
1. Introduction
Oceanic margins—lying at the interface between the land, open ocean, atmosphere, and sediments—are emerg-
ing as central locations in Earth's Biogeochemical (BGC) transformations and exchanges, and an essential 
component of the land-to-ocean aquatic continuum (Regnier et al., 2022). Although this idea has a long history 
(Walsh, 1991), the most recent assessments exceed previous expectations, and reveal the critical role of margins 
in the global cycles of carbon (C), nutrients, and other elements (Cai et al., 2020; Fennel & Testa, 2019; Hofmann 
et al., 2011). Representing only about 7%–8% of the surface area of the oceans, shelf environments could support 
about 20% of total oceanic productivity, more than 40% of the carbon sequestration to the deep ocean, and at 
least 15% of the net uptake of atmospheric carbon dioxide (CO2) by the global ocean (Cai, 2011; Dai et al., 2022; 
Laruelle et al., 2018; Muller-Karger et al., 2005). Because of the enhanced exchanges with land and atmosphere 
and large BGC rates, the effects of climate change are amplified along oceanic margins, adding to pressure from 
a growing human population along the coast (Breitburg et al., 2018; Cai et al., 2011; Doney et al., 2007; Lacroix, 
Ilyina, Mathis, et al., 2021; Regnier et al., 2013).

While there is a growing consensus on the importance of oceanic margins for global biogeochemistry (Fennel 
et al., 2008; Muller-Karger et al., 2005; Walsh, 1991), global assessments of this role remain uncertain (Hofmann 
et al., 2011), although observational and modeling advances have begun to close this gap (Fennel et al., 2019; 
Lacroix, Ilyina, Laruelle, & Regnier, 2021; Laruelle et al., 2014; Liu et al., 2021; Roobaert et al., 2019). The 
difficulty in quantifying ocean margin BGC cycles results from a combination of factors, including the small area 
of coastal regions, many of which remain undersampled compared to the open ocean; the variety of geograph-
ical conditions (e.g., Eastern vs. Western Boundary Currents, wide vs. narrow shelves, polar margins, etc.); 
the small spatial and temporal scales involved; and the presence of intense and often unique processes, includ-
ing inputs from terrestrial and anthropogenic sources (Dai et al., 2022; Kessouri et al., 2021; Lacroix, Ilyina, 
Laruelle, & Regnier, 2021; Liu et al., 2021). Given these features, extrapolation from local to global scales is 
often fraught with uncertainties (Dai et al., 2022; Hofmann et al., 2011; Regnier et al., 2022). Progress toward 
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robust assessments of the role of continental margins at the global scale increasingly depends on improved esti-
mates at regional and local scales (Bauer et al., 2013; Cai et al., 2020; Fennel et al., 2019; Najjar et al., 2018) and 
high-resolution modeling efforts (Dai et al., 2022; Liu et al., 2019; Regnier et al., 2022).

Among continental margins, the U.S. West Coast (USWC) comprises the California Current System (CCS), 
an ocean-dominated Eastern Boundary Upwelling that exhibits intense biological productivity and sustains 
high marine biodiversity and important fisheries (Chavez & Messié, 2009; McClatchie, 2014). In the CCS, the 
predominantly equatorward along-shore winds induce offshore surface Ekman transport balanced by upwelling 
of denser water at the coast, and shoreward flow at depth (Huyer, 1983; Marchesiello et al., 2003). Upwelled 
waters are rich in nutrients and dissolved inorganic carbon (DIC), and low in dissolved oxygen (O2) and pH. Thus, 
while upwelling fuels high biological production, it also exposes shelf ecosystems to chemical conditions that 
are potentially harmful to a variety of organisms (Chan et al., 2008; Grantham et al., 2004; Gruber et al., 2012). 
Large biological DIC uptake in the CCS contributes to the global atmospheric CO2 sink, while CO2 outgas-
sing in recently upwelled waters near the coast counteracts it in Central California (Feely et al., 2008; Fiechter 
et al., 2014; Landschützer et al., 2020; Laruelle et al., 2014).

Upwelling-driven surface density gradients and along-shore currents exhibit instability with highly energetic 
mesoscale and submesoscale eddy and frontal flows in the CCS (Capet et al., 2008; Marchesiello et al., 2003), 
which in turn affect BGC by transporting and subducting unutilized inorganic nutrients, detritus, and plankton 
offshore and downward along isopycnal surfaces (Chenillat et al., 2015; Deutsch et al., 2021; Nagai et al., 2015), 
in a process known as “eddy quenching” of productivity (Gruber et al., 2011; Lathuilière et al., 2010; Renault, 
Deutsch, et al., 2016). Submesoscale currents associated with strong surface density fronts, vigorous horizon-
tal stirring, and intense vertical velocities in the upper layers (Capet et al., 2008; McWilliams, 2016; Thomas 
et al., 2008) further enhance BGC patchiness and modulate ecosystem responses (Kessouri, Bianchi, et al., 2020; 
Lévy et al., 2018).

Because of natural upwelling coupled to a slow decadal shoaling of the pycnocline (Deutsch et al., 2021), the 
CCS is expected to be at the forefront of emerging oceanic acidification and hypoxia driven by anthropogenic 
climate change (Chan et al., 2008; Feely et al., 2008; Gruber et al., 2012), resulting in a multitude of impacts on 
the coastal ecosystem (Doney et al., 2020; Marshall et al., 2017). A variety of studies, helped by long-running 
monitoring efforts (e.g., the CalCOFI program (McClatchie,  2014)), have begun showing evidence of these 
trends along the USWC (Bednaršek et al., 2014; Pespeni et al., 2013).

Although the CCS has been extensively studied, gaps remain in our understanding of BGC cycles in the region, 
especially on the shelf where acidification and hypoxia events are increasingly frequent (Chan et al., 2008; Feely 
et al., 2008; Fennel & Testa, 2019; Osborne et al., 2020). Despite knowledge that the bulk of upwelling occurs 
on the shelf, the patterns of shelf circulation, their contribution to BGC cycles, and their connection to the 
broad CCS remains poorly-quantified. Additionally, how sub-regional variability, submesoscale currents, and 
boundary-layer dynamics affect shelf circulation and BGC cycles coast-wide remain topics of active research 
(Fiechter et al., 2018; Kessouri, Bianchi, et al., 2020). These governing processes have often been studied sepa-
rately, and how they balance each other in a consistent picture is still unclear. While model-based studies provide 
an ideal tool to study these questions (Dai et al., 2022; Frischknecht et al., 2018), shelf environments have often 
been poorly represented in models, because of the small scales and strong connections to the adjacent open ocean 
(Dai et al., 2022; Lacroix, Ilyina, Laruelle, & Regnier, 2021; Liu et al., 2019). Furthermore, cross-shelf exchange 
is often investigated too far offshore to realistically resolve the shelf-to-open ocean continuum (Lacroix, Ilyina, 
Laruelle, & Regnier, 2021; Liu et al., 2019; Regnier et al., 2022). This problem is particularly acute in the CCS, 
which is characterized by a narrow shelf with vigorous submesoscale activity (Dauhajre et al., 2017; Kessouri, 
Bianchi, et al., 2020; Kessouri et al., 2021).

Our goals with this study are two-fold: (a) elucidate how an intense, wind-driven overturning circulation enhances 
the cycles of carbon, nitrogen (N) and oxygen on the continental shelf of the USWC, and (b) elucidate the contri-
bution of the continental shelf to the balances of these elements within the broader CCS, setting a standard for 
model-based assessments of BGC cycles along continental margins. Specifically, we aim to address the following 
questions: What physical and biogeochemical processes drive intense carbon, nutrient and oxygen cycles on the 
USWC shelf? What circulation patterns connect the shelf to the open ocean? And to what extent biogeochemical 
cycles on the shelf affect the adjacent open ocean? Answering these questions requires a faithful representa-
tion of the complex, fine-scale circulation and BGC of the region, and resolution of shelf processes and their 
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connection to the open ocean. These elements are also needed to improve 
predictions of BGC and ecosystem change in the CCS (Brady et al., 2020; 
Jacox et al., 2014), and to expand our understanding of the role of continental 
margins in the global BGC cycles and changes now underway (Doney, 2010; 
Regnier et al., 2022; Stock et al., 2020). Ultimately, the purpose of this paper 
is to provide a revised picture of BGC cycles along the USWC, and set a new 
standard for studies of climate change and anthropogenic impact on continen-
tal margin systems.

To this end, we present results from a twin set of high-resolution (i.e., 
submesoscale-permitting) numerical simulations, composed of a Southern 
and a Northern configuration that span the USWC (Figure 1). The simulations 
are integrated over a 11-year period, forced by realistic winds that include the 
orographic shaping of the atmospheric boundary layer (Fiechter et al., 2018; 
Renault, Hall, & McWilliams, 2016) and current feedback to the wind stress 
(Renault, Molemaker, et al., 2016; Renault et al., 2020), both major physical 
drivers along the USWC. They are nested in a mesoscale-resolving parent 
simulation at coarser resolution (Deutsch et al., 2021; Renault et al., 2021) that 
conveys the external influences of the wind-driven gyres and broader CCS 
into the fine-scale processes along the coast. The simulations fully resolve 
the mesoscale circulation and provide a partial representation of submesos-
cale currents along a narrow shelf over an unprecedented time period and 
spatial extent (Kessouri, Bianchi, et  al.,  2020). This expensive numerical 
approach is expected to advance coastal modeling toward improved realism, 
and to provide time series long enough for statistically robust analyses of 
local scale variability.

The rest of the paper is organized as follows. Section 2 describes the methods, 
including model setup and analysis approach. Section 3 provides an over-
view of the physical circulation, BGC distributions and cycling rates along 
the USWC, focusing on the balances of carbon, nitrogen and oxygen, with 
emphasis on the cross-shelf overturning and shelf-to-offshore connectivity. 
Section 4 provides a detailed analysis of the cycles of these elements on the 
shelf, and their offshore transports. Section 5 discusses the main findings of 

the study and their relevance to the broader topic of continental margin biogeochemistry. Various appendices 
provide additional information to support our results.

2. Methods
2.1. The Coupled Circulation—Biogeochemical Model

Our approach is based on the online coupling between the Regional Ocean Modeling System (ROMS, Shchepetkin 
& McWilliams, 2005) and the Biogeochemical Elemental Cycling model (BEC, Deutsch et al., 2021; Moore 
et al., 2004). The model solutions analyzed here are run on two Arakawa C grids that cover the whole USWC, from 
Baja California to Vancouver Island, with a horizontal resolution of about 1 km, that is, submesoscale-permitting 
(Capet et al., 2008; Kessouri, Bianchi, et al., 2020), and with 60 topography-following vertical levels irregularly 
stretched for better surface and bottom resolution. The stretching parameters are hcline = 250 m, θb = 3.0, and 
θs = 6.0 (Shchepetkin & McWilliams, 2009). The southern configuration (USSW1) extends from 130.7°W to 
115.9°W and from 24.4°N to 40.2°N (from Tijuana to Cape Mendocino, Figure 1). The northern configuration 
(USNW1) extends from 133.0°W to 121.5°W and from 36.8°N to 49.9°N (from Monterey Bay to Vancouver 
Island, Figure 1).

Initial and boundary conditions for both simulations are provided by downscaling an existing hindcast simulation 
for the whole USWC run at 4 km (USW4) with the same model configuration (Deutsch et al., 2021; Renault 
et al., 2021). The physical surface forcings are identical to the “parent” 4 km simulation and consist of radia-
tive, momentum, heat, and freshwater fluxes at the air-sea interface computed from hourly output from a 6 km 

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 offshore CCS extending approximately 
400 km away from the coast (outer red line). The 2,000 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 function 
of latitude (red line).
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resolution atmospheric simulation with the Weather Research and Forecast model (Skamarock et al., 2008) using 
bulk formulas (Large, 2006). The topography is retrieved from Becker et al. (2009) at 30 arc s, and smoothed 
to limit horizontal pressure gradient errors. Further details on the 4 km configuration setup, initialization, and 
boundary forcings can be found in Deutsch et al. (2021) and Renault et al. (2021), along with an extensive valida-
tion of the large-scale circulation and BGC solutions. We also refer the reader to Kessouri, Bianchi, et al. (2020) 
for a discussion of the emergence of submesoscale physics and its BGC effects in the USSW1 simulation.

The two configurations are run over an 11-year period, starting in October 1996 and ending in December 2007. 
Physical and BGC state variables are saved as daily averages; physical fluxes and BGC rates as monthly aver-
ages. To provide a robust picture of the typical state of the CCS, model output is analyzed over a 8-year period 
(1999–2007) that excludes year 1998, known for its particularly intense El Niño (Friederich et al., 2002). To a 
remarkable degree, there is good continuity for the statistical properties of the solutions in the overlap region for 
USSW1 and USNW1 (Figure 1).

2.2. BGC Material Balance Equations

We compute the balances of organic carbon (OC, consisting of living, dissolved, and detrital components), DIC, 
inorganic nitrogen (IN, the sum of nitrate 𝐴𝐴 NO

−

3
 , nitrite 𝐴𝐴 NO

−

2
 , and ammonium 𝐴𝐴 NH

+

4
 ), and O2 along the USWC, 

based on monthly climatologies. The balance equations for these tracers can be summarized as follows:

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝐴𝐴𝐴𝐴𝐴𝐴𝜕𝜕𝜕𝜕 +𝑀𝑀𝑀𝑀𝑀𝑀𝜕𝜕𝜕𝜕 + 𝑃𝑃𝑃𝑃𝜕𝜕 −𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅𝜕𝜕 − 𝑃𝑃𝑅𝑅𝑀𝑀𝑃𝑃𝜕𝜕𝜕𝜕 (1)

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝐴𝐴𝐴𝐴𝐴𝐴𝜕𝜕𝜕𝜕𝜕𝜕 +𝑀𝑀𝑀𝑀𝑀𝑀𝜕𝜕𝜕𝜕𝜕𝜕 − 𝑃𝑃𝑃𝑃𝜕𝜕 +𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅𝜕𝜕 + 𝑆𝑆𝑅𝑅𝐴𝐴𝜕𝜕 + 𝐴𝐴𝜕𝜕𝐴𝐴𝜕𝜕𝐶𝐶2 (2)

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝐴𝐴𝐴𝐴𝐴𝐴𝜕𝜕𝜕𝜕 +𝑀𝑀𝑀𝑀𝑀𝑀𝜕𝜕𝜕𝜕 − 𝑃𝑃𝑃𝑃𝜕𝜕 +𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅𝜕𝜕 + 𝑆𝑆𝑅𝑅𝐴𝐴𝜕𝜕 (3)

𝜕𝜕𝜕𝜕2

𝜕𝜕𝜕𝜕
= 𝐴𝐴𝐴𝐴𝐴𝐴𝜕𝜕2

+𝑀𝑀𝑀𝑀𝑀𝑀𝜕𝜕2
+ 𝑃𝑃𝑃𝑃𝜕𝜕2

−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑆𝑆𝑅𝑅𝐴𝐴𝜕𝜕2
+ 𝐴𝐴𝐴𝐴𝐴𝐴𝜕𝜕2

 (4)

In these equations, PPx and Reminx represents respectively the effects of primary production and remineralization 
of the element x, linked together by a fixed stoichiometry (C : N : O2 = 117:16:-150). Resp represents oxygen 
consumption by respiration and nitrification, Sedx is the flux from sediment, PexpOC is the organic carbon export 
by settling particles (which in the model are instantaneously redistributed to the remineralization term), and 
AIFx is the air-sea flux of CO2 and O2. Advx and Mixx represent physical transports by advection and param-
eterized vertical diffusion respectively. Advx is computed using the third-order upwind scheme described in 
Marchesiello et al.  (2009) and Lemarié et al.  (2012), and Mixx is specified by the K-profile Parameterization 
(KPP) boundary-layer scheme (Large et al., 1994). By averaging these balance term equations over 8 years, the 
temporal derivatives nearly vanish, allowing analysis of the BGC seasonal steady-state dynamics of the CCS. 
Seasonal variability is then quantified by constructing monthly climatological averages of each term in the 
balance equations.

For a complete description of BEC model's equations and parameters, we refer the reader to Deutsch et al. (2021), 
in particular the Appendix. Unless differently stated, we restrict the BGC balance analysis to the upper 0–50 m 
layer, which corresponds to the approximate range of the euphotic zone and encompasses the maximum mixed 
layer depth in the CCS.

2.3. Eddy Decomposition of Biogeochemical Transport

To highlight the importance of eddies on the transport of biogeochemical material, we separate the advective 
terms of Equations 1–4 into mean and eddy components, following a classical Reynolds decomposition:

𝑢𝑢𝑢𝑢 = 𝑢𝑢𝑢𝑢 + 𝑢𝑢′𝑢𝑢′, (5)

where u is the cross-shore velocity, and A the concentration of a particular biogeochemical tracer. The overbar 
represents a monthly mean operator and ’ the deviation from this mean. Practically, 𝐴𝐴 𝑢𝑢𝐴𝐴 , 𝐴𝐴 𝑢𝑢 , and 𝐴𝐴 𝐴𝐴 are computed 
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online, and the eddy term is retrieved by difference. This decomposition has been used in previous studies (Capet 
et al., 2008; Gruber et al., 2011; Kessouri, Bianchi, et al., 2020; Nagai et al., 2015) to investigate eddy-induced 
transport. Here, we use it to quantify the eddy contribution to shelf overturning and shelf-to-offshore exchanges. 
The resultant eddy components include transport on time scales faster than a month, that is, mesoscale and 
submesoscale fluctuations. Critically, the importance of eddy transport on shelf BGC balances remains largely 
unresolved in current models targeting continental margins (Dai et  al.,  2022; Lacroix, Ilyina, Laruelle, & 
Regnier, 2021; Liu et al., 2019), although it is likely to play a primary role.

2.4. Along-Isobath Coordinate Transformation

For convenience, we define the continental shelf as the region with a topographic depth shallower than 200 m 
(Laruelle et al., 2013). Along the USWC, the width of the continental shelf, estimated from the smoothed topog-
raphy, varies considerably with latitude around a mean value of 25 km, but it rarely exceeds 50 km (Figure 1). The 
USWC continental margin is particularly narrow south of Monterey Bay (∼10 km on average), where a horizontal 
resolution of 1 km or less is required to resolve shelf physical processes.

To highlight the vigorous cross-shelf overturning circulation and the resulting BGC intensification, and to facil-
itate visualization and analysis of model output, we remap model variables on a curvilinear, along-isobath coor-
dinate system adapted to the USWC. This coordinate system is based on 3-dimensional (excluding time) locally 
orthogonal planes, with the 𝐴𝐴 ⃖⃗𝑦𝑦 axis aligned with the 200 m isobath and pointing poleward, and the 𝐴𝐴 ⃖⃗𝑥𝑥 axis pointing 
shoreward, representing the primary direction of the bathymetric gradient. Further offshore, that is, for depths 
greater than 200 m, we transition to a more typical curvilinear coordinate system, with the same 𝐴𝐴 ⃖⃗𝑦𝑦 axis, but using 
distance from the 200 m isobath as the 𝐴𝐴 ⃖⃗𝑥𝑥 axis. The latter extends 400 km offshore and embraces the entirety of 
the California Current and its meanders. In a region dominated by coastal upwelling and anisotropic circulation, 
this is a convenient coordinate system that naturally highlights gradients in the cross-shore and along-shore 
direc tions, and allows a clear characterization of coastal processes on the narrow shelf.

3. BGC Cycles Along the USWC
3.1. Mean Shelf Circulation and Overturning

The CCS is typically described as a wide Eastern Boundary Current, which comprises an offshore equatorward 
flow at the surface, nearshore summer-intensified wind-driven upwelling, a vigorous cross-shore overturning 
circulation, and the subsurface poleward California undercurrent hugging the continental slope around the 200 m 
isobath (Checkley & Barth, 2009; Hickey, 1979; Huyer, 1983; Marchesiello et al., 2003; Molemaker et al., 2015). 
In summertime, a coastal equatorward current forms on the shelf to geostrophically balance the cross-shore 
density gradient produced by upwelling. These circulation patterns are well captured by our solutions (Figure 2).

To highlight regional variations, we separate the CCS into Southern, Central, and Northern Regions, each char-
acterized by coherent and distinct features (Figure 1; see also Appendix A for further details), consistent with 
previous work (Fiechter et al., 2018; Hales et al., 2012; Renault, Hall, & McWilliams, 2016; Turi et al., 2014). 
The Southern Region, south of Point Concepcion, comprises the complex bathymetry, islands, and channels of 
the Southern California Bight, and is characterized by cyclonic recirculation and weaker upwelling. The Central 
Region, spanning Central and Northern California, is more directly exposed to the offshore oceanic circulation 
and intense summer upwelling. Finally, the Northern region comprises the Oregon and Washington coasts, and 
is separated from the Central Region at Cape Blanco, north of which the prevailing winds drive downwelling in 
winter and upwelling in summer (Figures A1c).

Figure 2 shows that across the USWC, the wind stress curl is enhanced on the shelf, with a peak in the very 
nearshore region (shallower than 100  m depth), and it quickly vanishes further offshore. In this simulation, 
cross-shore gradients in winds are resolved by using forcings from an atmospheric model simulation run at 
6 km resolution (Renault et al., 2021). The so-called wind drop-off zone (Fiechter et al., 2018; Renault, Hall, & 
McWilliams, 2016) drives a surface Ekman transport divergence, which is balanced by a cross-shelf flow at depth 
that feeds into the upwelling/downwelling on the shelf.

Because of the steep decline of the wind stress curl offshore, the wind-forced (Figure A1c) vertical circulation 
occurs mostly on the shelf, turning the whole continental margin into the “engine” of wind-driven upwelling. 
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Considering that the shelf is particularly narrow in this region, high resolution in both the atmosphere and the 
ocean is required to properly represent this dynamics. This cross-shelf overturning circulation is seasonally 
enhanced, in particular in summer in the Central Region (Figure 2e), while in the Northern Region a sign reversal 
in wind stress curl strengthens the downwelling cell in winter (Figure 2c).

The strong positive wind-stress curl in summer favors the formation of an intense upwelling front on the inner 
shelf, which is balanced by a surface equatorward current on the Central and Northern Shelves (Figures  2e 
and 2f). The vertical shear is intense enough that the current reverses direction at depth, turning into a poleward 
coastal undercurrent, which in turn provides a source of baroclinic instabilities that foster eddy exchanges of heat, 
salt, and BGC materials between shelf and offshore waters (Colas et al., 2013; Marchesiello et al., 2003; Nagai 
et al., 2015).

Figure 2 reveals that the cross-shelf overturning comprises a bottom-confined transverse cell dominated by down-
ward and offshore flow next to the seafloor. This cell is active throughout the whole year, and is generally 
shallower in winter, and deeper in summer. In the Southern and Central Regions, the downslope bottom flow is 
intensified during summer upwelling, whereas in the Northern Region it is greater during winter downwelling. 
As suggested by the correlation with the alongshore current, this cross-shelf circulation likely results from shear 
stress via Ekman dynamics in the bottom boundary layer. Generation of bottom shear on the deeper shelf were 
reported for the USWC (Lentz & Chapman, 2004; Perlin et  al.,  2005) and the NW Iberian continental shelf 
(Villacieros-Robineau et al., 2019). Here, we highlight the poleward California undercurrent as central in the 
generation of bottom shear, and the overlooked role of this bottom cell as an essential margin-to-open-ocean 
transport pathway that exports biogeochemical material offshore outside the surface euphotic layer.

Figure 2. Along-shore (color shading) currents in the U.S. West Coast, averaged in time for the months of January (a, b, c) and July (d, e, f), and in space along a 
direction parallel to the coast, for the Southern (a, d), Central (b, e), and Northern (c, f) Regions. By convention, northward along-shore currents are shown by positive 
velocities (orange colors), and southward by negative velocities (blue colors). As described in Section 2.4, the left side of the x-axis in each panel indicates isobaths 
in meters, while the right side shows the distance form the shelf in kilometers. On the shelf, black solid 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.
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The complex wind-driven dynamics on the shelf leaves a clear imprint on BGC tracers (Figure 3). Nutrient- and 
DIC-rich and O2-depleted waters are brought to the surface on the shelf, generating strong cross-shore BGC 
gradients, while in the euphotic layer organic biomass and chlorophyll decrease with the distance from the coast. 
These patterns can be observed coast-wide, and are particularly pronounced in the Central Region, in agreement 
with a variety of observations, for example, from CalCOFI (Bograd & Mantyla, 2005).

3.2. BGC Balances

The major BGC role of the shelf is reflected in the coast-wide balances of C, O2, and N, shown in Figures 4 and 5. 
We focus on area- and time-averaged BGC rates integrated between 0 and 50 m depth, to highlight the intense 
cycling on the shelf, while reporting spatially integrated fluxes in Appendix C (Figures C1 and C2).

Offshore, primary production converts DIC to OC at a rate of 54.2  ×  10 −8 molC  m −2  s −1 (10 −8  mol  m −2 
s −1 = 0.864 mmol m −2 y −1) (Figure 4). The majority of newly-formed organic matter (73%) is directly remin-
eralized in the euphotic layer, with the remainder exported as sinking particles (18%) and by isopycnal eddy 
diffusion and advection (9%). On the shelf, carbon assimilation is about twice as large as offshore (113.5 × 10 −8 
molC m −2 s −1). Approximately 52% of the organic matter is remineralized in the euphotic layer, 22.5% is exported 
as particles below the euphotic layer or into the inner-shelf sediment, and 25.5% by lateral advection. Similar 
to assimilation, particle export and remineralization nearly double on the shelf compared to offshore, whereas 
atmospheric CO2 uptake occurs at comparable mean rates. On the shelf, the outgassing of excess CO2 in recently 
upwelled DIC-rich waters in central California (consistently with Laruelle et al. (2014) and Turi et al. (2014)) is 

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.
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overwhelmed by the substantial CO2 uptake by photosynthesis in the Southern and Northern Regions (see Appen-
dix D for further details on air-sea fluxes).

The intensification of BGC rates on the shelf arises from contrasting patterns of nutrient supply to the euphotic 
layer (Figure 5). Offshore, N delivery occurs nearly exclusively as nitrate (∼95%), by a combination of isopycnal 
diffusion and lateral advection. This transport feeds new primary production at a rate of 2.0 × 10 −8 molN m −2 s −1, 
and it is balanced by export of organic matter primarily as sinking particles (by about 70%). As a consequence, 
ammonium regeneration tightly balances ammonium uptake (5.4 × 10 −8 molN m −2 s −1), resulting in low nitrifi-
cation rates, and an f−ratio, here defined as nitrate uptake over total primary production, of 0.27.

Because of wind-driven overturning, the surface nitrate supply by advection and diffusion on the shelf is about 
3.4 times higher than offshore, driving an average assimilation rate of 6.6 × 10 −8 molN m −2 s −1. Note that, on 
the shelf, nitrification is a non-negligible source of nitrate (∼10%). Because of nitrification, ammonium release 
(of which ∼13% from the sediment) is not fully balanced by ammonium uptake (8.8 × 10 −8 molN m −2 s −1), and 
the f−ratio is larger on the shelf (∼0.43) than offshore. Of the organic nitrogen (ON) produced on the shelf, 52% 
is remineralized, 23% is exported by settling particles, and 25% by lateral advection away from the shelf.

Figure 4. Area-normalized, upper-ocean mean carbon and oxygen cycle balances along the U.S. West Coast. Units are 10 −8 mol m −2 s −1. The colored circles represent 
biogeochemical tracers resolved by the model (Org. C = organic carbon; DIC = dissolved inorganic carbon), the thin blue arrows biogeochemical transformation rates, 
and the thick black arrows net lateral transport. 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. Arrows directed toward a tracer represent positive terms in the tracer balance, that is, sources, and arrows directed away 
from it represent negative terms, that is, sinks. 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 Figure 4 for additional details. The corresponding 
area-integrated fluxes are shown in Figure C2 in Appendix C.
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Production of O2 by photosynthesis and consumption by respiration are about twice as large on the shelf as 
offshore (respectively by a factor of 2.1 and 1.7). Note that O2 produced in the sunlit zone of the shelf also venti-
lates deeper layers, and is laterally exported toward the open ocean.

In addition to this cross-shore variability, BGC rates are characterized by strong vertical gradients and along-shore 
variability between the three USWC regions (Figure 6). Net community production mainly occurs in the upper-
most 50 m of the water column, and it sharply decreases to negligible rates at depth. Similarly, about 70% of 
the vertically integrated remineralization occurs in the 0–50 layer , although substantial rates are observed at 
depth, mostly driven by organic particle decomposition. Sinking particle fluxes reach a maximum at about 50 m 
(Figures 6g–6i), coinciding with the phytoplankton compensation depth, where respiration equals photosynthesis.

On the shelf, significant particulate organic carbon fluxes reach the sea floor at depths shallower than 100 m, 
where they drive intense benthic respiration (Figures 6p–6r), release of DIC at the sediment-water interface, and, 
carbon burial into coastal sediment. The cross-shore variation in sedimentary respiration is noteworthy, because 

Figure 6. Vertical cross-shore sections of primary production (a, b, c in molC m −3 s −1), carbon remineralization (d, e, f in molC m −3 s −1), particulate flux (g, h, i in 
molC m −2 s −1), oxygen production minus 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.
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it is a primary source of low-oxygen and low-pH conditions that impact coastal benthic ecosystems (Fennel & 
Testa, 2019).

While BGC rates show similar spatial patterns in the three USWC regions, they display significant variabil-
ity. For instance, BGC rates are higher in the Central Region, where primary production can exceed 25 × 10 −8 
molC m −3 s −1 at the surface, and lower in the Southern Region, where their vertical gradients are also weaker.

Air-sea fluxes contrast with other BGC rates by their particularly pronounced spatial variability (Figures 6m–6o). 
Due to high DIC concentrations, the central shelf experiences large CO2 outgassing (with maximum annual rates 
along the 40 m isobath), while ingassing dominates on the northern and southern shelves. The magnitude of the 
CO2 flux increases with latitude: the annual ingassing of CO2 is larger in the Northern Region, reaching up to 
10.9 × 10 −8 molC m −2 s −1 on the outer shelf, whereas it does not exceed 3.3 × 10 −8 molC m −2 s −1 in the Southern 
Region. A local peak in CO2 outgassing in the Southern Region is associated with the Channel Islands, where 
recurrent cyclonic eddies expose subsurface waters to the atmosphere. These patterns are broadly consistent with 
prior data-based assessments (Dai et al., 2022; Landschützer et al., 2020; Laruelle et al., 2014) and modeling 
studies (Fiechter et al., 2014), and provide a detailed picture of the underlying flux dynamics.

O2 fluxes are largely anti-correlated with CO2 fluxes, with ingassing dominating in the central shelf, and weak 
outgassing dominating in the southern and northern shelves. In the very nearshore region, a sign reversal in 
air-sea fluxes is often observed, a feature matched by in-situ measurements, for example, along CalCOFI line 77 
(Fiechter et al., 2014), and likely driven by increased production very close to the coast.

In summary, the largest BGC rates on the USWC are found on the shelf, sustained by the vigorous upwelling-driven 
overturning circulation, and they rapidly decrease offshore. For completeness, we include several Appendices 
describing the BGC temporal variability (Appendix B), a detailed USWC budget analysis (Appendix C), the 
seasonal variability in air-sea fluxes (Appendix D), and a comparison of BGC rates with prior studies (Appen-
dix E). In the next sections, we investigate how this enhanced shelf activity affects offshore BGC balances via 
lateral transport and tracer redistribution.

4. BGC Transport and Cycling on the Shelf
4.1. Carbon

Figure 7 shows the time-mean carbon transport and cycling rates on the three regions of the USWC continental 
shelf, integrated horizontally and from the surface to the bottom. As a whole, the USWC shelf represents a site 
of enhanced carbon assimilation that converts DIC to OC at an average rate of (14.1 × 10 3 molC s −1), before 
exporting it at a rate of 14.4 × 10 3 molC s −1, with a small residual (0.3 × 10 3 molC s −1) accounted for OC terres-
trial inputs from the Juan de Fuca Strait and sediment deposition. Of the total OC export from the USWC shelf, 
90% occurs across the continental slope, rather than meridionally. Along-shore transport across the northern and 
southern boundaries account for 8% and 2% of the OC export respectively.

In contrast, there are large lateral fluxes and recirculation of DIC across shelf boundaries, with significant import 
from offshore to the Southern and Northern Regions, and significant export offshore from the Central Region, 
and along-shore from the Northern Region. Overall, the net supply of DIC occurs mainly across the continental 
slope, with a net input of 163.1 × 10 3 molC s −1.

Because of intense upwelling, more than half (63.1%) of the net biological carbon assimilation occurs in the 
Central Region, which also contributes by about three quarters (78.3%) to the cross-shelf OC export to the open 
ocean. The lack of balance between OC production and export results mainly from the meridional convergence of 
DIC and OC fluxes that increase the local carbon content, promoting export of DIC and OC offshore, and release 
of CO2 to the atmosphere. The Southern and Northern Regions contribute respectively 7.8% and 29.1% of the net 
carbon assimilation, and 1.5% and 20.2% of the OC offshore export.

Air-sea and sedimentary C fluxes are an order of magnitude smaller than lateral transport, accounting for ∼14% 
and ∼1% of the net DIC input to the shelf, respectively. Terrestrial sources, here represented by exchange through 
the Juan de Fuca Strait, which connects the USWC to the Salish Sea at the U.S. northern border, are not negligible 
(∼25% of the total DIC input in the northern region).
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Figure 7 also shows the vertical structure and seasonal variability of the cross-shelf exchange of DIC across the 
200 m isobath. Both are strongly influenced by the cross-shelf overturning circulation shown in Figure 2. During 
upwelling, DIC is transported into the shelf in the water column interior (Figure 7, central column), that is, 
outside the surface and bottom boundary layers. Export of DIC from the shelf to the open ocean occurs instead 
within these boundary layers. During winter downwelling in the Northern Region, transport reverses direction at 
the surface and in the interior, while it remains offshore at the bottom.

The bulk of OC exchange between the continental shelf and the offshore region takes place in the upper Ekman 
layer, reflecting strong surface currents and high OC concentration. In the Southern Region, the cross-shelf 
export remains low (<2.0  ×  10 3  molC  s −1) due to a partial compensation between offshore transport above 
20  m and inshore transport below it. The total offshore transport from the Central Region reaches up to 
14.0 × 10 3 molC s −1 at the beginning of upwelling, driven by increasing offshore OC transport at the surface 
(from 0.08 × 10 −3 molC m −2 s −1 in February to 1.01 × 10 − 3 molC m −2 s −1 in June). After June, as organic matter 

Figure 7. (Left column) Carbon transport and cycling on the USWC shelf (in 10 3 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 panels) flux integrated over 
the vertical (in 10 3 molC s −1) as solid blue lines with one standard deviation shown by the shading, and the (lower panels) vertical profiles (in 10 −3 molC m −2 s −1) 
shown as color shading.
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accumulates offshore, inshore transport of OC increases, first in subsurface layers from July to October, then 
from the whole euphotic layer until December. The inshore flux reduces the net OC export from the shelf during 
upwelling (July and August).

4.2. Inorganic Nitrogen

The USWC continental shelf acts as a net sink of inorganic nitrogen (∼2.9 × 10 3 molN s −1; Figure 8). Biolog-
ical IN assimilation is largely balanced by the net IN transport across the shelf break (3.1 × 10 3 molN s −1). 
This first-order IN balance is closed by a net terrestrial input in the Northern Region (0.4 × 10 3 molN s −1), 
and net export across its northern boundary (∼0.6 × 10 3 molN s −1). Cross-shore transport is maximum in the 
Central Region, reflecting the strong upwelling (1.3 × 10 3 molN s −1). Along-shore transport is significant at 
Point Conception, where a net IN supply by the northward coastal counter-current fertilizes the central coast. The 
significant IN inputs from southern waters is consistent with the results Frischknecht et al. (2018).

Figure 8. Same as Figure 7 for inorganic nitrogen and oxygen.
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The net cross-shelf IN transport results from a balance between inshore and offshore fluxes with a character-
istic vertical structure and seasonal cycle (Figure 8 central column). In the Southern and Central Regions, the 
cross-shelf transport closely reflects the upwelling-driven overturning (Figure 2), which transports IN inshore 
at depth, and offshore in the surface boundary layer. Similar to the upwelling intensity, cross-shore fluxes are 
much lower in the Southern Region compared to the Central Region, where inshore transport can reach up to 
0.13 × 10 −3 molN m −2 s −1 at about 50 m depth, and offshore fluxes up to 0.43 × 10 −3 molN m −2 s −1 at the 
surface. Bottom Ekman layer dynamics drives substantial offshore IN export year-round in the Central Region. 
Integrated over the first 20 m above the sea floor, it exports 0.3 × 10 3 molN s −1 on average, with a maximum of 
0.6 × 10 3 molN s −1 during peak upwelling.

Seasonal variability in cross-shelf IN transport is particularly pronounced in the Northern Region. Net inshore 
fluxes are higher in summer, during upwelling. From October to April, downwelling drives offshore transport 
at about 50 m depth, and inshore transport at the surface. Export by the bottom boundary layer is considerable 
(2.0 × 10 3 molN s −1 in average), reaching up to 4.0 × 10 3 molN s −1 during October and November, when it domi-
nates the net cross-shelf exchange.

4.3. Oxygen

As a result of intense photosynthesis, the USWC shelf is a location of net O2 production (15.4 × 10 3 molO2 s −1 
of which ∼68.2% occurs in the Central Region; see Figure 8). The O2 circulation resembles DIC transport, except 
for air-sea fluxes, which have opposite patterns. Indeed, despite strong production (Figures 4 and 5), the USWC 
shelf is a site of net O2 ingassing, mainly occurring in the Central Region.

Wind-driven overturning exposes low-O2 waters to the surface, where they are replenished by gas exchange and 
photosynthesis. On the shelf, newly-produced O2 is exported offshore in the surface Ekman layer, while the north-
ern and southern shelf boundaries, as well as the bottom boundary layer, constitute secondary pathways of O2 
export. In particular, the bottom Ekman layer, with an average offshore flux of 10.0 × 10 3 molO2 s −1, represents 
an overlooked pathway for ventilating O2-poor waters along the deeper parts of the USWC shelf.

Similar to those of DIC, along-shore O2 fluxes represent an important component of the O2 balance on the shelf. 
Their convergence in the Central Region provides the largest source of O2 (14.8 × 10 3 molO2 s −1), exceeding net 
biological O2 production. In contrast, in the Southern and Northern Regions, O2 export in the along-shore direc-
tion represents a O2 source for the adjacent Baja California and Canadian shelves.

4.4. Cross-Shore Eddy Fluxes

The lateral transports shown in Figures 7 and 8 arise from a combination of mean and eddy fluxes, the latter 
of which are particularly vigorous in the region (Capet et al., 2008; Dauhajre et al., 2017; Gruber et al., 2011; 
Kessouri, Bianchi, et al., 2020). Figure 9 shows the mean and eddy BGC fluxes across the shelf break and their 
vertical structure, highlighting three main exchange pathways: the surface and bottom boundary layers, confined 
to the top and bottom 20 m, and an interior route in the intermediate layer.

The offshore surface boundary layer transport in the Southern and Central Regions (Figures 9a and 9b) results 
from the combination of mean and eddy offshore fluxes, with the magnitudes of eddy-fluxes comparable in the 
two regions. In the Southern California Bight (Figure  9a), both components have similar magnitudes, while 
eddy-driven fluxes are smaller than mean fluxes in the Central Region (Figure 9b). This is due to the much 
more intense mean transports in the Central Region that overwhelm eddy components. This is particularly true 
for OC transport (Figure 9.b.2). In this region, the stronger effect of surface eddy fluxes on IN (Figure 9.b.1) as 
compared to OC (Figure 9.b.2) and O2 (Figure 9.b.3) indicates that eddies efficiently export upwelled nutrients 
offshore before they get completely assimilated. While expected, this high level of eddy-induced transport is 
lower than prior estimates (Gruber et al., 2011; Nagai et al., 2015), partly because of the smaller scales investi-
gated here, and the focus on the nearshore region. The surface boundary layer transport differs in the Northern 
Region (Figure  9c). The wintertime surface coastal convergence is balanced by summertime surface coastal 
divergence for IN eddy and mean transports (Figure 9.c.1), resulting in a negligible annual mean net transport. 
The balance is dominated by onshore mean downwelling for O2 and DIC (Figures 4 and 9.c.3, note the large vari-
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ability associated), with a seasonal compensation of eddy fluxes. Driven by high primary production during the 
upwelling season, the surface boundary layer OC mean and eddy transports are directed offshore.

In the intermediate layers, the onshore transport is characterized by a significant anticorrelation between mean 
and eddy fluxes. The eddy terms largely oppose the mean terms, with similar contributions in the Southern and 
Northern Regions (Figures 9a and 9c), and a dominant contribution in the Central Region. In particular, eddies 
transport inorganic nutrients into the shelf in the 90–40 m layer of the Southern Region, and through the interme-
diate layer of the Central and Northern Regions. This role for fine scale circulation in transporting nutrients and 
other material on-shelf differs from previous works (Gruber et al., 2011; Nagai et al., 2015). This can be partly 
explained by the explicit focus on the shelf of this study. In addition, a critical feature of the offshore transport 
classically attributed to eddy transport in the CCS is the sharpening of the upwelling front, which causes conver-
gence and subduction of organic matter and nutrients. This front is typically found between 30 and 60 km offshore 
(Nagai et al., 2015), that is, outside the shelf in our model (Figure 1). Thus, part of the material subducted along 
the upwelling front is likely advected back onto the shelf by eddies. This idea is supported by the inshore eddy 
flux of organic matter between 50 and 20 m depth (Figure 9.b.2).

The bottom boundary layer transport provides a shelf-to-ocean export pathway that is particularly relevant in the 
Northern Region. The large, bottom-confined mean transport points to an active bottom boundary layer dynam-
ics throughout the year. Eddy transport at the bottom might, at least partly, be driven by cross-shore meanders 
in the California undercurrent, or even by episodes in which the undercurrent detaches from the shelf to release 
submesoscale coherent vortices (Frenger et al., 2018; McCoy et al., 2020; Molemaker et al., 2015). The nearshore 
localization of the undercurrent south of Point Conception (Figure 2) may help explain the large eddy transport 
extending largely above the bottom, in the Southern Region (Figure 9a).

5. Discussion
Our study shows that, along the USWC, the largest BGC rates occur on the shelf, driven by the vigorous cross-shelf 
overturning circulation that results from wind-driven coastal upwelling/downwelling, Ekman pumping driven by 
the wind stress curl, and bottom boundary layer dynamics.

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 indicate 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.
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While continental margins represent only 6.0% of the total USWC area (considering an offshore limit at 400 km 
from the coast) our simulations show that they account for about 18% of the net IN flux to the euphotic zone, 
14.3% of the total biomass, 11.9% of primary production, and 17.9% of new primary production. These results 
are consistent with studies suggesting that about 10%–15% of global primary production occurs on continental 
margins (Muller-Karger et al., 2005).

In addition to locally enhanced BGC rates, due to intense cross-shelf exchanges, the USWC shelf actively partic-
ipates in the BGC dynamics of the open ocean. A large portion (∼20.5%) of the organic matter produced on the 
shelf is exported toward the Pacific Ocean, comparable to a previous estimate of about 36% from Frischknecht 
et al. (2018). This export corresponds to about 10% of the net community production (i.e., net primary production 
minus remineralization) offshore. In other words, 10% of the organic matter found offshore is produced on the 
USWC shelf. Even if the net cross-shelf IN transport is directed inshore, the surface boundary layer represents 
a major pathway of IN export offshore. Integrated over the euphotic zone, the IN flux from the shelf to the open 
ocean equals 12.9% of the total nitrate supply to the euphotic layer offshore. This outgoing flux indicates that the 
time-scales for nutrient utilization on the shelf are too slow to allow complete drawdown of recently upwelled 
nitrate on the shelf, despite recent high-resolution estimates of enhanced water residence times on continental 
margins (Liu et al., 2019). Earlier estimates from Liu et al. (2010) and Frischknecht et al. (2018) were signifi-
cantly larger, at respectively about 24% and 17%, perhaps reflecting the coarser resolution of those studies.

Our study also highlights the importance of the mean bottom boundary layer circulation, that is, the lower 
limb of the cross-shelf overturning, for shelf biogeochemistry. Transport in the bottom boundary layer drives a 
year-round offshore and downward flux of DIC, IN, and O2 across the shelf break along the entire USWC shelf. 
This flux is substantial, and often of the same magnitude as the vertically integrated net transport. Its conse-
quences for the chemical environment include removal of nutrients and DIC, ventilation of intermediate and deep 
parts of the shelf, and transport of low-O2 waters downstream of seasonally anoxic shallow shelf sediment, as 
observed along the Oregon coast (Chan et al., 2008). Export of DIC and IN along the bottom partially counteracts 
mid-water transport onto the shelf, potentially reducing the productivity and water acidity of shallower layers. 
Tracer transport and transformation in the bottom boundary layer also set the properties of submesoscale coherent 
vortices that are spawned by the poleward undercurrent (Garfield et al., 1999; McCoy et al., 2020; Molemaker 
et al., 2015), in turn affecting subsurface biogeochemistry in the ocean interior (Frenger et al., 2018).

The important role of lateral transport of organic matter supports the idea of a fully three-dimensional biological 
pump along the continental margin of the USWC, as suggested by previous work (Frischknecht et  al.,  2018; 
Lovecchio et al., 2017). Our results give particular emphasis to the shelf (within the first 25 km of the shoreline 
on average) for the production and transport of organic matter to the open ocean, and its sequestration to deeper 
layers and the sediment. Yet, we downplay the classical view of eddy-driven transport as primarily an offshore 
flux followed by subduction into the subtropical gyre. On the shelf, our findings indicate an horizontal onshore 
eddy transport in the intermediate layer, with potential recirculation of material subducted along the upwelling 
front, painting a more complex view of the eddy-induced component of the biological pump (Lovecchio 
et al., 2017, 2018). The ability to resolve submesoscale eddies is likely important to correctly represent transport 
of organic matter and inorganic nutrients, as compared to mesoscale-resolving studies (Frischknecht et al., 2018; 
Kessouri, Bianchi, et al., 2020; Liu et al., 2010).

Considering a depth horizon of 200 m (or the sea floor for depths shallower than 200 m), we estimate an export 
flux of particulate organic carbon of 25.59 TgCyr −1 for the USWC, of which 4.59 TgCyr −1, that is, 17.9% of the 
total, over the shelf (i.e., to the sediment) (Table 1). Furthermore, 62.6% of the total flux of particulate organic 
matter to the sediment along the USWC takes place on the shelf. Thus, despite partial decoupling of carbon 
export from production on the shelf, coastal sediments are likely major actors in the long-term storage of carbon 
along the USWC margin, consistent with the global-scale estimate (>40%) from Muller-Karger et al. (2005).

Vigorous CO2 outgassing in the Central Region is more than compensated by ingassing in the Northern Region, 
making the USWC shelf a relatively weak sink for atmospheric CO2, with a net uptake of ∼15.3  TgC  yr −1 
(Table 1), in agreement with the 14 (±14) TgC yr −1 from Hales et al. (2012) estimated over a similar region. 
Because this net flux is a small residual of large regionally-variable fluxes, even small errors in the representation 
of gas exchange or interpolation from undersampled datasets could lead to biased estimates of the importance of 
the USWC as an atmospheric CO2 sink. Coupled to large seasonal variability (detailed in Appendix D), this likely 
explains the diversity of estimates for CO2 fluxes that often consider slightly different regions (see Appendix E).
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Following the atmospheric CO2 increase caused by human emissions, uptake of atmospheric CO2 along the 
UWSC and its transport into the ocean interior will continue to evolve toward a larger net CO2 sink (Lacroix, 
Ilyina, Mathis, et al., 2021; Laruelle et al., 2018; Regnier et al., 2022). However, the extent and pace of this change 
remain unclear, because of the variety of mechanisms involved and the significant variability and non-linearity of 
the system. High resolution regional simulations are thus essential to shed light on future USWC uptake, storage, 
and transport of anthropogenic CO2 (Dai et al., 2022).

While terrestrial inputs are generally important along continental margins, in this study we only represent inputs 
of biogeochemical material from the Juan de Fuca Strait, which largely dominates the total terrestrial discharge 
along the USWC (Hickey & Banas, 2008). However, additional river fluxes (mainly via the Columbia River 
and the Golden Gate Strait) and local anthropogenic inputs, for example, from agricultural and urban sources 
(Kessouri et al., 2021; Sutula et al., 2021), are likely to be locally important. We leave assessment of the role of 
these inputs to future studies.

6. Conclusions
In summary, due to the vigorous wind-driven overturning circulation (Figure 2) and specifically its curl-driven 
Ekman pumping component, the USWC shelf can be schematically represented as the BGC “engine” of the 
USWC. Figure 10 summarizes this picture, highlighting the bottom boundary layer as a novel export pathway for 
biogeochemical material.

By quantifying the balances of N, C, and O2 and providing a consistent picture of the underlying processes, 
this study is a step forward for assessing the state of the coastal USWC biogeochemistry. Although predicting 
the future of coastal biogeochemistry under changing forcings is a complex undertaking (Howard et al., 2020; 

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%

Note. 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.

Table 1 
Summary of the Main Carbon Cycle Fluxes Along the USWC (TgC yr −1)

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.
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Pozo Buil et al., 2021), our study lays the basis for elucidating the interplay of C, N, and O2 cycles at regional to 
local scales, highlighting the major elements required, and providing a framework for studying variability and 
future trends.

In particular, our analysis highlights several new aspects of biogeochemistry along the USWC: (a) The pres-
ence of vigorous and highly fluctuating BGC fluxes on the shelf, approximately twice as large as offshore, 
which are largely under-sampled in observations, and under-resolved by current models; (b) The role of eddies 
that not only export nutrients and organic matter from the nearshore region, mostly near the surface, but also 
contribute to enriching the shelf via horizontal subsurface fluxes directed inshore; and (c) The importance of 
the bottom boundary layer circulation, which removes inorganic nutrients and DIC from the shelf by exporting 
them offshore, thus partially balancing sedimentary fluxes, and provides a O2 ventilation mechanism for the outer 
shelf, thus mitigating hypoxia and acidification on the USWC margin.

The results shown in this paper are based on numerical methods that provide a realistic simulation of the 
coastal-open ocean continuum down to the submesoscale (McWilliams, 2016) and analysis in a novel coordi-
nate system that emphasizes shelf processes. In the intense eddying regime associated with upwelling (Capet 
et al., 2008; Kessouri, Bianchi, et al., 2020; Lévy et al., 2018; Nagai et al., 2015), this requires a resolution fine 
enough to represent submesoscale currents that induce vigorous cross-shore exchange with a complex vertical 
structure (Figure 9). Because of the chaotic nature of the mesoscale and submesoscale regimes, solutions span-
ning a period of several years or longer are needed to produce statistically robust representations of biogeochemi-
cal balances along the shelf. The resolution used in this study, 1 km, and the duration of the simulations, 10 years, 
appear to be an effective compromise to achieve a detailed, robust representation of biogeochemical balances 
along the shelf. However, quantification of multi-decadal to longer trends would require even longer simulations 
(Deutsch et al., 2021).

Our study supports the idea that the importance of continental margins in global BGC cycles has likely been under-
estimated (Laruelle et al., 2018; Liu et al., 2010; Muller-Karger et al., 2005; Najjar et al., 2018). However, while 
we find significantly enhanced primary production and organic carbon sequestration into the sediment along the 
USWC shelf, CO2 air sea-fluxes are not dramatically different than in the open ocean, reflecting compensation 
between upwelling of CO2-rich waters and enhanced biological uptake. Lateral exchange of nutrients and organic 
matter between the shelf and the open ocean is also substantial, consistent with a three-dimensional biological 
pump along the continental margin (Frischknecht et al., 2018; Lovecchio et al., 2017). This exchange reflects a 
combination of transport pathways on the shelf, which includes eddies and bottom boundary layer circulation. 
Both remain significant sources of uncertainty for global estimates, with significant regional variability and 
compensating effects when vertically integrated.

While computational limitations prevent application of our numerical approach at the global scale, analysis of 
similar high-resolution regional configurations can help filling current knowledge gaps. Some of the general 
patterns that we simulate along the USWC likely apply to other Eastern Boundary Upwelling Systems with 
similar wind-driven circulation, for example, the role of eddies and bottom boundary layer transport on the shelf. 
However, the large spatial variability that we observe along the USWC also implies that extrapolation to other 
continental margins will be difficult, even for Eastern Boundary Upwelling Systems. The fine-scale nature of 
many of the processes that drive BGC cycles on continental shelves will likely require concerted high-resolution 
simulations grounded by local observational studies, in order to achieve robust global syntheses (Dai et al., 2022; 
Regnier et al., 2022).

Appendix A: USWC Dynamical Regions
Based on geographical, meteorological, and bathymetric characteristics, and the circulation dynamics, we sepa-
rate the USWC into three main coherent regions, each one characterized by consistent patterns in atmospheric 
and oceanic variables (Figure A1).

•  The Southern Region (blue-shaded area in Figure  1) is characterized by the complex topography and 
re-circulation of the Southern Californian Bight. Surface waters in the region are relatively warm and salty 
(Figure A1) due to advection of low-latitude waters by the Southern California Counter-Current. High surface 
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chlorophyll concentrations are encountered around the islands and near the coast. Along-shore equatorward 
winds, with relatively weak seasonal variability, produce a year-long coastal upwelling of moderate intensity.

•  The Central Region (red-shaded area in Figure 1) is characterized by intense coastal upwelling driven by 
strong along-shore winds in summer. The coastal wind drop-off generates an intense positive wind curl 
(Figure A1) that further strengthens upwelling (Renault, Hall, & McWilliams, 2016), with significant impacts 
on BGC (Messié et al., 2009; Renault, Deutsch, et al., 2016). The vigorous supply of nutrients supports high 
chlorophyll concentrations that extend 100s km offshore.

•  Intense river fluxes and nutrient discharge affect the Northern Region (green-shaded area in Figure 1) extend-
ing northward to Vancouver Island (Hickey & Banas, 2008). Here, winds are mostly along-shore, but reverses 
direction from equatorward to poleward during winter. This drives coastal upwelling during summer, and 
coastal downwelling during winter. The continental shelf is wider in this region, with multiple canyons carv-
ing the continental slope.

This separation of the USWC into three coherent regions is overall consistent with previous work (Fiechter 
et al., 2018; Hales et al., 2012; Kämpf & Chapman, 2016; King et al., 2011; Renault, Hall, & McWilliams, 2016), 
although boundaries between regions, in particular between the Central and Northern ones, may differ between 
studies (Jacox et al., 2014). Here, we choose Cape Blanco as the separation because the climatological coastal 
wind stress curl is positive, and consequently upwelling-favorable, south of the Cape, whereas it is negative north 
of it (Figure A1).

The annual mean chlorophyll concentration at surface is in agreement with satellite observations (MODIS-Aqua). 
The main modeling mismatch occurs in the Northern Region probably due to the absence of an explicit river 
discharge in the model, especially the Columbia River (Banas et al., 2009).

Appendix B: Variability of BGC Quantities and Rates
As a complement to the mean BGC material distributions and rates in Figures 3 and 6, here we present daily and 
monthly variability maps, using a root-mean-square (RMS) measure for the fluctuations (Figures B1 and B2).

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.
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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.
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The shelf is presented as the region of intense variability of the USWC. Tracers variability increases from the 
Southern to the Northern Regions, reflecting the intensification of winds and seasonal cycles. It shows the largest 
variability in the inner shelf of the Northern Region likely driven by the seasonal reversal of the wind-driven 
circulation on the shelf. The same observation can be made for biogeochemical rates expect that larger variability 
occurs in the outter shelf of the Central Region. Off the southern continental shelf, within about 120 km of the 
200 m isobath, the Southern California Bight is a secondary spot of variability. Around the islands, the subsurface 
variability of NO3, DIC, and O2 is larger than on the Southern shelf. It reflects enhanced submesoscale circulation 
around the Channel Islands (Dong & McWilliams, 2007).

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 respiration, (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.
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Appendix C: Mean BGC Balances
In Figures 4 and 5, area-normalized balances are presented. Here we translate them into area-integrated balances 
(Figures C1 and C2). In addition, more detailed breakdowns of the mean oxygen and carbon balances are listed 
in Tables C1–C3.

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

Figure C2. Spatially integrated USWC nitrogen cycling schematic.

Oxygen balance 0–50 m (10 −8 molO2 m −2 s −1)

Southern USWC Central USWC Northern USWC

USWC OFFSH. SHELF Shelf SCB Offshore Shelf Offshore Shelf Offshore

Area 10 10 m 2 91.9 86.3 5.6 0.5 8.4 14.4 2.0 40.6 3.1 22.9

O2 air-sea flux 8.1 9.6 −14.5 5.4 11.2 6.9 −48.8 12.4 4.1 5.8

Photo 0–50 m 73.6 69.1 144.4 129.0 98.5 44.8 183.4 78.1 122.2 57.4

Respi 0–50 m 53.2 51.1 87.4 83.4 67.0 37.1 97.6 56.7 81.6 43.8

VrtFlx at 50 m −9.1 −8.1 −24.4 −13.6 29.4 −41.7 −15.5 −6.3 −31.9 −3.8

HrzFlx 0–50 m −3.2 −0.3 −47.1 −26.6 −49.7 40.9 −119.1 −2.7 −4.6 −4.0

Note. The South California Bight (SCB) is an open embayment located in the southern region laying between the shallow 
shelf margin and the deep offshore ocean. It is characterized by the presence of several islands and sub-basins. Here, we 
define it as the region between the coastal 200 m isobath and the 2,000 m isobath on the deep slope. Bold values refer to the 
full USWC while unbold values refer to sub-regions.

Table C1 
Details of the Mean Oxygen Balance in the USWC Upper Ocean
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Carbon balance 0–50 m (10 −8 molC m −2 s −1)

Southern USWC Central USWC Northern USWC

USWC OFFSH. SHELF Shelf SCB Offshore Shelf Offshore Shelf Offshore

PP 0–50 m 57.8 54.3 113.5 101.2 77.3 35.3 144.3 61.3 96.2 45.1

CO2 air-sea flux −4.4 −4.4 −3.6 −0.8 −2.2 −0.8 5.4 −4.6 −9.8 −7.6

ReminC from sed. 0.5 – 8.4 7.8 0.2 – 12.4 – 6.1 –

Flux to sed. 0.5 – 8.6 7.9 0.2 – 12.9 – 6.1 –

ReminC 0–50 m 40.7 39.6 59.0 57.1 51.8 28.9 63.0 44.0 56.7 33.9

Export at 50 m 10.4 10.0 16.8 11.6 14.8 5.6 19.5 11.9 16.0 7.6

HFlxDIC 0–50 m −15.6 −24.0 114.9 107.9 −413.9 296.8 53.9 −43.6 155.4 −49.3

HFlxOC 0–50 m −1.7 0.1 −28.9 −27.5 −9.1 6.0 −49.6 0.2 −16.1 −0.6

VrtFlxDIC at 50 m 27.8 34.2 −72.4 −72.4 437.0 −291.2 20.4 56.3 −131.8 52.9

VrtFlxOC at 50 m −4.5 −4.7 −0.2 2.9 −1.4 −6.8 0.7 −5.6 −1.3 −3.0

Table C2 
Details of the Mean Carbon Balance in the USWC Upper Ocean

Nitrogen balance 0–50 m (10 −8 molN m −2 s −1)

Southern USWC Central USWC Northern USWC

USWC OFFSH. SHELF Shelf SCB Offshore Shelf Offshore Shelf Offshore

NO3 uptake 0–50 m 2.2 2.0 6.6 5.0 3.4 0.6 9.6 2.3 5.0 1.5

NH4 uptake 0–50 m 5.6 5.4 8.8 8.8 7.1 4.1 10.0 6.0 8.0 4.6

Nitrif 0–50 m 0.2 0.1 0.8 0.3 0.2 0.0 0.9 0.2 0.8 0.2

NH4 Remin 0–50 m 5.6 5.4 8.0 7.8 7.1 3.9 8.6 6.0 7.8 4.6

NH4 Remin in sed.  0.0 – 1.2 1.0 0.0 – 1.6 – 0.8 –

Sed. denitr. 0.0 – 0.4 0.4 0.0 – 0.5 – 0.3 –

Flux to sed. 0.0 – 1.2 1.1 0.0 – 1.8 – 0.8 –

Export at 50 m 1.4 1.4 2.3 1.6 2.0 0.7 2.6 1.6 2.1 1.0

HFlx NO3 0–50 m 0.7 0.4 6.1 6.5 −0.5 0.3 8.8 0.6 4.3 0.1

HFlx NH4 0–50 m 0.0 0.0 −0.1 −0.3 0.0 0.0 −0.0 0.0 −0.2 −0.0

HFlx ON 0–50 m −0.2 0.0 −3.9 −3.7 −1.2 0.8 −6.8 0.0 −2.2 −0.1

VrtFlx NO3 at 50 m 1.3 1.5 0.1 −1.4 3.7 0.3 0.4 1.5 0.2 1.2

VrtFlx NH4 at 50 m 0.2 0.1 0.5 0.6 0.2 0.2 0.7 0.2 0.4 0.2

VrtFlx ON at 50 m −0.6 −0.6 −0.0 0.4 −0.2 −0.9 0.2 −0.7 −0.1 −0.4

Table C3 
Details of the Nitrogen Mean Balance in the USWC Upper Ocean
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Appendix D: Air-Sea Exchanges
In Figure 6, the averaged CO2 and O2 air-sea fluxes are presented. This mean picture is complemented by its RMS 
in order to evaluate their monthly variability Figure B2. In addition, we present here the monthly time series of 
air-sea fluxes which detailed the strong shaping by seasonal forcing (Figure D1).

In the open ocean, the air-sea flux can schematically be described as outgazing in summer and ingazing in 
summer. O2 and CO2 behave similarly likely indicating that this seasonal variability is driven by the temperature 
dependence of their solubility in seawater. This statement can be applied to the USWC shelf besides the seasonal 
intense upwelling, that is on the shelf of the Central and Northern Regions. Summer upwelling brings low-oxygen 
and high-DIC water toward the surface facilitating intense O2 ingassing (up to 150 × 10 −8 molO2 m −2 s −1 on the 
inner shelf of the Central Region) and CO2 outgassing (up to 20 × 10 −8 molC m −2 s −1 on the inner shelf of the 
Central Region).

In the central region, the air-sea O2 disequilibrium is reversed on the shelf compared to the offshore region, lead-
ing to an O2 flux directed into the ocean on the continental margin and out of the ocean away from it. The large O2 
ingassing on the shelf can be attributed to upwelling of O2-poor waters, which tend to rapidly equilibrate with the 
atmosphere via air-sea exchange. However, it appears that the upwelling-driven overturning circulation is faster 
than the timescale of equilibration by air-sea fluxes, so that significant surface O2 ingassing persists on the shelf.

Figure D1. Seasonal variability of O2 and CO2 air-sea fluxes.
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Appendix E: Comparison of Rate Estimates in the CCS
In order to interpret our estimates in perspective of the previous studies and validate them in the context of other 
findings in the literature, we present here a non-extensive summary of studies contributing to assess the biogeo-
chemical balances along the USWC (Table E1).

The discrepancies in these independent estimates mainly arise from the varying USWC sub-regions considered 
by the cited references. Considering they are not point-to-point comparisons, they together provide a literature 
context with which our modeling results are in agreement. This gives us confidence that the model is performing 
reasonably well. Another important element concerns the spatial and temporal variability associated with the 
biogeochemical fluxes in the USWC. The reported estimates varying greatly from one sub-region to another. 
Also, if the variability at relatively large scales (∼for interannual to seasonal and regional) has been primarily 
studied in the past since it is largely forced by external mechanisms, variability at smaller scales is less known 
mainly due to its intrinsic and chaotic nature. In this study, we tried to reduce uncertainties by resolving biogeo-
chemical fluxes associated with small scales processes and by producing solutions over time scales long enough 
to produce robust analysis.

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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Data Availability Statement
The model code used to generate the simulation is openly available in Kessouri, McWilliams, et  al. (2020) 
(https://doi.org/10.5281/zenodo.3988618). Due to the size of data, model outputs can hardly be deposited on a 
repository but are available from the Authors upon reasonable request. The simulations are reproducible using the 
setup and forcing described in Section 2.1.
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