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[1] Velocity measurements from 17 deployments of moored acoustic Doppler current
profilers obtained during four summer upwelling seasons are used to describe the cross-
shelf divergence of Ekman transport in the inner shelf off Oregon. For each deployment
the measured surface and bottom cross-shelf transports were compared with estimates
of the theoretical Ekman transports to find the fraction of full theoretical Ekman transport
present. In general, in 15 m of water at 1–2 km offshore, measured transport was 25% of
the full Ekman transport. Measured transports reached full Ekman transport 5–6 km
offshore in 50 m of water. This result indicates that the region of active upwelling marked
by the divergence of Ekman transport was limited to a narrow region along the coast. With
small wind stress curl and no major headlands in the region, no along-shelf trends
in the transport fractions were observed. Average transport fractions at each station were
similar from year to year with one exception. The interannual variability seen at this
particular site was most likely a result of local along-shelf bathymetric features. In
addition, a weak linear relationship was found between the ambient stratification and the
fraction of full Ekman transport. Reduced cross-shelf transport occurred at times of
decreased stratification. This type of ‘‘shutdown’’ of the inner-shelf cross-shelf circulation
has significant biological implications, sequestering production in the nearshore and
reducing larval cross-shelf transport.
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1. Introduction

[2] The cross-shelf circulation associated with coastal
upwelling has been well documented for wind-driven mid-
dle and outer continental shelves, where water depths are
generally deeper than 50 m. Numerous review papers exist
on the subject [i.e., Huyer, 1983, 1990; Hickey, 1998] and
the interactions of the wind forcing, surface and bottom
transports, and bottom stress from these phenomena have
been documented on many of the world’s continental
shelves [i.e., Allen and Smith, 1981; Smith, 1995]. In
general, all describe a cross-shelf circulation with offshore
surface Ekman transport driven by the along-shelf wind
stress. A return flow exists either in the interior of the fluid
or in the bottom boundary layer (BBL) created by the
interaction of the along-shelf current and the shelf bottom.
The contributions of the interior and BBL to the return flow
over the middle to outer shelf is dictated by the slope Burger

number, a measure of the relative importance of stratifica-
tion and bottom slope [MacCready and Rhines, 1993;
Austin and Lentz, 2002]. Most middle and outer shelf
investigations of upwelling have found fully developed
Ekman transport in the boundary layers with small stresses
in the interior [Lentz, 1992; Lentz and Trowbridge, 1991].
Less is known about downwelling circulation, although
observational [Winant, 1980] and model studies [Austin
and Lentz, 2002; Allen et al., 1995] confirm the same
notion of wind-forced onshore Ekman transport and off-
shore compensatory flow beneath.
[3] Inshore of these middle and outer shelf locations

exists a region in which the wind-driven cross-shelf Ekman
transport is reduced in magnitude due to the presence of a
coastal wall [Gill, 1982]. The cross-shelf extent of this
divergence of Ekman transport encompasses the region of
active upwelling or downwelling [Lentz, 2001] and is
bounded offshore by the upwelling or downwelling front.
Further, using a numerical model Allen et al. [1995] found a
large fraction of upwelling takes place in relatively shallow
water near the coast. Their results showed that half of the
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upwelled water came directly from the BBL in shallow
water inshore of 20 m depth. In this area, surface and
bottom boundary layers occupy the entire water column
[Lentz, 1995]. Thus on wind-driven shelves the inner shelf
serves as a transition zone between the middle and outer
shelf, where wind forcing and large-scale pressure gradients
are dominant forces, and the nearshore where surface
gravity wave radiation stresses are large.
[4] A number of recent investigations have attempted to

document the nature of cross-shelf circulation in the inner
shelf. In 30 m of water off central California, Lentz [1994]
identified a cross-shelf surface flow driven by along-shelf
winds and a bottom return flow driven by the along-shelf
jet. In Lentz’s [1994] study area, flow was found to be
essentially two dimensional, with no significant depth-
averaged cross-shelf flow [Lentz, 1994]. Using a cross-shelf
array of moorings on the wide, gently sloping North
Carolina shelf, Lentz [2001] observed cross-shelf transport
increased moving offshore as dictated by Ekman theory. He
reported large differences in cross-shelf transports between
summer, when waters were more stratified, and fall, when
waters were only weakly stratified. Demonstrating stratifi-
cation’s effect on transport, Allen et al. [1995] showed the
majority of upwelling occurred within 3 km of the coast
when stratification was present, and within 8 km of the
coast when no stratification was present. Austin and Lentz
[2002] obtained similar results, finding that cross-shelf
transports in the inner shelf decreased as stratification was
reduced.
[5] Summarizing these previous works, circulation in this

shallow area is dependent on wind forcing, but can be
significantly influenced by stratification. The link between
the level of stratification and the amount of cross-shelf
Ekman transport exists because reducing the stratification
increases the eddy viscosity (Av), which increases the
Ekman layer depth (d) as d =

ffiffiffiffiffiffiffiffiffiffiffiffi
2Av=f

p
, where f is the

Coriolis parameter. For shallow water near the coast, less of
the Ekman spiral is realized when stratification is reduced,
leading to a reduction in cross-shelf transport. This type of
reduction (or shutdown) of cross-shelf circulation as a result
of reduced stratification in the inner shelf affects the
circulation dynamics of the entire shelf [Lentz, 2001;
Samelson, 1997] and may be important for biological
processes as well. In particular, understanding patterns of
cross-shelf circulation is key to understanding the processes
responsible for transport of larvae and particulates (phyto-
plankton and detritus) to and from benthic coastal habitats
[Morgan, 2001].
[6] The study described here analyzes the cross-shelf

circulation in the narrow, steeply sloping inner shelf along
the coast of central Oregon. Located on the eastern bound-
ary of the North Pacific Ocean, the shelf-wide upwelling
system off Oregon has been well documented [Allen and
Smith, 1981; Huyer, 1983] and is known for its high
productivity [Small and Menzies, 1981]. During summer,
southward winds with mean values of 0.03 N m�2 and small
offshore wind stress curl [Samelson et al., 2002] drive
offshore surface flow, upwelling, and an along-shore equa-
torward jet with mean velocities reaching 0.25 m s�1

[Huyer, 1983]. Shelf waters off Oregon are generally highly
stratified with top to bottom density differences as large as
2 kg m�3 regularly occurring [Huyer, 1983]. For the most

part, these shelf studies have left the inner shelf off
Oregon poorly resolved. However, since 1999 the Partner-
ship for Interdisciplinary Studies of Coastal Oceans
(PISCO) program has collected numerous long-term hy-
drographic and velocity measurements in the inner shelf
along the central Oregon coast.
[7] The PISCO program is a long-term ecological con-

sortium created in 1998 to study the link between inner-
shelf oceanography and marine ecosystems along the U.S.
west coast. The objectives of the program are to quantify
patterns of distribution, abundance, and diversity in near-
shore communities and determine how oceanographic pro-
cesses influence these patterns. This study begins to
quantify the wind-driven dynamics in the inner shelf,
forming a foundation for interdisciplinary analyses to fol-
low. A companion paper by J. A. Austin and B. A.
Grantham (Subinertial variability of the Oregon inner shelf,
submitted to Journal of Geophysical Research, 2005, here-
inafter referred to as Austin and Grantham, submitted
manuscript, 2005) uses different portions of the PISCO
data set to analyze subinertial along-shelf and cross-shelf
variability in the inner shelf off Oregon. In summary, the
PISCO project has enabled the transition between shelf and
nearshore circulation occurring within the inner shelf to be
more clearly understood.
[8] Using measurements obtained from the long-term

mooring efforts taking place in the region, this study
describes the offshore extent of the Ekman divergence off
Oregon by comparing the measured cross-shelf transports to
theoretical values. The observations used in this study are
introduced in section 2, along with the theory and data
analysis techniques employed to compute the measured and
theoretical Ekman transports. Section 3 describes the results
of the transport fraction calculation and then examines the
effects of both stratification and the frictional coefficient
used to obtain bottom stress. A discussion of the key results
follows in section 4, including a comparison with previous
results from the wide, gently sloping North Carolina shelf.
Section 5 summarizes the findings of this study.

2. Data and Methods

2.1. Data Sources

[9] The bulk of the observations used here were made as
part of PISCO’s Oregon State University (OSU) mooring
program. This mooring component of the larger PISCO
program has collected hydrographic measurements in Ore-
gon’s inner shelf each summer since 1998. Data from years
1999, 2001, 2002, and 2003 are examined here while similar
measurements from years 1998, 1999, and 2000 are presented
by Austin and Grantham (submitted manuscript, 2005). Over
the course of the four summers examined here, the program
made 14 deployments of bottom-mounted upward looking
acoustic Doppler current profilers (ADCPs) at six locations
spanning an along-shelf distance of 83 km (Figures 1 and 2).
The ADCPs, 600 kHz Workhorse Broadband Sentinels from
RD Instruments, collected 2 min averages of water velocities
from 1 m depth increments starting 3 m above the seafloor.
Adjacent to each ADCP deployment, a separate mooring
recorded temperature at multiple depths and conductivity at
midwater. These instruments sampled every 2–30 min,
depending on the instrument and deployment year.
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[10] The deployed ADCP array varied in size and loca-
tions among the years described. Mean water depths for the
deployments ranged from 8 to 30 m, although most were
located at 15 m (Table 1, Figure 3). While only one
deployment occurred in 1999 at station YH at 15 m of
water, five were made in 2001, with two measurement
intervals at 15 m at station CH separated by 20 days, and
8 m and 15 m deployments at both stations FC and SH. In
2002, 15 m deployments occurred at stations FC (two
measurement intervals separated by 20 days), SR, and SH,
while shorter 30 m deployments were also made at stations

FC and SH. The array was reduced in 2003, with 15 m
deployments at stations LB (near FC), SR, and SH only.
[11] To augment the PISCO array with offshore observa-

tions, 3 additional velocity measurements from adjacent
field programs are included in this study. Velocity profiles
were obtained from a 1999 deployment at station IS, located
offshore and 5 km south of station YH (Figure 1), as part of
the Prediction of Wind-Driven Coastal Circulation Project, a
NOPP Project [Boyd et al., 2000; Oke et al., 2002]. Similar
deployments were made in 2001 as part of the Coastal
Ocean Advances in Shelf Transport (COAST) Project

Figure 1. Study region: the continental shelf off Oregon along the west coast of the United States. The
locations of all acoustic Doppler current profiler (ADCP) deployments are shown as filled circles near
their station ID. Wind measurements from buoy 46050 (46050), the Newport CMAN station (Newport),
the NOPP 1999 meteorological buoy (99MET), and the COAST 2001 meteorological buoy (01MET) are
marked by triangles. Isobaths are in 10 m increments up to 50 m. Additionally, the 15 m isobath is
included in both insets for reference.
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offshore of stations CH and SH [Boyd et al., 2002]. Each of
these three deployments, all at 50 m depth, consisted of
moored upward looking 300 kHz RDI Workhorse Broad-
band ADCPs, collecting 2 min ensemble averages in 2 m
bins starting at 8 m above the seafloor.
[12] Observations from a number of buoy and coastal

stations were used to estimate the wind velocities at each
mooring location. Hourly averages of wind measurements
from the NOAA National Data Buoy Center’s (NDBC)
buoy 46050 and the Newport, Oregon NOAA Coastal
Marine Automated Network (CMAN) station NWPO3 are
examined in this study. The CMAN station is located on the
south jetty of the Newport harbor entrance while buoy
46050 is located 33 km west of Newport in 100 m of water
(Figure 1). In addition, hourly averages of wind measure-
ments obtained by meteorological buoys operated by the
1999 NOPP program and the 2001 COAST program were
taken into consideration as midshelf estimates of wind
velocity during those years (Figure 1). Wind velocities are
not measured as part of the PISCO program.

2.2. Ekman Transport Theory

[13] The wind-driven cross-shelf circulation can be de-
scribed by the relationship between the cross-shelf transport
and the applied stress that drives it. Starting from a linear,
layer-integrated along-shelf momentum balance,

@V

@t
þ fU ¼ � 1

ro

@P

@y
þ tys

ro
� tyb

ro
; ð1Þ

where V, U, and P are the layer integrated along-shelf
velocity, cross-shelf velocity, and pressure, ro is a reference
density, and tys and tyb are the applied stresses at the
surface (s) and the bottom (b) of the layer. Assuming
steady flow with no pressure gradient or bottom friction,
equation (1) reduces to the Ekman transport equation:

U ¼ tys
rof

; ð2Þ

defined as the cross-shelf transport balanced by the applied
surface stress divided by a reference density and the
Coriolis parameter [Ekman, 1905]. In shallow waters,
where this Ekman transport is not fully developed, the
relationship can be further approximated using a linear
regression as [Lentz, 2001]

U ¼ a
tys
rof

þ b; ð3Þ

Figure 2. Bottom profiles from all major PISCO mooring locations plotted on the axis of offshore
distance in kilometers. The station ID is near each profile. Plotted on this axis, the profiles line up with
the southernmost station (SH) on the left and with the northernmost station (CH) profile on the right. A
dashed line representing a bottom slope of 0.0125 is included for reference.

Table 1. Mean, Standard Deviation, and Principal Axis for All

ADCP Deploymentsa

Station
Depth,
m

Duration,
days

meast,
m s�1

seast,
m s�1

mnorth,
m s�1

snorth,
m s�1 qp

Range
of qp

1999
YH 15 67 �0.007 0.004 0.014 0.013 13 6
IS 50 77 0.005 0.004 0.004 0.014 12 8

2001
CHa 15 80 �0.012 0.003 �0.068 0.013 11 12
CHb 15 50 �0.014 0.003 �0.067 0.009 13 16
NIS 50 104 �0.007 0.004 �0.011 0.017 9 3
FC 08 100 �0.021 0.005 �0.015 0.004 �28 71
FC 15 62 �0.0038 0.002 �0.017 0.007 5 80
SH 08 46 �0.033 0.003 �0.081 0.017 7 1
SH 15 63 �0.007 0.002 �0.077 0.014 6 4
SIS 50 105 0.015 0.003 �0.013 0.011 5 10

2002
FCa 15 62 �0.019 0.004 �0.001 0.008 22 43
FCb 15 33 �0.017 0.002 �0.001 0.005 22 21
FC 30 51 �0.029 0.004 �0.001 0.014 13 43
SR 15 115 0.002 0.002 0.002 0.012 4 15
SH 15 111 0.000 0.002 �0.054 0.014 5 7
SH 30 52 0.009 0.002 0.02 0.015 5 10

2003
LB 15 111 �0.02 0.005 �0.064 0.011 21 7
SR 15 116 �0.002 0.002 0.000 0.012 5 9
SH 15 122 �0.003 0.002 �0.049 0.015 5 8
aMean (m) and standard deviation (s) of both north and east velocities are

in m s�1. The calculated principal axis directions (qp) are clockwise from
true north. The range of qp direction with depth is also included.
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with a, the slope of the line, defining the fraction of full
Ekman transport present while b, the y intercept, is the
transport at zero wind stress. Using this relationship for
the surface Ekman layer, and a similar one for the
bottom layer, we can calculate how measured surface
and bottom transports compare with the full theoretical
Ekman transports computed from the surface and bottom
stresses.
[14] Evaluating (3) is best handled using a neutral

regression technique [Garrett and Petrie, 1981]. While
a normal linear regression technique minimizes the
variance in one dimension, a neutral regression minimizes
the variance in both dimensions. Here, the regression coeffi-
cient (a) is defined as the square root of the ratio of the

variance of the second time series to the variance of the first
time series, or

a ¼ s22
s21

� �1=2

: ð4Þ

More complex methods for computing this regression exist
[e.g., Reed, 1992], however these methods differ from
(4) only if known measurement uncertainties are used to
compute the required weighting functions. If the variance
of the input time series are used as weights, a reasonable
assumption if measurement uncertainties are not known
[Reed, 1992], this method collapses to the simple ratio
used by Garrett and Petrie [1981].

Figure 3. Deployment periods of ADCP (bold lines) and wind measurements (thin lines) used in this
study.
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[15] Using these methods we can define the offshore
extent of Ekman divergence using the theoretical Ekman
transport given by (2) and the measured Ekman transports
derived from the velocity observations (see next section).
Here, the neutral regression coefficient is the square root of
the ratio of the measured Ekman transport (time series 2) to
the theoretical Ekman transport (time series 1).

2.3. Calculating Ekman Transports

2.3.1. Measured Ekman Transport
[16] For each deployment, estimates of the cross-shelf

transport in the surface and bottom Ekman layers were
calculated from the cross-shelf velocity profiles obtained
from the ADCPs. As ADCPs do not sample the entire water
column, the cross-shelf velocity profiles were extrapolated
to the surface and bottom in order to compute cross-shelf
transports occurring throughout the water column. For the
COAST 50 m deployments in 2001, velocity observations
below 40 m and above 6 m depth were excluded because of
quality control concerns [Boyd et al., 2002]. For station IS
in 1999, velocity observations below 40 m and above 8 m
were excluded from the velocity profiles [Boyd et al., 2000].
[17] Similar ‘‘tide-independent’’ quality control analysis

at the PISCO deployment locations would exclude up to 1/3
of the water column at high tide due to larger tidal height
variations at these shallow locations. Therefore profiles of
the total acoustic backscatter intensity were used to create
‘‘tide-following’’ velocity profiles for all of the 30, 15, and
8 m ADCP deployments. Produced for each ensemble by
summing the backscatter intensity profiles of all four beams,
the depth of the maximum total backscatter intensity was
marked as the water surface. Velocities from all depth bins
above this surface were masked. An additional surface bin
of the measured water velocities was subtracted from the
masked profiles at 8 and 15 m locations due to side lobe
reflection [Gordon, 1996]. For the same reason, an addi-
tional three surface bins were subtracted from the 30 m
location velocity profiles. All further analysis was per-
formed on hourly averages of the tide-following velocity
profiles from the PISCO deployments and the quality
controlled 50 m deployments mentioned above.
[18] Possible sources of error in ADCP measurements

include both random error and a bias due to surface gravity
wave orbital velocities. RDI literature [Gordon, 1996] esti-
mates the random error in the velocity measurements as the
standard deviation of the difference in the vertical velocity
estimates made by the two beam pairs. This ‘‘error’’ velocity
can then be estimated for each depth bin measured for each
deployment. Error velocities averaged 0.01 m s�1 for all
PISCO deployments and less than 0.01 m s�1 for the COAST
and NOPP deployments [Boyd et al., 2000, 2002]. In addi-
tion, because most deployments were in relatively shallow
water, the inclusion of partial periods of the dominant surface
gravity waves in the 2 min ensemble averages might cause a
bias in the velocity estimates. An estimate of this type of bias
can be made considering the particle motion of a 1 m
amplitude linear wave. On the basis of these parameters the
estimated bias ranged from0 to amaximumof 0.025m s�1 for
wave periods from 4 to 20 s. In 15m of water, the range of the
maximum possible bias with depth was less than 0.01 m s�1.
Thus the bias is a strong function of wave period but a weaker
function of depth below the surface, as themajority of the bias

is absorbed into the depth-averaged mean velocity. Since we
are only concerned with the depth-dependent component of
the water velocities, the maximum possible bias due to
surface gravity waves is of similar magnitude as the random
error given above.
[19] The principle axis coordinate system was used for

velocity observations presented here. The principal axis of
flow is that which minimizes the velocity variances in the
minor axis. For most deployments, orientations of the axes
ranged from 4� to 13� clockwise from north (Table 1), with
notable exceptions located primarily at station FC. In
general, the principal axes are aligned with local bathymet-
ric contours. After rotation into the principal axis coordinate
system, the velocity profiles were considered to be in along-
shelf and across-shelf coordinates. Cross-shelf transports
were then found from the cross-shelf components of the
measured water velocity profiles.
[20] To compute transports based on the full water column,

a number of extrapolation techniques were considered. The
simplest method, vertically extrapolating to the surface and
the bottom assuming a constant velocity between the nearest
measurements and the boundary, was attempted for all
deployments (Figure 4). For 8 m and 15 m deployments,
1 m of extrapolation was needed at the surface and 2 m at the
bottom, while for the 30 m deployments velocities were
extrapolated 3 m at the surface and 2 m at the bottom.
Extrapolated distances at 50 m were much larger as noted
earlier. For the 8 m and 15 m deployments, only the constant
velocity method was considered because the extrapolated
distances were small. Given the larger distances between the
nearest measurements and the surface or bottom at the 30 m
and 50 m locations, two alternative profiles were considered.
The first assumed a constant velocity slope between the two
highest measurements and the water surface for the top
portion, and a constant velocity slope between the deepest
velocity measurement and 0 m s�1 at the bottom (Figure 4).
However, it is possible that the true shape of the velocity
profiles includes a surface mixed layer with no vertical shear
[Lentz, 1992]. Thus the second alternative was a combina-
tion of the constant velocity extrapolation to surface and the
constant slope extrapolation to the bottom (Figure 4). After
extrapolation, the depth-averaged mean of the cross-shelf
circulation was removed from all deployments to isolate the
depth-dependent cross-shelf circulation.
[21] In this analysis, the flow field was assumed to be two

dimensional and uniform in the along-shelf direction. The
inner shelf off the coast of central Oregon is relatively
along-shelf uniform in nature (Figures 1 and 2). While the
large Heceta Bank in the southern part of the region
influences circulation at depths greater than 50 m, there is
little variation in along-shelf bathymetry at depths less than
50 m (Figure 2). However, small-scale coastal topography
could become an influencing factor in areas immediately
adjacent to the coastline (Figure 1). If the two-dimensional
assumption used in this calculation is valid, the total cross-
shelf transport caused by wind forcing should have zero
mean. Therefore the depth-averaged portion of the cross-
shelf transport is expected to be small and uncorrelated with
the wind. This criterion will be tested in section 3.
[22] From the resulting zero-mean hourly profiles for

each deployment, the surface transport was found by
vertically integrating from the surface down to the first zero
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crossing of the profile (Figure 4). Similarly, the bottom
transport was found by vertically integrating from the bottom
up to the lowest zero crossing available. These integrated
transports form the measured surface and bottom transports
used in the calculation. This method has been used previously
for both inner-shelf [Lentz, 2001;Austin and Lentz, 2002] and
outer-shelf [Allen et al., 1995] analysis.
2.3.2. Theoretical Ekman Transport
[23] Estimates of the surface and bottom stresses were

used to calculate the theoretical Ekman transports in each
layer using equation (2). For all deployments, a reference
density of ro = 1025 kg m�3 and a Coriolis parameter of f =
1.03 � 10�4 s�1 corresponding to a latitude of 45� are used.
The along-shelf wind stress was calculated from observed
wind velocities at each measurement location described
earlier. The hourly averages of all available wind measure-
ments were rotated into the principal axes coordinate system
defined for each ADCP deployment. These estimates of
along-shelf and cross-shelf wind velocities were used to
compute wind stress in the along-shelf direction using the
empirical method given by Large and Pond [1981]:

tys ¼ raCf vj jv; ð5Þ

where ra = 1.25 kgm�3 andCf, the frictional drag coefficient,
is a function of wind speed as well as the height of the
measurement. All measurements were translated to 10 m
height wind velocities and wind stresses using the assump-
tion of a stable atmosphere [Large and Pond, 1981].
[24] Using the neutral regression technique outlined

above, the along-shelf wind stress observed offshore at
buoy 46050 during each summer was compared with wind
stresses from the Newport CMAN station and the midshelf

meteorological moorings in 1999 and 2001 to find the most
representative wind for each deployment. Curiously, the
magnitude of the buoy 46050 along-shelf wind stress
matched by the CMAN station varies somewhat year to
year (Table 2). In 1999, 2001, and 2003, CMAN station

Figure 4. Examples of hourly averaged cross-shelf velocity profiles for each deployment depth. In each
the measured velocities exist between the horizontal dashed lines. These cross-shelf profiles were used to
calculate measured surface and bottom transports following the methods described in the text. The shaded
areas of these profiles form the measured surface or bottom transports using the constant velocity
extrapolation method. Constant slope extrapolations are included in the 30 m and 50 m deployments for
reference.

Table 2. Comparison of Along-Shelf Wind Stress at Buoy 46050,

the Newport CMAN Station, and the Midshelf Meteorological

Buoys Using the Neutral Regression Techniquea

Stations Compared

Year Day

Fraction CC

Cross-Shelf
Wind Stress
Curl r � ty,
10�6 N m�3Start End

1999
Buoy/CMAN 100 250 0.77 ± 0.13 0.93 1.3
Buoy/midshelf 118 204 0.72 ± 0.06 0.98 0.8
Midshelf/CMAN 118 204 1.09 ± 0.17 0.93 0.4

2001
Buoy/CMAN 136 241 0.77 ± 0.17 0.93 0.7
Buoy/midshelf 136 241 0.68 ± 0.09 0.96 1.2
Midshelf/CMAN 136 241 1.14 ± 0.23 0.93 �0.3

2002
Buoy/CMAN 100 250 0.91 ± 0.14 0.87 0.4

2003
Buoy/CMAN 100 250 0.79 ± 0.13 0.87 0.4
aThe correlation coefficients (CC) between each pair are also shown,

with all correlations being significant at the 95% confidence level. As an
example, regressing buoy 46050 and the CMAN station in 1999 yielded
0.77, meaning that the along-shelf wind stress at the CMAN station was
77% of the magnitude of the wind stress measured at buoy 46050 to the
95% confidence interval cited. Estimates of the average cross-shelf wind
stress curl (�10�6) between the measurement locations for each year are
included as well.
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along-shelf wind stress was 	80% of the wind stress found
offshore at buoy 46050. However, in 2002 wind stress at the
CMAN station was closer (	90%) to the wind stress at
the offshore buoy. In 1999 and 2001, the regression of the
midshelf winds to the offshore buoy winds is similar in
magnitude to the regression between CMAN winds and
buoy winds. In fact, winds at midshelf locations were found
to be statistically equal to CMAN winds at Newport.
[25] From the comparisons shown, the CMAN station

winds should be most representative of local winds at the
8, 15, and 30 m mooring deployments during the summer
periods of interest and will be used in this analysis for those
stations (Table 2). Further, given the high correlation
between midshelf winds and CMAN winds in both 1999
and 2001, for continuity the CMAN winds will be used for
the 50 m deployments as well.
[26] While these regressions give estimates of cross-shelf

curl of the along-shelf wind stress, the average cross-shelf
wind stress curl along the Oregon coast was also computed.
Curl-driven upwelling can be a significant part of the total
upwelling [Pickett and Paduan, 2003], yet as stated earlier,
Samelson et al. [2002] reported a small wind stress curl off
central Oregon. With a maximum computed cross-shelf curl
of 10�6 N m�3, our calculations agree with these conclu-
sions. In addition, most of the wind stress curl found
occurred offshore of the midshelf moorings at 80 m depth
(Table 2). This is an important result, as it implies that a
divergence of Ekman transport inshore of 80 m depth is
most likely caused by coastal upwelling rather than curl-
driven upwelling. For these reasons, wind stress curl is not
considered to be an important factor here.
[27] The along-shelf bottom stress was approximated,

following Lentz [2001] as

tyb ¼ rorvb; ð6Þ

where vb is taken as the along-shelf bottom velocity (i.e., the
deepest measured along-shelf velocity during each deploy-
ment), and r is the frictional coefficient. A value of r = 5 �
10�4 m s�1 was used here based on previous midshelf
observations [Lentz, 2001; Lentz and Winant, 1986]. While
a quadratic stress parameterization is thought to be more
appropriate in and near the surf zone [Feddersen et al.,
1998], initial tests found correlations of measured and
theoretical transports calculated using linear bottom stress
were not significantly different than correlations of
measured and theoretical transports calculated using quad-
ratic bottom stress. Thus for simplicity, quadratic bottom
stress was not considered here. In contrast, the success of
the bottom transport fraction calculation is quite sensitive to
the frictional coefficient used. This parameter is evaluated
further in section 3.2.
[28] Finally, prior to performing the neutral regression

both the measured and theoretical transports were low-pass
filtered using a filter with a 40 hour cutoff [Mooers, 1968]
in order to isolate the subtidal portions of the transport
calculations. Further, in the results shown below the 95%
confidence level is used throughout to establish significant
correlations and confidence intervals.

2.4. Hydrographic Observations

[29] Hydrographic observations from moorings adjacent
to each 15 m ADCP location were used in this study to

examine the role of stratification on cross-shelf transport. A
typical mooring at 15 m in the PISCO mooring program
consists of temperature measurements at 1, 4, 9, and 14 m,
with additional temperature and salinity measurements at
8 m. All temperature and salinity records were low-pass
filtered using the method described above to isolate the
subtidal frequencies of variability. However, the PISCO
data set lacks adequate vertical salinity coverage to compute
stratification using the top to bottom density difference.
Therefore the difference between the surface and bottom
temperature sensors, divided by the distance between them,
is used as a proxy for the stratification. The majority (60%)
of surface temperature values were from 1 m depth. When
1 m measurements were not available, temperature measure-
ments from 4 m depth were substituted. The validity of using
the temperature gradient as a proxy for the density stratifi-
cation is discussed in section 4.4.

3. Results

3.1. Transport Results

[30] Using the methods described above, the measured
and theoretical transports for both the surface and bottom
layers were calculated for each deployment and then com-
pared using the neutral regression technique. The results of
this regression indicate the fraction of theoretical surface or
bottom Ekman transport present, and results from all deploy-
ments are listed in Table 3. Significant results are defined
here as those deployments where the measured and theoret-
ical transports are positively correlated, while the wind stress
and the depth-averaged velocity are uncorrelated. Both
criteria indicate that the assumption of along-shelf unifor-
mity is valid for the wind-driven circulation. On the basis of
these conditions, significant results were found for the
majority of the 17 deployments (Table 3). The necessary
criteria were met for the surface layer at 10 15 m deploy-
ments, one 30 m deployment, and all 50 m deployments.
Significant results for the bottom layer were found only
during nine 15 m deployments and two 50 m deployments. It
is of interest to note that both 8 m locations failed the
necessary conditions for significance. Many of the inter-
cepts, b, were not significantly different than zero, indicating
that cross-shelf transport was small in the absence of stress.
Among the significant results, b increases moving offshore
in the surface layer from an average of 0.05 m2 s�1 at 15 m to
0.2 m2 s�1 at 50 m. In the bottom layer, mean transports
are in the opposite direction, increasing offshore from
0.02 m2 s�1 at 15 m to 0.12 m2 s�1 at 50 m. These transports
represent processes in the momentum balance (1) that we
have assumed to be small (e.g., along-shelf pressure gra-
dients or accelerations), the importance of which apparently
increases moving offshore. However, as our focus is on
wind-driven cross-shelf circulation, these non-wind-driven
mean transports will not be discussed further.
[31] Comparing the different methods of extrapolation

used for the 30 m and 50 m deployments showed the
following. At the two 30 m locations, the average difference
in transport fractions between the three methods was less than
3%. Thus only results using constant velocity extrapolation
profiles are included in Table 3 for simplicity. At the three
50 m locations, transport fractions found using the two
alternative profiles differed from the constant velocity
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extrapolation profiles by an average of 30%. Results from
the constant velocity extrapolation profiles themselves were
quite variable. Using this profile, surface fractions ranged
from 70 to 109% while the two significant bottom fractions
were 100 and 160% respectively (Table 3). Results from the
constant slope extrapolation profiles consistently overesti-
mated the fraction of full Ekman transport present in the
surface layer with all three deployments over 120%. The
significant bottom transport fractions using the constant
slope extrapolation method were 91% and 160% (Table 3).
Results from the combined extrapolation method (constant
velocity at surface, constant slope at bottom) follow those
above: surface fractions were similar to the constant velocity
method while bottom fractions were similar to those from the
constant slope method. The high surface fractions from the
constant slope extrapolation overestimate the full transport
present as a result of the extrapolation method used. Both
alternative methods show that the constant slope extrapola-
tion in the bottom layer yields transport fractions only
slightly different than the constant velocity extrapolation
results. For these reasons, only results from the constant
velocity extrapolation profiles are considered further.
[32] Using the significant results only (Table 3, Figure 5),

the measured surface Ekman transport ranged from 18% to
35%of the full theoretical Ekman transport at 15m.Measured
bottom transport fractions at this depth were more variable,
ranging from 25% to 70% of the full theoretical bottom

Ekman transport. The surface fraction from the one signifi-
cant 30 m deployment in 2002 was 55% of the full theoretical
transport. Finally, as stated earlier, surface fractions at 50 m
deployments ranged from 70% to 109% while bottom frac-
tionswere 100% and 160%.Viewed as awhole (Figure 5), the
results from all significant deployments begin to describe the
relationship between the Ekman fractions and the local water
depth. In general, these results show the fraction of theoretical
Ekman transport increases with offshore depth, becoming
near full Ekman transport at the deepest deployment depth,
50 m. A linear fit to the surface fractions of the significant
deployments increases offshore from 25% at 15 m to 90%
at 50 m. A similar fit of the significant bottom fractions
increases from 45% at 15 m to 130% at 50 m, although
there is considerably more variability in the bottom trans-
port fractions at both depths.
[33] As the bulk of the deployments were at water depths

of 15 m, results at these locations are discussed further. At
all 15 m stations except station YH, calculated bottom
transport fractions were consistently larger than their
corresponding surface transport fractions (Figure 6). Bottom
transport fractions were an average of 1.2 and 2.1 times the
surface transport fractions at stations SR and SH, 1.3 at LB,
2.5 at CH, and 2.2 at station FC while only 0.88 at YH
(Table 3). Of those stations with multiple significant results
in each layer, transport fractions at station FC are variable
while fractions at stations SR and SH are quite steady over

Table 3. Results of the Ekman Transport Fraction Calculationa

Station Depth, m

Surface Transport, m2 s�1 Bottom Transport, m2 s�1

Transport Ratioa b a b

1999
YH 15 0.34 ± 0.086 0.05 ± 0.030 0.27 ± 0.073 0.00 ± 0.028 0.79
ISvel 50 1.09 ± 0.254 0.19 ± 0.106 1.03 ± 0.193 �0.11 ± 0.082 0.95
ISslope 50 1.27 ± 0.278 0.09 ± 0.116 0.91 ± 0.172 �0.05 ± 0.079 0.72
IScombo 50 1.10 ± 0.277 0.23 ± 0.106 0.84 ± 0.172 0.00 ± 0.079 0.76

2001
CHa 15 0.18 ± 0.037 0.05 ± 0.022 0.47 ± 0.104b �0.05 ± 0.022b

CHb 15 0.22 ± 0.071 0.05 ± 0.027 0.54 ± 0.182 �0.04 ± 0.032 2.45
NISvel 50 0.69 ± 0.247 0.19 ± 0.114 0.51 ± 0.120b �0.22 ± 0.064b

NISslope 50 1.36 ± 0.484 0.09 ± 0.222 0.62 ± 0.148b �0.28 ± 0.082b

NIScombo 50 0.64 ± 0.230 0.18 ± 0.106 0.62 ± 0.148b �0.22 ± 0.082b

FC 08 0.08 ± 0.021b 0.03 ± 0.011b 0.94 ± 0.150b �0.02 ± 0.010b

FC 15 0.15 ± 0.032b 0.16 ± 0.016b 2.50 ± 0.436b �0.15 ± 0.013b

SH 08 0.08 ± 0.020b �0.03 ± 0.011b 0.07 ± 0.012b 0.02 ± 0.008b

SH 15 0.22 ± 0.0685 0.00 ± 0.033 0.26 ± 0.075 �0.01 ± 0.030 1.18
SISvel 50 1.03 ± 0.362 0.24 ± 0.167 1.61 ± 0.635 �0.14 ± 0.1616 1.56
SISslope 50 1.31 ± 0.453 0.13 ± 0.209 1.60 ± 0.583 �0.26 ± 0.150 1.22
SIScombo 50 0.95 ± 0.337 0.24 ± 0.156 1.60 ± 0.583 �0.26 ± 0.150 1.28

2002
FCa 15 0.23 ± 0.067 0.02 ± 0.030 0.67 ± 0.168 �0.04 ± 0.033 2.91
FCb 15 0.22 ± 0.079 0.07 ± 0.029 0.32 ± 0.115 �0.09 ± 0.030 1.45
FC 30 0.75 ± 0.251b �0.19 ± 0.120b 2.16 ± 0.579b 0.18 ± 0.109b

SR 15 0.38 ± 0.107 0.04 ± 0.052 0.68 ± 0.189 0.06 ± 0.050 1.89
SH 15 0.23 ± 0.063 0.01 ± 0.031 0.28 ± 0.077 �0.01 ± 0.030 1.22
SH 30 0.55 ± 0.161 �0.02 ± 0.080 0.77 ± 0.223b 0.02 ± 0.066b

2003
LB 15 0.19 ± 0.038 0.07 ± 0.017 0.24 ± 0.052 �0.07 ± 0.017 1.33
SR 15 0.29 ± 0.073 0.02 ± 0.036 0.70 ± 0.176 0.04 ± 0.033 2.38
SH 15 0.24 ± 0.054 0.03 ± 0.026 0.28 ± 0.079 �0.02 ± 0.030 1.17

aAll fractions (a) and y intercepts (b) are accompanied by their respective 95% confidence intervals. For 50 m deployments,
results from all three extrapolation methods are considered included above. The ratio of the bottom transport fraction to the
surface transport fraction is included as the rightmost column.

bFailed to meet the necessary criteria outlined in the text.
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time. The larger bottom fractions seen here and the influ-
ence of stratification on the transport fractions are discussed
in the following sections.

3.2. Effects of Bottom Stress Parameterization

[34] Assuming that the wind-driven flow is two dimen-
sional and steady with no along-shelf pressure gradient, the

depth-integrated along-shelf momentum balance is between
the surface and bottom stress terms only. If this is true, the
surface and bottom transport fractions should balance as
well. However, results shown above give bottom fractions
that are generally higher than surface fractions. In these
cases, the bottom stress calculated using a frictional coef-
ficient of r = 5 � 10�4 m s�1 was less than the surface stress

Figure 5. Fraction of full Ekman transport for (a) surface and (b) bottom transport. Filled circles
indicate significant regression results, each with its individual confidence interval shown. Shaded
triangles indicate the deployments that did not meet the necessary conditions for significance. A linear fit
to the significant results is shown for each layer. Results for the North Carolina coast from Lentz [2001]
are overlaid as open squares connected with a dashed line.
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calculated using Large and Pond’s [1981] empirical rela-
tionship. Here we compute the frictional coefficient needed
for bottom stress to balance surface stress by forcing the
surface and bottom transport fractions to balance.
[35] Using equations (2), (4), and (6) with the above

assumption that the bottom transport fraction should equal
the surface transport fraction,

var Ubð Þ
R2

¼ var r
vb

f

� �
; ð7Þ

where var( ) denotes a variance operation, Ub is the
measured bottom transport, R is the surface transport
fraction, and vb is the bottom velocity. From this relation-
ship, a new friction coefficient r can be found iteratively.
This calculation was performed on all results, and the
resulting frictional coefficients are given here as a function
of both station and year (Table 4) and of local water depth
(Figure 7). At most deployments the calculated coefficients
are greater than the original value of r = 5 � 10�4 m s�1. A
linear fit to the calculated frictional coefficients increases
slightly with decreasing depth from 7 � 10�4 at 50 m depth
to 9 � 10�4 at 15 m depth. At 50 m, the new value of r is
close to the initial value used, while an average 1.7 times
the original value is needed at 15 m. However, the range of

the calculated coefficients at 15 m is quite large, spanning
an order of magnitude. The variability of r could be due to
terms in momentum balance we have neglected here,
however the increase of r with decreasing water depth is
consistent with an increase in bottom stress due to the effect
of surface gravity waves in the bottom boundary layer
[Grant and Madsen, 1979].

3.3. Influence of Stratification

[36] As mentioned earlier, observations and model studies
indicated reduced Ekman transport at lower levels of
stratification. Decreasing stratification acts to thicken the
boundary layers, as stratification affects the eddy viscosity
in the Ekman velocity derivation [Allen et al., 1995; Austin
and Lentz, 2002]. Because the surface and bottom boundary
layers overlap in the inner shelf, changes in stratification
should have a direct effect on the fraction of full Ekman
transport present.
[37] A simple example of decreases in the fraction of

full Ekman transport occurring at the same time as
reductions in stratification was observed at station YH, a
15 m deployment made in 1999. Using the top-to-bottom
temperature gradient as a proxy for the density stratification,
the stratification decreased over the deployment period

Figure 6. Transport fraction results of the 15 m deployments only. Stations are listed from north to
south, and the results for each station, both surface (shaded) and bottom (filled), are displayed by
deployment year, left to right. Deployment results not meeting the necessary conditions are included as
well (open bars).
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(Figure 8). The effect of stratification on the cross-shelf
transport is apparent if we divide the transport results into
two regimes, an initial stratified regime and a more weakly
stratified regime occurring after early September (year day
250), and then perform the neutral regression analysis
described earlier on both halves. With a mean gradient of
0.19�C m�1, in the stratified regime the surface transport

fraction was 38% while the bottom transport fraction was
33%. In contrast, during the weakly stratified regime, with
a mean gradient of 0.09�C m�1, both the surface and
bottom transport fractions were reduced to 31% and 24%
respectively.
[38] To test this hypothesis further, the fraction of full

transport and average stratification were compared over
shorter time intervals for the surface layers of all 15 m
deployments. The measured and theoretical Ekman trans-
ports were used to compute the transport fractions in
incremental 6 day blocks. Then the transport fractions were
compared to the average stratification of each time block. A
scatterplot (Figure 9) of the average stratification and
surface transport fraction time series from all deployments
suggests a weak linear dependence. A neutral regression of
the surface transport fraction and average stratification time
series gives a slope and intercept of 2.5 and near 0
respectively. Thus using the full surface layer data set yields
a stronger dependence of transport fraction on stratification
than in the single YH 15 m example (Figure 8).

4. Discussion

[39] The results of the Ekman transport calculation pre-
sented above clearly illustrate the offshore divergence of
Ekman transport in the inner shelf off Oregon. The wind-
driven dynamics that control circulation offshore appear to
extend inshore with a magnitude adjustment based on the
divergence of Ekman transport along a coastal boundary.
Yet the role of wind stress curl in this process and the wind-
driven dynamics in water less than 15 m depth deserve
further discussion. In addition, we will compare these
results to previous studies and discuss the validity of using
temperature differences as a proxy for density stratification
on the inner shelf.

4.1. Wind Stress Curl

[40] In contrast to a number of previous studies, wind
stress curl is unlikely to be significant cause of upwelling in

Figure 7. Bottom drag coefficient found by requiring the bottom transport fraction to equal the surface
transport fraction. Calculated coefficients are shown for all deployments where results from both layers
were significant. A linear fit to the results shows a trend of increasing r values with decreasing water depth.
The year of each deployment is noted: 1999, triangles; 2001, crosses; 2002, circles; and 2003, squares.

Table 4. Calculated Bottom Friction Coefficients Found by

Matching the Surface and Bottom Transport Fractionsa

Station Depth, m Duration, days r, 10�4 m s�1

1999
YH 15 67 4
IS 50 77 5

2001
CH 15 80 NA

15 50 12
NIS 50 104 NA
FC 08 100 NA

15 62 NA
SH 08 46 NA

15 63 6
SIS 50 105 9

2002
FC 15 62 14

15 33 7
30 51 NA

SR 15 115 9
SH 15 111 6

30 52 NA

2003
LB 15 111 7
SR 15 116 12
SH 15 122 6
aThe coefficients are included only for those deployments where both the

bottom and surface transport fractions meet the necessary conditions.
Deployments failing these conditions are marked as NA, not applicable.
Compared to the original value of r = 5 � 10�4 m s�1, the results of this
calculation are larger and increase in magnitude with decreasing local
depth. NA, not applicable.
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the inner shelf off central Oregon. As shown here, CMAN
station winds were at least 80% of the magnitude of winds
measured offshore at buoy 46050. Small cross-shelf and
along-shelf curl was also reported by Samelson et al. [2002]
for our study area. In contrast, Lentz [1994] reported large
wind stress curl for the CODE region off northern Califor-
nia. In that region, along-shelf wind speeds 1 km offshore
(at 30 m depth) were 1/3 the magnitude of along-shelf wind
speeds 8 km offshore (at 90 m depth) [Lentz, 1994]. Our
results also contrast with the recent model results of Ekman

transport and pumping given by Pickett and Paduan [2003]
for the continental shelf off central California where pump-
ing caused a significant fraction of the total upwelling
velocity. The differences from this study are twofold. First,
Pickett and Paduan [2003] measured significant wind stress
curl (up to 10�5 N m�3) within 50 km of the coast, highest
downwind (equatorward) of coastal promontories. Off Ore-
gon, the maximum cross-shelf curl measured here was much
less at 	10�6 N m�3 (Table 2). Second, Pickett and Paduan
[2003] used a Rossby radius of 10 or 20 km to convert

Figure 8. Stratification and transport results for the 15 m deployment at station YH in 1999.
Resulting measured (Ut and Ub) and theoretical (Utek and Ubek) Ekman transport for both the (top)
surface layer and the (middle) bottom layer. (bottom) Stratification proxy, the 6 day block averages of
stratification, and the 6 day surface transport fractions. The decrease of transport fractions with
decreased stratification is visually seen by comparing the measured and theoretical transport before and
after year day 250.
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Ekman transports into upwelling velocities. The resulting
vertical velocity was found to be of the same order as the
Ekman pumping velocity which peaks at about 25 km
offshore. As shown here from the Ekman divergence off
central Oregon, upwelling is fully realized by awater depth of
50 m or 4–5 km offshore (Figure 2). This value is signifi-
cantly shorter than the 10–20 kmused byPickett and Paduan
[2003] and would result in higher vertical velocities.

4.2. Comparing With Previous Results

[41] Comparing the transport fraction results presented
here with those reported by Lentz [2001] for the wide North
Carolina shelf indicates a dynamical similarity between the
two regions. Overlaying the two series (Figure 5), the
results from North Carolina fall close to those from Oregon
in both layers but have consistently higher surface transport
fractions. These similarities are notable given the large
difference in shelf geometry. Off Oregon, 15 m moorings

were 1 km offshore while 50 m locations were about 5 km
offshore. In contrast, off North Carolina, the 13 m site was
1.6 km offshore while the 60 m site was 77 km offshore.
Thus results from the two areas collapse when compared by
water depths, but are quite different when compared by
offshore distance. In addition, the 5 km offshore extent of
Ekman divergence found here is half the value reported by
Huyer [1983] using midshelf measurements made off cen-
tral Oregon.
[42] Using combination of current meters and ADCPs,

Austin and Grantham (submitted manuscript, 2005)
reported cross shelf transport fraction results for additional
PISCO mooring locations in 1999 and 2000. With a similar
method, the authors found surface transport fractions at
station SH of 25% and 16% in 1999 and 2000 respectively.
Their results concur with those seen here, indicating the
steady nature of the wind-driven dynamics at this station
over the course of six summers. However, like those
reported here, fractions from station FC were quite variable.
The variability seen at station FC will be discussed in the
next section.

4.3. Calculation Failures

[43] Given the cross-shelf divergence of Ekman transport
found on the Oregon inner shelf and its similarities to the
cross-shelf transports observed elsewhere, those deploy-
ments that failed to meet the necessary conditions are of
further interest as they raise questions about the assump-
tions used in this analysis. Notable failures of the transport
calculations occurred in all measurements taken at 8 m
locations and at more than half the deployments made at
station FC. These deployments failed as either the measured
transports were uncorrelated with the stresses or a signifi-
cant wind-driven depth-averaged cross-shelf velocity com-
ponent existed. Again, positive correlations of the measured
transports and stresses and no significant correlation be-
tween the surface stress and the depth-averaged cross-shelf
velocity are necessary conditions of the theory used here.
[44] We suggest that the influence of local bathymetry is

responsible for the failure of the transport calculations at
station FC. The rotation of the principal axis of flow with
depth for deployments at station FC are significantly
higher than any other station. The range of principal axis
orientations spanned 80� and 71� for the 2001 deploy-
ments at 15 and 8 m, 43� and 21� for the 2002 15 m
deployments, and 43� for the 30 m deployment in 2002
(Table 1). Comparatively, the 30 m deployment at station
SH had a total range of 10� (Table 1). A wide range of
turning with depth (40�–70�) in 15 m indicates the
assumption of along-shelf uniformity and two-dimensional
flow might not be valid at this location. Indeed, station FC
is located just north of a headland (Figure 1), possibly
causing this variability. In contrast, station LB located a
few kilometers farther north in a region of smoother
topography has a principal axis range of only 7�. Further,
correlations of the depth-averaged along-shelf velocities
from all years (not shown here) found that currents at
station FC were poorly correlated with all other stations,
even though stations to the north and south were well
correlated. These results indicate that a systematic differ-
ence between station FC and stations both to the north and
south exists, most likely the result of local bathymetry.

Figure 9. Scatterplot of 6 day block average stratification
and 6 day block surface transport fractions from the 15 m
deployments. Stratification averages were found using the
1–14 m temperature differences (circles) or the 4–14 m
temperature differences (crosses). A neutral regression of
stratification versus transport fraction gives a slope and
intercept of 2.5 and �0.01, respectively. The two time series
are weakly positively correlated, having a correlation
coefficient of 0.35 with a 95% level of significance of
0.17. The correlation was strongest using the 6 day
averaging interval shown here, i.e., the middle of the
weather band.
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[45] In addition to the transport calculation failure for the
FC 8 m deployment, inconsistent results occurred for the
SH 8 m deployment as well. Given the shallow water depth
of these deployments, a large fraction of the water column
(37%) was not measured by the instruments. Velocities in
these regions (2 m at bottom and 1 m at top) were assumed
by extrapolation and remain a possible source of error in the
transport calculation. In addition, we hypothesize that these
mooring locations were frequently in the surf zone where
wave-induced radiation stresses can be a dominant force. If
true, root mean squared wave heights (Hrms) must be large
enough to cause wave breaking and dissipation at the
mooring location, resulting in nonzero wave radiation
stresses in the depth-averaged along-shelf momentum bal-
ance. During the period of the 8 m deployments, Hrms wave
heights measured offshore at buoy 46050 averaged 2 m with
peak wave heights exceeding 3–4 m. With similar Hrms

wave heights, Lentz et al. [1999] observed the surf zone
extending past an 8 m mooring location on a number of
occasions off North Carolina. Even though appropriate
measurements (i.e., wave direction) to fully investigate this
point were not made in our study, the results raise questions
about the exact nature of the cross-shelf transport that
occurs between the surf zone and the inner shelf.

4.4. Temperature Difference and Stratification

[46] Our analysis links the level of stratification to the
cross-shelf transport fractions using the top to bottom
temperature difference, divided by the depth between them,
as a proxy for the actual density stratification present.
However, density over the Oregon shelf is also a strong
function of salinity. Thus it is necessary to determine how
well temperature works as a proxy for density. If tempera-
ture changes throughout the water column are well corre-
lated with salinity changes, we would have reason to
assume that temperature is a good predictor of density.
[47] Where we have salinity measurements (8 m depth at

each 15 m mooring), salinity is strongly negatively corre-
lated with temperature (Table 5). Further, correlating the 8 m
salinity with temperature measurements from all available
depths showed that temperatures throughout the water
column were negatively correlated with the 8 m salinity at
most locations (Table 5). In fact, only a few examples exist
in the data where the surface temperature is not significantly
correlated to the 8 m salinity. While surface heating might
be a factor in these few examples, this simple test indicates
that temperature and salinity generally fluctuate together
over the entire water column at these shallow inner-shelf
stations. Conductivity-temperature-depth (CTD) casts (not
shown here) made by the PISCO program adjacent to most
mooring locations further support this result. In most casts,
observed temperature and salinity gradients are colocated
with warm, fresh water overlaying cold, salty waters.
Therefore the top-to-bottom temperature difference used
here is a valid proxy for the density stratification present
over the inner shelf during summer.

4.5. Implications for Larval Transport and
Phytoplankton Blooms

[48] Our results have several ecological implications. The
first is that our data suggest cross-shelf transport of materi-
als such as larvae and phytoplankton may be minimal

inshore of about 15 m depth. Two observations are consis-
tent with this interpretation. Barnacle (Balanus glandula
and Chthamalus dalli) recruitment varies little with latitude
along the stretch of coast encompassed by the PISCO
mooring array [Menge et al., 2002]. In the context of the
present results that indicate little cross-shelf Ekman trans-
port occurs inshore of 15 m depth, barnacle larvae released
into inner-shelf waters may be retained there rather than
being swept far offshore as has been suggested for Cal-
ifornia coastal waters [e.g., Roughgarden et al., 1988;
Farrell et al., 1991]. Since we find no evidence for a
latitudinal pattern in the cross-shelf width of the divergence

Table 5. Correlation Coefficients (CC) Between 8 m Salinity

and Temperature Measurements From All Depths for 15 m

Deploymentsa

Station Depth, m Duration, days CC

1999
YH 3 44 �0.833

8 89 �0.646
13 89 �0.752

2001
CH 1 110 �0.648

4 140 �0.704
9 140 �0.776
14 140 �0.731

FC 1 81 �0.730
4 125 �0.787
9 65 �0.800
14 121 �0.808

SR 1 105 �0.625
4 133 �0.707
9 133 �0.763
14 133 �0.758

SH 1 60 �0.767
4 103 �0.636
9 103 �0.752
14 103 �0.771

2002
FC 9 71 �0.915

14 71 �0.914
SR 1 111 �0.735

4 111 �0.780
9 111 �0.893
14 111 �0.908

SH 1 87 �0.473
4 87 �0.554
9 87 �0.655
14 87 �0.707

2003
LB 1 111 �0.705

4 120 �0.784
9 120 �0.813
14 120 �0.768

SR 1 63 �0.592b

4 116 �0.796
9 116 �0.847
14 116 �0.854

SH 1 120 �0.716
4 120 �0.749
9 90 �0.731
14 120 �0.691

aAll time series used were band-pass filtered prior to computing the
correlation coefficients, isolating variability with periods from 2 to 10 days.
This technique was employed to remove larger-amplitude unresolved
seasonal trends, maximizing the effective degrees of freedom in the
correlations.

bNot significant at the 95% confidence level.

C10S03 KIRINCICH ET AL.: CROSS-SHELF TRANSPORT

15 of 17

C10S03



of Ekman transport, if barnacle larvae tend to remain within
or inshore of this band, no latitudinal trend in barnacle
recruitment would be expected.
[49] A second observation consistent with our interpreta-

tion is the regular observation of sharp color fronts between
the near shore and waters 1–2 km offshore. We have
regularly observed these fronts on PISCO cruises and other
work in the region. Water samples from shore and ship-
based surveys indicate that the difference in color is caused
by dense coastal phytoplankton blooms (that color the water
brown) abutting offshore waters (green in color) with much
lower phytoplankton concentrations. Whether or not this
front represents the outer edge of the region our physical
measurements have identified as the region of reduced
cross-shelf transport in the inner shelf is not known and
bears further investigation.
[50] Finally, observed recruitment patterns suggest that

the link between cross-shelf transport and larval dispersal
(or retention) in the inner shelf may vary at a larger
latitudinal scale. Data on geographic variation in barnacle
recruitment indicates that, in contrast to the minimal vari-
ation in recruitment seen along the central Oregon coast,
recruitment varies enormously between regions north and
south of Cape Blanco, on the southern Oregon coast
[Connolly et al., 2001; Menge et al., 2004]. Recruitment
rates are high north of Cape Blanco, while south of the Cape
and throughout California, recruitment rates are significantly
lower. These data and the results of this study imply that a
fundamental difference in the link between cross-shelf
transport and larval dispersal (e.g., differences in the near-
shore stratification or wind stress patterns) exists north and
south of the Cape, causing higher offshore losses of larvae
to the south. This hypothesis deserves further research.

5. Conclusions

[51] The fraction of the full theoretical Ekman transport
present in the wind-driven cross-shelf circulation over
the Oregon inner shelf increased from 25% of full
Ekman transport at 15 m depth (1–2 km offshore) to full
Ekman transport near 50 m depth (5–6 km offshore). In
general, transport fractions were found to be locally steady at
those stations occupied for multiple years. The assumption of
along-shelf uniformity was found to hold at most locations
and velocities at these stations were well correlated along the
coast. At station FC, the consistent exception to most results
reported here, velocity profiles from all deployments exhibit
significant turning of the principal axis of flow with depth.
This indicates flow at this location is significantly influ-
enced by local along-shelf bathymetric variations, causing
deviations from theoretical Ekman predictions.
[52] The preliminary drag coefficient assumed here in the

linear bottom stress parameterization resulted in bottom
transport fractions that were consistently higher than surface
transport fractions. Adjusting this coefficient to balance the
bottom and surface transport fractions resulted in slightly
higher drag coefficients that increased in magnitude moving
onshore. This increase is consistent with higher drag near-
shore due to surface gravity wave effects on the bottom
boundary layer.
[53] The fraction of full Ekman transport as a function of

water depth found here is similar to that reported by Lentz

[2001] for the wide North Carolina coast. Thus the region of
Ekman divergence is dependent on local water depth rather
than offshore distance. Additionally, a comparison of the
6 day average stratification and surface transport fractions
showed that the level of stratification was weakly corre-
lated with and linearly related to the fraction of cross-shelf
transport. A reduction of stratification would act to thicken
the boundary layers and increase the boundary layer depth
overlap in shallow waters by increasing the eddy viscosity.
This process was suggested by Lentz [2001] and modeled
by Austin and Lentz [2002] as leading to a shutdown of
the inner-shelf circulation. Finally, reduced cross-shelf
transport in the inner shelf could suppress the connection
between the shore and the mid shelf, leading to retention
of organisms within the inner shelf.
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