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1. INTRODUCTION

The Marine Environmental Assessment Division of the Center for Environmental Assessment Services, National
Oceanic and Atmospheric Administration (NOAA) has utilized meteorological archives from the National Climatic
Center (NCC, Asheville, NC 28801) and the National Oceanographic Data Center (NODC, Washington, DC 20235)
to produce climatological and oceanographic analyses of the outer continental shelf region of California (Figure 2.1).
A final report of this work, “A Climatology and Oceanographic Analysis of the California Pacific Quter Continental
Shelf Region,” was prepared (September 1980) under Interagency agreement (AAS551-1A9-2) between NOAA and
the Bureau of Land Management (BLM), U.S. Department of Interior. The report contains summuaries of historical
physical and chemical oceanographic and meteorological observations, interpretation of the summaries, evaluation of
the data with respect to BLM information requirements for bottom land lease management, and recommendations
for improvement of the data base. Because of the size of this report {1182 pages) only a limited number of copies
were produced. In order to make copies of the important marine data summaries and interpretations available for
general distribution, this edited version of the full report has been published. Copies of the full report may be ob-
tained from the National Technical Information Service (5235 Port Royal Rd., Springfield, VA 22161).

A number of authors contributed to the original report (Reference 4). They are as follows: R. G. Williams

(Project Director), R. W. Reeves, F. A. Godshall, and S. W. Fehler, (NOAA); G. Halliwell, K. Vierra, and C. N. K.
Mooers (University of Delaware); and M. D. Earle and K. Bush (Marine Environments Corporation).
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2. SOURCES OF DATA

R. G. Williams

2.1 METEOROLOGICAL DATA

The meteorological data used in this study included hourly surface observations from the coastal military and
civilian stations (Figure 2.1) and standard ship marine surface observations from ships in transit.

The observational records for the 11 coastal and island stations used in this study are listed in Table 2.1, Obser-
vations were taken on an hourly basis until 1965 for the civilian stations and 1972 for the naval stations, at which
times the frequency was reduced to 3-hourly per day. The Air Force and Army stations generally made hourly obser-
vations and the Coast Guard made 3-hourly per day.

Standard Ship Marine Surface Observations consist of data acquired by ships in transit for the period roughly
from the middie 1800 s to 1974, with primary observational period from the 1930 s to 1974. From this data set,
monthly summaries were prepared for 146 1° x 1° square areas (identified by Marsden square numbers mapped in
Figure 2.1) off the California and Baja California coasts (Reference 3). The number of observations for each 1°
square area varies considerably over the region with the greatest number occurring on normal shipping channels.

Limited editing was performed on the data at NCC before the compilation of tabular summaries. This proce-
dure, known as the Marine Data Array edit, consists of producing cumulative frequency distributions for each param-
eter. Anomalies are identified from the statistical summaries and suspect data are edited subjectively by a meteor-
ologist. Thus, extreme data points of a distribution are likely to be eliminated. A disadvantage of this procedure is
that it renders, as questionable, any subsequent rare event analysis.

A separaie set of meteorological data was obtained from NCC by the subcontractor at the University of Dela-
ware for use in the current meter and sea surface temperature analyses. These stations are shown in Figure 2.2 with
information summarized in Table 2.2. The following parameters were processed for each station: pressure, east-west
and north-south wind components, and air temperatures. Data were obtained for the period 1970 through 1978 for
six stations (Arcata, San Francisco, Point Mugu, San Nicolas Island, San Clemente Island, and Imperial Beach), For
S.E. Farallon Island, digital data were only available for 1970 and 1971, but were obtained because most current
meters were deployed near these islands during 1970 and 1971. All data had a sampling interval of three hours.

The source data tapes were read and the time series stored on disk by variable, station, and year. These time
series were edited in two steps: - -

® First, all values outside of physically reasonable bounds (Table 2.3) were rejected.

® Next, a first-difference edit was performed for each time series where, if the difference between a
given: value and either the value following or the value preceding it in the time series was greater than
three times the average value of all first differences in the time series, that value was rejected and re-
placed by a missing value spacer, Linear interpolation was then used to fill the resulting gaps in the
time series. None of these gaps were greater than 24 hours in length,
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Table

2.1

Coastal and Islands Stations and Their Locations, Pericds of
Record, and Number of Observations

Number of
Station Latitude Longitude Period Observations
Arcata (FAA) 409 1241 12/49-1/79 84,856
Pt. Arena (CG) 39.0 123.7 1/67-12/76 29,170
S.E. Farallon {CG) 37.7 123.0 1/62-12/11 29,183
Monterey (FAA)} 36.6 121.9 3/45-2/72 55,992
Ft. Ord (AAF) 36.7 121.8 4/60-12/70 28,931
Pt. Arguello (CG) 34.6 120.7 1/69-12/78 28,743
Vandenburg (AFB} 34.6 120.5 7/51-12/75 49,393
Pt. Mugu {NF} 34.1 119.1 3/46-1/79 94,519
San Nicolas [. {NF) 33.2 119.4 4/45-1/79 54,901
San Clemente |. (NF} 33.0 118.6 4/60-12/78 49,196
Imperial Beach {NAS) 32.6 1171 1/52-12/78 63,672
The station type is Indicated by the following abbreviations:

FAA Federal Aviation Agency

CG Coast Guard

AAF Army Air Field

AFB Air Force Base

NF Naval Facility

NAS Naval Air Station

Table 2.2
Coastal Meteorological Station Information
Latitude Longitude Elevation  Anemometer  Start End
Station {deg., min,) {(deg., min.} {m) Height {m) Date Date

Arcata, CA 40 69 124 06 69 6.1 1/1/70 12/31/78
S.E. Farallon Island, CA 37 42 123 00 9.1 6.7 1/1/70 12/31/71
San Francisco, CA 37 37 122 23 7.7 6.1 1/1/70 12/31/78
Point Mugu, CA 34 07 119 07 34 40 1/1/70 12/31/78
San Nicolas tsland, CA 33 16 119 27 173 3.0 1/1/70 12/31/78
San Clemente Isfand, CA 33 M 118 3% 5.2 7.9° 1/1/70 12/31/78
Imperial Beach, CA 32 34 117 07 6.4 6.1 1/1/70 12/31/78

22




Table 2.3
Physically Reasonable Bounds for Atmospheric Forcing Variables

Variable Units Lower Bound Upper Bound
sea level pressure mh 950 1060
east-west wind m/s -60 60
north-south wind m/s -50 50
air temperature "o -40 45

The edited data were then 40-hour, low pass filtered and subsampled to six hours. Time series of semi-monthly
averages of all variables for 1970 through 1978 were computed for the seven stations with available data for this
entire interval, and used to study long period fluctuvations in the atmospheric forcing variables,

2.2 OCEANOGRAPHIC DATA

The oceanic data and information used in this study have been drawn from many sources according to the
type of data, In general, data on ocean currents are scarce, especially in regard to direct measurements of current by
moored current meters and drogues. In many areas, very few observations of nutrients have been made. The distribu-
tion of archived physical and chemical observations throvghout the study area is generally irregular in space and time,
resulting in adequate coverage of source areas, and inadequate or no coverage in other areas. Such distributions are
exemplified by Figures 2.3 and 2.4 which show the locations of archived hydrographic casts during the months of
May and November. This nonuniformity of the spatial distribution of observations increases the uncertainty in the
mean data fields, as represented by the climatological charts.

The distributions of the observations are presented by type in this chapter. Maps are given showing the total
number of observations by 1° square, In the subsequent sections of data summaries, specific distributions of the ob-
servations by month and by season are presented as required to explain conclusions drawn from the analysis.

2.2.1 Station Data Archives (Nansen Cast/STD)

The principal data source for the physical and chemical oceanographic studies is the station data file at NODC,
which consists of both water sample data (acquired by Nansen or Niskin botiles), and electronic STD sensors. This
file is subdivided into a physical subfile consisting of the directly measured quantities of temperature and salinity at
depth, and the computed density (sigma-t), and dynamic depth anomaly (delta). The chemical file consists of obser-
vations of dissolved oxygen, phosphate, nitrate, and silicate. The total number of these observations in the study area,
along with the expected accuracies, are given in Table 2.4. The total number of oceanographic observations in the
study area by 1° square, including mechanical and expendable bathythermographs (MBT and XBT), are given in
Figures 2.5 through 2.13. ‘

Quality controt was performed on all analyzed physical oceanographic station data acquired within the study

"area. The variables include temperature, salinity, sigma-t, and dynamic depth anomaly. Because natural scatter in

dissolved oxygen and nufrient chemicals is naturally quite high, and the number of observations small, no quality con-
trol was done on these data prior to analysis.
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Table 2.4

Oceanographic Data for the Pacific Region Available at NODC

MEASURED QUALITY

NO. OF OBSERVATIONS

EXPECTED ACCURACY

REMARKS

Temperature (MBT) 72,275 on the order of cover period 1944 to present; accuracy
+056°Cand+3m highly dependent on calibration methods and
handling; being replaced by XBT
Temperature {(XBT) 18,621 +0.1°C cover period 1962 to present; repeatability
+2m of digitized XBT record is + 0.2°C and £ 2 m
Temperature (Nansen 33,784 +0.02°C NODC does not distinguish between tempera-
cast or STD}) +0.02°/o0 tures and salinities from Nansen casts or from
Nansen casts or from STD sensors
Oxygen 25,287 *0.04 miA
Nitrate 2,835 + 5%
Nitrite 914
Phosphate 8,044 +10%
Silicate 3,180 + 8%
Surface Currents 74,645 Covers period 1850 through 1974; relies on

large numbers of observations to reduce error




The quality control consisted primarily of determining that the data fall within physically realistic limits
specified as follows:

Variable Accepted Limits
Temperature 0° - 28°C (degrees celsius)

Salinity 30 ppt - 37 ppt (parts per thousand)
Sigma-t 2228

Dynamic Depth Anomaly 0-3 dynamic meters

Data falling outside these ranges were discarded. The surviving data were then examined for values excessively
far from the center of the distributions (assuming that the populations are normal). The criterion employed was that
the variables must lie within the 99 percent limits of the student’s t-distribution (student’s t-distribution was em-
ployed because of the small number of data points in some areas).

Finally, a gradient test was applied to each Nansen or STD cast to ascertain that all vertical profiles retained
for analysis are physically realizable. The gradient limits employed were:

Variable Gradient

Temperature 0.5°C{m (degrees celsius per meter)
Salinity 0.3 ppt/m (paris per thousand per meter)
Sigma-t 0.4/m (per meter)

Dynamic Depth Anomaly 0.3 dynm/m (dynamic meters per meter)

When one bad data point in a cast was identified, the entire cast was rejected. The net result of the quality
control procedures was that approximately 1.5 percent of the casts were rejected (500 out of 34,000 casts).

No additional quality control beyond that routinely performed by NODC was carried out for the MBT and XBT
observations.

2.2.2 Ship-Drift Archive

The source of data for this study is the Surface Current Data System (SCUDS) file of ship-drift observations
at NODC (Reference 1). These data were screened by NODC for duplication and obvious navigational errors. Obser-
vations were not included which were made under conditions of high winds and waves (winds-33 kt; waves-12 ft.),
or when the interval between observations exceeded 12 hours. Set is recorded to the nearest degree true; drift, to the
nearest tenth of a knot. The distribution of these observations is shown in Figixre 214,

2.2.3 Current Meter Archives

Geodyne 101 film-recording current meter records from the U.S. Naval Qceanographic Office (NAVOCEANO)
for the years 1970, 1971, and 1974 were considered for this study. The arrays of meters, each consisting of one or
more moorings, were deployed as listed in Table 2.5. In addition, data from three meters deployed off Southern Cali-
fornia were obtained from the Scripps Institution of Oceanography, as listed in Table 2.6, Of the 52 NAVOCEANO
meters, data were obtained for 44 of them. Data for the remaining eight were never digitized from the film records,
due to the poor quality of the films, Of these meters, 10 had to be rejected due to meter malfunctions, which were
determined by visual inspections of the time series plots, as shown in Table 2.7. All Scripps meters had good records.
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Table 2.5
NAVOCEANO Current Meter Array Information

T

WATER METER
ARRAY  MOORING DEPTH  DEPLOYMENT  RECOVERY NO. OF DEPTHS
NO. NO. LATITUDE LONGITUDE m) DATE DATE METERS (m)
1 1 37°54°24" 123°23'00" 125 1/6/70 unknown 3 25,101,116
2 1 37°54'39" 123°25'33" 143 2/22/70 3/27/70 4 27,82,136,138
2 2 37°54'30" 123°21'30" 110 2/23/70 3/22/70 2 69,103
3 1 37°5500" 123°19°30" 104 5/12/70 6/15/70 4 21,31,98,100
3 2 37°52'29” 123°24'01" 140¢® 5/12/70 6/14/70 4 26,64,132,135
4 1 37°85'007*®?  123°19:30"(0) 130 8/28/70 9/26/70 4 5,57,123,126
4 2 37°52'30" 123°21°30” . 121 8/28/70 9/26/70 4 552,114,116
5 1 41°36°00" 124°23'00" 97 11/6/70 11/19/70 4 27,48,91,93
5 2 41°27°00" 124°27°00" 134 11/5/70 12/3/70 3 24,75,128
5 3 37°55'03" 123°19°32" 1042} 11/12/70 12/6/70 4 20,53,94,96
5 4 37°52'32" 123°21'30" 110 11/12/70 12/6/70 4 25,69,103,105
6 1 37°42'58" 123°27°01" 2190(2 1/25/71 2/10/71 2 2024,2176
6 2 .37°38'03" 123°21'34" 24162 1/26/71 2/11/71 3 2264,2410,2412
7 1 38°10°05" 123°26'43" 284 11/24/71 12/5/71 4 30,102,277,279
8 1 38°07'45" 123°39°48" 1829 11/12/74 11/21/74 3 18,1676,1824

(a) Depth approximate - determined from a Nationa! Ocean Survey bathymetric chart.

{6} The position of this mooring may be in error. The depth at this position of 104 m, and it is located 7 km from the 130 m isobath.




Table 2.6
Scripps Current Meter Information

Meter Water Length of
Meter Depth Depth Deployment Start Record
No. Latitude Longitude {m) {m) Date Time {(hr)
S1 34°13.6' 120°00.5° 276 576 5/6/70 0700 93
s2 34°13.6 120°00.5' 426 576 5/6/70 0900 93
S3 32°52.0° 1M17°15.0° 13 33 3/21/70 0000 480

37 NAVOCEANQ and 3 Scripps meters had acceptable records for processing. Four of the NAVOCEANQ meters
had short records less than one week long, and two of the four Scripps meters also had records less than one week
long. This left a total of 31 meters with records longer than one week. (Charts of meter locations, depths, times of
deployment, etc., for the current meters are presented in Appendix C of the unabridged report, Reference 5). Most
meters were deployed near the shelfbreak off Central California (near 38°N). Only four NAVOCEANO meters with
records longer than one week were deployed off Northern California (array five, moorings one and two). The four
Scripps meters, only two of which had records longer than one week, were the only meters deployed in the Southern
California Bight.

During current meter data processing, linear interpolation was used to fill the data gaps. For all meters, only a
few missing data values had tobe filled. Time series of north-south and east-west current components were computed
from the speed and direction for all meters. Time series of current components were rotated to alongshelf and across-
shelf components according to the local bathymetry. Two sets of filtered time series were created for the current
components: three-hour low passed series subsampled to one hour, and 40-hour low passed series subsampled to six
hours.

2.24 Coastal Sea Level Data

Coastal sea level stations (Figure 2.15) hourly data were obtained from the National Ocean Survey (NOS) for
1970 through 1978, The data were then subjected to the same editing procedure as the meteorological data for the
current meter analysis. Because of the very large tidal signal, a modified interpolation scheme had to be used. For all
data gaps longer than three hours, 25-hour averages were computed on each side of the gaps. These averaged values,
which represented values 12.5 hours prior to the beginning of the gap and 12.5 hours foliowing the end of the gap,
were used to compute the interpolated values used to replace the missing data.

Two data sets were created for analysis. First, 40-hour low passed time series were computed and subsampled
to six hours. Time series of semi-monthly averaged sea level were also computed.

2.2.5 Data for the Sea Surface Temperature Analysis

Sea surface temperatures were digitized from the semi-monthly Fishing Information Supplements produced
by the National Marine Fisheries Service (NMFS) (Reference 2) for the period 1972 through 1978. The domain
within which temperatures were digitized is shown by the grid in Figure 2.16. Temperature values were digitized at a
spacing of one degree of both latitude and longitude, at points centered on integer values of both latitude and longi-
tude. In order to extend the temperature coverage to the coast, temperature values were digitized at some points
just landward of the coast, by extrapolation of the temperature contours. A total of 119 times series were thus
obtained.
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Table 2.7

Current Meter Data Summary

METER RECORD
METER DEPTH START START END LENGTH SAMPLING
NO. {m) DATE TIME DATE (hir.) INTERVAL COMMENTS
111 25 10° Data not available
112 101 10° Data not available
113 116 10’ Data not available
211 27 10 Rejected-meter malfunction
212 82 10 Rejected-meter malfunction
213 136 10° Rejected-meter malfunction
214 138 2/23/70 0252 3/23/70 682 10
221 69 10° Rejected-data values all zero
222 103 2/23/70 1010 3/22/70 673 10°
311 21 5/12/70 0825 6/14/70 796 10
312 31 10° Data not available
313 o8 5/12/70 0825 6/13/70 736 10"
314 100 5/12/70 0825 B/18/70 149 10
321 26 10° Data not available
322 54 5/12/70 2140 6/15/70 813 10°
323 132 10° Data not available
324 1356 10 Rejected-record only 6 hours long
411 5 8/28/70 0309 9/27/70 718 10 Not rejected-questionable shaliow depth
412 LY 8/31/70 0629 9/23/70 565 10°
413 123 8/28/70 0309 9/02/70 131 10°
414 126 8/28/70 0309 9/20/70 b66 10°
421 5 10° Rejected-meter malfunction
422 52 8/28/70 0613 9/01/70 g2 10
423 114 8/31/70 0813 9/26/70 568 1
424 116 8/28/70 0613 9/20/70 562 10
511 27 11/06/70 0355 11/09/70 90 10
512 48 11/06/70 0355 11/19/70 344 10
513 2| 11/06/70 0355 11/19/70 335 10
514 93 10" Data not available
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Table 2.7 (continued)

METER RECORD

METER DEPTH START START END LENGTH SAMPLING
NO. {m) DATE TIME DATE thr.} INTERVAL COMMENTS
521 24 10' Rejected-meter malfunction
522 75 11/05/70 03568 11/18/70 331 10°
523 128 11/05/70 0358 11/18/70 337 10
531 20 11/12/70 0430 12/06/70 576 10
532 b3 11/12/70 0430 12/04/70 538 10°
b33 94 10 Data not available
634 96 11/12/70 0430 11/29/70 443 10
541 25 11/12/70 0633 11/21/70 233 10°
542 59 11/12/70 0633 12/06/70 534 10
543 103 11/12/70 0633 12/06/70 584 10’
544 105 11/12/70 0633 12/04/70 530 10°
611 2024 10° Rejected-meter maifunction
612 2176 10 Rejected-meter malfunction
621 2264 10 Rejected-meter malfunction
622 2410 1/26/11 0430 2/09/71 342 10
623 2412 1/26/71 0430 210/ 357 10
711 30 11/24/71 1712 12/07/71 296 5
712 102 11/24/11 1712 12/06/71 290 5’
713 277 11/24/71 1712 12/07/71 313 B’
714 279 11/24/71 1712 12/06/71 293 B’
811 18 11/13/74 0008 11/22/74 228 16
812 1676 11/13/74 0oo8 11/21/74 212 1o’
813 1824 11/13/74 0008 11/22/74 228 15
S1 276 5/06/70 0700 5/10/70 93 60’

- 82 426 5/06/70 0900 5/10/70 93 60’
83 13 3/21/70 0000 4/10/70 486 60’




2.2.6 Special Data Sets

Certain data sets,not yet in the NODC archives, but made available through the courtesy of the principal inves-
tigators, were received too late in the study to incorporate into the archive data for statistical analysis. Limited use
of these observations was made for special purposes, such as examining hydrographic structure in the region of cur-
rent meter observations. Three such data sets are:

® CALCOFI hydrographic observations acquired since 1969
¢ The Pacific Marine Environmental Laboratory (PMEL) STD cruise off northern California

® Hydrographic observations by certain Soviet vessels, on file at World Data Center A for Oceanography
in the form of printed log sheets

2.2.7 Water Level Elevation Data

The storm surge analysis incorporated derived statistics from the literature, e.g., obtained from California tide
stations operated by the NOS, and from wave observations obtained and described by the US. Army Corps of
Engineers.

The surface wind wave analysis employed both visual wave observation data, obtained from NCC, and derived
statistics obtained by the California Coastal Engineering Data Network, and the U.S. Army Coastal Engineering
Center. These sources of data are discussed in Chapter 3.

Chapter 7 describes the water elevation data which were used in this study in connection with analysis of
storm surge, surface wind wave conditions, and tsunami occurrence along the California coast. The tsunami charac-
teristics were obtained from derived statistics and model results from the published literature, particularly from
studies performed by the U.S. Army Corps of Engineers.
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Figure 2.5." The Number of Archived Mechanical Bathythermograph (MBT) Observations by 1 degree Square (continued)
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Figure 2.6. The Number of Archived Expendable Bathythermograph (XBT) Observations by 1 degree Square (continued)
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Figure 2.7. The Number of Archived Temperature Soundings from Nansen Casts and STD Casts by 1 degree Square
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Figure 2.7. The Number of Archived Temperature Soundings from Nansen Casts and STD Casts by 1 degree Square (continued)
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Figure 2.8. The Number of Archived Salinity Soundings from Nansen Casts and STD Casts by 1 degree Square
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Figure 2.8. The Number of Archived Salinity Soundings from Nansen Casts and STD Casts by 1 degree Square (continued)
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Figure 2.9. The Number of Archived Oxygen Soundings by 1 degree Square
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Figure 2.9. The Number of Archived Oxygen Soundings by 1 degree Square {continued)
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Figure 2.10. The Number of Archived Phosphate Soundings by 1 degree Square



8T-T

130°W . 128° -126° 124° 122° 120° 118° 116° 114° 112°

a ' Y ] Te\san Francisco !
8 | 11 .4 |19 |'50' 32 N nevapa | UTAH
NN « | |
\\\.___ \\ i
1|5 |19|35} 11 | 12 |244 {137 N .
3 N\ \\\\\\ ~N .'"J
e N N, )
9 |9 |16 1 3 | a8 |3 g7yyr  CALIFORNIA U
m N
! ,
22| 8 (3|36 | 3|9 |63 4310 1 Y, ARIZONA
a4 A ‘ ‘-'-mlsf\-ﬁLos Angeles {
151 9] 2 17 | 28 | 50 | 77 | 45 |1001, 34 (
N \ %N\ San Diego
Ve e
\12 16 (20| 18| 23 | 4% 74 | 97 | 60} 1 e
% W\ MEXICO -

32° N = [ \\ T
11 25 139 | 33| 20\ 29 | 36 [\31
N \\ \ \ ;

13 123 113 |16 | 20| 23 | 377

30° - "

A\
6 11332 11| 9 | 10| 713 313
n \\l\x %
Y \
3

\ —0
21 | 13 B8 |138 |38 10T ?7 1
=

1| 27122 9 | 27 | 59\ 41
N
\..\\\/
2 | 6 | 19| 43| 23] 35| 86\\41 \3
26°N N \\ ™
PHCI)SPHIATE]CAslTS 25\ 11| 6 |17 | 23| 29| 43| 26

Figure 2.10. The Number of Archived Phosphate Soundings by 1 degree Square (continued)
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Figure 2.11. The Number of Archived Nitrate Soundings by 1 degree Square
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Figure 2.11. The Number of Archived Nitrate Soundings by 1 degree Square (continued)
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Figure 2.12. The Number of Archived Nitrite Soundings by 1 degree Square
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Figure 2.12. The Number of Archived Nitrite Soundings by 1 degree Square (continued)
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Figure 2.13. The Number of Archived Silicate Soundings by 1 degree Square
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Figure 2.13. The Number of Archived Silicate Soundings by 1 degree Square (continued)
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Figure 2.14. The Number of Archived Observations of Surface Current Inferred from Ship-Drift by 1 degree Square
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Figure 2.14. The Number of Archived Observations of Surface Current Inferred from Ship-Drift by 1 degree Square (continued)
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Figure 2.15. Coastal Sea Level Stations
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3. METEOROLOGY

R. W. Reeves, F. A. Godshall and P. Pytlowany

The transport and dispersion of pollutants in the marine environment depends largely on the atmospheric flow
characteristics. Oceanborne pollution is transported by the currents, which are driven by the large-scale surface winds.
The large-scale circulation features are determined by the mean pressure pattern, whose orderly migratory behavior
allows for easier interpretation of changes in the circulation. The details of the seasonal changes will be discussed in
Section 3.1.

The purpose of the meteorological data summaries is to provide background statistics on mean flow charac-
teristics, reductions in visibility, and the probability of occurrence of extreme events.

3.1 SEASONAL VARIATION OF MEAN SURFACE FLOW

The most important feature of the sea-level pressure distribution in the California coastal region is the sub-
tropicat anticyclone over the eastern Pacific. The anticyclone is strongest during the summer months and occupies
its most northerly position at that time. The center of the anticyclone lies between 30°N and 40°N, and 140°W-
150°W. The combination of a strong anticyclone over the Pacific and a semipermanent low over the desert South-
west produces a strong pressure gradient in the vicinity of coastal California with a geostrophic wind from the north-
west.

Toward autumn, both the anticyclone and the desert low weaken, thus reducing the geostrophic flow along
the coast. The pressure pattern becomes more celfular in structure in the winter with mean centers of high pressure
over the continental northwestern United States and the eastern Pacific around 30°N. The mean pressure gradients
are considerably weakened during January in the California coastal region. In the spring, the low off the Aleutians
weakens and the subtropical Pacific anticyclone gradually becomes a single cell east to west covering the entire Pacific.
The pressure gradient then begins to strengthen with the reestablishment of the desert low, and the annual cycle
begins anew.

The general surface flow off coastal California can be deduced from the mean surface pressure patterns just
described. During the winter, the flow over the open ocean is generally westerly off northern California and north-
westerly off southern California. During the spring the speed increases and the mean flow becomes uniform over the
entire area; after April the flow is from the northwest in all areas over the open ocean. The mean northwesterly flow
continues through summer, with mean speeds as high as 18 knots off the northern California coast. The weakening
of the subtropical anticyclone in the autumn leads to a weakening of the flow, with backing to a more westerly flow,
especially off the northern coast. See Figures 3.1 through 3.12,

3.1.1 Wind Variability

A measure of wind steadiness (constancy) is the ratio of the magnitude of the vector mean wind speed to the
mean scalar speed expressed as a percentage. In the northern part of the study region, steadiness of 10—209% during
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winter (Figures 3.1, 3.2) is attributed to passing storms, The large magnitude of steadiness in summer in the northern
areas and throughout the year in southern areas is attributed to the influence of the subtropical anticyclones of the
central Pacific region.

Steadiness values by themselves reveal only limited information about wind variability. Much more information
is obtained from frequency tables of wind direction vs. wind speed plotted in the form of wind roses (Figure 3.35).
Wind roses (Attachment) for the midseason months (January, April, July, and October) were constructed for selected
coastal and island stations (Attachment, Figures 3.36 through 3.41) and a selection of offshore 1° square areas
(Figures 3.42 through 3.48). The wind roses illustrate some of the results obtained from the steadiness information,
For example, over the southern areas there is a clear wind direction mode at northwest during the entire year. Over
the northern areas, a distinct wind direction mode occurs only during the summer, the prevailing direction being
north. During the winter, the influence of passing storms, with their attendant wind shifts, produces a broader dis-
tribution about the mode. The prevailing wind is westerly during January. The wind roses for the coastal stations are
more complicated and show effects of topography and local circulation. For example, the normal wind direction
at Arcata in northern California is southeast to east during January and east wind is most frequent at Imperial Beach.
Only during the summer months do most stations possess modal direction from the west to north.

The island station roses are the ones most similar to the open ocean. The normal direction at S.E. Faralion
is north to northwest throughout the year, and from the northwest for San Nicolas Island. San Clemente Island
possesses a broader mode with maximum frequency evenly distributed among the directions southwest, west, and
northwest.

The lack of agreement between coastal stations and those over the open ocean is due to two factors: the influ-
ence of local topography and the land-sea breeze.

3.1.2 Wind Stress

A direct consequence of the surface atmospheric wind is the stress produced by the wind on the ocean’s sur-
face in the same direction as the wind. The mean stress is along the California coast for much of the year, producing
important effects in the coastal region. The southward directed wind stress along the coast produces an offshore trans-
port of water in the upper ocean layer. Subsurface water of lower temperature is brought to the surface to replace
that which has been transported away from the coast. This has important consequences in the summer when the
diurnal land-sea breeze transports wanm moist Pacific air shoreward over the cool water. The result is often a bank
of fog in coastal regions. A detailed stress analysis over the California current was performed by Nelson (Reference
2). February and August maps (Figures 3.13 and 3.14) of offshore wind stress vectors illustrate seasonal change in
ocean circulation wind forcing. The maximum eastward-directed stress occurs during the summer months when the
flow around the subtropical anticyclone is strongest. The maximum values occur at 200-300 km offshore.

3.2 SIGNIFICANT CLIMATOLOGICAL FEATURES

Many of the significant climatological features of the California coastal area can be deduced from the mean
pressure or wind patterns. The subtropical anticyclone over the Pacific with its accompanying west to northwest
flow in the eastern Pacific suggests that the air arriving at the coast has had along fetch over water. This gives Cali-
fornia a typical maritime climate whose most significant feature is a lack of weather extremes.

The enhanced pressure gradient during summer produces a strong north to northwest flow which drives the
California current and draws cool water up to the surface from below. Thus, a band of cool water is maintained off
the coast through much of the year.



During summer, the relatively warm moist Pacific air transported over the cold water forms an advection fog
which is carried inland when there exists a strong shoreward component of the flow. Heating from below dissipates
the fog bank as it is-carried inland during the late afternoon. The fog then recedes to the coast during the night.

The rarity of cyclone passages, except for the northern coastal region in winter, reduces the incidence of high
winds. Occasionally, tropical storms make their way up the Baja California coast, but their primary effect is a drench-
ing rain rather than damaging winds.

The statistics for S.E. Farallon Isl. help to demonstrate some of the significant features just discussed. During
January, a minimum temperature of freezing or below occurs less than 0.1 percent of the time, while the maximum
temperature exceeds 65° F only 0.1 percent of the time. During July, the temperature range is narrower, with tem-
peratures below 49° F occurring less than 0,1 percent of the time and observations exceeding 65° F occurring 0.4
percent of the time.

Wind speeds exceeding 33 knots occur about 1 percent of the time in January but less than (.1 percent during
July. Fog occurs 31 percent of the time during July, but only 9 percent during January. Thunderstorms are extremely
rare, occurring less than 0.1 percent of the time in July and never in January. The relative humidity is high most of
the time, which is typical for a maritime climate. The relative humidity is greater than 90 percent for approximately
2/3 of the observations in January, but for only 83 percent of the observations in July.

3.3 INFLUENCE OF SEA BREEZE

The topographic features of the California coastal region play an important role in the flow characteristics and
thus in the transport of atmospheric pollutants. This distribution of land, sea, mountains, valleys, and coastal plains
has important local effects on the large-scale flow. During the daytime the land is heated more strongly than the sea,
resulting in the creation of flow from sea to land. A diurnal pattern ensues, with a sea breeze occurring during the
day and a land breeze occurring at night. A similar effect takes place along the slopes of mountains. The differential
heating creates an upslope flow during the day and downslope flow during the night. During the day the differential
heating causes a flow of air from sea to coastal plain or basin and up the slopes of the coastal range. At night the
flow is reversed, down the slopes and toward the sea. This local, diurnal circulation has a modulating effect on the
larger-scale circulation. Thus, a prevailing large-scale onshore flow would be strengthened in the daytime and weak-
ened at night. These effects are indicated by differences in coastal station and offshore 1° summary area wind roses
(Figures 3.36-3.48).

The mean wind speeds during summer were somewhat greater than during winter, with the flow generally
paratle! to the coast during both seasons. Over land, the daytime heating is stronger during summer than winter, pro-
ducing a stronger sea breeze circulation in summer. This was shown for southern California in Reference 3. The mean
streamline pattern for the afternoon (Figure 3.15) shows landward flow across the coastal range. For example, ait
moving inland over the Los Angeles area is transported over the San Gabriel Mountains to the northeast. The onshore
flow can often persist beyond midnight. The offshore flow and downslope winds become organized after midnight
when the land has cooled considerably. The island stations still show flow parallel to the coast (Figure 3.16) but with
a slight component toward land. Thus, the exact position of the average oceanic extent of the land breeze is not
known, but lies somewhere between the coast and about 15 miles offshore. Inland penetration of the sea breeze is
stronger than seaward penetration of the land breeze. The reason lies partly in the fact that the mean flow which is
parallel to the coast brings cold water to the surface, heightening the temperature contrast between land and sea
during the daytime. At night, the coastal Jand areas may be only slightly cooler than the coastal waters, inhibiting
devclopment of the land breeze. Inland, the nocturnal cooling produces a reverse of the daytime mountain-valley
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circulation as the cool air drains into the valleys. Thus, there is downslope flow from the San Gabriel Mountains into
the San Fernando Valley and Los Angeles Basin. Very often, air which is transported north and east of the industrial
areas during the day by a strong sea breeze and upslope circulation remains trapped in the lowlands to the southwest
of the San Gabriel Mountains at night. Photochemical pollutants carried inland in southern California from the
populated areas have affected the forested areas as far as 75 miles inland (Reference 4).

During the winter when the subtropical anticyclone is weakest, the speed of the prevailing flow is reduced.
This leads to a reduction in the upwelling along the coast and thus a reduced cooling at the sea surface. The seasonal
land area cooling with reduction in sea surface cooling considerably weakens the land-sea temperature contrast.
While there is still a marked diurnal variation in the land temperature, the daytime heating does not produce a strong
land-sea temperature difference in winter, and the sea breeze is not fully developed. At night, the strong cooling of
the land leads to a marked land breeze which can extend seaward some distance. The mean flow off the southern
California coast for nighttime shows that the land breeze can extend 12 miles away from the coast. The data are not
plentiful between the islands and the coast, and data from San Clemente and San Nicolas Island yield conflicting
evidence as to seaward extent of the land breeze. Santa Catalina Island, about 25 miles from the coast, reports mean
flow toward land, but San Clemente Island, which is more than twice as far from the coast, possesses mean easterly
(seaward) flow. The wind, however, may be affected by local terrain features. Over land, the valley and canyons
which have outlets to the ocean exhibit air drainage to the sea during the night.

3.4 ADVECTION AND DIFFUSION OF OFFSHORE AIR POLLUTANTS

The southern part of the study region is under the influence of the belt of Pacific subtropical anticyclones
which are more intense during summer. Subsidence associated with the anticyclones produces a temperature inver-
sion in offshore areas generally based at 300-500 ft. (Reference 5). During summer, cold surface water along the coast
increases the atmospheric stability; thus air masses in offshore areas are expected to be more stable than over land
areas, Additional stabilizing of the coastal boundary layer can occur after onset of the sea breeze during the daytime
when a cool marine layer undercuts the warmer air over land (Reference 6 and 7). The general lack of climatological
information about over-water atmospheric stability hinders assessment of diffusion potential for the study region,

A classification of atmospheric stability and measure of the potential for atmospheric diffusion is the Pasquill
Stability Index (Reference 8). Index A (a condition with high potential for mixing) through Index F (a low potential
for mixing) may be related quantitatively to pollutant dispersion.

The relationships between the stability indices and spreading of 2 plume of gaseous pollutant are given in Refer-
ence 9. Estimates of the indices may be made from routinely available meteorological measurements (Reference 10
and Reference 11). The climatological frequency of the stability indices at several of the coastal meteorologicat sta-
tions in the study region are given in Table 3-1.

Index D is associated with a neutrally stable atmosphere, which implies a lapse rate of 1°C per 100 meters.
Table 3.1 shows a higher frequency of these indices at the southern coastal stations than at northern stations,

Stable atmospheric conditions are expected to occur more frequently in offshore areas; therefore in the assess-
ment of diffusion potential in the Pacific Outer Continental Shelf study area, prevailing stable conditions are assumed.

An evaluation of the magnitude of atmospheric diffusion for 2 worst case hypothetical scenario was adopted
to illustrate the potential of a coastal impact from offshore release of air pollutants. Dr. Isaac van der Hoven (affili-
ated with the Air Resources Laboratory of NOAA, Technical Advisor for air pollution analysis) assumned for the worst
case, high volume release of pollutants from a process stack and a flare stack (Reference 6) at a hypothetical release
site 3 miles from shore with a direct oushore breeze. Relative mixing under stable conditions over water is assumed
with a fumigation process on the shore line.
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Table 3.1
Relative Annual Frequency of Pasquill Stability Indexes

Stability Index
A B C b E F
Arcata 0.6 4.4 8.1 60.9 7.5 18.4
San Francisco 0.1 5.3 11.7 55.7 12.7 14.4
Vandenberg AFB 0.7 7.2 1.9 228 26.7 30.7
Pt. Arguello 0.8 4.1 1.0 27.4 20.9 26.3
Pt. Mugu 0.3 6.9 13.6 21.9 20.6 36.7
Imperial Beach 0.4 9.3 148 17.9 222 35.3

Tabular results are percentage of meteorological observations associated with indicated Index {calm winds exciuded).
Index F includes all stabilities greater than E.

X/Q=( /27 u (o, +1/8) ( + 20,))!

X is the pollutant concentration at the receptor, Q is the released volume, u is the wind speed, h is the virtual
stack height (Reference 12), and the vertical and horizontal spreading factors o, and a, respectively, are estimated
for stability conditions E and F. Under varying wind speeds, the relative mixing X/Q is computed on the surface at
the shoreline and these computation results are given in Table 3.2. In consideration of the physical characteristics of
pollutant release from a typical process stack and a flare stack (Reference 6} and ambient winds ranging from 1 to
10 kt, the virtual release heights for the pollutants was calculated to be 118-140 ft. and 106-160 ft. respectively,
under stable conditions. These heights are less than the mean height of the subsidence inversion in summer in the
southern part of the study region (Reference 5). Therefore, the shoreline mixing ratios would be as presented in
Table 3.2. However, lowering of the subsidence inversion may occur and at some time, restrict the virtual height of
the pollutant release, which would produce lower mixing ratios at the shore. Unfortunately, no statistics concerning
the range of height of the subsidence inversion are available. In northemn areas, the restriction of virtual heights may
not occur as often because these inversions are not expected to be as frequent or as intense as those in the southern
areas.

A general approach to air poltution control for multiple sources may be established on the basis of a pollutant
concenirations standard. A common basis is the concentration which is expected to be exceeded less than 1 percent
of the time (Reference 13). Therefore, for the purpose of addressing the 1 percent occurrence, hypothetical trajec-
tories of air pollutants were generated from wind climatology using statistical procedures (Reference 14). The geo-
graphical position of offshore pollutant sources, from which 12-hour trajectories are expected to carry pollutants
onto the coast 1 percent or less of the time, are shown in Figure 3.17. Assuming a stability index F, mixing ratios
of about 1:5 X 1078 — 1:5 X 107 were estimated using the measured distance from shore to hypothetical offshore
release sites and empirically defined plume spreading constants (Reference 9).

Since the two analyses of the air pollution mixing potential presented here address two different scales of
meteorological circulation features, the small potentials are additive. Advection of pollutants over the three mile dis-
tance is probably associated with a sea breeze circulation; the offshore sites associated with 1 percent of advection




Tahle 3.2
Volumetric Mixing Ratios for Offshore
Air Pollutants from Selected Sources

Process Stack Stability Index
Slightly Stable Atmospheric Conditions (E)
*Wind Speed Mixing Ratios
1 1: 7 X 10°
2 1: 3.7 X 10
5 1: 1.6 X i0°®
10 1: 7.9 X 107
Stable Atmospheric Conditions (F)
*Wind Speed Mixing Ratios
1 1: 1.2 X 10°
2 1: 6.4 X 10°
5 1: 2.7 X 10°®
10 1: 1.4 X 108
Flare Stack
Slightly Stable Atmospheric Conditions (E)
*Wind Speed Mixing Ratios
1 1: 65 X 10°®
2 1: 35 X 10°
5 1: 1.6 X 10°©
10 1: 8.4 X 107
Stable Atmospheric Conditions {F)
*Wind Speed Mixing Ratios
1 1: 1.1 X 10°
2 1: 6.1 X 10°
5 1: 2.8 X 10°®
10 1: 1.6 X 10®

*Wind Speed (kts)



scenarios are probably associated with regional scales of meteorological features. Therefore, for planning purposes, a
sea breeze can be assumed to be a daily circulation feature in summer, and mixing potentials (even those associated
with subsidence inversion height of haif of the normal height) are on the order of 1:1 X 1075, In winter and in
northern coastal areas, local sea breeze circulation may not be a daily coastal circulation feature, therefore the worst
pollution case may be a less frequent event than during summer and in southern areas, Without specific information
about local air pollution regulations and location of air pollution release sites, no assessment of the likely viclation
of coastal air poltution regulations can be made.

3.5 APPLICATION OF CORRECTIONS TO OFFSHORE WINDS

Forecasting the movement of airborne or oceanborne pollutants requires, at the very least, an estimate of the
wind over and downwind of the pollution source region. Unfortunately, there are few observations over the open
ocean, so one is forced to rely on nearby coastal or island stations for estimates of the wind. Coastal stations are
affected by local topographic features as well as by the diurnal land-sea breeze circulation; thus reliable estimates
of the flow offshore using coastal winds are not easily obtained. The greater variability of the winds at the coastal
stations compared to the offshore areas is a reflection of local topography and the land-sea breeze effects. This is
especially noticeable in the summertime patterns.

Although the island station wind statistics are expected to be more representative of the surrounding oceanic
area than the coastal stations wind statistics, the wind speeds at the island stations are often less than the speeds
over the water areas. This is a common bias between land stations and shipboard stations, When such systematic
differences are known to exist between island and ocean wind measurements, then adjustments can be made to the
island winds to reflect actual speeds over the ocean. Systematic differences in wind direction are also possible. The
subtropical anticyclone is strong during summer and the lack of migrating storms in the summer is reflected in the
high steadiness values. The nearly constant flow over the open oceans exhibits a curved pattern typical on the east
side of the anticyclone, the flow northwesterly off the northern California coast and northerly off the southern
California coast. Thus there are, in the mean, predictable differences in the directions of the flow from region to
region over the water. There are three reporting island stations off the California coast: S.E. Farallon, San Clemente,
and San Nicolas Islands. S.E. Farrallon and Sen Nicolas were selected to represent the flow off the northern and
southern California coasts, respectively. Mean adjustments to the wind direction and speed were computed for each
1° square area which would give agreement between the 1° squares and the island stations. Maps of these correction
factors for the 1° areas off northern California based on S.E. Farrallon and for the 1° areas off southern California
based on San Nicolas Island are shown in Figures 3.18 through 3.21 for summer and winter.

3.6 SURFACE AIR TRAJECTORIES

The trajectory is computed as follows: a hypothetical source is selected within a 1° square area. The data from
a nearby island station is used and assumed to be applicable to the 1° square area, with approximate adjustment to
its speed and direction as determined by mean differences between the island station and the 1° square area. The dis-
placement for a 3-hour period is computed, and a new starting location is determined for the next 3-hour computa-
tion. In this manner trajectories were computed for 12-hour periods.

Five locations were selected as possible point sources of air pollution. The wind statistics for S.E. Farallon were
found to be most nearly representative of the statistics for the ocean areas off northern California, while San Nicolas
Island data were used to represent the flow characteristics off southern California. Based on the corrections discussed
in Section 3.5, the time series at San Nicolas Island were used to construct climatological trajectories off southern
California, and the time series for S.E. Farallon were used for locations off northern California. The trajecteriss off
the southern California coast for summer and winter display similar characteristics with the main transport to the
sontheast. Isopleths representing the percentage of trajectories (1, 3, and 10 percent) which pass througha 1° x 1°
square area 12 hours after initialization are shown for selected locations (Figures 3.22 and 3.23). The trajectories
for the northern areas reflect the greater variability of the wind with its weaker tendency for northwesterly flow.
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3.7 VISIBILITY ANALYSIS

The production of advection fog off the California coast was described in Section 3.1. During the summer, the
strong flow from the northwest produces the optimum condition for advection fog, with upwelling of cold water
beneath the warm, moist air from the anticyclone, This condition is reflected in the visibility statistics: at S.E.
Farallon, the visibility is less than 2 n. mi. 24 percent of the time in July as compared to 11 percent in January. Most
coastal and island stations reflect the same general behavior, except for southern California when reduction in
visibility below 2 n. mi. shows no preference between summer and winter.

The frequency of visibilities below given threshold values for 1° square areas are shown for representative
winter and summer months (Figures 3.24 and 3.25). During the summer, the frequency of reduced visibility generally
decreases sharply away from the coast, although this trend is not as dramatic off the northern California coast. Reduc-
tion in visibility in southern areas, to less than 2 n. mi. occurs 1 — 2 percent in some areas. The frequency of reduced
visibility is generally higher for coastal and island stations.

During the winter, there does not appear to be a systematic trend away from the coast or with latitude. The
frequency of visibilities below 2 n. mi. is generally 10 — 15 percent off both southern and northern coasts.

For extremely dense fog (visibilities less than 1/2 mile), San Nicolas Island reports greatest frequency for the
periods around sunrise during the summer months.

3.8 EXTREME WIND SPEED ANALYSIS

The more-ordess continuous record of observations from S.E. Farallon yielded a reliable data set from which
to estimate the return period of gale force winds (> 34 knots). The data suggest a higher probability of gale condi-
tions in the winter, a condition expected by the more frequent passage of midlatitude storms. During winter there
is about a 90 percent probability that an occurrence of gale winds will be followed by a similar occurrence within
48 days. For summer this probability drops to about 25 percent. Statistics for Pt. Arguello reveal the same trend
from winter to summer, but with too few occurrences of gales in June and July to compute a reliable return period.
During winter, the probability averages around 75 percent for return periods of less than 48 days.
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Figure 3.1. Monthly Mean Wind Vectors for January
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Figure 3.2. Monthly Mean Wind Vectors for February



p—
6.0 12312 M [§E 7 2.8 3|
- \ 8 } 45
w0, | - i 05
X
0.6 3350 24 loa pa 1.3 4.0
0.6 31|10, 820 {1} ARCATA (2] PT. AREHA
I
06 o1z
=~
7.7 s5.5hs.s 2 2
Jer Tl e ofee  w N
~
T 38 3 54.5 6.5
hY by b {3} 5.E. FARRLLON
a4 r.aat0  Gaki: .oz 6.4 e.slezo s.eliws o4
. SRR T TN TRAdm s L
-~ - - = -~
g | "'mk 6 L L 17 26 s\ 2T
N ~ “ LY )
380 3.8 sofey 5ajsey adlas solsy safses a.6lss.s 7.5l f29
A (1.9 Daline IB{H,E 4157 475[15.5 686qis.7  11[12.2+ &4
- - - - -~ - -~
X6 e e 08 Y] B30 0z 3
- o L. LS
15.7 s.5lz.3 6.alars 7.0lso0 nafses g.afss ssfs: sa)sa es .
15,8 W7[15.0 62515.4 515, 98[14.9  617[14.) 306 160
- =~ -~ - -~ - }
a2 3 320 e na nr 5)318
o LN % N A |G~
36 56.0_ 7.9 9 9.7[sTey, 0.3
83 01
Y ™
35 <]
by b
L5k44 B.0}B.0 T, Z
1.3 163]14.7 160 slinjl s587.8 187
.y 3 85 532 P 2asa.
m me ) 4.6 B.S Ls.z 5.9
d i
340 5.9 8.0)s. abas 9 [9) SAN NIGOLAS I, #(10) SAN CLEMENT
12,9 2a2i]ia. 5.9 98130 1
= ~ Y a0
i 0 n 293@ -~ T
3 LY - n3
S alen 3 7.0 82.9 13.10%6.2 9.9 _aga
4.6 37|1%.2 K] 6.1 21315.0  476[33.2 1
}u ‘\m \al:\s m 329 24 3 N Be 22
{11) TWERIAL BEACH
o ™ “ K h ! hY b A
32 & 970648 9.2)713 .2l Mafms i3.2leo 129 } \
u{ 181 “'il T8[15.2 156[14,5  W43[1k.1 131 200 RN
4 BN
M M2 325 az BT 1)
1 \ b L b} \ A\ - LY *
57.2 7.9872.070.3l67.2 10.3k6.9  9.7|72.B 10,4771 9.1|76.4 11.0079.5 18.1]n.8 7.7j00.8 8.4
(N T T EX L] (E L] EEF D) N ) (L)
Y N ~N R
E] 2 W2 =7 Fo] 327 2 321 N8
0 \ 1 1 L) LY E A §
30 . 580 B.31755 10.080.3 10.6067.6 9.4[79.2 10.3013.7 N.2d8v.9  11.6lec.? 10.4fRis 9.4
ERIE] RS (T (3 ﬂ"'\i EL IS = IR ] L L)
N b N Ry RRL IR
!3{ 3;{ :u‘l 33 zsi m:‘ 325 E)
b ! X A .
| 70.2 020715 . 7kez.S 7.slr.s u.tjee.s 32.60%6.7  7.9fee. 12.0'86.9 10,8151 lz.s
MEAN WIND VECTORS .8, #[12.9  B|iz.6  B[13.0 A0 a1,z 60 TI8]12.5 GIT]IT.8 '\ 40
. Y h Y | Y N S R Y Y
7 55 159 N 25 EE 326 a3 318
280 o s ol oY gl sslon Vder olies Seles s mebes |
| — 7891520 B.0)75.4  9.5lea n.rs.: 9.2082.1 9.2]86.7 vo,4la7.2 10.9076.3 6.0
R =0 Y L
0B <000/ ! WY TRY T
—
1 | /
Gk =20 CTOR MEAH WIND
SPEED [KTS)
ZGON 0. OF DRSERVATY
- STEABINESS (%)
DIN. OF WIND VECTOR (DEG}
SCALAR MEAN WIND SPEED {XTS)

' 130 128° 126° 124° 122° 120° 118° 116°

Figure 3.3. Monthly Mean Wind Vectors for March
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Figure 3.4. Monthly Mean Wind Vectors for April
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Figure 3.5. Monthly Mean Wind Vectors for May

3-14




420 E————
12.6 l02[1s.0 92159 5.7 4l 59

[ENIIELY] L] B z.0. Z
- A -~ 9 y 4
3 344 ay Jl‘r 34e 2 kL] 153

Al A 1

§e.3 a.3ler.0 To.8fz6.1 1200749 12.5027.8 13.0f82.8 1.1 (84,4 2.8 .2 8.5

4.7 604]35.7 2:8|15.6 146fle.T  BI[i7.7 lsnlla._!'q 727 (1) aRcama [2) PT. BREWA

AR N N b y E’
e 334 38 3 i Jl:

40° N 3 h N ! W o T
0 720 0.8]23.0 10,1582 z.2[iry 22 e 1e_2lis.7 0.9 Ry N
1i.C 24B[15.¢  18I[18.7 7.0 Zaia.0 ZHpT3 smha_.{ 62 e 282 al
335 338 m 341 138 m i} P67 n.g] 718 4.5 )
A b b} 1 y LY {~ 137 5.E. FARALLOY 14} MONTERLY
7.4 a.977.3 N.slso.o 12.708s.9 14,6sr.2 15.7]88.8 15. 1.8
T35 375[18.3  TA|TS.6 EsE|Te zmh_l—r.z T (17,3 63|13 62 L
N N A A A ez 75 2
L] S L0 33 M 120 _,_*_u:z" 520, y ne
b LY 4 4 2627 3111
380 2.2 10,1027 ] g7 6 6.2 89.6_11.2]
BV B -2 B {5} F1, GAD (6) PT, ARBUELLQ

125
7.4 15.2
. 6.0 352 [T 108 ] 56 7
K 76
r
\ 27 325 326 314 P
1 ] ) Y L\ LU \
360 72.3 10.8ls2.9 12.6le0 13.6fss e 140386 14.7an.1 3a.1]me0 3skesio 13.50850,03.2 la7.1_s.4) 389 3.3
4.5 535[15.6 739[15.0 276155 VI3[16.4 18I[16.1  26i]in7  WE|A.z  SH7[14,0 NET6 [7} VANDENBURG (&) PT. WG
M v N N N A A \
33 7 1 LT FE 334 322 325 Ey
.. A \ h) L p By I
g2l L9l as6 1320853 1z.el38.4 13.7099.0 da.7fer.6 k91,7 1a.4fer.y 1241e7.) 122 g e
b N . 2 T . . o R 637 5.8 1 8.8 2
5.7 1aa[19.6 103|155 1|19 136[15.3 167|16.5 195|15.0 281[ra.& 678 al 2 m\ .
15 35 ) 6 m ) m g Zmaie 229 9.8 a7 5.1
0 Y A M A \ Y . 7 {9} SAX NICOLAS 1. g (10) SAN EUGHNTE ©.
34 116 12,40 32.6 11.90e7.1 12.5)86.3 12.8)90.2 12.8]52.1 1s.2feno 1n.2fea.s 12.9Jas9 M.alivs 4.5¥I3 e
18,6 168[15.2  130[1s.8 155[16.1 133|15.0 2BI|1s.6 3eefiw.s 4aif1a.7  S6I|in.8  1[B.¢ 26,7 ?
\" \{ N \k 5% r1¥] 4%
150 Mg w 33 328 325 320 m A.zns@
Al A ! | y \ \ .
322 22 7L 86 2 13 1f9n.5 13.4]e9.4 vi.alna.0 13.2]ez.4 si‘?n.s 13.5089.8 13.2]83.2 6.9
wacemhas  hse nefes s 1e7fis.y 1aa)r anfizae a2
A N EU I G K
3“8 :.i 33{ 314 7 ) 15 .0
S
320 379 12.4] 34,5 12296 13.5
) . 1824148 154
N
34‘1 e B 3 327
8.5 12.9|89.7 s.0f9z.6 13.7]94.3 333
13.5 120[13.3 103136 99 \3& 0| 1.6 433[10.% 0!
M N N R R
E w Mg 29 ns 316
o] | hY -\ b
30 92.6_1z.6[92.4 12.2 91.4 10.6]92.7 1001
2.6 93125 74 Wy ez
N
50 138 351
Y
. 91.3 1.5
MEAN WIND VECIORS .8 53 .7 &27|il.5 905
1 121
o LECEND A} X 5
28 7.5 10.5pp27 t0.fos stalses 11afere 109
- STLADINESS: s
; [X] 0.5 S|1.7. S[11.0 EE1.9
Iypcton sant N N
ISCALRR MEAN] =610 X
INLCT08 Mt — "
| 2.0 <i5caaq wgan) < 67,0 /
FYLCTOR_MERN nag
i <330
IScATRE, 33 7 VECTOR MEAN RIND
o SPEED (K15} 1
26N} _ b 0.8 9.5j85.5 10.2]90.2_ 1.0
DIR, OF ¥IKD VECTOR (DEG) RN (T
CALAR MEAX WIND SPEED {KTS} 343 33 35 3
by LY
| i 1 | | | 3.0 \ a.9)a3.2 Ya.alers Tuo9feaz tpafaiz 322054 viladss.s 0t
—
0 [¢] o 0 0 o] o] 0
1307W 128 126 124 122 120 118 116

Figure 3.6, Monthly Mean Wind Vectors for June
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Figure 3.7. Monthly Mean Wind Vectors for July
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Figure 3.8. Monthly Mean Wind Vectors for August
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Figure 3.9. Monthly Mean Wind Vectors for September
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Figure 3.10. Monthly Mean Wind Vectors for October
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Figure 3.11. Monthly Mean Wind Vectors for November-
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Figure 3.12. Monthly Mean Wind Vectors for December
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Figure 3.13. Resultant Surface Wind Stress Vectors for February
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Figure 3.14. Resuitant Surface Wind Stress Vectors for August
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Figure 3.16. Streamline Chart for Southern California for July, 0000-0500 PST (after DeMarrais, Holzworth, and Hosler, 1965)
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WIND ROSES

Detailed information can be obtained from frequency tables of wind direction or wind speed plotted in the
form of wind roses. Wind roses for the midseason months (January, April, July, and October) were constructed for
selected coastal and island stations (Figures 3.27—3.32). A selection of representative offshore 1° square area wind
roses appear in Figures 3.33—3.39,

The numbers along the horizontal bar of the wind rose are the percentages of all winds in the following speed
(kts) categories: 4-6, 7-10, 11-16, 17-21, 22-27, 28-33, 3440, 41-47, and > 47 knots. The length of the bar repre-
sents 100% minus the percentage in the 0-3 kt category. The numbers at the end of the direction bars are the per-
centages of winds from that direction.

9 categories of speed
PERCENTAGE OF WINDS
0-3 kis IN CATEGORY 1(0 - 3kts).
4-6 kts
7-10 kts
11-16 kts
1721 kts
22-27 kts
28-33 kis
34-40 kts 358
41-47 kts
> 47 kts

06

TOTAL NO.
OF OBSERVATIONS

Figure 3.26. Wind Roses
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Figure 3.27. Coastal Station Wind Roses — Imperial Beach
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Figure 3.27. Coastal Station Wind Roses — Imperial Beach (cont’d)}
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Figure 3.28. Coastal Station Wind Roses - San Nicolas Island
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Figure 3.28. Coastal Statioﬂ Wind Roses — San Nicolas Island (cont’d)

3-39



M

21

(a) January

1z 29

Figure 3.29. Coastal Station Wind Roses — San Clemente
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Figure 3.29. Coastal Station Wind Roses — San Clemente (cont’d)
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Figure 3.30. Coastal Station Wind Roses — Arcata
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Figure 3.30. Coastal Station Wind Roses — Arcata (cont’d)
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Figure 3.31. Coastal Station Wind Roses — S.E. Farallon Istand
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Figure 3.31. Coastal Station Wind Roses — S.E. Farallon Island (cont’d)
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Figure 3.32. Coastal Station Wind Roses — Point Arena
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Figure 3.32. Coastal Station Wind Roses — Point Arena (cont’d)
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Figure 3.32. Coastal Station Wind Roses — Point Arena (cont’d)
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Figure 3.33. Marine Area Wind Roses — MSQ 5717
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Figure 3.33. Marine Area Wind Roses — MSQ 5717 {cont’d)
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Figure 3.34. Marine Area Wind Roses — MSQ 2195
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Figure 3.34. Marine Area Wind Roses — MSQ 2195 (cont’d)
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Figure 3.35. Marine Area Wind Roses — MSQ 2174
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Figure 3.35. Marine Area Wind Roses — MSQ 2174 (cont’d)
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Figure 3.36. Marine Area Wind Roses — MS(Q 2153
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Figure 3.36. Marine Area Wind Roses — MSQ 2153 {cont’d)
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Figure 3.37. Marine Area Wind Roses — MSQ 2142
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Figure 3.37. Marine Area Wind Roses — MSQ 2142 (cont’d)
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Figure 3.38. Marine Area Wind Roses — MSQ 2131

3-59



I

17 %

(c) July

M
N
1
o 15 : [
20 21 L =
7 : B T ey il
(d) October

Figure 3.38. Marine Area Wind Roses — MSQ 2131 (cont’d)
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Figure 3.39. Marine Area Wind Roses — MSQ 2120
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Figure 3.39. Marine Area Wind Roses — MSQ 2120 (cont’d)
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4. OCEAN CURRENTS

G. Halliwell, R.G. Williams, K. Vierrg
and C.N.K. Mooers

4.1 GENERAL DESCRIPTION OF THE REGIONAL CIRCULATION

The California Current system is driven primarily by the wind stress patterns over the North Pacific Ocean. The
California Current system variability is controlled primarily by interactions between the subtropical high pressure
cell over the North Pacific Ocean and the atmospheric thermal low located over California/Nevada. The wind field
produces southward oceanic flow in spring and summer in response to southward-directed wind stress. Associated
Ekman transport results in a circulation away from the coast in the near-surface layers, with concomitant upwelling
of cold, salty water from below.

In late fall and early winter, northerly winds weaken and winds are at times from the southwest. This wind
regime produces a northward flow along the coast, called a Davidsen Current-tReferencé 1). Offshore, the mean flow
continues southward. The onset of this period is often rapid, accompanied by a rise in surface temperature and a
deepened mixed layer {References 2 and 3). The end of the Davidson Current period and the onset of upwelling can
also occur suddenly (Reference 4),

Along the coast, an undercurrent flows northward at depths below 200 m. When upwelling weakens or ceases,
the core of the undercurrent propagates upward toward the surface, occasionally allowing northward flow to reach
the surface (Reference 5). When southward winds relax along the coast during fall, the undercurrent surfaces to form
the Davidson Current.

In the Southern California Bight, a cyclonic eddy is often found, which includes a countercurrent along the
coast and a split in flow at Point Conception, where one branch flows southwest joining with the California Current

to form the western part of the eddy, and one branch flows northward along the coast as a narrow countercurrent.

There is much variation in nomenclature in the literature for these flows, In her comprehensive monograph on
the California Current system, Hickey (Reference 6) defines the constituents of the system as follows:

® The California Current—The equatorward flow of water off the coast

® The California Undercurrent—A subsurface northward flow that occurs below the main pycnocline
and seaward of the continental shelf ‘

® The Davidson Current—A northward flowing nearshore current associated with winter wind patterns
north of Point Conception

® The Southemn California Countercurrent (also called the Southern California Eddy)—A northward
flow in the Southern California Bight south of Point Conception and inshore of the Channel Islands
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4.1.1 The California Current

The California Current is a wide, sluggish body of water characterized by relatively low temperature and salinity.
It is about 600-1000 km in width, and 100-500 m deep (Reference 7). Estimates of the transport are on the order of
10-12 x 10% m3/sec, (References 5, 8, and 9). The mean speed is about 12.5-25 cm/sec, although speeds as high as
50 cm/sec have been observed, primarily within eddies or meanders (Reference 10). Peak velocities in the current
oceur in summer, following several months of persistent northwesterly winds (Reference 10). In spring, the current
moves closer to the coast, resulting in the disappearance of the Davidson Current, and sometimes even the counter-
current (Reference 11).

In winter, the California Current moves farther offshore, as the Davidson Current develops along the coast.
The flow in the California Current is not uniform, but rather is characterized by streaks of relatively high velocity
interspersing very slowly moving water. For example, off Cape Mendocino, two southward flows are formed: one
about 125 km off the coast during February through October; the second, a broader flow located about 475 km off-
shore from February through September, when it is strongest (Reference 6). This offshore flow tends to merge with
the inshore flow in winter, Off Point Conception, a southward nearshore maximum is found during April and May.
Hickey (Reference 6) has presented numerous cross sections of flow perpendicular to the coast which document these
streaks from Cape San Lazaro to Washington, .

4,1,2 The California Undercurrent

The California Undercurrent flows inshore the California Current northward along the continental slope. This
current is not often continuous along the entire California Coast, but is particularly well developed in summer, with
a width of 40-50 km (Reference 3). Mean speeds are low, on the order of 5-10 cm/sec (Reference 10). The Under-
current region is characterized by high temperature and salinity, since it is a northward movement of equatorial
water (Reference 12).

Wooster and Jones (Reference 13) observed the Undercurrent off Baja California and noted that it could be
distinguished from surrounding water by a high salinity maximum (34.3 ppt). Farther north, the high salinity core
thinned to a narrow band just seaward of the 200 m isobath. Wickham (Reference 14) determined that off Monterey,
streaks of equatorial water (the undercurrent) occur between 200 and 500 m, interspersed with California Current
water (Figure 4.1) which may have speeds as high as 20-40 cm/sec.

4.1.3 The Davidson Current

The Davidson Current is probably the surface expression of the Undercurrent north of Point Conception. The
Davidson Current is found off California from mid-November to mid-February, when southerly winds occur along
the coast (Reference 15). During the period of persistent northwesterly winds in spring and summer, northward flow
is usvally confined to deep water over the continental shelf, continental slope, and farther offshore. Most of the evi-
dence for this current comes from drift bottle data, as geostrophic currents are difficult to calculate nearshore,
Schwartzlose and Reid (Reference 10) found that the Davidson Current attained speeds as high as 15-30 cm/sec.
These drift bottle studies revealed that the Davidson Current is usually a continuous feature along the West Coast of
the United States in winter, not merely a succession of eddies. Off Point Conception, the Davidson Current has a
width of about 80 km and widens to the north (Reference 16). Burt (Reference 29) showed evidence for the exis-
tence of the Davidson Current off Oregon during October through March.
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4.1.4 Southern California Countercurrent/Southern California Eddy

The Southern California Countercurrent is the inshore part of a large semipermanent eddy which rotates cyclon-
fcally in the Southern California Bight south of Point Conception. The eddy is formed as the Countercurrent diverges
at Point Conception, with flows moving toward the north and to the southwest. Geostrophic current estimates indi-
cate that the Countercurrent occurs in all seasons, although it appears best developed in winter (Reference 17). Geo-
strophic speeds in the Countercurrent were determined to be on the order of 12-18 cm/fsec (Reference 18). One in-
vestigator (Reference 19) found the eddy to occur during all months except March through May. Velocity maxima
in the Countercurrent during winter as high as 35 to 40 cm/sec have been observed (Reference 17). Another investi-
gator (Reference 8) estimated the half-rotation time of the eddy to be 10 to 20 days. Tsuchiya (Reference 20) has
noted that the circulation in this region is more complex than anywhere else off California. He notes that inshore
of a line connecting Point Conception and Cortes Bank, the flow is northerly; to the west it is southerly. This line,
then, roughly delineates the center of the eddy. Shoreward of the Countercurrent, southeastward flow is often
present (Reference 20). However, Tsuchiya notes the following complications in the flow pattern:

® The large eddy contains smaller eddies of varying scale (Reference 19).

e The California Current moves inshore in April and May, often eliminating the Countercurrent. In other
months, the Countercurrent may increase in intensity and displace the California Current offshore.

4.1.5 Current Variability

Most of the energy in oceanic motions is not contained in the mean flow, but rather in the transient features,
such as eddies, meanders, tidal currents, inertia currents, etc. (References 21 and 22). This sitvation is also true in
the California current region. As early as 1942, Sverdrup (Reference 5) noted that *...in the California Current...no
high velocities are encountered except within local eddies.” Within the high temperature tongues, flow is northward;
within the low temperature tongues, flow is southward. Zones of upwelling along the coast are evident from very
low sea surface temperature separated by higher temperature regions (References 5 and 28). This cold, upwelled
water was believed to rise from a depth of not more than 200 m, at a rate of about 20 m a month (Reference 23).

Griggs (Reference 24) noted that eddies are capable of dominating the coastal circulation pattern, regardless
of wind stress. Several investigators found through analysis of CALCOFI data that eddies are common features off
the California coast. Wilkinson (Reference 26) studied a number of eddies, six of which were located off California.
Of these six eddies, two were anticyclonic, and four were cyclonic. Dynamic height differences across the eddies
were less than five dynfcm. Wilkinson believed these eddies originated from instabilities in the mean current because
they persisted for several months. The westward propagation of eddies off California has been verified in Reference
27 by analysis of fluctuations in the depths of isotherms, and Reid et al. (Reference 25) attributed much of the
lateral mixing off California to eddies.

In the subsequent paragraphs of this section, the mean circulation will be analyzed by means of maps of dynam-
ic topography, ship drift, analysis of drift bottle returns, and a few direct measurements of current. Current varia-
bility will be studied by analysis of current meter records, wind and sea level records, and by surface temperature
patterns observed from satellites, aircraft, and regular ship measurements. For purposes of this study, we use the fol-
lowing terminology for current variability, adapted from Reference 21.
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Descriptive Term Time Scale Example

Sub-Synoptic Months Seasonal Variations
Synoptic 2—30 days Eddies, meanders
Mesoscale Hours—a few days Tides, interia currents

4.2 MEAN SURFACE CIRCULATION AND SPATIAL VARIABILITY
4.2.1 Mean Geostrophic Surface Circulation

Maps of monthly mean dynamic topography, from which the geostrophic flow is inferred, are presented and
analyzed in this section. The maps were contoured by hand from 1/2° square averages to the dynamic depth anom-
aly relative to the 500 dbar surface. Although monthly charts of dynamic topography have been produced in the
CALCOFI Atlas No. 4 (References 11 and 6), the importance of the circulation to the present study indicated the
need for a new set based on all available archive observations. The maps are presented as Flgures 4.2 th:ough 4.13.
Although the maps cover the area from 25°N to 49°N, the discussion will focus on the area off the California coast
and northern Baja California.

The January map (Figure 4.2) indicates geostrophic flow to the southeast, generally parallel to the coast off
California with speeds on the order of 5-10 ¢m/sec, 200 km from the coast. Off Oregon and Washington, the flow has
a component toward the coast. There are indications of northward flow along the coast north of San Diego and south-
west of Cape Mendocino and divergence in the flow off Cape Mendocino; one branch moving southward, at about
126-128°W, and one branch moving northward north of 41°N. Very low current speeds, less than 5 cm/sec toward
the southeast, are indicated to the south of San Diego. The February (Figure 4.3) dynamic topography is similar.

In March (Figure 4.4), generally southeast flow prevails off California, with very weak currents north of 42°N,
parallel to the coast. Southward flow along the coast is indicated at all locations south of Cape Mendocino. A veloc-
ity streak of about 20 cm/sec occurs in the southeastward flow at the shelfbreak southwest of Cape Mendocino. At
39°N at the shelfbreak, the flow meanders seaward. Again, streaks in speed of about 20 cm/sec occur about 150 km
southwest of Los Angeles and off Baja California at 31°N. There are indications of an eddy in this region, as well as
a rotation of the flow to the northwest north of Punta Eugenia. The California Current seems to be closer inshore
than in the previous two months (Reference 6).

In April (Figure 4.5), very slow eastward flow is indicated north of 43°N. There is a large meander south of
Cape Mendocino which begins at the shelfbreak and extends seaward to 128°W, with speeds as high as 15 cm/sec.
Generally, southeast flow is found south of this meander. Speeds as high as 15 em/sec occur 150 km southwest of
Los Angeles. There is an indication of northward flow between San Diego and Los Angeles. Meandering occurs off
Baija California at 30°N with a wavelike pattern of flow on the order of 5-10 cm/sec toward the southeast off Punta
Eugenia. Similar flow patterns are indicated during May, June and July (Figures 4.6—4.8).

In August (Figure 4.9), the distribution of the observations north of San Francisco is poor, making inference
of details of the flow difficult. The pattern of meanders observed in the previous two months is generally smoother.
The flow turns sharply toward the east at 31°N, 120°W. A meander appears northwest of Punta Eugenia. There is
no evidence in August of the presence of the Southern California Eddy,
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In September (Figure 4.10), meanders occur off Cape Blanco, Cape Mendocino, and San Francisco. There is a
strong turning of the current eastward at about 32°N, 120°W, indicating the presence of the Southern California Eddy.
An anticyclonic eddy is found southwest of northern Baja, at about 29.5°N, 118°W with velocities on the order of
5-15 cmyfsec. There is a streak in velocity at 15 cm/sec seaward of the shelfbreak southwest of Cape Mendocino.

In Qctober (Figure 4.11), low velocities are found inshore of the shelfbreak. Streaks in velocity, on the order
of 20 cm/sec occur about 400 km seaward of Monterey. There is a strong rotation at 31°N, 120°W to form the lower
branch of the Southern California Eddy. There is an indication of an eddy off Punta Eugenia at 27°N, 116°W.

In November (Figure 4.12), weak flow is found inshore of about 250 km off the coast. The distribution of ob-
servations is poor north of San PFrancisco, resulting in great uncertainty in the current field (Figure 2.3). A velocity
streak of about 15-20 cm/fsec occurs about 300 km off the coast between San Francisco and Los Angeles. There is a
turning to the east at 32°N, 120°W, to form the Southern California Eddy. A meander is found off Baja at about
20°N.

In December (Figure 4.13), the distribution of observations is again poor, Indications of northward flow are
found all along the coast from northern Baja California to Washington. The flow is northward around Point Concep-
tion, with return southward flow offshore a line from Point Conception to the Channel Islands. The general mean
flow further offshore is to the southeast at about 5 cm/sec. There is a turn in flow from southeast to east to northeast
at about 32°N, 122°W.

4.2.2 Surface Currents from Ship Drift

The monthly distribution of ship drift observations is very uneven with large areas containing no observations.
Current deduced from ship drift for areas with small numbers of observations (less than 30) are suspect, because this
method depends on the cancellation of periodic variations from tide by averages of observations. Monthly current
maps are presented in_ Figures 4.14 through 4.21, although greater statistical stability would be attainable with
seasonal summaries. The variability in the currents observed from the ship drift data is discussed in Section 4.9.2.

In Januvary (Figure 4.14), northward flow prevails along the coast north of Cape Blanco, Generally southward
flow is found south of 39°N, Low speeds are found on the order of 0.1-2 kts (5-10 cm/sec) in agreement with the
magnitude of the geostrophic currents calculated from the dynamic topography. The highest observed speed is 0.63
kts (32.5 cm/sec). The flow is generally to the south-southeast, or perhaps 20° to the right of the mean winds and
also the geostrophic current, which both tend to parallel the coastline. Other similarities with the geostrophic flow
(Figure 4.2) are the eastward flow above 32°N, and the northwestward flow from Los Angeles to Point Conception,
forming the Southern Califomia Eddy. The southward flow off San Diego to Punta Eugenia and south appears more
nearly parallel to the coast than the geostrophic current (Figure 4.2). A similar flow is found in February.

In March (Figure 4.15), southward flow occurs along the coast south of 46°N. The flow off Cape Mendocino
is highly variable. There is generally southerly flow south of 38°N, with velocities on the order of a 0.1 kt (5 cm/sec)
with a few speeds as high as 15 cm/sec. Again the general flow pattern consists of southerly currents, which may be
an indication of deflection of the basic geostrophic flow to the right by the mean winds. Southeasterly flow is found
in the Southern California Bight in agreement with the dynamic topography chart (Figure 4.4); the highest observed
speed in the Bight is 0.26 kts (13 cm/sec). Southeasterly flow is found off Baja California. The southern California
Eddy is not evident, in agreement with Hickey (Reference 6). '
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In April (Figure 4.16), southerly flow occurs along the coast south of 48°N. There is high variability in the
flow off Cape Mendocino indicating the divergence in current west of 128°W. Generally southerly flow is found
south of 39°N. There is no correlation with the meander observed on the dynamic topographic chart (Figure 4.5)
southwest of Cape Mendocino. Currents are fairly uniform to the southeast in the Southemn California Bight, and
off Baja California. The highest observed speed in this region is 0.41 kis (21 em/sec) off Punta Eugenia. Again, there
is no indication of the Southern Califomia Eddy, indicating that the California Current has moved inshore. Similar
flows are found during May, June and July,

In August (Figure 4.17), the flow near the coast is approximately parallel to the shoreline from 28°N to Point
Conception. Seaward of 122°W, the flow is generally to the south-southwest. Speeds as high as 0.71 kt (36 cm/sec)
are found, but the more typical speeds are on the order of 0.2 kt of 10 cm/sec. Northward flow occurs off Los
Angeles; seaward flow occurs off Point Conception and also off Punta Eugenia, probably indicative of upwelling.

In September (Figure 4.18), the current is again southward very near the coast north of Point Conception.
Between 38°N and 41°N, the offshore flow has a westerly component; south of 36°N, the flow is more southerly.
Indications of the Southern California Eddy are present. The flow is again offshore at Point Conception and Punta
Eugenia, indicating possible upwelling. Off Baja California, the current is weaker than in previous months, and in
some cases, is flowing northward, the reverse of the flow observed in January through August.

In October (Figure 4.19), the southward flow along the coast is weakened; in fact, northward flow occurs
north of Cape Blanco indicating the possible onset of the Davidson Current. Off Cape Mendocino, the flow is again
highly variable. South of 38°N, the current is more easterly than in the summer (upwelling) months indicating a geo-
strophic trend (relaxing of the winds). The Southern California Eddy appears well developed. Currents are very weak
south of Punta Eugenia.

In November (Figure 4.20), northward flow is evident along the coast at most locations from San Diego to
Washington. This direction of flow indicates the development of the Countercurrent and Davidson Currents. The cir-
culation beyond the continental slope is still primarily toward the south.southeast. The Southern California Eddy
appears well developed but with very low speeds on the order of 0.5 kt or 5 cm/sec. Southward flow prevails from
31°N to Punta Eugenia. A cyclonic eddy is found south of Punta Bugenia,

In December (Figure 4.21), northward flow along the coast is prevalent at most locations north of Point Con-
ception (the Davidson Current). The flow off Cape Mendocino is highly variable, The general offshore circulation
pattern west of 123°W shows a much more easterly set than in previous months, probably indicating that, with
weakening mean wind stress, the flow is approaching geostrophic, Speeds range between 0.02 and 0,32 kts (1-15
cmyfsec). The Southern California Eddy is evident; southward flow prevails from 32°N to Punta Eugenia. Evidence
of a cyclonic eddy persists south of Punta Eugenia. ’

4.3 MEAN CIRCULATION PATTERNS DEDUCED FROM SURFACE DRIFTERS

Drifter releases from several studies were used to determine mean alongshelf circulation patterns. The drifter
trajectories (lines connecting the release point with the recovery point) were taken from figures within the publica-
tions of several studies (‘Table 4.1y and combined on monthly charts. Surface drifter trajectories were drawn by solid
lines, and bottom drifter trajectories by dotted lines. Most drifters released were surface drifters. The charts showed
the expected seasonal cycle in mean current patterns. In winter, most drifters released within 2° Jongitude of the
coast traveled poleward off Washington and Oregon. Most of the few releases off Baja California traveled equator-
ward. The spring transition, or the transition from poleward to equatorward near-surface alongshelf flow over the
shelf and slope, typically occurs around January or February in the Southern California Bight, Section 4.6. By March
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Table 4.1
Summary of Drifter Studies Conducted off the West Coast

Number of
Time Number of Releases/ Number MNumber  Percentage
Study Type Location Period Stations Station Released Recovered Recovered Comments
Wyatt, B., Drift Oregon 1961 to - 21,285 2,937 13.8%  Drift bottles releases were
etal, (1972) Bottles 1971 made during 80 out of the
120 months of the period.
Squire, Seabed Monterey Bay 5/25/62 {25) {5) {115) {9) {7.8%) There were 125 seabed
J. L. {1969) Drifters 2/15/63 {24) {-) {120) (6) (15.0%) drifters in the first deploy-
49 Total 245 15 11.4%  ment in May, but seven
were damaged when drop-
ped from the aircraft.
Burt, W.V., Drift Oregon 6/58 1o - 6,207 803 12.9%  The study area was 0 to 45
and B, Wyatt, Bottles 5/61 miles offshore Northern
(1984) and Central Oregon, but
beginning 6/60to 5/61 the
area consisted of the entire
Oregon Coast. 70.5 of the
returns came from within
40 miles of shore.
Schwartzlose, Surface Entire 10/54 1o -— 12 52,6560 2,439 4.6%  Only examples of results
R. 8. (1963) Drift West Coast - 6/60 are shown by this study
Bottles {Table 1),
Sauire, Surface Southern & 3/64 to - 10 8,320 377 4,5%  Drops were made every 3
J. L. (1969) Drift Central 2/66 5.7% South- months from March 1964
Cards California ern Area to February 1965 and
3.5% Cen- monthly drops from
tral Area  March 1965 to February

1966.
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Table 4.1 (Continued)

Number of
Time Number of Releases/ Number Number Percentage
Study Type Location Period Stations Station Released Recovered Recovered Comments
Ingraham, Surface  Vancouver 4/64 21 12 1,104 226 20.5%  Ontheaverage 276 drifters
W.J., Jr. and Drift Island & 7/64 (Varied from period were dropped per period.
J.R. Hastings  Bottles Washington 11/64 to period}
{1976) 11/65
Griggs, Seabed & Pt. Ano Nuevo 11/71 to 36 10 4,500 1,306 29% The values for the number
G. B. Surface to 4/73 (5 Surface 34.3% Sur- of stations and number of
(1974) Drifters Pt. Cypress {monthly & 5 Seabed) face releases/station were cited
drops) 23.0% Sea- in the text but differ from
bed that cited for the stations.
Blankovich, Olson-  Monterey Bay 9/71 to 20-33 5-20 5478 1,263 22.9%  42% of the recoveries were
D.D. {1973) Type 4/73 (Varied from month from releases that were de-
Drift {monthly to month) ploved greater than 2 miles
Cards drops) offshore, and 58% were
within 2 miles,
Schwartzlose, Surface California 12/69 - - This study did not include
R.A.and J.L.  Drift Coast & 1/69 statistics about the drift
Reid, Jr. Bottles  Baja, 4/69 bottle releases.
{1972) California




(Figure 4.22), virtually ali trajectories were equatorward, Drifters released in April (Figure 4.23) traveled both equa-
torward and poleward off Washington and Oregon, indicating that reversals in the average equatorward flow were
important. Summer period trajectories are illustrated by the July drift (Figure 4.24). During November (Figure
4.25), poleward flow prevailed. The long trajectories (many hundreds of kilometers) of some drifters indicated that
the Davidson Current may at times be continuous alongshelf for at least hundreds of kilometers.

Nearshore and short-trajectory releases off Southern California traveled poleward in January (Figure 4.26),
with those released farther offshore traveling equatorward in the California Current, This pattern supports the pres-
ence of the Southern California Eddy, with the poleward-flowing Southern California Countercurrent located in-
shore of the equatorward-flowing California Current. In February (Figure 4.27) through May, almost all drifters
traveled equatorward; a period when the Southern California Eddy was weakest. The transition from poleward to
equatorward flow occurs earlier in the Southern California Bight than off Central and Northern California, occurring
in late January and February in the Bight, and in late March off Central and Northern California, Section 4.6. In
June (Figure 4.28), some drifters released to the south of the Channel kslands moved straight inshore or inshore
and poleward. Most nearshore releases traveled equatorward. In November (Figure 4.29), most releases traveled pole-
ward, while in December (Figure 4.30), some traveled poleward and some equatorward, indicating that reversals of
the poleward flow inshore of the California Current can be important.

4.4 SUBSURFACE GEOSTROPHIC FLOW

Flow at subsurface levels hasbeen principally determined from hydrographic observations using the geostrophic
approximation. A few direct measurements have been made in the region of the California Undercurrent.

In this study, subsurface flow was examined by analysis of 1/2° square averages of all available archive data on
dynamic height at the 200 m level referred to the 500 dbar level, Because of the small number of available observa-
tions, especially in northern California, seasonal averages have been used for the seasons similar to those defined in
Reference 3:

Winter, or “Davidson Current Period” — December and January
Spring or *“Upwelling Period”” — May, June and July
Fall or “Oceanic Period” — September and October

In the winter period (Figure 4.31), geostrophic velocities are very low at the 200 m level, generally less than
5 cm/sec and, more typically, 1-2 cm/sec. Northward flow appears all along the coast from Baja California to Wash-
ington. A trough line in the dynamic topography is indicated which separates the northward flow of equatorial water
from the southward flow of subarctic water of the California Current (Figure 4.32).

In the late spring-early summer period, during peak upwelling, geostrophic speeds are generally higher south
of Point Conception, of the order 5-7 cm/sec, in agreement with Reference 6. North of Point Conception, the flow
tends to be broken up into eddies; overall, the northward transport appears less in summer than in winter, also indi-
cated in Reference 6. The trough line is further inshore, indicating the California Current has moved inshore, thus
constraining the Countercurrent system closer to the coast. Eddy-like features in the flow appear north of Cape
Mendocino.

In the fall (Figure 4.33), speeds appear slightly less than in the peak upwelling season. The trough line lies
further offshore, indicating a seaward movement of the axis of the California Current. Flow to the north of San
Francisco appears broken up into a number of incoherent eddies. A large cyclonic eddy of very low velocities
appears to be located off Cape Blanco at about 42°N, 127°W.
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It should be emphasized that we have presented the seasonal average geostrophic flow. The currents at any
given time may be quite different, as can be seen in Figure 4.34 (Reference 11), which shows geostrophic flow cal-
culated from CALCOFI cruise 4905 (April-May, 1949). In this situation, the flow in the Southern Catifornia Bight
exhibits a small anticyclonic eddy off San Diego, and general southeastward flow. Details in the subsurface flow in
the Southern California Bight have recently been examined in Reference 20.

4.5 MEAN CURRENTS DETERMINED FROM DIRECT CURRENT MEASUREMENTS

NAVOCEANO current meter arrays were deployed near the shelfbreak northwest of the Farallon Islands at
depths less than 200 m during 1970 and 1971; the depth-time distribution of the mean vectors from these meters,
along with semimonthly averaged wind stress from the Farallon Islands, is presented in Figure 4.35.

The mean current vectors showed, in general, the expected annual cycle of mean alongshelf current speed,
Figure 4.35. (Information on the data records of each meter are discussed in Section 2.2.3)

4.6 MEAN CIRCULATION INFERRED FROM ALONGSHELF WIND STRESS, SEA LEVEL
PRESSURE, AND COASTAL SEA LEVEL

Time series of alongshelf wind stress, sea level pressure, and coastal sea level for 1970 through 1978 were 15-
day low pass filtered, then subsampled to an interval of seven days, These time series (Figures 4.36 through 4.39)
for four meteorological-sea level station pairs: Crescent City/Arcata in Northern California, San Francisco/San Fran-
cisco in Central California, Rincon Island (Mussel Shoals)/Point Mugu just equatorward of Point Conception, and
San Diego/Imperial Beach in extreme Southern California were barometrically adjusted to remove the static fluc-
tuations due to pressure variability at sea level.

At all four meteorological stations, alongshelf wind stress was more equatorward in summer than in winter.
The largest amplitude of this annual cycle, which was very strong equatorward (hence, upwelling-favorable) occurred
at San Francisco in summer. Nelson (Reference 38) showed that the maximum southward wind along the west
coast in summer occurs between Cape Mendocino and San Francisco.

Sea level pressure had a minimum in summer and a maximum in winter along the entire California coast. This
cycle resulted from the formation of the thermal low pressure region over the southwestern United States in summer.
The formation of this low, coupled with the northward migration of the subtropical high pressure region over the
eastern North Pacific Ocean, produced the strong equatorward wind stress in summer, since the pressure gradient
between the high and low was strongest during this season.

Adjusted sea level was lowest in winter and highest in summer. A substantial part of this seasonal cycle is due
to the seasonal cycle of alongshelf wind stress and the resulting set-up and set-down of sea level due to cross-shelf
Ekman transport (Reference 39).

Huyer, et al. (Reference 4) noted that the 1973 and 1975 transitions from the winter to the summer flow
regimes occurred within a period of days, due to strong equator wind stress events. Thus, off the California coast, the
transition from winter to spring circulation patterns could also be abrupt. Huyer, et al. (Reference 4) also noted that
during these two years, adjusted coastal sea level was a good indicator of the time of this transition, as a rapid drop
in sea level accompanied the onset of upwelling circulation. Although they did not discuss it, their data showed a
sharp increase in adjusted coastal sea level in late October, 1973, which apparently signaled the transition to winter
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circulation (the onset of the Davidson Current), and which was forced by a strong poleward wind stress event. They
unfortunately did not have accompanying current meter data during this transition to determine if a large increase in
poleward flow accompanied this sea level change, but it is probably a safe assumption that it did.

The time series of adjusted coastal sea level in Figures 4.36 through 4.39 were used to perform a census of the
times of occurrence of both the spring and fall transitions for the four locations along the California coast. The mean
transition time and the standard deviation of the transition time (in weeks) were computed (Table 4.2). Transition
times occur earlier in the year going southward along the California coast; the spring transition actually occurs in
winter off the Scuthern California coast. Thus, nearshore southward flow begins earlier in the year in the Southern
California Bight (Section 4.3); the fall transition actually occurs in summer. Most surface drifters released nearshore
in the Bight from July through September traveled poleward,

4.7 ESTIMATES OF SEASONAL MEAN CURRENTS

One objective of this study was the production of maps of mean current vectors on a regular grid for applica-
tion in pollutant spill trajectory models. Inputs to the preparation of these maps include the currents computed from
ship drift, geostrophic currents, wind drift currents derived from the mean wind stress, currents from surface drifters,
and current meter data,

Examination of these data sets has shown that existing observations of any one type are insufficient to prepare
reliable circulation charts on a monthly basis. Hence, we have combined the data according to the distinct circulation
seasons, after Skogsberg (Reference 40) as follows: The Davidson Current Period, December-January; The Upwelling
Period, May-June-July; The Qceanic Period, September-October. Transition months which may fall into one of two
seasons are not included in the average as they increase the “noise” in the data fields.

Surface drifters were deemed of little help for our analysis as they indicate only the general direction and (in
some cases) rough orders of magnitude of current speed. There are insufficient current meter observations to provide
more than a few point measurements of currents. Also, these observations were generally at depth, hence these were
not included in the surface current charts,

The procedure followed was to plot mean dynamic depth anomaly of 1° square by season, and to compute
mean geostrophic velocities relative to 500 bar on a 1° grid by first differences (Figures 4.40, 4.42 and 4.44). Surface
currents from ship drift were also computed by 1° square by season, for comparison (Figures 4.41, 4.43 and 4.45).
The geostrophic charts indicated mean currents of relatively low speed (order 0.1 kts), and generally parallel to the
coast in direction. The ship drift current charts indicated higher speeds and directions to the right of the geostrophic
current vectors, typically 5° to 20°. Comparison with the literature (Reference 6) also indicated that our geostrophic
speeds were generally low, and that the observed current flows at a small angle to the coast and to the isobaths.

These considerations led us to add a mean wind drift current component (Reference 41) to the geostrophic
current to produce better agreement with previous knowledge and observations. Our justification for this procedure
is that, according to Ekman (Reference 41) the ocean surface current is the vector sum of the wind stress-induced
current and the geostrophic current.

The seasonal wind stress was obtained by averaging the monthly 1° square wind stress components given by
Neison (Reference 39), and computing the surface drift current by Ekman’s formula (Reference 41), with an eddy
viscosity coefficient of 100 (which corresponds to taking 3 percent of the wind speed), but using a deflection of 10°
rather than 45°. The latter deflection produced currents at too large a cross-isobath angle as compared to the generally
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Table 4.2

Approximate Times of Occurrence of the Spring and Fal! Transitions
at Four Locations along the California Coast, 1970 through 1978

Year Station Pair Spring Transition Fall Transition
1970 Arcata/Crescent City Early Apr. Late Oct,
San Francisco/San Francisco Early Apr. Early Nov.
Pt. Mugu/Rincon is. Mid-Apr. Mid-Aug.
Imperial Beach/San Diego {Late 1969) Early Oct.
1971 Arcata/Crescent City Late Jan. Early Dec.
San Francisco/San Francisco Mid-Feb. Early Sep.
Pt. Mugu/Rincon Is. Early Feb, Mid-July
imperial Beach/San Diego Early Dec. {1970} Late July
1972 Arcata/Crescent City Late Apr. Early June
San Francisco/San Francisco Early Apr. Mid-July
P+, Mugu/Rincon s, Early Mar. Late July
Imperial Beach/San Diego Late Nov, {1971} Mid-July
1973 Arcata/Crescent City Late Mar, Mid-Nov,
San Francisco/San Francisco Mid-Mar. Mid-Dec.
Pt. Mugu/Rincon Is. Late Mar, {none}
Imperiai Beach/San Diego Late Mar. (none)
1974 Arcata/Crescent City Mid-Apr. Late Nov.
San Francisco/San Francisco Early May Mid-Sep.
Pt. Mugu/Rincon Is, {none} Late July
Imperial Beach/San Diego {none} Early Aug.
1975 Arcata/Crescent City Late Mar. Mid-Jan. (1976)
San Francisco/San Francisco Late Mar. Mid-Jan. {1976)
Pt. Mugu/Rincon Is. Mid-Jan, (none)
Imperial Beach/San Diego Mid-Jan. Early Aug,
1976 Arcata/Crescent City Mid-Mar. Late Sep.
San Francisco/San Francisco Early Mar. Late July
Pt. Mugu/Rincon Is. {none) Early July
Imperial Beach/San Diego Mid-Feb. Late June
1977 Arcata/Crescent City Mid-Mar. Early Oct.
San Francisco/San Francisco Mid-Mar. Mid-Sep.
Pt. Mugu/Rincon ls. Early Mar. Mid-Aug.
Imperial Beach/San Diego Early Mar. Late July
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Table 4.2 {Continued)

Year Station Pair Spring Transition Fall Transition
1978 Arcata/Crescent City Early May Early Qct.
San Francisco/San Francisco Early May Late Sep.
Pt. Mugu/Rincon Is. Late Mar. Mid-Aug.
Imperial Beach/San Diego Late Mar. Mid-Aug.
1970- Arcata/Crescent City Late Mar, Late Oct.
1978 San Francisco/San Francisco Late Mar. Late Sep.
Mean Pt. Mugu/Rincon {s. Early Mar. Late July
Imperial Beach/San Diego Late Jan. Late July
1970- Arcata/Crescent City 9 4
1978 San Francisco/San Francisco 8 4
Standard Pt. Mugu/Rincon Is, 3 4
Deviation Imperial Beach/San Diego 5 7
{weeks)

accepted current pattern, resulting in excessive transport away from the coast. There is great uncertainty in the de-
flection angle, but it is generally agreed on the basis of field and laboratory experiments that 45° is much too large.
The factor of 10° has been suggested by Stolzenbach et al. (Reference 42) in his review of empirical oil spill and sur-
face drift studies. We have used 10° as our deflection angle.

The chart for December-JTanuary (Figure 4.40) indicates mean currents everywhere less than 0.3 kt and in most
locations less than 0.2 kt. The amount of dynamic topography data for the region north of Cape Mendocino is con-
sidered insufficient to delineate the pattern of flow. Between Cape Mendocino and Point Conception, the flow is
highly variable, This variability agrees with the low persistence seen in the ship drift charts for this region. South of
Point Conception, a fairly coherent mean flow to the southeast prevails. This procedure for 1° square summary areas
does not resclve the Davidson or Countercurrent Systems; yet there is some indication on the chart of mean northward
flow off San Francisco.,

Unfortunately, the ship drift chart for December-January, (Figure 4.41) lacks data in the area north of Cape
Mendocino. The coastal currents are better resolved in the ship drift chart: the Southern California Eddy, and the
generally northward flow along the coast between Point Conception and Cape Blanco. The persistence values indicate
that the flow off Cape Mendocino, and just north of San Francisco is highly variable.

In May, June, and July, the geostrophic/wind stress current chart (Figure 4.42) indicates strong southward flow
with a confused eddy or meander off Cape Mendocino. Average speed is on the order of 0.3 kts. There is a suggestion
of the furn-in of current off San Diego, forming the lower half of the Southern California Eddy. The ship drift cur-
rent chart for this period (Figure 4.43) shows general agreement in speed and direction. The eddy off Cape Mendo-
cino also can be seen. The flow is toward the southeast in the Southern California Bight which probably indicates a
very near surface drift current superimposed on the deep flow, which agrees with the fact that the Southern Califor-

nia Eddy is weakest or nonexistent in spring (Reference 6).
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The geostrophic/wind stress current chart for September-October (Figure 4.44) indicates flow generally toward
the southeast, less strong than May, June, and July, but stronger than December-January. Northward flow is indicated
along the coast in the Southern California Bight. The ship drift current chart for September-October (Figure 4.45) also
indicates currents of intermediate strength between summer and winter. The area northwest of Cape Mendocino con-
tains few observations. The flow off Cape Mendocino is seen to be highly variable with mean northward flow about
100 km from the coast. The Southern California Eddy is seen with northward flow inshore the channel islands.

4.8 MEAN CIRCULATION ANALYSIS CONCLUSIONS

Currents over the shelf and slope off the California coast have two seasonal extremes. From Point Conception
northward, flow over most of the shelf is typically poleward throughout the water column from late autumn through
the winter, and equatorward throughout the rest of the year. The poleward flow has been named the Davidson Cur-
rent. The transition from the winter to spring (upwelling) flow regimes usually occurs over a period of days. Equator-
ward flow, which is strongest near the surface, and coastal upwelling are both strongest during the spring due to
strong equatorward wind stress. Mean poleward flow during spring is typically found only in deep water over the
continental slope and farther offshore at this time of the year, and is named the California Undercurrent. The
equatorward wind stress weakens somewhat during the summer and early fall. Nearsurface equatorward flow de-
creases in speed and upwelling decreases in intensity. The California Undercurrent is found closer to the surface and
closer inshore during this period, and poleward flow is often observed nearbottom over the outer shelf. Some re-
searchers have named this the “Oceanic” period. Usually around midautumn relatively abrupt transition to winter
flow occurs over a period of several days to a couple of weeks when the mean equatorward wind stress decreases
substantially in intensity or becomes poleward. Most researchers now believe that the onset of poleward flow is
-accomplished by the surfacing of the California Undercurrent (Reference 6).

Long-term mean flow in the Southem California Bight is dominated by the Southern California Eddy. This is a
cyclonic eddy, the offshore side of which is formed by the California Current which flows equatorward from Point
Conception. Poleward flow exists inshore of the California Current to form the nearshore side of this eddy. This pole-
ward flow is weakest in the spring, when equatorward flow is often observed. At some times, equatorward flow forms
shoreward of the poleward flow, resulting in poleward flow sandwiched between two equatorward flows. A transition
from mean poleward flow to weak poleward or equatorward flow occurs on average in January, and a transition back
to mean poleward flow occurs on average in July, These transitions correspond to the transitions observed off central
and northern California, but occur about three months earlier. The period of weakest poleward flow occurs during
the period of strongest equatorward alongshelf wind stress, which occurs earlier over the Southern California Bight
than over the central and northern California coasts. Maximum equatorward stress is observed in April in the South-
ern California Bight and in July off Oregon (Reference 38).

The spring and fall transition times are approximate for the entire California coast. These ¢an occur plus or
minus several weeks from the mean time. Thus, mean current vectors must be used with caution during these transi-
tion periods, as discussed in Section 4.6.

Data of all kinds were found to be sparse, especially off northern California. The CALCOFI hydrographic data
set is probably the best available off the California coast, but poor resolution nearshore limits its usefulness in analyz-
ing circulation over the shelf and slope. Hydrographic and ship drift data from NODC files, when sorted by 1° squares,
is very poorly distributed, with large numbers of observations in a relatively few 1° squares located offshore of major
population centers and off parts of Oregon and Washington, but relatively few observations in the remainder of the
domain. Thus, ship drift and dynamic topography charts off the west coast of the U.S. tend to be unstable over a
large part of this domain. Only 31 moored current meter records longer than one week were available off the Cali-
fornia coast, and most of these were moored during 1970 and 1971 near the shelfbreak to the northwest of the
Farallon Islands. Four of these meters were deployed near the shelfbreak off northern California, and only one of
these meters was deployed in the Southern California Bight,
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The available hydrographic, ship drift, moored current meter, and drifter data tend to support existing knowl-
edge of currents over the shelf and slope off California, but cannot provide good estimates of monthly long-term
mean currents over the large majority of this domain. These data sets show the expected seasonal changes in mean
near-surface flow, as discussed at the beginning of this section. (Adjusted coastal sea Ievel at four stations along the
California coast for 1970 through 1978 were used to estimate the transition times between poleward and equator-
ward nearsurface flow.) Ship drift charts show seaward component to mean surface current vectors at all times of the
year; mean speeds are on the order of 10 cm/s for both the poleward and equatorward flow periods. Some drifter
and current meter data contain evidence for the existence of an anticyclonic eddy between San Francisco and Mon-
terey Bays during summer and early fall, which result in poleward flow nearshore between the bays and offshore
flow at the shelfbreak near 38°N (References 11 and 6). In addition to the spatial structure in the current field,
temporal variability on both interannual time scales and on time scales less than one month (synoptic) is very impor-
tant. The interannual variability has been discussed in Section 4.6. Many of the features seen on the dynamic topo-
graphic charts may be the result of interannual variability. The spatial structure of, and the synoptic-scale variability
in, the current field off the west coast, and the implications of these to the prediction of oil spill movement, will be
discussed in Section 4.9,

The seasons were defined to be centered on the three discernible circulation regimes (Refereﬁce 40),1i.e., the
winter or Davidson Current Period in December-JTanuary; the spring or the upwelling period in May, June and July;
and fall or the Oceanic period in September-October. Transition months were not included, since, as explained in
the section on coastal sealevel, (4.6), charis of average circulation based on data from assorted years would have litile
meaning,

Geostrophic current charts (produced from 1° summaries) were found to be too low in speed, and lacked the
seaward deflection with respect to the isobaths noted in the literature and apparent from the ship drift charts. Con-
sequently, a mean wind-stress induced current vector was added to the geostrophic current vectors, at a 10° deflec-
tion angle, based on recent literature. General agreement in speed and direction was obtained between the ship-drift
and geostrophic current estimates, although. the geostrophic/wind stress current fails to clearly delineate the coastal
currents. Many areas still contain data gaps, especially in winter.

4.9 STRUCTURE AND VARIABILITY

The geostrophic interior velocity off the California coast has greater variability in summer than in winter, as
shown by dynamic topography charts. Ship drift charts, which are sensitive to near-surface drift current, show greatei:
current variability in winter than in summer. Near-surface drift currents have the largest variability in winter due to
large wind stress fluctuations with periods of one to several days due to storms and fronts. In summer, wind stress
fluctuations are less energetic and occur at longer periods, since storms and fronts are relatively weak and interstorm
time scales are longer. Hence, the summer fluctuations are more capable of forcing adjustments in the mass field, and
thus driving fluctuations in geostrophic interior velocity. In summer, stratification is greater due to upwelling and the
formation of the seasonal thermocline offshore, allowing the summer wind stress fluctuations to be more effective in
forcing this variability.

From the current meter data, semidiurnal tides, diurnal tides, inertial oscillations and low-frequency (< 0.5
cpd) oscillations contribute roughly equal fractions of the total current variance on average. Typical amplitudes of
each of these components average several centimeters per second. Correlations among current velocity, wind stress,
and adjusted coastal sea level were in general poor, in contrast to results obtained off Oregon (Reference 4) by Huyer,
probably because sea level stations, wind stress stations, and current meter locations were usually separated by at
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least 50 to 100 km. No obvious seasonal or depth dependence over the shelf is observed in the amplitudes of these
fluctuations. Low frequency variability is especially important to consider in predicting the transport of spilled oil.
Large deviations from expected means, and even current reversals alongshelf, can occur for periods up to several

days.

The flow field can have significant structure alongshelf, In monthly-mean average current charts, seaward deflec-

tions of mean alongshelf currents are observed. In satellite images, very complex structures are usually observed (Refer-
ence 43). Offshore-flowing plumes of water tens of kilometers wide and occasionally extending several hundred
kilometers offshore are often observed, especially near major capes, such as Cape Mendocino. Transient cyclonic and
anticyclonic eddies are often observed along the entire California Coast. Thus, over a time scale of days, the path of
spilled oil may deviate substantially from the expected smooth alongshelf mean flow.
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Figure 4.10. Dynamic Topography (dyn-m) of the Sea Surface Referred to 500 dbar—September
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LEy

48°

46°

44°

42°

40°

38°N

128° 126° 124° 122 120¢ 118° 116° 114° 112°
OO PO PP O | 1
10 13 17 12 [
w [\sy X | :
N / H
A ,1 | ! :
0.08 022 7 |op4 022 H \
R « Seattle ! MONTANA
Y 4 %;\ f
\ Kt WASHINGTON ' .
@ '[ \\
i S ES i B
\‘ . \ |
021 Vo3 ) LT T _" ‘
;H\l i .l\-___.:-—"\-""’-\'-’ \i ('L-'\
} ‘\l Portland / \
T ] ! .l,
1|15 / -/ -\ ]
X 1 - \‘ \_f"“‘r
S | )
S OREGON 1’ IDAHO
1 '
| / ’
1] 1 !
1 *\h) !
T VU —
o1 o ‘ I
A j i
(! i |
oy . |
1 S }5‘\ ; |
MR i
Egg (})gg %iss tigtzs,\ qgg CALIFORNIA i NEVADA ll UTAH
Ry ( i '
| : |
0.2 .25 0.21 015 A 050 k‘ !
IR R O PR Do N '
»* \l \j ‘ ) ‘\‘ i
NS = N '

Figure 4.16. Surface Currents in April Computed From the NODC Ship Drift File
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Figure 4.19. Surface Currents in October Computed From the NODC Ship Drift File
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Figure 4.21. Surface Currents in December Compufed From the NODC Ship Drift File
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Figure 4.28. Nearshore Drifter Releases for June off Southern California
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Figure 4.42. Surface Currents (Components: Geostrophic and Wind Stress)
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Figure 4.43. Surface Currents from Ship Drift
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5. WATER MASSES AND PHYSICAL PROPERTIES
IN THE STUDY REGION

R. G. Williams and F. A. Godshall

5.1 INTRODUCTION

In general, water mass definition has been based on temperature salinity (T-8) correlations. Reference 1 de-
fines water masses as “more or less homogeneous volumes of water characterized by defined relationships of physio-
chemical properties such as temperature and salinity T-S.” Because of the proximity of sources of fresh water, the
delineation of homogeneous water masses is less rigorous in coastal areas than in the open ocean, with a correspond-
ing diversity in terminology. The distribution of water masses in the California study region can be understood in
terms of the confluence of major currents of the North Pacific gyre and associated eastern boundary currents, which
are characterized by distinctive water masses.

Subarctic water flowing eastward in the North Pacific Current is low in temperature and salinity, but high in
dissolved oxygen and phosphates. The average temperature is between 2° and 4°C, and the salinity at the surface
may be as low as 32 ppt, although it increases to 34 ppt at a depth of a few hundred meters (Reference 2). This cur-
rent splits into two branches before hitting the American coasts: one branch flows northward into the Gulf of
Alaska while the other flows southward. Considerable mixing takes place along the western boundary with Central
North Pacific water which is low in nutrents and relatively high in temperature (15°C) and salinity (34.40 ppt)
(Reference 3). )

In the southeastern part of the study region, Equatorial Pacific water (below 200 m), high in temperature,
salinity, and phosphate, and low in dissolved oxygen, flows northward along the coast (Reference 3}, The Equatorial
Pacific water mass has a nearly linear T-S correlation between T = 15°C, S =35.15 ppt, and T = 8°C, § = 34.6 ppt.
At 800 m, the temperature is approximately 5.5°C, and there is a salinity minimum between 34,50 ppt and 34.58
ppt. Below 1000 m, the temperature decreases toward the bottom to 1.3°C, and the salinity increases to 34.70 ppt
(Reference 2). Subtropical water, which is low in phosphate, flows northward at the surface in this region.

The northward subsurface flow along the coast, the California Undercurrent, appears to be transporting equa-
torial water, northward inshore and sometimes below, the general southward surface flow. This current extends from
lower Baja, California as far north as Vancouver Island where mixing has decreased the temperature to 7°C and the
salinity to 33.9 ppt (Reference 4).

The meeting and mixing of these water masses has led many investigators to describe the waters of the Califor-
nia region as a #ransition zone. For example, Reference 5 describes the waters at depths of 150 to 1000 m along the
coast of California as being a mixture of two extreme water masses. These water masses are identified from charac-
teristic T-S curves as Subarctic North Pacific water and Equatorial Pacific water. Subarctic water extends over the
Pacific Ocean north of 43°N and Equatorial water extends from the equator to 20°N. A region of transition exists
between these water masses adjacent to the west coast of North America and extends to distances of more than 600
miles from the coast. The distribution of temperature and salinity in this transition region can be expressed in terms
of percentages of Equatorial Water (Figure 5.1, 5.2). The transition between the subarctic waters and the equatorial
waters which form a wedge along the coast is shown in Figure 5.3 (Reference 5).

5-1



Seasonal variations of water masses in the California study region are principally the result of variations in
surface heat flux, precipitation and coastal runoff, local winds, and ocean circulation (Reference 7). Temperature
shows the greatest seasonal variation, Offshore, the seasonal variation is a result of vertical heat flux at the air-sea
interface. In January and February a well mixed surface layer exists with a sharp thermocline below. In spring, a
thin, warm surface layer forms a new thermocline which déepens as summer passes. By August, the thermocline
has reached the depth of the winter thermocline (Reference 3). In the north, this results in a temperature variation
of 5°-7°C and in the south a variation of 2°-3°C (Reference 6). Near the coast, upwelling and seasonal cooling bring
colder water to the surface. North of 34°N, strong upwelling reduces the seasonal range and the cool period is
lengthened (Reference 8); the temperature range is only 2°-3°C (Reference 6) and at 40°N, a March temperature
average of 10°C and an August average of 11°C (Reference 3) is reported. Upwelling occurs earlier (seasonally) in
the region between 28°N and 34° (during the period of the offshore seasonal minimum); consequently, the seasonal
range is increased to 5°-7°C. References 8 and 6 reported a March average temperature of 12°C and an Augpst aver-
age of 19°C at 30°N. South of 28°N, the winter countercurrent brings warm water northward, delays the minimum
temperature until spring and increases the seasonal range which is on the order of 5° to 7°C (References 8 and 6).

In oceanic areas of the region the seasonal variation in salinity depends only on evaporation and precipitation
and only amounts to 0.4 to 0.5 ppt (Reference 6). However, in coastal areas, e.g., near the Columbia River, variations
depend on river discharge, which is least in winter and greatest in late spring and surnmer. Locally, in the upper 10
to 20 meters, the variation may be as great as 2-3 ppt (Reference 3).

North of 34°N, nearshore upwelling of deep water in the spring and summer causes a wide range of salinity
values with the maximum salinity occurring in summer (Reference 8). The variation here may be as great as 0.8 ppt
(Reference 6). South of 28°N the countercurrent brings highly saline water northward in winter and the salinity
range here is also high with the maximum occurring in winter (Reference 8). The region between 28° and 34°N
is affected by both upwelling and the countercurrent and the two effects tend to compensate and keep the salinity
variation low on the order of 0.2 to 0.3 ppt (Reference 6). These seasonal variations of temperature and salinity off
the west coast of North America are succinctly depicted in Figure 5.4 (Reference 3). Subsurface oxygen maxima
occur in the summer and fall which in the north is as high as 7 ml/liter and in the south 5.5 ml/liter (Reference 3).
Upwelling also causes replenishment of phosphate at the surface which may be as high as 1 pg at/liter, but this varia-
tion is not as regular as temperature and salinity (Reference 9).

In this study, water mass properties analysis involves the classification and mapping of water structure by
vertical T-S profiles (Reference 10) from the surface to 250 m depth for representative months, along with examina-
tion of T-S scatter plots for each month of the year for selected areas. From this analysis, the literature, and from
the seasonal march of wind siress which influences water mass distribution, it was decided to summarize the data in
three seasons. Transition months have been discarded in the averaging because transitional characteristics tend to
“smear out™ seasonal distinctions. The representative groups of months for summary in this report are as follows:

® Winter or Davidson Current Season (December - January)
-® Spring or Upwelling Season (May - June - July)
® Autumnal or Qceanic Season (September - October)

The months selected for the upwelling season were a compromise, since upwelling begins early in the year off
Baja California and progresses up the coast to Oregon in late summer (Chapter 4).



5.2 MEAN DISTRIBUTION OF WATER MASSES
5.2.1 Water Mass Classification

The first step in examining the distribution of water masses in the California study region was to classify the
vertical T-S relationships from the surface to 250 m depth (Reference 10). The ASD procedure was developed by
Reference 10 and was applied in the Mid-Atlantic study of Williams and Godshall (Reference 13) and the Georges
Bank study (Reference 14). This analysis provides an overview of water structure by emphasizing the main features
in the data and serves as a guide for further detailed anatysis, '

Four representative months {February, June, September and December) were chosen for the ASD analysis to
identify seasonal extremes. Up to seven water structures can be distinguished by this method. However, it was found
from application that no more than three water structures could be meaningfully differentiated. Because the com-
puter program for the classification is limited to 700 soundings in any given month, it was necessary to subsample
the data in some cases (i.e., using only every other or every third sounding). This procedure should not significantly
affect the results.

The water mass structure for February depicted by the ASD classification is seen in Figure 5.5. The main
feature in the geographical distribution of water structures is a transition or frontal zone running southwest from
just north of San Francisco to about 33°N, 128°W, which separates warm, relatively saline water, most likely of
equatorial origin (structure 1), from cooler, less saline water of subarctic origin (structure 2). There is a third water
structure, found primarily in the Southern California Bight area which is quite similar to structure 1, but exhibits a
greater range in temperature and salinity. This general distribution corresponds most neatly to the characterization
of the study region {(Reference 5) as & transition zone between subarctic waters to the north, flowing southward in
the California current, and water of equatorial origin, flowing northward along the coast as the California counter-
current system, primarily as a subsurface flow. (See Section 4.)

Water structure 1 has a range of about 1 ppt in salinity, centered on a mean of about 33.5 ppt. Temperature
ranges from about 17.5°C at the surface to 9°C at 200 m depth. Water structure 3 is similar, but somewhat less
homogeneous than 1. Mean salinity is again about 33.5 ppt, but the distribution is skewed left, with a few salinities
as low as 32 ppt. Temperature varies from about 20°C at the surface to 9°C at 200 m. This water is found primarily
in the Southemn California Bight, possibly a consequence of the large cyclonic eddy generally located there which
would tend to confine the waters of this region to continued circulation within the eddy. There are two “blobs” of
structure 3 water north of the boundary zone between structures 1 and 2. These are probably mdwatwe of either
mixing processes at the boundary, or advection of nearshore water seaward.

Structure 3 water is the most highly stratified, with a surface sigma-t of 23.5 and a sigma-t of 26.0 at 200 m.
Structure 1 water has a surface sigma-t at about 24.3, and a sigma-t of 26.0 at 200 m. Structure 2 is the least strat-
ified, with a surface sigma-t of 24.5, and a sigma-t of 26.0 at 200 m. Structure 2 water, henceforth referred to as
Californian water, following Kin’dyushev {Reference 6}, to distingvish it from the water of equatorial origin, or
southern water to the south, has a mean salinity of about 32.7 ppt and a range of about 2 ppt. Temperature varies
from 13°C at the surface to 8°C at 200 m depth. This water is more nearly homogeneous than the water farther
south and is a mixture of subarctic water and the subtropical waters found to the west of the California Current.

In June (Figure 5.6), the transition zone has penetrated further south, to about 33.5°N at 124°W. Along the
coast, however, southern water was expanded in an area off San Prancisco. Structure 3 water has contracted in an
area within the Southern California Bight. Seasonal modification since January is evident primarily in terms of sur-
face heating. Structure 1 warmed to about 20°C at the surface, with a corresponding decrease to 23.0 in sigma-t.



Higher salinities than in February are evident, possibly resulting from upwelling. Structure 2 has warmed to about
16°C at the surface; fewer low salinities occur than in February. Structure 3 is slightly warmer at the surface with
again, fewer low salinities. In general then, seasonal change has produced higher surface temperatures, some higher
salinities, and more stable stratification.

In September, the transition zone (Figure 5.7) has retreated northward to about 36°N at 124°W, and has
moved northward along the coast past Cape Mendocino. Structure 3 water is again located primarily in the Southern
California Bight area, and also in a “blob™ a little south of San Francisco. Structure 1 exhibits little change in
temperature from June; salinity is somewhat lower, as it is in structures 2 and 3. Near-surface temperatures in struc-
ture 2 are lower, with few temperatures above 12.5. Structure 3 has reached a peak of 22.5°C in near-surface tem-
perature, Stratification has been enhanced in structure 3, with near-surface sigma-t of 23.0, whereas stratification
in the California structure 2 water has lessened, with near-surface sigma-t at about 24.5. Structure 1 is essentially
unchanged in stratification. Values near 200 m are relatively unchanged, indicating little seasonal influence at that
depth (Figure 5.7).

In December, the transition zone (Figure 5.8) has moved southward along an arc from Monterey Bay to
35.5°N and thence northwest to 39°N, 130°W. Structure 3 water is found off San Diego and Los Angeles, and also
in an area south of Monterey just below the transition zone. The absence of subtropical water further north along
the coast is surprising; in view of the development of the Davidson Current (Section 4.1.3), it may simply reflect the
lack of data in the northern California region.*

It is interesting to compare the resuits of the ASD classification with an analysis of percentage content of
water masses by Reference 6, Figure 5.9. The transition zone is shown in Kin’dyushev’s analysis by the isoline of
50 percent content of Californian water. His analysis in February shows the transition area further south than in
our Figure 5.5. Again in November, he shows the transition zone as being further south than our analysis (Figure
5.10), except right along the coast. The methods are not, of course, directly comparable, both in data used and in
layer of the Californian water mass (Kin’dyushev is looking at the depth of water mass cores rather than fixed slices)
but the general features of the water mass distribution are in agreement,

5.2.2 Hydrographic Features

Further insight into the distribution of water masses can be gained by examining specific sections of tempera-
ture and salinity. Fb_r example, Figure 5.11 shows the vertical T-S profiles for a section made perpendicular to the
coast south of Cape Mendocino by the Soviet research vessel R/V OGON July 24.25, 1972. The offshore profiles
show a mixed layer about 25 m deep above a thermocline which becomes increasingly shallow toward the coast,
until very near the coast, where nearly homogeneous conditions prevail. Below the thermocline, temperature de-
creases gradually to about 4.5°C at 500 m. Salinity is low near the sea surface, about 32.8 ppt; increases rapidly
in a hatocline region about 100 m thick starting at 50 m, then increases slowly with depth to about 34.0 ppt at
500 m. Generally speaking, both the thermocline and the halocline deepen moving seaward, the thermocline always
being above the halocline. '

Further south (32°N), a winter hydrographic section through the Southern California Bight by R/V DAVID
STARR JORDAN (Figure 5.12) shows a deep mixed layer, increasing in depth from about 30 m near the coast to
about 75 m at 121°W. A small thermocline region of about 50 m in thickness is found below the mixed layer. A
halocline occurs below the thermocline at about 100 m depth, Surface temperatures are about 15°C, bottom tem-
peratures 5-8°C, while salinity is about 33.25 ppt at the surface and about 34 ppt at 500 m. Sections made in this
same area in summer show the development of a shallow seasonal thermocline.

*Structures 1 and 3 show the effect of autumnal cooling of near-surface waters, reducing the magnitude of the stratification and
thus facilitating stronger vertical mixing, The T-§ distribution of structure 2 appears to be similar to that of September.

54



5.3 DISTRIBUTION OF PHYSICAL PROPERTIES

In this section (Figures 5.13 through 5.21), the distribution of physical properties and dissolved oxygen is
presented for three depths: 0, 100 m, 200 m and for three seasons: Davidson Current (December, January), Upwell-
ing (May, June, July), and Qceanic (September, October).

5.4 STABILITY

An important quantity which parameterizes vertical mixing is the flux Richardson number, which is propor-
tional to the ratio of the product of the vertical density gradient and the acceleration due to gravity to the product
of the mean water density and the vertical shear of horizontal velocity. Unfortunately, the flux Richardson number
cannot be calculated from National Archive data, since measurements of velocity shear are not available, However,
implications regarding the extent of vertical mixing are often drawn from the analysis of water stability (Reference
17}. More recent studies use a parameter, closely related to the stability, called the Brunt-Vaisala frequency N
{Reference 18) defined as follows:

N2 (z) = _.g.... d_p' - g_z
p dz c?
where
p = local water density
g = acceleration of gravity
¢ = speed of sound

The last term, involving the speed of sound, is usually neglected in upper oceanic layers. If N2 (z) is positive,
the water is stable (i.e., the buoyancy forces will oppose vertical displacement of fluid parcels from their rest posi-
tions). If N2 (z) is negative, the buoyancy force will reinforce a vertical displacement of fluid parcels, so that they
accelerate away from their original positions. N2 (z) = 0 is, of course, neutral buoyancy.

In practice, high values of N? (2), values of a few minutes {expressed in terms of period, the reciprocal of
frequency), occur in strongly stratified oceanic regions, where vertical mixing is inhibited. Low values of N? (z)
(on the order of hours) occur in quasi-homogeneous areas where mixing is not inhibited and hence deep stirring
of the waters from the surface often occurs. Such regions are characterized by a deep mixed layer, or by the com-
plete absence of a thermocline, as occurs in subarctic waters,

Upper ocean stability has been analyzed in Reference 19 in terms of the distribution of seasonal mean Brunt-
Vaisala frequency, for 5° square summary areas. Their seasons are defined as follows:

e Winter—January, February, March e Summer—July, August, September
® Spring—April, May, June ® Autumn—Qctober, November, December

While these definitions of seasons and spatial resolution are not ideal for the California study area, their results are
sufficient to delineate the main features of the distribution of stability in the study area.



5.4.1 Distribution of Brunt-Vaisala Frequency

Figure 5.22 shows the summary areas used in Reference 19 for thejr computation of Brunt-Vaisala frequency,
In all areas the highest values of Brunt-Vaisala frequency occur, as would be expected, at the depth of the maximum
gradient within the pycnocline, typically between 20 and 125 m (Figure 5.23). The between-area differences of the
magnitude of maximum Brunt-Vaisala frequency (order 0.014 rad/sec, or 7.4 min) indicate that the differences in
mean mixing potential attributable to the static stability are small among these areas. Stability is minimum in either
winter or spring, when strong wind stirring and surface cooling have deepened the mixed layer. Stability is highest in
fall, when winds are generally weakest, and insolation has had its effect in creating the seasonal thermoclines (pycno-
cline). Note that the area of high stability extends from the seasonal pycnocline through the main pycnocline.

In area 1213, the Southern California Bight, the part of the water column of maximum stability is very close
to the surface, about 20 m depth in spring, summer and autumn. Values of N? (z) are minimal in winter, Within the
water column maximum N? values occur at about 70 m in depth (0.011 rad/sec) and are highest in fall (nearly 0.015
radfsec, or 7 minutes period) at about 20 m depth, which indicates autumnal vertical mixing is suppressed in the
upper water volume.

5.4.2 Distribution of Mixed Layer Depth

The mixed layer depth chart provides a practical means of estimating the extent of mixing in the upper layers
of the ocean, Again, as in the case of the Brunt-Vaisala frequency distribution, the estimate is qualitative rather than
quantitative. In this section, we examine charts of the depth of the ocean mixed layer from Reference 20.

In January, the mixed layer reaches its maximum depth off Southern California, about 50 m (Figure 5.24a).
Within the mixed layer strong vertical mixing can occur as the buoyancy force is very weak. The northward flowing
Countercurrent and Davidson Currents, and the associated absence of upwelling are probably the cause of this
maximum in coastal mixed layer depth; farther seaward at 130° west the layer depth is on the order of 100 m, and
continues to deepen with distance from the coast. This is probably the result of cooled, relatively unstable surface
waters being overturned by winter storms.

In April (Figure 5.24b), the onsst of the upwelling season, layer depths are considerably more shallow; 20 m
off San Diego and 30 m off San Francisco. Layer depth is deeper at 130° W, reaching about 120 m, which may re-
sult from intensification of the California Current and steady northwesterly winds.

In June (Figure 5.24c¢), near the peak of the upwelling season, layer depth is very shallow (10 m) in the South-
e California Bight. In regions of strong upwelling, the thermocline “breaks the surface” and hence reduces the
mixed layer to almost zero thickness. Offshore the mixed layer is much more shallow than in April. This results from
surface solar heating, which creates a shallow seasonal thermocline above the main thermocline. Figure 5.23 shows
that Brunt-Vaisala frequency is high throughout the area between the thermoclines, thus suppressing vertical mixing,

In September (Figure 5.24d), the mixed layer is very shallow throughout the study region;in fact, this is the
month of minimum depth. The combination of continued upwelling and surface heating has driven the isotherms
very close to the surface. Near-surface veriical mixing would be strongly suppressed under these conditions,



5.5 LONG PERIOD FLUCTUATION OF PHYSICAL OCEANOGRAPHIC CHARACTERISTICS OF COASTAL
WATER ' '

Long period fluctuations of the wind field are highly correlated with long period fluctuations of the coastal
station-observed water temperature and broad-scale characteristics of the general atmospheric circulation over the
Pacific Ocean (References 21, 22, and 23). Part of the long period fluctuations of the general atmospheric circula-
tion have been associated with low latitude periodic fluctuations (e.g., a 24-month period oscillation—the biennial
oscillation).

Considering the magnitude and period of coastal water temperature fluctuations (Reference 23) and merid-
ional transport by the California Current system (Reference 24), the aperiodic fluctuations are of greater mag-
nitude than periodic changes. The changes in the current system produce changes in the geographic location of the
regionally characteristic water masses (Section 5.1) and therefore, local changes in salinity, dissolved oxygen concen-
tration, and temperature.

5.5.1 Fluctuation of the California Current System

The California Current flows scuthward along the coast. North of Cape Mendocino it brings cool, relatively
low saline surface water south which is graduvally mixed with relatively more saliné water south of the Cape (Refer-
ence 25). In winter the northward directed California Countercurrent and Davidson Current bring relatively warm
saline water northward along the coast. One observer (Reid, private communication) suggested that decreased south-
ward transport is associated with increased northward transport of warm water masses and therefore contributing
to any trend toward warmer coastal water associated with decreased upwelling.’

Huang (Reference 26) showed that cold relatively saline bottom waters upwelled along the coast must pro-
duce change in the local geopotential of the sea surface. These changes, considering geostropic flow, tend to produce
flow augmenting local southward surface drift. A significant (3.6 cm mean) decadal difference (1948-1957 compared
with 1958-1969) in sea level at San Diego (Reference 22) was associated with a decadal difference in southward,
meridional transport by the California Current. The cool coastal water period (1948-1957) was associated with lower
coastal sea level and relatively large southward water transport (Huang, private communication).

5.5.2 Fluctuation of Water Temperature and Salinity

During the period 1948-1957, anomalously low surface water temperature was observed along the entire
California coast (References 23 and 25). Temperature anomalies in more recent periods have also indicated that
there is considerable coherence in temporal water temperature variations along the coast (References 21 and 27).
Summaries of monthly averaged coastal water temperature observations from stations at Pacific Grove, S.E. Faral-
lon Islands, Port Hueneme, and Blunt’s Reef Light Ships (Reference 23) indicated that anomalously low tempera-
ture water was found along the coast during the period 1961-1962, and 1969 was in a period of high temperature
anomaly. A twelve-month running mean of these coastal station data, expressed as temperature anomalies, are
graphed in Figure 5.25a. These data may be compared with offshore temperature data collected during the CAL-
COFI program (Figure 5.25b). From the comparison, it is evident that the coastal station water temperatures are
highly correlated with the offshore temperature. ' '

Figures 5.26 and 5.27, maps of 10 m water temperature produced during the California Cooperative Oceanic
Fisheries Investigations (CALCOFI) for summer 1961 and 1969, respectively, show representative special distribu-
tions of water temperatures over the study region during periods of anomalously cool and warm- coastal water
ternperatures and Figures 5.28 and 5.29 show representative distributions of salinity during the low and high tem-
perature anomaly periods.



The apparent effect on the regional salinity distribution produced by the California Countercurrent, seen in
Figure 5.29, seems to be obscured by the effects of intense coastal upwelling deduced for the period 1961-1962
(Figure 5.28).

5.5.3 Long Period Fluctuations, Conclusions

From the charts of the summer season’s surface temperature in 1961 (Figure 5.26) and in 1969 (Figure 5.27),
it is evident that year to year variation of coastal water temperature may be about 2°C. Near Point Conception, this
is about 50 percent of the mean annual temperature variation. Along the coast of Lower California, these year to
year variations are equal in magnitude to about 30 percent of the annual variation (Figures 5.25a and 5.25b). There-
fore, it is concluded that the long period fluctuations of temperature are significant factors of the coastal water
temperature climatology. The long pericd variation in surface salinity is also large compared to the annual variation
(30-50 percent of the annual) (Figures 5.28, 5.29, 5.30(a) and 5.30(b)).

5.6 WATER MASS ANALYSIS CONCLUSIONS

Kin’dyushev (Reference 6) has defined a complex pattern of water masses in the study region, including four
surface water masses, and three-subsurface water masses in the upper 500 m of the water column. This viewpoint
contrasts with the earlier studies of References 5 and 15, who viewed the California coastal waters as an interaction
or transition zone between subarctic water and equatorial water.

The result of our ASD analysis tends to agree with the latter point of view, at least in the upper 200 m. We
have differentiated three water structures, two of which are quite similar. The first structure we call southern water.
It is primarily an equatorial water mass that has been reduced in temperature and salinity by mixing with temperate
waters. In the upper 200 m, it has a mean salinity of about 33.4 ppt, and varies between 33 and 34 ppt. Temperature
ranges from about 8°C to 20°C. This water structure is found over most of the southern part of the study area (i.e.,
found south of Point Conception and also pressed against the coast north to San Francisco). The ASD procedure
discriminated a second, slightly different water structure of somewhat higher mean temperature and salinity (33.6
ppt), primarily resident in the Southern California Bight area. The third water structure has a lower mean salinity,
about 33 ppt, with a larger range in salinity, about 32° ppt to 33.8 ppt and a temperature range of about 7°C to
17°C. This water structure appears to arise from a modified subarctic water mass, which we call Californian. Hence
our description is given in terms of two basic water structures, modified equatorial (southern}, and modified sub-
arctic (Californian), and is in general agreement with References 5 and 15. A mixing or transition zone between
these structures runs generally along a curve oriented northeast to southwest intersecting the coast within a degree
or two of San Francisco.

The distribution of these water masses is determined largely by the currents. The California Current transports
Californian water southward in the upper 200 m. The Countercurrent/Undercurrent system transports southern
water northward along the coast. In winter, north of Point Conception when the subsurface Countercurrent and
Davidson Current are most intense, significant northward transport of southern water should occur, When northerly
winds strengthen in spring, the Davidson Current breaks up into a series of eddies, and upwelling of cold, salty water
commences. The relationship between the northward flowing coastal currents and the slow, northward drift of
southern water offshore is unknown (Reference 12).

Seasonal modification of the water masses is effected largely by the annual solar heating cycle and by the
onset of upwelling resulting from variations in the wind stress. Precipitation and coastal runoff play a smaller role, In
the northern California coastal region, temperature is about the same in winter as in summer, but in winter, near-
surface salinity is lower because of the termination of upwelling, and because of dilution due to winter rains. The



band of highly saline upwelled water which prevents the intrusion of Californian water in late spring and summer is
absent in winter, and thus the Californian water can reach the coastline (Reference 28). This conclusion is corrob-
orated by our ASD analysis, which showed large scatter in salinity in both December (Figure 5.8) and June (Figure
5.6).

In Southern California Bight area, our ASD analysis shows near-surface salinities for the southern water on the
order of 33.5 ppt, whereas in June, salinities are on the order of 33.7 ppt, in agreement with Reference 29 who
asserted that salinities are lowest in this region in winter.

In conclusion, there are two fundamental water structures in the California POCS region. The first is a south-
ern water structure, equatorial in origin exemplified by Figure 5.16. The second is a basically subarctic water struc-
ture, transported into the study area by the California Current, exemplified by Figure 5.15. Seasonal modification
of these water masses is brought about both by the annual solar heating cycle, and by the annual wind regime which
produces changes in upwelling intensity.

We have found the three season concept describes adequately the water mass characteristics of the region, as
have other observers (References 30 and 11). There are essentially two basic hydrographic regimes: “Summer,” in
which there is southward flow along the coast north of Point Conception, and hence a transport of Californian
water; and “Winter,” in which there is northward flow along the coast, and transport of southern water to the north.
The first corresponds to the “Upwelling Season,” which, overall, peaks in May, June and July. The second corres-
ponds to the “Davidson Current Period,” and peaks in December and Januvary. The third season, the “Oceanic
Season,” is simply a less intense version of the Upwelling Season. Transition months have not been included in the
summaries, because the transition from one season to another is often very rapid but varies from year to year.
Hence, long-term averages would have little meaning,

Spring, or the intense upwelling season, is initiated by strong northerly winds. The region of maximum south-
ward wind stress begins early in the year (March) off Baja, California, and progresses up the coast, reaching a max-
imum in June in the region of Point Conception-Cape Mendocino, and, in July, to the north of Cape Mendocino
(Reference 31). These wind stress variations produce a seasonal March in the coast upwelling, which is shown in Fig-
ure 5.31, based on results by Bakun (Reference 31).

The jsotherms and isopycnals run generally parallel to the coast during the upwelling season; dissolved oxygen
is generally above saturation value near the surface, but is lower nearshore. During winter, when the Davidson Cur-
rent prevails and upwelling is suppressed, the isotherms cut the coastline at an angle which increases from north to
south (Figure 5.13).

Northerly winds produce the strongest upwelling off Baja, California in early spring, and off northern Califor-
nia in summer; the most intense upwelling areas follow the migration of maximum meridional wind stress (Refer-
ence 32). North of Point Conception, in late fall and winter, the countercurrent intensifies and in winter extends all
the way to the surface as the Davidson Current develops a reduction in upwelling and change in water properties
(Reference 12). The cessation of upwelling, combined with winter rains, lowers near-surface salinity along the
coast (Reference 28). A major residual effect of winter rain is a tongue of low-salinity waters (the Columbia River
plume} which extends toward the southwest in May-June-July (Figure 5.16) reducing surface salinities in the sur-
face layers of the California current, while at the same time surface heating is increasing temperatures, thus inten-
sifying the stratification.



Seasonal variation in near-surface temperature and salinity is summarized in Figure 5.4 (Reference 3) and is
also summarized by us from NODC data for four 2° square summary areas, along with sigma-t, in Figure 5.30. The
maximum seasonal influence is seen to be on temperature. Far offshore along 129°-120°W, temperatures of the
upper layers of the ocean follow the annual atmospheric heating cycle, with abouta 1-month phase lag. For example,
off Cape Blanco, temperature is lowest in March (about 8°C) and highest in September (about 17°C) giving a range
of 9°C. The range decreases toward the south, so that off Punta Eugenia there is a minimum of about 17°C in March
and a maximum of about 30°C in September, or a 3°C range. Further inshore, upwelling complicates this simple
pattern. Between Cape Mendocino and Point Conception, the temperature range is small because upwelling occurs
during the heating season, and northward currents of warmer water prevail during the cooling season (Figure 5.4,
Reference 3).

The temperature range increases south of Point Conception to about 5°C off San Diego (15°C in March; 20°C
in September). Off northern Baja California, in the upwelling zone, temperature is about 14°C in March and 20°C in
September and October. From here south, the upwelling increases the seasonal range because upwelling occurs
during the cooling period and the Countercurrent prevails during the warming period (Reference 3). Because the
variations in the solar heating cycle are stronger, seasonal variations also increase north of Cape Mendocino.

In salinity, the evaporation minus precipitation effects produce rather incoherent salinity fluctuations in the
offshore regions (Reference 3}, In the nearshore areas, the upwelling and Countercurrent result in significant salinity
fluctuations. The two effects tend to cancel each other between 28°N to 34°N (Reference 3). Off Cape Mendocino,
salinity variations on the order of 1° ppt occur, within a minimum salinity in January and a maximum salinity in
July. Off Point Conception, the range is only about 0.4 ppt, from 33.2 ppt in February to 33.4 ppt in July. Off
Punta Eugenia the range is larger or with a salinity maximum of 34.2 ppt in January and a minimum of 33.6 in
September, when upwelling is at a low ebb.

The changes in salinity can be seen to correspond to the upwelling intensity (Figure 5.31). Intraseasonal
variability tends to be higher in the northemn part of the study area than in the southern. Two observers (Reference
28) find that off Crescent City, summer temperatures can fluctuate 5° to 7°, while salinity fluctuates 1 to 3.5 ppt.
In winter, large variations in salinity (several ppt) occurred nearshore due to runoff. However, variations of several
kilometers offshore are much lower.

Seasonal variability in density is on the order of 0.5 in sigma-t nearshore, in the Southern California Bight,
with minimum values occurring in winter on the order of 24.9, due to rainfall and runoff, and summer values of 25.0
due to evaporation, Maloney, et al. and Muromstey {References 29 and 33) observed that in the California Current,
minimum densities occurred in late spring and maximum densities in winter within the top 25 m of the water column.
To the north (e.g., off Cape Mendocine), however, our analysis has shown (Figure 5.18) that near-surface density
reaches a maximum during the upwelling season, and a minimum during the Davidson Current period, with a range
of nearly 2 sigma-t units. Farther offshore, beyond the upwelling regime, surface density is a maximum in early
spring (March-April), and minimum in later summer (September).

Our analysis has shown that in the Southern California Bight area, subsurface density in the layer between
25-75 m depth is a maximum in the upwelling season (May, Tune, July), and is a minimum in December-January,
North of Port Conception subsurface density is still highest in the upwelling season. The seasonal variability is about
0.5 sigma-t units at this level. Below 150 m season variability is small (Figure 5.18). Seasonal variability in dissolved
oxygen follows the temperature distribution quite closely (Reference 3).
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Vertical stability, as an indicator of vertical mixing potential, has been examined qualitatively by means of the
shape of the Brunt-Vaisala frequency N (2) profile with depth using results from Reference 19 and by the depth of
the mixed layer using results found in Reference 20, The N (z) profiles are generally similar throughout the CPOCS
study region, with relatively high values near the pycnocline depth, on the order of 0.012-0.015 rad/sec (7-8 min-

. utes). This implies strong stratification and a suppression of vertical mixing through the pycnocline.

The mixed layer near the coast reaches its maximum depth during the winter months of January and February,
because of convective cooling at the surface and mechanical wind stirring. Layer depths of 50 m are typical at this
time of year. Seaward, the mixed layer deepens to about 100 m at 130°W, as expected, from the general circulation.

In spring, with the onset of upwelling, layer depths shoal to about 25 m near the coast but deepen offshore to
about 120 m at 130°W, which may be an indication of intensification of the California Current.

As the season progresses upwelling continues and the mixed layer depth decreases to almost zerc near the
coast, while the Brunt-Vaisala frequency is quite high near the surface. These conditions would tend to confine
spilled pollutants to very near the surface. In September, mixed layer depth is minimal throughout the study region,
being less than 10 m near the coast in southern California, 20 m off San Francisco, and 50 m in the offshore areas
where seasonal surface heating has resulted in a seasonal thermocline. By December, winter conditions have again
been established. Hence, in general, the strongest vertical mixing will occur in winter and early spring in the offshore
area; the least vertical mixing will occur in late summer in the Southern California Bight area.

Long period fluctuations have been associated with low latitude periodic fluctuations in the wind field, such as
the bienniel oscillation (Reference 22). However, aperiodic changes appear to be larger than periodic changes. Aperi-
odic sea level anomalies have been associated with anomalous transport by the California Current. Huang (Reference
26) found that cool coastal water during the period 1948-1957 was associated with lower coastal sea level and an in-
crease in southward water transport.

In general, the archive temperature, salinity, and oxygen data are adequate to describe monthly variations at
1° or 2° resolution in most parts of the Southern California Bight area and south to Punta Eugenia. North of San
Francisco there is a dearth of observations and only a seasonal description can be made with reasonable statistical
reliability.

The archive data is also insufficiently dense to resolve the hydrographic features associated with the California
Countercurrent system (Reference 34). It is important to resolve these features because the nearshore hydrography
has a significant influence on the dispersion and fate of spilled pollutants. Observations of the vertical current shear
combined with temperature and salinity are badly needed at several locations in order to characterize the vertical
mixing by means of the gradient Richardson number.
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in Different Seasons of the Year (Kin’dyushev, 1970) (continued)
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6. NUTRIENT CHEMISTRY

S.W. Fehler

6.1 NITRATE

The data from the historical NODC archives are insufficient to draw any conclusions regarding the geographic
distribution of nitrate. Only two one-degree squares (squares 61 and 62 of 10-degree square 1214) have a significant
number of observations, and these have large standard deviations associated with the data (Figures 6.1 through 6.3).
Square 1214-62 may show some influence of upwelling at the surface. The mean nitrate concentration during the
Davidson season (December and January, Table 6.1} was 6.77 pg at/l (¢ = 4.04); during the upwelling season (May-
July, Table 6.2) the mean nitrate concentration was 8.95 ug atfl (¢ = 5.52) but the differences are not statistically
significant. The surface nitrate concentrations during the Oceanic season (September and October, Table 6.3) are
significantly lower (1 = 2.42 ug atfl o= 2.55 in square 1214-62) than during the other seasons (Figures 6.3 and 6.4).

The mean nitrate concentration increases with increasing depth. During the Oceanic season, the water structure
is somewhat layered with lower nutrient concentrations in the surface region (0-25 m) overlaying the usual more
concentrated regions. The increase of nitrate concentration with depth probably results from settling of detritus
from dead organisms in combination with the microbial oxidation of ammonium to nitrate. This process is coupled
to utilization of oxygen which results in a very strong statistical relationship between the apparent oxygen utiliza-
tion and the nitrate concentration in a water mass (Reference 8). Thus, the dissolved oxygen concentration decreases
with depth, whereas, the nitrate concentration increases with depth.

6.2 NITRITE

The limited number of nitrite observations in the NODC archives for the California region severely limits any
discussion of the nitrite geographic distribution. During the Davidson season (December and January, Figure 6.5),
there appears to be a region with elevated surface nitrite concentrations extending out from the San Francisco Bay,
suggesting that the bay is the source of these high concentrations. A similar near-coastal elevation of surface nitrite
concentration is found during the upwelling season (May through July, Figure 6.6). During the Oceanic period, there
are not enough observations to draw any conclusions about the nitrite geographic distribution (Figure 6.7). The
standard deviation of the nitrite observation is very large relative to the mean of the observations (Figure 6.8).

During the Davidson period of one-degree square 1214-62 (December and January, Table 6.4), nitrite con-
centrations are highest in the surface and near-surface waters, with the concentrations in the deepest water being the
lowest. This behavior is distinctly unlike the other nutrients (nitrate, phosphate, and silicate)} which typically have
their greatest concentration at the greatest depth. During the Upwelling period (May through July, Table 6.5), the
highest concentrations are typically at moderate depths (5-75 m), lower at the surface (0-5 m), and in the greatest
depths (below 75 m). This variation with depth is also markedly different from the other nutrients and strongly
sugpests that it may be associated with the presence of marine phytoplankton or some associated activity such as
predation. A quite similar depth distribution of nitrite concentration (Table 6.6) occurs during the Oceanic period
(September and October). Unlike the other nutrients, the surface nitrite concentrations during the Oceanic period
are not significantly different from those in the Davidson and Upwelling periods.
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Table 6.1
Nitrate

DEGREE SOUARE MONTH

1214

62

DECEMBER

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE MEAN STANDARD DEVIATION
ALL DEPTHS 158 48.100 0.0 48,100 18.245 11.826
05 M 22 17.900 0.0 17.800 8.74b6 6.784
5-25 M 29 21.800 0.0 21.800 9.924 7.512
25-75 M 31 30.200 0.0 30.200 12419 8.985
75—150 M 18 27.700 3.200 24500 18.044 7.397
160—-300 M 24 35.100 7.900 27.200 24.329 5.897
BELOW 300 M 3 48.100 19.600 28.500 34.003 6.345

DEGREE SQUARE MONTH
1214 62 JANUARY
STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE MEAN STANDARD DEVIATION
ALL DEPTHS 159 40.000 1.600 38400 17.828 10.255
0-5 M 23 14.400 2.500 11.900  8.191 2.769
5-26 M 298 18.800 1.600 17.200  9.655 3.603
25-75 M 31 24,200 3.800 20400 12.164 4.633
75-150 M 22 24.500 8.800 16.700 17.095 3.829
160—-300 M 22 32.700 17.500 15,200 23.841 3.754
BELOW 300 M 32 40.000 25.900 14.100 34.019 4.299
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Table 6.2
Nitrate

DEGREE SQUARE "MONTH
1214 62 MAY

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 209 42.700 0.500 42,200
0-5 M 37 22.700 0.500 22,200

5—-26 M 35 25.400 3.200 21.500
25-75 M 41 30.900 10.900  20.000
75-150 M 23 31.800 16.300 15.600
150—-300 M 31 34.300 24.800 9,500
BELOW 300 M 42 42700 27.500 15.200

23.474 9.813
10.903 6.340
16.194 5.061
22.790 4.642
24.848 4.004
29.310 2,668
36.224 3.942

DEGREE SQUARE MONTH
1214 62 JUNE

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 200 45.300 2500 42800
056 M 35 20.700 2.500 18.200

5-25 M S 32 21.900 3.900 18.000
26—75 M 39 28.106 13.900 14.200
75—-150 M 25 30.500 15.300 15,200
150—-300 M 32 38.900 15.600 23.300
BELOW 300 M 37 45300 28.800 16.500

23.074 10.086

9.406 4.710
15.384 4599
22.228 3.180
25.040 4.096
290.381 4,782
36.765 3.996

DEGREE SOUARE MONTH

1214 862 JULY

'STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 168 46.000 0.200 45.800
05 M 25 17.800 0.200 17.600

5-25 M 28 24.700 0.200  24.500
2576 M 33 29,500 7.600  21.900
75-150 M 20 30.600 19.500 11.100
160300 M 24 33.200 19.800 13.400
BELOW 300 M 38 46.000 26.900 19.100

22.372 11.089

5.728 5.679
13.607 6.754
21.454 5.010
25.560 3.352
27.954 3.721
35.447 4,102




Table 6.3
Nitrate

DEGREE SQUARE MONTH

1214

62 SEPTEMBER

STATISTICAL SUMMARY:

DEPTH RANGE MNUMBER SAMPLES HIGHEST

LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 112 43.200 a.0 43.200 17.147 13.674
0-5 M 19 9.200 0.100 9.100 3.063 2.619
5—-26 M 19 13.200 0.0 13.200 3.50b 4,192
25-75 M 26 26.800 0400 26.400 13.081 7.929
75—-150 M 13 30.300 17.300 13.000 23.177 3.812
150-300 M 17 41.000 18700 22300 28.235 6.672
BELOW 300 M 18 43.200 33.600 9.600 37.461 2.776
DEGREE SQUARE MONTH
1214 @62 OCTOBER

STATISTICAL SUMMARY :

DEPTH RANGE

NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

AlLL DEPTHS
0-5 M

5—-25 M
25-75 M
75—150 M
150—-300 M
BELOW 300 M

228
31
36
48
27
33
53

44.300
11.400
11.500
23.400
25.400
32.600
44,300

0.100  44.200
0.100  11.300
0.100 11.400
1.300 22100
8.700 16,700

11.800 20.800
17.200 27.100

17.635 13.281
2.406 2.994
341 2.967

11.712 5.872

19.2656 3.576

25967 5.283

36.555 4.552
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DEGREE SQUARE MONTH

Table 6.4
Nitrite

1214

62

DECEMBER

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 158 0.620 0.0 0.620 0.121 0.150
0-5 M 23 0.600 0.0 0.600 0.223 0.179
5-26 M 29 0.580 0.0 0.580 0.192 0.157
26—-75 M 31 0.620 0.010 0.810 0.179 0.181
75150 M 18 0.300 0.0 0.300 0.062 0.074
150-300 M 24 0.070 0.0 0.070 0.027 0.018
BELOW 300 M 33 0.100 0.0 0.100 0.032 0.028
DEGREE SQUARE MONTH
1214 62 - JANUARY

STATISTICAL SUMMARY::

‘DEPTH RANGE

NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS
0-5 M

5-25 M
25-75 M
75—150 M
150-300 M
BELOW 300 M

188
26
33
42
32
24
31

1.210
1.020
1.080
1.210
0.830
0.080
0.180

0.0
0.030
0.040
0.010
0.0
0.0
0.0

1.210
0.990
1.050
1.200
0.830
0.080
0.180

0.185 0.217
0.273 0.189
0.325 0.236
0.270 0.246
0.108 0.181
0.030 0.025
0.044 0.050
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Table 6.5
Nitrite

DEGREE SOUARE MONTH

1214

62

MAY

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS
0-b M

5-25 M
25-75 M
75—-150 M
150-300 M
BELOW 300 M

207
38
"33
38
24
31
43

0.650
0.390
0.450
0.650
0.370
0.380
0.160

0.0
0.050
0.040
0.020
0.0
0.0
0.0

0.650
0.340
0.410
0.630
0.370
0.380
0.160

0.190 0.143
0.237 0.102
0.204 0.092
0.302 0.147
0.193 0.113
0.085 0.085
0.041 0.031

DEGREE SOUARE  MONTH

1214

62

JUNE

STATISTICAL SUMMARY:

DEPTH RANGE

NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

0.0

0.850

ALL DEPTHS 226 0.850 0.220 ) 0.195
0-5 M 38 0.560 0.010  0.550 0.260 0.168
b—-25 M 36 0.650 0.030 0.620 0.329 0.155
25—-75 M 49 9.850 0.020 0.830 0.337 0.229
75—150 M 32 0.480 0.0 0.480 0.168 0.152
150-300 M 33 0.670 0.010 0.660 0.118 0.138
BELOW 300 M 38 0.390 0.0 0.390 0.056 0.072

DEGREE SQUARE MONTH

1214 62 JULY

STATISTICAL SUMMARY:

DEPTH RANGE

NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS
05 M

5-25 M
25-75 M
75—-150 M
160-300 M
BELOW 300 M

222
3
37
45
32
32
45

0.520
0.320
0.520
0470
0.280
0.350
0.140

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.520
0.320
0.520
0470
0.280
0.350
0.140

0.109 © 0130
0.098 0.093
0.201 0.158
0.205 0.138
0.060 0.085
0.045 0.078
0.025 0.033
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Table 6.6
Nitrite

DEGREE SQUARE MONTH

1214

62

SEPTEMBER

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 113 1.150 0.0 1150  0.182 0.215
0-5 M 19 0.520 0.0 0.520 0.229 0.160
5-25 M 19 0.930 0.0 0.930 0.223 0.231
2575 M 26 1.150 0.030 1.120 0.336 0.288
75—-150 M 13 0.400 0020 0380 0135 0.130
150—-300 M 17 0.150 0.0 0.160  0.055 0.039
BELOW 300 M 19 0.110 0.0 0.110 0.032 0.029
DEGREE SQUARE MONTH
1214 62 OCTOBER

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE MEAN STANDARD DEVIATION
ALL DEPTHS 230 0.660 0.0 0.660 0.125 0.168
0-6 M 33 0.640 0.0 0.640 0.189 0.182
5-25 M 39 0.560 0.0 0560 0.162 0.153
25-75 M 52 0.660 0.0 0.660  0.243 0.198
76—150 M 29 0.280 0.0 0.280 0.074 0.067
150-300 M 34 0.190 0.0 0.190  0.036 0.044
BELOW 300 M 53 0.140 0.0 0.140 0.027 0.027
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6.3 PHOSPHATE

Orthophosphate (as H, PO,- and HPO42' ions with negligible amounts of P043' or free phosphoric acid) is
the major inorganic form of phosphorus in seawater (Reference 11) utilized by phytoplankton. Organic phosphorus
compounds found in estuarine and marine waters (Reference 12) may equal or exceed the concentration of inor-
ganic orthophosphate. Many species o_f phytoplankters contain enzyme systems (i.e., alkaline phosphatases and acid
phosphatases) which can hydrolyze the extracellular organic phosphates to inorganic orthosphosphate (References
13, 14, 15 and 16). The phytoplankton can then take up the inorganic phosphate and utilize it for growth.

The geographic distribution of archived surface layer phosphate observations in the NODC data is more exten-
sive than for the other nutrients. No clear patterns or gradients exist in any season within the area of this report
(Davidson, Upwelling, and Oceanic, Figures 6.9, 6.10 and 6.11 respectively). Some small-scale (i.e., one-degree
square) patchiness is seen when the average phosphate concentrations are examined, but these differences in concen-
trations are statistically insignificant. The surface phosphate concentrations are not significantly different during the
Davidson (Decemb_er and January, Figure 6.9) and Upwelling seasons (May through July, Figure 6.10) but may be
somewhat lower in the Oceanic season (September and October, Figure 6.11).

The large-scale variations in surface layer orthophosphate concentration in the Pacific are related to surface
divergence; high in cyclones and regions of upwelling, and low in anticyclones (Reference 18). Zooplankton popula-
tion is positively correlated with the phosphate concentration in the Pacific gyres (Reference 17).

Phosphate and orthophosphate (Reference 19) concentrations increase with depth during each season (Tables
6.7, 6.8,and 6.9). The increase with depth is usually related to the settling of the detrital remains of living organisms,
although this process can be obscured by the presence of differing water mass having differing life histories and thus,
differing phosphate concentrations.

Organic phosphorus compounds are hydrolyzed and oxidized by microbial action during the detrital settling
process. Living phytoplankton and zooplankton can also excrete organic phosphorus (References 20 and 21). The
oxidative process consumes oxygen, and in deep water there is usually a strong negative correlation between the
orthophosphate concentration and the dissolved oxygen (see Reference 6).

6.4 SILICON

Geochemical and biological processes affect the concentration of silicon in seawater which is generally under-
saturated with respect to dissolved silicon (References 22 and 23). Rapid growth by diatoms or other silicon-requiring
organisms can deplete the silicon in a given water mass; however, the silicon may redissolve into seawater following
the death of the organisms.

The solubility of silicon varies with the temperature and ionic state of the seawater. The presence of aluminum
and magnesium ions may cause amorphous silica to precipitate, whereas increased temperature and pH increases its
solubility. Most silica in seawater probably exists as orthosilicic acid (Si(OH) ) which is in equilibrium with ionized
silicate (mostly SiO(OH);). The usual analysis for silicate, involving the colorimetric analysis of the product of an
acid molybdate reaction, probably responds to some extent to colloidal and solid silica as well as the ionic silicate.
However, diatoms can utilize all of the silicon that responds to the usual assay (Reference 24). In one study, it has
been suggested that the silicon available in the seawater passed through ten phytoplankton life cycles in one season
{(Reference 25).




Table 6.7

Phosphate
DEGREE SQUARE MONTH
1214 62 DECEMBER

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 148 3.770 0400 3.370 1.869 0.875
05 M 21 1.480 0.400 1.080 1.110 0.360
5-26 M 28 2.110 0.420 1.690 1.168 0.460
25-75 M 28 2.010 0.500 1.510 1.317 0.471
75—150 M 17 2450 1.160 1.290 1.800 0.348
150-300 M 22 3.530 1.870 1.560 2473 .0.351
BELOW 300 M 32 3.770 2.550 1.220 3.092 0.303
DEGREE SQUARE MONTH
1214 62 JANUARY

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS
0-5 M

5-25 M
25-75 M
75—-150 M
150—-300 M
BELOW 300 M

204
29
36
50
33
24
32

3.600
1.270
1.380
1.720
2.060
3.250
3.600

0.490
© 0.500
0.490
0.490
0.760
1.610
2.620

3.110
0.770
0.890
1.230
1.300
1.640
0.980

1.580 0.820
0.890 0.184
0.920 0.197
1.144 0.323
1.622 0.31
2.256 0.322
3.076 0.262




Table 6.8
Phosphate

DEGREE SQUARE MONTH

1214 62 MAY

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 231 3.700 0.320 3.380

0-5 M 1 2,020 0320 . 1.700
525 M 38 2.070 0760 1.310
25-75 M 42 2520 1480 . 1.040
75—150 M 24 2770 1890 0.880
150—-300 M 34 3.090 2220 0.870
BELOW 300 M 52 ‘3700 2570 1.130

2129 0.778
1.156 0.517
1.482 0.394
1.991 0.230
2,259 0.208
2.564 0.196
3.136 0.249

DEGREE SQUARE MONTH
1214 62 JUNE

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 250 3.580 0.210 3.370
0-5 M 39 1.820 0.210 1.610

5-25 M 38 2.060 0490  1.570
25-76 M . b8 2.660 0.480 2.180
75—150 M 37 2,610 1.040 1.470
150-300 M 37 3.160 1.460 1.700
BELOW 300 M 41 ‘ 3.580 2490 1.090

1.866 0.780
0.973 0.463
1.359 0.479
1.839 - 0.420
2.126 0.326
2420 0.308
3.008 0.277

DEGREE SQUARE MONTH
1214 62 JULY

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS 2562 3.550 0.100  3.450
0-6 M 33 1.620 0.100 1.520

5-25 M 41 . 2.060 0.160 1.910
25-75 M 48 2.310 0.770 1.540
75—150 M 35 2.810 1.870 0.940
150-300 M 37 2.880 1.650 1.330
BELOW 300 M 58 3.550 2.180 1.370

1.980 0.863
0.675 0473
1.198 0.511
1.790 0.384
2,167 0.195
2,452 0.235
3.023 0.259
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Table 6.9

Phosphate

DEGREE SQUARE MONTH

1214 82

SEPTEMBER

STATISTICAL SUMMARY:

DEPTH RANGE NUMBERSAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS

116 3.570 0.140 3.430 1.641 0.982
0-5 M 17 1.020 0.180 0.840 0.586 0.243
5-25 M 20 1.400 0.140 1.260 0.701 0.403
25-75 M 25 2.080 0.500 1.580 1.305 0.482
75-180 M 12 2.220 0.960 1.260 1.759 0.320
150—-300 M 18 2,930 1.010 1.920 2.243 0.489
BELOW 300M 24 3.670 1.330 2.240 3.011 0.456
DEGREE SQUARE MONTH
1214 &2 OCTOBER

STATISTICAL SUMMARY:

DEPTH RANGE

NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS
0-5 M

5b—25 M
25-75 M
76—-150 M
150-300 M
BELOW 300 M

252
34
41
55
31
35
56

3.660 0.360
1.060 0.380
1.230 0,360
1.840 0.640
2.260 1.300
2.8900 1.830
3.660 2,540

3.300 1.7561
0.680 0.702
0.870 0.738
1.200 1.315
0.960 1.835
1.070 2.389
1.120 3.112

0.947
0.170
0.223
0.327
0.226
0.268
0.280




The data for silicate in the historical NODC archives is minimal and limits the ability to draw inferences re-
garding the geographic distribution, During the Davidson season (December and January, Figure 6,13), and during
the Upwelling season (May-July, Figure 6.14), concentrations of silicate decrease in the offshore direction. During
upwelling, several one-degree squares (1213-39, 121440, 51, 62, 73) show surface silicate concentrations which are
higher than in the other seasons (Figure 6.14). Silicate data is aimost nonexistent during the Oceanic period (Sep-
tember and October, Figure 6.15).

One-degree square 1214-62 is one of the few squares with a reasonable number of observations during the three
major hydrographic seasons. During all periods (Oceanic, Davidson, and Upwelling) (Tables 6.10, 6.11, and 6.12),
there is a significant and consistent gradient of increasing silicate concentration with depth (Figure 6.16). The sur-
face concentrations (0-5 m) during the Davidson period are not statistically different from the Upwelling season
(Tables 6.10 and 6.11) but are larger than concentrations associated with the Oceanic season (Table 6.12).
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Table 6.10
Silicate

DEGREE SQUARE MONTH

1214

62

DECEMBER

STATISTICAL SUMMARY:

MEAN STANDARD DEVIATION

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE

ALL DEPTHS
0-5M

5-25 M
25-75 M
75—150 M
160—-300 M
BELOW 300 M

97
15
17
19
10
13
23

143.000
20.000
24.000
29,000
36.000
54,000

143.000

8.000
10.000
9.000
8.000
17.000
28.000
46.000

1356.000
10.000
15.000
21.000
19.000
26.000
97.000

37.615 28.784
16.267 3.4563
17.471 4,274
20.105 7.187 -
28.600 5.967
41.769 7.769
82,043 22.471

DEGREE SQUARE MONTH

1212

62

JANUARY

STATISTICAL SUMMARY:

DEPTH RANGE

NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS
0-—5 M

5-25 M
25-75 M
75—-150 M
150-300 M
BELOW 300 M

127

20

25
34
19
13
16

90.000
' 28.000
23.000
32.000
29.000
57.000
90.000

4.000
4.000
4.000
4.000
15.000
28.000
47.000

86.000
24.000

.. 19.000

28.000
14.000
20.000
43.000

23.795 20.441
11.500 5.472
11.000 . 3.926
14,912 6.492
21.789 3.809
35.769 8.043
70.688 12.536
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Table 6.11
Silicate

DEGREE SQUARE MONTH
1214 62 MAY

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE MEAN STANDARD DEVIATION

ALL DEPTHS 143 129.000 0.0 129.000 35217 25,121
0-5 M 27 25.000 0.0 25.000 11.852 8.511

5-26 M 27 34.000 2.000 32.000 18926 8.311
25-75 M 29 36.000 17.000 19.000 28.241 4,933
75—-150 M 16 - 42,000 28.000 14.000 35.375 4,924
150--300 M 2 62.000 34.000 28.000 47.333 8.163
BELOW 300 M 23 129.000 45.000 84,000 79.391 23.616

DEGREE SQUARE MONTH
1214 62 JUNE

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE MEAN STANDARD DEVIATION

ALL DEPTHS 161 119.000 1.000 118.000 30.839 23.532
0-5 M 25 31.000 1.000 30.000 12.800 10.239

5-26 M 27 46.000 2.000 44.000 17.185 10.503
25-75 M 38 44.000 3.000 41,000 21.395 11171
76—150 M 26 52.000 9.000 43.000 28,0238 10.505
150--300 M 20 66.000 16.000 49,000 40.650 12.407
BELOW 300 M 25 119.000 45.000 74.000 73.240 19.477

DEGREE SQUARE MONTH
1214 62 JULY

STATISTICAL SUMMARY:

DEPTH RANGE NUMBER SAMPLES HIGHEST LOWEST RANGE MEAN STANDARD DEVIATION

ALL DEPTHS 131 93.000 2.000 91.000 28.519 20.486
-5 M 19 15.000 2.000 13.000 6.053 3.951

5-26 M 24 27.000 2.000 25,000 12.167 7.251
25-75 M 27 32.000 5,000 27.000 21.741 7.719
75—150 M 20 39.000 24.000 16.000 30.150 4.017
160300 M 18 47.000 21.000 26.000 37.778 5917
BELOW 300 M 23 93.000 44.000 49.000 63435 13.024
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Table 6.12
Silicate

DEGREE SQUARE MONTH

1214

62

SEPTEMBER

STATISTICAL SUMMARY:

MEAN STANDARD DEVIATION

DEPTH RANGE NUMBERSAMPLES HIGHEST LOWEST RANGE

ALL DEPTHS 92 108.000 3.000 105.000 29.2560 27.611
0-5 M (£ 11.000 3.000 8.000 7.400 2.230
5-25 M 17 15.000 3.000 12.000 7.706 ¢ 3.350
28575 M 20 34.000 7.000 27.000 16.450 8.763
75—-150 M 10 35.000 18.000 17.000 24.800 6.070
150-300 M 13 63.000 26.000 37.000 42.231 11.344
BELOW 300 M 17 108.000 51.000 57.000 77.824 17.618
DEGREE SQUARE MONTH .
1214 62 OCTOBER
STATISTICAL SUMMARY:

DEPTH RANGE

NUMBER SAMPLES HIGHEST LOWEST RANGE

MEAN STANDARD DEVIATION

ALL DEPTHS
0-5 M

5-25 M
25—-75 M
75—160 M
160-300 M
BELOW 300 M

127
20
23
27
15
18
24

101.000
15.000
16.000
29.000
34.000
60.000

101.000

1.000
2.000
1.000
4.000
14.000
22.000
44.000

100.000
13.000
15.000
25,000
20.000
38.000
57.000

28.039 26.230
7.400 4.627
7217 4134

15.815 6.343

22.067 5.885

39.500 11.020

74.083 16.154 -
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Figure 6.1. Geographic distribution of surface nitrate concentrations during December and January (mid-

Davidson season). The numbers in each square, from top to bottom, are the mean, number
of observations, and standard deviation,
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Figure 6.2. Geographic distribution of surface nitrate concentrations from May-July (the Upwelling
season}. The numbers in each square, from top to bottom, are the mean, number
of observations, and standard deviation.
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Figure 6.5. Geographic distribution of surface nitrite concentrations during December and January (mid-
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of observations, and standard deviation.
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Figure 6.6. Geographic distribution of surface nitrite concentrations from May through July (mid-
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of observations, and standard deviation.
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Figure 6.9.  Geographic distribution of surface phosphate concentrations during December and January
(mid-Davidson season). The numbers in each square, from top to bottom, are the mean, number
of_' observations, and standard deviations.
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Figure 6.10. Geographic distribution of surface phosphate concentrations from May through July
(mid-Upwelling season). The numbers in each square, from top to bottom, are the mean,
number of observations, and the standard deviation.
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Figure 6.11. Geographic distribution of surface phosphate concentrations during September and October
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(Oceanic season). The numbers in each square, from top to bottom, are the mean, number
of observations, and standard deviation.
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Figure 6.13. Geographic distribution of surface silicate concentrations during December and
January (mid-Davidson season). The numbers in each square, from top to bottom,
are the mean, number of observations, and the standard deviation.
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Figure 6.14. Geographic distribution of surface silicate concentrations from May through July

(mid-Upwelling season). The numbers in each square, from top to bottom, are the

mean, number of observations, and the standard deviation,
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7. WATER ELEVATION COMPONENTS AND
COMPARATIVE RISKS

M. D. Earle and K. Bush

7.1 INTRODUCTION

This chapter describes and compares the components that contribute fo the total water elevation. These in-
clude storm surges, astronomical tides, seasonal and long-term sea level changes, tsunamis, waves, and wave setup.
Water elevations measured by coastal tide gauges include contributions from storm surges, astronomical tides, sea-
sonal sea level changes, and long-term sea level changes. These components can be separated by analysis of water
elevation data but the total elevation is of primary importance for practical applications.

Seasonal sea level changes, particularly for northern California, are associated with extratropical storms and
therefore, highest water elevations and storm surges occur in the winter, In addition, there has been a very slow long-
term rise in sea level relative to land at most California tide stations. Extreme total water elevations as a function of

recurrence interval generally increase from southern to northern California, e.g., the one hundred year recurrence -

interval for storm surge changes from approximately 0.6 m (2 ft) in southern to approximately 1 m (3 ft) in north-
ern California.

For comparison, astronomical tides, which are predictable and are not normally a problem, have a typical
range of about 2 m (6 ft} at most California tide stations. Limited numerical modeling substantiates the low eleva-
tions of extreme storm surges and provides estimates of storm surge elevation decrease over the continental shelf
relative to the elevation at the coast. Because of the narrow continental shelf, astronomical tides over the shelf can
be considered neaily equal to those measured at reasonably exposed coastal tide stations. The characteristics, parti-
cularly the relatively low elevations, of storm surges along the California coast make it probable that adequate in-
formation for specific engineering and environmental applications can be developed from more detailed analysis of
measured water elevations at tide stations without the use of complex numerical models.

Tsunamis produce the highest water elevations along the California coast, however, very infrequently. Tsun-
amis generated near the Aleutian Trench and Peru-Chile Trench are a major threat to California but there is a low
probability that destructive tsunamis will be locally generated near the California coast. The most destructive tsun-
ami to affect California occurred in March, 1964, resulting from a severe Alaskan earthquake. Extensive damage due
to this tsunami occurred in the vicinity of Crescent City where the maximum water elevation was approximately
6.3 m above mean lower low water.

Modeling procedures allow calculation of tsunami elevations over the continental shelf but offshore elevations
are not usually critical for engineering applications. Because of very infrequent tsunami occurrences and significant
modifications due to local effects, it is difficult to estimate extreme tsunami elevations as a function of recurrence

interval from observations. Numerical modeling by the U.S. Army Corps of Engineers has been used to provide .

tsunami elevations, including a statistical superposition of astronomical tides, for recurrence intervals of one hundred
and five hundred years along the California coast. A main feature of extreme tsunamis is their substantial location
variability with values ranging from approximately 1.5 m (5 ft) to approximately 4.5 m (15 ft) for a one hundred
year recurrence interval. High current velocities that may occur in shallow or constricted areas are another poten-
tial hazard of tsunamis.



Wave characteristics are related to prevailing weather patterns, storm climatology, unique geographical effects
such as offshore istands off southern California, coastline configuration and orientation, and variations in offshore
bottom topography. Spatial variation of deep water wave conditions depends mainly on occurrences of extratropical
storms which primarily affect northern California during winter. However, swell from winter extratropical storms is
sometimes a cause of major coastal damage along the southern California coast.

Typical wave and extreme wave probability distributions were developed from a 1951-1974 wave hindcast
for six deep water locations. In general, wave conditions become more severe progressing northward and most severe
conditions occur in the winter. Values of wave persistence, which refer to durations of wave heights above and below
specified wave heights, are summarized in this chapter. For southern California, very infrequently occurring tropical
storms do not affect typical wave conditions but do determine extreme wave heights over long time periods. One
hundred year recurrence interval deep water significant wave heights are approximately 9 m (30 ft) off southern
California and approximately 11 m (36 ft) off northern California. Wave setup is an increase in water €levation near
the coast and is associated with breaking waves. Wave setup at the coast due to extreme waves, ranges from 0.9 m
(3 ft) to 1.5 m (5 ft) and is generally larger than storm surge elevations. Nearshore wave conditions can vary greatly
over relatively short distances due to complicated bottom topography, coastal configurations and orientations, and
wave sheltering by offshore islands. Substantial, but feasible, computer modeling efforts would be required to ac-
curately calculate nearshore wave conditions based on deep water wave conditions but the best present procedure is
to use nearshore wave measurements which are becoming increasingly available.

7.2 STORM SURGES, ASTRONOMICAL TIDES, AND SEA LEVEL CHANGES

Severe winds off California are relatively weak and of shorter durations than for other U.S. coastal regions.
Severe winds are due mainly to extratropical storms and very infrequent weak tropical storms off southern Cali-
fornia. Relative importance of storm surges compared to other water elevation components is affected by off-
shore and onshore topography, and the narrow continental shelf causes smaller storm surges than would otherwise
occur for the same wind conditions on other coasts.

Water elevation data from tide stations includes the combined effects of astronomical tides, storm surges, and
sea level changes. These data, which are obtained from the NOS, provide predicted astronomical tides and tidal
datums (reference levels) such as mean sea level. Useful analysis results are provided in References 1 and 2. Storm
surges are measured as water elevations that exceed predicted astronomical tides. Table 7.1 lists values, to the nearest
0.1 ft, of the most important water elevation and tidal datum parameters at the tide stations shown in Figure 7.1.

Cumulative probability distributions of water elevation (Figure 7.2) can be used directly to estimate the prob-
ability that a given water elevation or predicted tide will or will not be exceeded, Cumulative probability distribution
curves for predicted astronomical tides flatten out for probabilities greater than about 99.9 percent, indicating that
extreme astronomical tide heights do not greatly exceed more frequently occurring astronomical tide heights.

At all stations along the California coast, the highest measured water clevation each year during the period
1933-1977 occurred during the winter months of December-January, due to extratropical storms. Secondary max-
ima occur during June and July in southern coastal areas due to late season severe extratropical storms and to
prevailing winds.

Water elevation is also affected by variations in annual mean sea level (the average of hourly measured water
elevations over one year), which are due to long term variations of meteorological and oceanographic conditions as
well as such large-scale conditions as eustatic sea level changes and tectonic effects. Along most of the California
coast, mean sea level has been rising relative to mean sea level for the 1941-1959 National Tidal Datum. Epoch A
sea level elevation rise of approximately 0.005 ft/year has occurred at San Francisco.
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Tahle 7.1
Water Elevations and Tidal Datum Parameters at Selected California Tide Stations.
All values are in feet and are relative to mean lower low water. Unless otherwise indicated,
all values were referenced during analysis'to the presently used National Tidal Datum Epoch, 1941-1959,

Mean Low Mean Tide Mean Sea Mean High Mean Higher Diurnal

Station Water Level Level Water High Water Range
Crescent City 1.2 3.7 3.7, 6.3 6.9 6.9
San Francisco 1.1 3.1 3.0 5.1 5.7 5.7
Los Angeles 09 28 28 4.7 5.4 54
Santa Monica 0.9 - 2.8 2.7 4.5 5.4 5.4
Newport 0.9 28 2.7 (1956-61) 4.6 ' 5.3 5.3
La Jolla 0.9 2,7 2.7 45 5.2 5.2
San Diego 0.9 3.0 29 5.0 6.7 5.7

Because of the narrow width of the California continental shelf, astronomical tides over the shelf can be con-
sidered nearly equal to those measured at reasonably exposed coastal tide stations, Storm surge elevations are more
sensitive to varying widths of the shelf and the ratio of the offshore storm surge elevation to the coastal storm surge
elevation may change substantially with location along the coast and distance offshore. At a depth of 100 ft, storm
surge elevations range from 60-90 percent of cbastal elevations; at a depth of 300 ft the range is 15-70 percent, and
at a depth of 500 ft the range is 10-60 percemt of the coastal elevations. With a very narrow shelf, smaller decreases
in offshore storm surge elevations occur becduse the wind-induced surge near the coast is small compared to the
atmospheric-induced surge both at the coast and in deeper water.

7.2.1 Extreme Water Elevations

Astronomical high tides (relative to mean lower low water) that are equaled or exceeded on the average once
per year along the California coast tend to decrease southward along the coast, ranging from a high of 8.8 ft at Cres-
cent City to a low of 7.0 ft at Newport and La Jolla, although the value at San Diego, 7.6 ft, is greater than any
other except that at Crescent City. These values are barely less than the largest astronomical high tide values expect-
ed over very long time periods as determined from astronomical tide cumulative probability distributions.

Figure 7.3 shows extreme water elevations (relative to mean lower low water) at selected tide stations along
the California coast for recurrence intervals of 5, 25, and 100 years. The results are based on a least squares fit of a
log-normal probability distribution to measured extreme water elevations at each. station. The record length varied
from 22 years at Newport to 54 years at Los Angeles. These high water elevation values are the storm still water
elevations which would be used for structural design purposes when tsunamis and wave setup are not important.
They include both storm surges and astronomical tides.

Storm surge elevations alone as a function of return period were estimated by subtracting mean higher high
water elevation values from the total water elevation values shown in Figure 7.3. The average mean higher high water
values were computed from monthly information provided in Reference 1 for those months during which the
greatest water elevations occurred at each station and are based on 19 years of predicted astronomical tides. The
estimated storm surge elevations range from 1.9 to 2.5 ft for a recurrence interval of 5 years, 2.0 to 2.8 ft for a
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recurrence interval of 25 years, and 2.1 to 3.1 ft for a recurrence interval of 100 years. Elevation values typically
decrease from north to south along the coast from Crescent City to Newport, and then increase slightly from New-
port to San Diego. Model-computed extreme storm surges which (Reference 3) range from 1 to 3 ft, verify the
approximate range of storm surges computed from measured water elevations.

7.3 TSUNAMIS

A tsunami is a system of very long wave length gravity waves principally generated by intense submarine earth-
quakes. Typical tsunami periods range from several minutes to a few hours and typical wave lengths are on the order
of 50 miles. Even in deep water, tsunamis are shallow water waves so that their propagation speed is\/gE 1 where g
is the acceleration due to gravity and d is depth. Propagation speeds are typically several hundred miles per hour.
Tsunami wave heights are a few feet or less in deep water. The low wave heights and long wave lengths in deep water
usually prevent tsunami detection in the open ocean. As a tsunami approaches coastal regions, significantly increased
wave heights may result from wave refraction, shoaling and local resonance, and are highly variable location to
location. '

Susceptibility of a coastline to tsunamis from different generation areas depends partly on orientation of the
coastline relative to orientations of sea floor vertical displacements along fault lines that produce tsunamis. There
are many seismically active fault zones capable of generating tsunamis in the Pacific Ocean but only tsunamis pro-
duced near the Aleutian Trench and Peru-Chile Trench are a major threat to California, Historical tsunami data for
California verifies that these regions are of primary importance. There is a low probability that destructive tsunamis
will be locally generated off the coast of California (Reference 4). Characteristic fault movements off California are
expected to be mainly horizontal so that small local tsunamis rather than large tsunamis would be generated. The
Mendocino Escarpment, which is approximately perpendicular to the coast near Eureka, is potentially capable of
producing tsunamis but these tsunamis would travel approximately parallel to the coast and tsunami elevations at
the coast would be relatively small,

7.3.1 Observed Tsunami Heights

In general, maximum tsunami elevations are obtained from tide gauge measurements, when the measurement
limit of the tide gauge is not exceeded, and are essentially equal to the maximum elevations at the tide gauge loca-
tions, which are usually in harbors. For coastal engineering design applications, tsunami runup is often an important
consideration. Runup is the increase in water level as a tsunami runs up onto the land and is very location depen-
dent. As noted in Reference 5, values of runup are usually, but not always, similar to values of tsunami elevation
at the shoreline. Procedures for calculation of runup and other tsunami parameters useful for engineering projects
are provided in Reference 6,

The most destructive tsunami to affect California occurred in March 1964, the result of a severe Alaskan
earthquake. Extensive damage occurred in the vicinity of Crescent City where the maximum water elevation was
approximately 6.3 m above mean lower low water. This value is based on observation and post-tsunami surveys,
since the tide gauge was destroyed. For comparison, the maximum non-tsunami water elevation at the Crescent
City tide station between 1933 and 1978 was about 3.1 m above mean lower low water. Damaging tsunamis also
affected northern California in 1946 and 1960. Reference 7 describes damage due to these tsunamis and references
additional tsunami descriptions for the northern California coast.

Tsunami elevations decrease with increasing distance from the coast and become negligible for practical applica-

tions in the open ocean beyond the continental shelf. The rate of decrease depends on the topography of the con-
tinental shelf and slope, and changes with location. Although the best procedure for evaluating this offshore decrease
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in elevation is to use a two-dimensional model such as that described in Reference 4, the one-dimensional analytical
solution used in Reference 8 provides a reasonable estimate of this decrease. For the 1964 Crescent City tsunami,
the offshore elevation computed by this method is 50 percent of the coastal elevation at a distance of approximately
2.5 nautjcal miles (4.6 km) from the coast, and the elevation decreases rapidly from this point seaward. In general,
offshore tsunami elevations are not critical for engineering applications, both because of infrequent tsunami occur-
rences and because the offshore water elevation during a tsunami changes relatively slowly so that forces on struc-
tures are not excessive,

7.3.2 Tsunami Recurrence Intervals

Because of the variability of tsunami elevations with location along the coast and the fact that very few tsun-
amis affect a given location, it is difficult to accurately develop an observed tsunami elevation probability distribution
function for extrapolation to infrequently occurring recurrence intervals. Numerical modeling is necessary to deter-
mine extreme tsunami elevations as a function of recurrence interval. For the California coast, the most extensive
available modeling studies for planning and coastal engineering purposes have been conducted by the Waterways
Experiment Station of the U.S. Army Corps of Engineers (References 8, 9, and 4).

Figure 7.4 provides isunami runup, combined with astronomical tides, relative to mean sea level and as a fune-
tion of position along the California coast based on the previous studies (References 8, 9, and 4) by the Corps of En-
gineers. Mean sea level relative to mean lower low water at selected California tides stations is given in Table 7.1. The
purpose of Figure 7.4 is to indicate the range of 100- and 500-year recurrence interval tsunami runup values and the
substantial coastal variability. Comparisons of 100-year recurrence intervals for tsunami runup in Figure 7.4 to similar
values of 1 to 3 ft for storm surges show the dominant importance of tsunamis at the coast. Away from the immed-
iate vicinity of the coast, tsunamis are of little importance and wind-generated waves are of primary importance.

Another hazard to structures is the relatively high current velocities associated with tsunamis. According to
one study (Reference 7), the major effects of several recent California tsunamis were strong currents in harbors and
bays, with velocities as high as 25 mph reported. These currents are most severe in shallow areas or where water is
passing through a narrow channel or river mouth, and may not cause substantial damage to properly designed and
constructed structures.

7.4 WAVES

Weather that causes wave conditions for the California coast and continental shelf is essentially the same as
that which causes small storm surges for these areas, Most reported coastal damage in southern California is due to
swell from winter extratropical storms further to the north but the largest waves affecting southern California are
caused by infrequent tropical storms. Swell from extratropical storms in the Southern Hemisphere also affects south-
ern California. During the winter, northern California is directly affected by extratropical storms so that wave
heights are substantially higher in winter than in summer.

Wave height values th_at are given in this chapter are for significant wave height which is the average height of
the one-third highest waves in a wave record. Given significant wave height, other wave heights such as root-mean-
square wave heights, average height of the 1/10 highest waves, or probable maximum wave height for a given number
of waves can be approximately calculated from a Rayleigh distribution (Reference 10). The ratio of significant wave
height to root-mean-square wave height is 1.42. For engineering applications, the average wave height of the 1/10
highest waves and the probable maximum wave height for 1,000 waves are used frequently. Ratios of these values to
the significant wave height are 1.27 and 1.86 respectively, Waves, particularly high waves, are not symmetrical about
the mean water elevation and most of the wave, the wave crest elevation, is above the mean water elevation. The
crest elevation that corresponds to a given wave height can be calculated by procedures found in Reference 11.
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7.4.1 Typical Waves

Figure 7.5 provides significant wave height cumulative probability distributions at the six offshore locations
shown in Figure 7.1, These results are based on a 1951-1974 hindcast with a significant wave height sea and swell
model by the U.S. Navy Fleet Numerical Weather Central (FNWC). An intercomparison of significant wave heights
cumulative probability distributions from Summary of Synoptic Meteorological Observations (SSMO), FNWC hind-
casts, and ship observations in 2 one degree square area near FNWC location 3 is presented in Figure 7.6. An inter-
comparison of wave period data summaries is presented in Figure 7.7. Comparisons of the FNWC hindcast statistics
io nearby ship wave observation statistics from the NCC and from Reference 14 show good agreement except at
locations 5 and 6 where FNWC resulis provide greater probabilities for higher waves. A possible reason is that wave
statistics for ship observations are based on the highest of the sea wave height or the swell wave height, while FNWC
statistics are based on a combination of sea and swell wave heights. Use of statistical results from this hindcast
instead of less accurate ship observations provides a slightly conservative estimate of wave heights. Because of winter
extratropical storms, higher waves occur more often off northern California than off southern California, Monthly
distributions and wave period statistics are given in Reference 12, which describes the 1951-1974 hindcast. Wave
periods are most often between 6 s and 12 s with longer wave periods occurring off northern California during
winter extratropical storms. Southern California experiences some long period swell from these winter storms and
from winter extratropical storms that occur in the Southern Hemisphere during the Northern Hemisphere summer.
Southern Hemisphere swell, which is not included in the FNWC hindcast, is occasionally refracted to cause damaging
wave heights at the coast (Reference 13).

Wave persistence refers to durations of wave heights above and below given specified wave heights. Table 7.2
provides average durations for significant wave heights at FNWC hindcast locations 1, 3, and 6.

7.4.2 Extreme Waves

Extreme wave conditions can seldom be determined from measurements or observations over short time
periods. Ship wave observations are poor data for determination of extreme wave conditions because ships attempt
to avoid high seas, and visual estimates of very high waves are often not accurate. An accepted approach for calcula-
tion of extreme wave conditions is the use of past meteorclogical conditions, which are known with reasanable
accuracy for long time periods, with wave hindcast models. The best currently available (1979} hindcast of deep
water wave conditions off California covers the time period 1951-1974 and was made with the U.S, Navy Fleet
Numerical Weather Central (FNWC) sea and swell model.

For determination of extreme wave heights, combined sea and swell significant wave heights greater than the
larger of 5 m or the significant wave height that is exceeded on the average once per year were tabulated. Only the
largest significant wave height during an individual storm was considered. Log-normal probability distributions were
least-squares fit'to cumulative probability distributions of tabulated wave heights at each station. Extrapolation of
the log-normal distributions provided probabilities of extreme waves which were related to recurrence intervals.
The recurrence interval, or return period, for a given wave height is the average time interval between occurrences
of wave heights equal to or greater than the given wave height. Recurrence intervals for wave periods were similarly
determined but individual hindcast wave periods were assigned probabilities of their corresponding wave heights.
Extreme deep water significant wave heights as a function of recurrence interval and location are shown in Fig-
ure 7.8. Occurrences and severities of winter extratropical storms increase moving northward and account for the
general increase in extreme wave heights toward the north. Extratropical storms also account for a northward in-
crease in wave periods associated with extreme wave heights. 100-year recurrence interval periods corresponding to
the extreme waves in Figure 7.5 increase from approximately 12 seconds at station 6 to approximately 15 seconds
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Table 7.2
Annual Persistence of Favorable and Unfavorable
Significant Wave Heights

Average Duration {days) for Significant
Wave Heights Less Than

Location 1 meter 3 meters 6 meters
1 3.0 17.5 193.4
3 3.2 29.4 968.7
6 2.8 22.8 approaches
infinity

Average Duration {days) for Significant
Wave Heights Greater Than

Location 1 meter 3 meters 6 meters
1 3.9 1.7 1.3
3 3.8 1.4 1.0
6 5.9 1.4 approaches
Zero

at station 1. Five-year recurrence interval wave periods increase from approximately 10 seconds at station 6 to
approximately 13 seconds at station 1. North of San Francisco, deep water wave direction probability distributions
for significant wave heights greater than 5 m have a primary peak for waves from approximately the south-southwest
and a secondary peak for waves from the northwest. These directions are associated with directions of high wind
speeds during winter extratropical storms. South of San Francisco, waves with significant wave heights greater than
5 m are mainly from the west-northwest to northwest directions, which correspond to primary directions of higher
than normal wind speeds throughoul ihe year.

Tropical storms seldom affect southern California and are never important off northern California. The FNWC
hindcast does not include tropical storms. The most severe tropical storm to affect southern California occurred in
September 1939, and wave hindcasts (Reference 13) indicate a maximum significant wave height of approximately
9 m with a corresponding period of abrout 14 s. Off southern California, these values should be used as extreme wave
upper limits for recurrence intervals greater than approximately 25 years,

Extreme wave conditions from the FNWC 1951-1974 hindcast compare reasonably well with easlier and
simpler hindcasts. A comparison with extreme wave heights determined by a statistical method (Reference 15) that
uses maximum mean monthly wind speeds shows that the statistical method substantially overestimates wave
heights as a function of recurrence interval.

7.4.3 Nearshore Waves and Wave Setup
Wave conditions near and at the California coast, particularly the southern California coast, are extremely

variable due to effects of offshore bottom topography, coastal configuration, orientation of coastal segments, and
offshore islands. Nearshore wave data (Figure 7.9), collected by the U.S. Army Coastal Engineering Research Center



(Reference 16), the California Coastal Engineering Data Network (operated by the Institute of Marine Resources,
Scripps Institution of Oceanography), and the California Coastal Data Program (sponsored by the South Pacific
Division, U.S. Army Corps of Engineers) are available and provide examples of wave height and period probability
distributions at several coastal locations (Figure 7.10).

Wave setup is an increase in mean water elevation between the location of breaking waves and the shoreline
and is related to the momentum flux of incoming waves. Near the location of breaking waves, there is a decrease in
mean water elevation called wave setdown. Wave setup and wave setdown do not need to be considered in deeper
water beyond the breaker zone. The occurrence of high waves and the associated setup, near times of higher than
normal astronomical tides, can result in higher than normal water elevations along the coast. Considerable coastal
damage can occur due to waves superimposed on these high water elevations and due to wave runup on structures
and beaches. The procedures described in Reference 11 were used to calculate wave setup for 100-year recurrence
interval wave heights and periods along the Califomnia coast and for the September 1939 tropical storm that affected
southern California. For typical California offshore bottom slopes, extreme wave setup ranges from 0.9 m to 1.5 m.
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Based on FNWC 1951-1974 Hindcast (Figure 7.1)
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8. CONCLUSIONS AND RECOMMENDATIONS

2.1 INTRODUCTION

The physical variables studied in this report (i.e., wind velocity, ocean current velocity, temperature, salinity,
density) significantly affect the movement and fate of spilled oil. These variables also have significant effect on the
spreading of drill cuttings, muds, formation waters, and other waste products associated with marine mineral explora-
tion and exploitation. Ocean wind waves, storm surge, and tsunamis have been analyzed primarily because these phe-
nomena could pose hazards to marine structures and operations. In this, the concluding chapter of this report, the
adequacy of the archived data in meeting the environmental information requirements for these variables is examined
and recommendations are made for future work.

8.2 CONCLUSIONS
8.2.1 Meteorological Variables

The data base used in this study (coastal stations and summaries for 1° square areas) is adequate to identify
the large-scale atmospheric circulation and its seasonal changes. However, this resolution is too crude to be able to
depict the mean standing mesoscale eddies in the vicinity of Cape Mendocino and the Santa Barbara Islands. The data
base doesnot allow us to study the sea breeze, but there have been some studies of extreme conditions of inland pene-
tration of pollutants from urban sources. The existing data network allows only a crude estimate of the seaward ex-
tent of the land breeze.

The dispersion of atmospheric pollutants depends crucially on the static stability of the atmosphere, but mea-
sures of the stability over the water are not routinely available. Stabilities at the land stations are not representative
of the open water and cannot be used. The best assumption one can make is that the boundary layer over the water is
extremely stable and atmospheric pollutants will be transported with little dispersion over the ocean. During the day
when the prevailing onshore flow is enhanced by the sea breeze, and the air over the land is more unstable than the
air over the water, poliutants will be dispersed through a deeper layer. At night, when the land breeze is developed,
nearshore pollutant sources will be carried seaward.

8.2.2 Water Masses and Physical Properties

Classification of water masses in the California POCS region by correlation based on STD/Nansen cast data
yielded three characteristic structures:

® Southern water structure—equatorial in origin and transported northward along the coast by the Cali-
fornia Countercurrent system.

® Subarctic structure (also termed California water)—transported southeastward in the California Current.

® Variant of the southern water—however, is slightly warmer and more saline than southern water and
is found in the Southern California Bight.
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The stratification is more highly developed in the southern water, reducing vertical mixing of particles at the
sea surface, especially in late summer and early fall, There are far fewer observations in the Californian water than in
the southern water, which implies that knowledge of the distribution of the Californian water is less complete than
that of the southern water.

A rather diffuse frontal zone, typically running westward from the San Francisco Bay region, separates the
southern water from the Californian water, It is apparent that most of the waters off Central California constitute a
.- Inixing zone for these water masses, as often noted in the literature (References 1 and 2). The archived data are, how-
‘_éver, insufficient to Eleli;_leate the details of this zone (e.g., whether the zone is characterized by distinct fronts or
whether it is entirely a diffuse region). These limitations preclude quantitative characterization of mixing in the Cen-
tral California region.

Another water mass which appears in the northeastern part of the study area is the outflow from the Columbia
River, which spreads southward in spring and summer, as low salinity plume overlying denser oceanic water. Few ob-
servations off northern California are available for examination of this water. The existence of this water along the
coast may be masked by the effects of upwelling, which transporis high salinity water to the sea surface.

The distribution of water masses is determined largely by the currents, The California Current transports Cali-
fornian water southward in the upper 200 m. The Countercurrent system, especially the Undercurrent, transports
southern water northward along the coast. It appears that below the 500 m depth of the California Current, there is
a diffuse northward flow of southern water beyond the continental slope.

Seasonal modification of the water masses is affected largely by the annual solar heating cycle and by the on-
set of upwelling, resulting from seasonal variations in wind stress. Asearly as 1936, Skogsberg (Reference 3) recognized
that the seasonal march in water mass properties in the Central California region can be classified in three seasons: an
Upwelling Season in spring in which northerly winds strengthen; the Davidson Current breaks up into eddies; and up-
welling of cold, salty water from 200 m depth commences. In late summer, and early autumn, the mean upwelling
relaxes somewhat corresponding to reduced wind stress. This period is called the Oceanic Season. In winter, monthly
mean northerly winds are light, observed winds are often from the south and northward surface flow, and the David-
son Current is found adjacent to the coast. ‘

The T-§ correlation could potentially provide useful information in determining the origin of currents (e.g.,
southern or northern), the time of onset of currents (e.g., th}\Qavidson Current onset is characterized by an increase
in temperature and salinity), and advection time scales (e.g., the time of transit of the Columbia River plume). Unfor-
tunately, insufficient data are available to make these inferences, particularly with the latter two situations.

. The three season concept can be applied to the southern California and northern California areas, except that
in southern California, the seasons begin'earlier and progress northward along the coast so that the upwelling season
may begin in January off Los Angeles, but may not begin until April off Crescent City. The time of onset of each
season may vary by several weeks from year to year. During the Upwelling Season, isopleths of temperature, salinity,
and density rise toward the coast, and large near-surface vertical gradients occur. In winter, the isopleths slope down-
ward toward the coast, and gradients are less intense. Temperature is the variable which undergoes the largest seasonal
variation. Far offshore, west of 120°W, the temperature of the upper layers follows the annual atmospheric heating
cycle, lagged about one month. Further inshore, upwelling complicates the pattern and significantly reduces the tem-
perature range between Point Conception and Cape Mendocino, because cold subsurface water is being upwelled dur-
ing the heating season. Furthermore, during winter, the Davidson Current transports warm water northward, further
reducing annual variability. Seasonal temperature variability increases slowly with distance to the north and south
of Central California. '
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Evaporation and precipitation are less influential than upwelling in the seasonal salinity march. However, they
do produce rather incoherent salinity fluctuations several hundred kilometers from shore. Nearshore, near the coast
between 28° and 34°N, the effects of upwelling in spring and/or the Countercurrent in winter tend to cancel, keeping
seasonal salinity variations small,

Also, near shore, especially in the regions of intense upwelling, near Point Conception and Cape Mend..cino,
the upwelling seems to be the major factor determining seasonal variations in near-surface density. For example, off
Cape Mendocino, near-surface density typically reaches a maximum during the Upwelling Season and a minimum
during the Davidson Current period when downwelling may occur, In the Southern California Bight area, near-surface
density is still highest in the Upwelling Season and lowest in December and January. Dissolved oxygen concentration
appears to follow the cycle of temperature. Below 150 m, seasonal variability of temperature, salinity, and density is
small.

Mean vertical mixing potential was examined qualitatively by means of charts of mixed layer depth and vertical
profiles of Brunt-Vaisala frequency. Only the area below San Francisco was considered because available data were
insufficient in the northern part.of the study area for this analysis. In general, it appears that the strongest vertical
mixing occurs offshore in winter and early spring when thermal convection and extratropical storms deepen the
mixed layer. The weakest vertical mixing occurs in late summer in the Southern California Bight region, when solar
heating and weakened winds result in maximum intensification of the thermocline and hence maximum buoyancy
force in the upper layers. Between Point Conception and Cape Mendocino, it seems likely that the mean upwelling
would involve an upward transport and thus confine particulate matier to the surface, where seaward Ekman transport
would tend to move the material offshore,

In general, the archive temperature, salinity, and dissolved oxygen concentration data are adequate to describe
monthly variations at 100 km resolution in the Southern California Bight, particularly near large population centers.
In other areas, particularly northwest of San Francisco, there is a dearth of observations and only seasonal descrip-
tions can be made. The data are also insufficient to resolve the hydrographic features associated with the California
Countercurrent system, whose component circulations would have a significant influence on the advection and dis-
persion of spilled pollutants and drilling muds.

In general, the archived data are insufficient to delineate the synoptic and mesoscale features, such as river
plumes, fronts, upwelling zones. Most of the data available on these phenomena is qualitative and has been obtained
by remote sensing. Convective and dynamic circulations associated with these features could result in either disper-
sion or concentration of spilled pollutants, depending on the patterns of convergences and divergences.

8.2.3 Circulation

The major deficiency in the circulation data archive is the lack of current meter observations. The national
archive contains only 31 useable current meter records, with recording periods longer than one week. Most of these
meters were deployed in the vicinity of the shelf break near a topographic feature known as Cordell Bank, near
38°N. Only two of the meters were deployed off Northern California and two in the Southern California Bight.
Most of the currents from the meters located near Cordell Bank showed evidence of topographic steering, implying
that current directions along the shelf break probably vary significantly with location. However, there are not enough
measurements to estimate pertinent spatial scales. Mean current direction often differs significantly from mean direc-
tion determined by ship drift or by geostrophic calculation, although the magnitudes of all these measurements are
generally on the order 5 cmyfsec, This disparity in direction could result from three factors:

® Large shear between the surface and subsurface currents, evidenced by the current meter data (see
Chapter 4)
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® Large interannual varability, evidenced by the current meter data for different years and by the low
values of persistence for the ship drift (see Chapter 4)

® Strong local topographic effects, evidenced by the current meter observations (see Chapter 4)

The factors suggest that caution should be used in accepting available mean current vectors as reliable estimates
of long term means. Furthermore, the spatial scales of mean flow determined from the current meters appear to be
small in this location ;hence,the mean current observations should not be extrapolated far from the measurement site.

It is clear that, at the present time, the number of current meter observations is insufficient to provide useful

input to oil spill advection models (Reference 4), which typically require current vectors on a %° grid. For this pur-
~ pose, the only alternative is to use either ship drift observations, or geostrophic calculations plus a wind drift factor.
The desired %° resolution cannot be obtained in the California POCS region with present ship drift or geostrophic
current data, except in a few small regions off southern Californiz near population centers. However, seasonal charts
of 1° mean current vectors on a 1° grid were prepared from the mean geostrophic current-plus-mean wind stress cur-
rent, as well as from ship drift. The two sets of charts generally agreed in both magnitude and direction. Unfortunately,
the averaging interval required to obtain statistical stability would have obscured important presumed details of flow,
such as the possible eddy between San Francisco and Monterey Bays (Reference 5). The quantity of data in each data
set is insufficient to recommend the exclusive use of one chart over the other. In application. both charts must be
consulted to fill data voids.

The inhomogeneity of the observations precluded calculation of a reliable estimate of error associated with
these charts. The only available validation procedure compared the charts with the general body of scientific knowl-
edge on California circulation as summarized in Reference 5. This comparison shows that there is agreement typically
in the general seasonal circulation patterns. Details of flow (e.g., eddies other than the Southern California Eddy),
upwelling zones, and the circulations on the shelf are not shown. Some of these features can be seen in the subjec-
tively analyzed monthly dyriamic topographic charts (Figures 4.2 through 4.13), but it is not clear whether these fea-
tures are real or are artifacts of the analysis resulting from large interannual variability.

In terms of what can be said about the mean currents, generally, we have found good agreement between the
analysis of archived data and Hickey’s {(Reference 5) extensive review and synthesis of the general circulation in the
California POCS region.

The main branches of this general circulation are typical of eastern boundary currents (Reference 6) and include
the equatorward flowing California Current, the poleward flowing California Undercurrent and Davidson Currents,
and the counterclockwise Southern California Eddy. Mean speeds in all of these currents are typically slow, on the
order of 10 cm/fsec for surface corrents and 5 cmy/sec for subsurface currents. A few previous investigators have found
mean speeds as high as 12.5-25 cm/sec in the California Current but in light of the archived data, these seem rather
high. There are streaks of higher mean current speed, on the order of 20 cm/sec, but these are not typical of the flow
field as a whole, The depth to which the California Current extends is not well known, but it probably extends below
200 m depth, since analysis of dynamic topography at 200 m depth shows poleward flow inshore of a line running
roughly parallel to the coast, about 200-300 km offshore, depending on season and equatorward flow seaward of that
line.

Storm surges are generated by local winds and increase in elevation along the California coast from south to
north. Maximum elevation occurred in winter due to extratropical \§torms. Storm surge elevations range from 1 to 3
feet, which is less than the astronomical tide range of 5 to 7 feet. Therefore, the information provided here is con-
sidered adequate for planning, environmental assessments, and many engineering applications. Because of the small
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elevations in extreme storm surges, information adequate for aimost all applications could be developed by detailed
analysis of existing water elevation data. Such an analysis would eliminate the need for developing advanced numeri-
cal models.

Extreme wind wave conditions are the determining factor for the design of fixed offshore and coastal structures,
The main sources of damaging waves are winter extratropical storms. Occurrences and severities of these storms in-
crease moving northward along the California coast and account for the general increase in wave heights toward the
north. Extratropical storms also account for a northward increase in wave periods associated with extreme wave
heights. North of San Francisco, the highest waves generally approach from the south-southwest. South of San Fran-
cisco, the highest waves are mainly from the west-northwest to northwest. In Southern California, wave damage pri-
marily results from extratropical storms in the North Pacific and Gulf of Alaska.

Tropical storms seldom affect Southern California and are never important off Northern California. Consider-
able damage can result to coastal structures from wave setup. However, for typical California offshore bottom slopes,
extreme wave setup ranges from 0.9 to 1.5 m, with 1.5 m a suitable upper limit for general planning and environmental
assessments.

8.3 RECOMMENDATIONS
8.3.1 Circulation and Water Masses

The most urgent requirement for developing an archive data base adequate to the requirements of OCS develop-
ment is to estimate the magnitudes of the atmospheric and oceanic forcing functions and the magnitudes and phase
delays of the ocean response. The circulation on the shelf must be measured and the relationships between the shelf
and slope water determined. The only practicable approach to meet this requirement is to carefully design a set of
experiments to delineate the time and space scales of variability and exchanges with the deep ocean required to develop
circulation models. :

An important first step in developing this program would be the synthesis of results of the extensive experi-
mental work done off the coasts of Oregon and Washington in, for example, the Coastal Upwelling Experiment (CUE)
program. This could be done quickly by one or more of the CUE participants at the University of Washington or
Oregon State University.

From this study, time and space scales of variability could be inferred (e.g., in terms of shelf width and atmo-
spheric forcing) for the California coast, and detailed planning begun for field measurements. Results available to date
(Reference 8) indicate an alongshelf scale of perhaps 200 km, and an across-shelf scale of perhaps 25 km. Therefore,
a probable observation scheme would include linear arrays of current meter moorings perpendicular to the coastline
and extending outward over the continental slope.

The area of greatest need for such measurements is in the Santa Barbara Channel — Point Conception region.
This area is not only important in terms of location of lease blocks, but is of great importance oceanographically,
since Point Conception is the border between the Southern California Eddy and the coastal circulation off Central
California. Westward moving flow in the Eddy south of Point Conception may continue westward as part of the Eddy,
or may branch northward as the Davidson Current or Undercurrent. Strong upwelling and mixing (both vertical and
horizontal) preclude a simple dynamic description of this area based on available information. The exchange of shelf
water between the Southern California Bight and the shelf area to the north is poorly understoed.
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The measurements required in this region would require deployment of lines of moored current meters, tem-
perature and salinity sensors, ocean pressure gauges, and surface floats supporting meteorological instruments. The
arrays would also be deployed in proximity to long-term sea level gauges, and extend seaward, approximately per-
pendicular to the coast. A few such arrays should be deployed and maintained in position for several years to acquire
long-term data.

The value of these measurements in the Point Conception area could be greatly enhanced by coordinating the
field program with a National Science Foundation-funded program, the Coastal Ocean Dynamics Experiment (CODE)
(Reference 10) to be conducted off the California coast through March 1983 and briefly described below.

CODE measurements will be built around two four-month, small-scale experiments, CODE-1 (April-July,
1981) and CODE-2 (April-July, 1982). During these experiments, the CODE utilized current meters, temperature and
salinity sensors, and bottom pressure gauges, and extensive ship and aircraft surveys. In addition, some larger scale,
long-term measurements are being made during the period April 1981 through March 1983 from buoys moored
along the 90 m and 130 m isobaths, with instruments deployed at the depths indicated in Figure 8.1.

One of these buoys deployed off the San Francisco coast (where coastal sea levels are available) monitors
alongshelf current. A current meter mooring at the 400 m isobath (LT, in Figure 8.1) with meters at 11, 75, 150,
250, and 350 m, and a bottom pressure gauge (LP0 in Figure 8.1) on the 130 m isobath, was deployed within the
CODE measurement area for the 16-month period April 1981 through July 1982. Another current meter mooring is
on the 90 m isobath (LT, in Figure 8.1). Several other bottom pressure gauges will be maintained within the CODE
measurement area for either the 16-month or two-year period, all on either the 130 or 60 m isobaths. A coastal tide
gauge station will be maintained inshore of the bottom pressure gauges. This will permit second-order fluctuations in
across-shelf sea level gradient to be observed. The deployment schedule for these instruments is shown in Figure 8.2.
(Note that bottom pressure gauges will be deployed on the 130 m isobath off three other coastal sea level stations—
Crescent City, Shelter Cove, and Point S8an Luis, Figure 8.1--but only during the small-scale experiments.)

The BLM could maximize the information gained from deploying current meter arrays in the Point Conception
area by means of a plan similar to that shown in Figure 8.1. Current meters, bottom pressure gauges, and T-S sensors
should be deployed off Santa Barbara, Point Arguello, and Point San Luis in the same manner as in the CODE program
for the corresponding time intervals. If additional funds are available, moorings should be deployed off Menterey and
San Francisco to link the observation networks with the CODE buoys and thus greatly extend the space scales that
the observational array is capable of sensing. Hydrographic and aircraft ART measurements should be made periodi-
cally through the moored arrays (monthly, if possible). The extension of the observed spatial scales of current vari-
ability is important, because long wave length oscillations (e.g., shelf waves) are believed to be an important compo-
nent of the circulation off California (Reference 5) and could result in significant transport of pollutants.

In addition to extending the Point Conception array, a third priority measurement program would be a small-
scale observational net between Point Arguello and Santa Barbara, with instrumentation deployed again in the CODE
configuration. Hydrographic and aircraft ART measurements should be made to coincide with CODE intense small-
scale measurements (Figure 8.1) to provide information on mixing. During the measurements, satellite images should
be analyzed for passage of eddies, fronts, and meanders. Sea level data should be obtained from the NOS gauges at
Point San Luis, Point Arguello, Santa Barbara, Long Beach, and San Diego. Meteorological data would be obtained
from the NDBO buoys deployed by BLM, as well as from the Point Arguello Coast Guard Station, and NWS weather
stations to the north and south. :



The above experiment has been presented only as a concept. The detailed planning and analysis would require
many dedicated principal investigators with extensive knowledge of the local hydrography .and circulation. Before
embarking on a major field program, coordination should be effected with other programs, such as SCCWRP, CAL-
COFI, and other principal investigators who may be deploying oceanographic instrumentation. The measurements
described above will not suffice alone, however, in providing BLM with the information required to assess possible
impacts resulting from oil and gas developments. These measurements must be incorporated in one or more dynamical
or statistical circulation models and subsequently, oil spill trajectory models. These models would assist in the plan-
ning of further observational programs in that forcing variables and geographic subregions of critical importance to
the prediction of the ocean circulation could be identified from model results.

Consideration should also be given to exploiting new technology, such as CODAR, satellite-tracked drogues,
and undersea acoustic ranges for monitoring nearshore currents. Current transport between the channel islands could
be monitored with GEK sensors similar to those deployed in the Straits of Florida. These transport measurements
would be combined with densely sampled STD sections across the channels between (e.g., Santa Catalina and the
mainland) to provide budgets of dissolved substances and hence, the inference of pollutant residence times.

8.3.2 Air Poliution

In order to depict more adequately the mesoscale and diurnal circulations and their impact on airborne pollu-
tion, it is necessary to deploy a dense network of buoys in the coastal region, They should possess the capabilities to
measure wind direction and speed, and surface currents.

8.3.3 Water Elevations

Nearshore wave conditions can vary over relatively short distances due to complex bathymetry, coastal configu-
ration, and sheltering by offshore islands, particularly for Southern California. A substantial modeling effort, which
might couple a nearshore model to the U.S. Navy Fleet Numerical Weather Central (spectral) hindcast procedure,
would probably yield good results, but is probably unnecessary for most of BLM’s applications for site-specific wave
information. The best procedure is to use nearshore wave measurements which are becoming increasingly available.
The greatest need for practical application is for additional long-term nearshore wave measurement.
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