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Fig. 13. Scanfish transects: D-line 1 on 22 May 2001 after a period of relaxation, D-line 3 on 26 May after the onset of upwelling-favorable winds, D-line 4 on 28 May during a period
of prolonged upwelling-favorable winds. From top to bottom, the panels show; surface mixed layer, temperature (1C), salinity (pss), density ðkgm"3Þ, BV frequency (cph), and
chlorophyll ðmgL"1Þ.
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forcing, which can contribute to transport or export
out of the shelf region, and the presence of high
productivity, which seemingly results from retention
of upwelled material and subsequent algal blooms. In
this study we address this paradox by investigating
the across-shelf structure in velocity and hydrography
in the northern California upwelling region.

The upwelling region off the coast of northern
California ð37240"NÞ experiences the strongest
summertime wind forcing along the US west coast
(Dorman and Winant, 1995). This cycle of wind
forcing and the upwelling response has been well
studied in the past few decades. Large-scale studies
in the region include the Coastal Ocean Dynamics
Experiment (CODE) (Beardsley and Lentz, 1987),
Northern California Coastal Circulation Study
(NCCCS) (Largier et al., 1993), and the Shelf
Mixed Layer Experiment (SMILE) (Dever and
Lentz, 1994; Dever, 1997a,b). Hence, the dynamics
of the region are fairly well described over the
course of an upwelling-relaxation cycle (Hickey,
1998). Winant et al. (1987) identified the persistent
upwelling-favorable (equatorward) winds during
the summer season, which are responsible for the
onshore transport of cold nutrient-rich bottom
water and the formation of an ‘upwelling center’
between Pt Reyes and Pt Arena (Huyer and Kosro,
1987; Lentz and Chapman, 1989). Strub et al. (1987)
documented the ‘spring transition’ at the onset of
the upwelling season, and Send et al. (1987)
identified relaxation periods, characterized by pole-
ward flows and surface warming.

In this region, (Fig. 1) the coastline extends in a
relatively straight line southeast from Pt Arena
ð39"NÞ to the smaller Bodega headland, (38"200ND-
line), where southward alongshore flows are en-
hanced during the upwelling season. The flow past
Bodega Head drives a re-circulation within Bodega
Bay, which aids in the retention of crab larvae
during periods of upwelling (Roughan et al., 2005).
To the south of Bodega Bay the coastline turns
sharply to the west to form the large promontory of
Pt Reyes ð38"NÞ. Pt Reyes is the northern boundary
of the Gulf of the Farallones and can act as an
‘upwelling shadow’ trapping upwelled waters in its
lee. The waters that are retained in the lee of the
headland are warmed and may return northward
towards the region of the ‘upwelling center’ during
relaxation periods when the general alongshore flow
reverses (Send et al., 1987; Wing et al., 1995, 1998).
The hydrography in the Gulf of the Farallones
region to the south of Pt Reyes has been well

documented by Steger et al. (2000). Offshore and to
the northwest of this headland is the submerged
Cordell Bank, where the water shallows to a depth
of o90m. The presence of the submerged bank
adjacent to a significant promontory forms an
interesting topographic feature that appears to
affect the flow field (Kaplan et al., 2005; Kuebel-
Cervantes and Allen, 2006). This is the focal point
for future investigation of the effects of topography
on classical upwelling circulation.

Similar upwelling studies have been conducted
recently off the Oregon coast (Barth and Wheeler,
2005), which contrasts the northern California
upwelling region in a number of ways. Most notable
is the fact that the upwelling region of northern
California is stronger than off the coast of Oregon.
Wind forcing is stronger, wind-stress curl is greater,
and the cycle of upwelling and relaxation is more
defined (Dorman et al., 2005). As a result of the
stronger forcing, the surface boundary layer is
deeper (Dever et al., 2006). As with the case off
Oregon we see effects of topography on the
upwelling system. The difference, however, is that
while Heceta Bank (Oregon) is purely a sub-surface
feature, in our region the combination of the pro-
minent Pt Reyes headland and the shoaling Cordell
Bank plays a dominant role in the circulation in

ARTICLE IN PRESS

Fig. 1. Map showing the study site; the inset shows the location
of the WEST region on the northern Californian coast. The CTD,
Scanfish and ADCP transects are indicated by the shore-normal
lines, the main lines being A, D, F (solid) and the minor lines B,
C, E (dashed). The map is adapted from Dever et al. (2006).
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2.3. Wind measurements

Winds measured at NDBC buoy 46013 (National Data Buoy
Center, 2007) are used as representative of the region (Fig. 1).
In spite of some inhomogeneity, such as larger wind speeds
offshore than near the coast, the wind speeds and directions tend
to be highly correlated from one location to another (e.g.,
Beardsley et al., 1987; Winant et al., 1987; Dorman et al., 2006).
The NDBC 46013 measurements are simply used here as an index
of upwelling/relaxation events.

Unfortunately, wind directions from buoy 46013 are not
available from early June. They begin again on June 20, 2007
(see, for example, Fig. 4). The first 5 days of surface current
measurements are not included in the analyses that require
separation by wind regime, such as maps of mean surface circula-
tion during ‘‘upwelling’’ and ‘‘non-upwelling’’ favorable winds
(e.g., Fig. 2).

2.4. Ancillary data sets

Satellite-derived estimates of chlorophyll are provided by
CoastWatch (National Oceanic and Atmospheric Administration,
2008, http://coastwatch.pfel.noaa.gov/) from MODIS-Aqua. Three-
day composites are shown. Three days is short enough to be
within an upwelling ‘‘event’’ and yet long enough to obtain decent
coverage of the ocean surface, which may be cloud-obscured for
some days.

ETOPO2 bathymetry is provided by the National Geophysical
Data Center (http://www.ngdc.noaa.gov/mgg/image/2minrelief.
html).

3. General pattern of circulation

The mean circulation during upwelling-favorable periods
included a region of high velocities (450 cm/s) directed downcoast
over the shelf, and a second region directed offshore from Point
Arena (Fig. 2a). Both features appeared to originate from the
southward flow past Point Arena. The field of view afforded by
the radar precluded assigning accurate lengthscales to the along-
flow direction of these features. However, we refer to them here as
‘‘jets’’, as they are reminiscent of rapidly moving ‘‘ribbonlike’’
features that have previously been documented along the shelf
and slope of the U.S. West Coast (e.g., Barth et al., 2000; Bray and
Greengrove, 1993; Huyer et al., 1998; Kosro, 2005). In this context
we are referring to high-velocity regions of limited width entering
the radar domain from the north. The along-shelf feature is
consistent with past measurements of an equatorward upwelling
jet in the region (e.g., Kaplan et al., 2005; Largier et al., 2006;
Winant et al., 1987) and we subsequently refer to it as the ‘‘shelf
jet’’. The offshore feature is consistent with the idea of a separated
jet, previously described for Cape Columbine (Shannon, 1985), Point
Año Nuevo (Rosenfeld et al., 1994), and Cape Blanco (Barth et al.,
2000), and we refer to this as the ‘‘offshore jet’’. When both features
exist simultaneously, it is common to refer to this as a bifurcated jet.

Fig. 2. Mean hourly surface currents during June–August 2007, for (a) upwelling-favorable wind conditions (down-coast winds greater than 10 m/s), and (c) non-
upwelling conditions (down-coast winds less than 3 m/s). Panels (b) and (d) depict the associated upwelling and non-upwelling current standard deviations. The standard
deviations are shown for along-flow and across-flow components, where the ‘‘along-flow’’ direction is defined as the direction of the mean. Only half of the gridded
standard deviation estimates are shown for clarity. Strong upwelling (non-upwelling) winds are detected 23% (26%) of the time. Radar positions are indicated by stars.
Points Arena and Reyes are designated as PA and PR, respectively. The N/C Line indicates the position of the previously occupied NCCCS/CODE line. Depth contours at 200
and 2000 m are shown in the upper panels. NDBC buoy 46013 is indicated by the bull’s-eye. Scale bars indicating 50 cm/s are provided in the lower left of each panel.

C.M. Halle, J.L. Largier / Continental Shelf Research 31 (2011) 1260–1272 1263
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The percentage of pseudo-drifters that originated to the north
for each location in the domain is contoured in Fig. 9a. To reduce
the influence of coverage dropouts and gaps on the resulting
picture, only drifters that remained in the domain for longer than
1.5 days were included in the percentage estimates. This artificial
threshold produced a bias near the domain edges. For example,
the 80–90% band in the northern part of the domain, offshore
Pont Arena, should presumably be closer to 100%. The bias arose
because drifters that rapidly traveled from the northern edge of
the domain were eliminated from further processing.

Nevertheless, the map can provide a useful guide to water
origins. For example, the area near Cordell Bank, a highly
productive marine sanctuary, is outlined. Between 90% and
100% of the water that traveled across Cordell Bank came from
the north. (This high percentage resulted even though one might
reasonably expect the number to be biased low, because drifters
that happened to briefly exit the nearby southern edge of
the domain during backtracking were assumed to originate in
the south). The interpretation of Cordell Bank water originating in
the north is consistent with observations from previous studies
(e.g., Kaplan and Largier, 2006), but here we used the large-scale
coverage that allowed identification of Point Arena as the origin.
Thus, during the summer of 2007, Cordell Bank was persistently
exposed to ‘‘aged’’ upwelled waters streaming south from Point
Arena, The 100% band along the east and south side of the
HF-radar domain was due to the persistence of the shelf jet and

reflected the tendency for transport downcoast and then offshore
in the vicinity of Point Reyes.

Mean travel times of the pseudo-drifters that originated north
of each location are presented in Fig. 9b. Again, only drifters that
were in the domain for longer than 1.5 days were used in the
analysis. Varying the time cutoff, or contouring median instead of
mean travel times, did not influence the pattern significantly.
Because short travel time pseudo-drifters were eliminated from
consideration, biases are again evident at the northern edge of the
domain. The view here is skewed toward emphasizing longer
travel times and patterns (such as recirculation).

Drifters near the coast traversed the domain in a few days as
they traveled from Point Arena to the inshore edge of the Cordell
Bank region, whereas drifters at the outer edge of Cordell Bank
required several days. Offshore, the tongue of 8–9 day mean
travel times resulted from the effects of the recirculation patterns
that developed during upwelling.

The distribution of travel times for waters that arrived at
Cordell Bank is shown in Fig. 10a. To ensure that temporal and
spatial coverage fluctuations were not biasing the results, three
probability density functions (pdfs) were calculated. The first pdf
was based on the travel time results for all drifters, the second for
drifters that originated at least 15 km from the bank, and the third
for drifters that originated at least 25 km away. All three pdfs are
presented in Fig. 10, but are similar enough so that differences
cannot be seen. The distribution is double-peaked. Seventy
percent (70%) of the drifters made it to Cordell Bank in 5 days
or less (Fig. 10b), with 80% (90%) making the trip in less than
6 days (10 days). Approximately 10% of the drifters required
between 10 and 20 days to make the north–south excursion.

It should also be noted that the grid spacing chosen for particle
tracking does appear to influence the resulting percentages.

Fig. 9. Summary of water origins, determined from reverse particle tracking
techniques: (a) the percentage of the surface water at each location that originated
in the north, and (b) the mean time in the radar domain of the northward-origin
water. The bold-line box in each picture indicates the area of radar coverage near
Cordell Bank. Mapping the median time instead of the mean does not affect the
pattern significantly. Points Arena (PA) and Reyes (PR) are indicated. Only reverse
particle tracks lasting longer than 1.5 days are used in the analyses. The 2-km
fields are smoothed over an area 8 km square prior to display.

Fig. 10. Travel time summary of surface water reaching Cordell Bank from the
north: (a) probability density function of travel time, and (b) cumulative prob-
ability of travel time. In order to ensure that data gaps are not influencing the
distribution significantly, the pdfs have been calculated in 3 ways: (1) using all
tracks that originated to the north of Cordell Bank, (2) only using those tracks that
originated at least 15 km away, and (3) using tracks of at least 25 km length. The
curves from the three analyses are indistinguishable in this display.

C.M. Halle, J.L. Largier / Continental Shelf Research 31 (2011) 1260–12721268
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Figure 9.  Eddy seasonal progression map.  The eddy center determined using HF Radar 

(satellite altimetry) is displayed using black (gray) lines.  The eddy begins life near Cape 

Mendocino in early summer 2008, and progresses offshore and southward (solid gray 

line).  By July 2009, the eddy is well offshore, and the next eddy has already formed and 

begun to transit southward again (dashed gray line). The large gray circle bounds the 

region of the anticyclonic eddy detected using AVHRR during the summers of 1981-

1985 [Lagerloef, 1992, Figure 5].  Depths in meters are indicated. 

 

 

 

 

 

 
 

 

Figure 3. Mean hourly surface currents from (a) August through October 2008, and (b) 

November 2008 through early May 2009.  Associated along-flow and across-flow 

standard deviations are shown by black and gray vectors, respectively, in (c) and (d). For 

clarity, standard deviations are only shown at every other gridded location.  Scale bars are 

indicated in the upper right.  Depth contours of 50 and 200 meters are shown by gray 

dashed lines.  NDBC buoy 46014 is indicated by the bullseye. 
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