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INTRODUCTION

  
The Southern California Bight (SCB) is the region that extends south from the sharp bend in the California coastline at Point Conception to San Diego.  The bight is dominated by the offshore equatorward flowing California Current system, and that portion of the California Current that turns inshore and poleward and recirculates within the bight is known as the Southern California Eddy.  A poleward flowing undercurrent, which transports warmer, saltier Equatorial water from the south also dominates the inshore region, and is strongest at depths of 100-300m (Hickey 1998, 1992).  The Bight is known for having smaller amplitude winds compared to the rest of the West Coast, as it is sheltered from the persistent stronger northwesterly winds present to the north and south.

On the West Coast, and particularly Southern California, the offshore discharge of municipal wastewater is used in conjunction with the narrow continental shelves and steep continental slope, facilitating the diffusion of the effluent.  The effluent leaves the outfall system as a buoyant plume, and is then subject to local oceanic processes, such as local current regimes, density stratification, and bottom topography, all of which interact in a complex nature that is poorly understood (Washburn et al., 1992).  Orange County Sanitation District (OCSD) is one of the largest districts in the country, and as such has instituted a comprehensive ocean-monitoring program to examine the effect of their outfall system, if any, on the surrounding marine environment.

As part of the Huntington Beach Phase III Strategic Process Study, twelve moorings were deployed on San Pedro Shelf (Figure 1) for a period spanning the middle of June until the middle of October 2001.  Several different scientific teams maintained these moorings, including Science Applications International Corporation (SAIC), U.S. Geological Survey (USGS), Scripps Institute of Oceanography (SIO), and NPS.  For this study, Acoustic Doppler Current Profiler (ADCP) data from moorings 03, 05, 06, and 07, as well as meteorological data from mooring 07 and Long Beach and John Wayne Airports were investigated in order to gain a better understanding of the diurnal variability of wind and ocean currents on the San Pedro Shelf off Huntington Beach.  

The moorings extended perpendicular from the coast along a straight line to approximately 7 km off shore, with M2 closest to shore and M7 furthest away.  Locations of oceanographic and meteorological observation stations are located in Table 1 and 2, respectively.  The top bins from all moorings, as well as all bins from M5 were used to provide a picture of the variability in both the horizontal and vertical.  Diurnal variability of the ocean and wind currents will be investigated using principal axes analysis, rotary and kinetic energy spectra, calculation of wind stress, determination of the percent variance of the currents and wind in the diurnal band, and the autocorrelation scales for the currents

DATA COLLECTION AND METHODS

Ocean Data

The top bins of the ADCP data were determined using criteria from the Workhorse ADCP Technical Manual.  The echo intensity data is used to determine how strong the signal looks to the ADCP, and when it does not change for several bins (called “flattening out”), the “noise floor” of the ADCP has been reached.  This implies the signal-to-noise ratio is low and the ADCP can no longer pick out the signal.  As the echo intensity drops off, so does the correlation value, which can also be used to determine the last good bin for the ADCP.  The number and depths of the top bins for each mooring are located in Table 3.  M3 contained a 1200kHz ADCP, M5 contained a 600 kHz ADCP, and M6 and M7 contained 300 kHz ADCPs.  Sampling rates of M3, 5 and 7 were 3 minutes, while the sampling rate of M6 was 1 minute.  

Wind Data 

Mooring 07 consisted of the meteorological station, a Handar sonic anemometer at an elevation of 4 m above the sea surface recording winds at a sampling rate of 1 minute.  The data had periodic small gaps of 1 or 2 minutes, and was linearly interpolated onto the 1-minute time base.  The Automated Station Observing System (ASOS) data from the two airports, Long Beach (LBH) and John Wayne (JWA) consisted of hourly wind speed and direction.  Hourly winds are computed based on the average wind speed and direction two minutes immediately preceding observation time.  The elevation of the ASOS station at LBH is 9.4 m above sea level, while the elevation of the ASOS station at JWA is 16.5 m above sea level.  The wind sensors consist of a rotating cup and wind vane whose electro-magnetic signals are converted into reportable values (ASOS User’s Manual, 1998).  The reported cutoff speed for ASOS is 2 knots, though the data here shows a cutoff speed of 3 knots (anything less than these speeds is recorded as 0 wind speed and 000 wind direction).  ASOS stations also report variable winds, determined if the wind direction varies by 60o or more during the two-minute observation period.

Data Processing

The ADCP and wind data collected during Phase III is broken into different files with different levels of processing and clean up.  For this study, both the processed_raw and processed_ 3-hour low pass (3hlp) data were used in the various analyses, once it was determined that the results were not significantly different.  For all analyses, the entire time series were used, which varied slightly in length, but again, did not create significantly different results.  The processed_raw data has had minimal clean up and is at the original instrument time step.  The processed_3hlp data has had a higher level of clean up.  It has been concatenated, 3-HLP filtered and decimated to 1 hour time intervals.  The maximum data gap is approximately two days, and an effort has been made to keep the inserted data spectrally consistent and vertically coherent.  

There are some problems associated with the ADCP data from M7.  The processed_raw files only contain 19 bins, while the 3hlp files contain 23 bins, due to large gaps in some of the lower bins.  The top bin for the processed_raw files (Bin 19) is at a depth of 7.83 m, while the top bin for the 3hlp files (Bin 23) is at a depth of 3.63 m.  In the explanation of data processing, some of the gaps in the upper bins were filled with data from the lower bins, which brings into question the accuracy of the upper bins.  There is also question as to the certainty of the depth of the top bin of M7 in the 3hlp files.  USGS determined this depth to be 3.63 m, but when calculated by NPS, the depth was determined to be approximately 3 m lower.  This problem is still being resolved, and could explain the possible difference in orientation of the diurnal ellipse from the rest of the moorings.   


The wind data from the ASOS stations was also 3-HLP filtered and decimated to 1-hour time intervals.  Winds reported as variable were replaced with a value of 10e35, which could then be filled and interpolated.  There is also some question as to the accuracy of the orientation of the principal axes and diurnal ellipses for LBH and JWA, as well as the mean speed and direction.  Due to the stall speed of 3 knots, and the recording of variable wind direction as well as a direction of 000 with speeds lower than 3 knots, the mean wind speed may be estimated slightly below the true mean, and the wind direction may have a more northerly component than it actually does.  It is more difficult to tell the error of the wind direction, because the ASOS stations are slightly inland and therefore more affected by the diurnal cycle of inland heating. 


A program called CMGTool (Coastal Marine and Geology), developed by USGS, loads netCDF files (which is the format of all the data files) and performs a number of different analyses on them.  As well as performing analyses, the program also produces graphs of the time series, computes different parameters such as wind speed and direction from u and v components, wind stress from speed and direction, and allows computed variables such as wind speed and wind stress to be saved and loaded into Matlab for further analysis. A number of different functions in the program were used to analyze both the ADCP data and the wind data from both the mooring and the ASOS stations.

Principal Axes Analysis 

CMGtool was used to determine the mean speed and direction, and principal axes of the ocean and wind currents.  Principal axes analysis is useful in that it gives a statistical picture of variance for a set of vector time series.  The majority of variance, or maximum amount of data “scatter” is associated with the major axis, and the remaining variance, or minimum amount of data “scatter” is associated with the minor axis.  The principal axes are defined in such a way that the velocity components along the principal axes are uncorrelated.  The analysis consists of finding the maximum variance in observed velocity fluctuations 
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 along the principal axes for a given location, where u1’ and u2’ are the east-west and north-south components of the wind or current velocity obtained from removing the means 
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 (Emery, p. 325).  Principal axes analysis was performed on all top bins of the moorings, as well as the remaining bins on mooring 05, wind data at mooring 07, the ASOS data for both airports, and the wind stress at all three meteorological stations.  Principal axes analysis includes all frequency information and can be used to compare with the diurnal frequency.

Spectral Analysis

Both kinetic energy and rotary spectral analysis were performed on the data.  An energy density spectrum tells how variance of a time series is partitioned by frequency. The analyses were performed using a program in Matlab, which ingested a file and output the spectral coefficients.  The program is based on the discrete Fourier transform and periodogram method.  It was run on both the processed _raw (in the original time step) and the 3hlp files, in order to ensure the spectral coefficients did not change appreciably.  The analyses were done by breaking up the record into integral multiples of 24 hours, in order to get an estimate exactly at the diurnal frequency, regardless of which file was used.    For example, in the 3hlp files, the data was hourly, the number of points per section was 720 (30 hours x 24 days), and the sample interval was 1 hour.  In the processed_raw files, the data was sampled at either 3 minutes (M3, M5, M7) or 1 minute (M7).  The number of points per section for the 3-minute data was 14400 [(30 days x (24 hours/1day) x (60 minutes/1 hour))/3 minutes], and the sample interval was 0.05 hours (3 minutes x (1 hour/60 minutes)).  The number of points per section for the 1-minute data was 43200 (14400 points x 3), and the sample interval was 0.01666667 hours (1 minute x (1 hour/60 minutes)).  The confidence interval for all spectra is 95%. 


Rotary spectra separate the velocity vector of a certain frequency, 
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, into clockwise and counterclockwise rotating circular components.  The vector addition of these two components, rotating in opposite directions, causes the tip of the combined vector to trace out an ellipse, with eccentricity, e, determined by the relative amplitudes of the components.  If one of the two components is zero, motion is circularly polarized, and if the two components have the same magnitude, motion is rectilinear.  In many cases, the clockwise component is dominant in the northern hemisphere and the counterclockwise component is dominant in the southern hemisphere (Emery, p.427). 

The program outputs the clockwise, counterclockwise, and rotary (clockwise: +, counterclockwise: -) coefficients, as well as the semi-major and semi-minor axes, and the orientation, which is measured counterclockwise from east.  These may then be used to create diurnal ellipses to compare with the principal axes.  Unfortunately, the program does not compute phase information, and so it is not available for the ellipses.  The percent variance in the diurnal band was calculated for all top bins and all bins on M5 (Tables 4 and 5, respectively).  This was accomplished by adding the kinetic energy spectral coefficients for all frequencies, dividing the coefficient at the diurnal frequency by this total, and multiplying by 100 to obtain a percent.

Autocorrelation Scales


An important question when analyzing data is “What constitutes an independent sample?”  A guide suggested by Emery (p. 8) is that a highly correlated group of measurements is dependent, and at the same time, a group of measurements totally uncorrelated must be independent.  In the case of uncorrelated data, the total number of measurements defines the number of “degrees of freedom.”  Therefore, within a given data set, the degree of correlation provides a way of roughly estimating the number of degrees of freedom.


CMGtool was used to determine the autocorrelation scales for the data.  Under the “Statistics” function, the user loads the variable, and then chooses an autocorrelation scale based on the autocorrelation function, and the program outputs the statistics, which include mean, maximum, minimum, standard deviation, error bar, autocorrelation time scale and degrees of freedom.  The statistics were performed on currents rotated into the alongshore and cross-shore direction.  The coastline orientation for the area is 306o, which is also used for the alongshore direction, and the cross-shore direction is 216o.  The autocorrelation function for the currents revealed a tidal signal, so an effort was made to remove this signal in order to get a better idea of the correlation of the non-tidal currents.     
This was also done using CMG tool, which performed a tidal analysis on the u and v components of the ocean currents.  The tidal component was then subtracted from the original time series, and the statistics performed again in order to see what the autocorrelation scales would be with the tidal influence removed.  The output of the tidal analysis included the percent of variance that the tides accounted for at a particular bin, as well as a printout of the K1, O1, M2, and S2 tidal constituents.

RESULTS AND DISCUSSION

Though the records were broken up into integral multiples of 24 hours, the peak energy for the kinetic and rotary spectra in the ocean currents was seen at 24 hours (M1) and 12.412 hours (S2), as opposed to exactly 12 hours.  This indicates the large tidal signal present in the currents.  The peak energy in the wind currents was seen at exactly 24 and 12 hours.  Examinations of the rotary spectra indicate dominant clockwise energy for all the top bins of the moorings at the diurnal frequency, and almost equal clockwise and counterclockwise energy at the semi-diurnal frequency (Figures 2, 3, 4, and 5, respectively).  The vertical profile of M5 indicates clockwise energy dominates the entire water column at the diurnal frequency, and increases dramatically from a depth of 9.63 m to the surface (Figure 6).  The energy at the semi-diurnal frequency, however, is dominated by clockwise energy at lower depths, but counterclockwise energy dominates from a depth of 7 m to the surface (Figure 7).  This is indicative of a wind-driven diurnal influence to approximately 9 m depth. 


Using the output from the kinetic energy spectra, the percent variance in the diurnal band of the top bins of the moorings and all bins of M5 was computed (Tables 4 and 5, respectively).  In general, the diurnal variance accounts for a large portion of the total variance in the top bins, and far exceeds the semi-diurnal variance.  The vertical profile of diurnal and semi-diurnal variance at M5 is interesting in that the semi-diurnal variance is larger than the diurnal from the bottom to a depth of approximately 7.63 m, and then the diurnal variance becomes much larger in the top seven meters of the water column.  Though the predominant energy would be expected in the semi-diurnal band throughout the water column, as the tidal energy moves onshore, the wind driven influence is once again seen at approximately 8 m depth.  


The percent variance in the diurnal band of the meteorological stations was also computed (Table 6).  In general, the diurnal variance at all three stations dominated, accounting for one fifth of the variance at M7 and LBH, and one third of the variance at JWA.  This is evident in the diurnal ellipse, which has almost an entirely cross-shore component. 

The mean speed of the ocean currents, which result from the principal axes analysis, increases moving offshore from M3 to M6, then there is a slight decrease in speed at M7 (Figure 8).  All of the means are oriented in the alongshore direction, as are the major axes of the ellipses, which indicates the majority of the variance is in the alongshore direction (Table 7).  Except for M3, where the mean is smaller than the major axis, the mean speeds are the same magnitude as the major axis.  The diurnal ellipses are essentially the same magnitude as the principal axes ellipses, indicating that the diurnal currents account for the majority of the variance.


The mean speed of the currents at M5 decreases from bin 17 (depth 3.63 m) to bin 1 (depth 19.63 m), and the orientation of the mean rotates clockwise from 124.5o at the surface to 147.2o at the bottom bin, becoming increasingly cross-shore at depth.  The principal axes ellipses for M5 also follow this pattern.  The magnitude of the mean speed does not begin to compare to the magnitude of the major axis until bin 13, corresponding to a depth of 8.63 m.  Though the principal axes ellipses and diurnal ellipses were not plotted together, this is believed to be the approximate depth of the wind-driven influence on the currents. 


The mean speed of the wind is very small, ranging from 2.4 m/s at M7, to1.95 m/s at JWA, and 0.932 m/s at LBH.  For M7 and JWA, the means are the same magnitude as the major axis, and for LBH the mean speed is approximately half the magnitude of the major axis.  The orientation of the mean wind for M7 is slightly cross-shore (091o), while the orientations of the means for the airports are mostly cross-shore, with LBH having a slight alongshore component.  The orientation of the principal axes and diurnal ellipses of all three locations are different, and do not necessarily coincide with the orientation of the mean.  The principal axes ellipse at M7 is oriented alongshore in the same direction as the ocean current ellipses, while the diurnal ellipse has a slight cross-shore orientation (104o), most likely due to the diurnal sea breeze.  The principal axes ellipse at LBH is oriented in the alongshore direction, and the diurnal ellipse is oriented more east-west, due to topographic steering by low coastal mountains to the north and south of the station.  The principal axes ellipse for JWA is oriented in the cross-shore direction (039.4o), as is the diurnal ellipse.  The diurnal ellipse, however, has an extremely small alongshore component, indicating the diurnal sea breeze at this station is entirely cross-shore.      


The autocorrelation scales were computed on the rotated currents for all top bins.  The tides were removed in an effort to get a better idea of the autocorrelation function without the tidal forcing.  The time scales were expected in increase, but did so only slightly, as the tidal analysis did not remove a great deal of the variance.  The time scale for the U component, which is approximately 20 hours, is shorter than the time scale for the V component, which is approximately 1.5-2 days.  A reason for this could be the tidal energy has a larger cross-shore component than an alongshore one, and so the noise in the U component is along the scale of the signal itself.


All of the analyses point to the importance of the wind-driven forcing at the diurnal frequency.  More investigation needs to take place in an attempt to specifically characterize the exact timing and behavior of the diurnal response of the ocean currents to the wind, especially since the phase of the ellipses is unknown.  Further analyses will be done on this data, to include isotherm displacement, spectra on the remaining moorings, and wavelet analysis in order to complete the picture and make conclusive decisions about the exact forcing mechanisms taking place.
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Figure 1.  Location of moorings used in Huntington Beach Phase III Investigation
	Table 1.
	Oceanographic Data Used in Thesis Research
	
	

	
	
	
	
	
	

	Mooring
	Latitude
	Longitude
	Instrument Type
	Parameter Measured
	Instrument Depth (m)

	M02
	33°37.764'N  
	117°58.998'W
	MicroCat
	Temperature
	12.3

	M03a
	33°37.560'N
	117°59.206'W
	MicroCat
	Temperature
	5, 10

	M03b
	33°37.598'N
	117°59.227'W
	1200 kHz ADCP
	Current
	13.7

	
	
	
	SeaCat
	Temperature
	14

	M05a
	33°36.710'N
	117°59.802'W
	MicroCat
	Temperature
	5

	
	
	
	Temp
	Temperature
	10

	M05b
	33°36.719'N
	117°59.704'W
	MicroCat
	Temperature
	15, 20

	M05c
	33°36.745'N
	117°59.822'W
	 600 kHz ADCP
	Current
	23.2

	
	
	
	SeaCat
	Temperature
	23.6

	M06a
	33°35.674'N
	118°00.571'W
	Hugrun
	Temperature
	1, 35.1

	
	
	
	MicroCat
	Temperature
	5, 15, 20, 30

	
	
	
	S4
	Temperature, Current
	10, 28

	M06b
	33°35.667'N
	118°00.423'W
	300 kHz ADCP
	Current
	32.5

	
	
	
	Hugrun
	Temperature
	34.6

	M07a
	33°34.593'N
	118°01.256'W
	SeaCat
	Temperature
	5, 10

	M07b
	33°34.606'N
	118°01.156'W
	Temp
	Temperature
	15, 25, 35, 45, 50

	
	
	
	MicroCat
	Temperature
	20, 30, 40, 55

	M07c
	33°34.652'N
	118°01.137'W
	300 kHz ADCP
	Current
	56.9

	
	
	
	SeaCat
	Temperature
	57.5

	M09
	33°36.651'N
	117°58.947'W
	Hugrun
	Temperature
	1, 21

	
	
	
	MicroCat
	Temperature
	4, 10

	
	
	
	S4
	Temperature, Current
	5, 15

	M10a
	33°35.700'N
	117°58.097'W
	Hugrun
	Temperature
	1, 34.6

	
	
	
	MicroCat
	Temperature
	5, 15, 20, 30

	
	
	
	S4
	Temperature, Current
	10, 28

	M10b
	33°35.704'N
	117°57.952'W
	300 kHz ADCP
	Temperature, Current
	35

	M11a
	33°34.792'N
	117°57.615'W
	Temp
	Temperature
	5

	
	
	
	MicroCat
	Temperature
	10

	M11b
	33°34.784'N
	117°57.660'W
	Temp
	Temperature
	15, 25, 35, 45

	
	
	
	MicroCat
	Temperature
	20, 30, 40, 50

	M11c
	33°34.812'N
	117°57.551'W
	300 kHz ADCP
	Current
	50.7

	
	
	
	SeaCat
	Temperature
	51.5

	M12
	33°34.366'N
	118°00.112'W
	DCS-3900
	Temperature, Current
	1, 45

	
	
	
	Therm
	Temperature
	15, 30, 48

	
	
	
	Hugrun
	Temperature
	61

	M13
	33°36.220'N
	117°56.331'W
	Hugrun
	Temperature
	1, 14.2

	
	
	
	FSI/Hugrun
	Temperature, Current
	5, 10

	
	
	
	SeaCat
	Temperature
	8


	
	
	
	
	
	

	Table 2. Wind Data used in Thesis Research
	
	
	

	
	
	
	
	
	

	Station
	Location
	
	
	
	

	
	Latitude
	Longitude
	Duration of Record
	Temporal Resolution
	Elevation

	John Wayne Airport
	33 40 48N
	117 51 59W
	June - Oct 2001
	Hourly
	16.5m (54.1ft) abv sea lvl

	ASOS Station
	
	
	
	
	

	Long Beach Airport
	33 48 42N
	118 08 47W
	June - Oct 2001
	Hourly
	9.4m (30.8ft) abv sea lvl

	ASOS Station
	
	
	
	
	

	M7
	33 34.593N 
	118 01.256W
	July - Oct 2001
	Minute
	4 m abv sea lvl


	Table 3. Top bin numbers and depths for moorings 3, 5, 6, 7

	
	
	
	
	

	Mooring
	Bin Length (m)
	No.of Bins
	Depth of top Bin (m)
	No. of top Bin

	3
	1
	12
	3.21
	10

	5
	1
	19
	3.63
	17

	6
	2
	12
	3
	12

	7
	2
	23
	3.83
	23


	Table 4. Percent Variance in Diurnal and Semi-Diurnal Bands 

	for M3, M5, M6, M7
	
	
	
	

	
	
	
	
	
	

	Mooring
	Bin #
	Depth (m)
	Diurnal %
	Semi-Diurnal %
	

	3
	10
	3.21
	11.2261
	3.8325
	

	5
	17
	3.63
	16.8177
	2.0192
	

	6
	12
	3
	21.0768
	2.2144
	

	7
	23
	3.83
	18.516
	4.0567
	

	
	
	
	
	
	


	Table 5. Percent Variance in Diurnal and Semi-Diurnal Bands for M5

	
	
	
	
	
	

	Bin #
	Depth (m)
	Diurnal %
	Semi-Diurnal %
	
	

	1
	19.63
	8.767
	12.864
	
	

	2
	18.63
	9.2088
	12.6969
	
	

	3
	17.63
	8.9683
	12.3532
	
	

	4
	16.63
	8.0916
	11.84
	
	

	5
	15.63
	6.8764
	11.1538
	
	

	6
	14.63
	5.7326
	10.2491
	
	

	7
	13.63
	4.685
	9.1965
	
	

	8
	12.63
	3.644
	8.269
	
	

	9
	11.63
	2.7609
	7.445
	
	

	10
	10.63
	2.2678
	6.5406
	
	

	11
	9.63
	2.6556
	5.6102
	
	

	12
	8.63
	3.8939
	4.6232
	
	

	13
	7.63
	5.9083
	3.8381
	
	

	14
	6.63
	8.4162
	3.2108
	
	

	15
	5.63
	11.1403
	2.7797
	
	

	16
	4.63
	14.0012
	2.3986
	
	

	17
	3.63
	16.8177
	2.0192
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Figure 4.  Same as Fig 2, for M6
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Figure 5.  Same as Fig 2, for M7
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Figure 6. Diurnal energy at M5, spectral energy is (cm^2/s^2)/cph
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Figure 7.   Semi-diurnal energy at M5, spectral units are cm^2/s^2/cph

	Table 6. Percent Variance in Diurnal Band

	 for Meteorological Stations
	

	
	
	
	

	Station
	Diurnal %
	Semi-Diurnal %
	

	M7
	20.6314
	1.1486
	

	LBH
	20.4238
	6.7334
	

	JWA
	32.897
	1.6877
	


Figure 8.  Diurnal and principal axes ellipses for all oceanographic and meteorological stations
	Table 7.  Mean speed and direction of currents from principal axes analysis

	
	
	
	
	
	

	Mooring/Station
	Mean Speed 
	Mean Direction
	Major axis
	Minor axis
	

	M3
	8.9875
	124.2
	13.9419
	5.5648
	

	M5
	15.4009
	124.5
	16.281
	8.3962
	

	M6
	19.6908
	122.8
	18.0985
	10.2239
	

	M7
	17.1701
	133.7
	15.4925
	9.9086
	

	M7 Wind
	2.3967
	90.8
	3.098
	1.2515
	

	JWA
	1.9517
	36
	1.7014
	1.076
	

	LBH
	0.93232
	50.8
	2.2632
	1.2862
	

	
	
	
	
	
	

	Note:
	 Units for speed is cm/s for ocean currents, m/s for wind currents


Figure � SEQ Figure \* ARABIC �2�. Rotary spectra for M3, spectral energy is (cm^2/s^2)/cph
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