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D, F., Metcalf
Se. J, Prosser

ABSTRACT

A series of low-level temperature and moisture soundings taken on the south-
ern shore of the Golden Gate channel during April, 1953 in connection with certain
microwave propagation tests are analyzed to determine the refractive index gra-
dients in the first few hundred feet above the channel, While most of the sound-
ings show the essentially uniform standard gradients to be expected in an air mass
having a long overwater trajectory and compare favorably with the existing Oak-
land, California radiosonde observations, certain smaller scale features involving
elevated substandard layers and sea breeze ducts are occasionally found which can-
not be correlated with larger scale surface or upper air weather data, A second
phase of the report consists of the analysis of a series of wave gage recordings
of the water surface, Characteristic wave amplitudes and periods are determined
and comparisons are made between amplitude values obtained from several types of
wave sensing elements, The rather complex oceanographic features of the channel
appear to be at least partially responsible for such effects 3s, 1) an observed
average H /3 / Hpay ratio of about 1.5 as compared to reported values of about

1,85, 2) an approximate two-fold increase in the characteristic veriod of the
waves over the period from 13-14 April, and 3) an infroquent but well-maied surge-
type period of some 2-3 minutes in the wave recordings, Surface wave patterns
computed from subsurface pressure type gages are significantly lower than step
gage valuas and confirm required average correction factors previnusly reported
as ranging from 1,1 to 1,35, A number of analyses are made using the amplitude
probability method of data reduction to /3 values and it is concluded that this
method is more accurate than that involving a direct computation of the avecrage
of the highest one-third waves from the original record,

I, INTRODUCTION

During the period from late January through April, 1953 personnel of this
laboratory conducted certain microwave radio propagation tests off the California
coast near San Francisco, with thes test area located seaward from the Golden Gate
Bridge (FPigure 1), In connection with these tests certain basic meteorological
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and oceanographic data wore obtained, Measurements of air temperature and mois-
ture were made in the vicinity of the radio paths, ylelding refractive index pro-
files up to several hundred feet above the sea surtace. The state of the sea
surface was also carefully determined by using three different wave measuring
instruments mounted on a steel piling located off Baker Beach,

The principal objectives of this report are to describe the meteorological
and oceanographic observation and measurement programs and to present some of the
meteorological and oceanographic findings for the test arca during aApril, 1953,

II. OB3ERVATIONAL PROGRAM

A. Meteorology.

The basic mcteorological observations wero those mide by means of bar-
rage balloon soundings to heights in the order of 500 feet in the Baker Beach area
(Figure 2), using the Electrical Enginecering Res2arch Laboratory artificially
ventilated wet-and dry-bulb psychrogriph as a sensing element. A few more de-
tailed observations were mide in the first 25 feot abovs the water on the piling,
Soundings wure msde once and somatimes twice a day, at times when the wind di-
reotion made possible a sounding as nearly representative as possible of the radio
path across the Golden Gate inlet, In addition, mny check measurements of air
temperaturs and humidity we: ; made with a standard U. S, Weather Bureau type sling
psyc:roneter at points near the balloon resl and at t.he water!s cdge on Buker
Beach,

A few helicopter soundings of teaperature and moisture were made over-
water in the test area, using craft made available through the courtesy of the
Presidio of San Francisco, Based on the soundings actually obtained, and in tho
light of Randall's studies [7],it is quite likely that the hancoptor could be
a useful adjunct to a louurucnt program of this kind but more field experience
is needud before any definite statement can be made, It is fair to say, howover,
that the helicopter flights at San Francisco were gensrally not successful enough
to justify the trouble of installing the equipment which had to be done for each
flight, Among the operational difficulties encountered were those concerned with
advance scheduling of each flight, availability of a craft at the t ime du:l.rod,
and t.ho variation in local weather conditions,

Additional frequent meteorological observations were made both at the
meteorological site snd the piling, These were both visual and instrumental, and
included such items as the aforemsntioned temperature and wet-bulb temperature as
well as sky condition, visibility, wind direction and speed, and water teapere-
ture. Wind uncticu was indioahd by direot visual obcmtion of a wind vane

aounted near the observation truck about five feet above ground, chrumuun
directions were t.hou from 3SW th‘ouh llouth, spproximately (see Pigure 1), Wind
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spead was measured at the piling with a conventional 3-cup rotation anemometer
(Signal Corps World War II model, bakelite cups, magneto head) whose output was
placed on an Esterline-Angus 0--1 m.a, recorder in the truck shown in Figure 2.%
‘Wind records are available fram 0800 PST 3 .\pril 1953 through 29 April; the ane-
mometer was removed from the piling st 0815 PST 28 April, and set up tamporarily
at the Baker Beach meteorological .ite beginning 1045 PST 28 April 1953, Both
fast speed (3" per minute) and slow speed (3" per hour) wind records were ob-
tained, with an effort made to record wind at fast paper spesd when wave rocords
were being made, The wind record was made virtually continuous by running the
recording meter at slow speed between runs and over nights and Sundays,

. The water temperature measurements were made with a mercurial thermom=
eter having a small bucket attachment at the bulb end, Observatiuns were made
generally once per day off the rocks opposite the piling about 1500 feet north of
the meteorological site, and as often from the piling as trips were made for ser-
vicing the equipment,

Standard U, S, Weather Buriau teletype weather reports for stations in
the vicinity, including both surface and upper air observations, were collected
and made available through the courtesy of the Cfficial-in-Charge, U. S. Weather
Bureau, San Francisco Airport,

Sea water temperaturcs, measured each two hours at the light ship "San
Francisco" (Wal-612), located between Golden Gate and Southeast Farallon Island,
as well as wave direction and period, were made available through the courtesy
of the U, S, Coast Guard,

Finally, in an effort to determine certain smaller scale atmospheric
features represcntative of the overwater path, a number of observations were made
of the simultancous fluctuations of air tomperature and index of refraction at
microwave frequencies with the Crain refractometer [2) using a shore-based site
some 50 fest above and 250 feet from the water, Unfortunately the combination of
the large differential in surface radiational heating and cooling of sand over
water and the spray and salt particles thrown into the atmosphere by the breaking
surf introduced temperature and refractive index variations that were not repre-
sentative of overwater conditions, While the more or less general on-shore winds
permitted representative measurements of overwater temperature and moisture gra-
dients with the balloon~-borne land-based psychrograph at altitudes above some
height of the order of 100 feet, these same on-shore winds significantly increased
the likelihood of atmospheric contamination by surf action,

#All EFRL recording meters were housed in the same truck,
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B. Qgeanography.

Among the measurements to be synchronized with the radio data weroe those
characterizing the sea surface from which radic waves were being reflected, The
approach to this problem was to provide numerocus data representative of the sea
surface on the radio path, such that statistical analysis of the results would be
feasible, Photographs, taken from various vantage points, were used in an effort
to establish qualitatively the character of the sea surface and the essential
areal representivity of point measurements of ocean wave heights and periods,
T h e point measurcments were made by means of three different wave gages, all
mounted on a supporting platform in the form of a steel piling, driven into the
ocean floor abcut 200 yards off Baker Beach (Figures 1 and 2) at a point where
the water depth was some 35-40 fest,

The wave gages were 211 mounted on the seaward side of the piling about
2% feet from the structure, Access to the piling wis gained by a ladder mounted
on the northeast side, and upper and lower platforms made possible servicing of
the equipment (Figure 3), Wave heights and periods were measured by three dif-
ferent instruments, a step gage, a pressure gage and 2 continuous-wire gage, The
step gage [1], described in Appendix B, utilized as sensing elements spark plugs
spaced 0,2 feet apart along 14 feet of the stainless steel supporting pipe, The
instrument was raised and lowered for servicing by means of a smll A-frame mounted
on the upper platform, A Mark IX pressure gage [8] was mounted on the steel pipe
of the step gage as support, two feet below the lowest spark plug and approxi-
mately 30 feet from the ocean floor, This gage measured variations in the woight
of water above it by means of a differential pressure potentiometer of conven-
tional pattern and was made avallable on loan from the University of California
Wave Research Laboratory, A continuous-wire gage was composed of three stainless
steel wires and was arranged vertically on mounting brackets adjicent to the step
gage.* One wire was used t o measure the position of the water surface by the
electrical resistance of the exposed portion; the other two, in conjunction with
the third, yielded the instantaneous slope of the water surface, With the wires
positioned at the vertices of a right triangle, components of the slope in two
lirections were obtained, Further details on this gage appear in Appendix A,

An offort was made to obtain tide variations at the piling by placing
the step gage output on an Esterline-angus recorder, operated at a paper speed
af 3 inches per hour, and with a designed sensitivity of 14 feet for full scale
(0-1 m,a,). The calibration resistor schame was based on the performance of the

#Step and pressure gages in Figure 3 are in servicing position, The continuous-
wirs gage was removed following a picket boat collision on 17 April and is not
shown in the photograph, The pressure gage may be sesn fastened nuar the end of
the step gage pipe.
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step gage in salt water (30% salinity), but did not take into account the extra-
long submarine cable (2300 feet) between piling and recording meter. Briefly
stated, the tide gage output in the field became compressed to something in the
order of one-half of full scale and this factor together with the considerable
amount of calibration drift of the tide gage experienced during the period of
observations, made the record very difficult to evaluate, Tide figures obtained
from the step gage, however, compared favorably with those of the observed tide
at Golden Gate,

III. PRESENTATION GF DATA AND ANALYSES

A, Meteorological Findings,

1. Refractive Index Profiles, The dry-bulb and wet-bulb temperaturs
soundings were plotted on height coordinates as shown in Figures 4 through 18,
along with derived values of vapor pressure and refractive index, In order to
minimize the effect of the occasionally large and more or less random moisture
fluctuations normally encountered in overwater observations, the refractive index
and vapor pressure values were also computed and resultant profiles sketched from
smoothed dry-bulb and wet-bulb temperature gradients., These values are all in-
dicated by crosses on the above figures, The soundings illustrated in Figures
4=18 include all but a few of the complete list of soundings given in Table 1,
Those not shown represent measurements which were either essentially duplicates
of those taken earlier or later of the same day or which were of littls value
due to equipment malfunctioning,

For the most part the refractive index gradients were uniform to the
top of the sounding and for 10 of the 15 days reprosented by the figures showed es-
sentially standard or slightly substandard gradients, Thers is also fairly re-
liable evidence from sea surface meisurements and occasional sling psychrometer
and low level piling soundings of the existence of a shallow duct in the first
10-20 feot above the water, Both of these features are in general agreement with
the type of refractive index sounding one would expect to find from an overwater
sounding in a marine air mass, For the most part, too, psychrograph soundings
showing a uniform index-of-refraction gradient agreed fairly well with values
determined from the Oakland radiosonde in spite of the non-conformity in time and
distance betwecn the two, Figure 14, for example, representing data taken in the
afternoon of April 23, shows 2 near standard profile for both the psychrograph
and radiosonde data, Where there i1s a discrepancy, it appears that the psychro-
graph rofractive index profile tends to be somewhat more substindard than that
derived from the radiosonde, Reference cin be made hare to Figures 5 (7 April),
9 (14 April), 15 (24 April) and 16 (25 April), It may be that the shallower and
warmer San Francisco Bay waters off Oakland give rise to a greater index gra-
dient there than immediataly off the desp water inlet, but there is too great a
discrepancy betwaen the scale distance and time of thc two measursments to make
any definite statements,
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TABLE 1

TABULATION 07 METZOROLOGICAL SOUNDINGS

SAN FRANCI3CO APRIL
30UNDING
NUMEER DATE TIME (PST) TYFE
2. 9 Febd, 135 - 1440 Balloon
3, 2 Apr, 1420 Helicopter (N,G,?)(No EA reconds)
4. 3 Apr, 1020 Plling (No ZA records)
2. 3 Apr. 1500 Helicopter (No ZA records)
. Apr, 1000 - 1100 Balloon
g. Apr. 1320 - 1500 Belloon
. 9 Apr. 1000 Piling (No EA record)
9. 10 Apr. 1100 - 1200 Balloon
10, 13 Apr. 1000 - 1100 Balloon
12. 17 Apr. 1400 - 1500 Balloon
130 10 Apr. lzm - 1500 Balloon
14. 20 Apr. 1100 - 1200 Balloon
15. 20 Apr. 1520 - 1 Balloon
16, 21 Apr. 0220 - 1100 Piling (No EA record)
17. 21 Apr. 1 Balloon (N.G.)
10, 23 Apr. 0920 - 1100 Balloon
19 23 Apr. 1410 ~ 1500 Balloon
20, 24 Apr, 0920 - 1030 Balloon
21, 24 Apr, 1500 - 1558 Balloon
22, 25 Apr, 1020 - 1130 Balloon
4. ?i Apr, 1530 - 1605 Balloon
ga. 28 Apr. 14 - 1530 Balloon (N.G.)
. & Apr. 0940 - 1022 Balloon
27, 1424 - 1520 Ballocn

29 Apr.
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There were four instances in which relatively strong substandard gra-
dients appeared to exist at heights from 250-400 feet above the normal essentially
standard marine air mass refractive index profile, Some of these may well be
instrumental since any wetting of the dry bulb sensing unit caused by excessive
motion of the psychrograph would result in a fictitious decrease in the moisture
lapse rate with a corresponding shift toward substandard gradients at that level,
An example of this effect can be found in Figure 6 (8 April) where the strong
substandard gradient beginning at about 350 feet corresponds to an increase in
the temperature lapse rate to greater than adiabatic values, Since this condi-
tion is felt to be improbable, the lower level adiabatic lapse rate has been con-
timued to the top of the sounding for April 8 (Figure 6) and April 23 (Figure
13) and the indicated superimposed substandard layers have been discounted, The
two remaining cases illustrating this elevated substandard layer are found on
April 13 (Figure 8) and April 17 (Figure 10), While such an effect cannot be
corroborated by the available radiosonde data and no particular explanation can
be offered, these soundings are certainly generally consistent with the others
taken during this period and the elevated layers are believed to be real,

The single instance in which a well-marked duct occurred was on the
afternoon of April 18 (Figure 11) when a pronounced sea breeze effect was observed
in the refractive index profile at Baker Beach, Here, the marine air was perie-
trating landward in the lower levels, ylelding an essentially standard profile up
to 400 feet, Above this level, much drier air accounts for the super-refractive
layer shown, It is not likely that the twin profiles above 400 feet represent
significant differences in refractive index, However, the continued advection
of marine air below this level apparently resulted in a substandard profile roughly
an hour after the sounding began since the change from sta-dard to substandard
lapse rates in the lower 40O feet from ascent to descent readings is a signifi-
cant one,

The afternoon of 18 April was particularly interesting meteorologically
in that the sea breese occurrence was aided and abetted by the advent of a rather
sharp north-south high pressure ridge which moved in during the afternoon, The
wind at the piling shifted at 1315 PST from northwest 7 miles per hour {mean) to
west southwesterly 9 mph (mean), gusts to 15 mph, The average wind level did not
change appreciably, but the sea breeze was definitely more gusty in character, By
the time the sounding was made, one hour later, the marine air was about 400 feet
deep over Baker Beach, The marine layer must have despened significantly later in
the day% at the 830 mb level, the dewpoint temperature changed from -8,5° C at
0700 PST to 2,5° C at 1900 PST. The air temperature was 8,2° C at both obser-
vations, The Oskland radiosonde observation reflects only the upper level mois-
ture change, Again, the lower level phenomenon was locelised,

2., Synoptic Analysis. Por the period of the tests, surface and 850
millibar charts of the western United States and the eastern Pacific Ocean were
prepared from teletype dat: made available from the U. S, Weather Bureau station
at San Prancisco, The uppe. level charts were plotted and analysed for 0700 and
1900 PST, and the surface map for 1030 PST., These maps were prepared for the pur-
pose of determining weather patterns on a large scale as related to the observed
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occurrences of wind, waves, and atmospheric characteristics in the Golden Gate
area. For the most part, however, as mentioned previously, the scale of operations
at Baker Beach was such that with the exception of the normal standard refractive
index gradient, little correlation could be found betwsen the local occurrences and
the broad scale weather features, An exception to this has already been noted for
the afternoon of 18 April, It appears, therefore, that meteorclogical analyses
of the kind reported for the Point Mugu area [4] are not possible in the present
case, partly because of the unavailability of overwater refractive index profiles
to higher levels, and partly because of path length and location as related to
broad scale weather patterns, It should be mentioned parenthetically that the
same problem of scale prevented an adequate analysis of ocean surface character-
istics as related quantitatively to meteorological parameters such as wind, As
a substitute, a few acatter diagrams were prepared of observed wave heights at
the piling as a function of wind speed not only at the piling, but from weather
maps (averages for the San Francisco area) and from 850 millibar chart as a more
reliable indicator of flow patterns. The results of this study were entirely
negative,

B, Qceanographic Findings.

1, General Oceanography. Although the Golden Gate radio path had many
of the desired geometrical characteristics for a careful study of the reflection
of microwave radio energy from water surfaces of varying degrees of roughness,
the channel itself has a rather complex associated oceanography. Currents in the
channel were quite strong and standing wave patterns formed by ths interaction of
the outflow and inflow currents appeared as the rule rather than as the exception,
Significant horisontal variations in the wave structure could often be observed
visuslly over the sntire outer portion of the channel, The desp basin nature of
the channel also appeared on occasion to be responsible for the appearance of
surge type water surface variations similar to those reported on coastal installa-
tions by Munk [5] and Yoshids [11] and which would not be representative of open
water conditions, Thus, on April 22 for instance, waves having periods of 2§ to
3 minutes and amplitudes of up to 1 foot were noted in both the pressure and step
gage recordings, These particular wave patterns showed up very distinotly on the
relatively large amplitude alow speed pressure gage recordings but were very dif-
ficult to determine on the higher speed lower amplitude recordings used for the
simltaneous step, pressure and contimuous-wire recordings, Although a thorough
exanination of the data has not been made, significant surge effects were notice-
able only on the 22nd with some indicstions present on the 3rd and 24th, How-
ever, whether this represents some natural vibration frequency of the channel, or
as suggested by Yoshida, represents a frequency present (but of possibly too low
an amplitude to be detectable) in all wave patterns near shore locations, camot

. be determined, An example of this wave pattern is shown in Figure 16,

In an effort to obtain qulitauvo indications of the extent t'o which

. horisontal homogeneity axisted in the wvave pattern over the channel, a series

4
%
%

I of water surface photographe were taken of the channel to include the rediopaths
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and the piling, These pictures, however, were taken infrequently and the lack of
detail made them difficult to interpret, Thus, with the possible exception of
being able to determine the directional orientation of major swells, it has not
been possible to make horizontal homogeneity evaluvations for the normal 5-20 min-
ute data gathering period.

2, Wave Analysis, The analysis of the wave gage data has proceeded
along two major lines, The first, which may be termed a statistical approach,
is still underway and will be reported separately, In the statistical analysis,
extensive use is being mads of the correlation computer developed at this Lab-
oratory, and the results are largely in terms of auto-correlations, probability
distributions and power spectra.

The second approach has been what might be termed a synoptic one, with
emphasis on the broad scale features of the wave patterns, This analysis has been
seml-statistical, and has used limited portions of the data to characterize such
parameters as wave period, wave heights, and wave height ratios for the entire
period of observations, In addition, 3 comparison of the records obtained f rom
the throe wave gages has been mide and the results are reported,

A complete catalog of all wave data takon during the test period 1is
found in Table 2,

The output of the University of California pressure gage wWas recorded
nearly continuously on 3 motor-driven Esterline-ingus O-1 m,3, recorder it i paper
speed of 13" per minute, The data have been analysed according to the method
outlined by Snodgrass and Stiling [9). Representative 20-minute periods were
selected for mornings and afternoons by visual inspection of the original records,
for the period 6-27 april 1953. From thess sets o’ data were found: (a) char-
acteristic wave period, T, in seconds (defined as thu average period for the well-
defined series of highest waves observed during the 20-minute period); (b) char-
acteristic wave height, :}a ,-in feet (defined as t he average height of 33 1/3
per cent of the highest wivés); (c) maximum wave height, H_ ., in feet (highest
wive recorded in the 20-minute interval); and (d) the ratio of Ky, to Hl/3'
The regulta" of this analysis appear in Figure 19 with the actual data given in
Table 3, ’ _

In addition, in part to check the apparent repressntivity of thess points

- and to check the tims trends of these paramsters, s second wet of 20-minute per-

iods of data wers chosen from tho 2,-A, trice, Hers, an sffort wis made to select
dats for s time for which no analysis had been made rather than for the most re-
presentative data during a morning or an afterncon. These points are also plotted

- on Pigure 19, There are nv systematic differsnces between these two sets, sug-
. gesting that the tiame~trends of wave periods and wave heights are not distorted
' materially by the choice of analysis periods, -

o It 1s soen that the characteristic wave period decreases uniformly from
- 10 seconds to about 7 secouds over the period from 6-13 April, then increascs

$.i




TABLE 2

TABULATION OF WAVE DATA

SAN FRANCISCO AREA, APRIL, 1953

DATE T™DE (BsT) TYPE
16 February 1324~1433 P
121-1%4 ) CA, 8
17 February 128-13%6; 1535-1550 P
1712-1320; 1523-1528; mi scellaneous CA, S
18 February 1125-1156¢ 1240-1404; 1555-16 P
1140-11813 miscellaneous CA, 3,
19 February 092§-0942; 1003-1024; 1141-133
1347-1b50 P
0%29-75939 10031024 ; miscellaneous Ck, S,
20 February éﬂ-?g 1375.1475; 1479-16%0
0847- miscellaneous CA, S. ]
April -1042, 1750-1401; 1544-160 CA, CS,
April 09 0918; 1020-110%; 1123-117
1145-1159; 1341-1355. 1409-1420
70-1442; 1450-1500; 1512-1518
1530-1542; 1623-1651; 1728-1744 CA, S,
0904-0320; 1020-1116; 1123-11%
1144-1159; 1241-1755; 140/-1420
1428.1443; 7- 201. 753
1529-1542; 1623-1 -17 P
7 April 1101-11124 124 1Joz; 1732-1?4
1418-1474; 1510.1523; 154R.1604 CA, 0S,
1245-1702; 1371-1?4 1417-14%4
1503-1525; 1 P
8 Apr11 1051-1105; 1756- 10. 1420-1472%
1505-1521; 1544-1 CA, CS,
125 1422 1504-1521- 1544-1632 P
9 April 1041-1056; 1132-1146- 1321-1746
1434-1450, 1503-1516, 1530-154! CA, CS,
17%2-1346; 1424~ 51. 15903151
1530-1545. 9-1 P
10 April 0923.0941, 102 -1046- 1100-1116
-11 ; 1228-1244; 1306-1
ls’go : 1470-1446; 1512-15
- CA’ CS’
o74o-0806 09230979; 1023-1046
1100-1116; 11%8-171 s 122R-12
306-1?57. 1410-1416; 1470-144
1508-1529 P
11 April 0904.0922 1020-10%; 1124-1140
1240125 CA, CS,
0904-0927; 101R-1026; 1124-1140
1210-1759 P
— T T————— -




TABLE 2 (Continued)

DATE ™TE (PST) TYPE
13 April 1326-1240; 1445-1500; 1525-1
216-16‘29 9-13003 13853540 CA, CS,
122 1759; 1446-1510; 1525-1540 P
14 April i4: 1 1446-1500; 1540-1555
1606- CA, CS, S
1009-1025, 1 9-1@14 1447-1500
1543~1555; P
15 April 0952:1003 1125-1140, 1700-131
1230-17%5, 1&2-12.; ; 144114
1522-15 1 CA, CS, 9
26-0940; 11?42;-1142 1320-131
1329«1%5; 1402-1416; 1523-1532
67%2.16%5 402-14 523-15 .
16 April 117%7-1146; 1402-1419; 1452-1908
1566-1611 CA, CS, S
1177-120%; 1404-1420; 1446-1511
155b-1611 P
1& April 1736-1617 P
16 April 10]_‘.’1-155% < 8 59 P
20 April 1074~1053; 1251-1 -1
1552-1607; 1620-1674; 1 24 53 s
1002-1702 p
21 April 1114-1128 114 1152; 1318-13%
250-1402; 1@0'-’1, 1246- Zoo
1 '40-122 : 1552- 1622-1635 8
1124-1 P
22 April 0930 42 1022-1077; 1110-1123
114 -1204, 1374-1750; 1&3-1
g 1525-1540 1602-1617
1001 101 1051-1106; 1130-1145
1354-1410 13’0-1#5. 1506-152 .
12 20~ 3
=102 P
2% April 09 1012; 1025-1050, 1114-1129
172; 1752-13.1 : 14511507
5’3 1552 1630
09'{7- ; 101 1032, 1055-1110
zz-n 1373-1 1 72-1448
191 3%, 155-1610; 1632-1648 g
1
24 April 0916-092;, 1025-1040; 1101-1117
1147-1202; 1247-130 1476-1452
15°2-15%9: 16141 70
1007-102? 1042-10 11?7-114
1327-1 7- ;
1 9-1 1?"1 ’! 157-1 25 8
-172 P




TABLE 2 (Continued)

DATE

TIME (PST)

25 April

27 April
28 April

28 April

29 April

# Some short synchronized step gege and movie data taken between 0914~-0920,

CONE:

1005-1020;
1723-17249;
0947-1002;
1137-1152;

1347-1223:

0 19-1 o

20 '
14?7-1
1010-1027,
1346-1353;
1531-1544
0921-0947;
1317'1129 '
1 1 -1529,

54.
1801:1 70

101 -OR§%

1138-
1322¢1738

11-%246
33-1 40.

1041-1056;

1415-1430;

1022.1038;
315-1320;
23;:1553;

1650-1720;
1513-1523;
213:12 3

12701245
1471-14423

1042-1101;
1402-1415;
1%9~1015; 1
1725-1740;
1851-190
0825-085
1022-104;
s 1209-122
1?46-1401,
7-1522;

1642-1700;
1802-1 17,

s 1858-1911

CA Continuous-wire Gage Amplitude
CS Continuous-wire Gege Slopes
S Step Gage Amplitude
P Pressure Gage Amplitude

1119-11%4
151941574
1102-1115
1352-

1558-1614
1722-1757

1528-1545
12-124
192-1514
1247-1259
s e

174’;175

; 0918-0921

1056<1112
1271-124b
1407-1421

£43‘1555
04-1720
20-1835

g W g
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UNIV_RSITY OF CALIFORNIA PRESSURE GAGE

WAVE_ANALYSES

TABLE 2

33

APRIL
Date Time Period H, Hpox Hpex / Hy /3
(Sec) ) (Ft)
April 6  1040-1100 10.4 3,2 447 1.47
1100-1116 10.45 3,0 4e3 1.43
1122-1137 3.4
1143-1159 3.0
#1310-13255 11.0 3.4 5e1 1.50
1%-1420 3.35
1 2.1
1348-1501 3.8
1507-1520 g;
1?22-122% 8475 3.3 3.6 1.3
172R-1743 2.9
April 7 1245-1302 10.0 2.3 3.4 1.48
1331-1%8 2,3
T 18 2.0
1?22:1 2 7.3 1.8 2,6 1.4
April 8 1757-1412 2.4
1412—14? 9¢% 2.2 4.0 1,67
1&1."1 2.
1543-1 3 2.4
#1610-1630 9.0 2,1 3.1 1.48
April 9  #17-1%6 9.7 1.4 2.1 1.50
1530-1516 940 14 2,0 1443
April 19 092209 7.5 1.1 1.8 1.64
#1100-111 7.0 1.1 2,2 2,00
1306-1224 10,6 1.1 1.4 1.:2
# 1509-1529 8. 1.3 19 1
April 11  0902-0922 7.0 1 2.3 1.64
#1123-1110 744 1.4 2.3 10&
1315-1335 947 0.91 1.3 1443
April 13 1525.1540 6.5 0.88 14 1.5
April 14 1 -1025 14.6 1.§ 1.6 1.33
15, 0. 1.0 1,
1605-1 3 1%.6 1.14 14 1.’?
April 15 #0925-0940 13,1 1.1 1.8 1,64

#Second Selections
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TABLE 3 (CONTINUED) 34
Dat T Period Hy, /B
- - (see) (#3 i i oz /3
April 15 1124-1140 13.1 1.0 1,7 1,70
!1329-15:'433 14.4 0.88 1.3 1.48
1521 12,3 0.90 1.1 1.2
April 16 1141-1201 12,6 0.81 1.1 1.%
1451-1511 12.3 0.87 1.3 1.49
April 17  M325-1 35 11.5 2.2 3.0 1.%
1533-1553 11.0 2,7 4.2 .56
April 18 1020-1040 9 2, 3,2 1.3
#2401 00 9. 1.2 2,1 1.2
1455-1515 945 14 2.5
April 28 1007-1027 9. 2.9 4.6 1. ?“
*1250-1 0 10, 3.0 5.1 10 0
1540-1600 13.0 2.9 4.3 1.48
April 21 1125-1145 10.5 2,6 4.4 1.69
-1 1002 2. 30 1.40
1625-1645 10.8 2. 4. 1.5
April 22 08%-085 12,5 3,2 4.8 1.5
1000-1029 10.5 3.1 4 1.42
"200-1 11.3 3,2 4. 1.23
1%4‘1 1203 3.1 50 l.01
April 23 0930-0950 9.1 2.3 2 1443
11401200 11.1 2.4 3. 1.%
ngoo-xzzo 11.0 3.0 5.2 1.
1619-16% 11,0 2.8 5.0 1.79
April 24  0915-09% 12,1 2,0 2.7 1.35
#110-1130 11.9 2,0 3.0 1.50
A N5-1335 10,0 19 2.8 1.47
1 10.3 2.1 2.8 1.53
a 08.1% 10.4 2.0 3,0 1.5
April 28 0920-0940 13, 0.89 1.; 1.68
» 140-1200 11.5 0.94 1. 1L,R
‘327 13 12, 0.95 1 1.47
«1747 12,8 1.1 1. 1.45
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sharply to near 15 seconds less than 2, hours later, The only explanation found
for this phenomonon is in ths character of the wave records for the two periods
(afternoon of the 13th and morning of the l4th), Over the time interval from
the 6th to the 13th of April, both wave heights and periods declined, until the
wave record took on the appearance shown in the top half of Figure 20. Groups
of significantly high waves are difficult to discern, and the oversall pattern is
one of numerous waves of relatively smull amplitude, and with 1 reasonably uni-
form wavelength or wave speed or both, On t he morning of the lith, however,
groups of significant waves again ippeared; these waves were longer or slower,
or both, than those of the 13th, with the result that the computed character-
istic wave period more than doubled, although wave heights show.d no material
change, To what extent this increase in period is peculiar to the inlet itself
and whether it is representative of conditions over the entire Golden Gate area,
however, cannot be determined from the data at hand., True, the light ship off
the Golden Gate roported no such change and periods of waves passing the light
shi - were always in the order of 5 or 6 seconds, with no signifisant change re-
ported during the entire period from 6 to 27 April. However, the lower and con-
stant wave period from the light ship may well be as much a result of the conss-
qQuence of counting all waves rather than only groups of significant waves, as it
is 2 consequence of the open water location of the light ship,

Finally, the Hy,. to H1/3 wave height ratios in Figure 19 are seen to

average near 1,5 for the entire period of record, with overall variations from
1,2 to 2,0, This finding is at considerable variance with identical ratios re-
ported in the literature from different locations., Thaese reported values average
near 1,85 [10], an incroase of about 20% over 1,5, The suggestion is strong here
that the records from the Golden Gate location cannot be compared with thosa ob-
tained from more axposed coastal locations like Point Arguello and Cuttyhunk,
The relatively short rocord of one month obtiined during the test period must
also be kept in mind,

The step wave gage output was placed on an Edin recorder, which was
run at varying speeds, depending on the type of record being obtained, Most of
the records were at 2,5 mm per second, The same (Snodgrass) method of analysis
was applied to a limited number of these records, and the results again plotted
on Figure 19. The actual data are given in Table 4La, It will be noted that in
general the step gage findings agree with those of the pressure gage, with an

exception in the characteristic (H1/3) wave heights, It will be noticed
from Table 4b, which gives the comparable 3 values for step and pressure gage

rocordings, that with one exception the actual wave heights measured with the
step gage sxceed those computed from the pressure gage record, Although the times
are not always synchronous and there are only a few data svailable for comparison,
the average pressure gage wave heights ars certainly of the order of 25§ too low,
Whether or not the extremely high ratio indicated for April 25 is real cannot be
‘etermined but there may be an indication in this data that the amplitude discrep-
ancy might be an inverse function of wave amplitude, This comparison between stap
and pressure gago records will be explored further in a later section,
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TABIE 4a
STEP GAGE WAVE ANALYSES BY SNODGRASS METHOD

" Date Time

~ Period :d Yoy / B,
(Sea) % ?ﬁf /3
April 6 1041-1101 11,0 3.55 4.80 1.35
April 7 1371-1248 9.5 2.8 4.0 1449
April 8 1600-1620 9.7 3,17 4.89 1.5
April 20 17251-1408 11.1 2,90 3,66 1,26
April 22 1003-1018 10,0 3.22 498 1.44
1543~1558 12,1 3, 5,20 1.44
April 23 1016-10% 10, 2,55 2,18 1.2
1554-1610 12, 3,20 4404 1,
April 24 1042-1058 12,1 2.1 3,06 1.27
1705-1725 10.5 2,90 2,54 1.2
April 25 1100~111 11.3 1.65 2.44 1.48
1727-174' 12.2 1.71 2.4 1,43




_

TABIE 4b .,t
COMPARTSON OF SMODGRASS METHOD OF Hy /7 EVALUATION
FOR PRESSIRE AND STEP GAGE DATA

Date Time Hy /3 Hy /3 Ratio
Pressure Gage Step Gege Pressure Gage Step Cage Step/Pressure

April 6 1040-1100 1041-1101 2,2 3455 l.11
April 7 1321-1%8 1%31-1%48 2.3 2.8 1.26
Arril 8 1610-1630 1600~1620 2.1 2,17 1.51
April 20 1250-1210 1251-1408 2.0 2.90 0.97
April 22 1000-1020 1002-1018 7,1 2 1.1
1544-1604 1542-155° 2.2 312 1.12

April 23 0930-0950 1016-1072 2.3 2.55 1,11
1619-16% 1554-1610 2. 3,20 1.4

April 24 1110-1120 1042-1058 2.0 2.4 1,20
1708-1728 1705-1725 2.0 2,90 1.45

April 25 1140-1200 1200111 0.%4 1,65 1.76
1727-1747 1727-174 1.1 1.71 1.55

Average 1.7
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The continuous-wire gage, designad to give a continuous rather than a
discrete record of waves for statistical analysis purposes, had i*s output placed
on 8 second channel of the Edin recorder, making a simultaneous record with the
step gage. There was an obvious one-to-one correlation of the two records, such
that the need for a detailed analysis of the continucus-wire records was obviated,
As a matter of fact, the step gage was intended to supply the calibration for the
continuous-wire gage, The essentially identical patterns of the step and con-
tinuous wire gages and the marked loss of sensitivity for the pressure gage can
be seen very sasily in Figure 20a, which shows a representative and simultaneous
set of recordings of the outputs of all three gages, It can be noted that waves
having periods of 1-2 seconds are completely missing from the pressure gage record
and waves with periods up to 3-4 seconds have a considerably raduced amplituds,
Note in the step gage output that clearly defined steps can be seen only during
periods when the water surface is rising, The finite time of water runoff from
the gage (during falling water periods) smooths the step gage record, The ap-
parent phase differences between the three recordings is not real., Different
lengths of tecording pens were inadvertently used in t he initial observavion
periods and an artificial phase lead was gencrated in the Edin recording of the
pressure gage output,

Further details of the cumparison between step and continuous-wire re-
cordings with particular emphasis on the record obtained from the wave slope wdts
of the continuous-wire gage are shown in Figures 21 through 24. Visual inspection
of these simultanecus amplitude and slope wave records show some very interesting
festures and although no significant analysis of the slope data has been madec, one
can, in a sense, reconstruct the characteristics of the water surfaco at the pil-
ing by the comparison of the two rscords, The dats for April 6, for instance,
shown in Pigure 21, contain some of tho highast amplitude wavus no.ud during the
entire observation period and there is a marked difference betwacn ths two slope
recordings in contrast to the!» more normal essentially similar patterns, The
obvious correspondence of the -ame fundamental swell period in both the amplitude
and slope 2 rocords would indicate that the high amplitude waves are sufficiently
steep so that a slope measuring device operating over a distance of six inches
is sufficient to describe both the major wave profile and the superimposed zmaller
water surface varistions, The lack of this major period in the slape 1 rocord
would ap to indicate that the wave crests are traveling oss mtially parillsl
to the slops 2 direction, i,e,, from the northwest, Two othor features of the
slope rocords might bo worth pointing out. The frequeucies in the slope varia-
tions are, as is to be expected, much higher than those for thes amplitude varia-
tions, These changes, however, can on cccasion be so rapid as to glve essentially
vertical lines on the recordings. Since the amplitude traces never show such
high frequency effects, they must be duec to somc combination of rapidly moving,
forming or dissipating very short wavelength wator surface perturbations-of the
order of 6 inches-superimposed on thy ordinary sea structuro, A few such in-
stances can be noted in the slopy recordings shown in Pigure 21. PMinally, we can
see & the slope 2 recording of tho same figure some very unusual flsttened traces,
Since there is no roason to suspect instrument malfunctioning, sections of the
profiles of relativoly large waves appeir to have vssentially constant slopes,
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Figure 22 is a similar type of recording for an approximate two-minute
period about 1103 PST on 8 April 1953, Maximum wave amplitudes have fallen to
about one-half their values of & April although once again there is evidence in
the no, 2 slope record, although much reduced in amplitude, of a fundamental period
similar to that shown in the amplitude recording, The most interesting aspect
of this data lies in the extensive high frequency variations on the amplitude
traces, Although this condition is somewhat unusual, it is encouraging to note
that the finite interval step recorder gave a record strikingly similar to that
of the continuous-wire gage,

The data for 13 April given in Figure 23 show relatively small amplitude
waves whose slopes, averaging perhaps 10 degrees from horizontal, are certainly as
large and perhaps larger than those of the previously shown higher amplitude waves,
The suggestion here is that relatively small waves of short wavelength are being
driven by the wind, and that the sca surface has a definite choppy character,
Reference to the observation log for 13 April reveals that wind at the piling at
0900 PST averaged 12 mph from WSW, with gusts to 15 mph; a few whitecaps were ob-
served, Inthe early afternoon, gusts had increased to 20 mph from WNW at the
piling; at Baker Beach it was definitely too windy for a balloon sounding to be
made, and whitecaps were still visible, Note, too, the much reduced significant
period in the amplitude records and the lack of any fundamental periodicity in the
slope records,

In the case of the 14 April data (Figure 24), one can see smaller wind
waves superimposed on a larger amplitude swell; occasional individual waves of
1} to 2 fest are observed, while swell amplitudes average about 2 feet, The gen-
erally larger slopes observed on the slope 1 record suggest that the preferred
wave direction is more from the direction of Mile Rock than from northwest, Ob-
servations recorded in the log show a westerly wind 3 to 5 mph at t he piling at
0915 P3T, with no comment regarding whitecaps, nor rugarding the visually observed
swell direction.* In statistical terms, one might say that a large RMS value of
slope indicates steep-sided waves; simultancous lirge amplitude implies long wave-
length, and vice versa for both, When RMS values of slope are tho same for slope
1 and slope 2, waves are approaching in the mean from a direction midway between
the two legs of the 3-wire slope array; when RMS values are significantly larger
on slope 1 than on slope 2, then waves in the mean are approaching from a direc-
tion nearer to slope 1.

#As a rule, swell approached from the open water having a westerly to northwest-
erly direction, with the swel? wave fronts finally becoming parallel to the beach,
In this respect, the San Fruncisco light ship reportcd an essentially unvarying
2700 as the direction from which swell was coming during the entire April obsorva-
tion period,
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3. Comparison of the Step Gage and the Pressure Gage. Reference is
again made to Figure 19 and the discrepancy in amplitudes given by the two gages,
A brief exposition of the method of obtaining surface wave heights from subsurface
pressure measurements will be given first, This method has been developed over a
period of years at the University of California as_part of an overall analysis of
ocean wave records from submerged pressure gages (2 The following equation is
used to obtain the surface wave height:

L&) E]

where H = wave height at surface, feet
R = EA chart reading of wave amplitude (from trough to succeeding crest),
per cent of full scale,
C = full scale calibration constant for the instrument, in this case 5 feet,
K = pressure response factor based upon depth of instrument, depth of water
at instrument, and length or period of wave being recorded.

The factor K is an important element in the calculation because it is
variable with water depth and wave period, both of which are time-varying func-
tions, The relation of the subsurface pressure fluctuations to the surface waves
has been determined theoretically for two-dimensional, irrotational motion of an
incompressible fluid in a relatively deep channel of constant depth, The response
factor K therefore becomes the weak point in calculations of surface waves meus-
ured with pressure gages, because actual waves dspart from a sinusoidal pattern,
An error is inevitable, therefore, whenever an average or characteristic period
is used to compute K, while the actual wave period is varying, The table of val-
ues of K for the Golden Gate installation (instrument 30 feet from bottom) indi-
cates that for a water depth of 40 feet and a characteristic wave period of 10
seconds, the response factor K has the value 0,89, If the water depth remained
at 40 feet and the period varied from 5 to 15 seconds, the factor K would change
from 0,62 to 0,95, a total change amounting to 37% of the value at 10 seconds,
If the period remained fixed at 10 seconds and the water depth varied from 37 to
43 feet, the factor K would change from 0,92 to 0,87, Were the variations in
period and water depth to occur simultaneously and act in the same direction, K
values would vary from 0,54 to 0,96, or about 50% of the value at 10 seconds and
LO feet, Since the chosen variations in both period and water depth are observed
to occur, it 1s plain that the departure of waves from a sinusoidal pattern ren-
ders the method of computing surface waves from pressure gage measurements of
doubtful value on the present theoretical basis,

In an effort to assess the nature of the departure of such comrited
waves from actual wave haights, the pressure gage and step gage records were com-
pared, The initial comparison has been mentioned and is shown in Figure 19, How-
ever, to explore the discrepancy more fully, 20-minute intervals were chosen when
both step gage and oressure gage records wore available so that exactly the same
groups of waves wev 3 available for comparison, Moreover, the records ware care-
fully examined to the extent that identical waves were being compared, within the °
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limits of human error in compsring EA records with the Edin records, Due to the
greater detail in the step gage water surface recordings, it was not possible to
determine identical waves in both recordings where the amplitudes were below a
level of the order c¢f 1 foot. The results of the coumpavisors of these identical
waves, for two 20-minute periods on the 24th and 25th of April, arc shown in Fig-
ure 25, Here are plotted actual wave heights (from the step gage) against wave
heights coinputed from the pressure gage record, using a different mean K for each
of the two sets of pressurs gage data, It is apparent that the wave heights com-
puted from the pressure gage record are smaller than tha actual waves by a large
factor, An actual two foot wave, for example, is indicatad by the pressure gage
record to be in the order of 1% feet, and a four foot wave to be in tle order of
2% feet, about 4LO% too low, The slopes of the two dashed lines are 1,9 and 1,3
respectively; a best-fitting mean curve would give a ratio of step gage height
to pressure gage height of about 1.45, Moreover, the uncertainty of the computed
wave height bscomes larger for larger waves, is shown by the greater scatter of
the points at the upper end of the plot, It is admitted that these data are lim-
ited in amount; however, it has been possible to compare wave heights, dirtually
wave for wave, possibly the first and certainly one of few times that such a com-
parison has been made, That thesc findings are not new to the oceanographer is
illustrated in a paper by Folsom [3] where average factors ranging from 1,07 to
values as high as 1,35 have been determined as necessary to correct observed pres-
sure gage rcadings to obtain true water surface variations, Although it has not
been possible to carry this phase of the analysis any further, a fairly complete
selection of simultaneous step and pressure gage data is available for further
study.

L, Reduction of Wave Gags Recordings Using Amplitude Probability Dis-
tributions,

a, Introduction

Any discussion or comparison of water wuve sensing devices must
also include an evaluation of the methods used in reducing the data and the ex-
tent to which the data reduction method gives meaningful and consistent results,
Assuming a proper installation, the surface type gages give a direct and, limited
only by the overall response time and amplitude sensitivity of the particular
system, an accurate representation of the height variations of the water surface
at 3 given point, As has been shown this is in contrast to the distorted surface
wave reconstructions obtainable from subsurface sensing element recordings which
result from physical limitations on the response of the sensing clement and the
lack of a more comprehensive theory of subsurfacs pressure rscordings, For the
time being, however, we lay aside considerations based on the quality of the re-
cordings and investigate the procedures used to reduce the recorded time varia-
tions to some meaningful statistics, In this respect, it does not take much of a
study t o realize that the Snodgrass method of evaluating a characteristic period
and an H1/3 is not a satisfactory mothod of characterizing wave recordings. Both

are arbitrarily determined parameters using only the well-defined waves in the
recording and the contributions of the smiller amplitude higher frequency waves
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to the average value are thus ignored, In addition, there is generally an insuf=-
ficient number of waves in the highest ocne-third number of waves in a 15-20 min-
ute observation period to form a good statistical sample, More concissly, it may
be stated that the Snodgrass method was designed to permit the relatively rapid
computation of a mean period and amplitude which as a result of using only lime
ited portions of the actual data are only approximations to the true values, The
approximations become more valid as the wave recordings exhibit more uniformity
in period and amplitude, but uniformity in such recordings is not the normal pat-
tern, In its favor, it should be said that the method is relatively easy to apply
to the filtored response of a subsurface pressure sensitive element and is not
time consuming, Its applicability, however, varies directly with the range of
frequencies prosent in the recording and the mere decision as to what constitutes
a wave can be very difficult to make in the unfiltered response of a surface type
sensing element, The desirable alternative to such a method of data reduction
involves the evaluation of the mean parameiers from complete frequency and ame
plitude spectra of the wave recordings, While the time repired for manual come
putation of such statistics can seldom be justified, ths rapidly increasing develw
opment of automatic computing mechanisms now permits the relatively painless and
rapid determination of the desired spectra, Certain of the results of such anal-
yses applied to the step gage recordings will be discussed in the succeeding sec-
tions,

b, Amplitude Probability Distributions

If a sufficiently long sample of the recorded continuous time vare
iations of a sensing element is divided into a number of equally spaced time
intervals each of which is significantly shorter than the minimum period present
in the recorded data, and the corresponding amplitudes are plotted against their
frequency of occurrence, an amplitude distribution is obtained which can be made
arbitrarily close to that represented not only in the original sample but in the
actual physical environment being sampled, Since amplitude distributions of
water waves have been shown to follow the normal error curve [6], it is convenient
to plot such distributions on normal error coordinates, In this manner, should
the distribution be gaussian it is a relatively simple matter to dsetermine from
the best-fitting straight line, the root-mean-square (RMS »0) values of the aplim
tude fluctuations from the fact that 68% (approx) of the points, i,e,, from the
16% to 84% probability level, are within %10 of the median (50%) value,

A series of such analyses for various samples of step gage data
have been carried out by personnel of both the Applied Physics Laboratory and
the Electrical Engineering Research Laboratory, At APL, manual evaluation of
the amplitude probability distribution have been made using one second intervals
for total sample preriods of about four minutes, At EERL, evaluations were made
from ten minute samples using an electronic device and curve following techniqyues
which results in = suries of dial readings representing the per cent of time the
observed roadings were above each of ten fixed (scale) levols, In all cases,
chart readings wore converted to wavo height values in feet by using an average
or representative calibration involving the number of 0,2 foot steps per chart
division,
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Examples of several of the APL evaluations are shown in Figures 26
through 29, The first of these is representative of most of such distributions
in showing essentially linear characteristics, Among the exceptions to these
linear or gaussian distributions are those represented in Figures 27-29 all of
which occurred during the relatively high wave period from 17-25 April, The dis-
tribution in Figure 27 is linear with the exception of values near the upper and
lower probability levels, Such an effect is undoubtedly due to the fact that the
sample was too short to be representative of the normal wave pattern in particular
as regards the very low and very high amplitude waves, Somewhat more serious
discrepancies can be observed in Figures 28 and 29 and a little more thorough
discussion of this situation is felt to be warranted, Although there are two
factors which could have been responsible for these observed non-gauesian dis-
tributions i,e,, non-linearity in the step gage itself ana the complex ocean-
ography of the channel, a significant part of the effect is again felt to be the
result of taking samples too short to be representative of the actual water sur-
face variation, That there was some non-linearity in either the amplifying or
recording circuits of the step gage is evident from an examination of the recorded
data, i,e,, full scale pen motion on the chart might give rise to a calibration
shift ranging from seven 0,2 foot steps per major chart division at the low end
of the chart to nine to ten 0,2 foot steps per division at the upper end, However,
the effect should only be significant for the very highest waves and if important
should have shown up on all ampiitude distributions made during high wave periods,
Such was not the case,

The effect of the complex oceanography is more difficult to evalu-
ate and it may well have been that the combination of a regular surge type varia-
tion with the normal gaussian distribution of water waves could have given rise
to non-gaussian distributions, Since surge effects were apparently present a
relatively small per cent of the time, their contribution to a non-gaussian dis-
tribution is felt to be very limited, It was not possible either to make a one-
to-one correlation between surge appearances and the non-gaussian cases, 1t
should be noted in this respect that a series of longer (10 minute) EERL analyses
of data samples taken during the high wave period all showed consistent gaussian
distributions, However, when the longer analyses were made for the same times
at which the APL analyses showed serious non-gaussian distributions, the non-
linear effects were not entirely eliminated, Thus while there can be no doubt
as to the reality of an occasional non-gaussian wave amplitude distridbution for
this location, the affect is certainly reducsd when longer samples are taken,

An additional steop can now be made after obtaining the 0 valuds,

Pierson [6 Jhas recently shown the following relationships to be valid for a gause
sian distribution of wave amplitudes:

1-11/3-1,0 !
B0 ® 519 ‘3
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Table 5 gives the g and H1/3 values derived from all computed amplituds probabil-
ity distributions of step gage data, Ono or two observations might well be made,

Since the computed points of the amplitude distribution plot exhibit some scatter -
about a best-fitting line, some judgement is necessary in drawing that line and
the resultant slope or ¢ values may be in error by as much as £0,05-0,1 foot. -
The resultant four-fold increase in this value for H; /3 is partially reflected .
in the rather large range of Hl/3 values that are raported for any one day al-
though there is no doubt but what the greater part of this variation is real, ¥
Great care would certainly have to be taken in choosing a data sample of several
minutes duration as being representative of the water surface for periods of sev- A

eral hours even if the mean amplitude were to exhibit no time variation,

Two further comparisons can now be made, Although only some dozen
15-20 minute samples of step gage data were analyzed by the Snodgrass method, it
was felt that a comparison of these Hl 3 values with those computed from corres=—

ponding 10 minute samples involving the 4 ¢ relationship might be interesting,
One would be led to expect that the Snodgrass Hy 3 values should be somewhat larger A
as a result of their not using the total of all waves in the computation, These
data are shown in Table 6 and with the one exception of April 22, the Snodgrass
determined H1/3 values are of the order of 10% larger than the amplitude distri-

bution determined values. Although no one factor can be singled out as causing
the discrepancy for this date, several smaller effects which would normally cancel A
each other have all added up in the same direction, These include (1) the use of
a scale calibration in the probability method from one well-defined wave that was
larger than the average scale calibration used in the Snodgrass method, (2) a
greater than normal superposition of high frequency variations on the crests and
troughs of the wave recording in such a manner as to reduce wave crest-to-trough A
differences, and (3) a somewhat reduced mean amplitude of waves in the five min-
ute period, 1013-1018, not covered by the amplitude distribution analysis,
A
A final comparison of all pressure gage and step gage computations !
for H%é is given in Figure 30, No points were used unless both evaluations had
been ae within no more than 10-15 minutes of each other and the step gage data
have becn divided into two subdivisions according to the Snodgrass or amplitude
distribution methods of computation, O..ce 2gain with a very few exceptions, we
can see that step gage values are consis'cntly higher than pressure gage values,
The slopes of the two bracketing lines are 1,12 and 1,52 respectively and a figure N
about 1,3 would be a fair average, Once again, too, we note that while the over-
all range in the two values becomes lirger with larger waves, there is a tendency
for greater distortion in the pressure gage readings for low amplitudes, This
effeot is certainly not unreasonable since waves below a certain critical fre- I8
quency would be damped out entirely in the pressure sensing unit,

- Ay

o, Frequency Spectra Comparisons

Since a much more comprehensive analysis of the power spectra of
the water surface variations and of their comparisons with associated radio re-
cordings will be made in a subsequent report, it will be sufficlient to state here
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T'B1Z §
Hy/z EVALUATIONS FROM STEP GAOE AMPLITUDE FROBABILITY DISTRIBUTIONS

DATE TIME ~ RMS or O “Hy/z = 40
(Toot) Hio)*
Fed, 19 1411-1415 0.8 3,2 &
Feb, 20 1210-1214 0.8 2,2 «
Apr, 6 1041-1051 0.76 3,04 #x
112%-11%2 1,01 4,04 %%
19501590 2ot 2‘33**
- . U4
3{226-12%6 1.0 4,28 wu
1734-1744 1.0 4424
Apr. 7 1246-1256 0.26 2,24 %%
125241302 0'6% g 652 e

13%2-1 0, 5

121%—1&“25 0,62 2.48:
1548-15858 0,68 2,72 uu
Apr, 8 13561406 O.Zl 2,84y
1&5—1215 0.61 2044 wn
1 -] 10 0079 3.1 4+
1618-1628 0.63 2452 yx
Apr, 9 1479-1443 0.5 20 &
1510-1514 0.5 2,0 #»
Apr, 10 1140-1144 0.2 1.2 &
1228-12%2 0.4 1.6
1%06-1710 0.5 2.0 »
13181352 0.4 16
1120-1424 045 2,0
1515-1519 0u} 1.6 »
Apr, 11 1024-1028 o.z 2,0 #
11 ‘1132 0. 2.2 *
1344-1%8 0.4 1.6 »
Lpr. 13 1525-157% 0.28 1.12 e
Apr, 13%8-1762 0. 1.6 #
pr 1 1233-1618 0.37 1,08 u
11%-1140 0. 1.6 »
13%-1349 o.ﬁ 1.6 &
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TARIE % (Continuod) //
1
DATE TINE ~ T8 or O By z = 310 _
(Peet) G«t
A
Apr. 16 11%7-1147 0,30 1,20%% '
1405-1409 0.5 2.0 #
1457-1461 0.5 2.0 #
Apr. 17 1251-125 1.0 4.0 * Ar
1343—1% OQZ ?o %
1435-14%9 0, 2 *
1520-154 0.9 3.0 %
Apr. 18 1261-1255 0.6 2.4 %
1349-1%3 0.6 2.4 %
1450-14%4 0.? 2.0 & Ay
1521-1535 0. 2.8 »
A
Apr, 20 1024-1044 0.40 146084 i
1751-1401 0.72 2,88»
1552-1602 0.79 2, 16m0
Apr, 21 1114-1118 0.7 2,8 »
1122-1126 0.7 2.8 »
1446-14%0 0.7 2.8 »
Apr, 22 10031012 1,20 4¢POnn
1021-107% o.z 2.8 »
1121112 0. 2.3 »
1245-174 0.9 346 »
1413117 0.9 26w
132 155:2 % z'g*
. oV %
1642-15532 0.97 2,88
Apr, 0. 296%
2 m;z. 0,22 2,480
1045-1050 0.5 2.0 »
1121-112 o.g 1.6 &
1137-114 0. 4 20
1215-1219 0.9 200
1410. 0.7 2.8 »
003 306 %
0.7 33&’.
0. %
1211-1 4 o.ge 3ol
Apr, 24 1007-1017 0.21 240u% *
1035-10% 0, 244
1042-1052 0.27 2,20 "'
1111-1115% 0.

n
L
F-5
3
i b g
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TABLE 5 (Continued) »
DATS TINE T8 or O “Hy/z = 40
‘ (Foot) }&214
Apr, 24 1148-11 52 0.5 2.0
R o5 e
. 1.92n0
1;8}1 15 0.56 2.24»
Apr. 25 0947-0957 0,34 1. %
1005-1009 0.5 2,0 #
1100-1110 0.20 1,200
1446-1456 0.23 0,9 2
1 30-15% 003 12 »
1727-17%7 0,33 1. Row
Apr. 27 1513-1523 0,62 2,480
Apr, 2B 1023-1027 0.7 2.8 »
1230-12%, 0.7 2,8 »

# Tour minute APL velues (manual ecomputation)

seTen minute EERL values (automstic computer)
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TABIE 6 k’
COMP'RISON OF H}/z VALUES OBTAINED BY SNODGRASS /ND PROBABILITY »

DISTRIBUTION MEIXODS TOR STEP GAGE DATA

DATE TIME 71(;1“ *
(Snodgrass)  (Probability! (Snodgrass) babiltty)
(1) (2) o)
April 6 1041-1101 1041-1051 2.55 3,04 \
April 7 1321-1%8 1222-1342 2,89 2.52
April 8 1600-1620 1600-1610 7,17 3,16
April 20 1351-1408 1751-1401 2,90 2.98 \
April 22 100%-1018 1002-1012 2,45 4.
1543155 1543-1553 3.2§o 3.3(8’
April 23 1016-10%2 1016-1026 2.55 2.38
1554~1610 1554-1604 2,20 2,88
April 24 1042-1058 1042-1052 2.41 2,2R
1705-1725 1705-1715 2.90 2,24
April 25 1100-1115 1100-1110 1.65 1,20
1727-1747 1727-1737 1.71 1,72

#10 minute EERL values

Average ratio (1)/(2).......1.04

Averege radio (11/(2) omitting April 22...0e0.1,12

O
) STEP GAGE ANALYSES B8Y
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that there was never any significant discrepancy between either an average wave
period or a complete power spectrum for the different wave sensing elements, An
exarmple of this effect is shown in Figure 31 which shows the nearly identical
power spectra obtained during a twenty minute period on 19 February in which step,
pressure and continuous-wire recordings were being made simultaneously, Natu-
rally, the evaluation of a power rather than a frequency spectrum reduces the im=
portance of the higher frequency filtering action of the subsurface gage, but it
is nevertheless true that the neglect of the high frequency components and a mod-
erate amplitude distortion has little effect on the power spectrum of a variation
having average periods considerably larger than those being filtered.

ds Motion Picture Recordings

A further attempt to study some of the higher frequency wind waves
and the extent to which they might be masked by the step gage was made by using
direct motion picture photography of the step gage itself, While the few anal-
yses made of this data showed excellent correlation with the step gage output,the
nearly vertical camera angle employed in making the pictures made it impossible
to interpolate values of the water surface between the levels of the sensing cone
tacts on the gaga,

WY i e e

LENGTH OF DATA - 1543 min.
30 sec

TOTAL T
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APPENDIX A
The Continuous-Wire Wave Gage

The method developed at this Laboratory* for the continuous measurement
and recording of ocean wave heights is shown schematically in Figure 32, M is a
heavy stainless steel vertical mast attached rigidly to a specially constructed
piling at the point where ocean wave data are desired., Supported by the mast is
a vertical 17 ft, length of resistance wire RW, insulated at its upper end by in-
sulator G and fastened securely at its lower end to support arm A. Wire RW is
always partially immersed in the ocean water, as may be seen from the indicated
locations of the "low low" and "high high" water lines, Figure 33 shows a hori-
zontal section of the mast and the location of the sensing wires,

Electrical components in the sketch are the generator E, voltmeter V,
and resistor R, When the resistance value of R is chosen sufficiently high an
essentially constant current, independent of water level, flows through R and
through the resistance wire at all times, This constant current (denoted by I)
results in a potential drop V made up of tha following compoaents (see sketch)
(1) a potential drop Vy along the exposed portion of the wire, (2) a drop V, from
the point of emergence of the wire to the point of emergence of the mast, and (3)
a drop V, along the exposed portion of the mast, By choosing an appropriate com-

bination of resistivity and diameter for the sensing wire RW (see Figure 32 for
wire data) and by establishing a minimum immersion depth of at least 3 feet, the
potential V2 is rendered negligible in ocean water of average salinity, V3 is

also negligible since the resistance per unit length of mast is so very much less
than that of the resistance wire itself, We are left then with the simple fact
that the voltmeter indication V is substantially the drop along the resistance
wire alone and hence is (1) closely proportional to the length d of exposcd wire
and (2) is linearly related to ocean wave height, It is this last result that
forms the modus operandi for the wave gage, the principal requiremei.s being (1)
that the gensrator voltage E, the resistor R, and the sensing wire properties reo-
main invariant with time and (2) that the rocording voltmeter have a stable (and
preferably linear) deflection characteristic, A further matter of concern in some
situations is in regard to the lag coefficient of the rscording system -- this
must of course be appropriately small if iocurate delincation of wave detail is
desired, It is also essential that the sensing wire be of uniform gage throughout
its length,

#The system heroin desoribed made usu of the general features of a continuous-wire
type gage developed by Duntley and described in detail in 3 memorandum to Guy
Worsley from I, Xatz (JHU/APL) dated 24 July 1952,

A-1l




|

T T HIGH-HIGH LEVEL

—~~~—~SEA SURFACE _

4 FT. WORKING RANGE

—LOW-LOW LEVEL
l ? FT. (MIN)

MAST M IS STAINLESS STEEL PIPE, I IPs.
WIRE RW IS STAINLESS STEEL (A.LS.. NO. 303)
AND 1S k' IN DIAMETER.
RESISTANCE PER FOOT: 0.115 OHM

E& 25 VOLTS RMS., FREQUENCY --2000 CPS
Ra& 150 OHMS

CONTINUOUS ~WIRE WAVE GAGE METHOD
'OF MEASURING WATER WAVES

FIGURE 32
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HORIZONTAL SECTION SHOWING DISPOSITION

OF MAST AND SENSING WIRES.

FIGURE 33
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Having established in general terms a method for the measurement of
ocean wave heights, a host of practical engineering problems are immediatcly con-
fronted when one attempts to physically embody the method, In the first place,
no environment to be found in nature secms quite so inimical to scientific ap-
paratus as the open sea, The measuring current I, for example, must not have a
direct (d,c,) component if electrolytic destruction of the sensing wire is to be
avoided, Alternating current is thus necessary and a very high frequency is re-
ported to be beneficial in minimizing the effects of wire contamination. Too high
a frequency, however, introduces difficulties in the electrical measurements and
in addition the electrical flow in the ses water is then no longer a sinple dif-
fusion proceas, The necessity for energizing the electrodes via a 2300 foot mar-
ine cable also imposed an upper limit to the frequency, As a compromise, a fre-
quency of 2000 cycles was used and appeared completely satisfactory, For the
Golden Gate measuraments, as viewed in retrospect, a frequency of 40O cycles might
have been about as satisfactory and would have yieldod the marked advantage that
commercially available 400 cycle power generating and regulating apparatus could
have been utilized, The amplitude of E should he high (we used sbout 25 volts)
so that V can easily be measured even in the presence of substantial interference,
Electrcnic means were used for genorating and controlling the voltage E, and a
manual adjustment was provided for resetting, These employed certain well-estab-
lished electronic t echniques which have the demonstrated virtues of being simple
yet highly effective, Figure 34 shows the circuit schematic of the 2000 cycle
electronic power generator, consisting of oscillator V1, phase inverter V2, power
amplifier V3 and V4, and output indicator rectifier V5, :

Measuring and recording of the voltage V also made use of electronic
means, and more or less conventional amplifying techniques were employed herey
The circuit for thesa is shown schematically in Figure 35 and comprises: (1) a
conventional triode amplifier Vé, (2) a cathode follower V7, and (3) a rectifier
(V8-V9) of the voltage-doubling types; The bulk of the amplification was obtained
with a commercial recording amplifier manufactured by the Edin Company, which
company also supplied the recorder itself, This latter was a fairly high speed
instrument, considerably more rapid in response than was actually needed, It
provided a maximum trace width of 4O mm, and a paper speed adjustable in 9 steps
from 0,25 to 100 mm/secs

Calibration of the ocean wave gage was given a great deal of thought,
mainly with the view of working out a direct system wherein simultaneous obser-
vations of actual water level and of recorder indication could be paired for fu-
ture use in translating ocean wave recordings into terms of wave heights, After
considerable preliminary study a practicable system was still being worked out
when the problem was suddenly and completely resolved by our decision to incor-
porate a step-type wave gage (see Appendix B) into the structure supporting the
sensing wire, The step-type wave gage, or step gage as it is called, is inher-
ently self-calibrating for changes in water level, and automatically and contin-
uously provides us just those datum points which are needed -- i,e,, those in
actual use at any given time, In short, it provides a nearly ideal calibration
system, and reduced the calibration problem to the much simpler one of providing
adequate long term stability so that frequent calibration checks are not required,
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A=T7

In order to gain further insight into the reflection of redio waves from
an undulating sea surface it was desired to measure and record, as a function of
time, not only wave amplitudes but also wave slopes, Here we are using the term
slope synonymously with gradient in the sense that it is a two-dimensional vector
having orientation as well as magnitude, To accomplish slope measurements, we
used in addition to the apparatus already described, two more vertical sensing
wires, each energized from the same source (E, Figure 1) and each having its own
series resistor R, The three sensing wires were disposed as in Figure 33.

Corresponding to the voltage V derived from the amplitude sensing wire
RW, let us use V! and V!'' to denote the potential at the sensing wires Rij and

RW,. It 1s evident, then that if the calibration coefficients of the three sys-

tems are identical, V - V! and V - V!! will be proportional respectively to the
components of the gradient in the directions VV! and VV'', It is this result
that forms the theoretical basis of the slope measurement, To put it into prac-
tice all that was required was to arrange electronic equipment with suitable sub-
tracting circuits and simply record the guantities V - V! and V - V'*, The cir-
cuitry employed to accomplish this is shown in schematic fam in Figure 36, Trans-
formers T, (or T,) and T, in this figwe connect via the sea cable.to the electrode
wires RW; (or R 2) and RN, Each transformer feeds a cascade arrangement including

a triode amplifier (V10 and V1l), cathode follower (V12 and V13), and rectifier
(V14/15 and V16/17), By differentially connecting the latter, as shown, a D-C
voltage proportional to the difference V = V! (or V = V'!) is obtained, This is
then amplified and recorded by the Edin equipment.

In actual operation certain difficulties were encountered that proved
rather ssrious in dealing with small gradients, Application of the conversion
factor to V = V! and V = V!! is, superficially at least, a perfectly straight-
forward means of arriving at the corresponding height differences but it was cb-
served in practice that whereas we should have had V = V! =V » V't =2 0 for a
horizontal sea surface at all height levels, small residuals of random sign ap-
peared which tended to mask the effect of very small height differentials, These
residuals were attributed to slight differences in the dynamic characteristics of
the three amplifiers handling V, V! and V'' and were most troublesome at low water
levels where the largest electrode voltages were obtained, This situation was
consideradbly improved by increasing the separation to 6 inches, although at the
expense of detail,

Calibration of the slope indicators was performed by replacing the wave
gage electrode system and its associated sea cable with a network designed to
simulate the actual installation, By appropriate variations in the resistcrs
simulating the electrode wires it was possible to calibrate the equipment in t.erms
of its response to various combinations of amplitude and slope, No direct checks
on the accuracy of this procedure were made owing mainly to the impracticability
of reproducing, even crudely, the various degrees of steepness found in t he ao-
tual ocean waveforms, We are ccai.dent, however, that the accuracy of the slops
recordings is adequate for the intended use, this statement of course being sub=
Ject to the limitations discussed in the previous paragraph,
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APPENDIX B
The Step Wave Gage

As a complement to the continuous type of wave amplitude recorder de-
scribed in Appendix A, a second type of gage was also used for the measuring and
recording of wave ampiitudes, Like the continuous gage, it operated on purely
electrical principles and shared with it the marked advantage of having no moving
parts other than those in the recorder itself, Figure 37 shows the essential ele-
ments involved,

Electrodes E, E2 —— E’.71 are automobile-type spark plugs inserted

into the mast at 2,4 inch (0.2 foot) intervals along the liy~foot working range.
The interior of the mast is hermetically secaled off from the environing sea and
the entrapped air maintained at a prussure of about 60 lbs,/sdq. inch (absolute),
This was intended as a protection to the resistors and the wiring within the mast.,

Each of the electrodes, when covered by rising sea water, provides a
closed circuit between its associated resistor and the mast M. Resistors Rl,

Ry =— 371 are all identical, their nominal value being 4700 ohms, This was se-

lected as being low enough to be negligible compared to the very high electrode-
to-mast resistance obtainad when the electrodes are not immersed, yot high enough
that when the electrodes are immersed, the electrode~to-mast resistance is itself
then negligible comparad to the 4700 ohms, In other words, with the value chosen
for Rl — R.n, the action of the rising and falling sea water is essentially the

same as that of closing and opening an ideal switch,

E in Figure 37 is a constant-voltage generator of freyuency 2000 cps and
amplitude 1 volt, Rsiia a shunt of negligible resistance and voltmeter V is, in
effect, simply an indicator of generator current I, This current being the sum
of the individual currents delivered to the immersed electrodes, we have

l= Z L R
Ry
However, the R,'s are all equal to 4700 ohms and so this simplifies to

I--_E_xN

B-1
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whore N is the number of immersed electrodes, Now since V and I are proportion-
ally related (V = R,I) and since water depth is stepwise proportional to N (h =

1

4

1

S

0,2 N, N an intoger) then it is apparent that » recording of V(t) is also a step- |3 ;

[ ]

!

i

]

%

}

i

recording of h(t

To embody this theoretical basis of our measuring method, electronic
means were utilized for recording V(t) and also for generating and regulating E,
Figure 38 is the schematic of the amplifier designed for recording V(i) and in-
cludes two triode amplifying stages (V18 and V19) handling the 2000 cycle signal,
a rectifier V20, and D-C amplifier triodes V21, V22, and V23, The last stage,
V23, is connected as a cathode follower and is required to be rather powerful in
order to drive the Edin recording galvanometer, No separate D-C amplifier was
used with the step gage, Generator E (Figure 34) was actually the same 'mit used
.o energize the continuous wave gage, and terminals C and D of the output trans-
former were used for this purpose.

It will have been observed earlier in this report that the step gage
recordings have a staircase appearance which becomes quite prominent for the very v d
small wave amplitudes, This is not otherwise troublesome and in exchange, one | i
obtains the very desirable feature that the stepped record may at any time be ‘
converted to terms of wave height simply by counting the number of steps in a |
given height interval and dividing by 5. Further, if this is done for some quite 3
well-defined interval, say from a trough up to a crest, and the same interval is | - ‘

!
{

1+300/0C GUPPLY 1) Res.

then identified on the record drawn by the continmuous recorder, we are then in
possession of the necessary calibration data with which the continuous gage re-
cording may be translated into terms of ocean wave height, This calibration {ea-
ture is a nearly ideal one, and even if the step gage records were of limited
value in themselves, they would be very much worth their cost simply in the role
of a calibration chart for the continuous<wire wave gage, Since the operation
of the gage requires an insulator between the elactrode and the mast to insure a
water path for the current, water films remaining on the insulators after the
water lavel has fallen will introduce leakage currents and resulting non-linear-
ities in the calibration of the recording, An effort was made %o minimige the
effects of such films by adding a neoprone paint and a silicone grease water re-
pellant (Dow Corning-4) coating to the insulators and the wast down to the level
of the bottom electrode, That the problem was not completely resolved is evi- .
denced by the faot that the step function in the recording is shown oniy when the ! .
water rises past an electrode; the slower time of water runoff in t he case of
falling water level smooths the atep function, - ’ R :

b
PR S S T v

A calibrator for the step-type wive rocorder was construsted along the " .
same general lines as deseribed previously for the continucus recorder, That is, -
the step-gige with its 71 resistors, togethar with the 2300-foot ses cable, were ' | - -
simulated by an electrical network with idjustable elements to duplicate the efe %" {1
foct of various water levels, :This simalator checkod oyt fairly well when selfs
calibrated recordings ware later made available for comparison, slthough some
ainor discrepancies ware found, But its grustest value, however, was in the early

developmental stages during which it served as a very useful substituts for the
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sea installation, which was not available at that time, The latter, in fact, was
not available for tests until some time after the electronic equipment had been
designed, constructed, andt ested,

Initial distribution of this document
has been made in accordance with the list for
guidance publisred in APL/JHU TG 7-10, dated
December 1951, Copies 160-175 retained for
Electrical Engineering Research Laboratory in-
ternal use,
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