour 

(Rhine River 
(Moaeile River 
(Elbe Rlvor 
(Ha.in Rlver 
(Weaer Rhie.r 
(Neck&r River 
Aare River 
Zihlkanal 

Broyekanal 
Rhone River 
Aare River 

(Severn River 
(Thames River 

1974 

1974 
1975 

.19_75 

1976 
1976 
1976 
[976 
1977 
1977 

1977 

1978 
1978 
1978. 
1978 

1978 
1979 
1979 

1976 

19n 

1979 

1975 
to 

1980 

1972 
1975 

197.5 
1975 
1979 

1978 

Operating 

do.: 
do. 
do. 

do. 
do. 
do.· 
do. 
do. 
do. 

do. 

do. 
do. 

Experimental 
Operating 

do. 
do. 
do. 

Operating 

Experlmen~ai 

do. 

Operating 

do. 
do. 

do. 
do. 
do. 

Portable 

100 

100 
100 
100 

100 
100 
100. 
100 
100 
100 

100 

100 
100 
100 
100 

100 
100 
100 

200 

63 

200 

210 

210 
2iO 

210 
210 
210 

210 

48 

134 
27 
55 

12.6 
30 
74 
51 
55 
53 

99 

33 
52 

46-58 
118 

50 
so· 
60 

Single 

do • 
do. 
do,· 

2 path 
Single 

do. 
do. 
do. 
do. 

do. 

do. 
do. 

2 path 
Single· 

do. 
do. 
do. 

Hone 

Thermal. gradient, sediment 
None 
Ther1!ial and saUriity gradients, 

sediment 
Sediment, tide effect 

·Sediment 
Thermal gradient, air entrainment 
None 

do. 

Thermal and salinity gradients, 
sediment, vegetation and algae 

Vegetation and algae 

Thermal and salinity gradients 
None· 

Vegetation a_nd algae 
None · 

Fokker Aircraft Industries 

300 

1,000. 

40 

Cross re-­
flectio-n 

Single 

Cross re­
flection 

'thema·l gtadient, sediment, 
vegetation and algae; tide 

. effect_. &hipping 
·Hone 

Krupp-Atlas Elektronik : 

20 
to 

450 

1~ 
115 

80 
78 
51 

20-100 

Single, 
multi, 

and 
croea-

Single 
do. 

. do. 
do. 

Cross 

Croaa 

Conductivt.ty gradient, aeclirllent, 
tide ·effect 

Hone 
do. 

do. 
do. 
do. 

Esti­
~Uted 
accur-
acy· 

Discharge- (per­
rattag· method:. cent) 

Current ~ter . 

do .. 
do. 
do. 

do. 
do.· 
do. 
do. 
do. 
do. 

do. 

clC'. 
do. 
do. 
do. 

do. 
·do. 
do. 

Current me.ter 

Theory 

do.· 

Current aster 

Current .eter 
Current •ter, 

transducer 
traverse 

do. 
CUrrent .eter 

do •. 

Current •ter, 
theory · 

3-.5 

3-5 
3-.5 
3-.5 

3-.5 
J-.5 
J_-.5. 
J-5 
3-5 
3-5 

3-5 

J-S. 
:3-5 
:s-s 
3·5 

J-5. 
J-.5 
3-5 

7 

15 

3-S 

3 
3 

3 
J 
3 

3 

• • 

. Equ 1 pcaent 
Output-· 'type 

Velocity, 
dlscharg.e 

do. 
do. 
do .. · 

do. 
do. 
do. 
do. 
do. 
do. 

do-. 

cio. 
do. 
co. 
co. 

do. 
do. 
do. 

Displa)·, 
· paper pun~h 

oa: 
Do. 
Do-. 

~.­

Do. 
Do. 
Do. 
Do. 
Do. 

Do. 

Do·. 
Do. 
[10. 

Oo. 

Do • 
Do. 
Do; 

Velocity. Diaplay, 
dil-charge· paper punch 

Discharge Dicplay,· 
printer 

do. 

Velocity 

do. 
do. 

do. 
do. 
do. 

do. 

Do. 

Dbplay, 
printer, 
paper punc.b 

Printer 
Do. 

Do. 
Do. 
Do. 

Do .. 



Country 

Austria 

Norway 
France 

~ 
~ 

Nether­
_lands 

Belgium 

Spain 
Italy 
Canada 

U.S.A. 

Do. 

Do. 
. Do. 

Do. 

Do. 

Do. 

Do •. 

Do. 

D·o. 

Do. 

Do. 

Nether·-· 
lands 
Do. 
Do. 
Do. 

Do. 

Do. 

Ne~rest city 
or other. 

location 

Paris 

3 locations 

4 locationa 

Washago, 
Ontario 

tracy, Cali. f. 

Grand Coulee, 
Wash. 

Pullman. Wash.· 
Portland, Oreg. 

Hemet, Calif. 

Kettleman City, 
Calif. 

Loa Banos, 
Calif. 

Boulder City, 
!fev. 

The Dalles, 
Oreg, 

Sacramento, 
Calif. 

Warsaw,· Mo. 

Wilsonville, 
Oreg_. 

Driemond 

Die&e 
Bunde 
Smeermus 

Rijsvijk 

Loo&en 

.: • 

Table 4 .·--Acoustic--velocity installations (water-measurement only) vith path lengths_ greater than 10 meters--Continued 

River, canal, 
. aqueduct, pen-
sto~:;k, or other Date in-

name . 8 ta 11 ed 

Danube-River 

Seine River 

·Canals 

do. 

Severn River 

(Old Rivt!r 
(\olest ·cana 1 
(East Canal 
Columbia River 

Snake·River 
\:illamette River. 

Inlet. Canal to 
Lake Skinner 

California Aque­
duct, check 21 

California Aque­
duct_, che~k 12 

Hoover Dam pen­
stocks, Colo­
rado-River 

Columbia River 

Sacramento River 

Osage ltiirer 
(Harry Truman 
Dam) 

WUlamett.e 
B.lver 

Amsterdam 
ltiJn1tanaal 

Dlez.e River 
Ju lt.anakanaa 1 
Zuld -w111ems-

vaart River 
Vlret Harbor 

Zuid-wUleru­
vaart River 

. i979 

1978 
1979. 

1976-79 

1978-80 

1980 
1978 
1976 

1967 

1972 

1972 
1972 

1974 

1975 

1975 

1976 

1978 

1978 

1978 

1980 

.1,976 

.1977 
1977 
1977 

1977 

1980 

Status 

Trans­
ducer 
fre­

quency 
. (kHz) 

Path 
lengtti 

(meters) 

Type 
of 

. path Acou s t1 cal a noma 1 y 

K~pp-Atlas. Elektronik--Continued 

Operating 

do. 
do-. 

do. 

Discontinued 

Operating 
do •. 
do. 

Operating 

do. 

do. 
do·. 

do. 

do. 

do. 

_do. 

do. 

do. 

do. 

Expedmenta 1 

Operating 

Diacontlm~ed 
do. 
do. 

Inetruct1on 
and aervlce 

Operatin8 · 

2'10 

210 
210 

210 

210 

210 
210 
210 

200 

70 
150 

40-80 

70-100 . 

50 
40 
70 

Cross 

Single 
·.do. 

do. 

Cross· 

Single 
do. 
·do. 

Seiches and shipping 

·None 
Heavy shipping 

Shipping 

do. 

Non~ 

do. 
Measures under ice 

Ocean Research Equipment, Inc. 

200 

80 

80 
. 80· 

500 

500 

500 

500 

100 

100 

100 

200 

200 

200 
200 
200 

200 

200 

100 
60 
24 

205 

320 
276 

13.8 

45-60 

-45-60 

l3 

40t 

200-284 

lSS .. 

llO 

90 
80 
·6o 
40 

50 

• 

S1ngle None 

do, Air entrainment 

do. Sediment, air entrainment 
·do. None 

9 path do. 

8 path do. 

do. do. 

4 ea. paths do. 
in 4 pen-· 
stocks 

Single Temperature gradient 

do. Sediment 

6 path 

Slttgle 

Cross 

Crose 
do. 
do, 

do. 

do. 

i.t 

Air entrainment, eddy flow 

Sediment 

Seiches. and heavy shipping 
traffic 

Temperature gradient 
do. 

· do. 

Tide effect,. seichea and heavy 
ahipping·trafflc 

Seiches and heavy chipping 

Discharge· 
rating method 

Theory 

do. 
Current. meter, 

theory 
"ftleory · 

do. 

do_. 
do. 

Current meter 

Theory 

Current meter 

do. 
Current meter, 

routing 
Theory 

do. 

do .. 

do. 

Current meter 

do. 

Current meter, 
theory 

Current meter· 

theory 

do. 
do. 
do. 

do. 

do. 

Esti· 
mated 
a·ccuJ:-
acy 

(per­
cent) 

7 

7 
3 

1 

7 
1 
3 

3 

3 
5 

3 

3 

3 

7 

7 
7 
7 

7 

Equipment 
Output · Type 

V~loctty, 
dh.charge · 

Velocity 
do. 

do. 

Velocity, 
disc:h&rge 

Velocity 
· do. 

Velocity 
index. 

Velc-c lty· 
only 

Velocity, 
discharge 

do. 
do. 

Discharge 

do. 

do. 

do, 

Velocity, 
dilchnge 

cSo .• 

do_. 

Velocity 
index 

Dia:ch&rge . 

do. 
do. 
do. 

Velocity 

do. 

.~ !!' 

Printer 

Do,·· 

Do: 
Do. 

Printer, 
totaH&er 
~inter 

Do.· 
Printer, 
paper punch 

Display 

Display, 
printer, 
paper punch 

Do .• 
Do. 

Prin.ter, 
totalizer 

Do. 

Do. 

Display, 
printer, 
totalizer 

Diaplay, 
printer, 
paper punch 

Do. 

Do. 

Display,. 
paper puDCh 

Display,. 
printer 

Do. 
Do. 
-Do. 

Do. 

Do. 
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Table 4.--Acoustic-velocit~ in~tallations lwater-measurement onl~} with 2!th lengths greater tl:an lO.meters--Contlnued 

Eetl-
Trans- -~d 

River, canal, ducer accur-
Nearest city _aqueduct, pen- fre- Path Type acy 

or other stock, or other Date in- que_ncy length of Discharge- (per- Equipt:Xnt 
Country location. name sts lled Status · (kHz) (meters) path. Acoustic~l.anomaly rating method cent) Output Type 

Ocea~ Research Equipment, Inc.--continued 

Ne¥ Auk land Waste-treatment l979 Operating 200 lS Single Sediment, v~getation and algae 'nleory 
Zealand channels 
(3 me-
ters) 

Venezuela Edelca Caroni River 1980 -- 100 
Belgium Chatelet Sombre River . 198() Operating 200 S4 Cross None 'nleor.y 7 D1s4:harge Diaplay, 

printer 

Tokyo Keiki Co., Ltd. 

Japan Kurata Bridge Nak& River 1969 Operating 400 35 Single None Current meter 5 Velocity Dillplay 
Do. Ichikawa. Br lJge Edo 1Uver 1969 do. 400 120 do. do. do. 5 do. Do. 
Do. Noda Bridge d.>. 1969 do. 400 100 do. do. do. ·s Jo. 0~. 

Do. Teisekl Bridge Shin.ano River 1969. do. 400 270 do. Tide effect do. s Jo. :_\_:-

Do. Yushima Ibi River 1969 do. 400 120 do. Sedtment, vegetation and aigae, do. 5 do. t>.J. 
tide effect 

~ Westinghouse Electric Corp., Oceanic Division 
V1 

U.S.A. Suamersville, Summeraville Dam 1965 Operating -- 12 ·l path Cavitation nola_e -- -- Discharge Dlsp.lay, 
W. Va. penstock, . ea. in ·total her 

Gauley River 5 con-
duits 

·Do. Kettleman Cit)', california 1967 Discontinued 550 40• 1 trans- None Current Dlll!ter, 1 do. Do. 
calif. Aqued~c:t ducer theory, 

traverse tranaduceT 
traverae 

Do. San. Luis Rey, Ca-lifornia 1967 do. 550 40 do. do. do. 1 do. ·no. 
Calif. Aqueduct 

Do; 'nl• Dellea, Columbia 1967 do. 100 402 Sinsle . Temperature gradient. Current mater 3 Velocity Diaplay, 
Oreg. River index printer, 

p&per punch 
Do. Chicago, Ill. Chicago Ship and 1968 Operating 550 70 4 path Sediment, vegetation and. algae "nleory (uaing 3 Diacharse. Diaplay, 

Sanitary Canal average) voltasa 
reco~r 

Do. Wilsonville, Willamette River 1980 Experimental 200 155. Single Sediment Current meter -- Vel~ity Dhpby, 
Oreg. index paper punch 

Canada Niagara Falla, Niasara River 1971 DiSCOf!-tinued 100 550 do. Temperature gradhnt, aha llow- do. ·3-5 do. Diapla.y, 
Ontario depth river •oltaae 

recorder 
Do. Hudson Hope, Peace River Dam 1980 Operating 500 10 4 path None 'nleory 0.5 Diad\arae D1aplay 

S.C. penstock 


