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Abstract In the California Current, subduction by mesoscale eddies removes nutrients from the
coastal surface layer, counteracting upwelling and quenching productivity. Submesoscale eddies are also
ubiquitous in the California Current, but their biogeochemical role has not been quantified yet in the
region. Here, we present results from a physical-biogeochemical model of the California Current run at

a resolution of 1 km, sufficient to represent submesoscale dynamics. By comparing it with a coarser
simulation run at 4 km resolution, we demonstrate the importance of submesoscale currents for the
seasonal cycles of nutrients and organic matter and highlight the existence of different regimes along

a cross-shore gradient. In the productive coastal region, submesoscale currents intensify quenching and
reduce productivity, further counteracting wind-driven upwelling. In the offshore oligotrophic region,
submesoscale currents enhance the upward transport of nutrients, fueling a dramatic increase in new
production. These effects are modulated by seasonality, strengthening near the coast during upwelling and
offshore in wintertime. The intensification of the transport by submesoscale eddies drives an adjustment
of the planktonic ecosystem, with a reduction of plankton biomass, productivity, and size near the coast
and an increase offshore. In contrast, organic matter export by sinking particles and subduction of detritus
and living cells are enhanced nearly everywhere. Similar processes are likely important in other regions
characterized by seasonal upwelling, for example, other eastern boundary upwelling systems.

1. Introduction

The California Current is characterized by seasonally intensified equatorward winds that drive offshore
surface flow, upwelling, and alongshore currents (e.g., Marchesiello et al., 2003). Coastal upwelling promotes
periodic cold water and nutrient injections to the euphotic zone, which fuel high biological productivity and
support important marine resources (e.g., Chavez & Messié, 2009; Cochrane et al., 2009). The surface density
gradients generated by upwelling sustain in turn an energetic field of mesoscale eddies and filaments, which
extend hundreds of kilometers offshore along the coast (Capet, McWilliams, et al., 2008; Renault et al., 2016).

Advection by mesoscale eddies is the dominant mechanism driving offshore transport of heat, salt, and nutri-
ents (Capet, McWilliams, et al., 2008; Nagai et al., 2015), expanding the area of high productivity beyond shelf
waters (Chavez & Messié, 2009). This eddy transport also subducts nutrients and freshly formed organic mat-
ter along isopycnals that outcrop near the coast and deepen toward the oligotrophic region offshore (Nagai
et al., 2015), reducing the rates of photosynthesis in a process known as “eddy quenching” of productivity
(Gruber et al., 2011; Lathuiliére et al., 2010; Nagai et al., 2015; Omand et al., 2015; Renault et al., 2016; Stukel
et al., 2017). Subduction by mesoscale eddies also supplies organic matter to the aphotic ocean, supporting
remineralization of carbon and nutrients thousands of kilometers away from the coastal region (Lovecchio
et al., 2018).

Less is known about the biogeochemical role of submesoscale currents in upwelling systems. Submesoscale
currents, with horizontal scales of few kilometers or less, are ubiquitous near the surface, fueled by avail-
able potential energy and sustained by weak vertical stratification, small-scale turbulence, and straining
by the mesoscale circulation (Capet, Campos, et al., 2008; Capet, Klein, et al., 2008; Capet, McWilliams,
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et al., 2008; McWilliams, 2016). Ageostrophic circulation associated with submesoscale currents tends to
restratify the mixed layer (Boccaletti et al., 2005; McWilliams, 2016) driving vigorous vertical velocities
(Lévy et al., 2001; Mahadevan, 2016), with a characteristic enhancement of cyclonic and downwelling
motions (McWilliams, 2016; Thomas et al., 2008).

In stratified, oligotrophic regions, submesoscale currents tend to increase productivity by intensifying the
delivery of nutrients to the upper layer (Lévy et al., 2001; Mahadevan, 2016). In regions of deep mixed lay-
ers, where light rather than nutrients limits phytoplankton growth, restratification of the mixed layer by
the submesoscale circulation enhances productivity by stabilizing the water column, extending the growth
period of phytoplankton, and initiating blooms (Mahadevan, 2016; Mahadevan et al., 2012). In parallel, sub-
mesoscale subduction along fronts enhances export of phytoplankton and organic matter-rich waters from
the surface, as observed both in high-latitude regions during phytoplankton blooms (Omand et al., 2015)
and in eastern boundary upwelling systems (Stukel et al., 2017).

The picture that emerges is that of significant but regionally and temporally variable effects of submesoscale
currents on biogeochemistry (Lévy et al., 2018). In the California Current System, temporal and spatial
modulations of submesoscale currents are especially important, because of the strong cross-shore biogeo-
chemical gradients, the energetic mesoscale eddy field, and the large seasonality of these features (Gruber
et al., 2011; Nagai et al., 2015). However, a consistent picture of the modulation of nutrient cycles and
productivity by submesoscale currents in this region is still missing.

The goal of this study is twofold. First, we aim at drawing a consistent picture of the seasonal cycles of
nitrogen in the California Current System, when submesoscale processes are explicitly represented. Second,
we investigate the impacts of submesoscale circulation on biogeochemistry, their spatial and temporal
modulation, and the consequences for the marine ecosystem in the region. This work is based on a realistic,
submesoscale-permitting numerical simulation of the California Current, carried out for a period of 10 years,
which we compare to a similar simulation that only resolves mesoscale processes. We focus on the variability
of nitrate (NO7) transport, since NOj is the main limiting nutrient in the region, and the resulting impacts
on primary production and organic matter transport.

The rest of the paper is organized as follows: Section 2 describes the model formulation and setup, the meth-
ods, and a short validation of the model solutions; sections 3 and 4 discuss the surface nitrogen budget of the
California Current, with special focus on vertical fluxes and their modulation by submesoscale processes;
section 5 investigates the implications for the planktonic ecosystem and organic matter export; and section 6
concludes the paper.

2. Modeling Approach
2.1. Configuration and Experiments

The numerical model configuration used in this study is similar to that employed by Renault, McWilliams,
et al. (2020) and Deutsch et al. (2020). We refer the reader to those papers for a detailed description of the
model setup and boundary forcings. The oceanic model component consists of the Regional Ocean Modeling
System, ROMS (Shchepetkin, 2015; Shchepetkin & McWilliams, 2005), a primitive-equation, hydrostatic,
topography-following (i.e., 6 coordinate) ocean model. We compare two simulations that only differ in the
horizontal grid scale, domain size, and time step (Figure 1). As in Renault, Molemaker, et al. (2016) the
coarser domain (Figure 1) spans the entire U.S. West Coast, from Baja California to Vancouver Island. This
grid is composed of 437 x 662 cells, with a nominal resolution of dx = 4 km, and the time step is 600s. The
output from the 4 km solution is used to drive a smaller, finer-scale configuration extending from Tijuana
to Cape Mendocino (Figure 1). This finer grid is composed of 770 x 1,440 cells, with a nominal resolution
of dx = 1 km, and the time step is 150s. Both configurations have the same 60 ¢ coordinate vertical levels
using the stretching function described in (Shchepetkin & McWilliams, 2009). Output for both simulations
is saved as 1 day averages.

The 4 km simulation is initialized and forced at the open boundaries by a preexisting northeast Pacific ROMS
solution at 12 km resolution and is run for the period 1995-2010, after a spin-up of 1 year. The 1 km simula-
tion is initialized and forced from the 4 km model, starting in October 1996 and ending in December 2006.
Both configurations are forced at the surface by hourly outputs from an atmospheric simulation with the
Weather Research and Forecast model (WRF06) (Skamarock & Klemp, 2008) run at 6 km resolution over a
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Figure 1. Model domains and analysis region drawn on top the model topography. The outer black box shows the
domain of the 4 km model configuration. The inner blue box shows the domain of the 1 km model configuration. The
red box along the central coast shows the analysis region used to calculate biogeochemical budgets.

domain similar to the 4km domain (Renault et al., 2016). Both include a wind-current coupling parameter-
ization necessary to attain more realistic simulations of the oceanic (sub)mesoscale activity and circulation
(Renault et al., 2016, 2018, 2020).

The physical ROMS model is coupled online to the Biogeochemical Elemental Cycling (BEC) model (Moore
et al., 2004). BEC solves the equations for the evolution of six nutrients (NO;, NH}, NO;, SiO,, POf{,
and Fe), three phytoplankton groups (small phytoplankton, akin to picoplankton and nanoplankton, large
phytoplankton, akin to diatoms, and diazotrophs), a single zooplankton group, dissolved oxygen, dissolved
inorganic carbon, alkalinity, and dissolved organic matter (carbon, nitrogen, phosphorus, and iron). A
schematic of the biogeochemical model is shown in supporting information Figure S1. All living biological
variables are expressed in units of carbon and are connected to other cycles by fixed stoichiometric ratios.
Additional details on the BEC configuration, coupling with ROMS, and validation of the biogeochemical
solution in the California Current are presented in Deutsch et al. (2020).

2.2. Model Analysis and Diagnostics

2.2.1. Biogeochemical Budgets

To investigate the pathways of nutrient delivery and transformation in surface waters, we focus our anal-
ysis on the budgets of NOJ and organic nitrogen. NOJ is the main form of biologically available dissolved
inorganic nitrogen and dominates inputs to the surface by upwelling and mixing. Because nitrogen is the
limiting nutrient in the region, and its cycle is tightly coupled to the cycle of phosphorus, we will often refer
to NO3 simply as nutrient in this paper. The organic nitrogen component includes dissolved organic nitro-
gen (DON), sinking particulate organic nitrogen (PON), and suspended particles (i.e., phytoplankton and
zooplankton). In BEC, sinking PON is not an explicit prognostic tracer, but at each time step the downward
flux of sinking PON is calculated in the water column as a function of production and depth-dependent
remineralization (Moore et al., 2004).
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Tracer budgets are based on the model conservation equations. For NO7, the budget equation can be
written as

dNO;j /dt = physical transport + nitrification — uptake — denitrification. (€))

”

Here “physical transport” consists of the divergence of advective and diffusive fluxes, and “uptake,” “nitri-
fication,” and “denitrification” are the main biological sources and sinks of NO;. A detailed description of
each of the terms of Equation 1 can be found in Deutsch et al. (2020) and the references therein. A simi-
lar equation can be written for organic nitrogen, including production by photosynthesis, transformation
by ecosystem processes, and remineralization to the inorganic nitrogen pool. Biogeochemical rates are cal-
culated at the center of each model grid cell, while physical transport fluxes are calculated at the sides of
each cell (supporting information Figure S2) from the same domain. Physical fluxes include advection in the
alongshore, cross-shore, and vertical directions, and turbulent vertical diffusion. Biogeochemical rates and
physical fluxes are calculated online at each time step, saved at daily resolution, and averaged over monthly
periods to construct climatologies. The budget of all tracers is closed to numerical precision and scaled up
from individual grid cells to three-dimensional regions by numerical integration.

We focus our analysis on the Central and Northern California region, where the strongest seasonal upwelling
and eddy activity are observed (Capet, McWilliams, et al., 2008; Huyer, 1983; Renault et al., 2016) and where
the bulk of the California Current is found. We exclude the Southern California Bight, which is character-
ized by recirculation, oligotrophic conditions, and strong topographically driven eddies, and is thus distinct
from the rest of the California Current. We extend our analysis, including the calculation of biogeochemical
rates, from the coast to the oligotrophic region 450 km offshore, avoiding the 1 km model domain bound-
ary, and from the surface to 50 m depth, which is close to the average vertical limit of the mixed layer in
the region (supporting information Figure S2) and where most of the nutrient uptake takes place. Note
that within this depth range, uptake by phytoplankton is the dominant biological term in Equation 1, while
nitrification and denitrification are negligible. For more detailed calculations of the cross-shore variability
in nutrient budgets and biological activity (section 5) we split the analysis domain into 23 subregions per-
pendicular to the coast, each 20 km wide in the cross-shore direction, and five latitude degrees wide in the
alongshore direction (approximately from 34.5°N to 39°N).

2.2.2. Eddy Decomposition of Biogeochemical Fluxes

We separate the total fluxes of tracers into mean and eddy components following a typical Reynolds
decomposition. For example, considering vertical advection, we write

wN = WN + wN'. )

Here, w is the vertical velocity component, and N the concentration of a biogeochemical tracer (e.g., NO;).
The overbar denotes the monthly mean climatology based on 10 years of model simulation (January 1997
to December 2007), and the ' denotes the deviation from this mean, which removes seasonal variations. We
excluded from the analysis the El Nifio year 1998, because it is characterized by particularly strong anomalies
in vertical stratification, nutricline depth, and nutrient fluxes that differ markedly from all other years and
is thus not representative of typical conditions in the California Current.

The Reynolds decomposition is applied to the physical fluxes of biogeochemical tracers along the vertical,
alongshore, and cross-shore directions. Total fluxes, WN, are estimated online in the model and saved at
daily resolution. The mean component of the fluxes, wN, is calculated from daily mean velocities and tracer
concentrations. Eddy fluxes, WN', are calculated by difference, based on Equation 2. We find that vertical
turbulent fluxes are dominated by the resolved advection, which corresponds to more than 85% of the vertical
transport. In the following, unless otherwise noted, we include parameterized vertical mixing in the total
vertical flux for simplicity and calculate vertical transport terms at a depth of 50 m.

2.2.3. Analysis of Submesoscale Processes

We estimate the impact of submesoscale currents by considering the difference in nutrient fluxes and
transformation rates between the 1 km submesoscale eddy-permitting simulation and the 4 km mesoscale
eddy-resolving simulation. The two simulations only differ in the domain size (Figure 1), the resolution,
and the time step. Both are dominated by eddy variability, which is chaotic in nature (McWilliams, 2007),
requiring comparison in a statistical sense. While variability in eddy fields is substantial at time scales from

KESSOURI ET AL.

40f15

85U017 SUOWILLOD 3A 11810 3|qed! dde au Aq pauob 8fe Sapife YO ‘SN JO S9N 10} Ae1q1T BUIUO A8]IM UO (SUORIPUOD-PUR-SWLBIALIOD" AB|IM ARIq U1 |UO//SANY) SUORIPUOD PLe SWie 1 84} 89S *[£202/70/Tz] U0 Arigiaulluo 48| ‘S0iewiuoD JO Juswieds BeoN Aq 825900990202/620T 0T/I0p/wiod: A3 1M Aseiq puljuosgndnBe//sdny wo.y pepeojumod ‘0T ‘0202 ‘72266



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006578

months to years, we find that using 10 years of simulation allows us to extract robust differences in the clima-
tological eddy fluxes between the 1 and 4 km configurations. Differences in the statistics of the two solutions
are attributed to the transition from mesoscale-resolving to submesoscale-permitting regimes, which in the
California Current System occurs at resolutions of approximately 1 km or less (Capet, Campos, et al., 2008).

We also tested a filtering approach to separate mesoscale and submesoscale contributions to tracer trans-
port. Briefly, this approach is based on a spatial filter with horizontal scales of 12 km applied to the 1km
solution, and interpretation of the small-scale fluctuations as submesoscale (Capet, Campos, et al., 2008).
This filtering approach produces comparable results as the direct difference between the 4 and 1 km solu-
tion. However, the direct difference is easier to compute, analyze and interpret—for example, unlike the
filtering approach, it can be applied near the coastline. Thus, we use it as the basis of the rest of the paper.

While we separate eddy from mean transport terms, we do not attempt to explicitly separate mean and
eddy contributions in biogeochemical rates. “Eddy reaction rates” arise from the nonlinear nature of the
biogeochemical rate equations (e.g., nutrient uptake by phytoplankton and grazing) and small-scale spa-
tial heterogeneity induced by mesoscale and submesoscale variability (Levy & Martin, 2013). Previous work
indicates a small but significant role (between 5% and 30% of total rates) for eddy reaction terms (Levy &
Martin, 2013; Martin et al., 2015), with most of the contribution caused by mesoscale (100-30 km) het-
erogeneity, and weaker contributions (<5%) by scales of 30km or less (Levy & Martin, 2013). Differences
between the 1 and 4km simulations discussed in this paper (section 5) include both the effects of het-
erogeneity at scales smaller than 4km (i.e., eddy transport and eddy reaction terms) and changes in the
average distribution of tracers (supporting information Figure S3). We leave an explicit separation of these
contributions to a future study.

2.2.4. Model Validation and Emergence of Submesoscale

The 1 and 4 km simulations produce an overall similar picture of the large-scale physical circulation and
biogeochemical state of the California Current System (supporting information Figures S4 and S5). Both
simulations generate similar patterns in the alongshore mean currents (the broad offshore California Cur-
rent and the inshore subsurface undercurrent), the cross-shore, surface-confined Ekman transport, and the
mean upwelling and its intensification along the continental shelf (supporting information Figure S4). They
are also characterized by a similar shoaling of isopycnals toward the coast and broadly comparable distribu-
tions of mean temperature, salinity, and nutrients (supporting information Figure S5). A detailed validation
of the main patterns, seasonal cycle, decadal trends, and regional variability of the physical and biogeochem-
ical solutions, based on the 4 km simulation, is presented in Renault, McWilliams, et al. (2020) and Deutsch
et al. (2020). The 4 and 1 km simulations can therefore be compared to separate the effects of submesoscale
from those of mesoscale activity.

Consistent with previous work (e.g., Srinivasan et al., 2017and Capet, Campos, et al., 2008), the 1km,
submesoscale-permitting solution is characterized by (1) increased spectral power at scales of kilometers
to tens of kilometers for horizontal velocities (supporting information Figures S6a and S6b), Eddy Kinetic
Energy (EKE), and tracer wavenumber spectra (Capet, Campos, et al., 2008); (2) enhanced variability and
intermittency of km-scale motions, with more frequent extremes in vorticity (up to 6 times the local Coriolis
frequency), divergence, vertical velocity, and horizontal tracer gradients; and (3) pronounced asymmetries
in the distributions of vorticity, divergence (supporting information Figures S6c and S6d), and vertical
velocities, with dominance of anticyclonic and downwelling extremes which are substantially weaker at
4km (supporting information Figures S6e-S6g). These results suggest that submesoscale vertical motions
are well developed in the 1km simulation and that they are an important component of vertical nutrient
transport. We focus on this hypothesis in the following sections and test it by analyzing the surface budgets
of inorganic and organic nitrogen in the 1 km solution and comparing them to the 4 km simulation.

3. Seasonal Nitrogen Budget and Role of Eddy Fluxes

Two distinct regimes of nutrient supply and uptake by phytoplankton can be identified in the coastal and
offshore regions of the California Current. Coastal upwelling generally occurs between spring and summer,
followed by an increase in surface nutrients, photosynthesis, and production of organic matter (Figure 2a).
Oligotrophic conditions characterize the offshore region throughout most of the year, with a wintertime
peak in productivity driven by enhanced mixing (Figure 2b).
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Figure 2. (a, b) The 10 year mean of NO7 budget terms (mmol N m~2 s~1) from the 1 km model simulation in (a) the
coastal region (0-40 km) and (b) the offshore region (>250 km) averaged over the upper 50 m depth. Biological terms
(dominated by nutrient uptake) are shown in green, physical transport in blue, and the NO; tendency in cyan.

(¢, d) The 10 year mean of NO3 eddy transport (light blue line) (mmol N m~2s~1), mean transport (dark blue line), and
the net transport (black line) from the 1 km model simulation in (c) the coastal region and (d) the offshore region.

(e, ) The 10 year mean of NO7 total eddy transport (mmol N m~2s~1) in (e) the coastal region and (f) the offshore
region. Blue lines show the 4 km solution, red lines the 1 km solution, and black lines the difference between the 1 and
4 km solutions. Positive values show input of nutrients to the surface layer (0-50 m depth), and negative values removal.

In the coastal band (0-40 km), during late winter, spring, and early summer, transport of NOJ to the surface
(blue line in Figure 2a) is larger than uptake by phytoplankton (green line in Figure 2a) resulting in net
nutrient accumulation (dNO7 /dt > 0, cyan line in Figure 2a). Increasing nutrients and light throughout the
spring and early summer drive an increase in nutrient uptake, with a maximum in July, following the peak
in upwelling. From August to the end of the fall, biological consumption outpaces nutrient inputs, leading
to a decline in the NO; inventory (dNOJ /dt < 0) and productivity.

In the offshore region (>260km), the largest physical supply and biological uptake of nutrients occur
between fall and winter (Figure 2b), when transport is dominated by eddy fluxes (Figure 2d). NO; buildup
throughout the fall and early winter fuels an increase in productivity, with a peak by the end of winter.
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Figure 3. The 10 year mean of NOS budget terms (mmol N m~2s71) from the 1km model solution, as a function of the
distance from the coast. (a, b) NOZ budget terms, as in Figure 2. (c, d) Transport terms, with mean transport shown by
the solid lines, and eddy transport by the dashed lines. All panels show alongshore averages for the analysis region
shown in Figure 1, for the winter (a, c) and spring to summer (b, d).

Throughout the spring, nutrient inventories decline, leading to a minimum in primary production by the
beginning of summer. Negligible vertical fluxes and a weak lateral transport persist throughout the summer,
limiting primary productivity to low background values, generally observed in proximity of deep chlorophyll
maxima.

Both vertical and horizontal transport contribute to the supply of NOJ to the surface. Vertical fluxes tend
to be larger during the periods of highest productivity, both inshore and offshore. In the coastal region,
horizontal transport includes nutrients advected meridionally within the California Undercurrent from the
southern boundary of the domain. After upwelling, nutrients are also advected offshore by Ekman trans-
port and eddies. This cross-shore flux of nutrients, together with meridional transport along the California
Current, supports summertime productivity in the oligotrophic region, at a time when vertical fluxes are
severely reduced.

The physical transports hide important eddy and mean contributions, which often counterbalance each
other (Figure 2c). At the coast, eddies remove nutrients from the surface, offsetting inputs by the mean
transport (Figure 2c). Offshore, eddies supply nutrients to the euphotic zone during the more productive
winter season (Figure 2d).

A comparison of the cross-shore distribution of nutrient fluxes, with a separation between eddy and mean
components, is shown in Figure 3. In winter, biological NO; uptake is approximately 5 times weaker offshore
than at the coast (green line in Figure 3a), but it remains significant in comparison to other seasons (green
line in Figure 3b). During upwelling, these cross-shore gradients are intensified.
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Figure 4. (a) Time series (1997-1999) of the vertical eddy flux of NO3 at 50m depth, for region between the coast and
250 km offshore, calculated based on Equation 2. The minimum and maximum values (i.e., the envelope) of the flux
are shown, in blue for the 4 km solution and in red for the 1 km solution. (b) Probability density functions (each
normalized to the maximum value) of the vertical eddy flux of NOJ at 50m depth, for the 4km (dashed line) and 1km
solutions, based on 10 years of simulation.

Depending on the region and time of the year, different processes dominate nutrient supply to the surface. In
winter, eddy fluxes dominate nearly everywhere (Figure 3c). Eddy quenching counteracts the mean trans-
port (Figure 3d), subducting nutrients away from the surface. This eddy quenching is generally colocated
with the region of strong upwelling and is mainly driven by vertical eddy fluxes.

Further offshore, eddies transition from subducting to supplying nutrients. The location of this transition
is seasonally variable: In winter, eddies can only remove nutrients very close (few km) to the coast, and
their effect is overall positive throughout the California Current. During upwelling and in summertime, the
picture is more complex, with a shift from eddy-driven removal near the coast (0-60 km) (Figures 2c and 3d)
to a mix of supply and removal in the transition (60-200 km) and offshore regions (>200 km) (Figures 2d
and 3d).

In summary, the 1km simulation highlights a regional and temporally dynamical role for eddies in the
California Current. In wintertime and in the offshore region, the picture is similar to what occurs in the
oligotrophic, permanently stratified ocean, where eddy-induced vertical nutrient fluxes enhance biological
activity (Mahadevan, 2016; McGillicuddy Jr, 2016). In the coastal region, following upwelling, eddies remove
nutrients from the surface, counterbalancing and even offsetting wind-driven upwelling, and ultimately
limiting primary production (Gruber et al., 2011).

The effect of eddies stems from a combination of transports that occur at scales ranging from mesoscale
to submesoscale (Capet, Klein, et al., 2008). Because submesoscale dynamics intensifies cyclonic circula-
tion, surface convergence, and downwelling, in particular near the coastal upwelling front, it is likely an
important element behind eddy quenching. Similarly, higher variability and intensity of vertical veloci-
ties at submesoscale (Figure 4) likely enhance vertical mixing and upward nutrient fluxes in the offshore
oligotrophic region. In the following section, we focus on the submesoscale component of this vertical
transport.
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4. Submesoscale Intensification of Nutrients Transport

We investigate the role of submesoscale currents for NO7 fluxes by comparing the 1 and 4 km simulations. As
discussed in section 2.2, the 1 km solution displays the typical hallmarks of submesoscale dynamics. Thus,
we attribute the difference between the 1 and 4 km solutions to this submesoscale circulation component. We
focus on the coastal (0-50 km) and offshore (>250 km) regions, where two different regimes (eddy removal
and eddy supply of nutrients, respectively) have been discussed in the previous section.

The variability of the vertical eddy flux of NO3 (wNO3') at 50m depth for the coastal domain is shown
in Figure 4a. Maximum eddy fluxes are greatly enhanced at 1 km resolution, by approximately 1 order of
magnitude. The time series also shows a strong compensation between upward and downward fluxes, such
that climatological averages (e.g., Figures 2c, 2d, 3c, and 3d) represent a small residual of large opposing
terms. In the 1km simulation, “bursts” of intense vertical nutrient supply occur over time scales of few
days or less, generally associated with intensification of fronts and filaments. These intense submesoscale
episodes cluster together in time, occurring more frequently during upwelling, in particular near the coast.

The much larger intensity of vertical eddy nutrient fluxes at 1km is encapsulated by the probability den-
sity function (PDF) of w'NO;’, shown in Figure 4b and the statistics summarized in supporting information

Table S2. Consistent with the submesoscale intensification, the variance of w’ NO;’ increases by approxi-
mately 1 order of magnitude going from the 4 to the 1 km simulation. In the coastal region, this increase is
stronger during upwelling, when baroclinic instabilities are more common and intense.

A different picture characterizes the offshore region, where the variability of W'NO;/ in the 1 km simulation,
as compared to the 4 km simulation, is much larger in winter. This reflects a greatly increased submesoscale
activity at the time of the year characterized by deeper mixed layers. Similarly to the variance, the kurtosis,
or “tailedness” of the of w'NO;" PDF is also enhanced at 1 km (supporting information Table S2), reflecting
the increased intermittency and frequency of the transport extremes at submesoscale fronts. The negative
skewness of the PDF also confirms the dominance of downwelling over upwelling extremes.

The climatological cycles of the eddy fluxes of NO3 in the 4 and 1 km solutions are shown in Figures 2e and
2f, together with their difference, which we take as a measure of the impact of the resolved submesoscale
circulation. In the California Current, the role of the submesoscale circulation roughly mirrors the overall
role of eddy fluxes, with some notable differences.

Near the coast, submesoscale currents drive an intensification of eddy quenching; that is, they enhance
transport of nutrients away from the euphotic zone (Figure 2e). This subduction is particularly intense at
the onset of upwelling and lasts throughout the spring and early summer. However, it becomes negligible or
even reverses sign in the fall. Notably, during winter, the 4 km simulation suggests a slightly positive eddy
flux of nutrients at mesoscale; this flux becomes negligible or slightly negative in the 1 km simulation. Thus,
in this region and time of the year, submesoscale currents can reverse the sign of the eddy nutrient fluxes.
Offshore, submesoscale currents increase the eddy supply of nutrients to the surface. This intensification is
stronger in fall and winter and becomes weaker during late upwelling and summer.

Together with significant seasonal variations, eddy nutrient fluxes are influenced by interannual variability,
as illustrated by the intense 1997-1998 El Nifio, sandwiched between normal years (Figure 4a). As part of
the 1998 El Nifio, vertical eddy fluxes strongly decline in the coastal region during the winter and upwelling
seasons and nearly collapse in the offshore region during spring. During these periods, submesoscale activity
is not greatly impacted. The main reason for the strong reduction in vertical nutrient fluxes is the deepening
of the nutricline during EI Nifio, so that the bulk of nutrients are found a few tens of meters below the mixed
layer, where submesoscale activity is weaker.

5. Submesoscale Modulation of Ecosystem Processes

Consistent with previous studies (Lévy et al., 2009; Mahadevan et al., 2012), the spatial distribution of sur-
face phytoplankton is affected by variability at both mesoscale and submesoscale. High concentrations of
chlorophyll (Figure 5a and supporting information Figure S7c) are associated with cold filaments originat-
ing from recently upwelled waters. These features show a rich submesoscale structure in the 1km model,
with multiple fronts at scales of few kilometers, surrounded by patches of high and low chlorophyll within
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Figure 5. Modeled and observed submesoscale patterns in surface chlorophyll. (a) Daily mean average surface
chlorophyll concentration (mg Chl m~3) from the 1 km model simulation, for the day of 12 October 2005. (b) Remote
sensing image of surface chlorophyll from the GlobColour Project for the day of 16 October 2016, at 4 km resolution
(date chosen based on lack of cloud cover). Note the similar submesoscale features in the model and observations.

submesoscale eddies, in remarkable agreement with remote sensing observations (Figure 5b). In the follow-
ing, we quantify the biological effects of this submesoscale heterogeneity on productivity and organic matter
cycles.

The climatological seasonal cycle of primary production, as a function of distance from the coast, is shown
in Figure 6a, revealing the coastal intensification at the beginning of the upwelling period, and the offshore
maximum in winter. Primary production is enhanced at submesoscale over most of the domain, by up to
20% (Figure 6b). The offshore intensification is consistent with the increased vertical flux of nutrients in olig-
otrophic waters and peaks in summer. The absolute maximum increase in primary production is observed
in the intermediate band between 40 and 200 km following upwelling (see also Figures 7a and 7c for the
annual mean response).

We speculate that this enhancement is driven by increased nutrient subduction and transport from the
coastal region and resupply by vertical submesoscale fluxes. Only near the coast in late summer and fall
does primary production slightly decrease at submesoscale, presumably due to more intense subduction by
eddies. The fraction of primary production fueled by newly upwelled NOZ, that is, the f ratio, is largest in the
nearshore band during upwelling (around 0.4 on average, and up to 0.6) and decreases to low background
values (less than 0.1) in the oligotrophic region offshore (Figure 7b and supporting information Figure S8).
As expected, submesoscale circulation decreases new production nearshore while dramatically increasing
it offshore.

Phytoplankton biomass is characterized by a seasonal cycle that closely follows that of primary production
(Figure 6¢), with a dominance of diatoms as far as 300 km offshore (Figure 7b and supporting information
Figure S9). Zooplankton follow a somewhat different cycle (Figure 6e), with enhanced biomass offshore, in
particularly in late winter, and a reduction near the coast that is significant during upwelling. We attribute
this coastal reduction to offshore Ekman transport and subduction, combined with the inherently slower
zooplankton growth rate, which limit biomass accumulation near the coast.

The submesoscale modulation of phytoplankton and zooplankton biomass (Figures 6d and 6f) is similar
to that of primary production (Figure 6b). Submesoscale circulation drives an increase in biomass offshore
throughout the year and a decrease from the coast to the intermediate region during the late upwelling,
summer, and fall. These changes are stronger for phytoplankton, with an increase of more than 30% offshore
during upwelling, as compared to about 10% for zooplankton. The biomass reduction reflects the combined
effects of declining nutrient supply and primary production at submesoscale and increasing subduction of
planktonic cells by eddies. These changes are accompanied by similar changes in the abundance of diatoms,
which decrease in the coastal and intermediate bands and increase offshore (Figure 7d).

In the model, the fraction of primary production that enters the food web (i.e., the z ratio Stock &
Dunne, 2010) reaches up to 40% offshore, where small cells and the microbial loop dominate (Figure 7b and
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Figure 6. Climatological Hovméller diagrams of (a, b) total primary production; (c, d) phytoplankton biomass; and

(e, f) zooplankton biomass, averaged alongshore for the analysis region shown in Figure 1. The x axis shows
climatological month, and the y axis distance from the coast. The panels on the left (a, c, e) show values from the 1km
solution, the right panels (b, d, f) the relative difference (%) between the 1 and 4 km solutions. Values are 0-50 m depth
averages.

supporting information Figure S9). This proportion decreases to smaller values (<20%) nearshore, in par-
ticular during upwelling, due to a combination of high primary production, low zooplankton biomass, and
large organic matter export. We observe a slight reduction (<5%) of the z ratio at submesoscale (Figure 7d
and supporting information Figure S10), in particular in the intermediate region following upwelling.

Organic matter fixed by photosynthesis accumulates as living organisms and dissolved detritus and is
exported from the surface by sinking particles and physical transport. The sinking particle export (Figure 7a
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Figure 7. The 10 year mean of biogeochemical properties from the 1 km model solution, as a function of the distance
from the coast. (a) Annual mean primary production, zooplankton production, and particular organic matter export
(mmol N m~2s~1). (b) Annual mean diatom fraction, f ratio, z ratio, and pe ratio. (c) Relative difference (%) between
the 1 and 4 km solutions (100 x [1km — 4 km]/4 km for the quantities shown in (a), and (d) relative difference between
the 1 and 4 km solutions (100 x [1km — 4km]/4 km for the quantities shown in (b).

and supporting information Figure S11) follows the patterns of primary production and peaks near the coast
during upwelling. Compared to primary production, export declines faster with the distance from the coast,
as indicated by the particle export ratio (pe ratio Dunne et al., 2005), the fraction of organic matter that is
exported by sinking particles (Figure 7b and supporting information Figure S12). Values up to 20%, typical
of productive regions, are observed during upwelling in the 50-100 km band and decline offshore to less
than 5%, typical of the oligotrophic ocean.

The submesoscale modulation of particle export consists of an overall increase by 10-20% up to 250km, and
10% further offshore, with the exception of the very nearshore band, where a decline is observed (Figure 7c),
driving also a similar decline in the pe ratio (Figure 7d). In the intermediate and the offshore regions, besides
a small increase in the pe ratio by less than 10% between 100 and 200km
(Figure 7d), primary productionand particle export increase at a similar
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pace, leaving the pe ratio nearly unchanged.

Physical transport of nonsinking organic matter varies seasonally with
the cycle of primary production (Figure 8), peaking during the upwelling
season and reaching a minimum during the fall. We identify an important
submesoscale intensification of this physical transport, reaching up to
30% during the upwelling season. We attribute this intensification to sub-
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mesoscale eddies, which enhance subduction of dissolved organic matter
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Figure 8. The 10 year climatological mean of organic nitrogen (ON)

6. Summary and Conclusions

transport (mmol N m~?s™") from the budget analysis domain (see Figure 1,  Previous studies have highlighted the seasonal cycle and geographi-

here shown for the depth range between 0 and 50 m). The blue line shows
the 4 km solution, the red line the 1 km solution, and the black line the
difference between the 1 and 4 km solutions. Negative values show export

cal variability of submesoscale currents in the California Current Sys-
tem (Capet, Campos, et al., 2008; Capet, Klein, et al., 2008; Capet,

from the domain. Total transport includes both vertical and horizontal McWilliams, et al., 2008; Molemaker et al., 2015; McWilliams, 2016).

contributions.

Other studies have shown the impact of submesoscale circulation on
primary production using idealized simulations of the open ocean
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Figure 9. Schematic of the role of submesoscale circulation for nutrient and organic matter dynamics in the California
Current System. Numbers show the difference between the 1 and 4 km model simulations and represent maximum
monthly changes observed over the course of a climatological year.

(Lévy et al., 2012; Mahadevan et al., 2012; Mahadevan, 2016). Our study is the first to quantify the impact of
submesoscale circulation on nutrient and organic matter cycles in a realistic representation of this eastern
boundary upwelling system.

In a general way, we find that (1) in the coastal region, submesoscale eddies increase nutrient and
organic matter subduction, further counteracting wind-driven upwelling and reducing productivity
(i.e., intensifying “eddy quenching”); (2) in the offshore oligotrophic region, submesoscale eddies enhance
the delivery of nutrients to the surface, fueling an increase in new production; (3) these submesoscale effects
are modulated by the seasonal cycle and are more intense in the coastal band during upwelling and in
the offshore band in winter. Analogous processes are likely to occur in other regions characterized by sim-
ilar dynamics, that is, other eastern boundary upwelling systems. However, the magnitude and relative
importance of submesoscale processes would depend on the specific conditions of the region considered.

The biogeochemical impacts of submesoscale currents on nutrient cycles in the California Current are
summarized in Figure 9. At the root of these impacts is the covariation between vertical velocities and
nutrient anomalies, which results in vigorous vertical eddy fluxes that are intensified at submesoscale. In
the coastal region, submesoscale processes strengthen convergence and downwelling in cyclonic patches
of cold, nutrient-rich waters. The effect is an enhancement of nutrient subduction, in particular, following
upwelling. In the offshore region, deepening of the nutricline reverses the covariation between surface nutri-
ents and vertical velocities to typical open-ocean conditions, such that transient eddies supply nutrient-rich
waters to the surface, while subducting nutrient-depleted waters. The result is a net upward flux of nutrients
which is enhanced at submesoscale, in particular during periods of deeper mixed layers, that is, wintertime.

Changes in turbulent fluxes at submesoscale modulate primary production, plankton dynamics, and export
(Figure 9). First, submesoscale currents increase new production and plankton biomass in the oligotrophic
waters offshore, favoring large phytoplankton. Second, they drive a decline of new production and biomass
in the coastal and intermediate regions, reducing the abundance of large phytoplankton. These effects rever-
berate through the food web, resulting in similar, albeit weaker changes in zooplankton abundance and
productivity. Finally, submesoscale currents drive an overall strengthening of organic matter export, by
increasing both sinking particle fluxes and organic matter subduction nearly everywhere.

Our results confirm that submesoscale currents play a major role for ocean biogeochemistry (Lévy
et al., 2018; Mahadevan, 2016) and that their impact on the surface ecosystem can be dramatically different
depending on the region and time of the year. While these conclusions appear robust and general, there are
some caveats to our study. Our highest-resolution configuration is able to capture the physical transition
between mesoscale and submesoscale but likely underestimates the magnitude of submesoscale currents
and the associated eddy fluxes. We speculate that increasing model resolution to scales of hundreds of meters
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or smaller would produce changes in the same direction discussed in this study and likely greater mag-
nitude. For example, preliminary results with a similar configuration, run with a horizontal grid scale of
dx = 300 m, suggest a further increase of the range of vertical eddy fluxes (the quantity shown in Figure 4a)
by up to 3 times.

We also based our analysis on daily averages of model output. Thus, we have not directly investigated vari-
ability associated with the diurnal cycle and aspects of frontogenesis and other processes that occur at time
scales faster than a day. Analysis of output saved at 4 hr frequency likewise indicates an increase of the range
of vertical eddy fluxes of nutrients by about 50%. Limitations in our analysis reflect choices dictated by com-
putational and storage constraints, which will be addressed in future studies. We also adopted a widely used
but simple ecological model, with a minimal representation of phytoplankton diversity, a single zooplankton
group, and implicit representation of sinking particles.

It is likely that the increase in environmental heterogeneity at submesoscale is an important factor in shap-
ing the size structure, diversity, and interaction of phytoplankton, zooplankton, and their predators (Lévy
et al., 2018; Martin, 2003; Woodson & Litvin, 2015). Furthermore, vigorous transport along submesoscale
fronts would influence the dynamics and magnitude of sinking particle export (Stukel et al., 2017). Captur-
ing the full range of processes and ecological implications of submesoscale heterogeneity and transport will
likely require more sophisticated models of the ocean food web, coupled to physical models with a resolution
of the order of hundreds of meters or less.

Data Availability Statement

The model code and the scripts and data used to create the figures are available online (following the
DOI:10.5281/zenod0.4033286). Raw model output can be obtained from the Authors upon request.
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