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Coastal-based high-frequency (HF) radar systems are an increasingly used tool for 

measuring surface currents in the coastal ocean.  These systems provide a spatial and 

temporal resolution not achievable with other methods.  Standard-range sites typically 

generate hourly maps of surface currents on a 2km grid extending approximately 50km 

from shore while long-range sites typically generate hourly maps on a 6km grid 

extending up to 200km from shore.  Generating these maps from the data presents 

mapping challenges addressed in this thesis.  The known geometric errors in HF radar 

current maps are reviewed.  Modifications to the traditional method of mapping coastal-

based HF radar measurements are proposed.  One year of current data from the Oregon 

coast and idealized radials representing different analytically-defined currents are used to 

evaluate mapping issues, comparing the revised method with the traditional method.  The 

revised method showed improved accuracy, particularly in capturing small features. 



 

The revised mapping method is applied to a deployment of two CODAR 

standard-range HF radar sites from May 8, 1996 through May 22, 1996.  The sites were 

located at Bandon and Cape Blanco, Oregon.  A nearby coastal wind station, an R/V 

Wecoma research cruise, a mooring and satellite-tracked drifters provide additional 

observations.  Wind patterns during the study period included upwelling-favorable 

conditions, a relaxation event, a weak reversal and a strong reversal.  Analysis of the data 

provides insight into coastal circulation during these varied wind conditions.  The large-

scale currents on the continental margin just north of Cape Blanco are wind-driven, with 

a bias towards southward flow even when winds reverse to weakly northward.  During a 

wind relaxation event the coastal jet weakens with the area of maximum currents shifting 

offshore.  During a weak wind reversal event complex current patterns are observed 

inshore of a weakened coastal jet.  During a strong wind reversal event currents reverse to 

northward and no coastal jet is observed.  Drifter data and Lagrangian analysis of the HF 

radar data early in this strong reversal are compatible with the theory of larval retention 

in lee eddies and settlement north of a cape during a reversal event.  Later in the reversal 

event strong offshore flow develops at Cape Blanco which would prevent larval 

settlement.  The tides in the HF radar observation area are seen to be highly variable 

spatially and of considerably greater magnitude than anticipated, potentially due to the 

misallocation of the diurnal wind-forced currents to the diurnal tidal components. 
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Observing the Coastal Ocean with HF Radar 
 

 

1 Introduction 
 

Oregon’s marine ecosystem is largely driven by upwelling.  In the summer, 

southward winds lead to offshore Ekman transport of surface waters.  This advection of 

surface waters away from the coast leads to upwelling of cold nutrient-rich water near the 

coast, feeding the phytoplankton blooms that are the base of the food web (Huyer 1990).  

The strength of this upwelling varies greatly in time and space (Huyer 1983).  Periods of 

strong upwelling-favorable winds alternate with relaxation events and reversals to 

downwelling-favorable winds (Stevenson et al. 1974, Peffley and O'Brien 1976, Davis 

1985, Kosro 1987, Kosro et al. 1997, Barth et al. 2005, Kaplan et al. 2005, Kosro 2005).  

These relaxation and reversal events may provide an opportunity for the planktonic larvae 

of coastal species to return to shore to settle (Roughgarden et al. 1988, Roughgarden et al. 

1991, Farrell et al. 1991, Wing et al. 1995b, Shanks et al. 2000).  Topographic features 

such as capes and banks also affect circulation patterns (Davis 1985, Kosro 1987, Barth 

and Smith 1998, Barth et al. 2000, Penven et al. 2000, Castelao and Barth 2005, Kosro 

2005, Kaplan et al. 2005) and may cause lee eddies where planktonic larvae may be 

retained during upwelling conditions, allowing for their settlement during relaxation 

events and reversals (Ebert and Russell 1988, Graham et al. 1992, Wing et al. 1995a, 

Graham and Largier 1997, Wing et al. 1998a, Wing et al. 1998b, Morgan et al. 2000). 
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Coastal upwelling has been much studied over the years, but these prior studies 

were limited by the observational techniques available.  Research vessels measure ocean 

parameters throughout a study area, but are expensive to operate and take time to cover 

the area.  Vessels can thus provide a spatial picture of upwelling, but at only a few points 

in time.  Moored instrumentation provides long time series, but only at a few spatial 

locations.  Satellite-tracked drifters provide Lagrangian data on circulation patterns, but 

can only cover a few paths through a study area.  Coastal-based HF radar systems 

(Barrick et al. 1977) provide a valuable additional tool for studying upwelling.  These 

systems allow hourly measurement of surface currents in an area extending typically 

50km offshore with 2km grid resolution.  Combined with the other measurement 

techniques, HF radar systems can thus allow us to better observe coastal circulation near 

topographic features during upwelling conditions, relaxation events and reversals. 

HF radar systems return radial currents for each site, typically at points in 2km to 

6km increments on spokes spaced 5° apart.  The radial currents give a measurement of 

the surface current directly towards or away from the site at each of these points.  Two or 

more sites are deployed along the coast and their radials mapped into a total current at 

defined grid points in the study area.  This mapping presents challenges.    Each potential 

radial measurement point will not have a return every hour and the radial measurements 

from different sites are not colocated.  The most commonly used mapping method 

includes all radials within a fixed radius circle of the grid point, weighting all radials 

equally (Lipa and Barrick 1983, Gurgel 1994, Cook and Paduan 2001).  Too large a 

radius circle leads to oversmoothing and loss of information near a site, where the radial 
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spokes are close together.  Too small a radius circle leads to poor coverage far from the 

site where the spokes are far apart.  The equal weighting of all radials within the circle 

can lead to unnecessary errors when the actual currents change within the circle.  Chapter 

2 of this thesis develops an improved mapping method where the radials are weighted by 

their distance from the total current grid point.  The weights used are variable and based 

on correlation of actual radial data.  The two mapping methods are then compared for 

actual radial data and for analytically generated radials representing a variety of current 

patterns. 

This revised mapping method is then applied in Chapter 3 to a deployment of two 

CODAR coastal-based HF radar systems near Cape Blanco, Oregon.  This deployment 

lasted from May 8, 1996 to May 22, 1996 and covered a period of upwelling-favorable 

winds, followed by a wind relaxation event, a weak wind reversal and a strong wind 

reversal.  Additional data were also available for this period.  An R/V Wecoma cruise 

provided ADCP measurements of currents and SeaSoar measurements of temperature and 

salinity along a cross-shelf track through the HF radar domain.  A moored ADCP 

provided time series of currents throughout the water column at one point within the HF 

radar domain.  Satellite-tracked drifters provided Lagrangian tracks through the HF radar 

domain.  Analysis of all these data sources allows detailed observation of the circulation 

patterns during the varied wind conditions.   
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2  Mapping of Coastal-based HF Radar Data 
 

2.1 Abstract 

The mapping of coastal-based high-frequency (HF) radar data presents 

challenges.  Radial currents from two or more sites must be combined to form total 

current vectors.  Combining the radials is difficult as the radials from each site are not 

uniformly spaced nor are the radials from different sites colocated.  Geometric sources of 

errors in the data are reviewed.  Shortcomings of the typical mapping method are 

explored and an improved mapping method developed.  One year of actual current data 

from two Oregon HF radar systems and analytically-generated radial currents are used to 

compare the two mapping methods.  The revised mapping method shows improved 

accuracy, particularly in capturing small features. 

 

2.2 Introduction 

Coastal-based high-frequency (HF) radar systems are an increasingly used tool for 

measuring surface currents in the coastal ocean.  These systems provide a combined 

spatial and temporal resolution not achievable with other methods.  For standard-range 

systems, hourly maps of surface currents can be obtained on a 2km grid extending 

approximately 50km from shore while long-range sites can produce hourly maps on a 

6km grid extending up to 200km offshore.  Generating these maps from the data presents 

mapping challenges addressed in this chapter.  The known geometric errors in the current 
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maps are reviewed.  Modifications to the traditional method of mapping coastal-based 

radar measurements are proposed.  One year of data from the Oregon coast and idealized 

radials representing different analytically-defined currents are used to evaluate mapping 

issues, comparing the revised method with the traditional method.  

Coastal-based HF radar systems bounce radio frequency electrical waves off the 

ocean surface (Barrick et al. 1977).  The Bragg effect leads to enhanced backscatter of 

these electromagnetic signals when reflecting off ocean surface waves of exactly one half 

the transmitted wavelength.  Receive antennae detect these reflected signals.  The length 

of time that it takes a reflected signal to return indicates the distance offshore from which 

a particular return comes.  CODAR HF radar systems use a patented frequency 

modulation method to convert this time delay into a large scale frequency shift, 

separating the returns into range bins, typically of 1.5km each for standard-range systems 

(http://www.codaros.com).  One expects ocean waves of the reflecting wavelength to be 

present moving towards and away from site.  Reflected signals from waves moving 

towards the site will be Doppler-shifted to a higher frequency, while those moving away 

from the site will be Doppler-shifted to a lower frequency.  In the absence of underlying 

surface currents these reflected signals will be seen in the received cross-spectra as peaks 

evenly spaced around the transmit peak, with the magnitude of the frequency shift 

corresponding to the deep water phase speed of the waves.  Underlying surface currents 

will shift the reflected signals higher in frequency for currents coming towards the 

antennae while currents away from the antennae shift the reflected signals lower in 

frequency.  Different current velocities from different bearings within each range bin 
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result in broadened Bragg peaks.  Within each broadened peak, the magnitude of the 

frequency shift indicates the magnitude of the underlying currents at the different 

directions within the range bin. 

Different techniques are used to determine the bearing of the return at each 

frequency within the Bragg peaks (Lipa and Barrick 1983, Leise 1984, Barrick and Lipa 

1997).  CODAR systems use three colocated receive antennae to determine the bearing of 

a return.  The three antennae consist of a monopole with uniform sensitivity to signals 

from all directions and two crossed loops with sensitivity in sine patterns with their 

maxima orthogonal to each other.  Simplistically, the ratios of these three signals 

determine the direction from which a signal came.  In practice, an eigenfunction analysis 

known as MUSIC is used to determine the bearing (Schmidt 1986). 

Each site thus gives a map of radial currents towards or away from the site.  These 

radial currents are compiled, typically in an hourly map on five-degree azimuthal spacing 

and 1km to 3km radial spacing (Figure 1).  Error estimates for these radial currents vary 

widely.  Many studies have evaluated the error in the radial current measurements by 

comparing the radials to measurements by other instruments.  Comparisons to other 

measurements do not yield a precise error figure as each measurement contains its own 

error sources.  Different measurement techniques also measure currents at different 

depths and average over different temporal and spatial scales, further complicating 

comparisons.  Emery et al. (2004) found RMS differences between 7cm/s and 19cm/s 

analyzing 18 HF radar-moored ADCP pairs.  Paduan et al. (in press) compared four HF 

radar sites to each other as well as to a moored ADCP and to 16 drifter deployments.  HF 
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radar site-to-site RMS differences ranged from 9.8cm/s to 13cm/s.  HF radar site 

comparison to moored ADCP data yielded RMS differences of 12.4cm/s to 18.1cm/s, 

while comparison to drifters ranged from 10cm/s to 12.7cm/s.  Ohlmann et al. (in 

preparation) found RMS differences ranging from 1.4cm/s to 12.3cm/s comparing radial 

data to drifters.   This thesis uses 10-15cm/s as a figure of merit estimate of the error in 

radial measurements. 

a. b. 

c. 

Figure 1 Distribution of radial measurement points for two CODAR sites along the 
Oregon coast.  a. Full distribution of both sites showing 3km averaging circles for two 
grid points, one offshore and one nearshore  b. Enlargement of offshore averaging 
circle  c. Enlargement of nearshore averaging circle 
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Radial maps from two or more sites are combined to produce two-dimensional 

total current vector maps.  The geometry involved in mapping two radials into a total 

current introduces spatially dependent errors (Gurgel 1994, Chapman et al. 1997, Barrick 

2002, Lipa 2003).  In the region near the baseline connecting the sites, both sites’ radials 

are nearly parallel to the baseline.  These radials contain information on the currents 

parallel to the baseline but little or no information on the currents perpendicular to the 

baseline.  Similarly, in the region far from the sites, both sites’ radials are nearly 

perpendicular to the baseline.  These radials contain information on the currents 

perpendicular to the baseline but little or no information on the currents parallel to the 

baseline.  The spatial structure of these geometric errors is readily derived 

mathematically (Chapman et al. 1997, Barrick 2002, Lipa 2003).  Following the notation 

and development of Barrick (2002), consider a grid point with two colocated radial 

measurements, r1 and r2, from which one wishes to calculate a total current, w, consisting 

of components u and v (Figure 2).  The two radial currents can be expressed as (Figure 

2): 

  1sinv1cosu1r θ+θ=  

  2sinv2cosu2r θ+θ=  

Solving for u and v: 

  
1sin2cos2sin1cos

1sin2r2cos1ru
θθ−θθ

θ−θ
=  

  
1sin2cos2sin1cos

2cos1r1cos2rv
θθ−θθ

θ−θ
=  
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Assuming a known variance σr
2 in each of the radials r1 and r2, the ratios of the standard 

deviation of the total current components to the standard deviation of the radials are: 
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And the ratio of the standard deviation of the total currents to the standard deviation of 

the radials is: 
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The spatial structure of these ratios for a two site deployment along the Oregon coast is 

shown in Figure 3.  Hereafter these errors will be referred to as geometric dilution of 

precision (GDOP). 

 The spatial distribution of errors caused by GDOP is determined by the site 

geometry.  The total current component parallel to the baseline between two sites has 

large errors far from that baseline, while the total current component perpendicular to the 

baseline has large errors near the baseline.  Error due to GDOP in the u and v components 

of the total current will vary according to the orientation of the baseline.  The baseline 

between the two sites shown in Figure 3 is nearly but not exactly north/south, leading to 

the asymmetry particularly noticeable in Figure 3b. 

The nature of the radials raises other mapping issues when combining two sites’ 

data into total currents.  The radials of the two sites are not colocated or evenly spaced  
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a. b. c. 

Figure 3 Geometric Dilution of Precision (GDOP) for the geometry of the two Oregon 
sites.  Contour intervals are GDOP of 1, 2, 3, 4, and 5. 
 

Figure 2 Geometric diagram showing relation of total current w, u and v components, 
and two radial currents, r1 and r2, at angles θ1 and θ2 
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throughout the coverage area (Figure 1a).  Furthermore, not all radial points will have a 

return each hour.  A commonly used technique for mapping radials into total current 

vectors uses a fixed-radius circle around the total current grid point.   All radials within 

that circle are treated as occurring at the grid point.  The total current is calculated via a 

least-squares fit to these radials (Gurgel 1994, Cook and Paduan 2001).  This leads to 

either gaps offshore where radials are far apart (Figure 1b) or else over-smoothing near 

the sites where radials are close together (Figure 1c).  A weighted least-squares technique 

with a spatially varying averaging oval is developed in this chapter with the weights 

approximating actual correlations.  This revised mapping method is then compared to the 

fixed-radius method using actual radials and radials generated from hypothetical known 

current fields. 

 

2.3 Development of Mapping Method 

The actual correlation scales of one year of HF radar radials along the Oregon 

coast were evaluated.  The two sites are located at Waldport (44.38°N, 124.09°W) and 

Washburn State Park (44.16°N, 124.12°W).   Throughout this chapter the sites will be 

referred to by their four-character site names, WLD1 for the Waldport site, and WSH1 

for the Washburn State Park site.  Each site is a CODAR standard-range site operating 

near 12MHz.  Each site returns hourly radial maps on 5 degree, 2km spacing. 

A spatially uniform current was fit to each hour of radial data using a least-

squares fit.  This spatially uniform current was removed from the radials before analysis 

of their spatial correlation. 
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The data were analyzed in one-month blocks for each site.  Spatial correlation was 

calculated for each site between each pair of radial return points.  Correlation between 

pairs of radials was only considered further if both radials existed in more than half the 

hourly maps. 

Correlation patterns were evaluated in the azimuthal and radial direction (Figure 

4).  A spoke in the radial direction contains those radials which are at varying distances 

from the site along the same azimuth (+’s and r vector in Figure 4).  A range ring in the 

azimuthal direction contains those radial points which are the same distance from the site 

Figure 4  Radial measurement distribution showing radial and azimuthal directions 
used in correlation calculations. Radial and azimuthal directions are shown with + and 
* respectively for the fourteenth range cell from the coast on the azimuthal lying due 
west from the site.  r and θ show vectors in the radial and azimuthal direction. 
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at different angles (*’s and θ vector in Figure 4).  In this thesis, the term “radial index” 

refers to the nth radial point from the site, e.g. radial index 1 is the radial point closest to 

the site; radial index 2 is the second radial out from the site; etc. 

A plot of correlations in the radial direction (dots in Figure 5) shows a distribution 

with correlations that decrease with increasing radial separation, as would be expected.  

These correlations can be approximated by a Gaussian curve (solid line in Figure 5), 

although the Gaussian curve has a narrower base than the actual correlation distribution.  

A Gaussian decorrelation scale was determined by a least-squares fit of the correlation at 

the nearest radial points to the equation: 

correlation = exp( - (distance/scale)2) 

Only the correlations at the nearest radial points were used to avoid the inaccurate fit 

caused by the thicker base of the actual correlation distribution. 

A decorrelation scale in kilometers was calculated for each radial index in both 

the radial and azimuthal directions for each month-long block of data, yielding up to 12 

scale estimates per site per radial index.  The scales in the radial direction (Figure 6a) are 

approximately 3km regardless of radial index (or ~1.5 times the radial spatial resolution 

of 2km).  The scales in the azimuthal direction (Figure 6b) increase in a linear fashion 

from a small value near the site to ~7km at the farthest offshore radial indices.  The 

azimuthal scale increases with increasing distance from the site due to the directional 

nature of radial data.  A radial contains only information on the surface current directly 

toward or away from the site at a given point in space.  In the azimuthal direction each 

radial point is measuring the current at a slightly different angle.  Near the site these 
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radial points are close to each other so that the angular change in radial direction causes 

decorrelation at small spatial scales.  Farther from the site, radial points within a range 

ring are farther apart resulting in a larger decorrelation scale in km.  The azimuthal 

decorrelation scale is constant in terms of azimuthal decorrelation angle θ and linearly 

increasing in terms of rθ, where r is the distance from the site.  In Figure 6b the azimuthal 

decorrelation angle is 0.1253 radians, or 7.2° (~1.5 times the azimuthal spatial resolution 

of 5°, comparable to the radial decorrelation scale).  

Figure 5 Fitting a Gaussian curve to the correlation data.  The dots represent calculated 
correlation between radials at range cell 14 and those at the indicated range cell on the 
same azimuth.  The solid line represents the least-squares fit of a Gaussian curve to the 
correlation data. 
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Figure 6 Gaussian exponents vs. range cell.  A Gaussian exponent is obtained via a 
least-squares fit for each range cell for each month’s worth of measurements.  
Symbols represent exponents calculated from correlation data, solid lines are best-fit 
straight lines to the calculated exponents. 

a. 

b. 
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The decorrelation scales were analyzed for an annual cycle or variation with 

azimuthal direction.  The measured surface currents from which the scales are derived 

have an annual cycle and directional variations suggesting the decorrelation scales might 

also.  The azimuthal decorrelation scales have a large dependence on radial index (Figure 

6b) which would overwhelm a weaker dependence on other variables.  The azimuthal 

decorrelation scales are therefore normalized by dividing each azimuthal decorrelation 

scale by the expected azimuthal decorrelation scale at each radial index (the solid line in 

Figure 6b).   The radial decorrelation scales are normalized by the expected 3km scale 

(the solid line in Figure 6a) for easy comparison of patterns in azimuthal and radial 

scales. 

Figure 7 shows the normalized decorrelation scales plotted vs. month.  Both 

azimuthal and radial scales show some seasonal variation.  Scales are ~15% larger in late 

spring (May and June) and ~15% smaller in winter (January and February).  The greatest 

mean monthly variations from the expected normalized value of one are 15.49% for the 

radial scales and 20.48% for the azimuthal scales.  The standard deviation of the 

normalized scales for each month averages 6.82% for the radial scales and 10.13% for the 

azimuthal scales.  The mean monthly variation in the scales is thus significant but not 

large.  Compensation for the seasonal variation in scales in the mapping of radials is 

therefore considered unnecessary. 

Figure 8 shows the normalized decorrelation scales plotted vs. angle 

counterclockwise from east.  Any directional variation in scales (e.g. along-shore vs. 

cross-shore) would be evident in these plots.   There is no discernable pattern. 
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Figure 7 Gaussian exponents vs. month.  a. normalized radial scales.  
b. normalized azimuthal scales 
 

b. 

a. 
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 Figure 8 Gaussian exponents vs. azimuthal angle.  a. normalized 
radial scales.  b. normalized azimuthal scales. 

a. 

b. 
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The above analysis of actual correlation between radial points in one year’s worth 

of data from two HF radar sites shows that correlation is mainly related to the distance 

between two radial points, with a small seasonal cycle and no discernible directional 

pattern.  A weighted least-squares mapping method is therefore suggested with the 

weights based on the following equation: 

weight = exp( - (rdist/rscale)2 )∗  exp( - (azdist/azscale)2 )  

where: 

rdist = distance between the grid point and the radial points in the radial direction 

rscale = decorrelation scale in the radial direction (rscale=3km for the two 

analyzed HF radar sites) 

azdist = distance between the grid point and the radial point in the azimuthal 

direction 

azscale = decorrelation scale in the azimuthal direction 

(azscale=0.1947km+0.1253r for the two analyzed HF radar sites, where r = distance from 

radar site to grid point in km). 

The weighting calculated for two grid points is shown in Figure 9.  Figure 9a 

shows the weights for a grid point offshore while Figure 9b shows the weights for a grid 

point near the HF radar site.  The proposed mapping method using these weights was 

implemented by modifying the HFRadarmap software system developed at the Naval 

Postgraduate School (Cook and Paduan 2001). 
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2.4 Comparison of Mapping Methods  

2.4.1 Overview 

Mapping results using the original HFRadarmap method, hereafter referred to as 

the fixed circle method, are compared to the newly developed method, hereafter referred 

to as the Gaussian method.   The total currents generated by the two methods are 

compared for the 2001 HF radar data.  Beyond coverage, it is difficult to compare total 

current results for mapping of actual radials since the actual currents measured are 

unknown.  Pseudoradials were therefore generated for the two Oregon HF radar sites 

Figure 9 Calculated radial weightings for two grid points.  a. weighting for an offshore 
grid point.  b. weighting for a nearshore grid point. 
 

b. a. 
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representing exact sampling of analytically defined current patterns.  Five current patterns 

were chosen for analysis: a spatially uniform current, a spatially uniform current with a 

random error added, a linearly varying current, a current with a varying spatial 

wavelength, and an eddy with a varying radius.  These five current patterns were 

processed using both methods and the results are compared. 

2.4.2 2001 Oregon Data 

A year’s worth of data for 2001 from two CODAR sites on the Oregon coast was 

processed using both methods.  The two methods show comparable coverage (Figure 10).  

The fixed circle method has slightly higher coverage in the nearshore area where the 

azimuthal Gaussian scale is small.  The Gaussian method has slightly higher coverage in 

the offshore areas where the azimuthal Gaussian scale is large. 

2.4.3 Spatially Uniform Currents 

Two spatially uniform currents were mapped: (u,v) = (A,0) and (u,v) = (0,A) 

where A=100cm/s.  Both mapping methods produce very accurate total currents with no 

obvious spatial error pattern.  The RMS errors averaged over each map in all cases are 

very small (Table 1).  

 

Table 1 RMS errors for a spatially uniform current of 100cm/s 

 
u 

 
v 

Gaussian u 
RMS error 

Gaussian v 
RMS error 

fixed circle u 
RMS error 

fixed circle v 
RMS error 

100cm/s 0cm/s 0.03cm/s 0.01cm/s 0.03cm/s 0.01cm/s 
0cm/s 100cm/s 0.05cm/s 0.08cm/s 0.06cm/s 0.11cm/s 
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2.4.4 Spatially Uniform Currents with a Random Error 

The same spatially uniform currents were mapped 100 times with a normally 

distributed random error of 1cm/s added.  Analytically, these currents are: 

(u,v) = (A + ε, 0) and 

(u,v) = (0, A + ε) 

where A = 100cm/s and ε = a random, normally distributed error of 1cm/s. 

The mean RMS error was calculated for each map and at each grid point.  The 

errors inserted into the totals are in most cases small (Table 2).  Using both mapping 

methods large errors appear in the nearshore southern and northern parts of the domain in 

the u component of the totals when mapping a spatially uniform current of 100cm/s 

northward (Figure 11).  These errors result from GDOP but are noticeably smaller than  

Figure 10 Total current percent coverage for 2001 data for the Oregon coast.  
a. Gaussian mapping method coverage.  b. fixed circle mapping method 
coverage.  c. difference in coverage (fixed circle method minus Gaussian 
method). 
 

b. c. a. 
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predicted by the analytically derived GDOP contours (black contours in Figure 11 

represent GDOP equal to 3 and 5).  E.g. the contour of GDOP equal to 5 in Figure 11 

overlays errors on the order of 2cm/s to 3cm/s.  The analytical derivation of GDOP is 

based on an idealized case of two collocated radials (Figure 2).  Both mapping methods 

actually perform a least-squares fit to multiple radials from each site (Figure 1).  These 

 
u 

 
v 

Gaussian u 
RMS error 

Gaussian v 
RMS error 

fixed circle u 
RMS error 

fixed circle v 
RMS error 

100cm/s 0cm/s 0.61cm/s 0.72cm/s 0.70cm/s 0.92cm/s 
0cm/s 100cm/s 1.40cm/s 0.64cm/s 1.73cm/s 0.81cm/s 

 Table 2 Mean RMS errors for a spatially uniform current of 100cm/s with a random 
1cm/s error added 

Figure 11 RMS errors in mapping a spatially uniform current with a random error with 
normal distribution and 1cm/s standard deviation.  Contour lines represent GDOP of 3 
and 5 
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radials each have different random errors, resulting in a smoothed random error in the 

total current vector.  It should be noted that the specifics of errors due to GDOP are 

dependent on the site geometry.  The number of radials used to formulate a given total 

current vector will depend on site geometry and radial coverage.  Also, the errors will be 

introduced in the total currents in the direction perpendicular to the baseline between the 

two sites and not necessarily in the u component. 

2.4.5  Linearly Varying Currents 

 A coordinate system was defined with the origin located equidistant between the 

two HF radar sites, with the x-axis positive east and the y-axis positive north. Two 

linearly varying currents were mapped: 

(u,v) = (Ay,0) and 

(u,v) = (0,-Ay) 

where A= (1cm/s)/km and y is the distance north in km. 

Both mapping methods give reasonable overall results with small RMS errors, 

with the Gaussian method having somewhat smaller errors (Table 3). 

 

 

Table 3 RMS errors for a linearly varying current (A=(1cm/s)/km and y=distance north 
from the midpoint between the two sites) 

 
u 

 
v 

Gaussian u 
RMS error 

Gaussian v 
RMS error 

fixed circle u 
RMS error 

fixed circle v 
RMS error 

Ay 0cm/s 0.56cm/s 0.84cm/s 0.77cm/s 1.06cm/s 
0cm/s Ay 0.94cm/s 0.45cm/s 1.67cm/s 0.87cm/s 
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The two mapping methods show different spatial error patterns (Figure 12 and 

Figure 13).  The fixed circle method results in more spatially variable errors, while the 

Gaussian method has smoother spatially varying errors.  This difference is inherent in the 

two mapping methods.  The fixed circle method does not use any sort of weighting, 

treating all radials within 3km equally.  Consider a grid point A (Figure 14a) and the 3km 

circle surrounding it.  Within 3km there happen to be more radials to the south (4 radials) 

than to the north (2 radials).  This leads to a total current smaller than the actual value 

because the smaller currents in the region to the south are more heavily weighted than the 

larger currents in the region to the north.  A second grid point B (Figure 14b) only 2km to 

the north of grid point A is within 3km of two additional radials to the north and just over 

3km from the radials to the south.  Only radials to the north are thus included in the total 

current calculation, leading to too large a total current.  These grid points show how a 

large variation in error occurs on a small spatial scale using the fixed circle mapping 

method.  The weighting of the radials in the Gaussian method puts more emphasis on 

those radials closest to the grid point, reducing but not eliminating this small spatial scale 

error variation. 

When a linearly varying eastward current is mapped, both methods generate too 

large a u component near the southern edge of the coverage area and too small a u 

component near the northern edge (Figure 12).  The geometric explanation of this is very 

similar to that behind the greater spatial variation in the fixed circle method.  At a grid 

point near the southern edge of the coverage area, the radials included in the total 

calculation are all located to the north and hence have a greater magnitude current, 
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Figure 12  Errors in mapping a linearly varying current with u=Ay and v=0 where 
A=(1cm/s)/km and y is the distance north in km.  Contour lines in u component 
represent GDOP of 3 and 5.  Contour line in v component represents GDOP of 3.   
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Figure 13 Errors in mapping a linearly varying current with u=0 and v=-Ay where 
A=(1cm/s)/km and y is the distance north in km.  Contour lines in u component 
represent GDOP of 3 and 5.  Contour line in v component represents GDOP of 3. 
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leading to an erroneously large total current.  Such geometric analysis also explains the 

smaller total currents near the northern extreme of the coverage area in Figure 12 and the 

similar error pattern seen in the linearly varying southward current (Figure 13). 

In the spatially uniform current with a small random error added, the effects of 

GDOP were observed in the u component nearshore.  GDOP is observed in the linearly 

varying current without any error being introduced into the radials.  Examining the v 

component of a linearly varying eastward current (Figure 12), both methods’ largest 

errors are in the offshore region of the coverage area where GDOP is high for the v 

component.  GDOP occurs in the u component in the northern and southern extremes of 

the coverage area when mapping a linearly varying southward current (Figure 13).  As 

with the GDOP in the spatially uniform current with a random error, these errors are due 

to the site geometry.  GDOP in the total current component parallel to the baseline 

between the two sites will occur in regions far from that baseline, while errors in the total 

current component perpendicular to the baseline will occur in areas near to the baseline. 

Figure 14 Radial measurements used to generate a total current at two grid points.  
a. Grid point A.  b. Grid point B. 

a. b. 
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Analysis of mapping a linearly varying current shows high accuracy with both 

mapping methods.  Higher spatial variation in the errors using the fixed circle method is 

revealed.  Errors due to GDOP in currents perpendicular to the baseline nearshore and 

parallel to the baseline offshore are revealed using both mapping methods. 

2.4.6 Currents with Variable Spatial Wavelength 

Simulated currents with varying spatial wavelengths were mapped using both 

methods to evaluate the methods’ ability to capture spatially varying signals.  The same 

coordinate system is used with the origin at the midpoint between the two sites and y 

positive northward.  Two currents were defined: 

(u,v) = (Acos(2πy/λ), 0) and  

(u,v) = (0, Acos(2πy/λ)) 

 where A=amplitude in cm/s and λ=wavelength in km.   The wavelength was varied from 

2km to 48km in 2km increments with an amplitude of 100cm/s.  The amplitude was 

varied from 10cm/s to 100cm/s in 10cm/s increments with a wavelength of 20km.  Both 

mapping methods result in large percentage errors in the total currents.  The total currents 

for three wavelengths (6km, 20km and 48km) at 100cm/s amplitude are shown (Figure 15 

and Figure 16 for 6km, Figure 17 and Figure 18 for 20km, and Figure 19 and Figure 20 

for 48km).  The Gaussian method performs noticeably better at an amplitude of 100cm/s, 

with smaller RMS error at all wavelengths (Figure 21).  The errors vary linearly with 

amplitude (Figure 22) 

The 6km wavelength signal is detectable near shore in the Gaussian totals but 

difficult to pick out in the fixed circle method (Figure 15 and Figure 16).  The 20km 



33 

Figure 15 Mapping a 6km wavelength current with u = Acos(2πy/λ) and v=0 where 
A=100cm/s, λ=6km, and y is the distance in km north of a central point.  Contour lines 
in u component represent GDOP of 3 and 5.  Contour line in v component represents 
GDOP of 3. 
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Figure 16 Mapping a 6km wavelength current with u = 0 and v = Acos(2πy/λ) where 
A=100cm/s, λ=6km, and y is the distance in km north of a central point.  Contour lines in 
u component represent GDOP of 3 and 5.  Contour line in v component represents GDOP 
of 3.   
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Figure 17 Mapping a 20km wavelength current with u = Acos(2πy/λ) and v=0 where 
A=100cm/s, λ=20km, and y is the distance in km north of a central point.  Contour lines 
in u component represent GDOP of 3 and 5.  Contour line in v component represents 
GDOP of 3. 
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Figure 18 Mapping a 20km wavelength current with u = 0 and v = Acos(2πy/λ) 
where A=100cm/s, λ=20km, and y is the distance in km north of a central 
point.  Contour lines in u component represent GDOP of 3 and 5.  Contour line 
in v component represents GDOP of 3. 
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Figure 19 Mapping a 48km wavelength current with u = Acos(2πy/λ) and v=0 where 
A=100cm/s, λ=48km, and y is the distance in km north of a central point.  Contour lines 
in u component represent GDOP of 3 and 5.  Contour line in v component represents 
GDOP of 3. 
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Figure 20 Mapping a 48km wavelength current with u = 0 and v = Acos(2πy/λ) where 
A=100cm/s, λ=48km, and y is the distance in km north of a central point.  Contour lines 
in u component represent GDOP of 3 and 5.  Contour line in v component represents 
GDOP of 3. 
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wavelength signal is clearly present in both methods’ totals (Figure 17 and Figure 18), 

but is more accurately represented with the Gaussian method (Figure 17 and Figure 18 

left panels vs. right panels).  The 48km wavelength signal is fairly well captured by both 

methods (Figure 19 and Figure 20), but again is more accurately represented by the 

Gaussian method.  

Using both methods there are noticeable spatial variations in the ability to capture 

the signal.  Within the Gaussian method, the 6km signal is better captured at points near 

the HF radar sites where the Gaussian weights decay more quickly with distance from the  

Figure 21 Mean RMS error for currents with varying wavelength with 
U=Acos(2πy/λ) where A=100cm/s, λ=wavelength and y is distance in 
kilometers north of a central point 
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grid point, resulting in less smoothing of the signal (Figure 15 and Figure 16).  This 

pattern continues in the larger wavelengths, though it becomes less noticeable (Figure 17, 

Figure 18, Figure 19, and Figure 20).  Within the fixed circle method, the 6km signal is 

better captured at points far from both sites where it is more likely that only one radial 

from each site is included in the calculation (Figure 15 and Figure 16).  Nearer the sites, 

multiple radials are fit to, smoothing out the signal.  The greater small-scale spatial 

variability in accuracy noted in the linearly varying current is again seen in the larger 

Figure 22 RMS error for currents with varying amplitude and a 20km 
wavelength with U = Acos(2πy/λ) where A=amplitude, λ=20km and y 
is distance in kilometers north of a central point 
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wavelengths mapped using the fixed circle method (Figure 17, Figure 18, Figure 19 and 

Figure 20). 

In both mapping methods GDOP results in a tendency for the u current to alias 

into the v component (Figure 15, Figure 17 and Figure 19) and for the v current to alias 

into the u component (Figure 16, Figure 18 and Figure 20).  The u current most 

noticeably aliases into the v component at points offshore.  Here the radials from the two 

sites are more nearly parallel to each other in an east/west direction and contain less 

information in the v direction.  The v current most noticeably aliases into the u 

components in the northern and southern sections of the coverage area and nearshore 

between the two sites.  These are locations where radials from both sites are nearly 

parallel to each other in a north/south direction, thus containing less information in the u 

direction.  These geometric errors account for the effect seen in Figure 21, where the u 

component is seen to alias into the v component more than the v aliases into the u.  As 

was the case with the spatially uniform and linearly varying currents, the GDOP errors 

are dependent on the site geometry and not inherent to the mapping methods.  For 

example, two CODAR sites situated along a coastline running east/west would result in a 

greater tendency for the v signal to alias into the u component rather than the greater 

tendency for the u signal to bleed into the v component seen here along Oregon’s nearly 

north/south coastline. 

Analysis of currents with varying spatial wavelengths shows the Gaussian 

method’s greater ability to capture small wavelength signals throughout the coverage 

area.  The Gaussian method is shown to perform better near the sites than it does farther 
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away.  Errors due to GDOP are again observed, particularly in the 6km and 20km 

wavelength results.  The small spatial scale errors observed in the fixed circle mapping of 

a linearly varying current are also observed in the variable spatial wavelength current 

maps. 

2.4.7 Eddies of Varying Diameter 

Eddies of varying diameter were mapped to compare the methods’ ability to 

capture small features.  The eddy is defined as a solid core eddy with a current of 0cm/s 

at the center linearly increasing to 100cm/s on the rim of the eddy.  The domain outside 

of the eddy has a current of 0cm/s.  That is: 

(u,v) = (ωrsinθ, ωrcosθ) for r ≤ D/2  

(u,v) = (0,0) for r > D/2 

where D = eddy diameter and  ωD/2 = 100cm/s.  The eddy diameter D was varied in 2km 

increments from 2km to 48km.  A coordinate system was defined with the origin at the 

midpoint between the two radial sites, x positive eastwards and y positive northwards.  

The eddy was mapped centered at six locations: (x,y) = (-30km,-20km), (-30km,0km),  

(-30km,20km), (-15km,-20km), (-15km,0km), and (-15km,20km).  Results are first 

evaluated with the eddy centered at (x,y) = (-15km,0km).  The 2km eddy is not captured 

by either method due to the distances between radial returns.   The eddy begins to be 

captured at a 4km diameter with accuracy increasing as the eddy gets larger. 

The 4km eddy is captured by both methods with large errors (Figure 23).  The 

Gaussian method performs better within the eddy domain due to the weighting of radials 

according to distance from the grid point.  The fixed circle method tries to fit to the 
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opposing currents surrounding the center of the eddy, yielding an extremely small current 

within the eddy (Figure 23).  Both methods show the difficulty in capturing an abrupt 

transition in currents as might be seen at a front in the real ocean.  Both methods are 

attempting to map radials reflecting currents of 100cm/s just inside the rim of the eddy 

and radials reflecting currents of 0cm/s just outside the eddy.  The currents generated just 

within the eddy are thus too small and those just outside the eddy are not zero as they 

should be.  This ring effect can be seen in the errors.  The errors just outside the eddy  

Figure 23 Mapping a 4km diameter eddy which has currents that vary linearly with 
distance from magnitude 0cms at center to magnitude 100cm/s at 2km from center.  
Top panels show current vectors with red circle denoting outer edge of ideal eddy.  
Bottom panels show errors in cm/s. 
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cause the eddy to appear larger than it really is.  The asymmetry in both mapped eddies is 

due to the asymmetrical location of radial measurements. 

Mapping results for the 6km diameter eddy are noticeably better for both methods 

(Figure 24).  The Gaussian method’s results within the eddy domain are recognizable as a 

solid core eddy, though the difficulty mapping the abrupt transition at the eddy rim again 

causes the structure to appear larger than it should.  The fixed circle method’s results are 

more difficult to recognize as a solid core eddy and, as in the Gaussian, appear to 

Figure 24 Mapping a 6km diameter eddy which has currents that vary linearly with 
distance from magnitude 0cms at center to magnitude 100cm/s at 3km from center.  
Top panels show current vectors with red circle denoting outer edge of ideal eddy.  
Bottom panels show errors in cm/s. 
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represent a larger eddy due to the difficulty mapping the abrupt transition.  Again the 

asymmetry in both mapped eddies is due to the asymmetrical location of the radial 

measurements. 

A 16km diameter eddy is well captured by both methods (Figure 25).  The 

smoothing of the abrupt transition at the rim of the eddy continues to be noticeable. 

The RMS errors within the ideal eddy’s circular domain for all eddy sizes and center 

locations are presented in Figure 26.  The Gaussian method has smaller RMS errors in 

Figure 25 Mapping a 16km diameter eddy which has currents that vary linearly with 
distance from magnitude 0cms at center to magnitude 100cm/s at 8km from center.  
Top panels show current vectors with red circle denoting outer edge of ideal eddy.  
Bottom panels show errors in cm/s 
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Figure 26 RMS error within the eddy 
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most cases.  The discontinuities in the RMS errors are due to the eddy impinging on the 

edge of the coverage area and/or the baseline between the two sites.  The RMS errors in 

the region outside the eddy are shown in Figure 27.  Only the ring around the edge of the 

eddy contains significant mapping errors.   This ring represents an increasing proportion 

of the domain as the eddy grows, causing the RMS errors to become larger as the eddy 

becomes larger (Figure 27).  In the majority of cases where there is a difference 

in error magnitude between the two methods, the Gaussian method has a lower RMS 

error. 

Analysis of mapping eddies of varying diameter reveals the Gaussian method’s 

ability to capture small scale features more accurately.  The large errors around the rim of 

the eddies reveal both methods’ difficulty mapping an abrupt transition in current 

magnitude. 

2.4.8 Summary of Comparison 

The two mapping methods have similar coverage.  Both methods contain 

geometric mapping errors deriving from geometric dilution of precision (GDOP).  GDOP 

occurs in the current component perpendicular to the baseline between the two sites near 

that baseline and in the current component parallel to the baseline in the region far from 

the baseline.  The fixed circle method has greater small-scale variation in mapping errors 

than the Gaussian method, which weights radials based on distance from the grid point.  

The Gaussian method better captures small spatial wavelength signals and small scale 

features such as the 4km diameter eddy.  Both methods smooth out an abrupt transition 

such as that seen at the rim of the test eddies.  In the real ocean, this abrupt transition 
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Figure 27 RMS error outside of the eddy 
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from 100cm/s to 0cm/s would not occur.  The less abrupt transitions in currents seen in 

the real ocean, such as those at fronts, may result in smoothing of the current gradient in 

HF radar current maps. 

 

2.5 Conclusions 

Coastal-based HF radar radial current returns are most commonly mapped to total 

currents using equal weighting of all radials within a fixed distance of the total current 

location.  This introduces erroneous small scale variations when mapping large scale 

variations far from the HF radar sites and leads to oversmoothing and loss of information 

when mapping small scale features near the sites.  A weighted least-squares method 

based on the actual correlation of radials was developed.  This method was implemented 

by modifying the Monterey mapping software package (Cook and Paduan 2001) 

Comparison of the two mapping methods showed comparable coverage with 

actual radial data.  The Gaussian method shows improved accuracy in mapping radials 

generated analytically, particularly in capturing small features. 

Comparison of analytically generated radials elucidated mapping errors present in 

both mapping methods.  Errors due to GDOP are large near the baseline between two 

radar sites and at large distances from that baseline.  Both methods produce errors by 

smoothing abrupt transitions in current magnitudes as might be seen at an ocean front. 
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3 Observations of Upwelling Relaxation and Reversal Events off Cape Blanco, 
Oregon 

 

3.1 Abstract 

From May 8, 1996 through May 22, 1996 wind conditions near Cape Blanco, 

Oregon (42.8°N, 124.5°W) included upwelling-favorable winds, a relaxation event, a 

weak reversal, and a strong reversal.  During this time data were collected by multiple 

sources.  Two HF radar current mapping systems were deployed, one at Cape Blanco and 

the other 30km farther north.  An R/V Wecoma research cruise provided SeaSoar and 

ADCP observations as well as deploying six satellite-tracked drifters.  A moored ADCP 

provided current measurements throughout the water column while a NOAA wind station 

provided wind data for the study area.  The analysis of these varied data sources 

documents the temporal and topographic variations in coastal circulation during the 

varying wind conditions.  The large-scale currents on the continental margin just north of 

Cape Blanco are wind-driven, with a bias for southward flow even when winds reverse to 

weakly northward.  During a wind relaxation event the coastal jet weakens with the area 

of maximum currents shifting offshore.  During a weak wind reversal event complex 

current patterns are observed inshore of a weakened coastal jet.  During a strong wind 

reversal event currents reverse to northward and no coastal jet is observed.  Drifter data 

and Lagrangian analysis of the HF radar data early in this strong reversal provide some 

support for the theory of larval retention in lee eddies and settlement north of a cape 

during a reversal event.  Later in the reversal event strong offshore flow develops at Cape 
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Blanco which would prevent larval settlement.  The tides in the HF radar observation 

area are seen to be highly variable spatially and of considerably greater magnitude than 

anticipated, potentially due to the misallocation of the diurnal wind-forced currents to the 

diurnal tidal components. 

 

3.2 Introduction 

Coastal upwelling and its associated circulation patterns (e.g. the coastal jet) are 

important features of Eastern Boundary Current systems, such as the California Current 

System.  Upwelling dynamics have therefore been much studied over the years.  Initial 

research concentrated on the two-dimensional structure of upwelling, looking 

predominately at variations with depth and distance offshore (Smith 1974, Mooers et al. 

1976).  Equatorward winds (southward along the West coast of North America) cause 

offshore Ekman transport in the surface layer, with cold, nutrient-rich water upwelled 

near the coast.  Persistence of these winds leads to the classic picture of upwelling with 

isopycnals tilting up towards shore with a geostrophically balanced equatorward jet at the 

intersection of the pycnocline with the surface (e.g. Figure 11 in Huyer 1983).  

Including temporal variations leads to a more complex view of upwelling 

dynamics.  Upwelling-favorable (equatorward or southward) winds do not persist 

throughout the summer season, but rather alternate with relaxation periods of weak winds 

and reversal periods of downwelling-favorable (poleward or northward) winds.  During 

these relaxation and reversal events, the coastal jet weakens and the region of maximum 

currents shifts offshore while poleward, onshore flow is seen in the nearshore region 
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(Stevenson et al. 1974, Peffley and O'Brien 1976, Kosro et al. 1997,  Kaplan et al. 

2005, Kosro 2005).  This poleward, onshore flow provides a potential mechanism for the 

return of  planktonic larvae to shore, making it biologically important (Roughgarden et al. 

1988, Roughgarden et al. 1991, Farrell et al. 1991, Wing et al. 1995b, Shanks et al. 

2000). 

Alongshore variations further complicate the picture.  The coastal jet does not 

flow straight towards the equator, but rather meanders and separates from the coast at 

large features such as Cape Blanco (Barth and Smith 1998; Barth et al. 2000).  Current 

patterns are influenced by topography such as Heceta Bank (Castelao and Barth 2005, 

Kosro 2005) and Pt. Reyes (Davis 1985a, Davis 1985b, Kosro 1987, Kaplan et al. 2005).  

Eddies form in the lee of capes (Penven et al. 2000) and banks (Castelao and Barth 2005, 

Kosro 2005).  Larvae may be retained in these eddies and then settle onshore during 

relaxation and/or reversal events (Ebert and Russell 1988, Graham et al. 1992, Wing et al. 

1995a, Graham and Largier 1997, Wing et al. 1998a, Wing et al. 1998b, Morgan et al. 

2000). 

This observational study near Cape Blanco details some of these temporal and 

spatial variations in upwelling circulation.  May 1996 observations from an R/V Wecoma 

cruise, two HF radar sites, drifters, and a mooring provide insight into the circulation 

during upwelling-favorable winds, a wind relaxation period, a weak wind reversal and a 

strong wind reversal.  The drifter data and Lagrangian analysis of the HF radar data 

provide some support for the theory of larval retention and settlement during a reversal 

event. 
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3.3 Data Sources 

3.3.1 Overview 

Concurrent data from multiple sources are analyzed in this chapter.  The study 

area is shown in Figure 28 with data source locations marked.  Figures throughout this 

chapter will either show the entire field as in Figure 28, or will show one of the smaller 

areas marked by the solid-line and dashed-line squares within Figure 28.  Surface current 

data come from two CODAR coastal-based HF radar systems.  Wind data are available 

from the NOAA C-Man station at Cape Arago, Oregon (CAR03).  Currents throughout 

the water column at one spatial point are provided by a moored ADCP.  Data from the 

R/V Wecoma are also available for the beginning portion of the study period.  Currents 

throughout the water column along cruise tracks are supplied by the shipboard ADCP.  

Temperature and salinity data along the cruise tracks are supplied by instrumentation on a 

SeaSoar towed undulating platform.  Lagrangian data are available from satellite-tracked 

drifters.  

3.3.2 Coastal Based HF Radar Data 

Two CODAR coastal-based HF radar sites (Barrick et al. 1977) were deployed 

during the study period.  Site 1 was located at Cape Blanco State Park (42°50.3’N, 

124°33.2’W, Figure 28).  Site 2 was located on the roof of the Gorman Motel in Bandon, 

Oregon (43°06.8’N, 124°26.1’W, Figure 28).  Both were standard-range sites, with Site 1 

operating at 13.13 MHz and Site 2 operating at 13.23MHz.  Site 1 was deployed from 

1900UTC May 8, 1996 through 1400UTC May 22, 1996.   Site 2 was deployed from  
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Figure 28 Observation locations.  Blue asterisks denote Codar HF radar sites and Cape 
Arago wind station.  Red asterisk denotes mooring.  Magenta line shows location of R/V 
Wecoma SeaSoar and ADCP track.  Circles show drifter deployment locations or 
locations drifters entered the study area.  Solid and dashed squares delineate smaller 
areas some later figures will be limited to. 
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1000UTC May 10, 1996 through 1900UTC May 22, 1996.  Each site returned radial 

current measurements with 5 degree azimuthal and 1.5km range cell resolution.  Data 

from both sites are required to calculate a total current.  Radial currents were mapped to 

total currents using a modified version of the Monterey mapping software (Cook and 

Paduan 2001, Chapter 2 of this thesis).  Black contour lines in Figure 28 show the 50% 

and 80% coverage areas (those areas where a CODAR total current vector was calculable 

50% and 80% of the possible hours).    

3.3.3 Wind Data 

Wind data come from the CAR03 National Data Buoy Center C-Man station 

(43°20.4’N 124°22.8’W, Figure 28).  Hourly average winds for the study period are 

shown in Figure 29a. 

3.3.4 Shipboard ADCP Data 

Currents along the R/V Wecoma cruise tracks were measured by an RDI 

Narrowband 153.6kHz ADCP mounted to the hull bottom amidships at 5m depth.  This 

ADCP provides data from 19m to 523m depths with an 8m bin length.  The short term 

random uncertainty is 1-3cm/s per 2.5 minute ensemble and an estimated unknown bias 

of 1cm/s.  The locations of the shipboard ADCP data considered here are shown in Figure 

28.  The times of the two passes along the line are shown in Figure 29a. 

3.3.5 SeaSoar CTD Data 

Temperature, salinity, and density along R/V Wecoma cruise tracks were 

measured by a Seabird 9/11 plus CTD mounted inside a SeaSoar vehicle (Pollard 1986),
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with dual ducted SBE-3 and SBE-4 temperature and conductivity sensors and a flow-

through sensor duct pumped by SBE-5 pumps.  SeaSoar data collected at the same times 

and locations as the shipboard ADCP are considered here (Figure 28 and Figure 29a). 

a. 

b. 

Figure 29 a. Cape Arago winds.  Dashed vertical lines indicate four wind periods 
(upwelling-favorable, weak reversal, beginning of strong reversal, and end of strong 
reversal).    indicates drifter deployment times.   indicates when drifters entered 
study area from the north.  b. Spatially uniform current from HF radar data. 
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3.3.6 Mooring Data 

A moored ADCP measured water currents at 43°9.3’N, 124°33.7’W (Figure 28).   

This instrument was an upward looking RDI Narrowband ADCP operating at 307kHz.  It 

was deployed at 85m depth.  The mooring provided current data in 4m bins.  The data 

were collected with 1-minute resolution, then averaged to produce hourly readings. 

3.3.7 Drifter Data 

Lagrangian data in the study area come from six ARGOS satellite-tracked 

WOCE-style drifters drogued at 15m (Niiler et al. 1995).  These drifters were released 

from the R/V Wecoma.  Two drifters were released off Newport, OR and entered the 

study area from the north (entry locations shown in Figure 28, entry times shown in 

Figure 29a).   Four drifters were released from the RV Wecoma within the study region 

(Figure 28), with the release times as shown in Figure 29a. 

 

3.4 Analysis Methods 

3.4.1 HF Radar Mapping 

Radial currents from the two CODAR coastal-based HF radar sites were mapped 

into total current vectors on a 1.5km grid.  A current time series for the mooring location 

was also generated from the radials.  Mapping was performed using a modified version of 

the Monterey mapping software (Cook and Paduan 2001, Chapter 2 of this thesis).  
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3.4.2 Spatially Uniform Current 

An hourly spatially uniform current was calculated using a least-squares fit to all 

radial data available for each hour (Figure 29b). 

3.4.3 Mean Current Fields 

Mean currents were calculated for various time intervals.  The observation period 

was divided into four time intervals, corresponding to the different wind regimes (shown 

by dashed lines in Figure 29a).  Mean current fields were calculated for each of these four 

intervals by averaging all available total current vectors for each grid point.  A grid point 

must have valid data for at least half of the interval’s hours to be included in that 

interval’s mean field.  Mean current fields were also calculated for six-hour intervals 

(0000 through 0500, 0600 through 1100, 1200 through 1700, and 1800 through 2300 for 

each day) and twelve-hour intervals (0000 through 1100 and 1200 through 2300 for each 

day). All available total current vectors within each time interval for each grid point were 

averaged.  A grid point must have valid data for at least three hours to be included in the 

six-hour mean field and at least six hours for the twelve-hour mean field. 

3.4.4 Particle advection tracks 

Particle advection tracks were calculated from the HF radar surface currents.  

Particles were launched at the total current vector grid points at a given hour.  Each 

particle was initially moved as if maintaining the current velocity of that grid point for 

one hour.  For each subsequent hour the current at the particle’s location was calculated 

as a weighted average of the currents at all grid points within 2km of the particle.  The 
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currents were weighted by their distance from the particle.  Sometimes no currents 

were measured at any of the grid points within 2km, either because the particle had 

reached the edge of the HF radar coverage region or because of missing coverage for that 

hour at the particle’s location.  In this case the particle continued at the same velocity 

calculated for the previous hour.  If a second consecutive hour occurred with no currents 

within 2km, the particle advection track was terminated. 

3.4.5 Flow lines 

Flow lines were calculated from each hour’s HF radar data in a manner similar to 

the particle advection tracks, except continuously using the same hour’s data.  Flow lines 

were started at each grid point for which a current was available for a given hour.  The 

next point on the flow line was calculated as one hour’s travel at that grid point’s current 

velocity.  Subsequent points on the flow line were calculated using a weighted average of 

the currents at all grid points within 2km of the previous flow line point.  As when 

calculating the particle advection tracks, the currents within 2km were weighted by their 

distance from the flow line point.  Sometimes no currents were available within 2km of 

the flow line point, either because the flow line had reached the edge of the HF radar 

coverage area or because of missing returns for the hour.  When this occurred the flow 

line was continued for one additional point using the velocity of the previous point.  If a 

second point had no currents available within 2km, the flow line was terminated.  Flow 

lines were also calculated for the six-hour and twelve-hour mean current fields applying 

the identical methodology to each six-hour and twelve-hour mean current field. 
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3.4.6 Tides 

Tides were calculated by a least-squares fit to the four most dominant tidal 

components for the Oregon coastal ocean.  These components are the S2 (12 hour 

period), the M2 (12.4206 hour period), the K1 (23.9345 hour period) and the O1 

(25.8193 hour period).  The tidal components were calculated at each grid point by a 

simultaneous least-squares fit to all current data available for that grid point. 

 

3.5 Wind-Driven Currents 

The observation period extended from May 8, 1996 through May 22, 1996.  

Winds were initially southward (upwelling-favorable) on May 8 and 9 (Figure 29a).  The 

southward winds weakened over the next few days, becoming weakly northward on May 

13.  A storm late on May 14 lasting through May 15 produced fairly strong (~7m/s) 

northward (downwelling-favorable) winds.  A brief period of weakly southward winds 

(~3m/s to 4m/s) followed on May 16.  A strong storm on May 17 and 18 produced 

strongly northward winds (~12m/s), followed by weaker northward winds on May 19 and 

20.  On May 21 winds returned to southward.  

The spatially uniform surface current derived from the HF radar measurements is 

shown in Figure 29b.  This current is southward from May 8 until the occurrence of the 

strong northward winds on May 17.  During the weak storm on May 14 and 15 the 

southward current weakens but does not reverse to northward.  Only during the strong 

storm event of May 17 and 18 does the spatially uniform current reverse to northward.  

After the storm passes the current returns to southward. 



 63 

The spatially uniform northward current is correlated with the northward wind 

with an r2 correlation of 0.33.  This is significant at the 5% level for 12 effective degrees 

of freedom (based on an integral time scale of 28 hours and a record length of 336 hours).  

This correlation can be seen in Figure 29 as the currents follow the winds, however with 

a notable bias towards southward flow in the currents.  This bias may be seen more 

clearly in a scatter plot of the spatially uniform current vs. the wind (Figure 30).  The 

Figure 30  Scatterplot of spatially uniform current vs. wind.  Dashed line is linear 
regression of current onto wind.  n indicates number of occurrences of 
current/wind points in each quadrant. 
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dashed line indicates the best fit via linear regression of the currents to the winds, with 

a slope of 2.7(cm/s)/(m/s) and an intercept of -18.4cm/s.  The integers labeled n in Figure 

30 indicate the number of occurrences of current/wind points in each quadrant, with the 

greatest number (n=125) occurring in the lower right quadrant, corresponding to 

northward winds and southward currents.  This bias may be due to the time required for 

geostrophic adjustment.  The observation period occurs after the spring transition when 

the isotherms and isohalines tilt upward towards shore.  The resulting density gradient 

causes a pressure gradient which is in geostrophic balance with the Coriolis force.  When 

winds relax or reverse to northward, the isotherms and isohalines do not flatten 

instantaneously.  The continuing density gradient is balanced by a continuing southward 

jet until sufficient northward wind stress occurs to flatten the isotherms and isohalines. 

This observation of a remnant southward jet during weak or northward winds 

agrees with observations off the central Oregon coast between 44°N and 45°N (Kosro 

2005), but contrasts with observations off northern California between 38°N and 39°N 

(Huyer and Kosro 1987, Winant et al. 1987).  Off northern California, null winds were 

found to result in northward currents in the summer.  Kosro (2005) suggests this 

difference is due to a weaker alongshore pressure gradient off central Oregon than off 

Northern California.  These observations off Cape Blanco (43°N) suggest the weakening 

of the alongshore pressure gradient occurs south of Cape Blanco. 

The strong northward winds of May 17 and 18 might be expected to establish 

downwelling conditions with downward tilted isopycnals and a bias towards northward 

flow.  No hydrographic data exist to determine the state of the isopycnals and the large-
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scale spatially uniform current returns to southward on May 20 and 21 prior to the 

return of southward winds (Figure 29).  If the northward winds have resulted in 

downward tilting isopycnals, the quick return to southward flow could be due to a large-

scale alongshore pressure gradient beyond the scope of this study’s dataset.  

Alternatively, the sole wind measurement location is on shore and to the north of the 

study area (Figure 28).  The wind measurements therefore may not represent the actual 

winds over the study area, which extends from 10km to 60km south and from 5km to 

40km west of the wind measurement location.  It is unlikely there are reversals of wind 

direction within this relatively small geographic area, however alongshore topography 

including Cape Arago and Cape Blanco may deflect winds away from the coast and sea 

surface temperature gradients may cause cross-shelf wind variations. 

The mooring data (Figure 31) show a record similar to that of the spatially uniform 

current.  R2 correlation factors for the northward components of the moored currents are 

shown in Table 4.  The wind correlation with the moored currents is significant at the 5% 

level for depths extending down to 70m.  Correlation is also quite high  (r2 of 0.54, 

significant at the 1% level) between the 6m mooring depth and the HF radar returns 

mapped to the mooring location, supplying confidence in the HF radar data.  Vector 

correlations between wind, mooring and CODAR measurements showed similar 

magnitudes. 
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Figure 31 Wind, HF radar, and mooring observations.  Top panel shows Cape Arago 
winds (m/s).  Second panel shows HF Radar currents observed at mooring location 
(cm/s).  Bottom nine panels show mooring observations at depths from 6m to 70m in 8m 
increments (cm/s). 
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Table 4  R2 correlation between northward components of Cape Arago winds, HF radar 
currents, and moored currents from 1900UTC May 8 to 1900UTC May22.  Bold 
indicates correlation is significant at 5% 
 

 

3.6 Observations during Southward Winds 

Winds were strongly southward (~10m/s) during May 8 and 9 and continued 

southward or only weakly northward until late on May 14 (Figure 29a).  The spatially 

uniform current was strongly southward (30 to >60cm/s) throughout this interval (Figure 

29b).  The temporal mean surface currents for this interval as observed by the HF radar 

sites show alongshore, southward currents (Figure 32) with strongest flow located 

approximately 10km to 20km offshore. 

Satellite-tracked drifter data from this interval also show southward flow.  Two 

drifters entered the study area from the north having previously been deployed from the 

R/V Wecoma along the Newport hydrographic line (45°N).  Drifter 1 (shown in magenta 

in Figure 32) entered the study area on May 13 at approximately 1200UTC and moved 

 CAR03 Winds HF radar Current at Mooring 
Location 

HF radar Spatially 
Uniform Current 

0.33 0.69 

HF radar Current at 
Mooring Location 

0.30 
 

 

Mooring 6m 0.43 0.54 
Mooring 14m 0.30 0.48 
Mooring 22m 0.32 0.46 
Mooring 30m 0.33 0.31 
Mooring 38m 0.30 0.16 
Mooring 46m 0.21 0.08 
Mooring 54m 0.15 0.03 
Mooring 62m 0.14 0.02 
Mooring 70m 0.15 0.04 
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Figure 32 Mean currents and drifter paths for interval of 
upwelling-favorable winds.  Asterisks denote drifter locations at 
beginning of time interval. 
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southward following the bathymetry.  Drifter 2 (shown in green in Figure 32) entered 

the study area on May 14 at approximately 1100UTCand moved southward, not having 

time to traverse far before the May 14 1700UTC end of the period of southward winds. 

Two drifters were deployed from the R/V Wecoma within the study area during 

this interval.  Drifter 3 (shown in yellow in Figure 32) was deployed on May 11 at 

1700UTC at 43.2°N, 124.5°W and traveled rapidly southward in the coastal jet.  Drifter 4 

(shown in red in Figure 32) was deployed roughly 2 hours later and 10km further 

offshore.  This drifter traveled south, although not as quickly as drifter 3, and also moved 

somewhat offshore.  This drifter appears to have been deployed on the offshore side of 

the jet, as seen by the weaker mean surface currents observed in the offshore section of 

the HF radar coverage area (Figure 32). 

Two additional drifters were deployed from the R/V Wecoma late in this time 

interval in the southern section of the study area.  Drifter 5 (shown in blue in Figure 32) 

was deployed on May 13 at 2200UTC on the 100m isobath approximately 15km south of 

Cape Blanco.  Drifter 6 (shown in cyan in Figure 32) was deployed on May 13 at 

2300UTC approximately 25km south of Cape Blanco, again on the 100m isobath.  Both 

these drifters remain fairly close to their deployment locations during the 17 or 18 hours 

of drift tracked here.  These drifters might be hypothesized to be caught in eddies on the 

leeward side of Cape Blanco, though they were deployed too near the end of the interval 

to be certain.  They were deployed well south of the HF radar surface current 

measurement area so no surface current data are available to assist in understanding their 

tracks.  These drifters will be returned to later in this chapter. 
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3.7 Observations of the Coastal Jet during an Upwelling Relaxation Event 

The water column structure and currents were observed twice along a transect line 

at 42° 58’ (Figure 28).  The R/V Wecoma first measured along this line between May 12 

1900UTC and May 13 1330UTC during weak variable winds (Line 1 in Figure 29a).  The 

R/V Wecoma repeated measurements on the line between May14 1400UTC and May14 

1700UTC at the very onset of northward winds (Line 2 in Figure 29a).  Results are 

shown in Figure 33 and Figure 36.   

Figure 33 Temperature, salinity, sigma T and north/south ADCP current 
component for May 12 1900UCT through May 13 1330UCT 
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Data from the first pass along this line closely resemble the classical picture of 

coastal upwelling conditions (e.g. Figure 11 in Huyer 1983).   The isotherms, isohalines, 

and isopycnals all tilt upwards toward the shore (Figure 33), except for the near surface 

isohalines and isopycnals (<30m depth) in the region offshore of the surface salinity 

minimum (>35km offshore).  The north/south current component shows a clear jet 

structure with strong (~1m/s) southward currents centered approximately 10km to 15km 

offshore and extending down 40m.  An inshore, subsurface poleward current with 

magnitudes nearing 0.5m/s is visible near the coast in the bottom 20m.  Mean surface 

currents for the twelve hour interval from May 13 0000UTC through May 13 1200UTC 

indicate similar features (Figure 34).  A strong jet is centered between 10km and 15km 

offshore at 43°N.  Advection tracks of particles launched along cross shelf lines of grid 

points at May 13 1200UTC are shown in Figure 35.  Each of these particles traveled for 

exactly five hours, revealing the shape of the jet. 

Data from the second pass (Figure 36) show considerable relaxation from the 

earlier well-established upwelling pattern (Figure 33).  Weak northward winds (2m/s to 

4m/s) blew through most of May 13 and stronger northward winds (~8m/s) are just 

beginning as the second set of measurements is taken (Figure 29a).  These northward 

winds lead to a flattening of the isothermal, isohaline and isopycnal lines to almost 

horizontal in the nearshore region (Figure 36).  The southward jet is seen in the shipboard 

ADCP measurements to have weakened considerably with the strongest currents now on 

the order of 0.5m/s, as opposed to the currents on the order of 1m/s seen during the first 

pass.  The core of the jet has also shifted offshore, with the strongest currents now seen  
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Figure 35 Five-hour advection tracks launched at 
May 13 1200UCT 

Figure 34 Twelve-hour mean HF radar currents 
for May 13 0000UCT through 1100UCT. 
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15km to 20km offshore, as opposed to the 10km to 15km seen during the first pass.  The 

inshore, subsurface poleward current noted in the first pass is still present near the coast 

in the bottom 20m.  Mean surface currents for the period from May14 1400UTC and 

May14 1700UTC show a similar picture (Figure 37).  The fastest currents at 43°N are 

15km to 20km offshore and considerably weaker than seen during the first pass.  Five-

hour advection tracks starting at May 14 1700UTC show very weak flow inshore with a 

jet still visible roughly 20km offshore at 43°N (Figure 38).

Figure 36 Temperature, salinity, sigma T and north/south ADCP current 
component for May 14 1400GMT through May 14 1700GMT 
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Figure 37 Twelve-hour mean HF radar currents for 
May 14 1200UCT through 2300UCT. 

Figure 38 Five-hour advection tracks launched at May 
14 1700UCT 
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The evolution at 43°N from a 

strong jet nearshore to a weaker jet farther 

offshore can also be seen in the flow lines 

(Figure 39).  Flow lines for May 11 

0600UTC show nearly uniform 

southward flow with a well developed jet 

at 43°N approximately 10km offshore 

(Figure 39 top panel).  At May 13 

1200UTC (the time of the first pass by the 

R/V Wecoma) a well-defined jet is still 

seen nearshore at 43°N, but currents are 

not as uniformly southward (Figure 39 

middle panel).  By May 14 1700UTC (the 

time of the second pass by the R/V 

Wecoma), the jet at 43°N is much less 

well defined, with weak and variable flow 

nearshore (Figure 39 bottom panel). 

 

 

 

 Figure 39 Flow lines during 
relaxation event. 
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3.8 Observations during Weak Northward Winds 

Northward winds as strong as 8m/s occurred starting at May 14 1700UTC and 

continued through May 15 with magnitudes reducing to approximately 4m/s (Figure 29a).  

On May 16 winds returned to southward, but were very weak, on the order of 2m/s to 

4m/s.  The northward winds were not sufficiently strong to reverse the spatially uniform 

surface current from southward to northward, although the current magnitude did reduce 

from ~40cm/s southward to ~20cm/s (Figure 29b).  The maintenance of southward 

currents during this interval was likely due to geostrophic flow from the continued 

upward tilt towards shore of isothermal, isohaline, and isopycnal lines (Figure 36).  

Mean surface currents for this period show continued presence of a coastal jet 

(Figure 40).  Maximum currents were smaller and farther offshore than during the earlier 

period of southward winds (Figure 40 vs. Figure 32).  This remnant coastal jet is 

presumed to remain in geostrophic balance with sea level which tilts downward towards 

the coast and the isopycnals which tilt upwards towards the coast.  As seen in Figure 36, 

the isopycnals were close to horizontal within 10km of shore with increased tilting 

further offshore.  Mean currents nearshore were very weak with slight reversal to 

northward very nearshore.   

The mean current picture of a weaker jet further offshore and weak northward 

currents nearshore is an oversimplification however, as seen in the flow lines for this time 

interval (Figures 41 through 45).  Complex and time-varying current patterns are 

revealed.  Something resembling a southward jet can be picked out in the current vectors 

and flow lines from May 14 1800UTC through May 15 1500UTC (Figures 41 through 
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Figure 40 Mean currents and drifter paths for weak reversal event.  
Asterisks denote drifter locations at beginning of time interval.



 78 

Figure 41 Flow lines showing evolution of circulation during weak reversal event 
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Figure 42 Flow lines showing evolution of circulation during weak reversal event 
(continued from Figure 41) 
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Figure 43 Flow lines showing evolution of circulation during weak reversal event 
(continued from Figure 42) 
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Figure 44 Flow lines showing evolution of circulation during weak reversal event 
(continued from Figure 43) 
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Figure 45 Flow lines showing evolution of circulation during weak reversal event 
(continued from Figure 44) 
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44).  The nearshore current field during this time period is very complex and variable 

over time.  Flow nearshore is generally northward but the common picture of southward 

flow offshore and northward flow near shore (Stevenson et al. 1974, Peffley and O'Brien 

1976, Davis 1985a, Davis 1985b, Kosro 1987, Kosro et al. 1997,  Kaplan et al. 2005, 

Kosro 2005, also this interval’s mean HF radar currents in Figure 40) is only occasionally 

seen (e.g. May 15 0900UTC to 1100UTC, Figure 43).  More frequently seen is an eddy-

like formation on the shore side of the jet (particularly apparent May 15 0400UTC, 

Figure 42, and May 15 0600UTC to 0800UTC, Figure 43).  No jet structure is apparent in 

the flow lines from May15 1600UTC through May 15 2100UTC (Figure 44 and Figure 

45), although offshore flow does remain generally southward with an eddy-like structure 

seen nearshore.  It is possible that the upward-tilt of isopycnals has been largely 

eliminated by the northward winds, eliminating the geostrophically-driven jet.  

Unfortunately no cruise data are available to verify this hypothesis.  Once northward 

winds end, the southward jet quickly reestablishes itself (May 15 2300UTC, Figure 45).  

The rapid re-establishment of the southward jet without significant southward winds 

suggests some upward tilting of the isopycnals may remain after the northward winds.  

Alternatively, as mentioned earlier, a large-scale alongshore pressure gradient may be 

driving southward flow, or the offshore winds may return to southward earlier than the 

wind at the onshore measurement location. 

Observations of the satellite-tracked drifters during this interval (Figure 40) did 

not show any significant changes in course due to the weak northward winds.  Drifters 1, 

2 and 4 (magenta, green and red in Figure 40) continued to travel southward with the 
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predominant current flow.  Drifters 5 and 6 (blue and cyan in Figure 40) were deployed 

close to the coast just to the south of Cape Blanco and were preliminarily hypothesized in 

Section 3.6 to be caught in an eddy on the lee side of the cape.  These two drifters 

continued to travel in a manner consistent with a leeward eddy.  Drifter 3 (yellow in 

Figure 32 and Figure 40) is the only drifter which behaved significantly differently 

during this time period.  It had previously been advected farther south and towards shore 

than drifters 1, 2 and 4.  During this interval drifter 3 reversed course though it failed to 

travel any significant distance northward.  Two mechanisms could be proposed for drifter 

3’s track.  It could have been caught in an eddy or it could have been in an area of 

nearshore current reversal.  HF radar surface current measurements are not available for 

this area to help differentiate the two possible causes. 

 

3.9 Observations during a Strong Wind Reversal 

A storm with strong northward winds started at May 17 0400UTC, with winds 

greater than 12m/s continuing through most of May 18 (Figure 29a).  Weaker northward 

winds (4m/s to 7m/s) lasted into May 21, followed by a return to southward winds.   

These winds were strong enough to reverse the overall current flow to northward (Figure 

29b).  This reversal to northward currents extends throughout the water column, as seen 

in the mooring data (Figure 31).  Unfortunately no cruise data are available for this period 

to allow further analysis of the structure of the water column. 

The six satellite-tracked drifters, combined with HF radar surface current 

measurements, provide insight into the evolution of surface currents in the study area 
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during this reversal event (Figure 46).  Drifters 5 and 6 were previously theorized to 

have been caught in a leeward eddy just south of Cape Blanco (blue and cyan in Figure 

32 and Figure 40).  These two drifters traveled north, passing Cape Blanco at 1702UTC 

May 17 and 0106UTC May18 respectively, early in the wind reversal event (Figure 46).  

As the mean surface currents in Figure 46 show, during the first day and a half of the 

reversal, strong northward currents occurred nearshore with weak and variable currents 

offshore.  Drifters 5 and 6 are transported northward by nearshore currents.  In the later 

part of the wind reversal (Figure 47) these two drifters continue to be carried northward 

and very nearshore, with drifter 6 actually hitting shore.  The behavior of these drifters 

provides support for the theory (Ebert and Russell 1988, Graham et al. 1992, Wing et al. 

1995a, Graham and Largier 1997, Wing et al. 1998b,Wing et al. 1998c, Morgan and 

Botsford 1998) that planktonic larvae of coastal species such as crabs may be retained in 

eddies on the leeward side of capes and headlands during upwelling periods and returned 

to shore to settle during reversals. 

Drifters 1 and 3 (magenta and yellow in Figure 46 and Figure 47) were located 

further south of Cape Blanco at the onset of the wind reversal than were drifters 5 and 6. 

Drifters 1 and 3 started traveling northward along the coast after the onset of the wind 

reversal.  Drifter 2 (green in Figure 46 and Figure 47) was also located south of Cape 

Blanco, but further offshore than drifters 1 and 3.  Drifter 2 first moved onshore and then 

began traveling northward along the coast.  These three drifters (1, 2, and 3, respectively 

magenta, green, and yellow in Figure 46 and Figure 47) pass by Cape Blanco later in the 

reversal event (at 0914UTC May 20, 0406UTC May 19, and 0223UTC May 19,  
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Figure 46 Mean currents and drifter paths during start of strong reversal event.  
Asterisks denote drifter locations at beginning of time interval. 
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Figure 47 Mean currents and drifter paths during end of strong reversal event.  
Asterisks denote drifter locations at beginning of time interval. 
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respectively) when flow offshore and slightly northward has developed off the Cape, 

as seen in the mean surface currents in Figure 47.  This change in currents near Cape 

Blanco from northward to offshore can also be seen in HF radar particle advection tracks 

(Figure 48) and six-hour mean flow lines(Figure 49).  Advection tracks reveal the 

different fates of particles released at identical locations at different times during the 

reversal.  At May 17 0600UTC, early in the wind reversal, the particles are advected 

northward (Figure 48 left panels), agreeing with the northward advection of satellite-  

Figure 48 Advection tracks for particles launched early (May 17 0600UCT) and late 
(May 19 0900UCT and May 20 0900UCT) in strong reversal event. 
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tracked drifters 5 and 6 (blue and cyan 

in Figure 46 and Figure 47).  The mean 

flow lines for May 17 0600UTC to 

1100UTC also show predominately 

northward flow (Figure 49 top panel).  

Later in the wind reversal at May 19 

0900UTC and May 20 0900UTC (Figure 

48 middle and right panels), the particles 

near Cape Blanco are advected offshore, 

agreeing with the offshore advection of 

satellite-tracked drifters 1, 2 and 3 

(respectively magenta, green, and yellow 

in Figure 46 and Figure 47).  The mean 

flow lines for May 19 0600UTC to 

1100UTC and May 20 0600UTC to 

1100UTC both show this offshore flow 

(Figure 49 middle and bottom panels). 

 

3.10 The Spatial Structure of the Tides 

The spatial structures of the sum of 

four dominant tidal components on the Figure 49 Mean flow lines during 
strong reversal event. 
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Oregon shelf (S2, M2, K1, and O1) and the individual components are presented in 

Figure 50.  The sums of the four components (Figure 50a) show large magnitudes (on the 

order of 50cm/s) in the northern and nearshore portion of the observation area.  These 

large magnitudes are mostly due to the S2 component (Figure 50b) with additional 

north/south magnitude from the O1 component (Figure 50e) and east/west magnitude 

from the M2 component (Figure 50c).  Magnitudes on the order of 25 cm/s are seen in the 

nearshore just north of Cape Blanco (Figure 50a), with most of the east/west magnitude 

contributed by the M2 component (Figure 50c) and the north/south magnitude 

contributed by the K1 component (Figure 50d).  The smallest magnitudes (on the order of 

5cm/s) are seen in the offshore portion of the observation area.  Here all four components 

are small.   

The magnitudes of these tides are nearly an order of magnitude larger than the 

expected 5cm/s to 10cm/s (Torgrimson and Hickey 1979, Erofeeva et al. 2003).  Larger 

tidal magnitudes in this area were also noted by Kosro et al. 1997.  Both this study and 

Kosro et al. 1997 involved short HF radar records, making accurate separation of tidal 

components and diurnal wind-forced currents statistically unreliable.  The S2 component 

(12 hour period) has some of the largest magnitudes (Figure 50b).  The M2 component 

(12.4206 hour period) requires a 354 hour record length to be separable from the S2 

component.  The HF radar record is a maximum of 336 hours long.  Actual record length 

at each grid point may be shorter due to incomplete HF radar coverage.  Large M2 or S2 

magnitudes (Figure 50c) may therefore be misattributed to each other.  The K1 

component (23.9345 hour period) would require an 8770 hour record length to be 
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Figure 50 Tidal ellipses  a. Totals  b. S2  c. M2  d. K1  e. O1  Note scale 
ellipses in lower right of each panel.

b. c. 

d. e. 

a. 
Sum 

S2 M2 

K1 O1 
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separable from the diurnal winds, although K1 does not show any unexpectedly large 

magnitudes (Figure 50d).  The O1 component (25.8193 hour period) requires a 341 hour 

record length to be separable from the diurnal wind.  Portions of the large O1 magnitudes 

(Figure 50e) may therefore be attributable to the diurnal winds.  The short record length 

of the HF radar data thus makes this tidal analysis inconclusive.  Portions of the large 

tidal magnitudes seen in Figure 50 may actually represent the diurnal wind-forced 

currents with the spatial variation due to spatial variation in the winds.  

 

3.11 Summary 

The large-scale currents on the continental margin just north of Cape Blanco, 

Oregon (43°N) are wind-driven, with a bias for southward flow even when winds reverse 

to weakly northward.  This bias is partially attributed to geostrophic forcing by the 

shoreward tilt upwards of the isopycnals.  The coastal jet weakens and its core shifts 

offshore during a wind relaxation event of May 12 to May 14, but nearshore currents do 

not reverse to northward during this period.  During the weak wind reversal of May 15 

complex current patterns are revealed inshore of a weakened but largely still discernable 

coastal jet.  During the strong reversal of May 17 to May 19, currents do reverse to 

northward with no equatorward coastal jet observed during this period.  Drifter data and 

Lagrangian analysis of the HF radar data are compatible with the theory of larval 

retention in lee eddies and settlement north of a cape early in a reversal event.  Later in 

the reversal event a strong offshore flow develops at Cape Blanco which would prevent 

larval settlement.  The tides in the HF radar observation area are seen to be highly 



 93 

variable spatially and of considerably greater magnitude than anticipated, potentially 

due to misallocation of the diurnal wind-forced currents to the tidal components. 
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4 Conclusion 
 

Coastal-based HF radar systems provide the ability to measure surface currents on 

temporal and spatial scales not otherwise possible.  These systems, however, present 

mapping difficulties.  Chapter 2 analyzed some of these difficulties and developed a new 

mapping method using Gaussian weights based on actual correlation of radial current 

data.  This Gaussian method was then compared to the most commonly used method.  

Total current vector coverage for the two methods was comparable for a year’s actual 

radial data from two sites on the Oregon coast.  Both methods are susceptible to 

geometric dilution of precision (GDOP).  The spatial structure of GDOP was explored for 

the two Oregon sites.  Analytically generated radials representing different current 

patterns were mapped using both methods and the results compared.  The Gaussian 

method developed here showed improved accuracy, particularly in capturing small 

features. 

This Gaussian mapping method was applied to an HF radar deployment on the 

Oregon coast.  The resulting HF radar maps were combined with other data sources in an 

observational study of the temporal and spatial complexity of coastal upwelling 

circulation near a cape.  The evolution of the coastal jet during a relaxation event was 

observed as its maximum weakened from on the order of 1m/s to the order of 0.5m/s and 

the location of those maximum currents shifted from 10km or 15km offshore to 15km or 

20km offshore.  Complex current patterns were observed during a weak reversal with 

southward flow tending to continue offshore while highly variable, sometimes northward 
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currents occurred near shore.  During a strong wind reversal the currents reversed to 

northward.  Satellite-tracked drifters along with Lagrangian analysis of the HF radar data 

provide some support for the theory that planktonic larvae may be retained in eddies on 

the lee side of a cape and returned northward and onshore for settlement during reversal 

events.
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