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ABSTRACT OF THE DISSERTATION

Aspects of the physical control of phytoplankton dynamics over
the Southern California Bight continental shelf

by
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Peter J. S. Franks, Chair

Evidence gathered three decades ago showed persistently elevated total and new

primary production over the continental shelf of the Southern California Bight. This

dissertation examines the mechanisms that drive the flux of nitrate necessary to support

the phytoplankton productivity over the shelf. Using results gathered from an intensive

field experiment, I show that strong, persistent cross-shelf gradients in phytoplankton

standing stock, primary productivity and community composition result from nitrate

flux due to internal waves of tidal and higher frequency. I report the first estimates of

the horizontal flux of nitrate due to the internal tide, and demonstrate that it is quanti-

tatively similar to the nitrate demand of the inner shelf phytoplankton population. The

local winds, contrary to expectations based on previous research, support a biologically-

relevant tilt of the nitracline. Variability in the magnitude of the cross-shore shoaling of

the nitracline in turn impacts the magnitude of the internal tide mediated nitrate flux.

Remotely-forced large scale variability in the offshore depth of the nitracline controls

the continental shelf ‘nitrate climate.’ During episodes of anomalously warm ocean

temperatures, a correspondingly deep nitracline can shut off nitrate supply to the conti-
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nental shelf, resulting in low phytoplankton biomass. During more typical conditions,

the phytoplankton community over the inner shelf is dominated by taxa capable of rapid

nitrate assimilation, while offshore waters have a proportionally greater amount of olig-

otrophic species. The results of this dissertation indicate that relatively small changes

in the offshore depth of the nitracline could account for the long-term increase primary

productivity and phytoplankton biomass noted by recent studies, even in the absence of

increased local wind-forced upwelling. Finally, I examine the baroclinic semidiurnal

variability in currents and water column structure in the shallow water of the inner shelf.

The results of this analysis demonstrate that the behavior of the semidiurnal variability is

not consistent with a propagating or standing low mode internal wave. Analyses of lin-

earized momentum balances suggest that the semidiurnal variability may result from the

interaction of barotropic tidal flow, friction in the bottom boundary layer, and rotation.
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1 Introduction to the Dissertation

Perhaps the most challenging aspect of understanding variability in biological

processes is associating detected changes with the environmental forcing responsible.

M.J. Behrenfeld et al. 2006

The research that comprises this dissertation investigated two fundamental ques-

tions about the coastal ecosystem in the Southern California Bight (SCB): 1) What phys-

ical mechanisms control the availability of the limiting inorganic phytoplankton nutrient,

nitrate, over the SCB continental shelf? and 2) What is the relationship between phyto-

plankton dynamics and the variability in physically-mediated nutrient delivery across a

range of spatial and temporal scales?

These questions were motivated by long-standing observations in the southern

SCB (SSCB, the region between the Palos Verdes Peninsula and the United State-

Mexico border (Mullin 1986)) over the past 40 years. Much progress towards under-

standing the coupling between physical forcing and phytoplankton response in the SSCB

was made in the period between the late 1970s and early 1990s, primarily through field

work undertaken by the Food Chain Research Group of SIO during the Southern Cali-

fornia Bight Study (1974-1983, SCBS, Eppley 1986, 1992, among many others). Since

that time, the investigation of phytoplankton productivity in the SSCB has remained

largely dormant.

1.1 Background

The ocean ecosystem is almost entirely fueled by the photosynthetic activity of

free-living marine autotrophs, collectively called phytoplankton. The productivity of the

1
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phytoplankton—typically quantified as the rate of carbon fixation [g C L−3 T−1]— is

in turn controlled by the availability of light and the elements necessary for the photo-

synthetic fixation of inorganic carbon: the macronutrients nitrogen, phosphorous, and

silica, and the micronutrients, including trace metals. Phytoplankton draw these nutri-

ents from two general sources: the organic (‘recycled‘) pool and the inorganic (‘new’)

pool. In the case of nitrogen, the organic forms include ammonia, urea, and amino acids

which are excreted directly or recycled by microbial activity within the euphotic zone.

The primary inorganic form of nitrogen, nitrate (NO−3 ), is formed by light-inhibited

microbial degradation of organic material below the euphotic zone.

In much of the ocean—including the SSCB— phytoplankton productivity is lim-

ited by the availability of fixed nitrogen (Dugdale 1967, Eppley et al. 1979, Cullen et

al. 1983, Barber and Chavez 1991, Eppley 1992, Falkowski et al. 1998). The total phy-

toplankton productivity in such systems is the sum of productivity due to recycled or-

ganic nitrogen and ‘new’ productivity due to the supply of nitrate (Dugdale and Goering

1967). The availability of nitrate depends on the physical delivery of deep nitrate-rich

water into the euphotic zone (Eppley and Peterson 1979). At steady state, the amount

of organic material that is removed from the phytoplankton system (through sinking or

transfer to higher trophic levels) is equal to proportion of total phytoplankton produc-

tivity due to the input of inorganic nutrients (i.e. from outside the system) (Dugdale

and Goering 1967). Therefore the physical mechanisms that mediate the delivery of

inorganic nutrients in turn set the realizable productivity of higher trophic levels (e.g.

Eppley and Peterson 1979) and act as a primary regulator of the atmospheric – ocean

carbon dioxide flux (e.g. Cermeño et al. 2008).

In a seminal study, Eppley and Peterson (1979) showed that there was a robust

relationship between total and new productivity. As the rate and magnitude of inor-

ganic nitrate delivery increases, both total productivity (new plus recycled productivity)

and the ratio of new : total productivity (called the f -ratio) increases. Therefore the

most productive areas of the world’s ocean are characterized by strong physical forc-

ing which deliver large amounts of inorganic nitrogen. This schematic understanding

of the relationship between physical mediated nutrient delivery and photosynthetic pro-

ductivity, as shown in Fig. 2 of Eppley and Peterson (1979), is taught in all introductory
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biological oceanography classes.

Significantly, that figure was drawn omitting data from the SCB continental shelf

(depths < 200 m) as “they often fall below the line drawn in Fig. 2,” even as Eppley him-

self had collected a vast number of SCB observations (Eppley and Peterson, 1979). The

measurements of new : total productivity over the SCB shelf indicated that, although to-

tal productivity was relatively large, new productivity was smaller than expected based

observations in other high productivity systems.

In the late 1970s it was not known what physical process was responsible for

maintaining the high productivity of the SCB continental shelf (Eppley et al. 1979).

Work being carried out by coastal physical oceanographers at roughly the same time

showed that the dominant variability in SCB continental shelf currents and water column

structure was due to internal waves of a range of frequencies, and that the local wind was

only weakly correlated with low-frequency currents (Winant and Olson 1976, Winant

and Bratkovich 1981). Eppley et al. (1979) noted a persistent tilt in the nitracline across

the shelf, and showed that the depth of the nitracline was correlated to the vertically

integrated primary productivity. The view arose that, unlike highly productive coastal

ecosystem found elsewhere, the productivity of the SCB coastal region was not due

to upwelling forced by the local winds or terrigenous runoff (Eppley and Holm-Hanson

1986). Instead, productivity was controlled by 1) whatever physical process set the depth

and cross-shore tilt of the thermocline and 2) the hypothesized transport of nitrate by the

ubiquitous, energetic, and presumably breaking internal waves, as had been postulated

as early as 1947 (Cooper 1947).

1.2 The physical environment of the SSCB

The SSCB is an interesting example of a weakly-forced system from an oceano-

graphic perspective. It is not under the influence of the vigorous upwelling favorable

winds that characterize the majority of the California Current System and that drive

strong upwelling off Central Baja California (Winant and Dorman 1997). Continen-

tal run-off is sporadic and generally absent during times of peak productivity (Eppley

1992). Nevertheless, even in the absence of mechanisms that dominate phytoplank-
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ton productivity elsewhere, there is a region of elevated chlorophyll concentration and

primary productivity over the SSCB shelf apparent in both satellite and in situ mea-

surements (Eppley and Holm-Hansen 1986, Eppley 1992). This enhanced chlorophyll

concentrations and primary productivity inshore of the shelf break must be a function of

elevated nitrate flux to the surface waters over the shelf (Eppley 1992).

A number of studies of SSCB physical forcing demonstrate the lack of corre-

lation between local winds and subinertial currents and temperature (e.g. Winant and

Olson 1976, Winant and Bratkovich 1981, Pringle and Riser 2003). During stratified pe-

riods (April to November), the variability in the density and the current structure of the

water column over the SSCB shelf is dominated by the internal wave field at frequencies

from the inertial period to the local buoyancy frequency (e.g. Winant 1974, Winant and

Bratkovich 1981, Lerczak 2000, Boehm et al. 2002, Lerczak et al. 2003). In stratified

summer months, the baroclinic semidiurnal internal tide forces large vertical excursions

of the pycnocline (>15 m in depths < 30 m), vertically sheared alongshore currents, and

cross-shore currents that are 180◦ out of phase above and below the pycnocline (Lerczak

et al. 2003). These currents are more energetic than currents at any other frequency, and

are intensified over the shelf (Lerczak et al. 2003).

Associated with the internal tide, packets of strongly nonlinear high frequency

internal waves (HFIWs) propagate across the shelf. These HFIWs have been implicated

in the transport of meroplanktonic larvae (Shanks 1983, Pineda 1991, Scotti and Pineda

2007), the accumulation of phytoplankton (Lennert-Cody and Franks 1999), and have

been shown to dissipate across the shelf, losing energy to diapycnal mixing (Lerczak

2000, Moum et al. 2007). The role of dissipating or breaking HFIWs as a nutrient pump

to the euphotic zone was originally postulated over 60 years ago (Cooper 1947), and a

number of field observations and numerical models since have pointed to the importance

of episodic injection of nutrients into the euphotic zone by HFIWs (see Eccles 1962,

Sandstrom and Elliot 1984, Holligan et al. 1985, Sandstrom and Oakey 1995, Leichter

and Miller 1999, MacIntyre et al. 2001, Leichter et al. 1996, 2003, Sharples et al. 2001,

2007, Sharples 2008).

There is good evidence linking the internal tide and high frequency internal

waves to primary productivity in a number of shelf seas around the world. For ex-
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ample, Sharples et al. 2001 estimated that the dissipation of energy from the internal

tide leads to relatively strong mixing (4-7 x 10−4 m2 s−1) and a diapycnal flux of nitrate

of approximately 12 mmol N m−2 d−1, contributing an estimated 100 g C m−2 annually

to the shelf northeast of New Zealand. The baroclinic tide has been shown to influence

primary productivity and phytoplankton community composition in the Celtic Sea (Pin-

gree and Martel 1981, Sharples et al. 2007) and was implicated in nitrate delivery and

primary productivity over the South African shelf (Largier 1994).

Since the work of Eppley and his collaborators was abandoned, advances in

oceanographic technology revolutionized our ability to directly and quantitatively as-

sess hypotheses regarding nutrient fluxes in the context of internal wave variability. We

therefore designed a field experiment meant to examine the cross-shore variability in

the physical dynamics hypothesized to control nitrate fluxes, while concurrently assess-

ing the total and nitrate-derived productivity and the composition of the phytoplankton

community across the shelf.

1.3 The Inner-shelf Productivity eXperiment (ISPX)

In the summer of 2006, I set about investigating the physical variability over the

SSCB inner shelf in the context of cross-shelf gradients in new and total productivity

and phytoplankton community structure. This work was undertaken with collaborators

from SIO, and focused on providing the resolution necessary to elucidate the internal

tide and high-frequency internal wave processes we hypothesized controlled nitrate flux

to the shelf euphotic zone.

The ISPX design was informed by a pilot study I conducted in the summer of

2004, which utilized a prototype autonomous profiling system—called the Wirewalker

(WW)—developed by R. Pinkel and the Ocean Physics Group at SIO (Rainville and

Pinkel 2001). The results of the pilot study indicated that a densely spaced array of

bottom-mounted current meters and the WW platform were capable of resolving the

strong internal wave variability on the appropriate spatial and temporal scales necessary

to make quantitative estimates of energy flux, dissipation and ultimately nitrate flux

across the inner shelf.
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The results of the pilot study motivated a number of attempts to secure fund-

ing for a more intensive field effort. Proposals were submitted to the Office of Naval

Research and the National Science Foundation which, despite strong reviews, were not

funded. The ISPX program was therefore completed on a very small budget, utilizing

the resources made available to students by SIO and drawing from a number of different

sources of equipment, expertise and money.

1.3.1 ISPX design

The ISPX study took place between 1 August 2006 and 24 August 2006 off Mis-

sion Beach, CA (Fig 2.1), and was comprised of three inter-related field and laboratory

approaches, including: 1) a 24 day mooring deployment of acoustic Doppler current

profilers (ADCPs), thermistors, and two WWs equipped with conductivity, temperature

and depth sensors (CTDs) and fluorometers; 2) transects across the continental shelf

and slope to profile with a CTD, fluorometer and in situ ultraviolet spectrophotometer

nitrate sensor (ISUS) and to collect water at the surface and chlorophyll maximum us-

ing a 10 L Niskin bottle; and 3) laboratory studies, including radioisotope-labeled (14C)

primary productivity measurements, stable-isotope (15N) nitrogen uptake experiments,

pigment analysis using high-performance liquid chromatography (HPLC), cell enumer-

ation using flow cytometric analysis, and finally traditional nutrient and chlorophyll

measurements.

The mooring array that we occupied in 2006 was on the same line as the inner

shelf moorings in the1996-1997 IWAVES study described in Lerczak (2000). The con-

tinental shelf is this region is characterized by simple, although steep, bathymetry with

bathymetric contours running only a few degrees off of a north-south line (Fig 2.1). The

simplicity in bathymetry aids the interpretation of the internal variability.

1.3.2 The structure and variability of inner shelf currents: ADCP

moorings

The ISPX mooring array was designed to provide detailed cross-shore and ver-

tical resolution of currents over the inner shelf. Five bottom-mounted Acoustic Doppler
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Current Profilers (ADCPs) were deployed in 32, 22, 17, 12 and 7 m depths (below

MLLW) over 24 days, and were configured for 15 s sampling at 3 vertical resolutions: 1

m (32 m and 22 m ADCPs), 0.5 m (17 m ADCP) to 25 cm (12 and 6 m ADCPs). Each

ADCP was mounted on a diver-deployed sea-spider (an ADCP mooring platform) mod-

ified to accommodate a SBE MicroCat conductivity and temperature sensor, configured

to report an ensemble-averaged sample every 15 s (5 samples). At the 6 m mooring, a

SIO temperature logger was used in place of a MicroCat.

1.3.3 The structure and variability of density and fluorescence: Wire-

walker moorings

The WW wave-powered autonomous profiler, developed at SIO by R. Pinkel and

colleagues, uses the surface wind-wave field to power vertical profiling (Rainville and

Pinkel 2001). The WWs are a simple and robust tool to study evolving small-scale ver-

tical distributions of physical and biological variables. We deployed 2 WWs, at 22 and

12m, in association with ADCP/MC installations, equipped with Seabird 49 (FastCat)

CTDs and Turner Designs Cyclops 7 fluorometers. The WWs sampled the upper 18.5

m and 9 m of the water column at the outer and inner WW moorings, respectively. The

watch circle of the profilers had a diameter of approximately twice the water depth (40

and 25 m, respectively). Given the beam angle of the ADCPs and the WW watch circles,

the WWs were moored 150 m to the north of the associated ADCP/MC installation to

avoid instrument interference. Profile frequency depended on depth (and only weakly

on the surface wave field); profile frequency at each mooring was essentially constant

at each mooring over the length of the deployment, with 3.5 minute profile interval at

the 22 m WW and a 2.5 minute profile interval at the 12 m WW. Over the course of the

3 week period, 10,301 individual profiles were collected at the 22 m WW and 10,665

individual profiles were collected at the 12 m WW (Table 1.1). The 16 Hz sample rate

of the CTD and upcast velocity of the WW allowed for a maximum vertical resolution

of∼ 3 cm. The data collected by the WWs are the best vertically and temorally resolved

time series of concurrent water column structure and fluorescence measurements ever

collected in the SCB, and perhaps anywhere.

Given battery limitations, the 3-week deployment included 2 scheduled turn-
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around periods, which resulted in pre-planned gaps in water column coverage. Profiling

and data acquisition were unfortunately not perfect between scheduled turn-around pe-

riods, and unplanned data gaps therefore exist in the final time series. The inner WW in

particular had a number of major gaps.

1.3.4 Cross-shelf biological and physical variability: CTD transects

and water sampling

The CTD, a Seabird 19plus, was equipped with a Turner Designs fluorome-

ter and Satlantic ISUS v.2. We conducted 7 cross-shelf CTD transects between 9-

August-2006 and 17-August-2006. On non-biological sampling days (9-August-2006,

10-August-2006, 15-August-2006, 16-August-2006), we occupied 8 stations between

the shelf slope and the inner shelf, with approximately 1.5 km between stations. The

maximum depth of each profile was approximately 90 m.

On three of the seven transects (11-August-2006, 14-August-2006, 17-August-

2006), we sampled water at the surface and chlorophyll maximum (as determined by the

live-wired CTD system) occurred at four stations. The sampling pattern was designed

to span from the continental slope to the inner shelf, where we expected to find strong

gradients in phytoplankton community composition, biomass, primary productivity and

new production. On 11 and 17 August 2006, we collected water samples from the sur-

face and subsurface chlorophyll maximum at four stations along a cross-shore transect

from the slope to the inner shelf (bottom depths of 400, 100, 65, and 25 m). On 14

August 2006, we occupied a tightly spaced transect across the shelf (bottom depths of

65, 50, 25 and 15 m), intended to investigate gradients across the narrow continental

shelf. The total length of each transect was ∼15 km on the 11 and 17 August 2006 and

was ∼5 km on the 14 August 2006.

1.4 Outline of the Dissertation

The data gathered during ISPX permitted an analysis of the close coupling be-

tween the composition and vital rates of the phytoplankton community and spatiotem-

poral variability in the physically mediated delivery of nitrate. In Chapter 2, I present
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an analysis of the nitrate flux to the inner shelf euphotic zone mediated by internal

waves of tidal and higher frequencies. I show that the vertically integrated energy and

nitrate fluxes are onshore, dictating that sinks exist over the inner shelf for both quan-

tities. Energy is lost by mixing, and nitrate is taken up by the phytoplankton, leading

to the persistent elevation of new and total productivity over the inner shelf. Estimates

of nitrate flux forced by the tide compare well with our estimates of phytoplanktonic

nitrate uptake based on laboratory experiments. We explicitly consider the separation

between the vertical flux of nitrate, typically considered the important flux pathway, and

the horizontal flux of nitrate due to the internal tide, which has not been previously ex-

amined. The enhanced importance of nitrate flux to the surface waters inshore, reflected

in the surface new productivity gradients, implies that the internal tide-driven horizontal

flux of nitrate is being redistributed vertically. Simple estimates of mixing based on the

loss of kinetic energy across the ADCP array show that a portion of the horizontal flux is

mixed upwards. The horizontal flux is essentially along-isopycnal, which, at the scale of

the shelf, implies a vertical redistribution of nitrate due to the persistent onshore shoal-

ing of the isopycnals. It appears that the onshore transport and vertical redistribution of

nitrate by internal wave processes maintains the gradients in productivity observed over

the SSCB shelf (Eppley 1992).

In Chapter 3, I show that the gradients in total and new productivity across the

shelf are concurrent with changes in the composition of the phytoplankton community

towards taxa typical of areas with moderately high levels of nitrate input. In both the

surface waters and at the subsurface chlorophyll maximum, the vital rates and character

of the phytoplankton community are quite different over the relatively short spatial scale

of the shelf (∼10 km). The internal wave mediated nitrate flux discussed in Chapter

2 appears in general to support these gradients. However, physical context of these

internal wave processes can lead to large changes in the potential for nitrate flux. The

local alongshore wind is well correlated with the vertical shear in subinertial alongshore

velocity that balances the persistent tilt in the pycnocline and nitracline. This wind is too

weak to cause large across-shelf transports—particularly given the strong onshore sea

breeze—and therefore does not support the observed biological gradients alone. Instead,

it acts to set up the isopycnals, thereby enhancing the biological impact of the along-
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isopycnal internal wave-mediated nitrate flux. There are also large changes in the depth

of the nitracline at the shelf break which are not related to local forcing. I show that this

remotely-forced variability can drastically alter the nitrate climate over the shelf. For

example, a re-analysis of historical records indicates that during prolonged periods of

anomalously warm temperatures (e.g. El Niño events), the depression of the nitracline

at the shelf edge shuts of the supply of nitrate to shelf and leads to exceptionally low

standing stocks of phytoplankton.

The integrated view presented in Chapter 3 identifies the physical mechanisms

responsible for the productivity and community composition of the SSCB continental

shelf phytoplankton, an open issue since the 1980s (Eppley 1992). Moreover, I demon-

strate that the subtle interaction across different scales of physical variability combine

to establish the biological character of the phytoplankton over the SSCB shelf.

In Chapter 4, I address the nature of the semidiurnal variability over the inner

shelf. I show that, contrary to previous interpretations, the semidiurnal variability in

waters < 20 m appears not to result from a propagating or standing low mode internal

wave, based on the sense of rotation of the baroclinic semidiurnal currents. Instead, in

these shallow waters, it appears to be driven by the barotropic tide directly. I assess

simplified alongshore and across-shore momentum balances, and show the importance

of rotation, friction, and the cross-shore and along-shore gradients in sea level. The

baroclinic semidiurnal variability behaves in a manner similar to a recent theoretical

model of tidal circulation in an estuary (Winant 2007, 2008), where the cross-shelf flow

is driven by an imbalance between the forcing of the cross-shelf sea level gradient and

the Coriolis force associated with the vertically sheared alongshore transport. The ob-

servations do not exactly fit the theory as developed here, and further field and model

investigation is required to conclusively assess the validity of this hypothesis. However,

if validated, it would be a novel description of the internal tide in shallow continental

seas. The view of the internal tide presented here is of a bottom boundary layer-driven

frictional process. The commonly occuring coincidence of the interaction of the nitra-

cline and bottom boundary layer over the inner shelf would act to enhance the vertical

flux of nitrate.

Finally, in Chapter 5, I provide final remarks on the broader context of the ma-
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jor findings of ISPX and then briefly discuss potentially fruitful future directions for

research linking the physical dynamics of nutrient flux and the phytoplankton in system

such as the Southern California Bight.
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Table 1.1: Sampling statistics from the ISPX WW deployment, August 3 to Aug 23,
2006.

Mooring Wire
length
(m)

# of pro-
files

Average
downcast
(sec)

Average
upcast
(sec)

Average
upcast
velocity
(cm/s)

Native
vert. res-
olution
(cm)

22 m WW 18.5 10,301 204 45 40 2.5
12 m WW 9 10,665 102 30 27 1.7



2 The hose and the sprinkler:

Complementary roles of horizontal and

vertical internal wave-forced nitrate

flux over a narrow continental shelf

2.1 Abstract

We used a technique adapted from internal wave energy flux measurements to

estimate the horizontal, along-isopycnal flux of nitrate over the continental shelf of the

Southern California Bight due to internal waves of tidal frequency (the internal tide).

The magnitude of the internal tide flux was capable of supporting, on average, all the

‘new’ primary productivity found there. Moreover, we showed that the along-isopycnal,

internal tide-driven flux is quite variable in time, potentially accounting for 0-1800 mg

C m−2 d−1 (mean ∼450 mg C m−2 d−1) of new productivity (NP), depending on the

strength of the internal tide and the nitrate climate. The cross-shelf dissipation of high-

frequency internal waves was also capable of driving a significant vertical, diapycnal

flux of nitrate into the euphotic zone (∼35 mg N m−2d−1, NP = ∼135 mg C m−2 d−1).

On occasion, the complementary modes of along and across isopycnal nitrate flux re-

laxed the nitrate limitation on the inner shelf phytoplankton community, leading to a

rapid increase in phytoplankton concentration. At other times, weak internal wave forc-

ing, in combination with anomalously warm, low-nitrate waters over the shelf, had the

potential to shut off the supply of nitrate to the shelf. Based on the evidence presented

13
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here, we expect that the combination of horizontal, internal tide-driven nitrate flux and

vertical, high-frequency internal wave-driven nitrate flux are the sources of the persis-

tently elevated narrow band of increased chlorophyll concentrations over the Southern

California Bight shelf, apparent in satellite images and in situ data.

2.2 Introduction

In nutrient-limited oceanic environments, the rate of nutrient supply—mediated

by physical processes—influences the rate of phytoplankton productivity. Nutrient sup-

ply to the euphotic zone can be separated into two categories: 1) advective, along-

isopycnal fluxes and 2) mixing-driven, diapycnal fluxes. Along-isopycnal length scales

in the ocean are typically 2 or 3 orders of magnitude greater than diapycnal length scales.

Correspondingly, advective nutrient supply (e.g. from wind-forced upwelling) is typi-

cally stronger than mixing-driven (and ultimately turbulent) diapycnal nutrient supply,

such as that from tidal mixing or breaking, nonlinear internal waves.

Internal waves of tidal frequency (the internal tide, IT) are often more energetic

than internal waves at other frequencies, and mixing due to the dissipation of IT en-

ergy has been invoked as a significant driver of nutrient flux in a number of settings

(Sharples et al. 2001, 2007, MacIntyre et al. 2001, Leichter et al. 2003, among oth-

ers). The IT loses energy by nonlinear steepening and scattering into higher vertical

and horizontal wave numbers, shedding high-frequency nonlinear internal waves, and

eventually to irreversible mixing (Inall et al. 2000, Helfrich and Grimshaw 2008, Hel-

frich 2008). Typically, this mixing results in a vertical redistribution of mass and scalar

properties. The view of IT dissipation as a vertical, diapycnal process naturally gave

rise to corresponding effort to quantify the resulting vertical diapycnal flux of nutrients.

Nevertheless, along-isopycnal fluxes of scalar quantities can occur in the absence of

mixing, given a horizontal gradient in the uptake of the scalar. Therefore, more com-

pletely, the nutrient flux due to the internal tide consists of a diapycnal component due

to mixing and an along-isopycnal component due to advection. The purpose of this

study is to examine the relative impacts of along-isopycnal and diapycnal nitrate flux

on phytoplankton productivity over the steep, narrow continental shelf of the Southern
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California Bight (SCB). The SSCB is an ideal laboratory to study internal wave-induced

fluxes—local wind forcing is weak and uncorrelated with subinertial currents (Winant

and Olson 1976, Winant and Dorman 1997, Pringle and Riser 2003) and continental

run-off is largely absent during the stratified and productive summer months (Eppley

1992). The internal tide and high-frequency internal waves are very energetic (Lerczak

2000, Lerczak et al. 2003) and have been implicated in the nutrient budget of the SCB

by previous studies (Cooper 1947, Armstrong and LaFond 1966, Cullen et al. 1983).

2.2.1 Nutrient flux in internal-wave forced systems

A key distinction exists between horizontal and vertical fluxes of nutrients in

internal wave-dominated systems. Typically, horizontal fluxes are not calculated (how-

ever, see McPhee-Shaw et al. 2007), and the diapycnal, vertical flux of nutrients through

the base of the euphotic zone is assumed to control new productivity in the nutrient-

limited surface waters. In many cases, this assumption is correct; however, at coastal

boundaries where horizontal fluxes must go to zero, the resulting flux convergence dic-

tates that nutrients must either build up over the inner shelf, or that a nutrient sink (i.e.

phytoplankton uptake) must be present. Moreover, in regions with sloping isopycnals,

along-isopycnal nutrient flux can bring nutrients into the euphotic zone, leading to in-

creased new productivity in the absence of diapycnal mixing. This is one important

cause of elevated new and total primary productivity within cold-core and mode water

open-ocean eddies, for example (McGillicuddy et al. 2007, although see Ledwell et al.

2008 for a discussion of the role of diapycnal fluxes in those features).

Internal wave-induced fluxes have long been considered vertical mixing phe-

nomena, due, for example, to the breaking of highly nonlinear internal waves or the

interaction of baroclinic currents with the bottom (references above, MacIntyre et al.

1999, McPhee-Shaw and Kunze 2002, Moum et al. 2003). Diapycnal nutrient fluxes

are typically quantified by estimating the intensity of the vertical mixing (as represented

by the vertical coefficient of eddy diffusivity, Kz), estimating the vertical gradient of

nutrients, and calculating the vertical nutrient flux as a product of those two quantities

quantity (in the case of nitrate, N f lux = Kz
∂ [NO−3 ]

∂ z ).

A great deal of effort has focused on estimating the value of Kz in a number



16

of contexts, typically parameterized as the ratio of the dissipation of turbulent kinetic

energy (ε) to stratification (N2), multiplied by a constant mixing efficiency (Osborn

1980). Dissipation is estimated with 1) free-fall microstructure profilers or 2) from the

convergence of energy flux. Free-fall microstructure measurements have the advantage

of excellent vertical resolution, direct measurement of turbulent kinetic energy, and can

be performed in concert with vertical nitrate profiles to provide spatially and temporally

collocated estimates of Kz and the vertical gradient of nitrate (e.g. Sharples et al. 2007).

However, mixing is episodic in space and time, and the temporal and spatial resolution

of microstructure surveys are limited by logistics.

In contrast, a flux convergence approach uses time series of vertically resolved

currents and density to estimate the change of internal wave energy across an array of

moorings. Estimates of dissipation and mixing due to the convergence of energy flux

have the advantage of extending for long periods of time relative to ship-based mi-

crostructure surveys and therefore account for both episodic periods of energetic mixing

and more common quiescent periods. However, the estimate of dissipation calculated

from the convergence of internal wave energy is an average over the domain encom-

passed by the mooring array. Nitrate flux calculated from these area-averaged dissipa-

tion estimates are difficult interpret as the biologically important quantity is actually the

flux of nitrate into the euphotic zone.

Diapycnal nitrate flux acts to support primary productivity when nitrate is a lim-

iting nutrient. The quantity of primary productivity supported by a particular nitrate

flux—measured in grams of carbon per unit space per unit time— is most commonly

calculated via the Redfield ratio, which is the fundamental measure of the quantity of

carbon to nitrogen in phytoplankton. Estimates of nitrate flux and Redfield-scaled pri-

mary productivity from both flux convergence and microstructure survey techniques

suggest that, regardless of the specific limitations of each approach, both appear to pro-

vide reasonable estimates of diapycnal nitrate flux (Sharples et al. 2001, 2007).

Below we describe an approach to directly estimate the horizontal, cross-shelf

flux of nitrate due to the baroclinic internal tide adapted from recently developed meth-

ods to quantify internal wave energy flux (Kunze et al. 2002, Nash et al. 2005). We show

that this horizontal (essentially along-isopycnal) flux of nitrate is capable of supporting
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all of the ‘new’ primary productivity (sensu Dugdale and Goering 1967) over the narrow

continental shelf of the southern portion of the Southern California Bight. In concert

with the along-isopycnal nitrate flux due to the internal tide, significant diapycnal ni-

trate flux is forced by the dissipation of high-frequency internal waves. This diapycnal

flux is alone capable of supporting approximately 25% of the measured primary pro-

ductivity. Concurrent profiles of fluorescence from an autonomous wave-driven profiler

show fluorescence at both the subsurface chlorophyll maximum and in the surface wa-

ters responds to the variable internal tide-driven nitrate flux. We envision that inner shelf

primary productivity in the southern SCB (SSCB) is controlled by the complementary

pathways of along- and across-isopycnal transport ultimately driven by the internal tide.

2.3 Experiment

The Inner Shelf Productivity eXperiment (ISPX) study took place between 1

August 2008 and 24 August 2008 off Mission Beach, CA, and was comprised of three

inter-related field and laboratory approaches: 1) a 24 day mooring deployment of bottom

mounted ADCPs and an autonomous, wave-driven Wirewalker profiler (WW) equipped

with a conductivity, temperature and depth sensor (CTD) and fluorometer; 2) transects

across the continental shelf and slope to profile with a CTD, fluorometer and in situ

ultraviolet spectrophotometric nitrate sensor (ISUS, Johnson and Coletti 2002) and to

collect water at the surface and chlorophyll maximum for laboratory studies; and 3)

laboratory studies, including radioisotope-labeled (14C) primary productivity measure-

ments, stable-isotope (15N) nitrogen uptake experiments, and nutrient and chlorophyll

measurements.

2.3.1 Primary productivity and nitrogen uptake experiments

From a biological perspective, we aimed to investigate the strong across-shore

gradient of surface chlorophyll often apparent in satellite images and in situ measure-

ments (e.g. Eppley et al. 1979, Eppley 1992) and to assess whether those gradients

were associated with increased total primary productivity and increased new produc-

tivity, which would require an enhanced, physically mediated nitrate delivery over the
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inner shelf relative to offshore waters (see Eppley et al. 1979).

We conducted 7 cross-shelf CTD transects between 9-August-2006 and 17-August-

2006. The CTD, a Seabird 19plus, equipped with a Turner Designs fluorometer and Sat-

lantic ISUS v.2, was deployed by hand off a small boat. On three of the seven transects

(11-August-2006, 14-August-2006, 17-August-2006), we sampled water at the surface

and chlorophyll maximum at four stations (see Fig. 2.1 for sample locations).

For each sample, we determined primary productivity via radiotracer 14C-labeled

bicarbonate (HCO−3 ), based on the JGOFS protocol, in 2 hour incubations at 25% and

2% surface irradiance for the surface and chlorophyll maximum, respectively. In addi-

tion, we assessed the uptake of nitrate, ammonium, and urea with 2 hour incubations

at the same light levels (Chapter 3). The relative importance of inorganic (‘new’) and

organic (‘recycled’) sources of nitrogen to phytoplankton communities, the f -ratio, was

calculated as the uptake rate of nitrate divided by the sum of uptake rates for all three

compounds, allowing us to estimate ‘new’ primary productivity.

We vertically integrated the uptake rate of radiotracer-labeled carbon at the sur-

face and chlorophyll maximum to form an estimate of water column productivity (in

units of mg C m−2 d−1) by assuming a euphotic zone depth of 20 m at all stations (con-

sistent with Secchi disc observations), and assuming that the surface value represented

the primary productivity of the surface waters (taken to be 15 m) and the chlorophyll

maximum sample represented the primary productivity of the deeper 5 m of the euphotic

zone. Two hour incubations were extended to 12 h (daylight) estimates, and then mul-

tiplied by a conversion factor of 1.8 (Eppley 1992), to estimate daily total productivity

(for comparison to CalCOFI values). Integrated new productivity was calculated by us-

ing f -ratio measurements to estimate new productivity at the surface and chlorophyll

maximum with subsequent integration as above. The vertically integrated value of pri-

mary productivity suffers from a number of uncertainties—most importantly the lack of

vertical resolution—and care should be taken when comparing these values with other

studies. However, the differences among sampling days, the spatial gradients, and, to a

large extent, the value of integrated primary productivity, are not sensitive to the exact

integration scheme. Therefore we expect that differences among the samples reported

here are real, and thus the spatial and temporal gradients in the measurements represent
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the natural variability of the system. Moreover, the patterns in those quantities are con-

sistent with previously published results in the study area (Eppley et al. 1979, Eppley

and Holm-Hansen 1986, Eppley 1992).

2.3.2 Wirewalker (WW) and ADCP moorings

The ISPX mooring array was designed to provide detailed cross-shore and ver-

tical resolution of currents and density structure over the inner shelf (32 to 7 m, Fig.

2.1). Currents were rotated individually at each mooring, according to local bathymetry

(National Ocean Service Hydrographic Data Base). Rotations were all in the clockwise

sense between 6◦ and 11◦ (6◦, 32 m; 7◦, 22 m; 11◦, 16 m; 9◦, 12 m; 6◦, 7 m).

The WW wave-powered autonomous profiler uses the surface wave field to

power vertical profiling (Rainville and Pinkel 2001). We deployed a WW at 22 m,

in association with an ADCP (Fig. 2.1). The WW sampled the upper 19.5 m of the

water column (relative to the surface). The 3 week WW deployment included 2 sched-

uled turn-around periods; however, unplanned data gaps exist in the final time series.

These gaps were short relative to the semidiurnal time scale and were interpolated using

a low-pass interpolation scheme. This approach does not significantly impact the nature

of the tidal signature in density or estimated nitrate.

The WW was suspended from a float, and always sampled a fixed depth range

relative to the surface, which must be less than the depth range at the mooring at the low-

est tide during the deployment. The bottom-mounted ADCP data were sampled in depth

intervals relative to the bottom (meters above bottom, MAB). In order to provide collo-

cated observations, the WW profiles were shifted from a free-surface frame of reference

to a MAB frame of reference by utilizing the ADCP pressure sensor to ‘de-tide’ the

WW profiles. Finally, by interpolating from the deepest MAB-frame of reference WW

sampling point of each profile to the ADCP-mounted conductivity/temperature sensor

(always < 4 m of interpolation), we produced full depth profiles of temperature, salinity

and density with the same time and depth intervals as the ADCP data.

We did not measure nitrate concentrations directly at the WW mooring. How-

ever, given the strong relationship between nitrate and temperature in the SSCB (Fig.

2.2), we created a reconstructed nitrate time series (N(z, t)) from WW temperature
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profiles by a modified linear fit between nitrate and temperature as determined by the

ISUS/CTD package (n=56 stations, Fig. 2.2). Nitrate was nearly undetectable in bottle

samples (< 0.1 µmol L−1) at any temperature above 14.5 ◦C, and was certainly well-

below the ISUS detection limit at those temperatures, so nitrate concentration was fit to

temperature as:

[
NO−3

]
=

{
0 if T > 14.5◦

αT −b if T < 14.5◦

where α =−4.84 µmol N L−1 ◦C−1 and b = 68.6 µmol N L−1 (n=6030, r2 = 0.95; Fig.

2.2, p < 0.01). The values of α and b compared well with those calculated from the 53-

year record of temperature and nitrate on CalCOFI line 93 (Fig. 2.2). This approach has

been used in the past to estimate nitrate concentration and fluxes in the SCB (McPhee-

Shaw et al. 2007, Todd et al. 2009).

Finally, there was a clear evolution in time in water column fluorescence as mea-

sured by the WW fluorometer that we wish to compare to the putative nitrate flux esti-

mates. In the context of this study, chlorophyll fluorescence is always reported in units

of voltage (the measure of fluorescence) as opposed to chlorophyll concentration. Al-

though the instrument responses were all linear over the chlorophyll ranges we encoun-

tered, the variable and important effect of fluorescence quenching in the upper water

column can only be empirically addressed. As we are more interested in spatial and

temporal gradients than the precise determination of chlorophyll concentration, we rely

on the fact that the instruments all proved to be stable over the course of the exper-

iment, and utilize an empirical fluorescence quenching correction adapted from Todd

et al. (2009). Finally, fluorescence was vertically integrated to give a measure of bulk

phytoplankton concentration for comparison with temporal variability in nitrate flux.

2.4 Spatial and temporal gradients in biological rates

Isopycnals and isopleths of nitrate were tilted across the shelf, shoaling in shal-

low waters of the inner shelf (Fig. 2.3). Vertically integrated primary productivity mea-

surements showed increasing total and new productivity across the shelf, particularly
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over the inner shelf (Fig. 2.4). The 14-August transect from the mid (60 m) to inner

shelf (12 m) indicated that primary productivity in the surface increased four-fold over

a distance of 5 km, and showed that the bulk of the difference in total and new produc-

tivity between offshore and inshore waters occurred over the mid to inner shelf (depths

< 65 m, Fig. 2.4).

Total and new productivity increased between 11-August and 17-August at all

sampling locations, although the offshore to onshore gradient persisted (Fig. 2.4). There

was clearly a shelf-wide increase in nitrate availability during the sampling period (Fig.

2.4). As we show below, the along-isopycnal nitrate flux forced by the internal tide

reached a maximum on 11-August and diapycnal nitrate flux peaked soon thereafter.

2.5 Physical variability over the inner shelf

The unfiltered observations of currents and water column structure at the 22 m

ADCP–WW mooring pair showed strong semidiurnal variability, but also indicated that

there was biologically relevant variability at a number of other frequencies (Fig. 2.5,

Chapter 3). Nevertheless, spectral analysis (Fig. 2.6) and empirical orthogonal function

analysis (Chapter 4) demonstrated that: 1) the energy in semidiurnal-band variability

of currents is greater than that at any frequency observable given the duration of the

experiment and 2) the coherent semidiurnal variability dominated inner shelf physical

forcing during the experimental period.

2.6 Internal tide energy flux

The cross-shore energy flux of the semidiurnal internal tide (FE =
〈
u′ p′

〉
φ

) was

calculated following Nash et al. (2005). Semidiurnal velocity variability from the 22 m

ADCP and semidiurnal density variability from the WW were extracted using a band-

pass filter between frequencies of 1/11 cycles h−1 and 1/14.5 cycles h−1 (Lerczak et al.

2003). Least-squares harmonic analysis (e.g. Nash et al. 2005) is not appropriate for

extracting the baroclinic tidal variability in the SSCB, as previous studies showed that

the phase of the baroclinic tide is not constant (Winant and Bratkovich 1981, Lerczak et
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al. 2003).

Pressure perturbation was calculated by vertically integrating the semidiurnal

band-passed density perturbation profiles from the WW at each time step and assuming

that the waves were hydrostatic:

p′(z, t) = psur f (t)+
∫ 0

−H
ρ
′(ẑ, t)gdẑ (2.1)

where ρ ′(z, t) = ρ(z, t)− ρ̄(z), and ρ̄(z) was the time-mean vertical density profile, and

the integration was over the dummy variable ẑ . The surface pressure was calculated by

requiring that the pressure perturbation be baroclinic (i.e.
〈

p′(z, t)
〉

H= 0).

Velocity perturbation was calculated in a similar fashion. The velocity perturba-

tion is :

u′(z, t) = u(z, t)− ū(z)−uo(t) (2.2)

where ū(z) was the time-mean vertical profile of velocity, and the time-dependent

barotropic velocity uo(t) was calculated by requiring the velocity perturbation to be

baroclinic (i.e.
〈
u′(z, t)

〉
H= 0).

The mean vertical profiles ρ̄(z) and ū(z) must represent the water column in

the absence of internal waves, which required that the averages be formed over many

internal wave periods. However, the contribution of slowly evolving water column vari-

ability must be separated from the internal wave-forced variability. In the case of our

data, subtidal changes to the water column were apparent throughout the three-week

deployment, and ρ̄(z) and ū(z) were therefore calculated over eight M2 (12.42 h) peri-

ods, which assured that the contribution of low-frequency variability to the perturbation

quantities was minimized.

The perturbation quantities (u′, p′) reflected the variability in the strength of the

internal tide over the length of the deployment, as well as the changes in water column

structure (Fig. 2.7). The products of the perturbation quantities (u′p′) showed that

changes in water column structure and the strength of the internal tide impacted both

the magnitude of the energy fluxes and its vertical structure (Fig. 2.7). However, u′p′

must be averaged over an integral number of semidiurnal periods to determine the net

flux over a tidal period.
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Semidiurnal internal tide energy flux was onshore over the entire course of the

experiment. The vertically integrated, time mean energy flux (E f lux) was 2.5 W m−1.

The vertical structure of E f lux was surface and bottom intensified (Fig. 2.8), due to the

dominantly mode-one structure of the internal tide in the SSCB (Lerczak et al. 2003).

Single tidal period (M2) averages of the vertically integrated energy flux were variable in

time, peaking between 11-August and 12-August with a value of > 8 W m−1 (Fig. 2.8).

Although the time series was too short to assess the relationship between spring/neap

variability in the barotropic tide and the strength of internal tidal energy flux, the max-

imum energy flux occurred roughly two tidal periods after the spring tide. The energy

flux estimates were similar to those calculated for the inner shelf of Oregon during peri-

ods of relaxation from upwelling (2-9 W m−1, Torgrimson and Hickey 1979, Moum et

al. 2007).

2.7 Internal tide nitrate flux

Given the predominance of semidiurnal band current variability and the onshore

flux of internal tide energy over the SSCB continental shelf, we wish to analyze the in-

ternal tide-driven nitrate flux utilizing the spatially and temporally well-resolved records

of temperature and current variability from the 22 m WW–ADCP pair.

The conservation of nitrate in three dimensions can be written as:

∂ N̄
∂ t

+∇ · ū N̄ =−∇ ·
〈

u′N′
〉

φ

+Q+− Q− (2.3)

where u = ū− u′ and N = N̄−N′ are the Reynolds decompositions of velocity (m

s−1) and nitrate concentration (µmol L−1) into time mean and fluctuating components

(perturbations) and Q+ and Q− are nitrate source and sink terms. Bold indicates that

velocity and nitrate are assumed to be functions of x,y,z, and time. Both the overbar

averaging and bracket averaging (〈. . .〉φ ) denote time means over φ integral number of

wave periods (φ »1). In the case of the semidiurnal internal tide, these averages were

calculated over an integral number of M2 tidal periods. Equation (2.3) is equivalent to

the classic advection-diffusion equation, where the second term on the left-hand side of

equation (2.3) is the advective term, and the first term on the right-hand side of equation
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(2.3) is the diffusive or Reynolds flux term.

The Reynolds flux term is often estimated as the product of the velocity per-

turbation (u′) and a length scale (L′) acting on the large scale gradient in the quantity

of interest. That is, the nitrate perturbation, written in one dimension (vertically) for

simplicity, is estimated as:

N′ = L′
∂ N̄
∂ z

(2.4)

The Reynolds flux term becomes:

〈
w′N′

〉
=
〈

w′L′
〉

∂ N̄
∂ z

(2.5)

where w is the vertical component of velocity u and the quantity
〈
w′N′

〉
is the (ver-

tical) coefficient of eddy diffusivity, typically written as Kz. This scaling is typically

employed when assessing fluxes due to turbulent fluctuations because the perturbation

quantities (e.g. N′) are very difficult to directly observe. However, in the case of horizon-

tal fluxes forced by relatively low-frequency and long wavelength phenomena, such as

the semidiurnal internal tide, we can estimate the perturbation quantities and Reynolds

flux directly.

We simplified equation (2.3) by assuming that there was no alongshore variabil-

ity ( ∂

∂y = 0), that nitrate concentration was at steady-state (∂ N̄
∂ t = 0), and by ignoring

the source term Q+ , thereby assuming nitrification over the inner shelf was small. The

mean velocity, ū , is zero in a uniform wave field of a single frequency, which dictated

that the advective term ∇ · ū N̄ = 0.

Written in component form, equation (2.5) becomes:

−
[

∂

∂x

〈
u′N′

〉
φ

+
∂

∂ z

〈
w′N′

〉
φ

]
= Q− (2.6)

In the internal tide, the ratio of vertical to horizontal velocities (wu−1) is typi-

cally < 0.01, and, although the poor vertical velocity resolution of ADCP measurements

precludes the calculation of
〈
w′N′

〉
φ

directly, we assumed the horizontal fluxes to be

much larger than the vertical fluxes for the internal tide.
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As in equation (2.6), the cross-shelf flux of nitrate was calculated as Fnitrate =〈
u′N′

〉
φ

. Velocity perturbation time-series were calculated as above. The reconstructed

nitrate time series N(z, t) was band-passed around the semidiurnal frequency as above,

and decomposed into vertical time mean and fluctuating components according to:

N′(z, t) = N(z, t)− N̄(z) (2.7)

There is no requirement that N′ be baroclinic, as nitrate concentration is not a

dynamical quantity. It should be noted, however, that requiring baroclinicity in N′ will

not change the vertically integrated nitrate flux (Kunze et al. 2002).

The perturbation quantity u′N′ reflected the variability in the strength of the in-

ternal tide over the length of the deployment, as well as the changes in water column

structure and nitrate availability (Fig. 2.7). The vertically integrated, time mean cross-

shelf nitrate flux (N f lux) was 160 g N m−1d−1. The vertical structure of N f lux was

strongest near-bottom, and reversed sign (indicating an offshore flux) at approximately

the average depth of pycnocline, and was zero at the surface (Fig. 2.8). Single tidal

period (M2) averages of N f lux were variable in time, ranged over two orders of magni-

tude, from 0 to 680 g N m−1d−1, and showed coherence with the internal tide energy

flux (Fig 2.8). The timing of the maximum nitrate flux preceded the maximum internal

tidal energy flux by approximately one tidal period, although the increase and decrease

of nitrate flux closely tracked the internal tide energy flux.

The cross-shelf nitrate flux driven by the internal tide was onshore. We calcu-

lated the equivalent vertical nitrate flux necessary to balance the onshore, cross-shelf

flux as a scaling between the vertical length scale of the cross-shelf flux and the hor-

izontal length scale of the resulting vertical flux. The ratio of those length scales, H

L−1, was 0.01, where H (the depth of the water column) was 20 m and L (the distance

from the WW mooring to the shoreline) was 2000 m for the particular geometry of the

shelf in the experimental area. Therefore, in order to facilitate comparison with the

vertical nitrate fluxes estimated from the dissipation of high-frequency kinetic energy

presented below, and with those values reported for other areas in the literature, we have

scaled the average cross-shelf nitrate flux into an effective vertical flux by multiplying

the cross-shelf flux estimates by 0.01.
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Using the Redfield ratio to convert between nitrogen and carbon, and using the

horizontal to vertical scaling above, the time-averaged cross-shelf nitrate flux was ca-

pable of supporting 455 mg C m−2 d−1 of new productivity over the inner shelf over

the course of the 3-week experiment. This would account for approximately one half of

the estimated total productivity reported in previous studies over the SSCB inner shelf

(Eppley and Holm-Hansen 1986, Eppley 1992), and CalCOFI primary productivity data

at the closest station (Table 2.1). Single tidal period averages of nitrate flux, when con-

verted to potential new productivity as before, ranged from 0 to 1800 mg C m−2 d−1

(Fig. 2.8). CalCOFI total primary productivity averaged 833 mg C m−2 d−1 for ob-

servations at the nearest station (line 93.3, station 26.7, 63 m depth) in July and August

(n=16, Table 2.1), so single tidal period values either represented an over-estimate of the

actual nitrate flux, or, during active periods of the semidiurnal internal tide, the cross-

shelf nitrate flux induced an increase in phytoplankton productivity and phytoplankton

concentration.

The vertical structure of the time-mean nitrate flux was strongly onshore below

the time-mean position of the nitricline (Fig. 2.8). However, above the nitricline, the

time-mean flux was weakly negative (offshore). Although the use of temperature as

a proxy for nitrate confounds the interpretation of this feature, it is possible that the

internal tide acts to redistribute inner shelf nitrate offshore at or above the pycnocline,

perhaps in a manner similar to the formation and transport of intermediate nepheloid

layers due to internal wave activity (McPhee-Shaw and Kunze 2002, McPhee-Shaw et

al. 2004).

2.8 High-frequency internal waves

The internal tide delivered an onshore flux of nitrate, which must be re-distrubted

vertically to account for the elevated new productivity measured over the inner shelf

(Fig. 2.4). High-frequency internal waves (HFIWs, periods of∼30 min to the buoyancy

period (∼ 3 min) are commonly observed in the SSCB, and are thought to be the sink

by which the internal tide transfers its energy to dissipative scales (Inall et al. 2000, Ler-

czak 2000, Helfrich and Grimshaw 2008). Moreover, packets of high-frequency waves
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propagate coherently across the shelf, losing energy to dissipation in the shallow water

of the inner shelf (Lerczak 2000, Moum et al. . 2003). If we assume that the variability

in baroclinic currents between 30 min and 3 min (the average buoyancy period) was

due primarily to high-frequency internal waves (Lerczak 2000), we can estimate the

cross-shore convergence of high-frequency internal wave kinetic energy by constructing

power spectral density estimates of kinetic energy at each ADCP mooring, integrating

those spectra vertically and over the frequency band of interest, and finally assessing the

degree to which kinetic energy is lost across the array.

We estimated the kinetic energy (KE) in the high-frequency band (defined as the

frequency span of 0.5 cycles hr−1 to the buoyancy frequency (0.33 cycles min−1)) at

each mooring individually. Kinetic energy spectra were calculated as:

KEspec =
H
2

ρ̄

[〈
u(σ)2〉,〈v(σ)2〉,〈w(σ)2〉]

∆σ
−1 (2.8)

where H is the depth range over which the ADCP samples, ρ̄ is the average density

over the course of the deployment (taken to be 1024 kg m−3) and ∆σ−1 is the frequency

band-width of the spectral calculation (Lerczak 2000). The sum of the frequency- and

vertically integrated KE spectra of the individual components of velocity form an esti-

mate of the total kinetic energy (tKE) at each mooring:

tKE = ∑
u,v,w

∫ H1

H2

∫
σb

σb

KE(u,v,w)dσdz (2.9)

where H1 and H2 are the shallowest and deepest ADCP bins, respectively, and σa and

σb are 0.33 cycles min−1 and 0.0083 cycles min−1, respectively. We formed running

estimates of KE by calculating KE spectra from a sliding 24h window, forming tKE

estimates every 6 h as above (dof = 8).

Although our estimates of tKE included error inherent in the ADCP measure-

ments and suffered from the short-comings implicit in spectral analysis, we made an

order-of-magnitude estimate of the dissipation rate required to balance the flux conver-

gence of tKE between instruments across the shelf (Lerczak 2000). That is,

ε =

( 1
H1

KE1cg1− ( 1
H2

KE2cg2

)
H1
2 ∆x2−1

(2.10)
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where H(1,2) is the water depth and cg(1,2) is the group velocity at the 32 m and 7 m

mooring, respectively, and the dominator is the area over which the estimates of tKE

were made.

The estimated dissipation rate (ε) is subject to the assumptions that all of the tKE

lost across the shelf is lost to dissipative processes, and that we can use phase speed (cp)

in place of group velocity (cg) (at the frequencies of interest, Lerczak (2000) showed

cp ≈ cg). We calculated cp based on the coherence of vertical velocity fluctuations

across the shelf (which compares well to the theoretical linear formulation of phase

speed, Lerczak 2000) as cp1 = 27.5 cm s−1 at 32 m, cp1 = 8 cm s−1 at 7 m.

Finally, we estimated the vertical eddy diffusivity (Kz) and the vertical nitrate

flux based on measurements of buoyancy frequency profiles from the WW profilers,

and a temperature/nitrate relationship derived from the cross-shore CTD/ISUS transects

as above. Kz was estimated the usual way (e.g. Kz = Γ
ε

N2 where Γ = 0.2, Osborn 1980).

Nitrate flux was calculated as N f lux = Kz
∂ [NO−3 ]

∂ z , where nitrate gradients were estimated

as the vertically-averaged nitrate gradient from the reconstructed nitrate field.

2.8.1 High-frequency internal wave-driven nitrate flux

Time series of mid-water column vertical velocities at the five ADCP moorings

indicated that packets of high-frequency internal waves arrived twice daily and propa-

gated coherently across the shelf, losing kinetic energy in the shallow water of the inner

shelf (Fig. 2.9). Although there was a broad shoulder of elevated KE energy in all ve-

locity components between periods of 1 hour and 3 minutes, vertical velocity was most

strongly modulated by the passage of high-frequency internal waves (Fig. 2.9). This

vertical velocity variability was associated with isopycnal displacement forced by the

passage of packets of internal waves, where peak-to-trough displacement exceeded 5 m

on timescales of minutes. The maximum energies in the vertical velocity spectra were

at frequencies 0.1 cycles min−1 (Fig. 2.9). KE of all components of velocity decreased

from offshore to onshore, consistent with the interpretation that the high-frequency in-

ternal waves lose energy as they moved across the shelf. Depth-averaged and individual

bin kinetic energy estimates (not shown) also decreased from offshore to onshore, pro-

viding a more conservative demonstration that velocity variance decreases across the
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shelf in the high-frequency bands.

The running estimate of tKE demonstrated that tKE decreased across the shelf,

with minimum values at the 7 m ADCP. tKE varied 3-fold at the 32 m ADCP, from a

minimum of 5 N m−1 to a maximum of > 16 N m−1. The time variability in the tKE

was correlated among instruments and the correlation decreased with distance between

instruments. Time variability in the shallowest ADCP was similar in percentage terms

to the outermost ADCP, although the total magnitude of tKE was much smaller. The

running estimates of tKE peaked at the outer moorings between 9-Aug and 13-Aug,

and were again elevated above the mean value between 15-Aug and 18-Aug. These

periods were characterized by energetic internal tides, as would be expected if the high-

frequency internal waves were ultimately driven by the internal tide (Fig. 2.8, Fig. 2.9,

Fig. 2.10).

Estimates of dissipation and vertical eddy diffusivity calculated from the con-

vergence of kinetic energy flux ranged between 0.75-1.5 x 10−7 W kg−1 and 1.8-3.5 x

10−5 m2 s−1, respectively (Fig. 2.10). Dissipation peaked at the same time as both the

high-frequency kinetic energy and the internal tidal energy flux. The values and ranges

of dissipation and vertical eddy diffusivity were similar to those previously calculated

for the SSCB (Lerczak 2000) and in other shelf-seas around the world (Largier 1994,

MacKinnon and Gregg 2003, Sharples et al. 2001, 2007).

Vertical nitrate flux forced by the dissipation of high-frequency internal waves

followed a similar time course to the cross-shelf nitrate flux calculated for the semidi-

urnal tide (Fig. 2.8, Fig. 2.10). However, the magnitude of the vertical nitrate flux due

to high-frequency internal wave dissipation was approximately a factor of five less than

the scaled vertical nitrate flux due to the semidiurnal tide. Taken alone, the time-mean

vertical nitrate flux accounted for a Redfield-scaled new productivity of 137 mg C m2

d−1 over the course of the deployment, ranging from zero to 274 mg C m2 d−1. The

HFIW-forced vertical nitrate flux peaked around 10-August (slightly before the peak in-

ternal tide-forced cross-shelf flux) and then again near the end of the experiment (Fig.

2.10).
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2.9 Temporal variability in nitrate flux, chlorophyll flu-

orescence and primary productivity

We used vertically integrated fluorescence from the WW mooring as a bulk mea-

sure of phytoplankton concentration. Particulate carbon analysis from water samples

confirmed that the subsurface chlorophyll maximum was also a biomass maximum, and

the changes in fluorescence represented actual changes in phytoplankton biomass over

the course of the experiment (Chapter 3). The time course of vertically integrated flu-

orescence also reflected a subsurface bloom of diatoms after 17-August-2006 (Chapter

3). Phytoplankton concentrations showed two peaks over the course of the ISPX ex-

periment, the first subsequent to the peak of the along-isopycnal internal tide-driven

nitrate flux (period I, panel b, Fig. 2.10), and the second during the final week of the

deployment, when HFIW-forced nitrate flux was at a maximum (period II, panel c, Fig.

2.10).

The estimates of IT and HFIW forced nitrate flux were variable by approxi-

mately an order of magnitude over the course of the ISPX experiment. The variability

was due to a combination of changes in the energy of the semidiurnal and HFIW fields,

the strength of stratification, and both the vertically integrated nitrate concentration and

the vertical gradient of nitrate concentration. Although care was taken to remove the

contribution of large-scale, low-frequency changes to the depth of the nitricline in the

calculation of the cross-shelf IT flux of nitrate, the vertical HFIW flux contained a sig-

nificant contribution of that variability. This can be best seen in Fig. 2.10 during the

final week of the deployment. Although HFIW energy peaked between 10-August and

11-August (coincident with the strongest IT activity, energy and nitrate flux, Fig. 2.8,

Fig. 2.9), HFIW nitrate flux values were similar during the final days of the experiment

to the flux calculated at the peak of HFIW kinetic energy. This was due to weakened

stratification in the final week and consequently a smaller N2 in the denominator of the

eddy diffusivity calculation (Fig. 2.10). It is therefore difficult to separate changes in

the vertically integrated fluorescence content of the water column due to variability in

the IT and HFIW forced flux and changes in background stratification and the vertical

gradient in nitrate concentrations.
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The three surveys of primary productivity corresponded with the peak along-

isopycnal and diapycnal internal-wave mediated nutrient flux (Fig. 2.8, Fig. 2.10).

Changes among the days are consistent with the conclusions we have drawn from the

mooring-based flux calculations. Our observations show an intense, stable gradient in

total productivity between the outer and inner shelf (Fig. 2.4) (average gradient of 0.10

mg C m−3 d−1 between mid-shelf and the innermost sampling location). These ob-

servations suggest that, while a cross-shelf gradient of primary productivity and phyto-

plankton biomass is an emergent feature in this system, both primary productivity and

phytoplankton concentrations over the shelf will be responsive to the temporal variabil-

ity of the IT and HFIW mediated flux. For example, in as much as the internal tide

shows evidence of spring/neap variability consistent with the barotropic tide, we would

expect a spring/neap signal in primary productivity (e.g. Sharples 2008).

2.10 The hose and the sprinkler: internal wave medi-

ated nitrate flux

Over the SSCB inner shelf, isopycnal tilt (Fig. 2.3), horizontal flux convergence

(Fig. 2.8), and diapycnal mixing (Fig. 2.10) contributed to enhanced inner shelf produc-

tivity. The strong gradient in near-surface new productivity implies enhanced surface

nitrate supply inshore, and, since measureable deviations from the temperature nitrate

relationship were not observed over the inner shelf, the onshore transport of nitrate due

to the IT must be partly balanced by vertical, diapycnal flux to the surface waters and

subsequent phytoplanktonic uptake.

In the absence of mixing, advective fluxes are reversible. We band-passed fil-

tered the velocity, pressure and nitrate time series around the semidiurnal frequency, a

necessary step in order to estimate a net flux (Nash et al. 2005). This approach, however,

had the drawback of excluding the higher harmonics of the tide, which were apparent

in Fig. 2.9. These higher harmonics were likely the result of nonlinearity—and that

nonlinearity ultimately must drive mixing (e.g. Moum 2003). For example, the mean

internal tide energy flux over the course of the experiment was 2.5 W m−1, implying an

areal mean dissipation of 1.25 x 10−7 W kg−1. We do not have any information on how
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or where this energy was lost, although we expect that bottom boundary layer processes

are important. The nitracline intersected the bottom in the inner shelf over the course

of the ISPX experiment. Thus we hypothesize that mixing associated with the loss of

internal tide energy in the bottom boundary layer was an important mechanism by which

the along isopycnal flux of nitrate was redistributed vertically.

In addition to bottom boundary layer processes directly driven by the internal

tide, the HFIW-forced dissipation provided another source of energy to mix nitrate to

the surface from the constantly renovated sub-nitricline waters. Thus, the total nitrate

available for phytoplankton consumption over the inner shelf was a product of horizontal

and vertical fluxes at a number of different frequencies. The artificial separation between

HFIWs and IT fluxes, required to make these estimates tractable, implies that the total

nitrate flux is not simply a linear combination of the estimates presented here.

We therefore hypothesize that internal wave-driven nitrate flux to the inner shelf

of the SSCB is composed of two complementary pathways: 1) horizontal (along-isopycnal)

nitrate flux due to the internal tide and 2) vertical (diapycnal) nitrate flux driven by in

part by mixing due to the dissipation of high-frequency internal waves and in part by

mixing directly associated with the internal tide. While the along-isopycnal internal

tide nitrate flux was significantly larger than the HFIW mixing-driven diapycnal flux,

either mechanism can independently enhance vertically integrated primary productivity

independently, given the persistently sloped isopycnals across the shelf (Fig. 2.3). For

example, along-isopycnal transport can enhance productivity at the chlorophyll maxi-

mum if the inner shelf chlorophyll maximum is co-limited by light and nitrate, as is

the case in the SSCB inner shelf (Cullen et al. 1983, Eppley and Holm-Hansen 1986,

Eppley 1992). Mixing and diapycnal nitrate flux due to HFIW dissipation across the

nutricline can enhance surface primary productivity in the absence of along-isopycnal

flux, although, without renovation, sub-nutricline waters would eventually be depleted

of nitrate as the water column mixed. Nevertheless, we expect that, given the dynam-

ical connection between the internal tide and HFIWs, these mechanisms are rarely or

never acting independently, and instead act together to both provide a pool of nitrate to

the inner shelf (IT-forced horizontal flux) and to mix that nitrate to the surface waters

(HFIW-forced diapycnal nutrient flux, Fig. 2.10).
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The cross-shelf flux of nitrate forced by the internal tide is alone capable of

supporting all of the new productivity over the SSCB shelf during the stratified, summer

months. Moreover, based on the time course of single tidal-period estimates, cross-

shelf nitrate flux forced by the semidiurnal internal tide can relieve the nitrate limitation

of coastal phytoplankton populations, leading to increased phytoplankton concentration

over the inner shelf (Fig. 2.8, Fig. 2.10).

Further studies, with a more extensive cross-shelf array of current and density

profilers, would be required to satisfactorily separate the relative contributions of IT and

HFIW fields. Moreover, profilers capable of direct measurement of the nitrate field with

sufficient resolution, in combination high resolution estimates of the deviations of the

nitrate-temperature relationship across the shelf, are needed to more accurately estimate

the nitrate flux due to both the IT and HFIW fields.

2.11 Errors associated with the Reynolds method of cal-

culating nitrate flux

The method used here is a simple and powerful way of estimating fluxes of ni-

trate due to the internal tide. However, there are several caveats, and care is required

when calculating nitrate flux to avoid spurious results. The nitrate and energy flux es-

timates are only meaningful if the bracket averaged quantity (
〈
. . .
〉

φ
) is calculated over

an integral number of wave periods, which requires that the wave field in question be

dominated by a single frequency (Nash et al. 2005). The internal tide is perhaps one

of the simplest candidates for this approach– in the SSCB, the signal is energetic and

has a limited bandwidth, so that it can be effectively extracted by band-pass filtering.

Conversely, the Reynolds flux approach is difficult to implement for the high-frequency

internal wave band, because the bandwidth of the waves is broad (Fig. 2.9), complicat-

ing the separation into mean and perturbation quantities. It is for this reason that we do

not calculate
〈
w′N′

〉
to estimate the vertical nitrate flux due to HFIWs directly.

Nash et al. (2005) give methods for assessing the error in energy flux estimates

given incomplete sampling in time or space. The largest error in our energy flux estimate

is the incomplete sampling of the near-surface with the ADCP. Measurements within
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∼2 m of the surface are always biased in ADCP measurements, typically because of

pulse reflection from the surface and contamination by surface wave-induced velocities.

Mode-1 internal waves are surface and bottom intensified, so direct measurements of

near-surface velocities is important for accurate energy flux estimates. The bias inherent

in energy flux estimates due to surface contamination of ADCP data is exacerbated in

shallow depths, and care must be taken to assess the potential contribution of errors due

to incomplete sampling in the estimates of flux.

We expect that incomplete sampling near the surface in our analysis produced

an error that is approximately 15%, given the dominance of the M2 variability found

in the SSCB internal wave field. This bias is likely to be lower than the true value, so

that we expect to be underestimating the energy flux based on the experimental design

employed in ISPX (see Nash et al. 2005).

Estimating nitrate concentrations based on temperature is an imperfect method.

On time scales that are short relative to the capability of phytoplankton to take up nu-

trients (< several hours), the temperature/nitrate relationship is unstable, and nitrate

concentrations will be higher than the canonical value on an isotherm in a region of

flux convergence. On time scales similar to those of phytoplankton uptake (∼ several

hours), a light-saturated but nutrient-limited phytoplankton assemblage will consume

available nitrate at a rate proportional to both the phytoplankton concentration and the

phytoplanktonic capacity to up-regulate nitrate uptake. This leads to a negative bias rel-

ative to the canonical nitrate/temperature relationship. Finally, at time scales where the

phytoplankton population is at steady state, the consumption of nitrate is balanced by its

supply and the temperature/nitrate relationship is steady.

We expect that, given the multitude of observations that verify the long-term

stability of the nitrate/temperature relationship in the SSCB, temperature provided an

excellent proxy for nitrate when calculating the flux over the entire duration of the exper-

iment. Single M2 tidal averages, however, would likely include error due to deviations

from the nitrate/temperature relationship. We expect our estimates to be conservative

because a fractional sink inshore (in the direction of the flux) relative to that offshore

would make the true tidal-averaged flux higher than estimates based on a strictly conser-

vative temperature/nitrate relationship (McPhee-Shaw et al. 2007). Given that the linear
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fit between temperature and nitrate accounts for approximately 95% of the variability in

the nitrate observations, we expect the total error of the cross-shelf flux estimates to be

somewhat larger than 15%, likely biased lower than the true value in the case of single

tidal average estimates.

2.12 Conclusions

We have used a novel application of Reynolds flux calculations to estimate the

cross-shelf nitrate flux due to the semidiurnal internal tide. These estimates provided

reasonable values for the nitrate flux based on our observations of primary productivity

and new productivity over the inner shelf, and based on 20 years of CalCOFI data at

a nearby station. In concert with this horizontal nitrate flux, the dissipation of high-

frequency internal wave energy across the shelf drives a vertical, diapycnal nitrate flux

capable of supporting significant primary productivity. Both the HFIW and the IT-forced

flux varied by factor of 5 or more in time. There were periods when the nitrate flux to

the inner shelf appeared to relax the nitrate limitation of primary productivity, which in

turn lead to increasing phytoplankton concentrations. We expect that the horizontal flux

of nitrate due to the internal tide and the diapycnal flux of nitrate due to the dissipation

of HFIWs are the primary, complementary drivers of the cross-shelf gradients in phyto-

plankton biomass, surface chlorophyll concentrations, new and total productivity in the

SSCB (Eppley 1992, Fig. 2.1, Fig. 2.4). In other continental shelf seas where velocity,

density and nitrate variability is dominated by the internal wave field, most commonly

in narrow and steep continental shelf systems, we expect that this mechanism would

be of first-order importance. In areas with wide shelves, such as the east coast of the

Americas, or areas where wind-forced upwelling or continental run-off are important,

the internal wave nitrate delivery mechanism is likely of secondary importance in gen-

eral, but may be the primary nitrate flux mechanism on occasion, when other forcing is

absent.
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Table 2.1: Vertically integrated primary productivity values from CalCOFI line 93.3
station 26.7 (63 m depth), 1984-2008, for the stratified summer and early fall months.
The primary productivity values here represent estimates offshore of the ISPX inner
shelf mooring array. Based on our estimates of primary productivity gradients and those
made by Eppley (1992), these values may underestimate the climatological mean pri-
mary productivity over the inner shelf of the SSCB.

month mean PP (mg C m2 d−1) σ (PP) maximum PP number of obs
July 889 403 1751 11

August 712 576 1629 5
September 612 302 997 4

October 838 674 2120 6
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Figure 2.2: Upper panel: Nitrate–Temperature relationship from the CTD and ISUS
nitrate sensor for all ISPX CTD profiles (n=56). Gray stars show nitrate and temperature
determined from the bottle samples (n=24). The white line represents a linear fit of
nitrate from the ISUS to temperature CTD temperature (< 14.5 ◦C). The ISUS has poor
low-end detection, and all bottles above 14.5 ◦C had nitrate < 0.1 µmol L−1. Lower
panel: 53 years of temperature and nitrate bottle data from line 93, stations 93.30 and
93.26. (n=8394). Fit was calculated as above. The N–T relationship over the shelf and
from the long-term CalCOFI record are remarkably similar, indicative of the stability of
the N–T relationship.
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experiments. A strong chlorophyll maximum was present in all casts; the chlorophyll
maximum and nitricline were shallower over the inner shelf than offshore. This cross-
shelf shoaling of the nitracline was apparent in all cross-shelf transects (Table 3.1)
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across the continental slope and shelf (c). There was a strong gradient across the shelf
in primary productivity, new productivity and f -ratio, increasing inshore on all sampling
days. The strongest gradient occurs between the outer and inner shelf. On 14-August,
the four stations across the shelf indicated an increase of a factor of 4 in total productiv-
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for all of the inshore increase in total productivity, these observations required enhanced
delivery of inorganic nitrogen over the inner shelf.
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Figure 2.6: Variance-preserving power spectral density estimates of cross-shore (u) and
along-shore (v) velocity from the near-surface and near-bottom, from periods of 3 days
to ten minutes at the 32 m, 12 m and 7 m ADCPs. Inertial ( f ) and M2 frequencies
are shown as vertical dashed lines. The variability in velocity in all panels was most
energetic at the semidiurnal frequency. u velocity variability is larger than v velocity
variability at the semidiurnal frequency. The energy of u velocity variability decreases
across the shelf, particularly at the near-bottom.
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structure of energy flux (a) and nitrate flux (b) averaged over 38 M2 (12.42 h) periods.
Energy flux (a) is surface and bottom intensified, with a mid-column minimum. Ni-
trate flux (b) is negative (offshore) above the mid-column minimum in energy flux, and
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averaged energy (c) and nitrate (d) flux. The increase in energy flux and nitrate flux
are coincident; however, the vertically integrated nitrate flux peaks 2 M2 periods before
the vertically integrated energy flux. Vertically integrated nitrate flux has a secondary
maximum at the end of the experiment.
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Figure 2.9: Panel a: 24 h time series of vertical velocity across the ADCP array (18-
August-2006). Packets of high-frequency internal waves arrived twice daily, and were
observed to propagate coherently across the array, decreasing in magnitude in shallower
waters. Panel b: Vertically integrated kinetic energy spectra of cross-shore (u), along-
shore (v), and vertical velocity (w). The vertical bars on the w panel represent the high-
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Figure 2.10: HFIW dissipation and nitrate flux in the context of vertically integrated
fluorescence. Panel a: Dissipation (ε) and vertical eddy diffusivity (Kz) calculated from
the cross-shore convergence of HFIW kinetic energy. Dissipation is variable over the
course of the experiment by a factor of 4, and peaks on 11-Aug and decreases thereafter.
Kz remains elevated through the final week of the experiment, due to the decreasing
strength of stratification (N2). Panel b: Vertical nitrate flux and vertically integrated
fluorescence. Periods I and II (see text) are shown. Nitrate flux in period I was due to
the largest dissipation of HFIW energy and was coincident with the largest horizontal
flux due to the internal tide 2.8. Nitrate flux in period II was driven by a combination
of weakening stratification and increased nitrate availability. Vertically integrated fluo-
rescence is coherent with the estimates of vertical nitrate flux, indicating an increase in
phytoplankton concentration due to increased nitrate flux.
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Figure 2.11: Schematic of along-isopycnal and diapycnal internal wave fluxes. The in-
ternal tide along-isopycnal nitrate flux over the ISPX experiment is capable of driving
all (or an excess) of the new productivity typical of the inner shelf during stratified peri-
ods. The diapycnal HFIW flux of nitrate is significantly smaller, although still capable
of supporting much of the measured new productivity over the shelf. These estimates
are not independent; HFIW dissipation may act to force a portion of the vertical flux
of IT horizontally-delivered nitrate, along with the effective vertical component of the
along isopycnal flux due to the persistent tilt of the nitracline and mixing in the bottom
boundary layer.



3 The green ribbon: physical control

of phytoplankton productivity and

community structure over a narrow

continental shelf

3.1 Abstract

Chlorophyll concentration, phytoplankton biomass, and total and new primary

productivity increase dramatically toward the coast over the 10 km wide continental

shelf of the southern Southern California Bight. These gradients are accompanied by

changes in phytoplankton community composition: the inner shelf is dominated by di-

atoms and the picoeukarote Ostreococcus. Across the small horizontal scale of the shelf,

large changes in the vertical distribution and flux of nitrate maintain this persistent

narrow band of elevated productivity, driving variability in the vertical distribution of

biomass and the integrated biomass and productivity of the entire shelf. Temporal vari-

ability from hours to days in chlorophyll fluorescence as measured by an autonomous

profiling vehicle demonstrates the capacity of the phytoplankton to respond vigorously

and rapidly to physical variability. The interaction of physical processes at different

temporal and spatial scales is responsible for these biological gradients. These include:

1) vertical shear in the alongshore currents, 2) local wind forcing, 3) the internal tide

and high-frequency internal waves, and 4) remote, large scale forcing. Individual mech-

anisms rarely or never explain the biomass and rate gradients across the shelf alone.
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These results and a re-analysis of historical data suggest new monitoring strategies that

may augment our ability to predict phytoplankton rates, community composition and

biomass.

3.2 Introduction

Continental shelf seas dominate the global oceanic productivity of marine pho-

toautotrophs, and consequently are characterized by large fluxes of carbon to higher

trophic levels and to the sediment (i.e. ‘export production’; Eppley and Peterson 1979,

Behrenfeld and Falkowski 1997, Behrenfeld et al. 2006). The taxonomic composition

of phytoplankton communities is seen as exercising control over export production, in

part because large species (e.g. diatoms) efficiently and rapidly transfer fixed carbon

out of the euphotic zone (e.g. Michaels and Silver 1988, Boyd and Newton 1999, Bury

et al. 2001, Krause et al. 2009). In coastal seas, phytoplankton communities are typi-

cally dominated by these large taxa that are adapted to rapid, large inputs of nutrients

(e.g. Kudela and Dugdale 2000). Thus, the physical processes that dictate the deliv-

ery of nutrients control export production in two ways: 1) by setting the total potential

for new productivity (via the bulk input of limiting nutrients) and 2) by influencing the

community composition of the phytoplankton.

Long-term changes in the physical dynamics of continental shelf regions have

a profound influence on the structure and function of the pelagic ecosystems found

there. The global scale, long-term changes in export productivity are well correlated

with climatic variability (Behrenfeld et al. 2006). However, recent evidence suggests

that changes in primary productivity in some coastal systems are contrary to expecta-

tions based on simple global climate change scenarios, including those within the Cal-

ifornia Current Ecosystem (CCE) (Di Lorenzo et al. 2005, Aksnes and Ohman 2009,

Kahru et al. 2009). In the Southern California Bight (SCB)—the southern, inshore por-

tion of the CCE—the depth of the nitracline and the euphotic zone have decreased since

1980, as the mean chlorophyll concentration (Aksnes and Ohman 2009) and vertically-

integrated net primary productivity (Kahru et al. 2009) have increased, particularly over

the continental shelf. Presently there is no convincing dynamical explanation for the
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observed biological changes, though variability in atmospheric and physical oceano-

graphic processes are expected to be causative agents of such change. For example,

although increasing sea-surface temperatures and increasing stratification would be ex-

pected to suppress nitrate delivery to the euphotic zone of the SCB (Smith and Eppley

1982, Roemmich and McGowan 1995, Di Lorenzo et al. 2005, Kim and Miller 2007),

the opposite has occurred, even in the absence of a strengthening in coastal wind-forced

upwelling and only weak strengthening of wind stress curl over the SCB (Rykaczewski

and Checkley 2008).

The southern SCB (SSCB, south of Santa Monica Bay) ecosystem is an inter-

esting example of a weakly forced system from an atmospheric and oceanographic per-

spective (Eppley and Holm-Hansen 1986). The strong upwelling favorable winds found

north of Point Conception, California and south of Ensenada, Baja California are absent,

and currents and temperature over the continental shelf are poorly correlated with local

winds (Winant and Olsen 1976, Winant and Bratkovich 1981, Pringle and Riser 2003).

Nevertheless, primary productivity, new productivity, and phytoplankton biomass are

found to increase inshore, apparently due to oceanographic and not continental pro-

cesses (Chapter 2, Eppley 1992).

Lucas et al. (submitted, Chapter 2) demonstrated quantitatively that the horizon-

tal and vertical internal wave fields—in particular the internal tide and higher frequency

internal waves—provided ample nitrate flux to support the vertically integrated primary

productivity over the inner shelf. These fluxes were variable in time due to both fluc-

tuations in the strength of the internal tide and to lower-frequency changes in the water

column that impacted the vertical distribution of nitrate concentration and stratification.

Here we use a dataset gathered off Mission Beach, California, in the summer

of 2006, to assess the patterns of phytoplankton community composition, primary pro-

ductivity, and new productivity over the narrow continental shelf of the SSCB in the

context of the physical variability found there. We show that over short horizontal (<

10 km), vertical (< 5 m) and temporal scales (< days), there are major changes in the

phytoplankton community in terms community composition, nitrate uptake and carbon

fixation, and therefore the potential for carbon export. These changes are shown to be

a function of physical variability in the system, and, more specifically, to the interac-
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tion of forcing mechanisms acting on very different spatial and temporal scales, which,

independently, would be unlikely to force the patterns we observed. We discuss these

observations in the context of the observed long-term trends in the SCB, and re-analyze

some long-term records of physical and biological variability in the SSCB. Given the

physical mechanisms and biological variability revealed by the ISPX study, we propose

a simple monitoring strategy to better resolve these processes.

3.3 Methods

The ISPX study was conducted between 1- 22 August 2008 off Mission Beach,

CA. The following measurements were made:

Cross-shelf biological and physical variability: CTD transects and water sampling

A Seabird 19plus CTD was equipped with a Turner Designs fluorometer and

Satlantic ISUS v.2 for nitrate measurements. We conducted 7 cross-shelf CTD transects

between 9-17 August 2006. On non-biological sampling days (9, 10, 15, 16 August),

we occupied 8 stations between the shelf slope and the inner shelf, with approximately

1.5 km between stations, with the exception of the 15 August transect which focused on

the mid- and inner shelf. Profiles were made to 90 m or the bottom, whichever was shal-

lower. Profiles always captured the major vertical gradients in nitrate and chlorophyll.

On three transects (11, 14, 17 August) we acquired water samples at the sur-

face and subsurface chlorophyll maximum (SCM, as determined by the live-wired CTD

system). The 11 and 17 August samples were collected at four stations on a 15 km

transect with bottom depths of 400, 100, 65, and 25 m. The 14 August 5 km transect

was confined to the mid and inner shelf (bottom depths of 65, 50, 25 and 15 m). Secchi

depths were obtained at some stations. Water samples were transferred to two 4L acid-

washed polycarbonate bottles and placed in a dark cooler. Samples were transferred to

the laboratory less than 6 hours after the initial sampling.

Particulate carbon, nitrogen and nutrient analysis

500 ml samples were filtered onto pre-combusted Whatman GF-F filters. Par-

ticulate nitrogen (PN) and particulate carbon (PC) were measured at the SIO analytical
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facility by gas chromatography using standard techniques. Sample water was decanted

into two 40 ml acid-washed Falcon tubes for nutrient analysis and frozen. Nutrient

analyses were performed at the Oceanographic Data Facility (ODF), UCSD-SIO.

Nitrogen uptake experiments

Samples were decanted to 8 500 ml acid-washed polycarbonate bottles to pro-

vide duplicates for the 4 nitrogen treatments. Treatments were spiked with 100 nM
15N-labeled nitrate, urea, ammonia, and guanidine and incubated for 2 hrs in 25% and

2% surface light intensity for the surface and SCM samples, respectively (surface illumi-

nation determined by hand-held PAR sensor). Following 2 h incubations, samples were

filtered onto precombusted Whatman GF-F filters, dried under a laminar flow hood,

packaged in tin, and frozen. Samples were analyzed at the UC Davis stable isotope

facility, using gas chromatography and mass spectrometry, and nitrogen uptake was de-

termined according to the relationship adapted from Dugdale and Wilkerson (1986).

Primary productivity measurements

Samples were decanted into 3 acid-washed 70 ml polycarbonate bottles (du-

plicate PP incubations and a single dark control), and spiked with 5 µCurie HCO−3 .

Samples were incubated for 6 h at 25% or 2% surface light intensity for the surface

and SCM samples, respectively. After the 6 hr incubation, samples were filtered on to

precombusted Whatman GF-F filters. The radioactivity of the filters and filtrate were

determined with a scintillation counter, giving a percent 14C uptake/time. This percent

uptake rate was dark corrected (based on the percent uptake/time in the dark incubation)

and was then multiplied by the total available DIC pool size (a function of the temper-

ature and salinity of the sample, citation) to estimate total carbon uptake per unit time

and volume.

The primary production and nitrogen uptake experiments were incubated at 25%

(surface samples) and 2% (SCM samples) of surface PAR. For both conditions, this

likely represents significantly lower light levels than those experienced in the natural

environment. However, as the samples spent one to two hours in complete darkness

between the time of sampling and the addition of the tracer, these lower light levels were
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used to minimize the potential shock of a sudden return to high light. The ratio between

incubation irradiances for our surface and SCM samples is likely representative of that

in natural conditions. Therefore, while the exact rates themselves may not adequately

reflect the natural environment, the relative trends between samples are robust.

Phytoplankton pigment analyses

One liter of seawater was gently filtered onto a Whatman GF-F filter, which was

placed in a cryogenic vial and stored in liquid nitrogen until HPLC analysis as described

in Goericke and Montoya (1998). For extraction of pigments, the filters were placed in

3 ml acetone, homogenized on ice with mortar and pestle, and allowed to incubate for

2 h (4◦C, in the dark) following the addition of an internal standard (canthaxanthin in

50 µl of acetone). Prior to reverse-phase HPLC analysis, the filter extracts were cen-

trifuged to remove cellular and filter debris. Samples (200 µl) of extract were manually

injected onto a Waters HPLC system equipped with an Alltech Microsorp C-18 column

and a UV-Vis detector (λ=440 nm). A ternary solvent system was employed for pig-

ment separation and HPLC-grade solvents (Fisher) were used to prepare eluents A, B

and C: eluent A (MeOH:0.5 mol L−1 ammonium acetate, 80:20), eluent B (methanol)

and eluent C (acetone). The linear gradient used for pigment separation was (Time in

minutes′ (% eluent A, % eluent B, % eluent C)): 0.0′ (0, 100, 0), 5′ (0, 85, 15), 10.0′ (0,

70, 30), 14′ (0, 20, 80), 16.0′ (0, 20, 80), and 18.0′ (100, 0, 0). The eluent flow rate was

held constant at 1 ml min−1. Eluting peaks were identified by comparing their retention

times with those of pigment standards and algal extracts of known pigment composition.

Pigments were quantified using external standard curves and the UV-Vis detector was

calibrated spectrophotometrically using HPLC-purified pigment standards.

Typical optimization of HPLC data uses the differing ratios of accessory pig-

ments to chlorophyll concentration in a multiple regression to determine the contribution

of each taxonomic group to the total chlorophyll concentration (see Goericke and Mon-

toya 1998). We normalized pigment concentration by the total chlorophyll measured

from the sample to assess the spatial and temporal gradients of relative contribution of

different taxa to the phytoplankton community composition. Although this approach

does not permit a quantitative analysis of the community composition of each sample,

we expect that particular pigments are diagnostic for the presence of phytoplankton taxa,
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e.g. diatoms groups are the primary contributor to fucoxanthin concentration variability,

dinoflagellates dominate the peridinin concentration variability, haptophytes dominate

19′-hexanoyloxyfucoxanthin concentration changes, and Synechococcus sp. dominate

the zeaxanthin concentration changes (confirmed by flow cytometric enumeration of

Synechococcus counts).

Flow cytometry and qPCR enumeration of picoplankton abundance

One milliliter samples of seawater were dispensed to sterile 1.5 ml cryogenic

vials and allowed to fix for 10 min with glutaraldehyde added to a final concentration

of 0.25% v/v from a stock of 25% (Sigma Chemicals) prior to immediate storage in

liquid nitrogen. The samples were analyzed on a Becton Dickson FACSort flow cy-

tometer using techniques described previously (Collier and Palenik 2003, Worden et

al. 2004). Green fluorescent beads (0.9 µm-diameter, Duke Scientific) were added to

a final concentration of 25-30 beads µl−1 as an internal standard. Synechococcus and

picoeukarotes (presumably Ostreococcus spp. were identified by fluorescence charac-

teristics and enumerated from each sample to provide a final estimate of concentration

in cells ml−1.

The abundance of phylogenetically distinct clades of Synechococcus were as-

sessed using quantitative PCR (qPCR) exactly as described in Tai and Palenik (2009).

The four most commonly found clades in this environment, clades I, II, III, and IV, were

enumerated.

Water column structure and variability, fluorescence variability: WireWalker moorings

The WW wave-powered autonomous profiler, (Rainville and Pinkel 2001) was

deployed in 22 m of water in association with an ADCP (Fig. 3.1) and sampled the upper

19.5 m of the water column. Battery changes and some data acquisition problems led

to several data gaps in the final time series. The WW collected 10,301 vertical profiles

with an average upcast velocity of 0.4 m s−1 and a 16 Hz sample rate, resulting in a 2.5

cm vertical sample resolution every 2.5 minutes over a 3-week period.

Wirewalker fluorescence correction



55

Chlorophyll fluorescence is always reported here in units of voltage (the mea-

sure of fluorescence) as opposed to putative chlorophyll concentration. Although the

instruments were all linear over the chlorophyll ranges we encountered, the variable and

important effect of diurnal fluorescence quenching in the upper water column could only

be empirically addressed. As we are more interested in spatial and temporal gradients

than the precise determination of chlorophyll concentration, we relied on the fact that the

instruments all proved to be stable over the course of the experiment, and utilize a fluo-

rescence quenching correction adapted from Todd et al. (2009), based on the covariance

of fluorescence and PAR measurements collected at SIO pier. Corrected fluorescence is

reported below.

Current structure and variability: Acoustic Doppler Current Profiler (ADCP) moorings

Five bottom-mounted ADCPs were deployed in 32, 22, 17, 12 and 7 m depths

(below MLLW) over 24 days, and were configured for 15 s sampling at 3 vertical res-

olutions: 1 m (32 m and 22 m ADCPs), 0.5 m (17 m ADCP) and 0.25 m (12 and 6

m ADCPs) (Fig. 3.1). Currents were rotated according to local bathymetry (National

Ocean Service Hydrographic Data Base). Rotations were all in the clockwise sense

between6◦ and 11◦ (6◦, 30 m; 7◦, 22 m; 11◦, 16 m; 9◦, 12 m; 6◦, 6 m). A right-

hand frame of reference is used, and currents are reported as alongshore (v; positive

∼northward), cross-shore (u; positive ∼eastward) and vertical (positive upwards).

Subinertial currents

To assess the relationship between local winds and subinertial currents during the ∼3

week experimental period, we calculated the lagged cross-correlation between the along-

shore and across-shore components of the SIO Pier wind stress and the three compo-

nents of current velocity at each depth across the shelf for the longest concurrent record

(shared by three instruments, at the 32 m, 22 m and 7 m moorings). Wind stress was

calculated as:

τx,y = CD vx,y|vx,y| (3.1)

where CD is a drag coefficient, taken to be 1 x10−3 (the value of CD does not impact the

correlation calculations). vx,y are the across-shore (x) and alongshore (y) components
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of the wind (m s−1). The absolute value preserves the direction of the wind in the

stress estimate. A right-hand coordinate system was used, where northward (along-

coast) blowing and eastward (onshore) blowing winds are positive. The wind and current

data were decimated to hourly values and filtered with the pl64t low-pass filter (see

Rosenfeld 1983).

3.4 Results

3.4.1 Spatial gradients in biological properties

Persistent gradients in biological properties and rates were observed across the

shelf during the ISPX field program. These gradients were observed both at the sur-

face and at the SCM. Surface extracted chlorophyll, particulate carbon (PC), total and

new productivity and f -ratio all increased as much as 5-fold from offshore to onshore

(Figs. 3.2 and 3.3). These trends were not as pronounced at the SCM. While acces-

sory pigments measured by HPLC analysis in general followed the cross-shelf trends

in chlorophyll (i.e. increasing inshore), chlorophyll-normalized pigment concentration

indicated these cross-shelf gradients in bulk properties were accompanied by gradi-

ents in community structure (Figs. 3.4 and 3.5). In the surface waters, chlorophyll-

normalized HPLC pigments showed an increase in the proportional contribution of di-

atoms and picoeukarotes inshore, with decreasing importance of haptophytes, Syne-

chococcus, and pelagophytes, respectively (Fig. 3.4). At the SCM diatoms (fucoxanthin

concentrations) were proportionally more abundant inshore, while haptophytes (19’-

hexanoyloxyfucoxanthin concentrations) were relatively enhanced offshore.

Synechococcus spp. and picoeukaroyotes (presumably Ostreococcus spp., Wor-

den et al. 2004) in surface waters increased from the shelf break inshore on all sampling

days. Picoeukarote adundance appeared to covary with diatoms and increased in both

number and relative representation in the community between 11 and 17 Aug. Syne-

chococcus clades I and IV increased across the shelf on all sampling days (Fig. 3.6)

and were the numerically dominant. Synechococcus clades. Clades II and III, while

numerically far less abundant, showed trends distinct from total Synechococcus and to-

tal chlorophyll. Clades II and III were most abundant in the warm offshore waters on



57

11-Aug, were was less abundant by 17-Aug as the offshore waters cooled (Fig 3.6c).

3.4.2 Temporal changes in biological properties

Superimposed on the persistent cross-shelf gradients in biological properties

were temporal changes. In particular, there was an increase in extracted chlorophyll, PC

and primary productivity from 11 to 17 August. This increase was particularly promi-

nent at the inshore station at both the surface and SCM (Figs. 3.2 and 3.3). The increase

in chlorophyll and PC between 11 and 17 August was accompanied by a concomitant

increase in diatoms, haptophytes, cyanobacteria and, to a lesser extent, dinoflagellates.

Dinoflagellates in particular were absent on 11 August, but had increased by 17 August

(Figs. 3.4 and 3.5). The integrated cross-shore abundances of both Synechococcus and

picoeukaryotes increased between 11 and 17 August. Diatoms were a relatively con-

stant fraction of the total chlorophyll across the shelf on 11 August, but comprised an

increased fraction by 17 August, particularly at the inner shelf SCM (Fig.3. 5). The frac-

tion of dinoflagellates increased from 11 to 17 August; this increase was most notable

in offshore waters. Picoeukaryotes also comprised a greater proportion of the inner-

shelf phytoplankton community on 17 August in comparison to 11 August (Fig 3.4). In

contrast Synechococcus accounted for proportionately less of the total chlorophyll at all

stations by 17 August (Fig. 3.4). Synechococcus clade II abundance decreased from

11 to 17 August (Fig 3.6c), while clade III decreased from offshore to onshore on 11

August, and was only present at the offshore station on 17 August (Fig 3.6c).

3.4.3 Cross-shelf CTD sections

The cross-shelf CTD sections revealed a persistent tilt of the pycnocline, SCM

and nitracline, shoaling across the shelf from ∼25-30 m depth offshore to as shallow

as 8 m at the inshore station (Fig. 3.7). The across-shelf tilt of these properties var-

ied between 11-17 Aug, but remained in the same sense. In contrast to the temporal

variability of the tilt, the pycnocline, SCM and nitracline shoaled consistently between

11-17 Aug by ∼15 m over both the shelf break and outer shelf (12 and 7 km from shore

respectively).
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3.4.4 The spatial structure and temporal variability of chlorophyll

fluorescence over the inner shelf

The WW data set revealed a great deal of variability from minutes to weeks in

temperature, salinity, and chlorophyll fluorescence. For the purposes of these analyses,

we highlight the low-frequency (days-weeks) variability during the ISPX study. At the

beginning of the experiment, surface waters were anomalously warm, with high salinity

and low chlorophyll characteristic of subtropical waters (Fig. 3.8) (Reid et al. 1956).

After 7-Aug, the temperature and salinity decreased while chlorophyll concentrations in

the surface and SCM increased.

The 13.5◦ C isotherm (shown in white on panel 1 of Fig. 3.9) was taken as the

cut-off below which water always had significant nitrate (>1 µmole l−1, Chapter 2).

Over the 3-week course of the deployment, the mean position of the 13.5◦C isotherm

shoaled from >20 m to 7.5 m, leading to an increase in both the vertically integrated

nitrate and fluorescence concentrations over the inner shelf.

In order to decouple changes in fluorescence intensity at depth from the vertical

displacement of isopycnals due to internal wave motions (Lucas et al. submitted), we

examined chlorophyll fluorescence in an along-isopycnal frame of reference (Fig. 3.9,

panel c). Between 10-August and 13-August, a weak increase in fluorescence occurred

on the 24.5 σt isopycnal (panel 3, Fig. 3.9). In deeper waters fluorescence on the 25.25

σt isopycnal was extremely low prior to 16-Aug. Subsequently, fluorescence on this

isopycnal increased rapidly; this increase was well fit by an exponential curve, with

a calculated ‘net growth rate’ of 0.258 d−1 (r2 = 0.88). This bloom at the SCM was

composed of primarily of diatoms, based on qualitative microscopic examination and

HPLC analyses of the 17-Aug inner shelf sample.

3.4.5 The role of local winds

The alongshore windstress was weakly upwelling favorable over most of the

ISPX experiment. The temporal and spatial structure of cross-correlation between along-

shore wind stress and the cross-shore component of velocity was consistent with Ekman

upwelling dynamics; however, variability in alongshore wind stress only accounted for
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15% of the cross-shore velocity variability (Fig. 10). Alongshore velocity was positively

correlated with alongshore wind stress throughout the water column at each mooring.

The strongest correlation occurred when the wind led the velocities by∼1 inertial pe-

riod. Alongshore velocity was intensified in the upper 5 m and was positively correlated

with alongshore wind stress (r > 0.85) at near zero lag. The across-shore wind stress and

across-shore velocity were also highly correlated (>0.6) at near zero lag (Fig. 3.10). The

vertical shear in alongshore velocity was strong (0.035 s−1) and dominated by variability

in alongshore wind stress (r2=0.46).

3.5 Discussion

The strong cross-shelf gradients in phytoplankton biomass and community com-

position found during ISPX are consistent with earlier observations (Reid et al. 1978,

Eppley et al. 1979, Eppley 1992), suggesting that these are persistent features of the

SSCB. The community composition gradients indicate a shift between low nutrient sup-

ply to the surface waters offshore (dominated by cyanobacteria, haptophytes and some

dinoflagellates) and a diatom- and picoeukarote-dominated assemblage inshore, typical

of enhanced nitrate supply. Here we discuss the mechanisms that control the spatial

and temporal variability of nitrate concentration in the shallow waters of the SSCB. The

dominant forcings are the internal tide, the local wind, and remote (large-scale) control

of the nitracline depth at the shelf break. No individual mechanism accounts for the

patterns that we observed: it is the interaction among these physical mechanisms that

regulates phytoplankton properties in the region.

3.5.1 Internal tide

Chapter 2 demonstrated that nitrate fluxes forced by the internal tide and high-

frequency internal waves were variable but at times capable of accounting for all the

new primary productivity over the SSCB inner shelf. The nitrate delivery by the inter-

nal tide is predominantly an along-isopycnal process, driving a net flux of nitrate from

waters below euphotic zone offshore into the euphotic zone of the inner shelf. This

along isopycnal flux serves to replenish the inner shelf nitrate pool which is distributed
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vertically through mixing caused by the dissipation of high-frequency internal waves.

In particular, due to the persistent tilt of the nitracline across the shelf (Fig. 3.7), the

along-isopycnal flux has a vertical component that brings nitrate into the euphotic zone

even in the absence of mixing.

3.5.2 Local winds and the cross-shelf tilt of the nitracline

Previous studies could detect little relationship between local winds and either

currents (Winant and Olson 1981, Winant and Bratkovich 1981) or temperature (Pringle

and Riser 2003) in the SSCB. The results of our ISPX study indicate a weak but signif-

icant relationship between local wind and SSCB shelf currents. While the local winds

do not drive vigorous coastal upwelling, we show below that they support the persistent

and variable cross-shelf tilt of the pycnocline.

On subinertial timescales, we expect that the horizontal gradient in density repre-

sented by the pycnocline tilt to be balanced by a vertical shear in the alongshore velocity.

This relationship, the thermal wind balance, is written as:

f
∂v
∂ z

=− g
ρo

∂ρ

∂x
(3.2)

where f is the Coriolis frequency (7.79 x 10−5 s−1 in the study area), ρo is a reference

density (taken to be 1024 kg m−3), g is gravity, and v is alongshore velocity. With ob-

servations of the vertical shear in alongshore velocity (v), we can estimate the horizontal

(cross-shelf) density gradient and hence isopycnal tilt. We estimated the vertical shear

in subinertial v from the 32 m ADCP between the bottom-most bin and the bin 3 m

below the surface, forming a daily estimate of the cross-shore gradient in density based

on equation 1:

∂ρest

∂x
=−ρo f

g
∂v
∂ z

(3.3)

The agreement between the predicted ∂ρest
∂x and the measured cross-shore gra-

dient of density from the seven CTD transects was good, although the vertical shear

tended to slightly underestimate the measured horizontal density gradient (Table 3.1).

Thus, the local alongshore wind drove the vertical shear in alongshore velocity (Fig.
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3.11), thereby regulating the observed and biologically relevant across-shelf tilt of the

isopycnals and nitracline.

3.5.3 Remote forcing of the offshore depth of the nitracline

The time-course of estimated horizontal density gradient and the measured den-

sity gradient indicate that the pycnocline tilt, while always shoaling onshore, ranged

over nearly order of magnitude on the time scale of a few days (Fig. 3.11, Table 3.1).

While this variability is likely to be significant for biological processes on the shelf, the

pycnocline slope alone does not control the nitrate availability on the shelf. For example

between 11-17 August the shoaling of the pycnocline at the shelf break could not be ac-

counted for by the local wind stress (Figs. 3.10 and 3.11). This shoaling was not evident

in the shallow waters of the inner shelf, indicating that the tilt of the pycnocline and

nitracline both decreased, contrary to the forcing by the local winds. Remote forcing

can drive changes in the depth of the nitracline in the SSCB (e.g. Tegner et al. 1997).

This can lead to large changes in the shelf-wide availability of nitrate. For example, on

10-Aug, the nitracline slope (β ) was 2.4 x 10−3 and the depth of the nitracline at the

shelf break was 32.3 m. By 17-Aug, the depth of the nitracline at the shelf break had

shoaled to 15.5 m, while β had decreased to 0.3 x 10−3 (Table 1). These changes in the

tilt and depth of the nitracline alter the proportion of the nitracline above the euphotic

zone, thus changing nitrate availability over the shelf. To estimate the euphotic depth,

we measured Secchi depths across the shelf on 16-Aug. It is straightforward to find an-

alytical solutions for the area of the nitracline above the euphotic zone (i.e. for 10-Aug,

the triangle formed by vertices I, II, II in Fig 3.11, panel b). These solutions relate the

slopes of the bottom (α), nitracline (β ) and euphotic zone (γ) and the depth of the shelf

break (Hshel f break), nitracline (Ndepth) and euphotic zone (Edepth) to the total area of the

nitracline above the euphotic zone.

Given the aspect ratio of the shelf (α = 0.01), and the available measurements

of the variables above from the seven CTD transects, we found the offshore depth of

the nitracline (Ndepth) had the largest influence on the euphotic zone nitrate pool over

the shelf (Table 3.1). For example, although the slope of the nitracline on 17-Aug was

very low and the vertical shear in alongshore velocity was also at a minimum, the area
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of the nitracline above the euphotic zone was the largest of all such estimates (Table

3.1) due to the offshore shoaling of the nitracline. This shoaling cannot be explained by

local winds. We hypothesize instead that the shoaling of the nitracline at the shelf break

was due to remote forcing, such as mesoscale dynamics in the SCB or the influence of

coastally trapped waves driven by the intense winds off Baja California (Pringle and

Riser 2003).

3.5.4 The long term variability of SSCB productivity: insights from

the historical record

We can investigate past fluctuations in the physical environment and phytoplank-

ton abundances in the SSCB using historical data sets. Those include the Scripps Institu-

tion of Oceanography (SIO) pier long-term temperature record (surface, 1919 to present;

bottom, 1927 to present), the SIO pier high-frequency temperature measurements (∼3

m depth, 4 min data since 2005), and the 20 year record of diatom and dinoflagellate

species counts collected by W.E. Allen at SIO pier (1920-1939; Sverdrup and Allen

1939).

The W.E. Allen dataset is remarkable for its duration and breadth. The time

series has been analyzed previously (see Allen 1936, Sverdrup and Allen 1939, Tont

1976, and Hseih et al. 2005, among others), and the details of the record can be found

in Tont (1986). We re-analyzed the Allen time series in order to assess the degree to

which variability in the total diatom and dinoflagellate counts can be explained by the

concurrent record of surface and bottom temperatures collected at SIO pier. We expect

that periods of negative temperature anomalies would correlate with enhanced nitrate

availability and therefore high numbers of diatoms and dinoflagellates. We attempted to

assess the importance of the time scales of physical variability on the abundance of the

two phytoplankton taxa by forming cumulative temperature anomalies, calculated as the

sum of the daily temperature anomalies over a window of variable length (from 1 to 5

weeks) preceding each weekly phytoplankton observation (Fig. 3.12, Table 3.2).

Log-transformed diatom and log-transformed dinoflagellate counts (cells L−1)

are positively correlated (0.25, p < 0.01) with one another over the length of the concur-

rent record (1930-1939), and both records are significantly negatively correlated with
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the SIO pier SST and bottom temperature anomalies (Table 3.2). While both sets of

correlations are relatively weak, the diatom time series is more strongly correlated to

the surface and bottom temperature anomalies than the dinoflagellate time series (Ta-

ble 3.2). Stratification, as measured by the difference between the surface and bottom

temperature at the SIO pier, was significantly but weakly correlated with diatom and

dinoflagellate counts (Table 3.2).

Although the calculated correlations between the SIO pier temperature anoma-

lies and the diatom and dinoflagellate records and are not particularly strong, visual

inspection of Fig. 3.12 shows that long periods of elevated bottom temperature anomaly

were concurrent with depressed diatom and dinoflagellate counts. For example, during

the 1931-1932 El Niño, diatom counts exceeded 5,000 cells L-1 only once in a 62 week

period (Fig. 3.13). Over the 20 yr length of the record nearly 42% of all weekly observa-

tions exceeded 5,000 cells L−1 (21.8 ± 5.2 times per 52 week year, not including 1931,

n = 988), while the mean of the entire record was an order of magnitude larger than the

1931 mean. Therefore, prolonged periods of elevated bottom temperature anomaly are

associated with very small diatom and dinoflagellate populations over the 1930-1939

period. These observations are consistent with the schematic representation of remote

forcing in Fig. 5.1— basin scale phenomena can depress the nitracline to depths > 60 m

during strong El Niños (see Fig. 4c in Aksens and Ohman 2009) and effectively cut off

nutrient supply to the shelf.

3.5.5 SIO pier temperature: a comparison of the automated and

manual record

The correlation between cumulative bottom temperature anomaly at SIO pier and

the abundance of diatoms and dinoflagellates in the W.E. Allen is dominated by the long

periods of low abundances and anomalously warm waters due to remote forcing. The

lack of a stronger predictive correlation between cold temperatures and high abundance

of diatoms and dinoflagellates is in part due to the unknown but nonlinear biological in-

teractions among phytoplankton species, grazing by zooplankton, and potential indirect

effects between the environmental variability and these biological interactions (Hseih et

al. 2005). Nevertheless, the bottom-up forcing of the physical environment clearly sets
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limits on the abundance of diatoms and ultimately must be reflected both positively and

negatively in a record of their abundance.

One potential issue is that the SIO pier long-term temperature record is an ex-

tremely aliased record of the high-frequency variability found at the pier during stratified

periods and tends to over-predict the daily minimum and mean temperature at depth and

under-predict the maximum daily difference between surface and bottom temperature

(Fig. 3.14). We expect that both diatom and dinoflagellate abundances at SIO pier are

actually more predictable by temperature then demonstrated by the analysis of the Allen

data above due to the aliased and therefore dynamically obscured nature of the long-

term record. In particular, a long-term record of the depth and strength of stratification

across the continental shelf would likely provide some insight into nonlinear ‘bloom and

bust’ signal in both records.

3.5.6 Interacting scales of physical variability control phytoplank-

ton rates and community structure

The schematic understanding developed in this study suggests that prediction of

coastal phytoplankton productivity, community composition and the transfer of fixed

carbon to higher trophic levels is tied to the detailed interaction of physical processes

on a variety of spatial and temporal scales (Fig. 3.14). For maximum effect, the internal

wave engine that powers inner shelf productivity depends on local winds to set up a

cross-shore nitracline tilt. These winds are otherwise too weak to consistently replenish

nitrate over the inner shelf. The total availability of nitrate to the inner shelf, however, is

a function not only of the pycnocline tilt, but also of the offshore depth of the nitracline:

deep offshore nitracline depths can cut off nitrate delivery to the inner shelf. The off-

shore nitracline depth is likely to be responsive to remote forcing on scales ranging from

weekly (e.g. coastal trapped waves) to inter-annually (e.g. El Niño) to inter-decadal (e.g.

NPGO; Di Lorenzo et al. 2008).

Aksnes and Ohman (2009) showed that, over the course of the last 25 years, the

depth of the nitracline has decreased and the integrated chlorophyll concentrations have

increased throughout the Bight. Similarly, Kahru et al. (2009), using satellite-derived

estimates, have shown that primary productivity has increased in the SCB. Both of these
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observations are surprising given the well-documented warming of the California Cur-

rent and the increase in stratification, which would be expected to decrease the nitrate

delivery to the euphotic zone. The temperature record at the SIO pier shows strong

evidence of secular warming, and an estimate of ‘nitrate availability’ based on the long-

term temperature record (i.e. observations below 14.5◦C) shows a strong decrease over

time (Lucas unpubl.).

Although the mechanism for the observed nitracline shoaling is not known, it is

likely due to large-scale and not local phenomena. Increased stratification and increased

productivity are not necessarily at odds: if the primary nitrate flux during stratified peri-

ods is along-isopycnal, forced by the internal tide, the shoaling nitracline would lead to

enhanced productivity over the shelf regardless of stratification. In Chapter 2, I showed

that the direction of the nitrate flux just above the pycnocline was offshore, even as the

mean nitrate flux was strongly onshore. This may represent a horizontal redistribution

of nitrate from the inner shelf to offshore waters near the depth of the chlorophyll maxi-

mum. The argument was necessarily tentative, and requires further data. It is, however,

one hypothesis that may explain the seemingly paradoxical observations of increased

stratification and increased primary productivity in the SCB, in particular given the lack

of locally increased coastal wind forced upwelling (Rykaczewski and Checkley 2008).

3.5.7 A simple monitoring framework

Recent, commendable efforts to establish Coastal Ocean Observing Systems

(e.g. the Southern California Coastal Ocean Observing System, SCCOOS,

www.sccoos.org) have been predicated on the stated goal of increasing our capacity

to predict changes in the coastal ocean ecosystem. The findings of this study suggest

slightly revised monitoring strategies that potentially would enhance the predictability

of phytoplankton biomass, productivity, and community structure. Given that the depth

and slope of the nitracline exercises strong control over the nitrate flux potential of the

internal tide, and that, for much of the year, the internal tide flux supports much if not

all of the nitrate utilization in coastal areas of the SSCB, we suggest that the monitor-

ing should include vertically well-resolved temperature measurements at the shelf break

and mid-shelf. These measurements are relatively easy and inexpensive to gather and
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transmit real-time. The temperature-nitrate relationship in the SCB is such that a very

good estimate of the nitracline depth, nitracline slope, and integrated nitrate content of

the euphotic zone could be made from solely from temperature. Such a record, if avail-

able for a relatively long period of time, would help address currently open questions

including the role of local wind in determining the depth and slope of the nitracline over

time scales longer than those assessed here, and could be used to drive predictive models

of inshore phytoplankton biomass, productivity, and, potential, community composition

and the relative export production potential of the SSCB continental shelf phytoplankton

assemblage.
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Table 3.2: Correlation of diatom and dinoflagellates at SIO Pier, 1920-1939, with the
SIO Pier surface and bottom temperature records. The diatom time series mean, max-
imum and standard deviation and correlations were calculated using weekly data from
1920-1939 (correlation with bottom temperature (botT) anomaly and cumulative botT
anomaly from 1927-1939). Dinoflagellate time series data from 1930-1939 were used
in all calculations due to the change in methodology after 1928. All correlations are
significant at p < 0.01.

correlations (r)
mean max std. dev. SST botT cum. botT, window

diatoms 4.6x104 1.39x106 1.5x105 -0.35 -0.32 -0.35, 10 d
dinoflagellates 2.1x104 9.1x105 7.3X104 -0.22 -0.22 -0.31, 25 d
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Figure 3.2: Cross-shore trends in particulate carbon (a,b) and chlorophyll concentrations
(c,d) across the continental slope and shelf (e). Particulate carbon and chlorophyll were
taken together as a qualitative estimate of phytoplankton biomass. Data from the surface
(∼2 m) in panels a and c demonstrated the increase in phytoplankton biomass across the
shelf. The cross-shore variability in SCM samples (b, d) was dominated by enhanced
phytoplankton biomass over the inner shelf station.
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(c,d) across the continental slope and shelf (e). New productivity was calculated as the
product of the f -ratio, determined from the nitrogen incubation experiements, and total
productivity. Data from the surface (∼2 m) in panels a and c demonstrated the cross-
shore gradient in total and new productivity and surface enhancement of productivity
relative to the SCM. On 17-Aug, SCM total and new producity peaked, associated with
the onset of a subsurface diatom bloom.
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and dinoflagellate contribution decreased.
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Figure 3.5: Chlorophyll-normalized SCM auxuliary pigment concentrations at the outer-
most and innermost stations (stations 1 and 4, Fig. 3.4) on 11-Aug and 17-Aug. Diatoms
(fucoxanthin) were relatively more important over the inner shelf while haptophytes
(19′-hexanoyloxy-fucoxanthin) were relatively more dominant in offshore waters. The
17-Aug inner shelf sample, taken at the beginning of a subsurface bloom, was dominated
by diatoms.



74

0

200

400

600

800

0

5

10

15
x 104

0

200

400

600

800

1 (km)61116
0

5

10

15
x 104

cl
ad

es
 II

. I
II

 (c
el

ls
 m

l-1
)

cl
ad

es
 II

. I
II

 (c
el

ls
 m

l-1
)

cl
ad

es
 I.

 IV
 (c

el
ls

 m
l-1

)
cl

ad
es

 I.
 IV

 (c
el

ls
 m

l-1
)

1 (km)61116

11-Aug

clade II

clade III

17-Aug

clade II

clade III
clade IV

clade I

clade IV

clade I

Figure 3.6: qPCR-based Synechococcus clade enumeration. Distance was measured
from the innermost station as in Fig. 3.2 and Fig. 3.3. The shelf break was at approx-
imately 12 km. Clades I and IV were numerically most abundant and follow the total
Synechococcus trends estimated from flow cytometeric enumeration (Fig. 3.4). Clades
II and III decreased from offshore to onshore, and between 11-Aug and 17-Aug; these
clades appeared to prefer offshore oligotrophic waters and decreased in abundance as
the nitracline shoaled over the course of the experiment.



75

0

60

40

20
0

60

40

20
0

60

40

20

Temperature (°C)11-August-2006 17-August-2006

Chlorophyll concentration (μg L-1)

Nitrate concentration (μmol L
-1
)

12

14
18
22

12

14
18

2
4

6
4
6 8

2

2 4
8
12

2 4

12

14
16

18

12
14

18

2
4

642 8

2

8
12

4 8
2

de
pt

h 
(m

)

1.551015
distance from shore (km)

1.551015

Figure 3.7: Cross-shelf transects of temperature, chlorophyll concentrations, and nitrate
as measured by the ISUS in situ nitrate sensor. Open stars show the depths and locations
of the water sampling for nutrient determination and primary productivity and nitrogen
uptake experiments. A strong chlorophyll maximum is present in all casts; the chloro-
phyll maximum and nitricline are shallower over the inner shelf than offshore. This
cross-shelf shoaling of the nitracline was apparent in all cross-shelf transects (Table 3.1)



76

33.3 33.4 33.5 33.6

12

14

16

18

20

22

24

 

Salinity

Te
m

pe
ra

tu
re

 (°
C

)

8

6

4

2ac
hl

or
op

hy
ll 

(μ
g 

L-1
)

I

II
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Figure 3.11: Panel a. A comparison between estimated and calculated horizontal gra-
dients in density. The vertical shear in alongshore velocity over the shelf was capable
of supporting much of the observed pycnocline tilt. Panel b: schematic representation
of the shelf, with linear estimates of the slope (β ) and offshore depth of the nitracline
(Ndepth) on 11-Aug and 17-Aug, in comparison to the slope (γ) and offshore depth
(Edepth) of the euphotic zone. The proportion of the euphotic zone below the nitricline
on 11-Aug was estimated as the ratio of the area of the triangle with vertices I, II, III
and the total euphotic zone area. This schematic analysis indicates how vertical shear
in alongshore velocity, tilt of the nitracline, and the offshore depth of the nitracline
combine to drive variability in the integrated nitrate concentration of the euphotic zone.
Ndepth is dominated by remote forcing.
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Figure 3.12: The W.E. Allen diatom and dinoflagellate time series and SIO pier temper-
ature anomalies. The time course of log-transformed diatom and dinoflagellate counts
showed coherence with the cumulative bottom anomaly (calculated with an 18 d win-
dow (Table 3.2)), in particular during extended warm anomalies, such as during the
1931-1932 El Niño (shaded), when both diatom and dinoflagellate numbers were far
below their mean abundances (Table 3.2). The lower panels are scatter plots of tem-
perature and cumulative temperature anomalies versus log-transformed diatom and di-
noflagellate abundances. Correlations and optimal window sizes are reported in Table
3.2.
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Figure 3.13: Comparison of the once daily manual SIO Pier surface and bottom temper-
ature time series and the automated record gathered at ∼4.5 m since April 2005. Daily
maximum, minimum and difference (max-min) values from the automated record are
plotted against the once daily surface (panel a), bottom (panel b), and surface/bottom
difference (panel c). The daily record of bottom temperature was extremely aliased by
high-frequency variability, and was biased high relative to the automated record. This
in turn indicated that the once daily record was not a good proxy for nitrate availability
in the SSCB nearshore.
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Figure 3.14: Schematic of the physical processes that control inner shelf productivity,
phytoplankton biomass, and phytoplankton community composition over the shelf. The
across-shore tilt of the pycnocline and nitracline are maintained by the vertical shear in
subinertial alongshore velocity due ultimately to the local wind. Along isopycnal nitrate
flux is dominated by the internal tide, and nitrate is redistributed vertically by the dissi-
pation of high-frequency internal waves and bottom boundary layer processes. Remote
forcing controls the offshore depth of the nitricline. Inshore phytoplankton communi-
ties are more productive than offshore waters and are dominated by taxa like diatoms
adapted to enhanced nitrate flux. Large-scale forcing impacts the continental shelf phy-
toplankton community by modulating the depth of the nitracline offshore. During warm
anomalies such as El Niño, reduced nitrate supply to the shelf causes low phytoplank-
ton production. Decadal scale shoaling of the nitracline due to large scale forcing (e.g.
wind stress curl) could account for the observations of a secular increase in phytoplank-
ton biomass and productivity over the last ∼20 years.



4 The semidiurnal baroclinic

variability over the Southern

California Bight inner shelf

4.1 Abstract

The semidiurnal band variability of currents and density over the Southern Cal-

ifornia Bight (SCB) inner shelf was investigated using a simple theoretical framework

and a set of field observations. This effort was motivated by inconsistencies between re-

cent field observations and the long-standing view of the internal tide as a remotely

generated, propagating, low-mode internal wave. We found that, in waters <20 m

depth, the semidiurnal tidal velocities were counter-rotating at the bottom and surface,

effectively precluding interpretation of semidiurnal variability as resulting from either

a propagating or standing low-mode internal wave. Simple, two-layer linearized cross-

and alongshore momentum balances indicated the importance of rotation, friction, and

the cross-shore and along-shore gradients in sea surface slope in forcing the observed

semidiurnal variability in inner shelf currents. The cross-shore transport was well cor-

related with the imbalance between the estimated cross-shore sea level gradient and the

Coriolis force associated with alongshore transport of each layer. This imbalance arose

from the vertical shear in alongshore velocity. Frictional effects were important, partic-

ularly in controlling the phase of the cross-shore transport in the bottom layer. There

were inconsistencies between the observed and predicted magnitude and phase of the

cross- and alongshore transports which were not satisfactorily explained by the avail-

83
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able data. Nevertheless, over the inner shelf, these data suggest that the baroclinic tide

may be forced by local processes and not exclusively driven by propagating or standing

low-mode variability as previously envisioned.

4.2 Introduction

Observations of large temperature fluctuations on semidiurnal time scales in the

southern Southern California Bight (SSCB) date back 50 years (Arthur 1954, Cairns

1967). Winant (1974) described this temperature variability as resulting from baroclinic

tidal currents, and suggested that the internal tide represented a propagating, mode-one

internal wave, generated by the interaction of barotropic tidal currents with bathymet-

ric relief, such as undersea banks or the shelf-break, as had been proposed by Rattray

(1960).

Winant and Bratkovich (1981) and Lentz and Winant (1986) provided a detailed

analysis of current and temperature measurements gathered off Dar Mar, CA in 1978-

1979. They showed that semidiurnal variability in currents and temperature lacked a

consistent phase relationship barotropic tide. The poor correlation between the observed

baroclinic variability and the regular astronomical forcing of the surface tide indicated

that the baroclinic tide was remotely generated and propagated onto and across the shelf,

losing its deterministic phase relationship with the original barotropic forcing due to

variable background currents and temporal/spatial variability in stratification.

Lerczak (2000) and Lerczak et al. (2003) provided the most comprehensive anal-

ysis of semidiurnal variability in the SCB to date. They concluded that the baroclinic

internal tide over the shelf was “mode one-like,” but was neither a purely progressive

nor a purely standing wave (Lerczak et al. 2003). Rather, they reported that the semidi-

urnal variability appeared to be a combination of standing and progressive waves where

a variable reflection coefficient between different deployments was attributed to vari-

able sub-inertial coastal flow fields and seasonal or interannual changes in stratification.

Furthermore, Lerczak (2000) demonstrated that baroclinic semidiurnal variability was,

in fact, as highly correlated with the surface tide as is possible given the bandwidth of

the baroclinic semidiurnal variability.
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Although Lerczak (2000) and Lerczak et al. (2003) interpreted the baroclinic

tide as remotely generated (even hazarding a guess to its source), they indicated that

the results of their analysis were not entirely consistent with a simple mode-one internal

wave interpretation.

More recently, Winant (2007, unpubl.) investigated the response of three di-

mensional unstratified flow in a narrow, rotating basin to barotropic tidal forcing. Solu-

tions to the non-dimensionalized equations of motion resulted in an energetic baroclinic

lateral circulation under conditions of moderate friction. The baroclinic response was

180◦ out of phase from the surface to the bottom, and reversed sign with the phase of

the barotropic tidal forcing. A similar phenomenon was observed in the currents and

temperature of the Strait of San Juan de Fuca (Martin et al. 2005). Ekman transport in

the bottom boundary layer resulted from an imbalance between the Coriolis force as-

sociated with the cross-strait sea level gradient and the Coriolis force associated with

the vertically sheared along-strait velocity. A notable characteristic of this type of flow

was that the surface and bottom velocity vectors were counter-rotating relative to one

another (Winant 2007).

A narrow continental shelf such as that found in the SCB forms an approxi-

mately wedge-shaped domain, and the barotropic tidal currents are predominately ori-

ented along-shelf (analogous to the axial direction in the Winant model; Munk et al.

1970). Given the ambiguity in the current understanding of the baroclinic internal tide

over the SCB (Lerczak et al. 2003), the possibility that long-shelf flow could produce a

complimentary baroclinic lateral flow in the absence of an energetic internal wave field

(e.g. Martin et al. 2005, Winant 2007), and that the vertically reversing alongshore to

cross-shore polarization inherent to the rotation-driven case is exclusive of a mode-one

internal wave, we assessed the possibility that the baroclinic flow over the SCB inner

shelf was driven directly by the barotropic flow due to the surface tide. The hypothesized

forcings are shown in schematic form in Figure 4.1, which follows the observations of

Martin et al. (2005) and the model of Winant (2007).

In the summer of 2006, we deployed a set of moorings, including bottom-mounted

ADCPs and autonomous profiling CTDs, off Mission Beach, California. Here we show

that the variability in currents at 5 locations across the shelf was dominated by semid-
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iurnal band variability. Through complex empirical orthogonal decomposition of time

series of cross- and alongshore velocities, we demonstrate that surface and bottom ve-

locities were in fact counter-rotating on a alongshore/cross-shore plane in the shallow

water of the inner shelf (∼<15 m), effectively ruling out a propagating, mode-one in-

ternal wave. A dynamical analysis of the appropriate momentum equations indicated

the importance of rotation in the momentum balance, and that, when viewed as a two

layer system, the currents appeared to behave in a fashion analogous to that found in

Winant (2007). The alongshore flow was well modeled by the estimated alongshore sea

surface slope due to the barotropic tide, modified by friction and possibly the nonlinear

advection of momentum. The two-layer cross-shore flow was induced by the imbalance

of rotational acceleration of the alongshore flow and the horizontal component of sea

surface slope. Although our arguments are necessarily tentative due to the limited data

analyzed here, we suggest that the semidiurnal baroclinic variability observed over the

shallow inner-shelf of the SCB is not a propagating internal wave feature, but is instead

a direct baroclinic response to barotropic tidal forcing.

4.3 Theory

In the case of an inviscid, cross-shore propagating mode-one internal wave, the

linearized momentum equation is:

vt + f u = 0 (4.1)

This balance dictates that the cross-shore velocity is 90◦ out of phase with the long-shore

velocity and is clockwise polarized at all depths (Lerczak et al. 2003). The solutions to

the linear, rigid-lid Boussinesq equations (Wunsch 1969) with the approximate geom-

etry and the typical buoyancy frequency profile over the SSCB shelf results in u and

v velocities that are each exactly 180◦ out of phase between the surface and bottom

(Lerczak 2000).

Lerczak (2000) showed that the baroclinic residuals of alongshore and cross-

shore velocity were clockwise polarized at all depths. However, since the primary

semidiurnal variability in alongshore velocity over the SSCB shelf did not have a zero
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mean with depth, an analysis that concurrently explores the barotropic and baroclinic

components is preferable.

Below we develop simplified momentum balances in the cross- and alongshore

dimensions. These balances include local forcing from the barotropic tide, rotation, and

friction as the primary terms, and are shown to explain much of the observed variability

over the inner portion of the shelf.

A right-hand frame of reference was used, and currents were alongshore v (posi-

tive∼northward), cross-shore u (positive∼eastward) and vertical w (positive upwards).

4.3.1 Alongshore momentum balance

We investigate the alongshore momentum balance using a one layer model (Fig-

ure 4.2).

∂v
∂ t

+
[

u
∂v
∂x

+ v
∂v
∂y

+w
∂v
∂ z

]
+ f u =−gηy +

τs− τb

ρoH
(4.2)

where u and v are the cross and alongshore components of velocity, ηy is the alongshore

slope of sea surface height (due to the baroclinic tide), ρo is a reference density for the

layer, H is the depth of the water column, f is the Coriolis frequency and τs, and τb are

surface and bottom stresses.

Integration of the alongshore momentum equation

We integrate the alongshore momentum equations vertically and horizontally

between the moorings to obtain an expression for alonshore momentum. We ignore the

nonlinear terms and integrate equation (4.2) vertically from the surface to the bottom

and across the array.

∂

∂ t

∫ Xin

0

∫ 0

−H
v(z)dzdx+ f

∫ Xin

0

∫ 0

−H
u(z)dzdx =

−gηy

∫ Xin

0

∫ 0

−H
dzdx+

τs− τb

ρoH

∫ Xin

0

∫ 0

−H
dzdx (4.3)

Equation (4.3) simplifies to
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∂

∂ t
V =

[
−gHηy−

τb

ρo

]
Xin + f U (4.4)

where V and U are the alongshore and cross-shore transports respectively. Surface stress

is assumed to be zero.

We do not have direct measurements of the alongshore slope of the sea surface

height (ηy), so we estimate ηy based on the Munk et al. (1970) consideration of the

barotropic tide in the Eastern Pacific. We considered a linear combination of waves at

the K1 and M2 frequencies (1.16×10−5 cps and 2.24×10−4 cps, respectively). Munk et

al. (1970) estimated the phase speed (c) of the K1 and M2 tides as 214 m/s and 140 m/s.

We calculated the alongshore wave number of each frequency as ky = ω

c . Based on the

alongshore wave number ky at each frequency, we calculated an estimated alongshore

sea surface slope (ηy) forced by the tide as:

−gηy ≈−ig[ky(K1)∗η(K1)+ ky(M2)∗η(M2)] (4.5)

where i indicates a −π

2 phase shift in time. The sea surface variability at the K1 and M2

frequencies was estimated from the pressure record at the 8m ADCP by harmonic anal-

ysis. The phase of the estimated barotropic alongshore gradient in sea level is discussed

in some detail below.

4.3.2 Cross-shore momentum balances

In the cross-shore, we use a 2-layer model, where the ρ1 and ρ2 are the density of

the upper and lower layer, respectively, and the interface between the layers is initially

at −H1.

The momentum balances for the upper and lower layer are:

Layer 1: upper layer

∂u1

∂ t
+
[

u1
∂u1

∂x
+ v1

∂u1

∂y
+w1

∂u1

∂ z

]
− f v1 =−g

∂η

∂x
+

τs− τi

ρ1(H1 +H2)
(4.6)

Layer 2: lower layer



89

∂u2

∂ t
+
[

u2
∂u2

∂x
+ v2

∂u2

∂y
+w2

∂u2

∂ z

]
− f v2 =−g

∂η

∂x
−g

∆ρ

ρo

∂ζ

∂x
+

τi− τb

ρ2(H2−H1)
(4.7)

where u and v are the eastward (cross-shore) and northward (longshore) components of

velocity, respectively ([m/s]). Subscripts refer to the upper (1) and lower (2) layers. η

is sea level elevation ([m]) and ζ is the elevation of the interface between the layers

(i.e. pycnocline elevation) calculated its from its undisturbed height ([m]), which we

directly measured using WW profilers. ∆ρ is the density gradient across the interface.

τs,τi and τb are the surface, interfacial and bottom stresses, respectively ([N/m2]). ρo is

a reference density ([kg/m3]). H1 and H2 are the depth of the bottom of the upper and

lower layer, respectively, and f is the Coriolis frequency ([s−1]).

Integration of the cross-shore momentum equations

We integrate the cross-shore momentum equations vertically over each layer and

horizontally between the moorings to obtain an expression for cross-shore momentum in

each layer. We ignore the nonlinear terms (bracketed in equations (4.6) and (4.7)), which

we assume to be small. This simplification is assessed later. Equation (4.6) becomes:

∂u1

∂ t
− f v1 =−gηx +

τs− τi

ρoH1
(4.8)

where the subscript x represents the partial derivative in the x dimension. We integrate

equation (4.8) vertically from the interface to the surface and from the offshore (0) to in-

shore (Xin) edge of the domain, in order to write (4.8) in terms of transport accelerations

([m3 s−2]).

∫ Xin

0

∫ 0

−H1

[
∂u1

∂ t
− f v1

]
dzdx =

∫ Xin

0

∫ 0

−H1

[
−gηx +

τs− τi

ρoH1

]
dzdx (4.9)

We can integrate equation (4.9) as

∂

∂ t
U1− f V1 =−gηxH1Xin (4.10)
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by writing the across and alongshore transports in the upper layer as U1 and V1, respec-

tively, and assuming that the surface and interfacial stresses (τs, τi) are zero.

We do not have direct observations of sea level elevation with the precision ca-

pable of ascertaining the sea level gradient in the x-dimension over the length of the

domain (∼1.5 km). We must, therefore, develop an expression that relates the pressure

gradient force to the velocity field. If we assert that the horizontal sea level gradient (ηx)

is in instantaneous geostrophic balance with the barotropic alongshore velocity, we can

write

−gηx(t) =− f
1
N

N

∑
i=1

v(t,z) (4.11)

where 1
N

N

∑
i=1

v(t,z) = v̄(t) is the mean alongshore velocity over the entire domain (e.g.

H2 to 0). Substituting equation (4.11) into equation (4.10), the simplified cross-shore

momentum balance in layer 1 becomes:

∂

∂ t
U1 =− f v̄H1Xin + f V1 (4.12)

2) Lower Layer:

A similar approach can be used for the lower layer. Equation (4.7) becomes

(neglecting the nonlinear terms)

∂u2

∂ t
− f v2 =−gηx−gρ

′
ζx +

τi− τb

ρo(H2−H1)
(4.13)

where ρ ′, reduced gravity, is ∆ρ

ρo

We integrate equation (4.13) vertically and horizontally:

∫ Xin

0

∫ −H1

−H2

[
∂u2

∂ t
− f v2

]
dzdx =

∫ Xin

0

∫ −H1

−H2

[
−gηx−gρ

′
ζx +

τi− τb

ρoHL

]
dzdx (4.14)

where HL = H2−H1 is the height of the lower layer. Following the substitutions outlined

above, and the lower layer momentum equation becomes
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∂

∂ t
U2 = f V2−

[
(gρ

′
ζx + f v̄)HL +

τb

ρo

]
Xin (4.15)

where the lower layer transports are U2 and V2 and the balance of the variables are as

above.

4.4 Field Experiment

4.4.1 ADCP array

The ISPX mooring array was designed to provide detailed cross-shore and ver-

tical resolution of currents over the inner shelf (5 to 35 m; Figure 4.2). Five bottom-

mounted ADCPs were deployed in 32, 22, 17, 12 and 7 m depths (below MLLW), and

were configured for 15 s sampling at vertical resolutions ranging from 1 m (32 m and

22 m ADCPs) to 25 cm (12 and 6 m ADCPs). Currents were rotated to cross- and

alongshore components according to local bathymetry (National Ocean Service Hydro-

graphic Data Base). Rotations were all in the clockwise sense between 6◦ and 11◦ (6◦,

32 m; 7◦, 22 m; 11◦, 17 m; 9◦, 12 m; 6◦, 7 m). The current data were decimated to

hourly values and high-pass filter at the inertial frequency (1.08 cycles d−1) to remove

the contribution to the diurnal sea-breeze (Lerczak et al. 2001). Finally, the current data

were interpolated (32 and 22 m ADCPs) or decimated (12 and 7 m ADCPs) to 0.5 m

vertical bin size.

4.4.2 WireWalkers

The WW wave-powered autonomous profiler uses the surface wind-wave field to

power vertical profiling (Rainville and Pinkel 2001). The WWs are a simple and robust

tool to study evolving small-scale vertical distributions of physical variables. We de-

ployed 2 WWs, at 22 and 12 m depths (sampling the upper 19.5 and 9 m, respectively).

Each WW was equipped with a SBE Fastcat CTD, capable of 16 Hz measurements of

temperature, salinity and pressure. Density was calculated from the equation of state.

Density data were decimated to hourly values centered on the ADCP observations and
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10 cm vertical resolution. Given battery limitations, the 3 week WW deployment in-

cluded 2 scheduled turn-around periods, which resulted in pre-planned gaps in water

column coverage. Profiling and data acquisition were unfortunately imperfect and ma-

jor gaps therefore exist in the final time series.

4.5 Analysis methods

In order to assess the relative importance of the terms of the momentum bal-

ances above, we extracted coherent tidal variability from the alongshore and cross-shore

velocity time series at each ADCP using an empirical orthogonal function (EOF) decom-

position, and created reconstructed velocities (e.g. Rudnick and Davis 1988, Rudnick et

al. 1993). EOF analysis decomposes the variability of a time series into a set of orthog-

onal functions which are constrained such that no other representation of the data can

produce a lower mean-square error (Davis 1976). Time-domain EOF analysis decom-

poses variability into standing modes. In an internal tide wave field, we expect that the

phase will be variable in time (Lerczak et al. 2003) and that the alongshore and cross

velocity will be 90◦ out of phase vertically. We therefore used a complex-domain EOF

decomposition to extract the coherent barotropic and baroclinic tidal variability across

the array into a single mode.

The Hilbert transform EOF (HEOF) decomposition allows for the identification

of propagating patterns across a spatial array (Wallace and Dickinson 1972, Horel 1984,

Hannachi et al. 2007). The Hilbert transform approach has been used in meteorology

and oceanography to investigate large scale phenomena like El Niño (Barnett 1983) and

small scale phenoma such as coastal upwelling (e.g. Kundu et al. 1975). The Hilbert

transform is functionally a filtering operation in which each spectral component of the

time series is phase-shifted by +π

2 , thus providing information about the relative phases

between the elemental sinusoids which comprise the original variable. This is most

easily seen in the case of a time series with only one frequency component, in which case

the Hilbert transform is simply the time derivative of the original time series. Therefore,

the Hilbert transform provides information about the local rate of change of a variable

with respect to time, in a frequency-integrated sense (Barnett 1983, Horel 1984).
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We constructed a complex representation of each velocity time series U j(t) =

u j(t)+ iû j(t) and Vj(t) = v j(t)+ iv̂ j(t), where u and v were the cross and alongshore

components of velocity, respectively, and û j(t), v̂ j(t) was the Hilbert transform of the

original time series u j(t) computed by discrete fast Fourier transform (FFT). We con-

structed a matrix of the Hilbert transformed velocity time series over all spatial loca-

tions (1 to J) and at all times 1 to T , such that C = [U j(t),Vj(t)] is a complex matrix

of dimensions T×2J. The phase of an HEOF transform is only defined to an additive

constant (Horel 1984). In the case of the analysis that follows, all phases were relative

to the cross-shore velocity at the bottom-most bin at the 32 m ADCP.

4.5.1 Hilbert transform EOF (HEOF) filtering

If C is a complex-valued T×2J matrix containing the Hilbert-transformed cross

and alongshore velocities at each depth across the five ADCP array, we can reconstruct a

T×2J complex matrix R out of the temporal mean at each spatial location (Ū(x) where

xi, i = 1 . . .2× J and the overbar indicates a mean calculated over all T observations

[m/s])) and the first K HEOF spatial modes (hi, i = 1 . . .K) and temporal amplitudes

(α(t)i, i = 1 . . .K, t = 1 . . .T) by the relation (Rudnick and Davis 1988):

R = Ū(x)+αihT
i (4.16)

where Ū(x) is a T×2J matrix populated with the temporal mean ū(x) at each spatial

location along the columns. The units of the entries in this matrix are [m/s], while the

EOF reconstruction is unitless–the resultant matrix R also has units [m/s]. Note that

this reconstruction can be performed over any number of ≤ 2×J modes, where the full

reconstruction (i.e. using all 2×J modes) is exactly equal to the original data matrix C.

The choice of which modes to use involves an arbitrary decision, typically facilitated by

expected behavior of the process being investigated. In the case of the present study, the

first HEOF mode accounted for 44.5 % of the variability in the along- and cross-shore

velocity time series and was dominated by semidiurnal variability (Figure 4.3), so we

limited our reconstruction to the real part of mean and first HEOF (Horel 1984):
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Rtidal = Re
[

Ū(x)+α1hT
1

]
(4.17)

4.5.2 Assessing the terms of the momentum equation

The experimental domain was comprised of the innermost portion of the conti-

nental shelf, between depths of 18 and 7 m, encompassing three ADCPs (Figure 4.2d).

The domain range and the depth of the layers were based on the HEOF reconstruction:

over the course of the experiment, the surface and bottom layers were counter-rotating

at those three moorings (Figure 4.7). The upper and lower layers were chosen as those

ADCP bins at each mooring that were rotating counter-clockwise and clockwise respec-

tively.

We estimated the vertical and horizontal integrals in equations (4.9), (4.14) and

(4.3) as the Riemann sum of the velocity measurements, e.g.:

3

∑
j=1

N1

∑
i=1

u1(z,x)∆z,∆x, (4.18)

where the inner summation was over all the ADCP bins in the layer and ∆z was the

bin size (in meters). The outer summation was across the three ADCPs in the domain

and ∆x is the separation between the instruments (in meters). The vertical resolution

of the ADCPs was such that the Riemann sum was a reasonable approach to estimate

the continuous vertical integral. The cross-shore separation between adjacent ADCP

moorings was ∼500 m. The separation between the moorings was small relative to the

wavelength of the internal tide (∼20 km, Lerczak 2000), and therefore seemed likely to

provide adequate horizontal resolution to study tidal processes. The integration scheme,

while imperfect, had the virtue of being the simplest possible approach and avoided

potential complications due to interpolation or projections.

Bottom friction was estimated from the quadratic drag law:

τb(x) = ρCD ∗ub ∗
√

u2
b + v2

b (4.19)

τb(y) = ρCD ∗ vb ∗
√

u2
b + v2

b (4.20)
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where CD is a drag coefficient taken to be 3.0 x 10−3 (e.g. Geyer et al. 2000). The ub

and vb velocities were taken as the cross-shore and alongshore velocity 2 m above the

bottom at each time (Geyer et al. 2000). The choice of drag coefficient was somewhat

arbitrary. We had no direct measurements of bottom stress or bottom roughness, so we

have chosen a canonical value for CD based on literature values (e.g. Geyer et al. 2000).

Bottom friction was a critical component of this analysis, and a range of values of CD

and formulations of the drag were tested to assess the impact on the analysis of tidal

variability.

In what follows, we describe the results of the HEOF decomposition and the

sense of rotation of the reconstructed velocities. Subsequently, we compare measure-

ments of the temporal derivatives of cross-shore and alongshore transport from the

HEOF reconstruction with dynamical estimates of those equations based on equations

(4.12), (4.15), and (4.4).

4.6 Results

4.6.1 The structure of coherent current variability

The variability in the raw cross-shore (u) and alongshore (v) velocities was pri-

marily tidal and the u and v velocities were similar in magnitude, reaching a maximum

of∼15 cm s−1 (Figure 4.4 and 4.5). The variability was qualitatively coherent across the

inner shelf for both components of velocity. The magnitude of the currents decreased

as the water column depth decreased. The cross-shore velocity was surface and bottom

intensified and the alongshore velocity was surface intensified (Figure 4.4 and 4.5).

The WW time series of density at 22 and 12 m were also dominated by semid-

iurnal variability due to the internal tide, and appeared to be coherent between the two

moorings. Mid-water column isopycnal displacement averaged 8.5 m at the 22 m WW

over the course of the experiment (Figure 4.6). Maximum mid-water column isopycnal

displacement exceeded 12 m between 10-Aug and 14-Aug. Mid-water column isopy-

cnal displacement at the 12 m averaged 5.5 m at the 12 m, and was approximately the

depth of the water column between 10-Aug and 14-Aug. The pycnocline was variable in

intensity and mean position over the course of the experiment at both moorings. Mean
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density increased with time as the difference between surface and bottom density de-

creased (Figure 4.6).

4.6.2 Hilbert transform EOF analysis

The first mode of the HEOF transform accounted for 44.5% of the total variabil-

ity in the cross and alongshore velocity time series over the length of the record (∼ 20

d). The second mode accounted for 14% and the remainder of the modes accounted for

< 4% of the variability each. The first HEOF mode accounted for 15% more variability

than a time domain EOF of the cross- and alongshore velocity time series (not shown).

The structure of the first HEOF mode was consistent with previous analyses of

internal tide currents over the SSCB shelf (Lerczak et al. 2003). The structure of u was

surface and bottom intensified, with a minimum magnitude at the mid water column at

all moorings (Figure 4.3). The surface and bottom were ∼180◦ out of phase, with a

relatively rapid transition at the mid-water column magnitude minimum and approxi-

mately constant phase in the surface and bottom layers. The structure of v was surface

intensified at all moorings. The phase of v was more variable across the array than u. At

the 32 and 22 m ADCP, v was 90◦ out of phase from surface to bottom. Inshore of 22

m, the phase shift between the surface and bottom decreased at each mooring. At the

innermost mooring, the surface to bottom phase difference was <45◦ (Figure 4.3).

The near bottom bins (< 4 m above bottom) were characterized by decreasing

amplitudes in both the cross-shore and alongshore components of velocities. This near-

bottom decrease in the semidiurnal currents indicates the importance of frictional pro-

cesses in the bottom boundary layer.

The first HEOF amplitude was characterized by semidiurnal variability, apparent

in the phase of the temporal amplitude, which regularly progressed over a 2π range

every semidiurnal period (Figure 4.3). The magnitude of the first HEOF amplitude was

variable in time, peaking during the period between 10-Aug and 14-Aug, consistent with

the WW isopycnal displacement data (Figure 4.6 and Figure 4.3).
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4.6.3 Reconstructed time series of u and v velocities

The reconstructed u (urc) and v (vrc) time series captured the semidiurnal vari-

ability in the raw time series. The reconstructed components of velocity were combined

to assess the relative sense of rotation and ellipticity of the velocity vectors driven by

the internal tide (Figure 4.7). At the 32 m ADCP, the near bottom currents were clock-

wise (CW) polarized and dominated by the cross-shore component. At the mid-column

minimum in urc and vrc the currents were counterclockwise (CCW) polarized. At the

surface, the reconstructed velocity was CW polarized, and the magnitude of the urc and

vrc velocities were similar (Figure 4.7). Inshore of the 17 m ADCP, the reconstructed

surface and bottom velocities were counter-rotating, CW polarized at the bottom and

CCW polarized at the surface. The time mean temporal derivative of the reconstructed

phase is a measure of the average rate of rotation, and was semidiurnal ( 2π

M2
radians s−1

Figure 4.7).

The presence of counter-rotating surface and bottom velocities suggested that

the semidiurnal variability over the inner portion of the array was not forced by a propa-

gating or standing mode-1 internal wave. We used the transition between CW and CCW

rotation to define the upper and lower layers in the analysis of the cross-shore momen-

tum balances that follows, and restricted this analysis to the 17, 12 and 7 m ADCPs

where the sense of rotation effectively ruled out simple mode-1 internal wave forcing.

4.6.4 Alongshore momentum balance

The terms of the alongshore momentum balance were estimated for a single layer

according to equations (4.4) and (4.5). The vertically integrated estimate of barotropic

alongshore sea level gradient (−gγy) ranged between -0.02 and 0.02 m3 s−2, which was

similar to the estimates of f U and the alongshore component of bottom stress (τb(y))

(Figure 4.8). The phase of the M2 component of sea level elevation calculated from

pressure measured at the 8 m ADCP was adjusted to minimize the magnitude and tidal

variability in the residual between Vt and the prediction of Vt based on equation (4.4).

The best fit between the prediction and Vt , as measured by a simple linear correlation,

required a phase shift of 40◦. The adjusted prediction and Vt showed good agreement
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in phase and magnitude and were strongly linearly correlated (r2 = 0.59, p < 1×10−5).

The resulting residuals were only weakly correlated with Vt , although they remained

similar in magnitude to Vt .

4.6.5 Cross-shore momentum balances

In the upper layer (layer 1), the temporal derivative of the cross-shore transport

(Ut) was strongly correlated with the prediction provided by the right hand side (R.H.S)

of equation (4.12) (Ut(pred), r2 = 0.84, p < 1× 10−5). The magnitude of Ut(pred)was

smaller than Ut , which led to residuals (r = Ut −Ut(pred)) that were correlated with Ut

(Figure 4.9).

In the lower layer (layer 2), the alongshore transport term ( f V2) was smaller in

magnitude to the estimated integrated cross-shore sea level gradient−gηx =− f v̄XinH2)

(Figure 4.10). The integrated bottom stress term (τb(x)) was similar in magnitude to

the alongshore transport and cross-shore gradient in sea-level terms. The estimated inte-

grated cross-shore interfacial gradient term (−gηintXinH2) was also similar in magnitude

to the other forcing terms, although the phase and magnitude of −gηint was more vari-

able in time than the terms calculated from the reconstructed velocities. The temporal

derivative of the cross-shore transport (Ut) was correlated with the prediction provided

by the R.H.S of equation (4.15) (Ut(pred), r2=0.19, p < 1× 10−3), calculated without

the −gηintXinH2 term given the gaps in WW coverage. The Ut(pred), calculated with-

out −gηintXinH2, was smaller than the observed values of Ut . Including −gηintXinH2

increased the magnitude of Ut(pred). However, the phase of theUt(pred) lagged the phase

of the observed Ut , as estimated by correlation coefficients calculated over a range of

lags (best r2 = 0.60, p < 1×10−5 at an optimal lag of π

6.2 M2 periods). This lag resulted

in large residuals that were correlated with Ut (Figure 4.10). The residuals between

the phase adjusted prediction and the lower layer Ut is shown in bottom panel of Fig-

ure 4.10. The residuals are smaller with the optimal lag, although the Ut(pred) is still

imperfect and the residuals were relatively large (>0.05 m3 s−2) and correlated with Ut .



99

4.7 Discussion

The interpretation of semidiurnal baroclinic variability as a propagating low-

mode internal wave is supported by open ocean observations and models. Those obser-

vations include tracking the propagation of baroclinic tides from mid ocean archipela-

goes such as the Hawaiian Islands (Rudnick et al. 2003, Rainville and Pinkel 2006a,

Rainville and Pinkel 2006b), and observations over continental shelves in the north-

east Atlantic Ocean (Pingree et al. 1986, Sherwin 1988, Sharples et al. 2007) and in

the southwest Pacific (Sharples et al. 2001). Although there is no direct evidence of

offshore generation of the baroclinic tide in the SCB, semidiurnal baroclinic variabil-

ity in continental shelf currents and temperature is universally believed to be associated

with remote generation and propagation through a variable coastal ocean (Winant 1974,

Lerczak 2000, Lerczak et al. 2003, Boehm et al. 2005). The disagreements between

theory and observation (e.g. Lerczak et al. 2003) have been attributed to the difficult-to-

observe degrees of freedom in the ocean: temporal and spatial variability in stratification

and subtidal currents on all scales, as well as the important nonlinear and nonhydrostatic

processes acting in shallow water.

4.7.1 The rotation of semidiurnal baroclinic currents

The HEOF decomposition of the u and v velocities conclusively demonstrated

that much (>40%) of the total variability in both components of shelf currents was due

to coherent semidiurnal variability. The spatial structure of this coherent variability was

consistent with previous characterizations of the internal tide over the SSCB, and was

therefore likely to represent the internal tide. The advantage of the HEOF approach was

that it allowed for propagating modes, which provides a more concise representation

of the baroclinic variability than a time-domina EOF analysis. It also allows for the

possibility of counter rotating variability in a single mode, something time domain and

vector (u+ iv) EOFs do not.

The reconstructed velocity time series demonstrate that the surface and bottom

baroclinic variability was in fact counter-rotating in the shallow water of the inner-

shelf (Figure 4.7), and that there was apparently a transition between CW-polarized and
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counter-rotating modes around the depth of the pycnocline. This transition was driven

by the change in relative phase of the near-surface v velocity across the shelf. The

vertically counter-rotating nature of the baroclinic currents over the inner shelf dictates

that something other than simple, inviscid mode-1 dynamics is driving shallow water

baroclinic variability in the SSCB.

4.7.2 Semidiurnal baroclinic variability over the inner shelf

In narrow estuaries where the seaward end is subject to forcing by the barotropic

tide, a lateral flow develops that is baroclinic and approximately 20% of the magni-

tude of the axial (and barotropically driven) flow. The slowing of barotropic flow in

the bottom boundary layer due to friction causes a reduction in the Coriolis force and

a lateral Ekman transport (Winant 2007). The combined flow field, when viewed at a

point where friction is important (i.e. in shallow water), is much like the observations

presented above: a vertically sheared axial (alongshore) velocity and a reversing lateral

(cross-shore) flow, where the current vectors reverse polarization with depth (Martin et

al. 2005, Winant 2007, unpubl.). The inclusion of stratification complicates the situ-

ation: free waves are formed which can propagate in any direction and the baroclinic

structure of the flow field becomes more complex (Winant, unpubl.).

The simple, single-layer alongshore momentum balance does well in predicting

the acceleration of the alongshore transport. The primary uncertainty in this analysis

is the estimate of the alongshore sea surface gradient −gηy, which is based on rather

simple assumptions about the nature the barotropic tide. The phase of the K1 and M2

tidal constituents from the 8 m ADCP was adjusted to minimize the residual between

the predicted and observed transport acceleration, which, given the uncertainty in the

estimate of −gηy, seemed to be a reasonable approach. It can be argued, however, that

this simply forces the sea level gradient to behave as we require it, and does not provide

strong proof of the barotropic tide driving the along shore transport.

It was somewhat surprising that f U was a significant term in the alongshore mo-

mentum balance. Our ADCPs lacked near-surface resolution, which may account for

the non-zero vertically integrated cross-shore transport. Presuming that the non zero-

transport was real, the large contribution of the f U term implies that both the barotropic
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(tidal) and baroclinic (local) components of −gηy are important in driving the along-

shore velocity.

The observed behavior of Ut in both the surface and bottom layers was in general

well modeled by the simplified cross-shore momentum balances derived above. Much

of the variability in Ut in each layer was due to the imbalance between the estimated

sea level gradient ( f v̄XinH) and the rotationally modified alongshore transport of each

layer ( f V). This is imbalance results from the sheared alongshore flow which has depth-

dependent rotational modification, and the depth-independant forcing by the cross-shore

sea-level gradient. Frictional effects were important in the bottom layer, particularly in

controlling the phase of Ut(pred). The observations of the stress due to the interfacial

elevation were unfortunately incompletely sampled, which precluded isolating the co-

herent semidiurnal variability in that stress by an HEOF decomposition. The raw data

were noisy, and the water column was rather more uniformly stratified than separated

in two layers, as assumed in the theoretical treatment. Nevertheless, −gηi appeared to

contribute by augmenting the acceleration of the cross-shore transport.

The significant deviations in magnitude (upper and lower layer) and phase (lower

layer) between the simplified cross-shore momemtum balances and observations may be

explained by comparison to the analytical solutions proposed by Winant (2007). In the

upper layer, the terms in equation (4.12) predicted the phase of Ut well, but not the mag-

nitude, which was underestimated by approximately 80%. This under-estimation is due

to the fact that, unlike the case considered in Winant (2007) where the lateral flow was

only 20% of the axial flow, the relative magnitudes of the cross and alongshore recon-

structed velocities were similar. Therefore, there must be a forcing term not considered

here contributing to the cross-shore transport. One potentially important term neglected

in the analysis above is the role of surface and interfacial stresses in the upper layer

momentum balance. In addition, lower frequency forcing (such as near inertial waves

forced by the local sea breeze) could potentially play a role in the flux of cross-shore

momentum and materially alter the balances discussed here.

The phase offset between the predicted and observed lower layer Ut was driven

primarily by the slowly varying phase of both u and v in both layers. That is, as opposed

to the simplified case in which u is exactly in phase within each layer and exactly π
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radians out of phase between the layers, the variability within the layers (as well as the

lack of near surface velocity measurements) meant that U1 and U2 were not π radians

out of phase. Requiring that the bottom velocity be exactly out of phase with the surface

velocity yielded the same phase shift as calculated by the lagged correlation approach

to minimize the lower layer residuals (Figure 4.10), which indicates that the layer sepa-

ration approach used here is not entirely satisfactory.

4.7.3 The nonlinear contribution

Lacking alongshore moorings and greater cross-shore resolution, it is impossible

to directly estimate the x- and y- partial derivatives of u and v and therefore the contribu-

tion of the nonlinear terms to the momentum balances. We expect, however, that those

contributions may be large.

Using the domain defined in Figure 4.2, the horizontal, cross-shelf flux of along-

shore momentum into the domain can be estimated as:

N

∑
i=1

uvδ z (4.21)

where N is the number of vertical bins and δ z is the bin size, calculated at the 17 m

ADCP. The flux out of the domain can be estimated in a similar fashion using the mea-

surement at the 8 m ADCP. The alongshore momentum flux divergence:

N

∑
i=1

[
uvδ z

]
a−

N

∑
i=1

[
uvδ z

]
b (4.22)

where a and b are the left and right sides of the domain, respectively (Figure 4.2). Equa-

tion (4.22) is a measure of the nonlinear contribution to the alongshore momentum bal-

ance. The nonlinear flux of momentum decreases across the shelf. The contribution

of the nonlinear terms to the alongshore momentum balance as estimated by equation

(4.22) is significant (Figure 4.11). The nonlinear flux was modulated by the variabil-

ity in the baroclinic tide and acted to increase the magnitude of Vt(pred). The frequency

content of the nonlinear contribution is double the semidiurnal period, due to the relative

phasing of the u and v velocity, and therefore reduced the correlation between Vt and
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Vt(pred). Nevertheless, this simple analysis showed that the nonlinear contribution was

of the same order of magnitude as the other forcing terms in the alongshore momentum

balance, and that the baroclinic variability over the inner shelf is likely to have a large

nonlinear component.

4.8 Conclusions

The counter-rotating surface and bottom velocities over the inner shelf preclude

interpretation of the semidiurnal variability observed there as either a propagating or

standing mode-1 internal wave. We assessed simplified cross and alongshore momen-

tum balances to test whether the baroclinic variability observed over the inner shelf was

in fact directly driven by the barotropic tide in a manner analogous to the tidal flow in

narrow estuaries (Winant 2007),

The simplified momentum balances we have considered here support the hy-

pothesis that the baroclinic variability over the shallow inner shelf is directly forced

by the alongshore sea level gradient due to the barotropic tide, friction in the bottom

boundary layer, and rotation. In slightly deeper water ( 20 m) the current rotation in

the surface and bottom layers was in the sense predicted by simple linear internal wave

theory. It appears probable that both propagation of a remotely generated internal tide

and local forcing due to the barotropic tide, friction and rotation were responsible for

the observed semidiurnal variability over the SCB continental shelf. Considerable un-

certainty remains given the specific behavior of the estimated terms in the momentum

balances, the relative magnitude of the cross and alongshore velocities, the phase re-

lationships between terms, and finally the potential for a nonlinear contribution to the

cross and alongshore momentum balances. Conclusive demonstration of the validity of

direct barotropic forcing of the baroclinic tide hypothesis awaits future modeling and

field efforts.
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Figure 4.1: Schematic representation of the hypothesized forcing of semidiurnal vari-
ability over the inner shelf (following Martin et al. 2005, Winant 2007, 2008). Along-
shore velocity (in this example, out of the page) is driven by the barotropic tide, and
is vertically sheared due to friction in the bottom boundary layer (BBL). The sea level
gradient is balanced by the Coriolis force acting on the mean alongshore velocity. In the
lower layer, friction slows the alongshore velocity leading to an imbalance in Ekman
forcing and an onshore Ekman transport in the lower layer. Assuming no alongshore
variability, continuity requires that the onshore flow near the bottom is balanced by off-
shore flow in the upper layer. On the opposite phase of the tide, the pattern is reversed.
One notable characteristic of this type of flow is that over a tidal cycle, the surface and
bottom current vectors are counter-rotating on an x-y plane.
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Figure 4.3: First mode of the HEOF decomposition of cross-shore and alongshore ve-
locity across the shelf. The first mode accounted for 42% of the variability in the com-
bined time series. The spatial structure (magnitude and phase) and temporal variability
(amplitude and phase) reflected the semidiurnal baroclinic variability on the shelf. The
structure and phase relationship were consistent with previous studies of the internal
tide in the study area (Lerczak et al. 2003)
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for in this analysis.
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5 Concluding remarks and future

challenges

5.1 Concluding remarks

The findings of ISPX confirm that variability in nitrate supply leaves a major

imprint on the coastal phytoplankton community. The physical forcing in the SSCB is

subtle; surface nitrate concentrations were always at or below detection in this study,

as had been found in previous work (Eppley 1992). Nevertheless, significant fluxes of

nitrate do occur, primarily through the delivery of nitrate-rich water through the base

of the euphotic zone and vertical mixing at the nitracline. These fluxes are intensified

over the inner shelf and are variable in time due to variability in: 1) the strength of the

baroclinic tide (7-10 d timescale), 2) the local winds (2-5 d timescale), and 3) remote

forcing (days to decades timescale). The schematic cartoon of the SCB shelf (Fig. 5.1)

illustrates the interacting scales of variability and their impact of nitrate availability. It is

probable that the ratio of new : total productivity is low over the SCB continental shelf

(relative to Eppley and Peterson (1979), Fig. 2) precisely because of the interaction

of the independent modes of variability in physical forcing. Large inputs of nitrate

to the surface are very rare (e.g. wind-driven upwelling); however, along-isopycnal

and diapycnal fluxes of nitrate through the base of the euphotic zone are constantly

occurring—although variable in strength—with the exception of large, basin-scale warm

anomalies such as El Niño.

This integrated mode of nitrate supply to the SCB shelf has several impor-

tant ecological implications that may be shared by other shelf seas around the world.

Twomey et al. (2007) referred to this background, subsurface nitrate flux at moderate
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levels as ‘cryptic upwelling,’ and noted it fueled relatively high vertically integrated pri-

mary production without an obvious surface signature. In particular, the community

nitrate uptake response in these systems appears to be different than the case of wind

forced upwelling, where communities are observed to ‘shift up’ their nitrate uptake rates

after large nitrate input to the euphotic zone (Dugdale and Wilkerson 1989, Smith et al.

1992, Kudela et al. 2000), and thus respond at a lag to nitrate injection. In the ’shift up’

model, the rate of increase of nitrate uptake is a linear function of the initial concentra-

tion of nitrate upon cessation of the upwelling event, while the instantaneous uptake rate

is either uncorrelated or negatively correlated to the instantaneous nitrate concentration

(Dugdale and Wilkerson 1989, Dugdale et al. 2000).

The ISPX nitrate uptake rates are positively correlated with in situ nitrate con-

centration (r2 = 0.88, Fig. 5.2) and are therefore not consistent with the "shift up"

model. This lack of a lag between nitrate availability rate and nitrate uptake rate, in

contrast to communities that shift-up nitrate uptake, implies that the communities over

the SSCB inner shelf are primed or quasi-permanently shifted up for nitrate uptake as it

is episodically available, similar to the results of Twomey et al. (2007) over the North-

west Australian shelf and Lomas et al. (2009) in the Sargasso Sea. The rates of uptake

of the major recycled sources of nitrogen are likewise positively correlated with each

other (Fig 5.2), implying that, during periods with less nitrate flux, the communities are

capable of maintaining high levels of primary productivity because they are utilizing a

suite of organic nitrate sources (see Eppley et al. 1979, Azam 1986).

Diatoms are major players in the SSCB inner-shelf and, along with picoeukarotes,

dominated the inner shelf phytoplankton community during ISPX. The nitrate uptake

experiments suggest that these diatoms and picoeukarotes are capable of very rapid re-

sponse to increased nitrate concentrations, as was borne out during the subsurface bloom

at the 22 m WW, subsequent to an offshore shoaling of the nitracline (Chapter 3). Di-

atoms are considered to be primary contributors to export production, given their large

size and rapid sinking rates (e.g. Michaels and Silver 1988, Boyd and Newton 1999,

Bury et al. 2001). The contribution of diatoms to the coupled ocean/atmosphere carbon

dioxide flux is therefore thought to be important (Falkowski and Barber 2003, Cermeño

et al. 2008; however, see Richardson and Jackson 2007 for the importance of the pi-
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coplankton fraction). The physical processes which control nitrate availability over the

SSCB continental shelf modulate both the rate of carbon fixation and appear, at least in

certain combinations, to favor taxa with the capacity for significant export carbon flux.

Over the last 40 years, SCB chlorophyll concentration has increased as the eu-

photic depth has decreased (Aksens and Ohman 2009). Over the last 20 years, total

primary productivity in the SCB has increased as well (Kahru et al. 2009). Both of

these results are surprising given the well-documented increase in SCB sea surface tem-

peratures and stratification, which were expected to decrease nitrate availability in the

euphotic zone (e.g. Roemmich and McGowan 1995). The dynamical explanation for

these trends is not obvious, particularly considering coastal wind forcing in the SCB has

apparently not changed much in the last 50 years (Rykaczewski and Checkley 2008).

The results of this dissertation shed some light on the seemingly paradoxical

observations of increased stratification and increased productivity. Given that the cross

shelf internal tide pump is presumably always on, and that the weak local winds typically

induce a tilt in the nitracline, low-frequency changes to the depth of the nitracline at the

shelf break would directly impact the euphotic zone biomass and primary productivity

regardless of increased stratification (Fig. 5.2). In that sense, a weak, low-frequency

increase in the amount of wind stress curl over the SCB, as observed by Rykaczewski

and Checkley (2008), could cause large changes in the character of the SCB shelf eu-

photic zone in terms of productivity, community composition, biomass, and the capacity

to export carbon. This effect is not due to the weak vertical velocities associated with

the curl-induced Ekman pumping, but because the mean nitracline depth shoals as Ek-

man pumping increases. That nitrate could then be redistributed by the internal wave

processes outlined above.

5.2 Future challenges

The ISPX study demonstrated that the detailed and complex interaction between

coastal flow fields and phytoplankton ecology can be investigated on a small budget

with limited logistic support. Ideally future investigations along these lines will benefit

from dedicated sources of funding. Nevertheless, I believe it is clear that significant
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advances in our understanding of the ocean can come from small projects such as ISPX.

The novel results in this dissertation resulted from the implementation of relatively new

technology in a multidisciplinary context, and serve as a reminder that even the ocean

directly adjacent to one of the largest and oldest oceanographic institutions in the world

still awaits significant discoveries.

5.2.1 Some open questions

The mechanisms of nitrate flux that support the patterns and intensity of biologi-

cal productivity over the SSCB shelf are sensitive remotely forced variability which is at

present poorly understood. Pringle and Riser (2003) suggest that variability in temper-

ature over the shelf on weekly timescales is related to northward propagating coastally

trapped waves forced by winds in Central Baja. These waves, if they do in fact im-

pact the water column structure, would be expected to influence not only temperature

but also the phytoplankton biomass, productivity, and community composition over the

shelf. Other low-frequency forcing clearly impacts nitrate availability over the shelf.

A monitoring strategy that estimates the low-frequency nitrate climate of the shelf in

real time (Chapter 3) would allow for directed sampling effort to address these open

questions.

The detailed nature of nitrate flux due to episodic, transient mixing events asso-

ciated with breaking high frequency internal waves was not examined during ISPX. Nor

was an explicit consideration of the role of the bottom boundary layer in the internal

tide forced vertical redistribution nitrate attempted. The development of models which

explicitly consider these nonlinear phenomena will advance our understanding of the

coupling between the community level phytoplankton response to these episodic events.

Focusing exclusively on the importance of nitrate delivery, while justified by

the patterns we observed, is a significant simplification. Perhaps most importantly, sig-

nificant biological interactions among the phytoplankton themselves—and between the

phytoplankton and zooplankton—will act to modulate both the composition of the phy-

toplankton community and the carbon export potential. Very little is known about the

timescales of pelagic succession and predation in the context of variable physical con-

ditions. Ecosystem models of shelf assemblages have demonstrated the importance of
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pulsed nutrient delivery in the realized size structure of the phytoplankton and zooplank-

ton. The SCB is an excellent laboratory to investigate episodic nutrient supply and the

influence on biological interactions in a system that is less energetic and dispersive than

vigorously forced upwelling systems.

In Chapter 4, I approached a long-standing assumption about the nature of semid-

iurnal baroclinic variability over the inner shelf from a new direction. The results of that

analysis were necessarily tentative. While the shallow inner shelf appears to be subject

to forcing that is not necessarily due to a low mode propagating internal wave, a number

of uncertainties remain. Understanding the detailed dynamics of inner-shelf variability

is not just interesting from a physical perspective, but has obvious biological importance

given the results of Chapters 2 and 3.

Finally, the ultimate goal of coastal observing systems is to collect the appropri-

ate types of data to predict the future state of the coastal ecosystem (e.g. www.sccoos.org).

This goal requires a mechanistic understanding of the coastal ocean that does not yet

exist. The fundamental dependence of the biological systems in the ocean on the ex-

tremely complex patterns of physical flow demand interdisciplinary approaches. Nev-

ertheless, coupled biological and physical field programs need not necessarily be giant

undertakings—significant advances can be achieved with limited resources.
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