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Table 2. Harmonic analysis results

[Column headings are defined as follows: "Major axis" is U, in equation 3a; "Minor axis" is V; in equation 3b;
"Direc." is principal direction, in degrees true north, shown in figure 4; and "Phase", in degrees, is ¢; in
equations 3a and 3b. Of the harmonic constants calculated for this report, 14 of the 16 involve the principal
astronomical forcing frequencies. MK3 and M4 are compound tides or first-order harmonics that represent,
respectively, the nonlinear interaction between M2 and K1, and the M2 tide with itself. The names and periods
of the principal tidal frequencies used in this analysis are given in table 1]

Station name: binl

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03’°30"N 122°14°24"W

ADCP depth: 147 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. Phase Rotation
axis axis °true degree

Ql 3.15 0.18 96.0 84.6 Clockwise
01 16.44 76 93.2 80.5 Clockwise
M1 .89 .06 98.2 120.6 Clockwise
P1 7.36 .39 93.1 85.7 Clockwise
K1 25.64 1.18 92.5 86.2 Clockwise
J1 45 .16 95.3 125.8 Clockwise
MU2 2.34 41 102.1 155.1 Clockwise
N2 10.21 12 91.3 341.3 Clockwise
NU2 2.99 33 94.4 345.5 Clockwise
M2 57.53 85 91.7 357.3 Clockwise
L2 5.28 20 92.7 233 Clockwise
T2 .85 33 41.5 319.5 Clockwise
S2 12.68 .09 88.5 5.6 Clockwise
K2 443 41 87.3 3383 Clockwise
M4 4.81 75 110.8 225.6 Clockwise
MK3 2.55 .70 90.0 3409 Counterclockwise

Root-mean-squared speed (cm/s) = 50.38

Standard error, u-velocity (cm/s) = 1246

Standard error, v-velocity (cm/s) = 721

Tidal form number = .60

Spring tidal current maximum (cm/s) = 112.30

Neap tidal current maximum (cm/s) = 35.66

Principal current direction (°true) = 91.75

Eulerian residual, u-velocity (cm/s) = .81

Eulerian residual, v-velocity (cm/s) = 227
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Table 2. Harmonic analysis results--Continued

Station name: bin2

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03’30"N 122°14°24"W

ADCP depth: 13.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. Phase Rotation
axis axis °true degree

Q1 348 0.20 944 849 Clockwise
01 17.86 1 92.5 80.1 Clockwise
M1 92 .06 94.4 122.3 Clockwise
P1 8.30 .30 92.7 869 Clockwise
K1 28.94 1.24 92.6 86.3 Clockwise
n 45 15 92.6 130.9 Clockwise
MU2 3.02 .50 102.3 1559 Clockwise
N2 11.63 .04 92.7 340.9 Clockwise
NU2 3.49 33 97.4 346.9 Clockwise
M2 67.08 1.06 93.0 3579 Clockwise
L2 6.54 19 95.4 224 Clockwise
T2 93 47 41.3 316.2 Clockwise
S2 14.29 .20 89.5 6.1 Clockwise
K2 5.49 37 90.0 340.1 Clockwise
M4 491 .68 107.8 240.0 Clockwise
MK3 2.73 .15 80.6 8.1 Counterclockwise

Root-mean-squared speed (cm/s) = 57.70

Standard error, u-velocity (cm/s) = 1432

Standard error, v-velocity (cm/s) = 6.37

Tidal form number = .58

Spring tidal current maximum (cm/s) = 128.16

Neap tidal current maximum (cm/s) = 41.71

Principal current direction (°true) = 9245

Eulerian residual, u-velocity (cm/s) = 1.06

Eulerian residual, v-velocity (cm/s) = 123
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Table 2. Harmonic analysis results--Confinued

Station name: bin3
Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03’30"N 122°14'24"W
ADCP depth: 12.7 m below MLLW, Water depth: 16.8 m
Record length: 426 M2 cycles, Number of data points: 31,488

Name

Ql
o1
M1
Pl
K1
bl
MU2
N2
NU2
M2
L2
T2
S2
K2
M4
MK3

Root-mean-squared speed (cm/s)
Standard error, u-velocity (cm/s)
Standard error, v-velocity (cm/s)
Tidal form number

Major
axis
3.7
18.90
96
8.73
30.88
45
3.50
12.54
3.88
72.97
7.40
97
15.20
6.06
5.04
2.88

Minor

axis
0.23
.70
.07
23
1.26
11
48
.05
32
1.16
23
.61
33
.33
46
11

Direc.

°true
93.5
91.7
91.7
91.0
91.8
85.8
102.1
92.4
98.3
92.5
95.7
38.8
89.1
89.4
104.8
76.6

Spring tidal current maximum (cm/s)
Neap tidal current maximum (cm/s)

Principal current direction (°true)

Eulerian residual, u-velocity (cm/s)
Eulerian residual, v-velocity (cm/s)

nmnununnunnnn

Phase
degree
86.1
80.5
124.7
87.4
86.7
127.7
159.2
341.1
348.9
358.5
23.6
3124

6.7
341.6
2470

242

62.29
15.37
6.08
.56
137.95
45.79
91.86
-.19
2.07

Rotation

Clockwise
Clockwise
Clockwise
Clockwise

"Clockwise

Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
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Table 2. Harmonic analysis results--Continued

Station name: bin4

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03’30"N 122°14°24"W

ADCP depth: 11.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. Phase Rotation
axis axis °true degree

Q1 3.85 0.25 92.8 87.0 Clockwise
01 19.67 .62 91.2 81.0 Clockwise
M1 1.00 .08 89.0 126.9 Clockwise
Pl 9.07 .09 89.8 88.0 Clockwise
K1 32.32 1.16 91.1 87.3 Clockwise
n 46 .04 85.2 1223 Clockwise
MU2 3.84 46 1014 163.5 Clockwise
N2 13.29 .03 924 341.5 Clockwise
NU2 4.17 30 99.0 351.0 Clockwise
M2 77.49 1.09 92.2 359.5 Clockwise
L2 8.05 20 95.8 25.7 Clockwise
T2 1.04 74 36.6 307.6 Clockwise
S2 15.94 44 89.1 73 Clockwise
K2 6.48 23 89.0 343.0 Clockwise
M4 4.92 .33 102.5 254.0 Clockwise
MK3 3.07 35 71.7 39.2 Clockwise

Root-mean-squared speed (cm/s) = 6574

Standard error, u-velocity (cm/s) = 15.76

Standard error, v-velocity (cm/s) = 5.87

Tidal form number = .56

Spring tidal current maximum (cm/s) = 14542

Neap tidal current maximum (cm/s) = 4891

Principal current direction (°true) = 9147

Eulerian residual, u-velocity (cm/s) = -1.99

Eulerian residual, v-velocity (cm/s) = 276
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Table 2. Harmonic analysis results--Continued

Station name: bin5

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03'30"N 122°14°24"W

ADCP depth: 10.7 m below MLLW, Water depth: 168 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. ~ Phase Rotation
axis axis °true degree
Q1 3.95 0.21 92.2 87.7 Clockwise
01 20.31 .50 90.8 81.6 Clockwise
M1 1.02 07 87.0 128.4 Clockwise
P1 9.40 11 88.9 88.7 Counterclockwise
K1 33.54 .93 90.6 87.9 Clockwise
n 49 .04 85.0 116.5 Counterclockwise
MU2 4.14 39 99.9 167.9 Clockwise
N2 13.96 .04 924 342.0 Counterclockwise
NU2 442 23 99.5 353.2 Clockwise
M2 81.31 91 91.8 .6 Clockwise
L2 8.60 14 95.5 28.0 Clockwise
T2 1.10 .85 39.9 308.5 Clockwise
S2 16.57 .50 89.3 8.0 Clockwise
K2 6.81 .09 88.9 3446 Clockwise
M4 4.66 30 00.8 262.2 Clockwise
MK3 341 41 81.1 53.7 Clockwise
Root-mean-squared speed (cm/s) = 68.65
Standard error, u-velocity (cm/s) = 15.75
Standard error, v-velocity (cm/s) = 5.68
Tidal form number = .55
Spring tidal current maximum (cm/s) = 151.72
Neap tidal current maximum (cmy/s) = 5151
Principal current direction (°true) = 91.15
Eulerian residual, u-velocity (cm/s) = -3.98
Eulerian residual, v-velocity (cm/s) = 346
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Table 2. Harmonic analysis results—Continued

Station name: biné

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03’30"N 122°14’24"W

ADCP depth: 9.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. Phase Rotation
axis axis °true degree
Q1 4.00 0.15 91.8 88.3 Clockwise
01 20.90 34 90.6 82.2 Clockwise
M1 1.04 .05 85.2 129.0 Clockwise
P1 9.75 33 88.2 89.3 Counterclockwise
K1 34.63 .66 90.4 88.5 Clockwise
J1 49 A1 88.6 1109 Counterclockwise
MU2 4.42 .36 98.0 172.1 Clockwise
N2 14.56 .09 92.6 342.6 Counterclockwise
NU2 4.61 21 99.6 355.5 Clockwise
M2 84.63 85 91.6 1.7 Clockwise
L2 9.03 10 94.8 30.2 Clockwise
T2 1.15 .97 49.8 316.3 Clockwise
S2 17.09 .57 89.8 8.8 Clockwise
K2 7.07 .02 89.2 346.4 Counterclockwise
M4 4.42 42 98.9 271.1 Clockwise
MK3 3.82 .38 854 65.1 Clockwise
Root-mean-squared speed (cm/s) = 7126
Standard error, u-velocity (cm/s) = 1558
Standard error, v-velocity (cm/s) = 561
Tidal form number = .55
Spring tidal current maximum (cm/s) = 157.25
Neap tidal current maximum (cm/s) = 53.81
Principal current direction (°true) = 91.01
Eulerian residual, u-velocity (cm/s) = -6.10
Eulerian residual, v-velocity (cm/s) = 399
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Table 2. Harmonic analysis results—-Continued

Station name: bin?

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430

Beginning calendar date: 88, Ending calendar date: 320
Time meridian:

120 W

Station position: 38°03’30"N 122°14°24"W

ADCP depth: 8.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor
axis axis
Q1 4.03 0.11
(o)1 21.48 18
M1 1.05 02
P1 10.12 .56
K1 35.69 40
n 44 13
MU2 4.64 34
N2 15.09 12
NU2 4.77 .18
M2 87.57 .84
L2 9.38 05
T2 1.21 1.05
S2 17.55 .63
K2 7.27 .10
M4 427 .63
MK3 427 30
Root-mean-squared speed (cm/s)

Standard error, u-velocity (cm/s)
Standard error, v-velocity (cm/s)
Tidal form number

Direc.

°true
91.4
90.5
84.8
87.7
90.3
94.2
96.1
92.8
99.1
91.6
93.7
71.2
90.4
89.5
98.3
89.6

Spring tidal current maximum (cm/s)
Neap tidal current maximum (cm/s)

Principal current direction (°true)

Eulerian residual, u-velocity (cm/s)
Eulerian residual, v-velocity (cm/s)

L | || [ [ R | Y T |

Phase
degree
88.6
82.5
128.7
89.9
89.2
103.0
176.2
343.2
3574

2.9
323
335.7
9.6
348.5
281.3
73.7

73.67
15.32
5.62
54
162.29
55.82
91.01
-8.30
4.36

Rotation

Clockwise
Clockwise
Clockwise
Counterclockwise
Clockwise
Counterclockwise
Clockwise
Counterclockwise
Clockwise
Clockwise
Clockwise
Clockwise
Clockwise
Counterclockwise
Clockwise
Clockwise
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Table 2. Harmonic analysis results--Continued

Station name: bin8

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03°30"N 122°14'24"W

ADCP depth: 7.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. Phase Rotation
axis axis °true degree
Q1 4.08 0.06 90.8 88.5 Clockwise
01 22.13 0 90.5 82.7 Counterclockwise
Ml 1.07 .01 84.5 127.4 Counterclockwise
P1 10.58 .80 87.1 90.7 Counterclockwise
K1 36.82 11 90.3 89.9 Clockwise
1} 41 11 101.6 91.7 Counterclockwise
MU2 4.87 .33 94.0 180.1 Clockwise
N2 15.61 11 93.1 343.7 Counterclockwise
NU2 4.87 .14 98.8 359.2 Clockwise
M2 90.35 .88 91.5 4.1 Clockwise
L2 9.64 .03 93.0 343 Counterclockwise
T2 1.29 1.12 84.9 346.6 Clockwise
S2 17.96 74 91.1 10.3 Clockwise
K2 7.47 17 90.2 350.9 Counterclockwise
M4 422 .84 98.0 290.9 Clockwise
MK3 4.70 21 93.7 79.4 Clockwise
Root-mean-squared speed (cm/s) = 76.11
Standard error, u-velocity (cm/s) = 15.09
Standard error, v-velocity (cm/s) = 579
Tidal form number = 54
Spring tidal current maximum (cm/s) = 167.26
Neap tidal current maximum (cm/s) = 57.71
Principal current direction (°true) = 91.05
Eulerian residual, u-velocity (cm/s) = -10.59
Eulerian residual, v-velocity (cm/s) = 447
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Table 2. Harmonic analysis results--Continued

Station name: bin9

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430

Beginning calendar date: 88, Ending calendar date: 320
Time meridian: 120 W

Station position: 38°03'30"N 122°14°24"W

ADCP depth: 6.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major
axis
Q1 4.04
(0] 22.48
Ml 1.06
P1 10.96
K1 37.77
i} 32
MU2 5.07
N2 16.03
NU2 4.89
M2 92.60
L2 9.92
T2 1.31
S2 18.17
K2 7.69
M4 4.06
MK3 5.19

Root-mean-squared speed (cm/s)
Standard error, u-velocity (cm/s)
Standard error, v-velocity (cm/s)

Tidal form number

Minor

axis
0.01
21
.04
.99
24
.08
.30
17
.10
.74
.16
1.13
86
.26
99
.08

Direc.

°true
89.9
90.4
84.8
86.4
90.2
112.2
91.7
93.2
98.8
91.4
92.2
110.8
91.7
91.3
99.2
97.0

Spring tidal current maximum (cm/s)
Neap tidal current maximum (cm/s)

Principal current direction (°true)

Eulerian residual, u-velocity (cm/s)
Eulerian residual, v-velocity (cm/s)

Phase
degree
87.5
82.6
235
90.6
90.2
76.1
184.7
3440

7

53
35.8
124
11.0
354.3
304.7
874

78.16
15.15
6.05
54
171.02
59.14
91.03
-12.63
4.23

Rotation

Clockwise
Counterclockwise
Counterclockwise
Counterclockwise
Counterclockwise
Counterclockwise
Clockwise
Counterclockwise
Clockwise
Clockwise
Counterclockwise
Clockwise
Clockwise
Counterclockwise
Clockwise
Clockwise

Table 2 31



Table 2. Harmonic analysis results--Continued

Station name: binl0

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03°30"N 122°14°24"W

ADCP depth: 5.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. Phase Rotation
axis axis °true degree

Q1 - 3.99 0.04 89.4 87.2 Counterclockwise
o1 22.65 41 90.8 82.5 Counterclockwise
M1 1.03 .06 85.8 123.3 Counterclockwise
Pl 11.31 1.14 86.0 904 Counterclockwise
K1 38.46 .60 90.5 90.4 Counterclockwise
1 32 .02 117.3 70.5 Counterclockwise
MU2 5.01 .29 89.9 187.5 Clockwise
N2 16.33 .20 93.5 344.5 Counterclockwise
NU2 493 .05 98.8 9 Clockwise
M2 93.85 1 91.5 6.4 Clockwise
L2 9.99 .38 92.0 370 Counterclockwise
T2 1.37 1.18 132.7 338 Clockwise
S2 18.37 1.05 92.8 11.8 Clockwise
K2 7.92 41 929 356.3 Counterclockwise
M4 3.92 1.10 101.4 320.6 Clockwise
MK3 5.85 .08 100.1 92.1 Counterclockwise

Root-mean-squared speed (cm/s) = 7941

Standard error, u-velocity (cm/s) = 1520

Standard error, v-velocity (cm/s) = 655

Tidal form number = 54

Spring tidal current maximum (cm/s) = 173.33

Neap tidal current maximum (cm/s) = 59.67

Principal current direction (°true) = 9133

Eulerian residual, u-velocity (cm/s) = -13.75

Eulerian residual, v-velocity (cm/s) = 374
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Table 2. Harmonic analysis results—-Continued

Station name: binll

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430

Beginning calendar date: 88, Ending calendar date: 320
Time meridian: 120 W

Station position: 38°03'30"N 122°14'24"W

ADCP depth: 4.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major
axis
Q1 3.98
o1 22,51
M1 1.04
Pl 11.68
K1 38.84
11 35
MU2 4.77
N2 16.55
NU2 491
M2 94.30
L2 993
T2 1.50
S2 18.56
K2 8.02
M4 4.01
MK3 6.10

Root-mean-squared speed (cm/s)
Standard error, u-velocity (cm/s)
Standard error, v-velocity (cm/s)

Tidal form number

Minor

axis
0.08
.69
.09
1.30
1.11
.02
31
22
.09
48
.40
1.13
1.03
53
.69
.39

Direc.

°true
89.1
91.5
88.3
85.5
90.7

" 1194

90.2
93.5
99.5
92.0
92.6
140.2
93.5
94.2
105.0
99.9

Spring tidal current maximum (cm/s)
Neap tidal current maximum (cm/s)

Principal current direction (°true)

Eulerian residual, u-velocity (cm/s)
Eulerian residual, v-velocity (cm/s)

Phase
degree
87.3
825
123.7
90.6
90.7
65.5
187.8
3448

1.5
6.9
374
40.8
12.8
358.0
3289
95.2

79.90
14.91
6.92
54
174.20
59.41
91.78
-14.56
287

Rotation

Counterclockwise
Counterclockwise
Counterclockwise
Counterclockwise
Counterclockwise
Clockwise
Clockwise
Counterclockwise
Clockwise
Clockwise
Counterclockwise
Clockwise
Clockwise
Counterclockwise
Clockwise
Counterclockwise

Table 2 33



Table 2. Harmonic analysis results--Continued

Station name: bin12

Start time of series (PST): Year=1988 Month= 3 Day= 28 Hour= 1430
Beginning calendar date: 88, Ending calendar date: 320

Time meridian: 120 W

Station position: 38°03'30"N 122°14°24"W

ADCP depth: 3.7 m below MLLW, Water depth: 16.8 m

Record length: 426 M2 cycles, Number of data points: 31,488

Name Major Minor  Direc. Phase Rotation
axis axis °true degree

Ql 4.01 0.06 88.3 87.1 Counterclockwise
01 22.57 71 90.9 82.5 Counterclockwise
M1 1.04 .06 86.4 124.0 Counterclockwise
Pl 11.69 1.03 87.1 90.4 Counterclockwise
K1 38.91 74 914 90.8 Counterclockwise
n 35 .04 116.7 60.7 Clockwise
MU2 4.84 .29 87.6 188.0 Clockwise
N2 16.55 .02 94.5 345.0 Counterclockwise
NU2 4.95 .06 99.3 14 Clockwise
M2 94.46 1.15 92.6 7.0 Clockwise
L2 9.99 .50 929 379 Counterclockwise
T2 1.46 1.03 130.8 30.2 Clockwise
S2 18.55 1.06 94.0 12.8 Clockwise
K2 8.02 38 94.5 358.2 Counterclockwise
M4 3.89 1.16 99.0 3279 Clockwise
MK3 6.06 14 101.7 96.2 Clockwise

Root-mean-squared speed (cm/s) = 80.10

Standard error, u-velocity (cm/s) = 15.02

Standard error, v-velocity (cm/s) = 712

Tidal form number = 54

Spring tidal current maximum (cm/s) = 174.49

Neap tidal current maximum (cm/s) = 59.58

Principal current direction (°true) = 9224

Eulerian residual, u-velocity (cm/s) = -14.89

Eulerian residual, v-velocity (cm/s) = 202

34 Tidal and Resldual Currents Measured by an Acoustic Doppler Current Profiler at San Francisco Bay



Station name: Bin1, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plots of tidal and residual currents.



Station name: Binl, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plots of ftidal and residual currents--Continued



Station name: Binl, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Station name: Bin2, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued



Station name: Bin2, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plofs of tidal and residual currents--Continued



Station name: Bin2, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Figure 14. Time-series plofs of tidal and residual currents--Continued
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Station name: Bin3, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Station name: Bin3, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plots of tidal and residual currents--Confinued



Station name: Bin3, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued



Station name: Bind, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plofs of tidal and residual currents--Continued
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Station name: Bind, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued
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Station name: Bin4, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Figure 14. Time-seriés plots of tidal and residual currents--Continued
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Station name: Bin5, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued



Station name: Bin5, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plots of fidal and residual currents--Continued
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Station name: Bin5, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued
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Station name: Biné, March 28 (calendar day 88) to June 8 (calendar day 160), 1988

-----

|||||||||||||||

|||||||||||||||||

..........

[ U S e s ———————— e

pe——————

' '
i1

Re————————————

=g

=

=

——2

—

=

¥
'
'
'
'
'
'
'
i Qs PR I,
'
'
'
'
'
'
'
Il
B
'
)
|
v

I"l"w» I

1L

160

120 1;5 130 135
TIME, IN CALENDAR DAYS

1s

110

210

.
.

L SRRt E Lt SER LR L
'

3Nyl S33¥930 NI “NOTLI3YIO
S31LI0073A G3HNSYIN

2 R 888 ° 838 88 R

8 2 8 8
ONOJ3S ¥3d SY3I3IWIINID NI “033dS

85

L R ana e e B T e S TP EE SEETRCEE

® R 328 ° 288 8} 8 e 8 ] = o
. ONGO3S ¥3d S¥3LAWIINID NI “033dS
3Nyl S33¥930 NI ‘NOILI3INIC

S3LIDO0T3A (@353 LH) TvnaAIS3Y

TIME, IN CALENDAR DAYS

Figure 14. Time-series plots of tidal and residual currents—-Confinued
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Station name: Biné, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Station name: Bin6, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Figure 14. Time-series plots of tidal and residual currents—-Confinued
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Station name: Bin7, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued



Station name: Bin7, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plofs of tidal and residual currents--Continued
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Station name: Bin7, August 22 (calendar day 235) o November 6 (calendar day 311), 1988

g 8§ 8 8 =
ONOO3S ¥3d SY3IL3WILNID NI “033dS

3Nyl $33y¥930 NI ‘NOILI3YIO
S3AILID0T3A A3IHNSYIN

31S

295

275 280
TIME, IN CALENDAR DAYS

270

i
265

245 250

240

235

8 R 8 B8 < ] & e °

ONQO3S ¥3d S¥3IZWIIN3D NI ‘033dS

210
180
S0
20
s S T S T rT PRSP I R
60
30
0
30
60

ANyl $33y930 NI “NQI1LO3YIA
S3IILD013A (@3HILNL) TvNaAiSaY

315

275 280 285
TIME, IN CALENDAR DAYS

270

265

245

Figure 14. Time-series plots of tidal and residual currents--Continued
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Station name: Bin8, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued

56 Tidal and Residual Currents Measured by an Acoustic Doppler Current Profiler at San Francisco Bay



Station name: Bin8, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plots of fidal and residual currents--Continued
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Figure 14. Time-series plots of tidal and residual currents--Continued
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Station name: Bin9, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series piots of tidai and residuai currents--Continued
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Station name: Bin9, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plots of tidal and residual currents--Contfinued



Station name: Bin9, August 22 (calendar day 235) to November 6 (calendar day 311), 1988

...............................

....................

.....................

uuuuuuuuuuuuuuuuuuuuuuu

..................

.................

.......................

...................

....................

& 8 g
NOJ3S ¥3d SYILIWIINGO NI ‘033dS

3NYL S33¥930 NI “NOILI3YIC
S3ILIDOT3A @34NSYIN

280 285 2;0
TIME, IN CALENDAR DAYS

275

270

245

240

235

.............................................

.............................................

.............................................

.............................................

............................................

............................................

...........................................

..................................

...............................

...................................

8 8888 °8 888 8

3N¥L S33¥930 NI “NOILO3YIO

2 2 8 R 2 °

ONOJ3S ¥3d SYILIWIIN3I NI ‘033dS

S31LI00713A (@3¥31714) vnadisay

TIME, IN CALENDAR DAYS

Figure 14. Time-series plots of tidal and residual currents--Continued
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Station name: Bin10, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plots of fidal and residual currents--Continued



Station name: Bin10, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Station name: Bin10, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Station name: Bin11, March 28 (calendar day 88) to June 8 calendar day 160), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued
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Station name: Bin11, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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Figure 14. Time-series plots of tidal and residual currents—-Continued
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Station name: Bin11, August 22 (calendar day 235) to November 6 (calendar day 311), 1988
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Bin12, March 28 (calendar day 88) to June 8 (calendar day 160), 1988
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Figure 14. Time-series plots of tidal and residual currents--Continued
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Station name: Bin12, June 8 (calendar day 160) to August 22 (calendar day 235), 1988
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APPENDIX A.--ADCP ERROR SOURCES

Because of the nonintrusive nature of the measurements made by acoustic Doppler current profiler
(ADCP) systems, they are not subject to many of the error sources that plague conventional current meters
(fouling, vertical motion, and rotor or propeller rating errors); however, the complexity of Doppler shift
determinations introduces sources of error that are unique to ADCP systems. Although a rigorous error
analysis of ADCP systems is beyond the scope of this report, major sources of random and systematic
error in ADCP systems will be discussed. The ADCP used in this study will be referred to as ADCP S/N
159 in the rest of this section of the report.

RANDOM ERROR

Random errors can be reduced by data averaging. The complex covariance estimator used by the
ADCP to determine Doppler frequency shifts must deduce the center of power (in the frequency domain)
of the reflected signal to determine water velocity. The reverberation spectrum from the water-velocity
field is composed of many echoes of the transmitted signal from discrete particles moving with the water
whose dimensions are much smaller than the spatial pulse volume; therefore, a single determination of
velocity (ping) has a high variance. Fortunately, the ADCP system has a ping rate of 8 or 9 pings per
second, and the standard error of a velocity determination can be reduced quickly by averaging. For
ADCP S/N 159, short-term (random) precision of velocity determinations made at an individual bin can
be expressed in terms of standard error (Gordon, 1989):

S
G = 1.6 x 10 ’ (5)

" FD/N

where ©; = standard error of a water-velocity determination in bin, (meters per second),
F = transmit frequency (in Hertz),
D = discrete vertical bin height (meters), and
N = number of pings averaged to obtain a water-velocity estimate.

The relevant ADCP parameters used during this study were F=1.2x10°%, D=1, and N=2176. Using
these parameters, the standard error of a single bin velocity determination is 0.30 cm/s. Field
measurements (Simpson, 1986) using a similar ADCP have supported this random error model although
it should be considered only approximate.

An additional source of random error is short time-scale turbulence (0-2 minutes) in the water-
velocity field. However, random error due to this source probably was insignificant because of the
10-minute averaging period used in this study (Carter and Anderson, 1963).

SYSTEMATIC ERROR

Effects of systematic, or bias, errors are significant because they cannot be reduced by data
averaging. When small residual velocities are derived from large tidal velocities, as in this study, bias
errors that are constant or additive over time can significantly reduce the accuracy of the derived residual
velocities. Major ADCP bias errors can be caused by uncompensated pitch, roll, and heading information,
improper beam geometry, a category of sources that can be loosely labeled as receiver chain effects
(Hansen, 1986), mispositioning of receiver tracking filters, and a problem that existed in older systems
{as was ADCP S/N 159) due to mistuning of a transmit filter (J.A. Gast, RD Instruments, oral commun.,
1989). The exact magnitude of these systematic errors can only be approximated, so the authors have
chosen to discuss the "worst case" effect of these errors on the data coliected during this study and
presented in this report. For a more detailed discussion of these and other ADCP error sources, see Appel
and others (1988), Chereskin and others (1989), Hansen (1986), Regier (1982), and Theriault (1986).
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ERRORS DUE TO UNCOMPENSATED PITCH, ROLL, AND HEADING

Errors due to the uncompensated pitch and roll of the data collection platform probably had a
negligible effect on the accuracy of data presented in this report. Pitch and roll sensors were incorporated
into the ADCP, and velocity data were corrected using algorithms in the ADCP firmware'. The platform
did not move significantly during data collection so dynamic errors due to attitude sensor response were
not present. Inaccuracies in heading information provided by the internal flux gate compass would provide
a consistent directional error in both the tidal flux data and the residual data; however, the magnitude of
this error was no more than 2 or 3 degrees.

ERRORS DUE TO IMPROPER BEAM GEOMETRY

Errors can be introduced into the computation of horizontal velocities because of incorrect
transducer beam axis angles. For example, if an ADCP (similar to ADCP S/N 159) is manufactured with
a 31.0° pointing angle on all transducers instead of 30.0°, and the conversion algorithms were not
corrected, measured horizontal water velocities would be 3.0 percent more than actual velocities. Errors
in the included angles between opposing and adjacent beams can also cause direction-dependent errors.
Transducer pointing angles can be measured in the laboratory and that data used to apply corrections to
ADCP measured horizontal velocities; however, ADCP S/N 159 was manufactured before beam angle
calibration procedures were instituted by the manufacturer. At the author’s request, the beam pointing
angles were measured by the manufacturer after ADCP retrieval and errors due to pointing angles were
computed. Horizontal velocities measured by the fore and aft beams (beams 3 and 4, respectively) were
overestimated by 1.2 percent. Horizontal velocities measured by the starboard and port beams (beams 1
and 2, respectively) were overestimated by 1.8 percent. Horizontal velocity components crossing the beam
pattern at arbitrary azimuths were overestimated, on the average, by 1.5 percent. The manufacturer
estimates that laboratory beam angle measurements are accurate to within 0.15°.

RECEIVER CHAIN EFFECTS

Receiver chain effects are hardware-associated errors that influence the reverberation spectra of
the measured velocity field (Hansen, 1986). Among the most significant are

1. Nonlinearities caused by mismatched transducers, uneven or defective transducer coatings,
misaligned receiver electronics, and "ringing" due to various sources.

2. Spectral windowing effects caused by the response of fixed receiver input bandpass filters.

3. Noise-induced errors.

4. Magnitude transfer function coloring caused by a non ’'white’ or nonlinear magnitude
transfer function of the receiver bandpass filters and their interaction with the spectral
moment estimation technique used in the ADCP.

5. Quadrature channel amplitude and phase imbalances.

'In this case, firmware is defined as a collection of machine-executable programs and operating
parameters stored in nonvolatile memory in the ADCP and used by the ADCP microcomputer as an
operating system.
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These and other receiver-caused errors are termed by Hansen (1986) as receiver chain effects. The
magnitude of errors introduced by receiver chain effects are dependent, to a certain extent, on the
algorithm used to calculate the center of power (in the frequency domain) of the water parcel reverberation
spectra. These errors are extremely hard to quantify individually, and prior to 1989, few attempts were
made to do so.

The manufacturer doubts that the combined error in the measurement of horizontal velocity due
to receiver chain effects, excluding noise-induced error, exceeds 0.5 percent of the actual velocity (for
ADCP S/N 159), but it is agreed that more tests are needed to confirm this value (J.A. Gast, RD
Instruments, oral commun., 1989). Laboratory tests done by Appel and others (1988) that compute error
from lumped sources indicate that the 0.5 percent error, although optimistic, is reasonable. Many of the
errors caused by receiver chain effects can be reduced by optimized circuit design, proper quality control
during ADCP manufacture, and stringent calibration procedures. Because of properties of fixed bandpass
filters, however, two important error sources discussed by Hansen (1986) (errors 2 and 3) are always
present in ADCP systems of the type used in this study and tend to bias the computed horizontal velocities
towards the center of the fixed bandpass filter (zero velocity). Thus, these errors most often cause
underestimated horizontal velocities. This hypothesis was partially confirmed by laboratory tests (Appel
and others, 1988).

ERRORS DUE TO THE MISPOSITIONING OF RECEIVER TRACKING FILTERS

'ADCP S/N 159 employs broad bandpass filters at the receiver "front ends" that are the source of
some error due to receiver chain effects (as previously discussed). Also implemented are signal-tracking
lowpass filters implemented just ahead of the analog-to-digital conversion section of the receiver. These
filters have a much narrower bandwidth than the input bandpass filters so as to improve signal to noise
ratio (which increases range). The filters are centered at a fixed frequency, and the input signal is shifted
towards that frequency by being heterodyned with a variable reference signal. Because these filters can
be thought of as movable in the frequency domain, they are called tracking filters. Errors caused by
mispositioning tracking filters could be classed as receiver chain effects and are the same type of errors
that affect receiver input bandpass filters. However, because tracking filters are movable and have
narrower bandwidths than the receiver input bandpass filters, the errors produced are dynamic in nature
and deserve a separate discussion. Chereskin and others (1989) describe two sources of error due to
tracking filter mispositioning:

1. Skew error caused when the center frequency of the received signal is located either outside
of, or in, the nonsymmetrical portion of the tracking filter bandwidth. The magnitude of
this error is a nonlinear function of the difference between the center frequency of the
acquired signal and the center frequency of the filter.

2. Noise-induced error, due to the tendency of the complex covariance estimator to bias the
estimated center of power toward the mean filter frequency when the signal to noise ratio is
low and "white" noise dominates the filter envelope.

The starting center frequency of these filters is computed by an algorithm using information from
initial ADCP pings and setup parameters in the ADCP firmware. ADCP S/N 159 contained firmware
algorithms that used default values that provided poor results under current shear conditions. RD
Instruments, ADCP firmware release versions 16.07 and earlier, contained default firmware values that
were only appropriate for open ocean or lake profiling. This firmware calculated the starting frequency
of the filter as discussed in the following paragraphs.
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The starting filter center frequency was computed by using the average of 30 percent of the data
from the total number of bins collected (in this case 20) starting with bin2, or (more simply) the average
of velocity data collected from bins 2 through 7. In a typical profile, as recorded in this study, the center
of the filter was positioned approximately +20 cm/s from the actual velocity in the lowest bin (binl). The
filter positioning algorithm then shifted to the bin-to-bin tracking mode, and attempts were made to center
the filter on the incoming signals in each successive bin. The filter converged on the input signal at a rate
computed from the output of a low-pass filter algorithm. In ADCP S/N 159 the default firmware
parameters were set for open ocean profiling where current shear is much less than in the Carquinez
Strait. The low-pass filter time constant was so long that the filter did not move significantly during the
entire profile. Because of this current shear, (in a typical profile) the filter was positioned approximately
-30 cm/s or so from the actual velocity in the near surface bin.

Because of the tracking error, the recorded profiles were skewed slightly toward the center
frequency of the filter; this was especially apparent near the top and bottom of the profile. The magnitude
of this error for ADCP S/N 159 (using ADCP parameters previously described) can be approximated using
the following equation (J.A. Gast, RD Instruments, oral commun., 1989):

V, =0.019 AV + 0.0009 AV?, (6)
e .
where Vbe = error in beam velocity, in centimeters per second, and
AV = difference between the filter center frequency (velocity) and the actual velocity, in

centimeters per second.

In this study, noise bias was not a significant source of error. Signal levels were well above the
noise threshold for the entire measured profile in all the cases examined. However, had the backscattered
amplitude levels on any beam dropped below 40 decibels, the tracking loop would have been disabled and
the tracking filter switched to narrow-band mode (default parameter settings). These settings would have
introduced errors of much greater magnitude. To reduce both filter skew and noise-induced bias, ADCP
tracking loop parameters should be thoroughly analyzed before an ADCP is deployed in conditions of
current shear.

Although tracking loop parameters were not optimal, errors due to tracking filter mispositioning
incurred during this study probably were not greater than 2.5 cm/s and, in many cases, were partly
canceled due to errors that had opposing effects.

ERROR DUE TO TRANSMIT FILTER MISTUNING

The ADCP manufacturer has reported an error that existed in ADCP units delivered prior to
autumn 1989 (that includes ADCP S/N 159). The error is due to a mistuned transmit filter that causes
an apparent skew in the transmit frequency envelope. Because internal ADCP reference signals are offsets
of the true transmit frequency and not the biased transmit frequency, and because the reverberation
spectrum is Doppler shifted based on the biased transmitted frequency, computations of horizontal velocity
are biased. The measured horizontal velocity (using ADCP S/N 159 and the ADCP parameters previously
described) was biased approximately -0.7 cn/s from the actual horizontal velocity. This error estimate
is a "conservative" guess, based on the manufacturer’s experience (J.A. Gast, RD Instruments, oral
commun., 1989). The magnitude of this offset was relatively independent of the magnitude of the actual
velocity. A small amount of scale factor error (error as a percentage of true velocity) was also added
because of this effect. However, because the transmit filter’s bandwidth is four times greater than the
tracking filter’s bandwidth, the scale factor error effects are minimal.
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EFFECTS OF ADCP ERROR ON GROSS TIDAL AND RESIDUAL VELOCITY DATA

A small computer error model was developed to assess the effects of the systematic errors
previously described on the data presented in this report. Figure 15 shows an ADCP measured profile
taken from the study data. The dashed line depicts a profile as affected by systematic errors (as previously
described) and the solid line depicts the profile adjusted for errors. Examination of data collected during
periods when maximum current shear exists (maximum errors are introduced during these periods) has
revealed that measured tidal velocities are probably underestimated by 1.5 percent in the uppermost bins,

not affected near midprofile, and overestimated by 1.6 percent in the lowermost bins.
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Figure 15. Combined effects of acoustic Doppler current profiler bias errors on a typical water-
velocity profile taken from the study data.

Residual velocities are derived from filtering tidal velocities, and errors not correlated with
direction tend to be self canceling if tidal ebb and flood magnitudes are somewhat symmetrical over the
filtered period. Because the ratio of freshwater inflow to tidal flow was low during the study period, the
self-canceling effect helped reduce the effects of error on the residual velocity determinations. Errors in
the residual determinations were roughly estimated by applying corrections to recorded peak tidal
velocities over a 24.8 hour period when maximum current shear existed.

Averages of the corrected peak tidal velocities were compared with uncorrected versions of the
same data. Error in horizontal residual velocity was greatest in the uppermost bin and probably did not
exceed 4 percent. This error decreased with depth and probably did not exceed 1 percent in the lowermost
bin. It is likely that these errors were all positive, that is, all residual horizontal velocities were
overestimated by values that decrease with depth. This overestimation is explained by effects of incorrect
beam pointing angles, which are the greatest source of error (for ADCP S/N 159) described in this
section. Other errors (receiver chain errors, transmit skew errors, and tracking filter mispositioning errors)
underestimate horizontal velocities and tend to cancel the errors caused by improper beam pointing angles.
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The data presented in this report were not corrected for systematic errors because the exact
magnitude of many of these errors was impossible to determine following damage to the ADCP. The
magnitude of many of the systematic errors described above is unique to individual ADCP systems and
must be quantified or minimized by proper calibration procedures.

Appel and others (1988) developed a calibration method using a tow tank facility that may identify
the error (in lumped form) of many of the error sources previously discussed. The validity of this
laboratory test procedure is being scrutinized, but preliminary results look promising. Many of the errors
described had not been identified prior to this study, and future studies employing ADCPs will include
calibration procedures and techniques that will improve the investigator’s ability to eliminate, mitigate,
or quantify ADCP errors.
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APPENDIX B. DOPPLER DATA FORMATS

(1) ASCII data directly from the RDI ADCP

1 222
~ COMPENSATE FOR: RPH (roll, pitch, and heading)
A
> 88 328 1418 1169 1288 1999919999«
1 =733 -154 105 -8 84 232
2 -804 -206 124 -5 100 214
3 -865 -212 138 0 100 202
4 -925 257 142 -17 100 189
5 -982 -271 145 -11 100 182
6 -1015 -292 151 -19 100 173
7 -1054 -298 164 -16 100 165
8 -1093 -329 167 -12 100 158
9 -1127 -366 169 6 100 151
10 -1129 -380 175 43 100 144
1t -1013  -408 186 50 97 145
12 -1022 -479 199 53 97 160
13 -865 -609 109 -226 8 150
14 -1116 -529 165 -8 92 133
15 -1144 -390 209 41 56 132
16 -1090 -286 245 4 85 112
17 -1110 -320 213 91 75 98
18 -402 245 241 400 9 93
19 19999 19999 19999 19999 0 89
20 19999 19999 19999 19999 0 0
> 88 328 1418 1169 1288 19999 19999«
1 -733 -154 105 -8 84 232
2 -804 -206 124 -5 100 214
+-- Year
| +-- Month
| | +-- Day
| | | +-- Hour
| [ | | +-- Minute
| | | I | +- Second
| I I | | | +--1/100 Second
| [ Y N
| [ N N +-- Ensemble number
I [ | +-- Number of ensemble averages for this record
| [ N | +-- Not Used
{ e Y [ [ | +-- Not Used
> 88 3 28 14 18 11 69 1 288 19999 19999«
1 -733 -154 105 -8 84 232
2 -804 -206 124 -5 100 214
3 -865 -212 138 0 100 202

I I
I [
I I
I I
!
I

+-- bin number

|
I
I
I
!

| | | +-- Backscattered amplitude
I l +-- Percent good
I +-- Error beam check

|
+-- Vertical velocity(*10) +Up, -Down

+-- North velocity(*10) +N, -S

+-- East velocity(*10) +E, -W
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(2) ADCP data with unacceptable bins removed

2126.30322 10 88 3 28 14 18 11
1 -733 -154
2 -804 -20.6
3 -865 -21.2
4 925 -25.7
5 -98.2 -271
6 -101.5 -29.2
7 -105.4 -298
8 -109.3 -329
9 -112.7 -36.6
10 -1129 -38.0
2126.46973 9 88 3 28 14 28 10
1 -774 -10.6
2 904 -15.8
3 991 -20.0
+ -- Number of hours since Jan. 1, 1988
+-- Number of usable bins
| | +-- Year
! ] | +-- Month
| | | | +-- Day
| | | | ! +-- Hour
| | | | | | +-- Minute
| | | ! ! | | +-- Second
| | | ! | | ! !
2126.46973 9 88 3 28 14 28 10
1 774 -10.6
2 -904 -158
3 -99.1 -200

L

'+-- North velocity +N, -S

[ +-- East velocity +E, -W
+-- bin number
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(3) Data format for binwise time-series for both raw and filtered data

Location, collecting agency.

+

|

1+ Current meter type.

|

| + First and last; calendar day,
|

year, ship name.

|
bin-11SUISUN BAY ,USGS <--et |
bin-12RDI UPWARD DOPPLER Cemmmnm + + Latitude, longitude, sensor
bin-13 88-320,1988,SHIP, RANTZ Kommmamann + | depth below MLLW, water
bin-1380330N1221424W 482 550 R + column depth MLLW.

79 9281301 73 34
79 9281351 75 30
79 9281401 77 29

]

|

|

|

|

| . . .
I 799281451 80 28
I 79928150176 22
I 799281551 66 15
| 1601 80 9
T
[
I

|

|

|

|

|

|

1

79 9281601 80 9
- b e |

|

I +> Speedx10 (cm/s)

| 4> Direction (° Degrees, true)

| (°T = Degrees, temperature)
| +> Hour

+> Day

+> Month

+>Year

+> Station Name
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