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FROM Henry T. Falvey, Technical Specialist 

SUBJF(,T: Effects of Salinity Gradients on Deflection of Acoustic Wave in the 
Sacramento-San Joaquin Delta 

BACKGROUND 

Previous memorandums dated February 20, 1980, and September 12, 1980, inves-
tigated the effects of salinity in the entire river cross section and the 
combined effects of temperature and salinity at a piling on the deflection 
of the acoustic wave. The gradients and the deflections were assumed to 
occur in a vertical plane only. These studies showed that multiple reflec-
tions would occur off the water surface or off the riverbed when making 
measurements across the entire river section. Since these paths are so 
divergent from the assumed path, an estimate of the probable error in the net 
flow cannot be made. To mitigate the multiple reflections, it would be 
necessary to shorten the acoustic path to about 400 m instead of the present 
1130-m length. 

The purpose of this study is to investigate the effect of salinity gradients 
in the horizontal plane. In addition, the magnitude of the uncertainty in 
determining the net flow is estimated for a 400-m path length considering 
only the effects of variations in the mean velocity correlation coefficient C. 
This coefficient varies with both river stage and with the curvature of the 
acoustic path. 

ANALYSIS 

Salinity Effects on Horizontal Curvature of Acoustic Path 

Only those gradients which are perpendicular to the acoustic path cause a 
deflection of the path. Therefore, it is necessary to make an assumption 
about the horizontal gradient in the river. Two reasonable assumptions are 
either the density is constant at points equidistant from the bank or the 
density is constant at each cross section of the river, figure 1. Fortu-
nately, either one of these assumptions will produce the same definition of 
gradient perpendicular to an acoustic path which is inclined at a 45°  angle 
with the river centerline. 
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For the computations, it was assumed that the soundings of velocity and 
salinity were made at points located 32.6 m apart on a line perpendicular 
to the river centerline. The radius of curvature was computed using the 
equation: 

R(m) = -(1471.1 + 0.57 AS) ((1413 x 
14 x 

 32.6) 
(1) 

Estimate of Error Due to Variation of Mean Velocity Correlation Coefficient 

The measured discharge can be considered as though it consists of three 
components: a net flow or trend value, a tidal flow or cyclical value, and 
an error or irregular value. The purpose of this section is to obtain an 
estimate for the magnitude of the uncertainty in determining the net flow as 
a result of errors introduced by refraction of the acoustic path. 

It can be assumed that the acoustic velocity meter indicates the true mean 
line velocity to an error of less than 1 percent. Then, the only error in 
determining the mean flow velocity is that due to errors in determining the 
mean velocity correlation coefficient. The mean velocity correlation 
coefficient, C, is defined as 

C = V (2) 

where: V = Q/A for entire cross section 
Q = Total flow through the cross section 
A = Area of cross section 
V = Average line velocity on acoustic path 

Two sources of error exist in the determination of C. These are variations 
of C due to tidal phase and variation of C with depth. In this latter case, 
errors are introduced when the acoustic path deviates from a straight line. 
Smith  1/  showed that the random error in C due to tidal variations is 
Sc  = 2.6 percent. 

The effect of the variation of C with depth was studied by assuming a linear 
variation of C with depth. Between the water surface and the 7 m depth, the data 
presented by Smith fitted a curve of the form 

C = 0.924 + 0.0135 y (3) 

where y = depth, measured from the water surface in meters 

1/  Smith, W., Feasibility Study of the Use of the Acoustic Velocity Meter for 
Measurement of Net Outflow From the Sacramento-San Joaquin Delta in California, 
Geological Survey Water-Supply Paper No. 1877, 1969, 54 pp. 
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The coefficient of determination for the linear regression was 0.98. A 
value of 1.0 indicates a perfect fit. 

To combine the effect of the two factors which contribute to the error in C, 
it is necessary to assume that they are independent. The results of the 
September 12, 1980 memorandum demonstrate that the radius of curvature is 
essentially independent from the tidal cycle. For instance, if they were 
dependent then the cross correlation would have had a large value at periods 
which corresponded with a lunar day. Since no large amplitude periodicity 
was revealed in the correlation (fig. 9 of the September 12 memorandum), it 
can be concluded that the two factors are independent. 

If the path length is 400 m and the radius of curvature is 5 km, then the 
deflection of the acoustic path from a straight line is 4 m. With transducers 
located at a 5-m depth, the maximum variation in the C value is 5.7 percent. 
Assuming sinusoidal deviations from the straight line path results in a root 
mean square value of the error of 

SA =,;2 x5.7=4.0 

If the errors in the individual flow measurements were randomly distributed, 
then the uncertainty in the net flow could be estimated by conventional 
statistical methods. Unfortunately, if the time interval between the data 
points is not large enough, the magnitude and sign of the error is dependent 
upon the previous values. 

Smith discussed the question of how many instantaneous discharge values could 
be legitimately used from a large array of data to compute the mean discharge. 
He concluded that only one reading an hour could be considerd as statistically 
independent for the standard deviation of C with tidal stage. 

The September 12 memorandum demonstrated a persistence of the radii of 
curvature for periods up to 2 days. 2/ Therefore, readings taken at intervals 
of less than 2 days cannot be considered as randomly independent. If 
averages are determined over periods shorter than 2 days then a systematic 
error in the determination of the net flow will result. The uncertainty 
SN in the net flow rate can be estimated from 

11Q1 

Sc 1 
SN - (~lN + SA N 

where: SA = The maximum value of the error of the acoustic component. 
N = Number of hours over which the mean is computed 

2/ The time scale in the figures of the memorandum is in days and the 
frequency is in cycles per day. Thus the 2 hour persistance mentioned on 
page 11 should have been 2 days. 
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The numerical value of the equation is 

SN = 0 _ + 0.040 1N (5) 

When the period exceeds 2 days, then the error due to the acoustic bending 
effects can be considered as random. In this case the appropriate equation 
is: 

(
) CC+ SA2 ~IQf  

S  = N 1 (6) 

where SA = The rms value of the error of the acoustic component 
M = Number of days in multiples of 2. 

The numerical value of the equation 

6.76 x 10-4 + 1.6 x 10-3 

~IQ 1) S  - N N M 1 -- (7) 

RESULTS 

Horizontal Curvature of Acoustic Path 

The mean radius of curvature in the horizontal plane is about 100 km, 
figure 2. Upstream curvatures are as likely to occur as downstream curva-
tures. Translated into absolute values, the deflection of the acoustic ray 
from a 1130-m straight line path is less than 0.16 m. Therefore, for all 
practical purposes the acoustic ray path can be considered as a straight line 
in the horizontal plane. 

Errors Due to Variation of Mean Velocity Correlation Coefficient 

The following table of probable errors was computed using equations 5 and 7. 
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Table 1. - Probable errors in net outflow computation 
based on variations in mean velocity 

corelation coefficient 

Ebb flow 

Average Discharge 
(ft3/s) 

Flood flow Net outflow 

Probable error in net outflow 
(ft3/s) 

S24 S96 5336 

150,000 -148,000 2,000 + 6750. + 2120. + 440. 
150,000 -147,000 3,000 + 6730. + 2110. + 440. 
150,000 -146,000 4,000 + 6710. + 2100. + 440. 
150,000 -145,000 5,000 + 6680. + 2100. + 440. 

QEBB + 
I

Q FLOODI) 0.026 
S24 = ( 24 + 0.040) 2 

6.76 x 10-4 + 1.6 x 10-3 

1/ 
 2 

QEBB + IQFLOOD /2 _ 
S96 96 2 2 

- 1/ 
2 

_ 6.76 x 10-4 + 1.6 x 10-3 (QEBB + QFLOODI /2 
5336 336 7 7 
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CONCLUSIONS 

1. Gradients either in the stream direction or parallel with the river 
banks do not significantly deflect the acoustic ray from a horizontal 
path. 

2. Errors introduced by bending of the acoustic path over a length of 1130 m 
are too large to estimate. 

3. Errors caused by bending of the acoustic path over a length of 400 m are 
very large. This is due to the systematic nature of the error over periods 
of less than 2 days. 

4. The probable error in determining the net outflow decreases as the 
averaging time increases if the net outflow remains constant. 
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BACKGROUND 

-- Sound and light obey the same laws of physics when traveling through a 
nonuniform density medium. The deflection of a sound or light path from 
a straight line can be predicted from Snell's law of refraction. Based 
on Snell's law it can be shown that the sound path travels a circular 
arc in the presence of a linear density gradient 1/, 2/. The radius of 
curvature of the circular arc, R (m), is given by: 

(1) R = -1450 3.63 dy + 1.13 dy 
-1  

Where T = Temperature (°C) 
y = Depth measured downward from the water surface (M) 
S = Salinity (g/ky) 

This equation shows that the deflection of the ray path is affected 
more by temperature than by salinity gradients. 

Stable salinity gradients always result in positive values for the 
gradient. These gradients produce upward curvatures of the ray paths. 
On the other hand, a stable temperature gradient produces a downward 
curvature. 

1/  Urick, R. J., Principles of Underwater Sound for Engineers, McGraw 
Hill Book Company, 1967. 
2/  Cole, J. A., The Deflection of an Acoustic beam by Temperature and 
Salinity Gradients, Support Pager, Water Research Centre, Henley Road, 
Medmenham, PO Box 16, Marlow Bucks SL7 2HD, England, March 1979. 
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The bending of the sound path results in an increase in the travel 
distance for the sound ray to pass between two points a distance L 
apart. The percent increase in the travel length due to the curved 
path is given by: 

XLL  = 
LR sin-1  (2k)  -1J 100 (2) 

Where X = True path length 
L = Chord length between points 
R = Radius of curvature of sound path 

As well as traveling a longer distance, density gradients also cause 
the ray to be deflected from a straight line path. The amount of 
deflection, D, is given by: 

2 
D=R 1- 1 -4 (0 (3) 

A longer sonic path and the deflection.from a straight path can poten 
tially affect the accuracy of an acoustic velocity meter. This memorandum 
investigates the magnitude of these effects at the Chipps Island Channel 
in the Sacramento-San Joaquin Delta. 

ANALYSIS 

Data on salinity'as a function of depth were obtained from Mr. Stuard 
Hoffard, Geological Survey, Menlo Park Subdistrict Office, California, 
to analyze. These data were measured during the period September 11-27, 
1954, in the Chipps Island Channel. A computer program was written to 
determine a histogram of the radii of curvature of the data, appendix 1. 
By varying the parameters in the program, it was possible to obtain 
histograms for both the flood and slack tide periods. In addition,, 
histograms as a function of depth were also determined. These latter 
histograms represent 10-foot-deep segments of the water prism. 

The program output was written so that the numerical results appear on 
the left side of the page and a rough plot of the histogram appears on 
the right side, figures 1-9. 

The results are biased somewhat toward the larger values of radii of 
curvature because the distance between the last depth and the river 
bottom was not known. In the computations, this interval was assumed to 
be equal to 10 feet. Actually, this distance is less than 10 feet. 
The equation used to determine the radius of curvature is: 
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R(m) = -1450 (l
.13 OS305) -1= -3911 (4) 

Where AS = Difference between salinity readings at adjacent 10-foot 
depths 

A positive value for R indicates downward curvature of the acoustic 
ray, whereas, negative values indicate upward curvature of the rays. 

The maximum acoustic path length at Chipps Island is about 1130 m. 
Since a radius of curvature of the acoustic path of 1 x 106 m 
represents only a 15-cm deflection, equation 3, all radii equal to or 
greater than 1 x 106 m were assumed to be the same as a direct path. 

RESULTS 

Al  Data 

The histogram indicated a concentration of the radii of curvature 
in the range 1 x 104 to 5 x 104 m. These acoustic rays have 
an upward curvature. Only 10 percent of the rays could be considered 
as being on the direct path. 

0- to 10-foot Depth 

In the top 10 feet, over 30 percent of the radii curvature lie in the 
1 x 104-to 5 x 104-m range, figure 2. Another 30 percent of the 
data have a radius of curvature less than 1 x 104 m. 

10- to 20-foot Depth 

Nearly 50 percent of the radii curvature lie in the 1 x 104-to 5 x 104-m 
range, figure 3. Only 5 percent of the rays follow a direct path. 

20- to 30-foot Depth 

At this depth 40 percent of the radii of curvature lie in the 1 x 104-to 
5 x 104-m range, figure 4. The histogram is somewhat biased toward larger 
radii of curvature. 

30- to 40-foot Depth 

Although over 30 percent of the radii of curvature are in the 1 x 104 to 
5 x 104 range, the histogram is strongly biased toward larger values 
of the radii of curvature, figure 5. Over 40 percent of the data have 
a radius of curvature greater than 1 x 104 m. 
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40- to 50-foot Depth 

At this depth range, the radii of curvature are centered around the 
1 x 105 to 5 x 105 range. Over 20 percent of the rays follow the 
direct path, figure 6. 

50- to 60-foot Depth 

Over 40 percent of the rays follow a direct path. It should be noted 
that 25 percent of the rays have a downward curvature, figure 7. 

Ebb and Flood Tides 

These two tides were analyzed by using only that data which were greater 
than a 3-foot or less than a 4-foot elevation. These data show a 
clustering around the 1 x 104-to 5 x 104-m radii of curvature range, 
figure 8. 

Hiqh and Low Slack Water 

These two conditions were analyzed by using only that data which were 
greater than 5-foot or less than a 2-foot elevation. These data show a 
clustering around the 1 x 104 to 5 x 104 radii with a slight bias 
toward the larger values, figure 9. 

EFFECT OF RAY PATH CURVATURE 

Deviation from Horizontal Path 

Using a horizontal path length, 1127 m, and a radius of curvature of 
5 x 104 m results in a deflection from the horizontal of 3.18 m, 
figure 10a. This path is the shortest one connecting the transducers 
on opposite ends of the measuring section. The next shortest ray is 
one which reflects off the water surface. 

With a radius of curvature of 1 x 104 m, the shortest ray is one which 
reflects off the water surface one time, figure 10b. For a hydrophone 
set located 5.70 m below the water surface, the ray passes about 1.5 m 
below the horizontal before rising to reflect off the water surface. 
In this case, the total deflection is about 7.2 m vertically. The next 
shorter path has two reflections off the water surface. This ray 
traverses about 8.0 m vertically as it passes from one hydrophone to 
the other at the 5.7-m depth. 
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Using the curves of Smith 3/, the value of mean velocity correlation 
coefficient C will vary between 0.94 to 0.96 for a 1 x 104 radius of 
curvature and 1.02 to 1.04 for a 5 x 104 radius of curvature. The 
mean velocity correlation coefficient is defined as: 

C = (5) 

P 

Where V = Q/A for the entire cross section 
VP = Line velocity over the selected acoustic path 
Q = Total discharge 
A = Total cross sectional flow area 

Therefore, if the salinity and temperature gradients are not measured 
simultaneously with the acoustic velocity measurements, errors of 
±5 percent in the total discharge may result as the shortest sound path 
is deflected either above or below the horizontal path. 

Change in Path Length 

The sound from a hydrophone occurs as a short burst of pulses at a 
specific frequency. One effect of rays following two separate paths is 
noticeable in the modulation of the received signal. 

With a radius of curvature of 5 x 104 m, the two rays traveling on 
the shortest paths reach the receiving hydrophone with a 27-u s 
delay, figure 10a. This delay would tend to eliminate the second pulse 
of a 20 kHz (50-u s period) signal since the second pulse would be 
about 180°  out of phase with the initial signal. 

With a radius of curvature of 1 x 104 m, the two rays traveling on 
the shortest paths reach the receiving hydrophone with a 108-u s 
delay. This delay would tend to amplify the second pulse since the two 
rays are approximately in phase. 

The rays traveling on the shortest paths for the two radii of curvature 
experience a significant delay relative to the horizontal path. However, 
Smith 3/ has shown that these delays do not cause errors if the delay 
is the same in both travel directions. 

3/ Smith, W., Feasibility Study of the Use of the Acoustic Velocity 
Meter for Measurement of Net Outflow From the Sacramento-San Joaquin 
Delta in California, Geological Survey Water-Supply Paper 1877, 1969, 
54 pp.(see p.25). 
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Reflection off Water Surface 

At a low enough frequency and a sufficiently small grazing angle, the 
water surface can act as a nearly perfect reflector of sound. Urick 1/ 
states that the surface is essentially smooth if: 

X >8H sin 0 (6) 

Where a = Wave length of acoustic signal 
H = Wave height roughness 
8 = Angle with which acoustic wave meets water surface 

For both the 1 x 104 and the 5 x 104 radii of curvature ray paths, 
the grazing angle is approximately 1°. The wave length for a 20-kHz 
signal is 0.07 m with a 1487-m/s acoustic velocity. Substitution of 
these values into equation 6 shows that the water surface can be con-
sidered a smooth surface for wave roughness values less than 0.5 m. 

CONCLUSIONS 

1. For the majority of the measurements, salinity gradients will cause 
the,acoustic rays to have a significant deflection. 

2. The radius of curvature of the ray path will most probably lie 
between 1 x 104 and 5 x 104 m. 

3. With a 1 x 104-m radius of curvature, the shortest ray path will 
lie almost entirely above the horizontal path. The ray will reflect 
off the water surface. 

4. With a 5 x 104-m radius of curvature, the shortest ray path will 
lie entirely below the horizontal path. 

5. Unless salinity and temperature gradients are measured coincidently 
with the acoustic velocity measurements, deflections of the acoustic 
path can introduce an error of +5 percent in the determination of the 
mean discharge. 

6. Increases in the acoustic path length due to deflection of the ray 
will not introduce errors in the discharge determination. 

0 



v7i ~ Q 're  ( 

' - ALL DkT k 

IEE / 322 0/ S3,- I-TS = 4324 

g2J&JO CU /&TO23 O/ ACOUSTIC P Y 

E/ SS TI !N -IE 25 . 
y}k22 -52225 TO -12\26 Ol 
J2~ .~5 
2&\O\ -5\ZP ) -1  
2&1S 2 -IATP4 TO -52/24 .37 

. RA'  G E -5 I/3 1) -1 {24 .|! 
2A\GE -]2223 ) -52/PS .05 

- . ? .\S 3 ! ~/3 ) -I; PS .0-0 

)» SZ\2g CUDVATUTH 0 ACOUSTIC RAY 

R}§OE 52\23) !§ZPJ  
2&! 2 | P4 2D 32/PS .00 
2M, 5 P4 TO |~ 24 ,02 
y§ROE |2325) 5L~/3 .O2 
°& f 5'- {25 7 ) i'PS .O§ 
}3222 l Ij/' ) 5 /25 0. On 

. DIRECT PATH 

G EAT\9 Tr  IAll' !3/26 ,10 

2023E J {222 g/ INCREdE1lTS = 13248 

$ 



0 To 10-IFT -C-)UPT" AEGtAU-"-T 

HE /U352R OF SECTIMIS = 4324 

UR"J'ARD (.TJ;-)VATU);',-_ OF AC')jSTIC ')AY HISTOGRAy 

U S5 T I I A -!E- 2A 0.(y) 

PA I 'i G E -S X, 5 TO -1 22 26 0.011) 

RA !--lP5 TO - 5 E P,  
RAI-JGE: -5EX24 T") I 

-3 
5I-323 T") 

I T,,  P3 Y. 123 14 0 
RAT T 3-!E/2J  ,CO 0 

il) li }ARD CURVATUR7- XF ACOUSTIC RAY 

-)A 5 E P 3 T r) EX F 1 P3 
A LE |2 24 TO 52323 .J9  

RAI-41GE 5-  N, ) I P4 .02 
RA E |22 P5 YJ 5 3\24 2 
CAPS/ 522@5  T") 1 5 

RAN,GE- !E "P6   'T--') 5Ey25 0.0.0 

'f ) I P 7- r",  -1 DAT" 

GREATER Tl'--I.A~` | 2326 .07 

TOTAL 9 lSE9 02 ITS 9223/TS 3380 



ko- TO 7-0- FT bT--VT A s'E--Ct-+ENT 

THE ;'JU7J"J*'--'-? OF SECTIMIS 4324 

UP'47 ARD CURVATU-,-)—E (01F AC')USTIIC 1RAY 

V DA)  10. 00 
100 

P 5 

-PA ` P 4 A  7 T 

3 o7 
I-V P 

D V; iA 1) D C U V ATJ F- OF ACO U ST I C D A Y 

`R A,  : E' 13  3 Tr) I r-D%',P 3 .00 
k I -r) 

P A ir,  5 EIX P4 T 'r) I Pit .01 
R :I !U*  I I ,r p5 A ",.- 1 .01 

DIRECT PATH 

CSR, A T,-- P T ji ',T A I ~X?6 .05 

TOTAL I JD' " -- I ',T C ? F l = 3193 

IIIISTOGPA'i 

0 

11 



Ll 
s 

jo - -co ~ - FT t7EP T ri SeGMENT 

TEE:: i' U:'i3_ P OF S=CTI`) IS — ^324 

UP'AIARD CURVATU°?'= OF ACOUSTIC ')AY `-IIST 

L1= SS T : —1 _'r  0.00 
RAN 

P5 T'')  -7) i P  

17 

aAlf C i ,- 3 

1) 1 ", I F APD CU'?VATi t): ACl'ljSTIC :`?_ Y 

P.~-!C-E 5 EX P3 T n 1 E;:P3 . CSC 

PA '-I C-!—,=  1 _:', P5 TO _.: P ` . C? 
-A1'L :~ PE 5 i1 ~ TO .05 
P;~' iv= 1 r''_P i`) J~':P5 0. Or) 

DIRECT PATH 

T IA 6 

TOTAL '? I'i rP OF 3081 



Tt 0, Uvc '5 

-0i--PTkA 'c--,,r=64AENT 40- FT 

r 4324 

j- T  A D CJU-',-V-'TUr? OIF A- COJI'STIC PAY 

L E S 3 T,  A'J -1'E ; -)A • 00 
RA" "G 5 0.00 

I r--XI05 T) P5 
9P A T" 

44 

RANC!E: -1 P -5 L r, P-, .32 
-5 P n,. 
117- 0  3 P3 

- A" - P3 Y') 1 T)3 0 . 00 

54A T) CUtR V A T-UT OF ACOUSTIC ?_\YDr)'4~ 

RANGE 5E P3 TO I P3 .00 

RA IN G E I E-'X:P4 TO 5'E"'  ;D 3 
.
4 

.03 
5 5 

Ai 0.00 

DIRECT  P A'DII 

GRI E A Tt-  7? TFIAN 1 I XP6  Ar  

OTAL i TU 3 P- P F 1 2254 

I I S TO ~ A."' 

9+ 



F t'~ u Te Co 

T11-127  'ITMIET? OF SE-CTIO"I'S = 43?4 

UP"ARD CU)VJ%TJ,:,)- r)::: ACOUS'TIC RAY 

LESS — 1 E%  0.00 
qAI,Tf —:7 -7- 

_F  -3 , :̀P5 T() -I '-X P6 0.00 

RA 1(37 .17 

CIT ')F T~AY 

5 3 TO I -'rP3 0.00 

RAINS- 5 T) 
AN~3E ? 'i I P5 'fr) 5 E:~ .04 
RANG c:  5 T', P5 lz,, ""P5 .13 
PA 1, G E 1 P6 TO 5 P5 0. M 

D i D': -"IT PATH 

G ? EEA T TIAN I P5 

TOTAL TTri3LET) 1227 

0 

=m 



HE THE ' T 7:  ~3 P O W F SECTIAIS = 4324 

1p.RD CIURVI UT"H A T OF A Cr)  U—IC -4Y 

LE q S -r . L A - I I '~I'.1 I E P 6 0.00 
— 

PAll I P-_ 

,k G P4 

—1 03 P 3  O."Do 
7.51:Gi;I ':-'PD TO —I i3 Cl. 

X),1" 1 1, -A. Q D CJ ? VATT j  E ()F, PAY 

R A 1,  'GE: _5 -D3 71') 1 E 1) 3 
A—:0 1 H_ f)  4 T P3 .01 

5 ."P4 T,  I P 4 .01 

F i A N'S,  5 5 To I E P,  5 .19 

DIRECT P A _T-  

GT) E A 17 R I'M T 1 .2: +i7)6 .4? 

YOT.&L 103 

Fcc Q Y-e -7 

SC- TO GO-FT ~L-IPTkA <SC-GA4EM-r 

0 



u rt. OB 

THE 'iU :1 )=? !)r SECTIM,'S = 432^ 

UP',IARTD, CtJPV ,TUT?n OF ACO)US TIC RAY. 

LESS T Wly -1 ~ ~ ~,~ . nC 

P A 1,  G~ '117) a -1 i ~ts,3 —'~!`•~y 73 • o7 
rr 

R2`li`4V^ 1 u.~~ T',) ti t 1 -1 ~.y..,i  D3 ~r~ G l_/./ • 

D(); j ;A~'~ CU`?'~~.,TJ(~L f) = t'C<.YJSTI- ?'.Y 

fi}TV~ 
--.r y+  

1 X11 P~? l.) D1_:1 3 • nG 
ey ^ 1'l1 ~4 7) 1 P4  

RAi`jGc 1 _",  P .01 
1 .05 

R Iv 1 `:P6 TO ~ jP_~ 0.00 

D I R  ECT PATH 

GREATER THA'1 1 =':?ti •r^ 

TOTAL 11'` ),E? OF T 'C'' .._'r-rS = 3491 

HIST')GRA't 

i 

i_ 

i 



10! 13 = 4 3 2 4 

P,!, D" ACOUSTIC PAY 

A 
.16 

? A 1 lGiE -5 P4 TO -1 5 1.3 

-)3 

L P 3 T) 

D1'1"'  1"1:_-̀7TH C -J 7"1 A T T R AM'JSTIC !Q A V  

1 P  A GE  53 r':11  3 
R A!.,,  G E Ev  '4 Tr P3 .00 
R A C X41 17  1 7--'! P4  n3 

A 
RA! 10 E P5 TO 1 5 o7 
RATTGE TO 5 5 

DIRECT P :A 7-1 

G2 LE A T THAz' I 

TOT',E 
-TS 

t: il—i- -43 ")F D 

P ,  U C) 

K-CER- 



~ 
A 

A LE = 2-T.~ i O ser- 
- 

3 10—~----  %~--- --------- ------- -_---~ 8.2 ELEVAI IONS OF TRANSDUCER 
o ~----- ~+'— --------- : --- ------- ---------{ 13.5 AND HYDROPHONES. IN 
m - — — — — — — — — — - - — — — — — — 18.7 FEET, JANUARY 29, 1966 
~~---- ----------= ----------- --=23.9 
_ 30—I 

Z i L=  

40 — I Min'irALkM pa-1n om 
50  —
60 

i 

0 1000 2000 3000 4000 
DISTANC~ IN FEET, FROM A 

A- Path A-C 

C = 4 bSO 

,4 CJA--  ob  

0 10 — 
m 

82 —~~c tJ —  -~~ ----_--- ---_---,--- 13.5 
 '—lam=~ -----, --- ~~ i8.7 -- 

ELEVATIONS OF TRANSDUCER 
AND HYDROPHONES, IN 
FEET, JANUARY 28, 1966 ; 20— 

WS' f--------------  ------ -- ------'-- _23.9 

2E 2E 

~c i~n ir,nunA Ra~ln - R = 1 xk0 w~ 
50 - I i 

_ 0 1000 2000 3000 4000 
DISTANCE, IN FEET, FROM A 

A. Path A C 



APPENDIX I 

Computer Program to Determine 

the Radius of Curvature of an 

Acoustic Ray Due to Salinity 

Gradients 



PE ,)C3'1,A.. "j=S C(:1:i=SFD1 , ' SFC,'FSFD3,OUTPUT,T_ PE3=APSFD, 
+TAP _ 1=AFII ;l ,' i,P 2=IISF03, kPE5=OU"lPUi) 

C 
C PR -:307 T:•') DETERMINE  A  HISTICPAI OF _,:ice ACOUSTIC RADIUS OF 
L CURVATURE FOR .A1.=1 r: OK 'i;:L SAC A , Sa T_)-S:.: JDA002 DFLi".'-._ 
C STUDY. 
C 
C 

DIIHASION c (15),S(7),!N(15) 
DATA ,/15*0/ 
NUM= 10 O1234567S9 
NR= 1 

C 
C DD LOOP TO PE AD I'1 DATA 
C 

DO 12 >1500,10 
GO TO (1 1 3,51HP 

1 READ(1 ,6)D,(S(J),J=1 ,7) 
IFOOF(1 ))2 9 7 

2 NR= 2 
3 READ(?,6)D,(S(J),J=1,7) 

IF (EOF (?)) 4, 7 
4 NR= 3 
5 %A9(3,6)0,(S(J),J=1 ,7) 
6 F.`) Z T(i 2X,P4. 1 ,41,7F3.0 ) 

IF (EOF(3) ) 13,7 
C 
C DO LOOP T) PEOUC.E  KADIKS TO G/K0 ANI TO ELI;;INA TE 
C THE ZEROS BETWEEN THE LAST DATA POINT AND THE 32D 
C 
C 7 IF(D.LT. (5.).AND.0.3T. (?.) )0O T') 1? 
C 7 IF(D. T.(4.).OR.9.LT.(3.))00 TO 1? 

7 X) 9  K'=1,7 
SK)= S(K)/1000. 

TO 9 
9 CO NT INU; 

GO TO 1,0 
. 9 IF(S (i ).LE.0.0'?i )33 TO  12 

SS A'V = S(7)/l  000. 
IF(S(6).L=.0.001)S(7)= 0. 
S(K)= SSAV 

C 
C X} LOOP TO C()',."PUT._ THE PAAIUS OF CURVATURE OF THE  ACOUSTIC 
C PATH. TEAPHRATU7H CRAPIEIPS 0D 9EPTH GRADIENT EFFECTS AR-,--- 
C , NEGLECTED. THE DISTANCE `?HT EN HE LAST DATA POINT AN.) 
C THE BED IS ASSUIED TO 9E 10 FEET. THE EQUATION USED HERE 
C HAS BEEN CONVE RT20 TO METRIC UNITS. 
C 

IF(S(J).L 7. t."" `1 )GO `! 1? 
EL S= S(J) (J-1 ) 
IF (A 3(DELT ).L:7. 1 . _-l0) 7LTS= -1.005 
P= -391 1 . / DPL T S 



A - . M  

C 
COUITI`M `)`~ NIA I`.1 ~';~R,()PRIATi= `?''~ t ., , :t 

c, 

I L°  
It~C.~.Lr. X5));(3)= `?(3) :1 

1.'-'-"5))'T(4)= °T(4)+1 

I (R.Lr.(—S.F-~f}s). .(-1.~• _1 '.T  
(?. . (-1. ,;~3). ~.(—=~.~= r03))-i(7 IF Li _; 

IF (R.LI . ( 1. 0 3) .~~a''I-,~ }T. (-1 .-+03))'T(??)= '', (3) L1 
IF {R.L t-:-5. 7-1  '03).:1'11). ?. CT. (+1 .r ~0 3) )' (9)= '1(9) -1 
IF( ?.LE. (+I .-_•-04). A't' • ..33T. (+5. ..n3} }Trtl,;~)—+i 
I {i?.LF_.(-5.~r'DA).;: ).':.i:~T.( -1.~3^=^}}~.rt11)= "{11)71 
IF(?•L~.{a1•---+i')3}.`ll?`. i.GT. (+5.'-+04))`N(12)= '1(12)«-1 
IF( LE. (-<-5• O5).. TTD.R.G- .(+1 . X05}) T 13)- 'I( 13)-r l 
IF(?.L -.t i. 0~).''I).?.CT.( -r5.rY0>)'(1 4)= i(14)+1 
I'µ(?.3T.(+1. 05))N(15)_ ?(15) 1 

i1 Co ,TT j 
12 C01ITI'1U 

C 
C 7() L TO 4iA:E 1HISTO —M.A;I DI?,EdSI()'',-TL"' SS 
C 

13 ISL1:i= .T( 1 ) (?) sTt a) i(^) £'I(5) +'T (6)  

+21(10)-,1;{il) (12); '(1-3 ) ''°?{1`+)+'?(15) 

DO 14 ?J= i , 15 

14 "0 TIr'UE 
c, 
C OUTPUT OF 
r r 

t~RIT_(5, 1a)I,II?:,r( `),:I 1 ,15),NSTI'I 
1 rOR`FA1 (1I~i , 101' g 25''T:~= SECTIr)  

9:
f}
,,32TttaP;!~ r)_rLi-  J.~.1t1RE '.)r -C'.)JS ICRlY ,7`x,,9=-,IIS'1.)~~?:a" 

.-- -•--.~ - -- - 1':3 F1, 3 .? T. i .'i:.~ —1..__ca~~ y~~ t~*Mri•;),T50 ,&  ` ! 

+ 10X 221:7'2 T..7 ~ p,3 Tr) —1 `?~ ,"R.2, ~a0 q ,k= ! 
'~T A •,moo ,.2,T50,1= ! 

T}- , e — 
_~" 10 'A'  2~iA. ~ .: `i 1() —1  ',,7~ , 

F 
v;•2,:~.`.~ 0 ,~t.—  ! 

10 %,2212D 1._''tP 4 To A yF .. 2,~'.  
':' 1l1.r\y~?1in;~t. l..: —5  i_V — T() — 1 E`,P r ,F' 1.2, 50a, 1_ „! 

+ 10:x: 22: =?,~.'T-7 —1._;R3 TiC) —5=.:P3 ,Fs~2 i;_} , T5, 
+ 10X , 7 ,22 t tA:-1i- i E;: P3 10 —1 E,aP3 ytFF .2, 150 A!J 

S.`;,3rti'~()11f7F1R`~ CU`J;1TuRE ')F .1C(},.1STIC R ~Y !! 
+ _ 10:,??F1RA'1C, E 5E::P3 T':) l ; P3 ,F„~2,T50,:1= ! 

+ iCX-1,22;1 _ T l _.. ,r3• , =a' 4 '- 
+ 10X,22:.. ,L'1r~E 1 __.:t3  T() 5 .. 4 ... ,)_-) 
.~.• ti }i'22—n h TJT. r  'jD~ Ti) 1 fa7~ ,! S. ?,Ta O, A= / 

+ 1
1l 

}(,2?;i ?., ;3r 1 _.:P6 T`) 5_'.`_?5 ,i;S.?,T?,._ !! 

CALL EXI i 
__.I ) 

!r~ 



OPTIONAL FORM NO. 10 
JULY 1973 EDITION 

_ GSA FPMR 141 CFRI 101-11.6 

UNITED STATES GOVERNMENT 
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Memorandum 
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Denver, Colorado 
DATE: September 12, 1980 

FROM : Henry T. Falvey, Technical Specialist 

SUBJECT: Effects of Salinity and Temperature Gradients on Deflection of Acoustic Wave 
in the Sacramento-San Joaquin Delta 

BACKGROUND 

An analysis made February 20, 1980, of salinity gradients showed that 
significant errors in the instantaneous line velocity measurement were 
possible. The present study investigates the combined effect of salinity 
and temperature gradients on the accuracy of the acoustic velocity meter. 

The effect of salinity is to increase the fluid density. This results in the 
sound velocity increasing as the salinity increases. Increasing the water 
temperature decreases its density. By analogy with the salinity, it would be 
expected that the sonic velocity should decrease. However, within limits 
the increased molecular activity of the higher temperature water evidently 
causes the sonic velocity to increase as the water temperature increases. 
The maximum sonic velocity occurs at a water temperature of about 49 °C. 
Above this temperature, the sonic velocity decreases (fig. 1). Various 
equations have been proposed to predict the sonic velocity in water. For 
sea water, Wilson (1960) proposed the equation (neglecting higher than 
second order terms) 

Vs  = 1449.22 + 4.623T - 0.0546T2 + 1.391(S - 35) + 0.016h (1) 

where T = temperature, degres Celsius 
S = salinity, parts per thousand 
h = depth, meters 

This equation underpredicts the sonic velocity for pure water. Cole (1979) 
proposed the following equation, which is a good approximation for,temperatures 
around 10 °C, 

Vs  = 1415.5 + 1.135 + 3.627T + 0.018h (2) 

where T = temperature, degrees Celsius 
S = salinity, parts per thousand 
h = depth, meters 

A better approximation for mean temperature in the 20 6 C range is 

Vs  = 1421.9 + 2.458T + 1.13S + 0.018h (3) 
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APPROXIMATION AROUND T= 20°C 
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Figure 1. - Sonic velocity in fresh water. 
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The use of this latter equation results the following equation for the 
radius of curvature of the ray path in the presence of a linear gradient; 

R = - 1421.9 + 2.458T + 1.13S + 0.018h (4) 

2.458 dy + 1.13 dy + 0.018 
With T = 20 °C, S = 0, h = 0, equation 4 can be approximated by 

R = - 1470 (5) 

2.458 dy + 1.13 dy + 0.018 
Equation 4 was used in this study to estimate the curvature of the ray paths. 

ANALYSIS 

The data on salinity and temperature in the Sacramento River were obtained 
from a piling which had been instrumented by the Corps of Engineers. The 
piling is located about 400 m downstream from the proposed measuring site at 
Chipps Island. Temperatures and salinities were measured at three elevations 
on the piling. The measuring points were 0.9, 3.0, and 5.2 m from the 
bottom of the piling which was placed at a 7.2-m mean depth. Although the 
measurements were made every half hour, only the hourly data were analyzed. 

The measurements began on the 159th Julian day in 1979 (June 8) and continued 
until the 273rd day (September 30). Several gaps were noted in the data, 
(fig. 2). The longest of these was a 23-day record which was missing from 
August 30 to September 22. The next biggest gap was a 13-day record from 
June 20 to July 4. 

The record from the upper temperature gage during the period July 4 to July 18 
appears to be incorrect. The temperature gradients for this period are 
approximately 5 times larger than the gradients for the remainder of the 
record. Since the period July 4 to July 18 appeared to be anomalous it was 
deleted from the record (see fig. 5A). 

The goal of this study was to investigate the combined effects of salinity 
and temperature. However, before the results of measurements from the 
piling could be extrapolated to the entire river cross section, it was 
necessary to verify that the piling measurements were representative of the 
cross section. This verification was accomplished by comparing the piling 
and river histograms using only the salinity data. Some differences in the 
two histograms were expected since the piling data extended over a 4-month 
period, whereas, the river data corresponded with only the last month of the 
piling data series. Thus, seasonal effects could be present in the piling 
data. For this verification, the 2.0 to 6.3 m depth range from the piling 
data was compared to the 3.0 to 6.1 m depth range of the river data, figure 3. 
Statistical errors due to unequal numbers of data samples were minimal since 
the size of the piling and river data samples were approximately equal; 2,955 
increments for the piling data and 3,198 increments for the river data. 
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Seasonal, tidal, and daily variations in the radii of curvature was investi-
gated by calculating an autocorrelation of the data. One-hour steps were 
used to reveal daily variations over a period which had a continuous record 
of about 35 days. Because of gaps in the rest of the data it was not 
possible to extend the analysis to monthly variations. The reason for this 
analysis was to reveal whether or not the acoustic ray would consistantly 
bend upward, or downward, over a preiod of several hours or more. 

RESULTS 

Salinity Histograms of River and Piling Data 

The predominant feature of the river histogram was a significant peak which 
corresponded to an upward radius of curvature of 2.5 by 104 m, figure 3A. 
This peak was also present in the piing data, figure 3B. 

A significant difference in the two histograms is the larger number of 
downward curving rays from the piling data. This indicates that an unstable 
salinity gradient (salinity decreasing with depth) is more likely to 
develop near the riverbank than in the mainstream. 

This comparison was not as good as could be desired. Therefore, generalizing 
the conclusions reached from the piling data to the entire river should be 
done with some caution. 

Combined Effects of Salinity and Temperature 

Although the values of the radii of curvature scatter to very large magnitudes, 
figure 2, the majority of the values are contained within +50 km, figure 4. 
An examination of the radii of curvature obtained from the top and middle 
transducers on the pile show a pronounced tendancy for downward curving ray 
(positive values). Between the middle and bottom transducers, the ray 
curvature is more or less evenly distributed between upward and downward 
curving paths, figure 5. 

A histogram of all the curvatures shows that the mean radius of the upward 
curving ray is about 4 km and that of the downward curving ray is 2.5 km, 
figure 6. Twice as many downward as upward curving rays occur. This 
implies that temperature effects were more significant than salinity during 
the entire test period. This effect is undoubtedly seasonal. An indication 
of the seasonal nature of the downward curving paths can be seen from the 
radii versus time plots, figure 5. At the end of September, the upward and 
downward curving rays are about evenly distributed. However, in June the 
preponderance of the rays have a downward or positive curvature. 

Probable Acoustic Paths 

An upward curving path having a radius of curvature of 5 km and starting at 
a 4-m depth will experience several reflections off the water surface, 
figure 7. With this radius of curvature and a grazing angle at the water 
surface of 2.6% near perfect reflections of the signal will occur for 
crest to trough wave heights less than 0.4 m. 
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A downward curving path with a radius of curvature of 5 km and starting at a 
4-m depth will experience several reflections off the riverbed. The number 
of reflections and the path taken is a function of the direction of the 
signal, figure 7. For instance, signals going from A to C will tend to 
reflect alternatively off the water surface and the riverbed. Whereas, 
signals going from C to A will tend to.remain close to the riverbed. The 
angle that the ray makes with the bed at the point of reflection accounts for 
the difference in the ray paths. Significant attenuation of the signal 
during periods having downward curvatures can be expected. 

Temporal Variations in Radii of Curvature 

Due to tidal cycles and the diurnal variation a temporal correlation in the 
data was expected. To analyze this an autocorrelation of the data was 
performed. This type of analysis requires data spaced at equal time incre-
ments. The longest continuous data record was from July 19 to August 23. 
For each time increment the radius of curvature was computed using the top 
and bottom set of transducers on the pile. If data from one of the transducers 
were missing, the previous radius of curvature was used to fill in the 
missing data. 

The histograms indicated very few radii of curvature greater than 50 km. 
These points appear as anomalies on a radius versus time plot. Therefore, 
to obtain better values for analysis, all radii with values greater than 
50 km were replaced with an average of the previous and succeeding data 
point values (fig. 8). 

The autocorrelation of the radii shows that there is very little persistence 
in the values for times longer than 2 hours, figure 9. In other words, 
there is no long term systematic variation in the curvatures. If the radius 
is positive over a 2 hour period, it is likely to be negative over the next, 
etc. 

The spectrum of the autocorrelation function can be used to reveal cyclical 
variations in the curvatures, figure 10. The frequency scale is in cycles 
per day. The accuracy of these cycles is somewhat poor because the data 
record length is short. However, the spectrum indicates peaks at cycles 
which have periods of 2 days, daily, as well as, 12, 8, 6, and 5 hours. The 
large amplitude at low frequencies indicates that seasonal periods may be 
significant. 

METHODS TO REDUCE ERRORS 

Shorten path length 

One method of eliminating multiple reflected rays is to shorten the path 
length. The relative deflection of the path is given by 

D/L = R/L (1 - 1 - 1/4(L/R)2) (6) 
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where D = deflection of ray 
L = path length 
R = radius of curvature of path 

when L/R is small. Thus to keep D/L < 0.01, L/R must be less than 0.08. 

For example, with R = 5 km, the required path length must be less than 400 m 
for relative deflections of about 1 percent. 

Measure Path Curvature 

If the sign of the curvature of the ray path were known, then a relatively 
good estimate of the C value could be made for a given set of transducers. 
This C value would then be used to correct the instantaneous mean line 
velocity. The determination of the sign of the curvature could be made with 
two thermisters and two conductivity probes mounted at one of the transducer 
stations. Sufficient computer logic would have to be available to calculate 
the sign of 

2.46 LT +1.13 S (8) 
'&Y '&Y 

If this expression is positive, the ray has an upward curvature. Otherwise, 
the curvature is downward. 

A study of the variation of C with depth would have to be conducted for depths 
exceeding 6.7 m. Data obtained during the 1954 current measurement determina-
tion of discharge could probably be used to calculate reasonable values of C 
with the multiple reflections. 

Improve Signal Detection Technique 

The present method for determining when the pulse has arrived at the receiving 
transducer is to measure the amplitude of the signal. If the amplitude 
exceeds some threshold level, a trigger pulse is sent to a timer indicating 
arrival of the signal. 

Due to the multiple reflections off the bed, the first few waves received 
often have a very low amplitude. Smith (1) showed that a delay will not cause 
significant errors if the delay is equal in both wave travel directions. 
However, if the trigger pulse is actuated by different cycles of the received 
signal, the error could be appreciable. 

One solution to the problem is to cross correlate a sine wave with the 
received signal. The frequency of the sine wave should be equal to the 
sending frequency of the tranducers. If the received signal output is set to 
give zero output for no signal, then the output of the correlator will be 
zero until a signal begins to be received. When the signal is received, an 
amplified version of the signal will appear on the output of the correlator. 
Details of this procedure are discussed by Lee (2). Use of this technique 
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will reduce the probability that the trigger pulse is actuated by the 
incorrect cycle of the received signal. This will not, however, reduce 
errors due to the bending of the acoustic path. 

CONCLUSIONS 

1. Temperature and salinity cause significant deflections of the acoustic 
rays at the proposed measurement section near Chipps Island. 

2. About twice as many rays have a downward curvature as those with an 
upward curvature. This indicates a high probability for multiple reflections 
off the channel bed. 

3. There does not appear to be a temporal correlation of the radii of 
curvature during the period July 19 to August 23. 

4. Errors due to bending of the acoustic ray can be reduced by shortening 
the acoustic path length to 400 m, by measuring the sign of the curvature 
in the field, or by employing signal detection techniques to identify the 
first ray to traverse the measuring section. 
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