
P
os
te
d
on

8
D
ec

20
22

—
C
C
-B

Y
-N

C
-N

D
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
51
26
9
8.
2
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Enhanced biogeochemical cycling along the U.S. West Coast shelf

Pierre Damien1, Daniele Bianchi2, James C. McWilliams2, Faycal Kessouri3, Curtis A.
Deutsch4, Ru Chen5, and Lionel Renault6

1UCLA
2University of California Los Angeles
3Southern California Coastal Water Research Project
4University of Washington
5Tianjin University
6LEGOS, University of Toulouse, IRD, CNRS, CNES, UPS

December 8, 2022

Abstract

Continental margins play an essential role in global ocean biogeochemistry and the carbon cycle; however, global assessments

of this role remain highly uncertain. This uncertainty arises from large variability over a broad range of temporal and spatial

scales of the processes that characterize these environments. High-resolution simulations with ocean biogeochemical models

have emerged as essential tools to advance biogeochemical assessments at regional scales. Here, we examine the processes

and balances for carbon, oxygen, and nitrogen cycles along the U.S. West Coast in an 11-year hindcast simulation with a

submesoscale-permitting oceanic circulation-biogeochemical model. We highlight the importance of biogeochemical cycles on

the continental shelf, and their connection to the broader regional context encompassing the California Current System. On

the shelf, coastal and wind stress curl upwelling drive a vigorous overturning circulation that supports biogeochemical rates and

fluxes that are approximately twice as large as offshore. Exchanges with the proximate sediments, submesoscale shelf currents,

bottom boundary layer transport, and intensified cross-shelf export of shelf-produced materials impact coastal and open-ocean

balances. While regional variability prevents extrapolation of our results to global margins, our approach provides a powerful

tool to identify the dominant dynamics in different shelf setting and quantify their large-scale consequences.
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Key Points:10

• The balances of carbon, oxygen and nitrogen along the U.S. West Coast shelf are11

characterized using a submesoscale-permitting oceanic biogeochemical model.12

• Alongshore wind stress, intensified curl, eddies, and boundary layer dynamics gen-13

erate a vigorous cross-shelf overturning and biogeochemical rates twice as large14

as offshore.15

• Intense mean and eddy cross-shore exchanges, mainly in the surface and bottom16

boundary layers, fuel productivity offshore.17
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Abstract18

Continental margins play an essential role in global ocean biogeochemistry and the car-19

bon cycle; however, global assessments of this role remain highly uncertain. This uncer-20

tainty arises from large variability over a broad range of temporal and spatial scales of21

the processes that characterize these environments. High-resolution simulations with ocean22

biogeochemical models have emerged as essential tools to advance biogeochemical assess-23

ments at regional scales. Here, we examine the processes and balances for carbon, oxy-24

gen, and nitrogen cycles along the U.S. West Coast in an 11-year hindcast simulation25

with a submesoscale-permitting oceanic circulation-biogeochemical model. We highlight26

the importance of biogeochemical cycles on the continental shelf, and their connection27

to the broader regional context encompassing the California Current System. On the28

shelf, coastal and wind stress curl upwelling drive a vigorous overturning circulation that29

supports biogeochemical rates and fluxes that are approximately twice as large as off-30

shore. Exchanges with the proximate sediments, submesoscale shelf currents, bottom bound-31

ary layer transport, and intensified cross-shelf export of shelf-produced materials impact32

coastal and open-ocean balances. While regional variability prevents extrapolation of our33

results to global margins, our approach provides a powerful tool to identify the domi-34

nant dynamics in different shelf setting and quantify their large-scale consequences.35

1 Introduction36

Oceanic margins – lying at the interface between the land, open ocean, atmosphere,37

and sediments — are emerging as central locations in Earth’s Biogeochemical (BGC) trans-38

formations and exchanges, and an essential component of the land-to-ocean aquatic con-39

tinuum (Regnier et al., 2022). Although this idea has a long history (Walsh, 1991), the40

most recent assessments exceed previous expectations, and reveal the critical role of mar-41

gins in the global cycles of carbon (C), nutrients, and other elements (Hofmann et al.,42

2011; Laruelle et al., 2014; Najjar et al., 2018; Fennel et al., 2019; Fennel & Testa, 2019;43

Cai et al., 2020). Representing only about 7–8% of the surface area of the oceans, shelf44

environments could support about 20% of total oceanic productivity, more than 40% of45

the carbon sequestration to the deep ocean, and at least 15% of the net uptake of at-46

mospheric carbon dioxide (CO2) by the global ocean (Muller-Karger et al., 2005; K.-K. Liu47

et al., 2010; Cai, 2011; Laruelle et al., 2018; Regnier et al., 2022; Dai et al., 2022). Be-48

cause of the enhanced exchanges with land and atmosphere and large BGC rates, the49
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effects of climate change are amplified along oceanic margins, adding to pressure from50

a growing human population along the coast (Doney et al., 2007; Doney, 2010; Cai et51

al., 2011; Regnier et al., 2013; Bauer et al., 2013; Breitburg et al., 2018; Fennel & Testa,52

2019; Kessouri et al., 2021; Lacroix et al., 2021b; Regnier et al., 2022).53

While there is a growing consensus on the importance of oceanic margins for global54

biogeochemistry (Walsh, 1991; Muller-Karger et al., 2005; Fennel et al., 2008), global as-55

sessments of this role remain uncertain (Hofmann et al., 2011), although observational56

and modeling advances have begun to close this gap (Laruelle et al., 2014; Roobaert et57

al., 2019; Fennel et al., 2019; Lacroix et al., 2021a, 2021b; X. Liu et al., 2021; Regnier58

et al., 2022). The difficulty in quantifying ocean margin BGC cycles results from a com-59

bination of factors, including the small area of coastal regions, many of which remain un-60

dersampled compared to the open ocean; the variety of geographical conditions (e.g., East-61

ern vs. Western Boundary Currents, wide vs. narrow shelves, polar margins, etc.); the62

small spatial and temporal scales involved; and the presence of intense and often unique63

processes, including inputs from terrestrial and anthropogenic sources (Kessouri et al.,64

2021; Lacroix et al., 2021a; X. Liu et al., 2021; Dai et al., 2022). Given these features,65

extrapolation from local to global scales is often fraught with uncertainties (Hofmann66

et al., 2011; Regnier et al., 2022; Dai et al., 2022). Progress towards robust assessments67

of the role of continental margins at the global scale increasingly depends on improved68

estimates at regional and local scales (Bauer et al., 2013; Najjar et al., 2018; Fennel et69

al., 2019; Cai et al., 2020) and high-resolution modeling efforts (X. Liu et al., 2019; Reg-70

nier et al., 2022; Dai et al., 2022).71

Among continental margins, the U.S. West Coast (USWC) comprises the Califor-72

nia Current System (CCS), an ocean-dominated Eastern Boundary Upwelling that ex-73

hibits intense biological productivity and sustains high marine biodiversity and impor-74

tant fisheries (Chavez & Messié, 2009; McClatchie, 2014). In the CCS, the predominantly75

equatorward along-shore winds induce offshore surface Ekman transport balanced by up-76

welling of denser water at the coast, and shoreward flow at depth (Huyer, 1983; March-77

esiello et al., 2003). Upwelled waters are rich in nutrients and dissolved inorganic car-78

bon (DIC), and low in dissolved oxygen (O2) and pH. Thus, while upwelling fuels high79

biological production, it also exposes shelf ecosystems to chemical conditions that are80

potentially harmful to a variety of organisms (Grantham et al., 2004; Chan et al., 2008;81

Gruber et al., 2012). Large biological DIC uptake in the CCS contributes to the global82
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atmospheric CO2 sink, while CO2 outgassing in recently upwelled waters near the coast83

counteracts it in Central California (Feely et al., 2008; Fiechter et al., 2014; Laruelle et84

al., 2014; Landschützer et al., 2020).85

Upwelling fuels vigorous variability along the CCS. Upwelling-driven density gra-86

dients and along-shore currents exhibit instabilities and support energetic mesoscale and87

submesoscale flows (Marchesiello et al., 2003; Capet et al., 2008). These in turn affect88

BGC by transporting and subducting unutilized inorganic nutrients, detritus, and plank-89

ton offshore and downward along isopycnal surfaces (Nagai et al., 2015; Chenillat et al.,90

2015; Deutsch et al., 2021a), in a process known as “eddy quenching” of productivity (Lathuilière91

et al., 2010; Gruber et al., 2011; Renault et al., 2016b). Submesoscale currents (Capet92

et al., 2008; Thomas et al., 2008; McWilliams, 2016) further enhance BGC patchiness93

and modulate ecosystem responses (Lévy et al., 2018; Kessouri et al., 2020).94

Because of natural upwelling coupled to a slow decadal shoaling of the pycnocline95

(Deutsch et al., 2021a), the CCS is expected to be at the forefront of emerging oceanic96

acidification and hypoxia driven by anthropogenic climate change (Feely et al., 2008; Chan97

et al., 2008; Gruber et al., 2012), resulting in a multitude of impacts on the coastal ecosys-98

tem (Marshall et al., 2017; Doney et al., 2020). A variety of studies, helped by long-running99

monitoring efforts (e.g., the CalCOFI program (McClatchie, 2014)), have begun show-100

ing evidence of these trends along the USWC (Pespeni et al., 2013; Bednaršek et al., 2014).101

Although the CCS has been extensively studied, gaps remain in our understand-102

ing of BGC cycles in the region, especially on the shelf where acidification and hypoxia103

events are increasingly frequent (Chan et al., 2008; Feely et al., 2008; Fennel & Testa,104

2019; Osborne et al., 2020). Despite knowledge that the bulk of upwelling occurs on the105

shelf, the patterns of shelf circulation, their contribution to BGC cycles, and their con-106

nection to the broad CCS remains poorly-quantified. Additionally, how sub-regional vari-107

ability, submesoscale currents, and boundary-layer dynamics affect shelf circulation and108

BGC cycles coast-wide remain topics of active research (Kessouri et al., 2020; Fiechter109

et al., 2018). These governing processes have often been studied separately, and how they110

balance each others in a consistent picture is still unclear. While model-based studies111

provide an ideal tool to study these questions (Frischknecht et al., 2018; Dai et al., 2022),112

shelf environments have often been poorly represented in models, because of the small113

scales and strong connections to the adjacent open ocean (X. Liu et al., 2019; Lacroix114
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et al., 2021a; Dai et al., 2022). Furthermore, cross-shelf exchange is often investigated115

too far offshore to realistically resolve the shelf-to-open ocean continuum (X. Liu et al.,116

2019; Lacroix et al., 2021a; Regnier et al., 2022). This problem is particularly acute in117

the CCS, which is characterized by a narrow shelf with vigorous submesoscale activity118

(Dauhajre et al., 2017; Kessouri et al., 2020, 2021).119

Our goals with this study are two-fold: (1) elucidate how an intense, wind-driven120

overturning circulation enhances the cycles of carbon, nitrogen (N) and oxygen on the121

continental shelf of the USWC, and (2) elucidate the contribution of the continental shelf122

to the balances of these elements within the broader CCS. Specifically, we aim to address123

the following questions: What physical and biogeochemical processes drive intense car-124

bon, nutrient and oxygen cycles on the USWC shelf? What circulation patterns connect125

the shelf to the open ocean? And to what extent biogeochemical cycles on the shelf af-126

fect the adjacent open ocean?127

Answering these questions requires a faithful representation of the complex, fine-128

scale circulation and BGC of the region, and resolution of shelf processes and their con-129

nection to the open ocean. These elements are also needed to improve predictions of BGC130

and ecosystem change in the CCS (Jacox et al., 2014; Brady et al., 2020), and to expand131

our understanding of the role of continental margins in the global BGC cycles and changes132

now underway (Doney, 2010; Fennel & Testa, 2019; Stock et al., 2020; Regnier et al., 2022;133

Dai et al., 2022). Ultimately, the purpose of this paper is to provide a revised picture134

of BGC cycles along the USWC, and set a new standard for studies of climate change135

and anthropogenic impact on continental margin systems.136

To this end, we present results from a twin set of high-resolution (i.e., submesoscale-137

permitting) numerical simulations, composed of a Southern and a Northern configura-138

tion that span the USWC (Fig. 1). The simulations are integrated over a 11-year pe-139

riod, forced by realistic winds that include the orographic shaping of the atmospheric140

boundary layer (Fiechter et al., 2018; Renault et al., 2016a) and current feedback to the141

wind stress (Renault et al., 2016, 2020), both major physical drivers along the USWC.142

These configurations are nested in a mesoscale-resolving parent simulation at coarser res-143

olution (Deutsch et al., 2021a; Renault et al., 2021b) that conveys the external influences144

of the wind-driven gyres and broader CCS into the fine-scale processes along the coast.145

The simulations fully resolve the mesoscale circulation and provide a partial represen-146
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tation of submesoscale currents along a narrow shelf over an unprecedented time period147

and spatial extent (Kessouri et al., 2020). This expensive numerical approach is expected148

to advance coastal modeling toward improved realism, and to provide time series long149

enough for statistically robust analyses of local scale variability and climatic trends.150

The rest of the paper is organized as follows. Section 2 describes the methods, in-151

cluding model setup and analysis approach. Section 3 provides an overview of the phys-152

ical circulation, BGC distributions and cycling rates along the USWC, focusing on the153

balances of carbon, nitrogen and oxygen, with emphasis on the cross-shelf overturning154

and shelf-to-offshore connectivity. Section 4 provides a detailed analysis of the cycles of155

these elements on the shelf, and their offshore transports. Section 5 discusses the main156

findings of the study and their relevance to the broader topic of continental margin bio-157

geochemistry. Various appendices provide additional information to support our results.158

2 Methods159

2.1 The coupled circulation - biogeochemical model160

Figure 1. (a) Map of the USWC showing the 4 km resolution model domain (USW4, gray

box) and the twin 1 km resolution northern (USNW1) and southern (USSW1) domains (black

boxes). The 200 m isobath (inner red line) divides the oceanic margin from the broad CCS ex-

tending approximately 400 km further offshore (outer red line). The 2000 m isobath (light gray

line) illustrates the steepness of the continental slope. The CCS is separated into three regions:

the Southern Region south of Point Conception (blue shading); the Central Region between Point

Conception and Cape Blanco (red shading); and the Northern Region north of Cape Blanco

(green shading). (b) Width of the continental shelf (km) between 0 and 200 m depth, as a func-

tion of latitude (red line).

Our approach is based on the online coupling between the Regional Ocean Mod-161

eling System (ROMS, (Shchepetkin & McWilliams, 2005)) and the Biogeochemical El-162

emental Cycling model (BEC, (Moore et al., 2004; Deutsch et al., 2021a)). The model163

solutions analyzed here are run on two Arakawa C grids that cover the whole USWC,164

from Baja California to Vancouver Island, with a horizontal resolution of about 1 km,165

i.e., submesoscale-permitting (Capet et al., 2008; Kessouri et al., 2020), and with 60 topography-166

following vertical levels irregularly stretched for better surface and bottom resolution.167
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The stretching parameters are hcline = 250 m, θb = 3.0, and θs = 6.0 (Shchepetkin &168

McWilliams, 2009). The southern configuration (USSW1) extends from 130.7◦W to 115.9◦W169

and from 24.4◦N to 40.2◦N (from Tijuana to Cape Mendocino, Fig. 1). The northern170

configuration (USNW1) extends from 133.0◦W to 121.5◦W and from 36.8◦N to 49.9◦N171

(from Monterey Bay to Vancouver Island, Fig. 1).172

Initial and boundary conditions for both simulations are provided by downscaling173

an existing hindcast simulation for the whole USWC run at 4 km (USW4) with the same174

model configuration (Renault et al., 2021b; Deutsch et al., 2021a). The physical surface175

forcings are identical to the “parent” 4 km simulation and consist of radiative, momen-176

tum, heat, and freshwater fluxes at the air-sea interface computed from hourly output177

from a 6 km resolution atmospheric simulation with the Weather Research and Forecast178

model (Skamarock et al., 2008) using bulk formulae (W. B. Large, 2006). The topogra-179

phy is retrieved from Becker et al. (2009) at 30 arc seconds, and smoothed to limit hor-180

izontal pressure gradient errors. Further details on the 4 km configuration setup, initial-181

ization, and boundary forcings can be found in Deutsch et al. (2021a) and Renault et182

al. (2021b), along with an extensive validation of the large-scale circulation and BGC183

solutions. We also refer the reader to Kessouri et al. (2020) for a discussion of the emer-184

gence of submesoscale physics and its BGC effects in the USSW1 simulation.185

The two configurations are run over an 11-year period, starting in October 1996186

and ending in December 2007. Physical and BGC state variables are saved as daily av-187

erages; physical fluxes and BGC rates as monthly averages. To provide a robust picture188

of the typical state of the CCS, model output is analyzed over a 8-year period (1999-2007)189

that excludes year 1998, known for its particularly intense El Niño (Friederich et al., 2002).190

To a remarkable degree, there is good continuity for the statistical properties of the so-191

lutions in the overlap region for USSW1 and USNW1 (Fig. 1).192

2.2 BGC material balance equations193

We compute the balances of organic carbon (OC, consisting of living, dissolved,194

and detrital components), DIC, inorganic nitrogen (IN, the sum of nitrate NO−3 , nitrite195

NO−2 , and ammonium NH+
4 ), and O2 along the USWC, based on monthly climatologies.196

The balance equations for these tracers can be summarized as follows:197

∂OC

∂t
= AdvOC +MixOC + PPC −ReminC − PexpOC (1)
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∂DIC

∂t
= AdvDIC +MixDIC − PPC +ReminC + SedC +AIFCO2 (2)

∂IN

∂t
= AdvIN +MixIN − PPN +ReminN + SedN (3)

∂O2

∂t
= AdvO2

+MixO2
+ PPO2

−Resp− SedO2
+AIFO2

(4)

In these equations, PPx and Reminx represents respectively the effects of primary198

production and remineralization of the element x, linked together by a fixed stoichiom-199

etry (C : N : O2 = 117:16:-150). Resp represents oxygen consumption by respiration200

and nitrification, Sedx is the flux from sediment, PexpOC is the organic carbon export201

by settling particles (which in the model are instantaneously redistributed to the rem-202

ineralization term), and AIFx is the air-sea flux of CO2 and O2. Advx and Mixx rep-203

resent physical transports by advection and parameterized vertical diffusion respectively.204

Advx is computed using the third-order upwind scheme described in Marchesiello et al.205

(2009) and Lemarié et al. (2012), and Mixx is specified by the K-profile Parameteriza-206

tion (KPP) boundary-layer scheme (W. G. Large et al., 1994). By averaging these bal-207

ance term equations over 8 years, the temporal derivatives nearly vanish, allowing anal-208

ysis of the BGC seasonal steady-state dynamics of the CCS. Seasonal variability is then209

quantified by constructing monthly climatological averages of each term in the balance210

equations.211

For a complete description of BEC model’s equations and parameters, we refer the212

reader to Deutsch et al. (2021a), in particular the Appendix. Unless differently stated,213

we restrict the BGC balance analysis to the upper 0-50 m layer, which corresponds to214

the approximate range of the euphotic zone and encompasses the maximum mixed layer215

depth in the CCS.216

2.3 Eddy decomposition of biogeochemical transport217

To highlight the importance of eddies on the transport of biogeochemical material,218

we separate the advective terms of Equations 1-4 into mean and eddy components, fol-219

lowing a classical Reynolds decomposition:220

uA = uA+ u′A′ , (5)

where u is the cross-shore velocity, and A the concentration of a particular biogeochem-221

ical tracer. The overbar represents a monthly mean operator and ’ the deviation from222

this mean. Practically, uA, u, and A are computed online, and the eddy term is retrieved223
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by difference. This decomposition has been used in previous studies (Capet et al., 2008;224

Gruber et al., 2011; Nagai et al., 2015; Kessouri et al., 2020) to investigate eddy-induced225

transport. Here, we use it to quantify the eddy contribution to shelf overturning and shelf-226

to-offshore exchanges. The resultant eddy components include transport on time scales227

faster than a month, that is, mesoscale and submesoscale fluctuations. Critically, the im-228

portance of eddy transport on shelf BGC balances remains largely unresolved in current229

models targeting continental margins (Lacroix et al., 2021a; X. Liu et al., 2019; Dai et230

al., 2022), although it is likely to play a primary role.231

2.4 Along-isobath coordinate transformation232

For convenience, we define the continental shelf as the region with a topographic233

depth shallower than 200 m (Laruelle et al., 2013). Along the USWC, the width of the234

continental shelf, estimated from the smoothed topography, varies considerably with lat-235

itude around a mean value of 25 km, but it rarely exceeds 50 km (Fig. 1). The USWC236

continental margin is particularly narrow south of Monterey Bay (∼ 10 km on average),237

where a horizontal resolution of 1 km or less is required to resolve shelf physical processes.238

To highlight the vigorous cross-shelf overturning circulation and the resulting BGC239

intensification, and to facilitate visualization and analysis of model output, we remap240

model variables on a curvilinear, along-isobath coordinate system adapted to the USWC.241

This coordinate system is based on 3-dimensional locally orthogonal planes, with the242

−→y axis aligned with the 200 m isobath and pointing poleward, and the −→x axis point-243

ing shoreward, representing the primary direction of the bathymetric gradient. Further244

offshore, i.e., for depths greater than 200 m, we transition to a more typical curvilinear245

coordinate system, with the same −→y axis, but using distance from the 200 m isobath as246

the −→x axis. The latter extends 400 km offshore and embraces the entirety of the Cal-247

ifornia Current and its meanders. In a region dominated by coastal upwelling and anisotropic248

circulation, this is a convenient coordinate system that naturally highlights gradients in249

the cross-shore and along-shore directions, and allows a clear characterization of coastal250

processes on the narrow shelf.251
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Figure 2. Along-shore (color contours) and across-shore (solid streamlines) currents along the

USWC, averaged in time and along-shore in the Southern (a,d), Central (b,e), and Northern (c,f)

Regions during January (a,b,c) and July (d,e,f). By convention, northward along-shore currents

are shown by positive velocities (red colors), and southward by negative velocities (blue colors).

On the shelf, black streamlines show a “pseudo” stream function (Ψβz) computed in the isobath-

depth coordinate system as ∂Ψ/∂x=w, with w the along-shore averaged vertical velocity set to

0 on the shelf bottom, used to diagnose the cross-shelf overturning circulation. Dashed black

contours show isopycnal surfaces with labeled potential density anomalies. The top panels show

the wind-stress curl, which is the primary driver of the cross-shelf overturning circulation.

3 BGC cycles along the USWC252

3.1 Mean Shelf circulation and overturning253

The CCS is typically described as a wide Eastern Boundary Current, which com-254

prises an offshore equatorward flow at the surface, nearshore summer-intensified wind-255

driven upwelling, a vigorous cross-shore overturning circulation, and the subsurface pole-256

ward California Undercurrent hugging the continental slope around the 200 m isobath257

(Hickey, 1979; Huyer, 1983; Marchesiello et al., 2003; Checkley Jr & Barth, 2009; Mole-258

maker et al., 2015). In summertime, a coastal equatorward current forms on the shelf259

to geostrophically balance the cross-shore density gradient produced by upwelling. These260

circulation patterns are well captured by our solutions (Fig. 2).261

To highlight regional variations, we separate the CCS into Southern, Central, and262

Northern Regions, each characterized by coherent and distinct features (Fig. 1; see also263

Appendix A for further details), consistent with previous work (Hales et al., 2012; Turi264

et al., 2014; Renault et al., 2016a; Fiechter et al., 2018). The Southern Region, south265

of Point Concepcion, comprises the complex bathymetry, islands, and channels of the266

Southern California Bight, and is characterized by cyclonic recirculation and weaker up-267

welling. The Central Region, spanning Central and Northern California, is more directly268

exposed to the offshore oceanic circulation and intense summer upwelling. Finally, the269

Northern region comprises the Oregon and Washington coasts, and is separated from the270

Central Region at Cape Blanco, north of which the prevailing winds drive downwelling271

in winter and upwelling in summer (Figs. A1c).272
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Figure 2 shows that across the USWC, the wind stress curl is enhanced on the273

shelf, with a peak in the very nearshore region (shallower than 100 m depth), and it quickly274

vanishes further offshore. This so-called wind drop-off zone (Renault et al., 2016a; Fiechter275

et al., 2018) drives a surface Ekman transport divergence, which is balanced by a cross-276

shelf flow at depth that feeds into the upwelling/downwelling on the shelf.277

Figure 3. Vertical cross-shore sections of NO3 (a,b,c), OC (d,e,f), chlorophyll (g,h,i), DIC

(j,k,l), and O2 (m,n,o) concentrations averaged in the (left) Southern, (center) Central, and

(right) Northern Regions from December 1999 to November 2007. The dashed black contours

show isopycnal surfaces with labeled potential density anomalies.

Because of the steep decline of the wind stress curl offshore, the wind-forced (Fig.278

A1.c) vertical circulation occurs mostly on the shelf, turning the whole continental mar-279

gin into the “engine” of wind-driven upwelling. This cross-shelf overturning circulation280

is seasonally enhanced, in particular in summer in the Central Region (Fig. 2e), while281

in the Northern Region a sign reversal in wind stress curl strengthens the downwelling282

cell in winter (Fig. 2c).283

The strong positive wind-stress curl in summer favors the formation of an intense284

upwelling front on the inner shelf, which is balanced by a surface equatorward current285

on the Central and Northern Shelves (Fig. 2e,f). The vertical shear is intense enough that286

the current reverses direction at depth, turning into a poleward coastal undercurrent,287

which in turn provides a source of baroclinic instabilities that foster eddy exchanges of288

heat, salt, and BGC materials between shelf and offshore waters (Marchesiello et al., 2003;289

F et al., 2013; Nagai et al., 2015).290

Figure 2 reveals that the cross-shelf overturning comprises a bottom-confined trans-291

verse cell dominated by downward and offshore flow next to the seafloor. This cell is ac-292

tive throughout the whole year, and is generally shallower in winter, and deeper in sum-293

mer. In the Southern and Central Regions, the downslope bottom flow is intensified dur-294

ing summer upwelling, whereas in the Northern Region it is greater during winter down-295

welling. As suggested by the correlation with the alongshore current, this cross-shelf cir-296

culation likely results from shear stress via Ekman dynamics in the bottom boundary297

layer. Generation of bottom shear on the deeper shelf were reported for the USWC (Lentz298
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& Chapman, 2004; Perlin et al., 2005) and the NW Iberian continental shelf (Villacieros-299

Robineau et al., 2019) . Here, we highlight the poleward California Undercurrent as cen-300

tral in the generation of bottom shear, and the overlooked role of this bottom cell as an301

essential margin-to-open-ocean transport pathway that exports biogeochemical mate-302

rial offshore outside the surface euphotic layer.303

The complex wind-driven dynamics on the shelf leaves a clear imprint on BGC trac-304

ers (Fig. 3). Nutrient- and DIC-rich and O2-depleted waters are brought to the surface305

on the shelf, generating strong cross-shore BGC gradients, while in the euphotic layer306

organic biomass and chlorophyll decrease with the distance from the coast. These pat-307

terns can be observed coast-wide, and are particularly pronounced in the Central Re-308

gion, in agreement with a variety of observations, e.g., from CalCOFI (Bograd & Mantyla,309

2005).310

3.2 BGC balances311

Figure 4. Area-normalized, upper-ocean carbon and oxygen cycle balances along the U.S.

West Coast. Net lateral transport terms are calculated as the divergence of horizontal advective

fluxes, and correspond to the local time rate of change solely due to the horizontal circulation.

The corresponding area-integrated fluxes are shown in Figure C1 in Appendix C.

Figure 5. Area-normalized, upper-ocean nitrogen cycle balance along the whole U.S. West

Coast. See caption of Fig. 4 for additional details. The corresponding area-integrated fluxes are

shown in Figure C2 in Appendix C.

The major BGC role of the shelf is reflected in the coast-wide balances of C, O2,312

and N, shown in Figs. 4 and 5. We focus on area- and time-averaged BGC rates inte-313

grated between 0 and 50 m depth, to highlight the intense cycling on the shelf, while re-314

porting spatially integrated fluxes in Appendix C (Figs. C1 and C2).315

Offshore, primary production converts DIC to OC at a rate of 54.2×10−8 molC316

m−2 s−1 (10−8 mol m−2 s−1 = 0.864 mmol m−2 y−1) (Fig. 4). The majority of newly-317

formed organic matter (73%) is directly remineralized in the euphotic layer, with the re-318

mainder exported as sinking particles (18%) and by isopycnal eddy diffusion and advec-319
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tion (9%). On the shelf, carbon assimilation is about twice as large as offshore (113.5×320

10−8 molC m−2 s−1). Approximately 52% of the organic matter is remineralized in the321

euphotic layer, 22.5% is exported as particles below the euphotic layer or into the inner-322

shelf sediment, and 25.5% by lateral advection. Similar to assimilation, particle export323

and remineralization nearly double on the shelf compared to offshore, whereas atmospheric324

CO2 uptake occurs at comparable mean rates. On the shelf, the outgassing of excess CO2325

in recently upwelled DIC-rich waters in central California (consistently with Laruelle et326

al. (2014) and Turi et al. (2014) ) is overwhelmed by the substantial CO2 uptake by pho-327

tosynthesis in the Southern and Northern Regions (see Appendix D for further details328

on air-sea fluxes).329

The intensification of BGC rates on the shelf arises from contrasting patterns of330

nutrient supply to the euphotic layer (Fig. 5). Offshore, N delivery occurs nearly exclu-331

sively as nitrate (∼ 95%), by a combination of isopycnal diffusion and lateral advection.332

This transport feeds new primary production at a rate of 2.0×10−8 molN m−2 s−1, and333

it is balanced by export of organic matter primarily as sinking particles (∼ 70%). As a334

consequence, ammonium regeneration tightly balances ammonium uptake (5.4×10−8335

molN m−2 s−1), resulting in low nitrification rates, and an f − ratio, here defined as336

nitrate uptake over total primary production, of 0.27.337

Because of wind-driven overturning, the surface nitrate supply by advection and338

diffusion on the shelf is about 3.4 times higher than offshore, driving an average assim-339

ilation rate of 6.6×10−8 molN m−2 s−1. Note that, on the shelf, nitrification is a non-340

negligible source of nitrate (∼ 10%). Because of nitrification, ammonium release (of which341

∼ 13% from the sediment) is not fully balanced by ammonium uptake (8.8×10−8 molN342

m−2 s−1), and the f − ratio is larger on the shelf (∼ 0.43) than offshore. Of the or-343

ganic nitrogen (ON) produced on the shelf, 52% is remineralized, 23% is exported by set-344

tling particles, and 25% by lateral advection away from the shelf. Production of O2 by345

photosynthesis and consumption by respiration are about twice as large on the shelf as346

offshore (respectively by a factor of 2.1 and 1.7). O2 produced in the sunlit zone of the347

shelf also ventilates deeper layers, and is laterally exported toward the open ocean.348

In addition to this cross-shore variability, BGC rates are characterized by strong349

vertical gradients and along-shore variability between the three USWC regions (Fig. 6).350

Net community production mainly occurs in the uppermost 50 m of the water column,351
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Figure 6. Vertical cross-shore sections of primary production (a,b,c in molC m−3 s−1), car-

bon remineralization (d,e,f in molC m−3 s−1), particulate flux (g,h,i in molC m−2 s−1), oxygen

production menus respiration (j,k,l in molO2 m−3 s−1), air-sea fluxes (m,n,o, in molC m−2 s−1)

of CO2 (red) and O2 (blue), with positive values out of the ocean, and negative values into the

ocean, and respiration in the sediment (p,q,r in molO2 m−2 s−1), averaged in the (left) Southern,

(center) Central, and (right) Northern Regions from December 1999 to November 2007. The

dashed black contours show isopycnal surfaces with labeled potential density anomalies.

and it sharply decreases to negligible rates at depth. Similarly, most of remineralization352

occurs in the 0-50 layer (∼ 70%), although substantial rates are observed at depth, mostly353

driven by organic particle decomposition. Sinking particle fluxes reach a maximum at354

about 50 m (Fig. 6g-i), coinciding with the phytoplankton compensation depth, where355

respiration equals photosynthesis.356

On the shelf, significant particulate organic carbon fluxes reach the sea floor at depths357

shallower than 100 m, where they drive intense benthic respiration (Fig. 6p-r), release358

of DIC at the sediment-water interface, and carbon burial into coastal sediment. The359

cross-shore variation in sedimentary respiration is noteworthy, because it is a primary360

source of low-oxygen and low-pH conditions that impact coastal benthic ecosystems (Fennel361

& Testa, 2019).362

While BGC rates show similar spatial patterns in the three USWC regions, they363

display significant variability. For instance, BGC rates are higher in the Central Region,364

where primary production can exceed 25×10−8 molC m−3 s−1 at the surface, and lower365

in the Southern Region, where their vertical gradients are also weaker.366

Air-sea fluxes contrast with other BGC rates by their particularly pronounced spa-367

tial variability (Fig. 6m-o). Due to high DIC concentrations, the central shelf experiences368

large CO2 outgassing (with maximum annual mean rates along the 40 m isobath), while369

ingassing dominates on the northern and southern shelves. The magnitude of the CO2370

flux increases with latitude: the annual ingassing of CO2 is larger in the Northern Re-371

gion, reaching up to 10.9×10−8 molC m−2 s−1 on the outer shelf, whereas it does not372

exceed 3.3×10−8 molC m−2 s−1 in the Southern Region. A local peak in CO2 outgassing373

in the Southern Region is associated with the Channel Islands, where recurrent cyclonic374
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eddies expose subsurface waters to the atmosphere. These patterns are broadly consis-375

tent with prior data-based assessments (Laruelle et al., 2014; Landschützer et al., 2020;376

Dai et al., 2022) and modeling studies (Fiechter et al., 2014), and provide a detailed pic-377

ture of the underlying flux dynamics.378

O2 fluxes are largely anti-correlated with CO2 fluxes, with ingassing dominating379

in the central shelf, and weak outgassing dominating in the southern and northern shelves.380

In the very nearshore region, a sign reversal in air-sea fluxes is often observed, a feature381

matched by in-situ measurements, e.g., along CalCOFI line 77 (Fiechter et al., 2014),382

and likely driven by increased production very close to the coast.383

In summary, the largest BGC rates on the USWC are found on the shelf, sustained384

by the vigorous upwelling-driven overturning circulation, and they rapidly decrease off-385

shore. For completeness, we include Appendixes describing the BGC temporal variabil-386

ity (Appendix B), a detailed USWC budget analysis (Appendix C), the seasonal vari-387

ability in air-sea fluxes (Appendix D), and a comparisons of BGC rates with prior stud-388

ies (Appendix E). In the next sections, we investigate how this enhanced shelf activity389

affects offshore BGC balances via lateral transport and tracer redistribution.390

4 BGC transport and cycling on the shelf391

4.1 Carbon392

Figure 7. (Left column) Carbon transport and cycling on the USWC shelf (in 103 molC s−1).

(central column) DIC and (right column) OC monthly flux across the 200 m isobath integrated

over the (upper) northern, (middle) central, and (bottom panels) southern regions. Each panel

displays the (upper part) flux integrated over the vertical (in 103 molC s−1) as solid blue lines

with one standard deviation shown by the shading, and the (lower part) vertical profiles (in 10−3

molC m−2 s−1) shown as color contours.

Figure 7 shows the time-mean carbon transport and cycling rates on the three re-393

gions of the USWC continental shelf, integrated horizontally and from the surface to the394

bottom. As a whole, the USWC shelf represents a site of enhanced carbon assimilation395

that converts DIC to OC at an average rate of (14.1 × 103 molC s−1), before export-396

ing it at a rate of 14.4×103 molC s−1, with a small residual (0.3×103 molC s−1) ac-397
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counted for by terrestrial inputs and sediment burial. Of the total OC export from the398

USWC shelf, 90% occurs across the continental slope, rather than meridionally. Along-399

shore transport across the northern and southern boundaries account for respectively 8%400

and 2% of the OC export.401

In contrast, there are large lateral fluxes and recirculation of DIC across shelf bound-402

aries, with significant import from offshore to the Southern and Northern Regions, and403

significant export offshore from the Central Region, and along-shore from the Northern404

Region. Overall, the net supply of DIC occurs mainly across the continental slope, with405

a net input of 163.1× 103 molC s−1.406

Because of intense upwelling, more than half (63.1%) of the net biological carbon407

assimilation occurs in the Central Region, which also contributes by about three quar-408

ters (78.3%) to the cross-shelf OC export to the open ocean. The mismatch between OC409

production and export results mainly from the convergence of meridional DIC and OC410

fluxes that increase the local carbon content, fostering export of DIC and OC offshore,411

and release of CO2 to the atmosphere. The Southern and Northern Regions contribute412

respectively 7.8% and 29.1% of the net carbon assimilation, and 1.5% and 20.2% of the413

OC offshore export.414

Air-sea and sedimentary C fluxes are an order of magnitude smaller than lateral415

transport, accounting for ∼ 14% and ∼ 1% of the net DIC input to the shelf, respectively.416

Terrestrial sources, here represented by exchange through the Juan de Fuca Strait, which417

connects the USWC to the Salish Sea at the U.S. northern border, are not negligible418

(∼ 56.3×103 molC s−1).419

Figure 7 also shows the vertical structure and seasonal variability of the cross-shelf420

exchange of DIC across the 200 m isobath. Both are strongly influenced by the cross-421

shelf overturning circulation shown in Fig. 2. During upwelling, DIC is transported into422

the shelf in the water column interior (Fig. 7, central column), i.e., outside the surface423

and bottom boundary layers. Export of DIC from the shelf to the open ocean occurs in-424

stead within these boundary layers. During winter downwelling in the Northern Region,425

transport reverses direction at the surface and in the interior, while it remains offshore426

at the bottom.427
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The bulk of OC exchange between the continental shelf and the offshore region takes428

place in the upper Ekman layer, reflecting strong surface currents and high OC concen-429

tration. In the Southern Region, the cross-shelf export remains low (< 2.0×103 molC430

s−1) due to a partial compensation between offshore transport above 20 m and inshore431

transport below it. The total offshore transport from the Central Region reaches up to432

14.0×103 molC s−1 at the beginning of upwelling, driven by increasing offshore OC trans-433

port at the surface (from 0.08 × 10−3 molC m−2 s−1 in February to 1.01 × 103 molC434

m−2 s−1 June). After June, as organic matter accumulates offshore, inshore transport435

of OC increases, first in subsurface layers from July to October, then from the whole eu-436

photic layer until December. The inshore flux reduces the net OC export from the shelf437

during upwelling (July and August).438

4.2 Inorganic nitrogen439

Figure 8. Same as Fig. 7 for inorganic nitrogen and oxygen.

The USWC continental shelf acts as a net sink of inorganic nitrogen (∼ 2.9×103440

molN s−1; Fig 8). Biological IN assimilation is largely balanced by the net IN transport441

across the shelf break (3.1×103 molN s−1). This first-order IN balance is closed by a442

net terrestrial input in the Northern Region (0.4×103 molN s−1), and net export across443

its northern boundary (∼ 0.6× 103 molN s−1). Cross-shore transport is maximum in444

the Central Region, reflecting the strong upwelling (1.3×103 molN s−1). Along-shore445

transport is significant at Point Conception, where a net IN supply by the northward446

coastal counter-current fertilizes the central coast, consistent with the results of Frischknecht447

et al. (2018).448

The net cross-shelf IN transport results from a balance between inshore and off-449

shore fluxes with a characteristic vertical structure and seasonal cycle (Fig. 8 central col-450

umn). In the Southern and Central Regions, the cross-shelf transport closely reflects the451

upwelling-driven overturning (Fig. 2), which transports IN inshore at depth, and offshore452

in the surface boundary layer. Similar to the upwelling intensity, cross-shore fluxes are453

much lower in the Southern Region compared to the Central Region, where inshore trans-454

port can reach up to 0.13×10−3 molN m−2 s−1 at about 50 m depth, and offshore fluxes455

up to 0.43×10−3 molN m−2 s−1 at the surface. Bottom Ekman layer dynamic drives456
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substantial offshore IN export year-round in the Central Region. Integrated over the first457

20 m above the sea floor, it exports 0.3× 103 molN s−1 on average, with a maximum458

of 0.6× 103 molN s−1 during peak upwelling.459

Seasonal variability in cross-shelf IN transport is particularly pronounced in the460

Northern Region. Net inshore fluxes are higher in summer, during upwelling. From Oc-461

tober to April, downwelling drives offshore transport at about 50 m depth, and inshore462

transport at the surface. Export by the bottom boundary layer is considerable (2.0×463

103 molN s−1 in average), reaching up to 4.0×103 molN s−1 during October and Novem-464

ber, when it dominates the net cross-shelf exchange.465

4.3 Oxygen466

As a result of intense photosynthesis, the USWC shelf is a location of net O2 pro-467

duction (15.4×103 molO2 s−1 of which ∼ 68.2% occurs in the Central Region; see Fig. 8).468

The O2 circulation resembles DIC transport, except for air-sea fluxes, which have op-469

posite patterns. Indeed, despite strong production (Figs. 4-5), the USWC shelf is a site470

of net O2 ingassing, mainly occurring in the Central Region.471

Wind-driven overturning exposes low-O2 waters to the surface, where they are re-472

plenished by gas exchange and photosynthesis. On the shelf, newly-produced O2 is ex-473

ported offshore in the surface Ekman layer, while the northern and southern shelf bound-474

aries and the bottom boundary layer constitute secondary pathways of O2 export. In par-475

ticular, the bottom Ekman layer, with an average offshore flux of 10.0×103 molO2 s−1,476

represents an overlooked pathway for ventilating O2-poor waters along the deeper parts477

of the USWC shelf.478

Similar to those of DIC, along-shore O2 fluxes represent an important component479

of the O2 balance on the shelf. Their convergence in the Central Region provides the largest480

source of O2 (14.8× 103 molO2 s−1), exceeding net biological O2 production. In con-481

trast, in the Southern and Northern Regions, O2 export in the along-shore direction rep-482

resents a O2 source for the adjacent Baja California and Canadian shelves.483
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Figure 9. Total (solid black line), mean (solid blue line), and eddy (dashed red line) lateral

biogeochemical fluxes across the 200 m isobath (in 10−3 mol m−2 s−1). Shaded envelopes in-

dicate the monthly variability (1 s.d.) of the mean and eddy components. Positive fluxes are

directed inshore. Note the different scale on the x-axis for the Central Region . The gray solid

line shows 0 cross-shore flux.

4.4 Cross-shore eddy fluxes484

The lateral transports shown in Figs. 7 and 8 arise from a combination of mean485

and eddy fluxes, the latter of which are particularly vigorous in the region (Capet et al.,486

2008; Gruber et al., 2011; Dauhajre et al., 2017; Kessouri et al., 2020). Figure 9 shows487

the mean and eddy BGC fluxes across the shelf break and their vertical structure, high-488

lighting three main exchange pathways: the surface and bottom boundary layers, con-489

fined to the top and bottom 20 m, and an interior route in the intermediate layer.490

The offshore surface boundary layer transport in the Southern and Central Regions491

(Fig. 9.a and 9.b) results from the combination of mean and eddy offshore fluxes, with492

the magnitudes of eddy-fluxes comparable in the two regions. In the Southern Califor-493

nia Bight (Fig. 9.a), both components have similar magnitudes, while eddy-driven fluxes494

are smaller than mean fluxes in the Central Region (Fig. 9.b). This is due to the much495

more intense mean transports in the Central Region that overwhelm eddy components.496

This is particularly true for OC transport (Fig. 9.b.2). In this region, the stronger ef-497

fect of surface eddy fluxes on IN (Fig. 9.b.1) as compared to OC (Fig. 9.b.2) and O2 (Fig.498

9.b.3) indicates that eddies efficiently export upwelled nutrients offshore before they get499

completely assimilated. While expected, this high level of eddy-induced transport is lower500

than prior estimates (Gruber et al., 2011; Nagai et al., 2015), partly because of the smaller501

scales investigated here, and the focus on the nearshore region. The surface boundary502

layer transport differs in the Northern Region (Fig. 9.c). The wintertime surface coastal503

convergence is balanced by summertime surface coastal divergence for IN eddy and mean504

transports (Fig. 9.c.1), resulting in a negligible annual mean net transport. The balance505

is dominated by onshore mean downwelling for O2 and DIC (Fig. 9.c.3 and 4, note the506

large variability associated), with a seasonal compensation of eddy fluxes. Driven by high507

primary production during the upwelling season, the surface boundary layer OC mean508

and eddy transports are directed offshore.509
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In the intermediate layers, the onshore transport is characterised by a significant510

anticorrelation between mean and eddy fluxes. The eddy terms largely oppose the mean511

terms, with similar contributions in the Southern and Northern Regions (Fig 9.a and 9.c),512

and a dominant contribution in the Central Region. In particular, eddies transport in-513

organic nutrients into the shelf in the 90-40m layer of the Southern Region, and through514

the intermediate layer of the Central and Northern Regions. This role for fine scale cir-515

culation in transporting nutrients and other material on-shelf differs from previous works516

(Gruber et al., 2011; Nagai et al., 2015) . This can be partly explained by the explicit517

focus on the shelf of this study. In addition, a critical feature of the offshore transport518

classically attributed to eddy transport in the CCS is the sharpening of the upwelling519

front, which causes convergence and subduction of organic matter and nutrients. This520

front is typically found between 30 and 60 km offshore, (Nagai et al., 2015) that is, out-521

side the shelf in our model (Fig. 1). Thus, part of the material subducted along the up-522

welling front is likely advected back onto the shelf by eddies. This idea is supported by523

the inshore eddy flux of organic matter between 50 and 20m depth (Fig. 9.b2).524

The bottom boundary layer transport provides a shelf-to-ocean export pathway that525

is particularly relevant in the Northern Region. The large, bottom-confined mean trans-526

port points to a year-round Ekman dynamic. Eddy transport at the bottom may be527

driven, at least partly, by cross-shore meanders in the California Undercurrent, or even528

by episodes in which the Undercurrent detaches from the shelf to release submesoscale529

coherent vortices (Molemaker et al., 2015; Frenger et al., 2018; McCoy et al., 2020). The530

nearshore localization of the Undercurrent south of Point Conception (Fig. 2) may help531

explain the large eddy transport extending largely above the bottom, in the Southern532

Region (Fig. 9.a).533

5 Discussion and conclusions534

Our study shows that, along the USWC, the largest BGC rates occur on the shelf,535

driven by the vigorous cross-shelf overturning circulation that results from wind-driven536

coastal upwelling/downwelling, curl-driven Ekman pumping, and bottom boundary layer537

dynamics.538

While continental margins represents only 6.0% of the total USWC area (consid-539

ering an offshore limit at 400 km from the coast) our simulations show that they account540
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for about 18% of the net IN flux to the euphotic zone, 14.3% of the total biomass, 11.9%541

of primary production, and 17.9% of new primary production. These results are con-542

sistent with studies suggesting that about 10-15% of global primary production occurs543

on continental margins (Muller-Karger et al., 2005).544

In addition to locally enhanced BGC rates, due to intense cross-shelf exchanges,545

the USWC shelf actively participates in the BGC dynamics of the open ocean. A large546

portion (∼ 20.5%) of the organic matter produced on the shelf is exported towards the547

Pacific Ocean, comparable to a previous estimate of about 36% from Frischknecht et al.548

(2018) . This export corresponds to about 10% of the net community production (i.e.,549

net primary production minus remineralization) offshore. In other words, 10% of the or-550

ganic matter found offshore is produced on the USWC shelf. Even if the net cross-shelf551

IN transport is directed inshore, the surface boundary layer represents a major path-552

way of IN export offshore. Integrated over the euphotic zone, the IN flux from the shelf553

to the open ocean equals 12.9% of the total nitrate supply to the euphotic layer offshore.554

This outgoing flux indicates that the time-scales for nutrient utilization on the shelf are555

too slow to allow complete drawdown of recently upwelled nitrate on the shelf, despite556

recent high-resolution estimates of enhanced water residence times on continental mar-557

gins (X. Liu et al., 2019). Earlier estimates from K.-K. Liu et al. (2010) and Frischknecht558

et al. (2018) were significantly larger, at respectively about 24% and 17%, perhaps re-559

flecting the coarser resolution of those studies.560

Our study also highlights the importance of the mean bottom boundary layer cir-561

culation, i.e., the lower limb of the cross-shelf overturning, for shelf biogeochemistry. Trans-562

port in the bottom boundary layer drives a year-round offshore and downward flux of563

DIC, IN, and O2 across the shelf break along the entire USWC shelf. This flux is sub-564

stantial, and often of the same magnitude as the vertically integrated net transport. Its565

consequences for the chemical environment include removal of nutrients and DIC, ven-566

tilation of intermediate and deep parts of the shelf, and transport of low-O2 waters down-567

stream of seasonally anoxic shallow shelf sediment, as observed along the Oregon coast568

(Chan et al., 2008). Export of DIC and IN along the bottom partially counteracts mid-569

water transport onto the shelf, potentially reducing the productivity and water acidity570

of shallower layers. Tracer transport and transformation in the bottom boundary layer571

also set the properties of submesoscale coherent vortices spawned by the poleward Un-572
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dercurrent (Garfield et al., 1999; Molemaker et al., 2015; McCoy et al., 2020), in turn573

affecting subsurface BGC in the ocean interior (Frenger et al., 2018).574

The important role of lateral transport of organic matter supports the idea of a fully575

three-dimensional biological pump along the continental margin of the USWC, as sug-576

gested by previous work (Frischknecht et al., 2018; Lovecchio et al., 2017). Our results577

give particular emphasis to the shelf (within the first 25 km of the shoreline on average)578

for the production and transport of organic matter to the open ocean, and its seques-579

tration to deeper layers and the sediment. Yet, we downplay the classical view of eddy-580

driven transport as primarily an offshore flux followed by subduction into the subtrop-581

ical gyre. On the shelf, our findings indicate an horizontal onshore eddy transport in the582

intermediate layer, with potential recirculation of material subducted along the upwelling583

front, painting a more complex view of the eddy-induced component of the biological pump584

(Lovecchio et al., 2017, 2018). The ability to resolve submesoscale eddies is likely im-585

portant to correctly represent transport of organic matter and inorganic nutrients, as com-586

pared to mesoscale-resolving studies (K.-K. Liu et al., 2010; Frischknecht et al., 2018;587

Kessouri et al., 2020).588

Considering a depth horizon of 200 m (or the sea floor for depths shallower than589

200 m), we estimate an export flux of particulate organic carbon of 25.59 TgCyr−1 for590

the USWC, of which 4.59 TgCyr−1, i.e. 17.9% of the total, over the shelf (i.e., to the591

sediment) (Table 1). Furthermore, 62.6% of the total flux of particulate organic matter592

to the sediment along the USWC takes place on the shelf. Thus, despite partial decou-593

pling of carbon export from production on the shelf, coastal sediments are likely major594

actors in the long-term storage of carbon along the USWC margin, consistent with the595

global-scale estimate (>40%) from Muller-Karger et al. (2005).596

Vigorous CO2 outgassing in the Central Region is more than compensated by in-597

gassing in the Northern Region, making the USWC shelf a relatively weak sink for at-598

mospheric CO2, with a net uptake of ∼ 15.3 TgC yr−1 (Table 1), in agreement with the599

14 (±14) TgC yr−1 from Hales et al. (2012) estimated over a similar region. Because this600

net flux is a small residual of large regionally-variable fluxes, even small errors in the rep-601

resentation of gas exchange or interpolation from undersampled observations could lead602

to biased estimates of the importance of the USWC as an atmospheric CO2 sink. Cou-603

pled to large seasonal variability (detailed in Appendix D), this likely explains the di-604
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USWC Shelf Ratio

(Shelf/USWC)

CO2 air-sea flux 15.10 0.76 5.0%

Primary Production 200.61 23.84 11.9%

Particulate organic carbon

flux at 200 m or shallower

18.26 4.59 25.1%

Flux directly to sediment 7.33 4.59 62.6%

Table 1. Summary of the main carbon cycle fluxes along the USWC [TgC yr−1]. The units

adopted here are commonly used in global carbon flux estimates, and allow comparisons between

different studies. See Table E1 for a comparison of these fluxes with published estimates.

versity of estimates for CO2 fluxes that often consider slightly different regions (see Ap-605

pendix E ).606

Following the atmospheric CO2 increase caused by human emissions, uptake of at-607

mospheric CO2 along the UWSC and its transport into the ocean interior will continue608

to evolve towards a larger net CO2 sink (Laruelle et al., 2018; Lacroix et al., 2021b; Reg-609

nier et al., 2022) . However, the extent and pace of this change remain unclear, because610

of the variety of mechanisms involved and the significant variability and non-linearity611

of the system. High resolution regional simulations are thus essential to shed light on612

future USWC uptake, storage, and transport of anthropogenic CO2 (Dai et al., 2022).613

While terrestrial inputs are generally important along continental margins, in this614

study we only represent inputs of biogeochemical material from the Juan de Fuca Strait,615

which largely dominates the total terrestrial discharge along the USWC (Hickey & Ba-616

nas, 2008). However, additional river fluxes (mainly via the Columbia River and the617

Golden Gate Strait) and local anthropogenic inputs, for example from agricultural and618

urban sources (?, ?; Sutula et al., 2021), are likely to be locally important. We leave a619

dedicated assessment of the role of these inputs to future studies.620

In summary, due to the vigorous wind-driven overturning circulation (Fig. 2) and621

specifically its curl-driven Ekman pumping component, the USWC shelf can be schemat-622
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ically represented as the BGC “engine” of the USWC . Figure 10 summarizes this pic-623

ture, highlighting the bottom boundary layer as a novel export pathway for biogeochem-624

ical material.625

Figure 10. Schematic of carbon and nitrogen fluxes along the USWC and their drivers. Solid

arrows show transport of organic carbon (blue), inorganic carbon (red) and inorganic nitrogen

(green). Major regionally integrated carbon fluxes are reported in units of TgC yr−1.

By quantifying the balances of N, C, and O2 and providing a consistent picture of626

the underlying processes, this study is a step forward for assessing the state of the coastal627

USWC biogeochemistry. Although predicting the future of coastal biogeochemistry un-628

der changing forcings is a complex undertaking (Howard et al., 2020; Pozo Buil et al.,629

2021), our study lays the basis for elucidating the interplay of C, N and O2 cycles at re-630

gional to local scales, highlighting the major elements required, and providing a frame-631

work for studying variability and future trends.632

In particular, our analysis highlights several new aspects of biogeochemistry along633

the USWC: (1) The presence of vigorous and highly fluctuating BGC fluxes on the shelf,634

approximately twice as large as offshore, which are largely under-sampled in observations,635

and under-resolved by current models; (2) The role of eddies that not only export nu-636

trients and organic matter from the nearshore region, mostly near the surface, but also637

contribute to enriching the shelf via horizontal subsurface fluxes directed inshore; (3) The638

importance of the bottom boundary layer circulation, which removes inorganic nutrients639

and DIC from the shelf by exporting them offshore, thus partially balancing sedimen-640

tary fluxes, and provides a O2 ventilation mechanism for the outer shelf, thus mitigat-641

ing hypoxia and acidification on the USWC margin.642

These results are based on numerical methods that provide a realistic simulation643

of the coastal-open ocean continuum down to the submesoscale (McWilliams, 2016) and644

analysis in a novel coordinate system that emphasizes shelf processes. In the intense ed-645

dying regime associated with upwelling (Capet et al., 2008; Nagai et al., 2015; Lévy et646

al., 2018; Kessouri et al., 2020), this requires a resolution fine enough to represent sub-647

mesoscale currents that induce vigorous cross-shore exchange with a complex vertical648

structure (Fig. 9). Because of the chaotic nature of the mesoscale and submesoscale regimes,649
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solutions spanning a period of several years or longer are needed to produce statistically650

robust representations of biogeochemical balances along the shelf. The resolution used651

in this study, 1 km, and the duration of the simulations, 10 years, appear to be an ef-652

fective compromise to achieve a detailed, robust representation of biogeochemical bal-653

ances along the shelf. However, quantification of multi-decadal to longer trends would654

require even longer simulations (Deutsch et al., 2021a).655

Our study supports the idea that the importance of continental margins in global656

BGC cycles has likely been underestimated (Muller-Karger et al., 2005; K.-K. Liu et al.,657

2010; Najjar et al., 2018; Laruelle et al., 2018). However, while we find significantly en-658

hanced primary production and organic carbon sequestration into the sediment along659

the USWC shelf, CO2 air sea-fluxes are not dramatically different than in the open ocean,660

reflecting compensation between upwelling of CO2-rich waters and enhanced biological661

uptake. Lateral exchange of nutrients and organic matter between the shelf and the open662

ocean is also substantial, consistent with a three-dimensional biological pump along the663

continental margin (Frischknecht et al., 2018; Lovecchio et al., 2017) . This exchange re-664

flects a combination of transport pathways on the shelf, which includes eddies and bot-665

tom boundary layer circulation. Both remain significant sources of uncertainty for global666

estimates, with significant regional variability and compensating effects when vertically667

integrated.668

While computational limitations prevent application of our numerical approach at669

the global scale, analysis of similar high-resolution regional configurations can help fill-670

ing current knowledge gaps. Some of the general patterns that we simulate along the USWC671

likely apply to other Eastern Boundary Upwelling Systems with similar wind-driven cir-672

culation, for example the role of eddies and bottom boundary layer transport on the shelf.673

However, the large spatial variability that we observe along the USWC also implies that674

extrapolation to other continental margins will be difficult, even for Eastern Boundary675

Upwelling Systems. The fine-scale nature of many of the processes that drive BGC cy-676

cles on continental shelves will likely require concerted high-resolution simulations grounded677

by local observational studies, in order to achieve robust global syntheses (Regnier et al.,678

2022; Dai et al., 2022).679
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Appendix A USWC dynamical regions686

Figure A1. Maps of (a) surface salinity, (b) surface chlorophyll, and (c) wind stress curl

in the USWC averaged from December 1999 to November 2007. Contours of 0.2, 0.5, and 1

mgChl m−3 for (full line) the solution and (dashed line) climatological MODIS-Aqua observations

((Esaias et al., 1998) are superimposed on panel b. Black arrows represent the wind field at 10 m

height.

Based on geographical, meteorological, and bathymetric characteristics, and the687

circulation dynamics, we separate the USWC into 3 main coherent regions, each one char-688

acterized by consistent patterns in atmospheric and oceanic variables (Fig. A1).689

• The Southern Region (blue-shaded area in Fig. 1) is characterized by the com-690

plex topography and re-circulation of the Southern Californian Bight. Surface wa-691

ters in the region are relatively warm and salty (Fig. A1) due to advection of low-692

latitude waters by the Southern California Counter-Current. High surface chloro-693

phyll concentrations are encountered around the islands and near the coast. Along-694

shore equatorward winds, with relatively weak seasonal variability, produce a year-695

long coastal upwelling of moderate intensity.696

• The Central Region (red-shaded area in Fig. 1) is characterized by intense coastal697

upwelling driven by strong along-shore winds in summer. The coastal wind drop-698

off generates an intense positive wind curl (Fig. A1) that further strengthen up-699

welling (Renault et al., 2016a), with significant impacts on BGC (Messié et al.,700

2009; Renault et al., 2016b). The vigorous supply of nutrients supports high chloro-701

phyll concentrations that extend 100s km offshore.702
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• Intense river fluxes and nutrient discharge affect the Northern Region (green-703

shaded area in Fig. 1) extending northward to Vancouver Island (Hickey & Ba-704

nas, 2008). Here, winds are mostly along-shore, but reverses direction from equa-705

torward to poleward during winter. This drives coastal upwelling during summer,706

and coastal downwelling during winter. The continental shelf is wider in this re-707

gion, with multiple canyons carving the continental slope.708

This separation of the USWC into 3 coherent regions is overall consistent with pre-709

vious work (King et al., 2011; Hales et al., 2012; Renault et al., 2016a; Kämpf & Chap-710

man, 2016; Fiechter et al., 2018), although boundaries between regions, in particular be-711

tween the Central and Northern ones, may differ between studies (Jacox et al., 2014).712

Here, we choose Cape Blanco as the separation because the climatological coastal wind713

stress curl is positive, and consequently upwelling-favorable, south of the Cape, whereas714

it is negative north of it (Fig. A1).715

The annual mean chlorophyll concentration at surface is in agreement with satel-716

lite observations (MODIS-Aqua). The main modeling mismatch occurs in the Northern717

Region probably due to the absence of an explicit river discharge in the model, especially718

the Columbia River (Banas et al., 2009).719

Appendix B Variability of BGC quantities and rates720

As a complement to the mean BGC material distributions and rates in Figs. 3 and721

6, here we present daily and monthly variability maps, using a root-mean-square (RMS)722

measure for the fluctuations (Figs. B1-B2).723

The shelf is presented as the region of intense variability of the USWC. Tracers vari-724

ability increases from the Southern to the Northern Regions, reflecting the intensifica-725

tion of winds and seasonal cycles. It shows the largest variability in the inner shelf of726

the Northern Region likely driven by the seasonal reversal of the of the wind-driven cir-727

culation on the shelf. The same observation can be made for biogeochemical rates ex-728

pect that larger variability occurs in the outter shelf of the Central Region. Off the south-729

ern continental shelf, within about 120 km of the 200 m isobath, the Southern Califor-730

nia Bight is a secondary spot of variability. Around the islands, the subsurface variabil-731

ity of NO3, DIC, and O2 is larger than on the Southern shelf. It reflects enhanced sub-732

mesoscale circulation around the Channel Islands (Dong & McWilliams, 2007).733
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Figure B1. Vertical cross-shore sections of the daily RMS for (a,b,c) NO3, (d,e,f) OC, (g,h,i)

chlorophyll, (j,k,l) DIC, and (m,n,o) O2 concentrations averaged in the (left) Southern, (center)

Central, and (right) Northern Regions from December 1999 to November 2007. The dashed black

contours represent isopycnal surfaces with labeled potential density anomalies.

Figure B2. Vertical cross-shore sections of the monthly RMS for (a,b,c) primary production,

(d,e,f) carbon remineralization, (g,h,i) particulate flux, (j,k,l) oxygen production menus respira-

tion, (m,n,o) air-sea fluxes of (red) CO2 and (blue) O2, and (p,q,r) respiration in the sediment,

averaged in the (left) Southern, (center) Central, and (right) Northern Regions from December

1999 to November 2007. The dashed black contours represent isopycnal surfaces with labeled

potential density anomalies.

–28–



manuscript submitted to Global Biogeochemical Cycles

Appendix C Mean BGC balances734

In Figs. 4-5, area-normalized balances are presented. Here we translate them into735

are-integrated balances (Figs. C1-C2). In addition, more detailed breakdowns of the mean736

oxygen and carbon balances are listed in Tables C1-C2-C3.737

Figure C1. Spatially integrated USWC carbon and oxygen cycling schematic.

Figure C2. Spatially integrated USWC nitrogen cycling schematic.
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Appendix D Air-sea exchanges738

In Figure 6, the averaged CO2 and O2 air-sea fluxes are presented. This mean pic-739

ture is complemented by its RMS in order to evaluate their monthly variability B2. In740

addition, we present here the monthly time series of air-sea fluxes which detailed the strong741

shaping by seasonal forcing.742

In the open ocean, the air-sea flux can schematically be described as outgazing in743

summer and ingazing in summer. O2 and CO2 behave similarly likely indicating that744

this seasonal variability is driven by the temperature dependence of their solubility in745

seawater. This statement can be applied to the USWC shelf besides the seasonal intense746

upwelling, that is on the shelf of the Central and Northern Regions. Summer upwelling747

brings low-oxygen and hig-DIC water toward the surface fostering intense O2 ingazing748

(up to 150×10−8 molO2 m−2 s−1 on the inner shelf of the Central Region) and CO2749

outgazing (up to 20× 10−8 molC m−2 s−1 on the inner shelf of the Central Region).750

The air-sea O2 disequilibrium is reversed on the shelf compared to the offshore re-751

gion, leading to an O2 flux directed into the ocean on the continental margin and out752

of the ocean away from it. The large O2 ingassing on the shelf can be attributed to up-753

welling of O2-poor waters, which tend to rapidly equilibrate with the atmosphere via air-754

sea exchange. However, it appears that the upwelling-driven overturning circulation is755

faster than the timescale of equilibration by air-sea fluxes, so that significant surface O2756

undersaturation persists on the shelf.757

Figure D1. Seasonal variability of O2 and CO2 air-sea fluxes.

Appendix E Comparison of rate estimates in the CCS758

In order to interpret our estimates in perspective of the previous studies and val-759

idate them in the context of other findings in the literature, we present here a non-extensive760

summary of studies contributing to assess the biogeochemical balances along the USWC.761

The discrepancies in these independent estimates mainly arise from the varying USWC762

sub-regions considered by the cited references. Considering they are not point-to-point763

comparisons, they together provide a literature context with which our modeling results764

are in agreement. This gives us confidence that the model is performing reasonably well.765
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Another important element concerns the spatial and temporal variability associated with766

the biogeochemical fluxes in the USWC. The reported estimates varying greatly from767

one sub-region to another. Also, if the variability at relatively large scales (∼ for inter-768

annual to seasonal and regional) has been primarily studied in the past since it is largely769

forced by external mechanisms, variability at smaller scales is less known mainly due to770

its intrinsic and chaotic nature. In this study, we tried to reduce uncertainties by resolv-771

ing biogeochemical fluxes associated with small scales processes and by producing so-772

lutions over time scales long enough to produce robust analysis.773
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Biogeochemical

rate

Location Estimates Experiment/reference

Primary Offshore Central Cal. 16 - 67 (Kahru et al., 2009)

Production Pt. Concepcion 35 - 52 (Stukel et al., 2011)

mmolC m−2d−1 29-34degN 19 - 41 (Munro et al., 2013)

USWC 46.8 Us

shelf Pt. Concepcion 91 - 159 (Stukel et al., 2011)

29-34degN 53 - 96.7 (Munro et al., 2013)

USWC 98.1 Us

Carbon export Offshore SCB 6.4 - 17.0 (Eppley, 1992)

mmolC m−2d−1 SCB ∼ 27.1 (Bograd et al., 2001)

USWC ∼ 51.8 (Messié et al., 2009)

Pt. Concepcion 4.0 - 9.5 (Stukel et al., 2011)

San Pedro

Basin

∼ 11.2 (Collins et al., 2011)

29-34degN 9.0 - 17.5 (Munro et al., 2013)

USWC at 200

m

4.84 Us

shelf SCB 21.4 - 46.0 (Eppley, 1992)

Pt. Concepcion 5.3 - 13.5 (Stukel et al., 2011)

29-34degN 21.4 - 46.6 (Munro et al., 2013)

USWC in sed. 18.9 Us

CO2 air-sea flux 25–50N 370 km offshore 14 (Hales et al., 2012)

TgCyr−1 33–46N 800 km offshore -4.5 - 2.7 (Turi et al., 2014)

35–50N 600 km offshore 6 (Fiechter et al., 2014)

USWC 400 km offshore 15.86 Us

f-ratio Monterey Bay 0.84 (Olivieri & Chavez,

2000)

Baja California 0.25-0.56 (Hernández-de-la Torre

et al., 2003)

USWC shelf 0.43 Us

Nitrification Monterey Bay 1-4 (Ward, 2005)

mmolN m−2d−1 USWC shelf 0.7 Us

Table E1. Comparison of BGC rate estimates with selected other studies.
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Schütte, F. (2018). Biogeochemical role of subsurface coherent eddies in the871

ocean: Tracer cannonballs, hypoxic storms, and microbial stewpots? Global872

–38–



manuscript submitted to Global Biogeochemical Cycles

Biogeochem. Cycles, 32 , 226–249.873

Friederich, G. E., Walz, P. M., Burczynski, M. G., & Chavez, F. P. (2002). Inor-874

ganic carbon in the central California upwelling system during the 1997–1999875

El Niño–La Niña event. Progr. Oceanogr., 54 , 185–203.876
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