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[1] Detailed and repeated measurements of nitrate across the Oregon shelf, made
coincident with turbulence measurements, reveal the importance of cross-isopycnal
mixing via turbulence in providing nitrate to the upper water column. Spatial distributions
of vertical gradients and turbulent fluxes in the Oregon coastal ocean reveal variability that
could not have been resolved with traditional sampling approaches. Nitrate-rich near-
bottom waters are drawn up the shelf during upwelling and back down the shelf during
downwelling. Continuous turbulent mixing in the bottom boundary layer increases nitrate
on intermediate isopycnals by several mM toward the shelf. This increased nitrate is
consistent with measured turbulent flux of nitrate of O(0.1 mmol m�2 s�1) for a period of
3 days, roughly the timescale for changes in the wind and hence to the upwelling
circulation. Our flux estimates are consistent with high-biomass, nutrient-replete,
incubation-based primary productivity estimates in this area and suggest that turbulent
vertical nitrate transport plays a significant role in supporting the high productivity
seen here. Offshore of 30 m depth, we estimate the irreversible transport of nitrate from
nitrate-rich near-bottom waters to be about 25% of the rate at which it is provided by
upwelling. The total irreversible transport is greater by some unknown amount when we
consider the transport inshore of 30 m depth. We suggest that the onshore transport of
offshore water, whether deep water during upwelling or surface water during relaxation,
forces the juxtaposition of strong gradients and mixing regimes such that turbulent vertical
fluxes are consistently elevated in the shoreward reaches of the coastal ocean.
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1. Introduction and Background

[2] Coastal upwelling areas are known to experience
intense biological productivity in response to the nutrients
supplied to the surface by shoaling of offshore deep waters.
Although such areas occupy roughly 1% of the total ocean
surface area, they account for over 10% of the global new
productivity [Chavez and Toggweiler, 1995]. The Oregon
coastal ocean has long been recognized as a region of
intense seasonal upwelling: prevailing summer winds blow
alongshore from the north and northwest, creating offshore
Ekman transport in surface waters and a divergence at the
shoreline, which in turn draws dense, nutrient-rich offshore
water up and shoreward toward the surface along the coast
(summarized from Allen et al. [1995], Federiuk and Allen
[1995], Huyer [1983], Smith [1974], and Strub et al.
[1987]). Corresponding to this upwelling is a massive
photosynthetic response, with standing stocks of particulate
organic carbon (POC) reaching concentrations in excess of
100 mmol kg�1 [Karp-Boss et al., 2004; Small et al., 1989].
The isopycnals that show the greatest shoreward displace-
ment as a result of this process, however, do not often reach

the surface, leaving unresolved the question of how the
nutrients that fuel the high productivity seen in this region
are transported to the phytoplankton that consume them.
[3] In the following sections we describe a first-of-its-kind

combination of high-resolution, coincident measurements
of nitrate concentration and turbulence. From these we
calculate highly spatially resolved distributions of vertical
nitrate flux in the water column spanning a vertical range
from the bottom boundary layer to the surface mixed layer,
and a horizontal range from the shelf break to within a few
km of the shoreline, on several cross-shelf sections repeated
daily in May off the Oregon coast.
[4] This work was undertaken as part of the Coastal

Ocean Advances in Shelf Transport (COAST) (http://damp.
oce.orst.edu/coast) project, sponsored by the National Sci-
ence Foundation’s Coastal Ocean Processes program (http://
www.skio.peachnet.edu/research/coop). Our goals were to
examine the coupling of the physical, chemical, and bio-
logical processes that interact to govern the productivity of
the Oregon coastal ocean ecosystem during upwelling
season. At the northern end of the study region (Figure 1),
the shelf off Cascade Head at 45�N is defined by isobaths
that are roughly parallel to each other and the shoreline;
water depth increases monotonically from the shore to the
shelf break at a depth of �200 m. Southward, the shelf
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broadens and incorporates the numerous local bathymetric
maxima and minima of the Heceta Bank complex. The work
presented here focuses on a series of cross-shelf surveys at
the relatively simple bathymetry of the Cascade Head site.

2. Methods

[5] Our nitrate measurements were made over the period
21–27 May of 2001 aboard the R/V Thomas G. Thompson
within a longer period of turbulence profiling (19–28 May).
It consisted of a series of eight cross-shelf transects off
Cascade Head at 45�00 N from the 25 m isobath, <3 km
from shore, to 30 km offshore beyond the shelf break at the
�200 m isobath. Wind forcing (Figure 2a) was such that our
sampling began at the end of a period of upwelling
favorable conditions, continued through a weak reversal
(or relaxation), and through a second strong upwelling
event. Tides (Figure 2b) were moderate, and sampling
transects occurred in a variety of tidal conditions. These
transects represent the latter 8 (of 12) discussed by Perlin et
al. [2005].
[6] Two tethered instruments were deployed simulta-

neously from the ship during these transects, the free-falling
Chameleon microstructure profiler [Moum et al., 1995]
deployed from the stern, and the winch-controlled vehicle
described briefly below deployed from the ship’s midship
starboard extendable (CTD) boom. Because Chameleon is

deployed in a mode where the cable needs to remain slack
as the instrument descends through the water column, the
ship’s speed-through-water needed to be maintained at very
low speeds, �2 kts. During our field study, southward
winds and currents of comparable speeds existed. As a
result the ship’s heading was often maintained at angles
over 45� to the north of its westward track to simultaneously
maintain geographic course and speed through water, all the
while avoiding fouling of the simultaneously deployed gear
with the ship or each other.
[7] High-resolution distributions of nitrate and oxygen

concentrations and water density were measured using
a system developed by Hales and colleagues at OSU
that, using remote autonomous winch control, positioned
an instrument-carrying and seawater-sampling towed under-
water vehicle precisely on a target depth versus time curve
as it was towed by the Thompson. In situ instrumentation
aboard the vehicle included a SeaBird 9+ CTD unit,
interfaced with sensors for measurement of pressure (and
hence depth), altitude (which allowed the system to sample
the bottom boundary layer and avoid hitting the seafloor),
temperature and conductivity (which together allow calcu-
lation of salinity, and density, presented hereafter as st),
photosynthetically active radiation (PAR), chlorophyll fluo-
rescence, optical beam attenuation, and dissolved oxygen.
The vehicle followed a target curve that was defined by a
fixed ascent and descent rate of 0.3 m s�1, and deep and
shallow limits of 2 m above the bottom and below the sea
surface, respectively. The resulting sampling path was thus
an expanding sawtooth whose horizontal resolution grew
from <200 m at the shallow, inshore ends of the transects to
about 1 km at the deep, shelf break ends of the transects.
Vertical resolution of in situ measurements was 0.3 m,
determined by the profiling speed of the vehicle and the
reduction of the CTD data to 1 Hz frequency.
[8] Mimicking the sampling system developed by Hales

and Takahashi [2002], the vehicle carried a high-pressure,
positive displacement pump which delivered a constant
8 L min�1 flow of seawater to the shipboard laboratory
via a nylon tube embedded in the tow cable and a rotating
fluid joint in the winch’s slip ring. Several chemical
measurements were made in the shipboard sample stream,
including CO2 partial pressure and concentrations of nitrate,
nitrite, phosphate, silicate, and ammonium. In this paper we
focus on the nitrate measurements, which were made with a
segmented flow modification of the flow injection analysis
approach described by Hales et al. [2004]. This approach
yielded nitrate concentration measurements at a frequency
of roughly 1 Hz, and the system’s response time was found,
based on response to step function changes in standard
solution concentration, to be several seconds. This is similar
to the temporal smearing in the sampling tube itself: Hales
and Takahashi [2002] estimated that this smoothing could
be approximated by a running Gaussian filter with temporal
width of about 7.5 s; our system had a nearly 50% shorter
sample delivery time and we expect it had a slightly shorter
smearing response. We believe that the similar analytical
response of the nutrient analysis does not significantly
degrade high-frequency temporal information in the sample
stream more than the sampling itself. Shipboard measure-
ments were synchronized to the time and place of sample
intake by the vehicle by comparing in situ salinity measure-

Figure 1. Map of the study area, showing the locations of
cross-shelf transect study sites as red bars distributed from
the simple-bathymetry, narrow-shelf site that is the focus of
this paper at Cascade Head (labeled ‘‘CH’’) to the
complicated-bathymetry, broad-shelf site spanning Heceta
Bank to the south.
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ments with those made in the shipboard end of the sample
stream to determine sampling lags, and by quantifying the
time between standard injections and their expression at the
detector unit to determine analytical lags, again following
Hales and Takahashi [2002]. Horizontal resolution of the
nitrate measurements was the same as the sampling track of
the vehicle and of the in situ sensor measurements; vertical
resolution was somewhat worse, as smearing due to less
than instantaneous sampling and analysis response resulted
in some smoothing of this data. Even if we have the longer
smearing time seen in Hales and Takahashi’s [2002] system,
the vehicle’s slow and precisely controlled dive and climb
rates result in a depth smoothing of only about 2 m.
[9] Turbulence profiles were obtained using the Chame-

leon profiler described by Moum et al. [1995]. Briefly, the
Chameleon is a free-falling vertical profiler that measures
small-scale velocity gradients (from which the turbulent
kinetic energy dissipation, e, is determined), temperature,
conductivity, and depth. It was deployed from the stern of
the ship, and allowed to descend on a completely slack
tether at speeds of about 1 m s�1 until impacting the
seafloor. It was then recovered rapidly to the surface where
it was immediately released to free fall again. Because of its
several-fold greater descent and ascent rates, horizontal
resolution of these measurements is several-fold better than

that of the towed vehicle described above. Further details of
Chameleon deployment during the COAST project are
discussed by Perlin et al. [2005]. Turbulent eddy diffusion
coefficients, kz, were calculated from e and the buoyancy
frequency, N 2, as kz = 0.2e/N 2 [Osborn, 1980]. The factor
0.2 represents the mixing efficiency of the turbulence
[Moum, 1996]. One unfortunate result of deploying Cha-
meleon from the stern of the ship was an interference with
turbulence generated by the ship’s hull and propellers. This
limited our interpretations to depths below 10 m.
[10] The vertical flux of nitrate by turbulent mixing was

calculated by multiplying the eddy diffusivity measure-
ments described above with vertical nitrate concentration
gradients calculated from the nitrate distributions described
prior, FNO3 = �kzdNO3/dz. Nitrate gradients were deter-
mined by calculating the least squares linear fit of nitrate
concentration versus depth data in moving 4 m vertical
windows. This procedure resulted in a smoothing of the
gradient field over these vertical scales, and limited our
ability to resolve the sharpest gradients. Colocated eddy
diffusivities were assigned by interpolating data from Cha-
meleon’s sampling path onto the lower-resolution track of
our towed vehicle at 2 m vertical intervals. These data were
then averaged along isopycnals in 300 m windows centered
on the vehicle’s track. This procedure was implemented as

Figure 2. (a) Wind and (b) tide forcing during the 7 day occupation of the Cascade Head site. The study
began toward the end of a period of upwelling-favorable conditions, continued through a brief relaxation,
and into a second upwelling event. The temporal durations of the cross-shelf transects are indicated by the
horizontal bars in the two figures. Wind velocity was measured at the NDBC 46050 buoy (http://
seaboard.ndbc.noaa.gov//station_page.php?station=46050); tide height data is from the nearby tide
station at Taft at the mouth of Siletz Bay ( http://140.90.121.76/tides03/tab2wc1b.html#132).
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an aid in obtaining reasonable averages of kz in a naturally
intermittent field of turbulence. As it turns out, the natural
intermittency of the turbulence dominates the variability of
the FNO3 estimates (see section 4).

3. Results

[11] Cross-shelf distributions of nitrate concentration at
the Cascade Head transect over the period of 19–28 May

2001 are shown in Figures 3a–10a. A sense of the cross-
shelf circulation during the period of our observations can
be obtained with reference to Figure 11, in which we track
the location of near-bottom waters with st > 26.5 and of
near-surface waters with st < 24.0 through all of the trans-
ects. Dense, nutrient-rich water, epitomized by the 26.5
isopycnal and its intersection with the bottom, reaches
shallow, far-shoreward depths on 21, 22, 26 and 27 May,
days that followed extended periods of upwelling-favorable

Figure 3. Cross-shelf distributions of (a) nitrate concentrations, (b) vertical nitrate gradients,
(c) turbulent mixing rate, or eddy diffusivity, and (d) vertical nitrate flux for a sampling transect
completed at Cascade Head on 21 May 2001. Distributions are shown as a color-shaded representation of
each property’s value at the discrete locations of each sample’s intake. No interpolation or data filling went
into creation of these plots; the data density is so high that the distributions appear as continuous lines.
Locations of isopycnal surfaces, spanning a density range from st = 24 to st = 26.5 at intervals of 0.5, are
shown as lines overlain on the nitrate distributions. Gaps in data coverage correspond to instrument
downtimes, calibration sequences, and the presence of fishing gear deployed on the survey line.
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wind forcing (see Perlin et al. [2005] for quantitative
discussion of this intersection’s utility in estimating upwell-
ing velocities). On 23, 24, 25 and early 26 May, during and
following the relaxation event, this isopycnal is forced
deeper and offshore. Surface waters are also affected. This
can be assessed by examining the position of st = 24
isopycnal’s intersection with the surface. During the up-
welling events (with the exception of the first transect,
+64 hours), this isopycnal is confined to surface waters at
the offshore end of the shelf; during relaxation, this low-
density water covers the surface nearly to the shore.
[12] The patterns shown in Figures 3a–10a are typical of

nitrate distributions off the Oregon coast during upwelling

season [e.g., Chase et al., 2002; van Geen et al., 2000;
Corwith and Wheeler, 2002], although they are expressed
here at previously unseen spatial resolution. Very high
concentrations, exceeding 35 mM, are present in near-
bottom waters. These high concentrations are collocated
with dense water (st > 26.5; density shown as overlain
contours in Figures 3–10) that is drawn up and shoreward
along the bottom due to the wind-driven upwelling processes
that predominate in this area in summer. In surface waters
toward the shelf break, nitrate concentrations are drawn to
very low values, near 0 mM, reflecting uptake by plankton
and interaction with the open ocean. These dynamic ranges
are extreme in the context of the entire ocean, whose

Figure 4. Cross-shelf distributions of (a) nitrate concentrations, (b) vertical nitrate gradients,
(c) turbulent mixing rate, or eddy diffusivity, and (d) vertical nitrate flux, as in Figure 3, for a sampling
transect completed at Cascade Head on 22 May.
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maximum nitrate concentrations are only as high as about
45 mM, and reflect the upwelled water’s source in the upper
thermocline of the North Pacific where nutrients approach
their ocean maximum values [e.g., Conkright et al., 1994],
and the rapid productivity of coastal phytoplankton [e.g.,
Dugdale et al., 1990].
[13] The nitrate distributions are consistent with observed

distributions of fluorescence, beam attenuation, and oxygen,
shown for selected transects representing extremes of
upwelling and relaxation conditions, respectively, in
Figures 12 and 13. Fluorescence (Figures 12a and 13a),
representative of photosynthetically active chlorophyll, and
beam attenuation (Figures 12b and 13b), a measure of total
particle concentrations [e.g., Karp-Boss et al., 2004], are
both highest in the surface waters nearshore where near-
surface nitrate is highest. Both of these parameters decrease

in surface waters offshore and become confined to narrow
subsurface maxima at depths where nitrate is available.
Oxygen concentrations (Figures 12c and 13c) are low and
far below saturation with respect to the atmosphere in the
deep, dense upwelled water and where this water has
recently reached the surface, but increase rapidly to super-
saturated conditions as nitrate is consumed, and remain high
in the low-nitrate surface waters offshore. Oxygen is highly
coherent with nitrate, exhibiting a near-linear relationship;
dO2/dNO3

� ffi 8, in reasonable agreement with classical
Redfield stoichiometry [Redfield et al., 1963]. This is
consistent with an admittedly oversimplified picture of
upwelling and productivity where upwelling brings high-
nutrient and low-oxygen water to the surface, photosynthe-
sizers respond rapidly and completely consume the
nutrients, producing oxygen and accumulating biomass in

Figure 5. Same as Figure 4, but for 23 May.
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the process, until nutrients are depleted as water moves
seaward in the surface layer.
[14] Some clear distinctions can be made from the con-

sistent patterns in nitrate and bio-optical structure between
upwelling and downwelling. When upwelling is persistent,
nearshore surface nitrate concentrations are elevated and
oxygen concentrations are depressed, and bio-optical signa-
tures of productivity are moderate (Figures 9 and 12). When
conditions relax or reverse, low-nitrate offshore surface
waters are pushed shoreward, biomass is concentrated near-
shore, and supersaturated, high-oxygen conditions cover
surface waters of the entire shelf (Figures 6 and 13).
[15] Vertical nitrate gradients (Figures 3b–10b) show

several patterns not immediately revealed by inspection of
the nitrate concentration distributions of Figures 3a–10a.
Sharp nitriclines, where absolute gradients exceed

1 mmol m�3 m�1 over vertical scales of several meters,
pervade the distributions. Frequently, there are high-gradient
layers at multiple depths at a given longitude, with layers of
very low gradient interspersed in between. Nitriclines largely
parallel constant density surfaces, although some of these
apparently continuous nutrient gradient features can cross
isopycnals in their cross-shelf distributions, as evidenced
by the transition of the shallowest nitricline on 27 May
(Figure 10b) from below the st = 26 isopycnal at its most
inshore extent to nearly the st = 25 isopycnal at its most
offshore extent. These features are sharpest during relaxation
events; see in particular the strong gradients aligned with the
pycnocline during the relaxation event of 23–25 May in
Figures 5b–7b (further illustrated in the composite vertical
profiles of Figure 17, discussed later). This is probably due
to the convergent onshore transport of low-density, nutrient-

Figure 6. Same as Figure 4, but for 24 May.
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depleted surface waters over the top of higher-nutrient
inshore waters during the relaxation process. Upwelling
and relaxation conditions alike show broad regions of high
nitrate gradients at the shallow inshore ends of the sections.
[16] Turbulence distributions from this study and the

mechanisms driving them have been discussed in detail
elsewhere [Moum et al., 2004; Perlin et al., 2005], and we
will only qualitatively describe distributions of kz here
(Figures 3c–10c). These distributions show extreme spatial
variability, spanning five orders of magnitude, in some
instances in vertical intervals of only several meters. The
highest values (kz > 10�2 m2 s�1), are found in the bottom
boundary layer, while lowest values were observed at
middepths at the offshore ends of the sections. High mixing
rates were consistently seen at the shallow, inshore-most

ends of transects, and coincident with the most shoreward
expression of the st = 26.5 isopycnal.
[17] As might be expected, the product of the uncorrelated,

highly spatially variable eddy diffusivity and nitrate gradi-
ent distributions yields flux distributions that are similarly
variable. Nitrate fluxes, predominantly upward, span over
a four order of magnitude range of variability, with highest
values regularly exceeding 1 mmol m�2 s�1. In some of
the more intense patches, the upward transport exceeds
10 mmol m�2 s�1. These highest values are most frequently
seen at the shallow, inshore end of the transects, which is
not surprising given the persistence of high vertical nitrate
gradients there and the encroachment of high mixing rates
associated with the bottom boundary layer and the shore-
ward edge of the st = 26.5 isopycnal on those gradients.

Figure 7. Same as Figure 4, but for 25 May.
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Vertical fluxes offshore occasionally show similarly high
values, but are mostly confined to an order of magnitude
or two lower than those seen inshore, even during the
relaxation event that produced such sharp vertical nitrate
gradients.

4. Discussion

[18] These coordinated high-resolution observations yield
a detailed look at the cross-shore distributions of nitrate, its
response to a variable upwelling circulation, its vertical
gradient, and perhaps most importantly, a quantification of
the cross-isopycnal transport of nitrate due to turbulent
mixing. The pumping of near-bottom fluid of offshore
origin up the shelf during upwelling and back down the

shelf as upwelling-favorable winds relax during the time of
these observations is discussed elsewhere [Perlin et al.,
2005]. The resultant cross-shelf Ekman circulation is qual-
itatively depicted in Figure 11. In the absence of turbulence,
upwelling represents a reversible transport of fluid back and
forth across the shelf. Turbulent mixing is the irreversible
part of the process that acts to replenish the store of nitrate
on the shelf and to mix it up higher into the water column so
that it becomes available for photosynthesis: it is the only
mechanism for cross-isopycnal transport of nitrate. While it
is possible that changes in observed nitrate are due to three-
dimensional circulation that we have not resolved in our
observations, here we consider only the relative effects of
cross-shelf advection and vertical mixing. These factors are
well resolved in our observations; we address the specific

Figure 8. Same as Figure 4, but for 26 May.
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question of whether vertical mixing can account for the
observed nitrate changes.
[19] In turn, we (1) consider the significance of high-

resolution sampling in assessing the role of turbulent mixing
in the cross-isopycnal transport of nitrate; (2) quantify the
irreversible cross-isopycnal nitrate transport and compare it
to its reversible advection by upwelling/downwelling; and
(3) evaluate the significance of cross-isopycnal nitrate
transport for photosynthetic demand by phytoplankton.

4.1. Importance of High-Resolution Sampling

[20] These observations lead to recognition of the tre-
mendous variability of nitrate across the shelf, both in
time and in space (vertically and laterally). This is most
clearly seen in the vertical gradient image plots of nitrate

(Figures 3b–10b). Resolving the short length-scale subtle-
ties in the nitrate concentration distributions is critical to
accurately representing the gradient distribution. As a qual-
itative comparison, we consider the distributions of nitrate
concentration and nitrate gradient that would result if a
section had been sampled by traditional discrete station and
bottle sampling techniques. We did this by subsampling the
nitrate distributions of 24 March (Figure 6a) at 12 depths,
mimicking the resolution available with a 12-bottle rosette
sampler (providing finer sampling inshore than offshore),
and subsequently calculating vertical derivatives by simple
differencing of these subsamples. These particular locations
were chosen because they were used for discrete, coarse-
resolution sampling (for other purposes) on this experiment.
Cross-shelf gridded sections of nitrate concentration and

Figure 9. Same as Figure 4, but for 26–27 May.
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vertical nitrate gradient were then produced for comparison
to our finely resolved cross-shore transects. The broad
aspects of the nitrate concentration distributions are repro-
duced by the coarse subsampling (Figure 14a). This is
not surprising, given nitrate’s coherence with density and
both parameters’ more or less parallel alignment with the
monotonically sloping seafloor. Of course, the fine structure
is missed and this is most evident in the vertical gradient
(Figure 14b). By comparison to the gradients derived from
the finely resolved transect (Figure 6b), we can see that the
highest nitrate gradients, which vary across the shelf, are
completely missed.
[21] In fact, however well resolved these measurements

are, there is good reason to believe we have underestimated
nitrate gradients by a considerable factor. In an analysis of
46,000 individual 2 m samples from our eight cross-shelf

transects that encompass the high nitrate gradient region
between 15 and 40 m inshore of 124�150W, the frequency of
occurrence (or population distribution) of nitrate gradient
samples indicates an abrupt cutoff near 1 mmol m�4

(Figure 15a) (this subsample was chosen because it repre-
sents the region of largest dynamic range of both nitrate
gradient and kz, while also roughly representing the location
of a finite density range across which nitrate is transported
by turbulence). We are currently unsure if this cutoff is due
more to the known smoothing tendencies of the sampling
and analysis approach employed here, or to the conservative
means of estimating gradients, both of which will lead to
underestimation of sharp gradients, but we believe the
true nitrate gradients probably have a more log-normal
frequency distribution. Observations elsewhere clearly
show large changes in chlorophyll fluorescence in thin

Figure 10. Same as Figure 4, but for 27 May.
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layers of O(10 cm) [Cowles et al., 1998], and our own
analysis of oxygen gradients based on simple center-
difference gradient calculations from in situ electrode-based
O2 measurements show a smooth log-normal transition to
higher gradients. There is no reason to expect that this is not
true for nitrate here as well, in which case it is possible that
the largest gradients are underestimated by a factor of 10,
and the tail of the population distribution is in reality
extended. With these caveats recognized, the mean of this
distribution is approximately equal to the median.
[22] Perhaps the more pertinent aspect that demonstrates

the importance of high-resolution sampling is in its coordi-
nation with turbulence measurements that yield our estima-
tion of the cross-isopycnal transport of nitrate by turbulent
mixing. The distribution of kz (Figure 15b) shows the
distinctive lognormal distribution typical of turbulence
quantities [Gurvich and Yaglom, 1967], for which the mean
is much greater (10�) than the median value of the
distribution. Here, <10% of the 2 m kz estimates are greater
than the median of the distribution (this can be seen in the
cumulative probability distribution in Figure 15e). That is,
the mean value of kz is determined by a small percentage of
the distribution. Sufficiently comprehensive sampling is
required to obtain good statistics of the high values that
determine the mean. The cross-isopycnal transport, FNO3, is
the product of the local nitrate gradient and kz. Because kz is
nearly lognormal, the transport is also (Figure 15c). Here,

the mean is also �10� the median value and only 10% of
the data are greater than the mean. Again, in order to obtain
a reasonable estimate of the mean, dense sampling is
required.

4.2. Cross-Isopycnal Transport of Nitrate by
Turbulent Mixing

[23] The important consequence of turbulent mixing is
the irreversible transport of nitrate across isopycnals. This is
qualitatively observable by noting that the high nitrate
concentrations (Figures 3a–10a) move across isopycnal
surfaces toward the shore. It is further illustrated by the
along-isopycnal cross-shelf nitrate distributions shown in
Figure 16. During upwelling (Figure 16a, corresponding to
the sections shown in Figures 9 and 12), nitrate on the st =
26.5 isopycnal is largely constant across the shelf, while that
on shallower isopycnals increases monotonically across the
shelf, in some cases by several mM. The largest increase,
exceeding 10 mM, occurs along the st = 25.0 isopycnal, with
over two-thirds of this happening from midshelf shoreward.
During downwelling (Figure 16b, corresponding to the
sections shown in Figures 6 and 13), nitrate on the most
dense isopycnals is again largely constant, and increases on
less dense isopycnals over much of their cross-shelf extent.
In contrast, nitrate on all isopycnals decreases at their most
shoreward extents, consistent with the elevated productivity
implied there by the bio-optical measures of biomass, and
the supersaturated surface oxygen concentrations. The
shoreward increase of nitrate along isopycnals must come
at the expense of down-gradient mixing from deeper iso-
pycnals where larger nitrate concentrations reside. That
there is no obvious loss of nitrate from deeper isopycnals
is likely because of the cross-shelf Ekman transport of
nitrate in the bottom boundary layer which replenishes that
lost to vertical mixing. We believe the inshore decrease of
nitrate along isopycnals during downwelling is due to
elevated net productivity at the shoreward edge of the
section during downwelling, and correspondingly high net
biological nitrate consumption. It is tempting to say that the
increased biomass at the shoreward end of the section
during the relaxation event (Figures 13a and 13b) is simply
due to convergent concentration of moderately buoyant
biomass. This is not the case however, as clearly shown
by the coincident high oxygen concentrations and super-
saturations (Figure 13c). Oxygen is a dissolved gas, and is
thus not buoyant and cannot be concentrated by conver-
gence. Furthermore, it is a gas that responds on short
timescales to exchange with the atmosphere. The high
supersaturation could not be supported without active
coincident net photosynthetic production of oxygen and
consumption of nitrate. This high productivity consumes
nitrate at shallow depths, and sets up strong gradients that
enhance turbulence transport of nitrate from deeper waters.
One possible interpretation of these observations is that
upwelling brings dense, nitrate-rich waters onto the shelf,
where turbulence then mixes nitrate upward. This nitrate is
then consumed both during upwelling conditions and re-
laxation events, maintaining the vertical gradient required
for continued vertical transport when upwelling resumes.
[24] Vertical profiles of nitrate gradient, kz, and FNO3 at

several locations across the shelf indicate a continuous,
though intermittent, injection of nitrate upward from the

Figure 11. Cross-shelf distributions of fluid with st >
26.5, denoted by the shaded region near the bottom, and
st < 24.0, representing the shaded region near the surface.
The arrow to the right represents the NS wind stress
averaged over the 24 hour period prior to each transect.
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bottom boundary layer into the fluid above (Figure 17). This
increases toward the shore where, at the farthest inshore
location shown, mixing is intermittently large throughout
the water column and is of O(0.1 mmol m�2 s�1). Nitrate
fluxes through the bottom boundary layer are particularly
large when upwelling turns to downwelling. At these times,
near-bottom fluid that has been drawn inshore by upwell-
ing-driven Ekman transport is driven back offshore and
beneath denser fluid. The consequence is convection in
the bottom boundary layer, which efficiently thickens
the boundary layer [Moum et al., 2004]. Although near-
bottom fluid is drawn away from the inner shelf by the
cross-shelf downwelling circulation (Figure 11), the near-
bottom fluid apparently recharges the water column above
with nitrate preferentially during downwelling, which then
becomes available to the euphotic zone upon resumption of
upwelling.

[25] Nitrate fluxes from the high nitrate gradient region
into the euphotic zone above increase systematically from
the shelf break toward the shore. Inshore fluxes are larger by
factor of 10 (these are noted to the right in Figure 17). The
great majority of the nitrate mixed into the euphotic zone
occurs shoreward of 124�70W.
[26] Is the measured nitrate flux sufficient to contribute an

increase of several mM along an isopycnal toward the shore,
as we have inferred from Figure 16? We can assess this with
reference to a time-dependent/vertical diffusion balance,
dtNO3 = dzFNO3. Suppose we consider the st = 25.0
isopycnal, which exhibits the greatest onshore increase
(Figure 14) and roughly corresponds to the nitrate gradient
maximum. This nitrate increase (about 7 mM) occurs
shoreward of 124�70W, where the flux is approximately
0.1 mmol m�2 s�1 (Figures 9d and 17). Replacing the
derivatives with differences, we can rewrite this balance

Figure 12. Distributions of (a) chlorophyll fluorescence, (b) beam attenuation, and (c) oxygen
concentration (with surface supersaturation plotted in the upper panel) shown for the transect completed
in the maximum expression of upwelling conditions on 26 May, corresponding to the data shown in
Figure 9. Isopycnal contours are as in Figure 9.
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as dt = dNO3dz/dFNO3. With dNO3 = 7, dz = 4 m (our
nominal resolution, and approximately the depth range over
which large changes in FNO3 occur), and dFNO3 = 0.1, dt ffi
3 days. That is, a 7 mM increase in nitrate along the 25.0
isopycnal can be achieved by vertical mixing alone over a
3 day period. This timescale is less than that for changes in
the wind field, and hence the Ekman circulation. We believe
it is reasonable to consider vertical mixing to be large
enough and to be sustained over a sufficiently long period
to affect the observed changes in nitrate along isopycnals.
[27] The pump that supplies the nitrate to the bottom

waters over the shelf is the upwelling circulation. A com-
parison of the upwelled flux of nitrate (the reversible part of
the process) to that mixed from the bottom boundary layer
(the irreversible part of the process) provides an estimate of
the efficiency of the process by which nitrate is mixed
across isopycnals. Perlin et al. [2005] and Lentz [1992]

found that the upwelled water moves onshore primarily
through the bottom boundary layer, rather than at some
intermediate depth. Perlin et al. [2005] found that this
movement could be characterized by changes in the cross-
shelf location of the st = 26.5 isopycnal’s intersection with
the seafloor, and calculated upwelling velocities as the
distance that intersection moved in a given time, finding
that the velocity ranged from �4 km d�1 during downwel-
ling to 6 km d�1 during upwelling. Over the period of our
observations, the average value was 1.5 km d�1. These
estimates lead to an estimate of upwelling-induced transport
in the bottom boundary layer of 0.2 m2 s�1 over the period
of their observations, which concurs with that determined
from local bottom stress measurements and Ekman dynam-
ics (Lentz [1992] estimates a summer-averaged upwelling
transport in the bottom boundary layer over the northern
California shelf of 0.25 m2 s�1). This bottom boundary

Figure 13. Distributions of (a) chlorophyll fluorescence, (b) beam attenuation, and (c) oxygen
concentration (with surface supersaturation plotted in the upper panel) shown for transects completed in
the maximum expression of relaxation conditions on 24 May, corresponding to Figure 6. Isopycnal
contours are as in Figure 6.
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Figure 14. Representations of distributions of (a) nitrate concentration and (b) vertical concentration
gradient as they would be determined from lower-resolution sampling of the high-resolution data
collected during 24 May. Solid circles represent the locations of pseudo-samples extracted from the high-
resolution data of Figure 6a, selected at typical discrete bottle sample resolution and chosen to span the
maximum cross-shelf extent of the high-resolution data. Vertical gradients were calculated by simple
difference of the concentrations and depths of the pseudo-samples.

Figure 15. Distributions of (a) nitrate gradients, (b) kz, and (c) FNO3 = �kzdNO3/dz corresponding to the
high-nitrate gradient region over the depth range 18–40 m inshore of 124�150W. Cumulative distributions
are shown in Figures 15d–15f.
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layer water, as shown previously, carries very high nitrate
concentrations: about 35 mM. Multiplied by previous
transport estimates, this suggests that upwelling brings 7–
9 mmol s�1 per meter of coastline, or 7–9 mmol m�1 s�1,
to the Oregon coastal ocean.
[28] Upwelling transports nitrate by bulk movement of

high-nitrate-concentration water along isopycnal surfaces.
Turbulent mixing transports nitrate across isopycnal surfa-
ces over their entire cross-shelf extent. The analogy is one
of a leaky pipe, where nitrate is transported along the pipe
axis, through its narrow cross section, by bulk upwelling/
downwelling advection, but leaks slowly through the pipe
walls along its entire length. To quantify the significance of
the cross-isopycnal transport of nitrate we integrate FNO3

through isopycnal surfaces across the shelf-wide extent of
our observations. The results of this exercise are shown in
Figure 18. Cross-shelf-integrated values of FNO3 range from
0.7 mmol m�1 s�1 on 22 May, to 6 mmol m�1 on 26 May,
and average 2 mmol m�1 s�1 over the course of this study.

These transport estimates are smaller than the average
upwelling-driven transport calculated above, as they must
be; nonetheless, �25% of the upwelled nitrate is mixed out
of the bottom boundary layer by the time it has reached the
30 m isobath.
[29] Since there is a tendency for greater nitrate fluxes

toward the shore, we have probably underestimated mix-
ing’s role as a result of our data’s restriction to seaward
depths. As the dense isopycnals that contain the largest
concentrations of nitrate rarely reach the surface [Perlin et
al., 2005], turbulent mixing at their shallowest, shoreward-
most extent must be the mechanism through which nutrients
from these dense layers finally move upward to biologically
utilizable depths. However the irreversible, cross-isopycnal
transport of nitrate from the bottom boundary layer appears
to be continuous as it transits across the shelf. Nitrate is
continuously moved upward into the water column so that,
by the time it reaches the inner shelf, it is closer to the
surface than it would have been in the absence of mixing

Figure 16. Cross-shelf distributions of nitrate concentration on isopycnals from st = 24.0 (red lines and
symbols to 26.5 (purple lines and symbols) for the transects completed on (a) 26 May, corresponding to
the maximum expression of upwelling conditions and Figures 9 and 12, and on (b) 24 May,
corresponding to the maximum expression of downwelling conditions and Figures 6 and 13. Range of all
axes is the same, 13 mM, centered on the average of maximum and minimum concentrations on each
isopycnal; chosen to illustrate the differences in concentration change on each isopycnal.
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Figure 17. Summary vertical profiles of nitrate gradient, kz and FNO3, computed at seven locations
across the shelf, determined for each of the eight transects. Each profile represents an average over 2 km
laterally, centered at the position shown. The two downwelling transects (+98 hours, +118 hours) are
plotted in red. To the right is noted the mean value of the nitrate flux through the high-gradient regions at
each location.
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along its path. The relative proportion of the nitrate trans-
ported across isopycnals by mixing must be a complicated
function of the modulation of the Ekman circulation that we
do not yet understand.

4.3. Biological Significance of Turbulent Vertical
Nitrate Supply

[30] The significance of the turbulence transport of nitrate
to biological demand is a complicated issue. Ideally, we
would quantify a nitrate flux into the surface mixed layer,
but the absence of eddy diffusivity data at appropriately
shallow depths limits our ability to do this. Alternatively,
we could calculate a flux at some bio-optically defined
depth horizon, e.g., the depth of the fluorescence or beam
attenuation maximum, or some threshold light level. This,
too, is not feasible, as the vertical structure of chlorophyll
fluorescence and beam attenuation changes so dramatically
across the shelf that definitions of maxima would need to
change continuously across the shelf, and many of our

surveys were conducted in darkness when assignment of a
euphotic depth was not possible. Instead, we calculate the
net productivity that would correspond to the nominal high
end of our flux measurements, FNO3 = 1 mmol m�2 s�1.
Fluxes of this magnitude are frequently seen in Figures 3d–
10d, and correspond to the vertical flux that occurs when
vertical gradients of 1 mmol m�4 s�1 coincide with kz
values of 10�3 m 2 s�1. With stoichiometric and unit
conversions, a nitrate flux of this magnitude would support
a carbon fixation rate of 5 mmol C L�1 h�1 if averaged over
a 10-m-deep surface mixed layer.
[31] The biological parameter to which they should most

directly compare is net community production, and to our
knowledge there are no independent estimates of that
parameter in this setting. Further, much of the primary
productivity data in the literature was generated by specif-
ically targeting high-productivity patches in which to per-
form those measurements. Small and Menzies [1981] and
Dickson and Wheeler [1995] reported primary productivity
of 1.5–8.5 mmol L�1 h�1, based on 14C incubations of high-
chlorophyll, nutrient-replete water. Direct comparison of
these two rates requires some knowledge of the f ratio, or
ratio of new, nitrate-based, production to primary produc-
tion, and there is some information in that regard. Coastal
phytoplankton in nutrient-replete waters typically have very
high f ratios, and Kokkinakis and Wheeler [1987] showed
values exceeding 0.5 or in some cases approaching 1.
Incubation-based primary productivity measurements in this
setting may therefore be within a factor of two or less of new
or net productivity. Nonetheless, these maximal primary
productivity estimates are at least consistent with our net
nitrate transports, and it must be concluded that turbulent
mixing drives an upward flux of nitrate that is capable of
supporting the high primary productivity seen on the shelf.

5. Conclusions

[32] We have presented first-of-their-kind high-spatial-
resolution measurements of nitrate concentrations in Oregon
coastal waters. These distributions are consistent with other
coincident in situ physical, bio-optical, and chemical data,
and show obvious responses to upwelling and relaxation
forcing. Vertical gradients calculated from these distribu-
tions reveal variability that could not have been captured by
traditional sampling schemes. Turbulent vertical nitrate flux
based on coincident, high-resolution measurements of ver-
tical nitrate gradient and turbulence are highly spatially
variable. While upwelling and downwelling circulation
pump high nitrate waters reversibly on- and offshore,
cross-isopycnal turbulent vertical fluxes are persistently
upward and irreversible even during relaxation events.
Evidence of this upward transport is seen in increased on-
shelf nitrate concentrations along shallower isopycnals;
this increase is consistent with observed fluxes and the
timescales of upwelling/downwelling cycles. During our
observation period and offshore of 30 m depth, irreversible
mixing moves about 25% of the net upwelled onshore
transport of nitrate into shallower, less dense waters where
it can be more easily utilized by phytoplankton. Inshore of
30 m depth, mixing has a potentially greater influence. The
high vertical transport rates seen at the inshore ends of the
study area compares well with previously reported primary

Figure 18. Cross-shelf integrated diapycnal nitrate flux
corresponding to the distributions from Figure 8, excluding
the abbreviated transect of early 26 May. Days when
upwelling conditions prevailed are denoted by solid
symbols; relaxation days are denoted with open symbols.
Maximum flux on any given day is shown as the large red
triangles. Integrals were calculated from discrete trapezoidal
approximations of flux and longitude with respect to cross-
shelf distance.
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productivity in this area, suggesting that vertical mixing
plays a key role in supporting the high productivity ob-
served in this setting. The interaction between upwelling/
relaxation and turbulent transport of nitrate is complicated
and we are just beginning to understand it, but it appears
that turbulence transports are always enhanced at the
inshore locations where offshore waters are forced to
interact with coastal waters.
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