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Abstract When phytoplankton growth is limited by low nutrient concentrations, full-depth-integrated
phytoplankton biomass increases in response to intermittent mixing events that bring nutrient-rich waters
into the sunlit surface layer. Here it is shown how oscillatory winds can induce intermittent nutrient entrain-
ment events and thereby sustain more phytoplankton at fronts in nutrient-limited oceans. Low-frequency
(i.e., synoptic to planetary scale) along-front wind drives oscillatory cross-front Ekman transport, which indu-
ces intermittent deeper mixing layers on the less dense side of fronts. High-frequency wind with variance
near the Coriolis frequency resonantly excites inertial oscillations, which also induce deeper mixing layers
on the less dense side of fronts. Moreover, we show that low-frequency and high-frequency winds have a
synergistic effect and larger impact on the deepest mixing layers, nutrient entrainment, and phytoplankton
growth on the less dense side of fronts than either high-frequency winds or low-frequency winds acting
alone. These theoretical results are supported by two-dimensional numerical simulations of fronts in an
idealized nutrient-limited open-ocean region forced by low-frequency and high-frequency along-front
winds. In these model experiments, higher-amplitude low-frequency wind strongly modulates and enhan-
ces the impact of the lower-amplitude high-frequency wind on phytoplankton at a front. Moreover,
sensitivity studies emphasize that the synergistic phytoplankton response to low-frequency and high-
frequency wind relies on the high-frequency wind just below the Coriolis frequency.

1. Introduction

The oceanic reservoir of carbon and the flux of carbon between the atmosphere and ocean depend on pri-
mary production by ocean phytoplankton in the euphotic zone, which is intimately linked to the upward
physical transport of nutrients to the euphotic zone from large reservoirs in the ocean interior [e.g., Volk and
Hoffert, 1985; Raven and Falkowski, 1999; Gruber and Sarmiento, 2002]. Process studies suggest that meso-
scale (100-10 km) and submesoscale (10-1 km) dynamics may play an important role in modulating the
vertical flux of nutrients to the euphotic zone [see reviews by Martin, 2003; Klein and Lapeyre, 2009; Lévy
et al., 2012a; McGillicuddy, 2016; Mahadevan, 2016], and therefore the global biological pump. However, the
net effect of mesoscale or submesoscale processes on regional and global scale nutrient fluxes to the
euphotic zone in oligotrophic oceans [e.g., Oschlies, 2002; Lévy et al., 2012b], or elsewhere [e.g., Strass et al.,
2002; Gruber et al., 2011], remains a subject of active debate.

Mesoscale and submesoscale oceanic variability is characterized by a wide variety of phenomena at the
ocean surface, including fronts, jets, filaments, and eddies among others [see the aforementioned reviews].
However, this paper focuses exclusively on fronts [e.g., Fedorov, 1986], which are ubiquitous [e.g., Belkin
et al,, 2009] and associated with anomalous biogeochemistry. For example, high-resolution observations of
the biogeochemical constituents across fronts reveal elevated nutrients, stronger upward nutrient fluxes,
stronger downward organic carbon export, higher chlorophyll, more full-depth-integrated biomass, and dif-
ferent plankton community composition at fronts [e.g., Claustre et al., 1994; Granata et al., 1995; Fernandez
and Pingree, 1996; Allen et al., 2005; Niewiadomska et al., 2008; Davis et al., 2008; Li et al., 2012; Taylor et al.,
2012; Guidi et al., 2012; Powell and Ohman, 2015; Krause et al., 2015]. Hence, it is possible that frontal dynam-
ics plays a significant role in setting the integrated rates and reservoirs of global biogeochemical cycles by
modifying the oceanic biological pump. Thus, understanding and quantifying the local and remote effects
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of frontal dynamics on ocean biogeochemistry in general, and upward nutrient fluxes and phytoplankton
dynamics in particular, is an important fundamental and practical scientific objective.

Here we specifically consider how vertical nutrient fluxes and phytoplankton dynamics are modified by
unsteady winds over geostrophic density fronts in midlatitude open oceans, where phytoplankton growth at
the surface is limited by nutrients that are replete at depth (henceforth, this specific context is assumed unless
otherwise specified). Several published studies have identified the wind as a prominent driver of variability in
phytoplankton and nutrients at fronts. In particular, winds drive deeper surface mixing layers (SXLs) [e.g.,
Franks and Walstad, 1997; Lévy et al., 2009] and stronger vertical motions [e.g., Franks and Walstad, 1997;
Mahadevan et al., 2008; Nagai et al,, 2008; Lévy et al., 2009] at fronts, both of which enhance upward nutrient
fluxes and phytoplankton growth at fronts. However, although some prior numerical process studies have pre-
sented simulations of biogeochemistry in fronts forced by unsteady winds [e.g., Franks and Walstad, 1997;
Lévy et al,, 2009], it is not well understood how nutrient fluxes or phytoplankton at a front depend on the
details of the unsteadiness (i.e., the frequency content and direction of the oscillatory part of the wind).

No published study that we know of has explicitly investigated how nutrients and phytoplankton respond
to an oscillatory wind (i.e., an unsteady wind with zero time mean) at a front in the open ocean. This manu-
script addresses this gap by presenting some results from a numerical process study of physics and biogeo-
chemistry under oscillatory winds at a front in an idealized nutrient-limited open-ocean domain in the
midlatitudes. We further narrow the scope of this paper by focusing on how the physics of the wind-driven
SXL drives spatially and temporally heterogeneous nutrient entrainment across the front, and thereby
affects the distribution of phytoplankton at the front.

Section 1.1 presents the prior results and theory that lead to the specific questions and approach of this
paper. Section 1.2, largely independent of section 1.1, presents the questions to be addressed, the computa-
tional approach that will be taken in answering them, and the outline of the remainder of the paper.

1.1. Background, Hypotheses, and Theory

Section 1.1.1 summarizes the results of previous modeling studies that explicitly discuss the effect of
unsteady winds on SXLs, nutrients, and phytoplankton at open-ocean fronts; these results lead to the cen-
tral hypothesis of this paper. Sections 1.1.2 and 1.1.3 present theoretical ideas that support the hypothesis
of this paper, demonstrate the need for numerical experiments, and motivate the metrics to be used while
analyzing the results.

1.1.1. Background

In a seminal study, Franks and Walstad [1997] explore the formation of subsurface phytoplankton patches
at a front using idealized two-dimensional numerical simulations. In particular, they show that 1 day wind
bursts oriented parallel to the front (i.e., along-front) drive a cross-front Ekman transport that modifies SXL
depths in the front. Compared to all other wind directions, down-front winds (i.e., winds pointed in the
direction of the geostrophic frontal jet), which drive an Ekman transport of denser water over lighter water
at the front, induce the deepest SXLs, most entrainment, and highest phytoplankton concentrations in the
SXL at the front.

Three-dimensional simulations of physics and biogeochemistry at idealized meandering fronts by Lévy et al.
[2009] show that even when fronts are highly deformed by three-dimensional baroclinic instability, several
days of steady wind drives a transient increase in phytoplankton concentrations and primary productivity at
fronts. When oscillations near the Coriolis frequency at an amplitude equal to the mean wind are added,
the domain-integrated increase in new primary production is significantly greater than under steady wind
alone. Moreover, there is a pronounced increase in new production in the SXL, which is significantly deeper
under high-frequency wind and deepest in the vicinity of the submesoscale fronts.

In an unpublished manuscript, henceforth WTL, we explore how vertical advection modifies biogeochemis-
try at a front under oscillatory wind with periods characteristic of low-frequency synoptic to planetary-scale
atmospheric variability (i.e., 4-16 day oscillations) over several forcing periods (i.e., a couple months) of sim-
ulated time and amplitudes ranging from 0.06 to 0.24 N/m? Although WTL focus on scenarios where the
deepest SXLs do not reach the nutricline and hence vertical advection in the pycnocline sustains the bio-
geochemical response, the results show that SXLs are intermittently deepest on the less dense side of the
front.
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Here we explicitly consider the biogeochemical impacts of combining higher-amplitude low-frequency
wind with lower-amplitude high-frequency wind, both of which are present in all real wind stress time
series and together may result in significantly deeper SXLs and more nutrient entrainment into the SXL at
the front than low-frequency wind acting alone.

The motivating hypotheses, explained in more detail in sections 1.1.2 and 1.1.3, respectively, are:

1. Phytoplankton in nutrient-limited oceans respond nonlinearly to increases in SXL depths as the SXL pen-
etrates the nutricline and turbulent mixing increases the nutrient concentration in the SXL [e.g., Marra
et al., 1990]. Hence, intermittent deep surface mixing is responsible for sustaining a significant fraction of
the full-depth-integrated phytoplankton biomass and primary production in nutrient-limited oceans
[e.g., Lévy et al., 2009; Carranza and Gille, 2015; Nicholson et al., 2016].

2. SXLs are spatially and temporally heterogeneous [e.g., Lévy et al., 2009; Kouketsu et al.,, 2012; Carranza
and Gille, 2015; Thompson et al., 2016]. Anomalously deep SXLs can be formed by—among other pro-
cesses—an interaction between fronts and oscillatory winds.

Together these two notions lead to the central hypothesis of this paper: low-frequency and high-frequency
oscillatory winds synergistically enhance nutrient entrainment and phytoplankton at fronts.

1.1.2. How Phytoplankton Respond to Intermittent Surface Mixing

Insights into the biogeochemical response to intermittent surface mixing are derived from a well-tested and
well-constrained, albeit simplified, four-component NPZD (nutrient, phytoplankton, zooplankton, and detritus,
respectively) ecosystem modeling framework [e.g., Doney et al., 1996; Spitz et al., 2003; Powell et al., 2006].
Note that all four constituents are referred to in the same nutrient-based units, that is mmol N/m?. The gov-
erning equations of the ecosystem model and parameter values are provided in supporting information.

In an NPZD model, phytoplankton exist in a delicate balance between growth via primary production,
which is facilitated by upward nutrient fluxes, and loss via senescence and zooplankton grazing. Losses
are then remineralized into nutrient again at deeper depths due to detrital sinking. In a steady state with
modest vertical diffusivities K, ~ 107> m?/s characteristic of the ocean pycnocline and no advecting
velocities, a biogeochemical equilibrium emerges where vertical sinking of detritus is balanced by the
upward diffusive flux of all constituents (which is generally dominated by the diffusive nutrient flux). In
this equilibrium, phytoplankton are concentrated at a subsurface phytoplankton maximum (SPM) at
about the same depth as the nutricline (e.g., Figure 1). The depth of the SPM is determined primarily by
the vertical penetration of the light. See Cullen [2015] for a review of SPM phenomenology, Beckmann
and Hense [2007] for parametric studies of SPM equilibrium dynamics, and Doney et al. [1996] for an
example application.

In one-dimensional simulations with an NPZD model (see supporting information for the equations and
parameters used here), intermittent periods of enhanced vertical mixing in an SXL (where the vertical diffu-
sivity K, ~ 1072 m?/s is about 3 orders of magnitude higher than the pycnocline diffusivity K, ~ 107> m%/s),
can disturb the biogeochemical equilibrium at the SPM. However, the impact of an SXL on biogeochemistry
depends strongly on the depth of the SXL relative to the nutricline and SPM, as shown in Figures 1 and 2.
When the SXL is well above the nutricline, the surface mixing has almost no effect on the biogeochemistry.
As the SXL reaches the nutricline and nutrient is entrained into the SXL, the full-depth-integrated phyto-
plankton growth rate increases rapidly as nutrients are supplied to the nutrient-limited SXL, and there is a
significant increase in full-depth-integrated phytoplankton, most of which occurs at relatively low concen-
trations in the SXL (Figure 1). Zooplankton growth rates are not as rapid as phytoplankton growth rates,
hence full-depth-integrated zooplankton increase more slowly than phytoplankton in response to the
increase in available resources (Figure 2). Yet, on a time scale of several weeks to a few months, a new cyclo-
stationary equilibrium is achieved with more phytoplankton, more zooplankton, higher nutrient uptake
rates, and higher grazing rates (not shown, but see Figure 2).

Hence, we hypothesize that in nutrient-limited open-ocean conditions, regions where anomalously deep
SXLs intermittently reach the nutricline are associated with more full-depth-integrated phytoplankton, pri-
marily because of an increase in primary production due to increased nutrient in the euphotic zone. Primary
production and zooplankton grazing rates will be diagnosed from numerical simulations to clarify how pri-
mary production and zooplankton grazing interact to modify phytoplankton accumulation rates and full-
depth-integrated biomass at a front forced by oscillatory winds.

WHITT ET AL.

WIND, FRONTS, AND PHYTOPLANKTON 3



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012400

How phytoplankton respond to intermittent surface mixing
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Figure 1. Time-mean phytoplankton (red) and nutrient (black) profiles depend on the depth of the surface mixing layer (magenta) in
nutrient-limited oceans. When the deepest surface mixing layer does not reach the equilibrium nutricline depth without surface mixing
(i.e., about 80 m here), the nutricline is relatively shallow and sharp, and there is a subsurface phytoplankton maximum at the nutricline
(thin lines). When the mixing layer just reaches the equilibrium nutricline, the full-depth-integrated phytoplankton biomass increases dra-
matically, phytoplankton are distributed across the surface mixing layer, and the maximum phytoplankton concentration is reduced (thick
lines). In these results, obtained from one-dimensional simulations of the NPZD model with a variable vertical diffusivity K, and no advect-
ing velocities, surface mixing is associated with an elevated vertical diffusivity K, ~ 10~2 m?/s from the surface down to either 65 or 85 m
(magenta lines) for 1 day out of every 8 days (see Figure 2). Below the base of the surface mixing layer (and at all depths on the other 7
days), the vertical diffusivity is low K, ~ 107> m%/s.

1.1.3. How Oscillatory Winds Induce Anomalous Surface Mixing at Fronts

A proposed source of intermittent anomalously deep SXLs in nutrient-limited oceans involves a synergistic
physical response to low-frequency and high-frequency oscillatory wind forcing at fronts. We discuss the
response to either low or high frequencies acting alone first and then describe their synergistic effects,
while referring to the schematic shown in Figure 3.

Low-frequency synoptic-to-planetary scale along-front wind drives cross-front Ekman transport (to the right
of the wind in the northern hemisphere, as shown in Figure 3), which modifies the buoyancy and stratifica-
tion in the front via the horizontal advection of buoyancy by the Ekman flow. This horizontal advection of
buoyancy can be quantified via the Ekman buoyancy flux

EBF=——_ X Vb, (1)
pof

[e.g., Franks and Walstad, 1997; Rintoul and England, 2002; Thomas, 2005; Thomas and Ferrari, 2008;
Mahadevan et al., 2010; Taylor and Ferrari, 2010] (see Figure 3). In a front, the EBF (1) is simply the cross-front
component of the Ekman transport times the horizontal buoyancy gradient at the ocean surface, where 7 is
the wind stress vector, V}, is the horizontal gradient operator, b=—gp/p, is the buoyancy, g is the accelera-
tion due to gravity, p represents the slight perturbations from the background density of water p,=1000
kg/m?, 0b/0z is the stratification, and f is the Coriolis frequency. The change in the SXL depth H; from time
t; to t, due to a constant positive (destratifying) EBF is approximately proportional to the square root of the
time-integrated Ekman buoyancy flux, more precisely

Hy ()] ~ (\Hs<t1>\2+fz EBF(S)ds)”i @

o 40)/f

where g=w, - Vb is Ertel’'s potential vorticity at the SXL base and «, is the absolute vorticity vector [e.g.,
Taylor and Ferrari, 2010]. Periods of down-front wind, reduce the surface buoyancy in the front, deepen the
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Figure 2. Time series of full-depth-integrated (a) phytoplankton P,-m:fosz Pdz, (b) zooplankton Z,m:.fo _yZdz, (c) nutrient uptake rate

UP,-M=LO:7H UPdz, and (d) zooplankton grazing rate GZ,-,,r=L°=7H GZdz, where H= 1000 m is the domain depth. Where indicated by the
black circles along the x axis, the biogeochemical vertical profile is perturbed by a 1 day long period of enhanced mixing K, ~ 1072 m?/s
from the surface down to the surface mixing layer depth indicated in the legend. Elsewhere K, ~ 10~> m?/s. The associated forcing-
period-averaged nutrient N and phytoplankton P vertical profiles in the ultimate cyclostationary equilibrium are shown in Figure 1.

SXL, and drive entrainment (Figure 3), whereas periods of up-front wind (when the winds are opposite to
the geostrophic frontal jet) increase the surface buoyancy in the front, shoal the SXL, and drive detrainment.
In the real ocean, the EBF sometimes vacillates in time between positive and negative values, primarily due
to variations in the wind stress direction and amplitude, but also due to variations in the horizontal buoyan-
cy gradient in the ocean Vb [e.g., Thomas et al., 2015; Thompson et al., 2016]. Hence, a question arises:
what is the time-integrated effect of these vacillations in the EBF (and wind stress more generally) on SXL
depths, SXL nutrient budgets, and plankton ecosystems at a front?

In the real ocean, fronts are forced by both low-frequency and high-frequency winds [e.g., Alford, 2001; Gille,
2005]. High-frequency winds with variance near the local Coriolis frequency (i.e., near-inertial winds) reso-
nantly excite near-inertial oscillations inside and outside fronts. The resonant response is peaked around

the effective Coriolis frequency,
ou\ 12
fo=|f|f—— 3
‘ [ ( 8y>} ’ ®

which depends on the Coriolis frequency as well as the local (in y) vertical relative vorticity of the frontal jet
at the ocean surface (i.e, —du/dy, see Figure 3) [e.g., Weller, 1982; Klein et al., 2004; Whitt and Thomas,
2015]. Due to the resonant amplification of near-inertial ocean currents by near-inertial winds at frequencies
near f,, near-inertial currents represent a large part of the surface ocean kinetic energy [e.g., Pollard and
Millard, 1970; D’Asaro et al., 1995; Alford, 2001; Elipot and Lumpkin, 2008; Elipot et al., 2010]. In fact, there is a
distinct peak in the kinetic energy spectrum of surface currents near the inertial frequency [e.g., Elipot and
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How turbulent mixing layer reponds to unsteady down-front wind
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Figure 3. A schematic showing how the surface mixing layer (magenta) varies across an upper-ocean geostrophic front (thin gray lines
denote isopycnals, thick darker gray lines denote isotachs of the along-front velocity u, which points into the page) under an unsteady
down-front wind stress 7, which points in the direction of the frontal jet u (i.e., into the page). As the angular speed of rotation is positive,
i.e, f/2 > 0 where fis the Coriolis frequency, there is an Ekman transport (—k Xt/ pf) to the right of the wind vector in the mixing layer,
which induces an Ekman buoyancy flux (—z/pf X V;,b) that increases the surface density, reduces the vertical gradient of density (i.e.,
stratification) just below the mixing layer, and facilitates deeper wind mixing in the front. The mixing layers are deeper on the less dense
side of the front due to anti-cyclonic vertical vorticity there (i.e., —du/dy < 0), which is associated with lower values of Ertel's potential
vorticity in the pycnocline (i.e., g, defined in section 1.1.3) and subinertial internal waves generated by the high-frequency part of the
wind. See section 1.1.3.

Lumpkin, 2008], which is consistent with the long-held notion that near-inertial frequency winds make an
outsized contribution (relative to the amplitude of the near-inertial stress) to mixed layer deepening and
nutrient entrainment outside fronts [e.g., Price, 1981; Klein and Coste, 1984; D'Asaro, 1985b; Large et al., 1986;
Crawford and Large, 1996; Jochum et al., 2013; Rodgers et al., 2014; Rumyantseva et al., 2015]. Moreover, iner-
tial oscillations may open or amplify energy pathways from the geostrophic frontal jet to dissipation in the
SXL [e.g., Whitt and Thomas, 2015; Thomas et al., 2015; Grisouard and Thomas, 2016] and concentrate [e.g.,
Kunze, 1985; Klein et al., 2004; Whitt and Thomas, 2013; Danioux et al., 2015; Pallas-Sanz et al., 2016] and dissi-
pate [e.g., Kunze et al., 1995; Inoue et al., 2010] in regions of anti-cyclonic vorticity (i.e., on the less dense side
of the front shown in Figure 3). In addition, the flux of wind energy into near-inertial motions may be larger
on the less dense side of the front, where f, is lower, because the wind stress frequency spectrum has more
variance at frequencies lower than f compared to frequencies greater than f (i.e., the stress has a red power
spectrum) [e.g., Alford, 2001; Gille, 2005; Zhai, 2015]. Hence, near-inertial motions may have an even stronger
effect on surface mixing in fronts than elsewhere [e.g., Lévy et al., 2009].

In summary, deepening of the SXL at a front depends on the magnitude, frequency content, and direction
of the wind stress, as well as the Coriolis frequency. In addition, deepening of the SXL at a front depends on
the horizontal buoyancy gradient and vertical vorticity at the ocean surface, as well as the potential vorticity
at the top of the pycnocline [see (2)]; all three vary across a front [e.g., Pollard and Regier, 1992; Rudnick and
Luyten, 1996] and are therefore important sources of spatial variability in the entrainment response to wind
forcing at a front (as shown in Figure 3). Here numerical simulations will provide some examples showing
how low-frequency and high-frequency oscillatory winds modify entrainment across a front.

1.2. Question and Outline

The question to be addressed in this manuscript is: how do oscillatory winds in general, and combined low-
frequency and high-frequency winds in particular, modify phytoplankton at fronts? We address this ques-
tion with output from a series of simulations of an idealized front forced by different combinations of oscil-
latory winds. Insight into the underlying physical and biogeochemical dynamics driving the phytoplankton
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response will be derived from an analysis of phytoplankton distributions, phytoplankton growth and graz-
ing loss rates, as well as SXL depths, nutricline depths, and the rate of nutrient entrainment into the SXL.

The outline of the remainder of the manuscript is as follows. Section 2 describes the numerical model con-
figuration, the different wind forcing scenarios, and the metrics to be used in the analysis of the numerical
experiments. The results in section 3 begin with a description of the spatiotemporal evolution of physics
and biogeochemistry in an example simulation forced by combined low-frequency and high-frequency
wind (section 3.1) and then discuss the physical and biogeochemical causes of the phytoplankton response
to oscillatory wind at a front (sections 3.2-3.4). The article is concluded with a summary and discussion of
the key results in section 4.

2. Experimental Setup

2.1. Model Configuration

The experiments are composed of a series of simulations of upper-ocean fronts forced by different oscillato-
ry surface wind stresses. In order to isolate the dynamics associated with the low-frequency and high-
frequency parts of the oscillatory wind in these experiments, the wind stress is purely oscillatory (unlike
Franks and Walstad [1997], Mahadevan et al. [2008], and Lévy et al. [2009]), there are no spatial gradients in
the applied wind stress dt/dy=0 [unlike Martin and Richards, 2001], no direct influence of boundaries
[unlike Spitz et al., 2003; Siedlecki et al., 2011], no large scale velocity field that deforms the front [unlike
Mahadevan et al., 2008; Lévy et al., 2009; Mahadevan et al., 2010], and no surface buoyancy flux. Moreover,
although all three components of the velocity are retained, all of the model variables are uniform in the
along-front direction 9/0x=0 and variability is only permitted in the vertical z and cross-front y directions.
Hence, there are no three-dimensional mixed-layer baroclinic instabilities [unlike Mahadevan et al., 2010],
and the wind is oriented parallel to the frontal jet in all but one sensitivity experiment [unlike Mahadevan
et al.,, 2008; Lévy et al., 2009; Mahadevan et al., 2010]. Due to these simplifications, this work represents a first
step toward understanding the effect of oscillatory winds on anomalously deep SXLs, nutrient entrainment
and phytoplankton at fronts in nutrient-limited open-ocean conditions.

The model domain is horizontally periodic (in x and y) and bounded by a flat bottom at z= —1000 m and a
free surface at z =~ 0 m. The physical initial condition consists of a pair of surface-intensified 30 km wide
and 400 m deep frontal jets (Figure 4a) that are in geostrophic and thermal wind balance and spatially sepa-
rated in the cross-front direction by roughly one jet width, which is about twice the mode-one baroclinic
Rossby radius of deformation NH/nf ~ 15 km [e.g., Gill, 1982], where N =.0045 s~ ' is the background

(A) (I)nitial Velocity (color) and Density (black) Contours
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Figure 4. The initial conditions for (a) the physical model and (b) the biogeochemical model. The along-front velocity (colorbar) is in
thermal wind balance with the density (thin black lines). A free surface displacement (not shown) cancels the baroclinic pressure gradient
leading to a level of no motion at the bottom. The surface mixing layer depth H, (magenta line), defined by the KPP vertical mixing
parameterization, is averaged over the first 3 h of one simulation, when the along-front stress is approximately constant at 7,=.18 N/m2.
The initial phytoplankton, zooplankton, detritus, and nutrient (P, Z, D, and N, respectively) are horizontally uniform. The initial vertical
profiles in Figure 4b were derived from a 10 year simulation of a motionless diffusive vertical column initialized with N=14,P=2,Z2=2,
D=2 mmol N/m3, and K,=2x107° m?/s. See section 2.1.
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constant buoyancy frequency, H= 1000 m is the depth of the domain, and the Coriolis frequency f=10"*
s~ . As the potential vorticity is initially positive, the initial condition is stable to all inviscid small disturban-
ces (by the criteria of Hoskins [1974]). The ecosystem is initially horizontally uniform across the front—
nutrient deplete at the surface and nutrient replete at depth—in a one-dimensional sinking-diffusion equi-
librium with an SPM (Figure 4b) [e.g., Beckmann and Hense, 2007; Cullen, 2015].

Neither the physics nor the biogeochemistry are tuned to represent a particular set of observations, a particu-
lar oceanic province, or a particular season. The model is configured to be representative of an idealized
open-ocean with isolated fronts, which are highly anisotropic features with strong cross-front gradients and
weak along-front gradients by definition [e.g., Fedorov, 1986]. In the numerical experiments presented here
the fronts have O(.01) isopycnal slopes s, just below the SXL base, O(1) SXL Rossby numbers Ro=U/fL,
(where U =~ 0.8 m/s and L, = 15 km are the characteristic velocity and half-width of the frontal jet, respective-
ly), and small SXL depth H; to frontal depth H ratios (here Hs/H¢ = 0.1; see Figure 4a). This region of (Ro, s,
Hs/Hr) parameter space that we have chosen to characterize the physics in these simulations occurs at a wide
range of horizontal length scales in midlatitude oceans, from about 100 to 200 km [e.g., Joyce et al, 2013]
down to a few km [e.g., Lee et al., 2006], which include parts of what one might call the mesoscale and subme-
soscale. Hence, the results are applicable to fronts with horizontal length scales ranging from 1-100 km in the
ocean to the extent that Ro, s,, and H; /Hs are not too dissimilar from those chosen here.

The biogeochemical model is configured to be representative of an idealized ocean where phytoplankton
growth at the surface is limited by the availability of nutrients found at depth and phytoplankton growth at
depth is limited by the availability of light found at the surface (i.e., nutrient-limited conditions); hence, phy-
toplankton are initially concentrated at an SPM where both light and nutrients are available. SPMs have
been observed in a wide range of oceanic provinces, from upwelling regions and boundary currents to
gyres, from the tropics to the poles, in regions with and without prominent spring blooms, inside and out-
side fronts, and at different times throughout the year, and their properties vary from place to place [e.g.,
Hitchcock et al., 1993; Claustre et al., 1994; Fernandez and Pingree, 1996; Allen et al., 2005; Li et al., 2012;
Cullen, 2015]. In the NPZD model, the attenuation of light with depth is the primary factor setting the depth
of the SPM; the chosen light parameters (see supporting information Table S1) yield an SPM depth of about
75 m (see Figure 4b) that is within the range of observations in the open-ocean [e.g., Beckmann and Hense,
2007; Cullen, 2015]. See the supplement for more details about the biogeochemical model configuration
[Franks et al., 1986; Steele and Henderson, 1992; Edwards and Brindley, 1999; Edwards and Yool, 2000].

Both the physics and ecosystem models are stepped forward in time using the regional ocean modeling
system (ROMS) [Smolarkiewicz and Margolin, 1998; Shchepetkin and McWilliams, 2005]. Under wind forcing,
vertical mixing is parameterized with the K-profile parameterization (KPP) scheme of Large et al. [1994] and
explicit horizontal mixing of biogeochemical tracers is set to zero. Frequent reference is made to the SXL
depth H,, which is a diagnostic output of the KPP mixing model and represents a surface layer of elevated
vertical diffusivity K, and viscosity (see the supplement and Large et al. [1994] for more details). However, in
order to isolate the effects of wind-driven variable vertical mixing on the biogeochemistry, some
experiments (labeled CM for constant mixing) are run with a constant low vertical diffusivity K,=2X107>
m?/s applied to biogeochemical tracers. Yet, in all the simulations, density and momentum are mixed with
the variable vertical diffusivity and viscosity from KPP, hence the indirect effects of the wind-driven vertical
mixing of momentum and density—that is the advective effects of the wind forcing—are present in all the
simulation results discussed in this manuscript.

Each CM simulation is presented in comparison with an identical simulation with KPP mixing of biogeo-
chemical tracers in order to separate the direct biogeochemical impacts of the wind-driven KPP mixing of
the biogeochemical constituents from the indirect biogeochemical impacts of the wind forcing. The indirect
impacts are dominated by vertical advection of biogeochemical constituents, which is induced by both the
surface stress boundary condition and the KPP mixing of density and momentum. Hence, if the CM scenario
is similar to the associated KPP mixing scenario, we infer that explicit wind-driven variable vertical mixing of
biogeochemical tracers is not crucial for driving the biogeochemical response to the wind. On the other
hand, if the CM scenario differs significantly from the associated KPP mixing scenario, we infer that explicit
wind-driven variable vertical mixing of biogeochemical tracers is crucial for driving the biogeochemical
response to the wind.
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Details necessary to reconstruct the initial condition as well as further discussion of the model configuration can
be found in WTL and the supporting information here. Additionally, some grid resolution sensitivity experiments
are presented in the supporting information; our conclusions do not change on a finer computational grid.

2.2. Wind Forcing

Wind stresses in the real ocean contain all frequencies (example spectra can be found in Alford [2001], Gille
[2005], and Zhai [2015]). However, the frequency spectrum of the surface ocean kinetic energy exhibits a
spectral gap between low-frequency (subinertial) motions and high-frequency (near-inertial) motions in the
midlatitudes [e.g., Elipot and Lumpkin, 2008]. Hence, we regard unsteady wind-forced motions as being
dominated by two distinct frequency bands: (1) low-frequency (LF) unsteady Ekman flows, which are forced
primarily by synoptic and planetary-scale atmospheric variability with forcing frequencies o' < f and (2)
high-frequency (HF) near-inertial motions, which are forced by atmospheric variability with frequencies

H = f [e.g., Pollard and Millard, 1970; D’Asaro, 1985a; Alford, 2001].

Here we focus on how phytoplankton at a front respond to changes in nutrient entrainment induced by the
combination of LF and HF stresses. For comparison, we also examine the response to only high and only
low frequency forcing. As in WTL, the model experiments are forced by spatially uniform but time-
dependent wind stresses defined as cosine functions of time so that the average of the time-integrated
Ekman buoyancy flux [see (1) and (2)] over an LF forcing period is approximately zero, that is

Tt
lJ J EBF(s); dsdt =~ 0., 4)
T 0Jo

where s and t are time-integration variables and T is the length of one low-frequency wind forcing period
(i.e., 8 days). Here we present results of a simulation forced by combined LF and HF oscillatory along-front
wind stress, labeled LFHF, and defined by t,(t)=1!(t)+1"(t) where the low-frequency wind is composed of
a single frequency, t'=.18cos (.09ft) N/m? (an 8 day period), and the high-frequency wind is composed of
multiple frequencies, t7=3"]", .02cos (w!'t+¢$;) N/m? which are evenly spaced from o}/ =.45f to wf,=1.45
f around the local Coriolis frequency f=10"* s, that is the high-frequency forcing periods range from 1.6
to 0.5 days, the phases ¢; are random and uniformly distributed from 0 to 2z, and the cross-front wind
stress 7,=0.

To elucidate the biogeochemical implications of combined LFHF forcing, explicit comparisons are made
between the primary LFHF scenario and simulations forced by either the LF or HF part of the wind alone
(sections 3.2 and 3.3). Furthermore, results from a series of sensitivity experiments are presented (section
3.4) to emphasize how the results depend on the orientation of the wind relative to the front and the partic-
ular high frequencies w". See Table 1 for a concise list of all the simulations and section 4 of the supporting
information for a description of all the simulations in one place.

Table 1. List of All Simulations Referred to in This Manuscript®

Label Surface Stress Function Mixing Grid (y X 2) Orient
1. LFHF .18 cos (.09ft)+ 3 11, .02 cos (wft+¢;) KPP 400 x 200

2.LF .18 cos (.09 ft) KPP 400 x 200

3.HF 11,.02 cos (wf't+d;) KPP 400 x 200

4. LFHF CM 18 cos (.09 ft)+311, .02 cos (w!t+d;) K,=2x1075 400 x 200

5.LF CM 18 cos(09fr) K,=2x107% 400 x 200

6. HF CM S .02 cos (wft+¢;) K,=2x107° 400 x 200

7.LFS 12 cos (.09ft) KPP 400 x 200

8. LFHF S0.3f 12 cos (.09 ft)+.06 cos (.3 ft) KPP 400 x 200

9. LFHF S0.8f .12 cos (.09 ft)+.06 cos (.8 ft) KPP 400 x 200

10. LFHF S1.2f 12 cos (.09 ft)+.06 cos (1.2 ft) KPP 400 x 200

11. LFHF S2.0f .12 cos (.09 ft)+.06 cos (2.0 ft) KPP 400 x 200

12. LFHF Y S0.8 f .12 cos (.09 ft)+.06 cos (.8 ft) KPP 400 x 200 cross-front
13.LFHF 8 X 4 18 cos (.09 ft)+3°11, .02 cos (wHt+d;) KPP 800 x 400

14.LF 8 X 4 .18 cos (.09 ft) KPP 800 x 400

°The surface stress is in N/m? and K, is in m%/s. The third column indicates the vertical diffusivity applied to the biogeochemical trac-
ers, which is equal to a constant in the scenarios labeled CM or equal to the variable diffusivity of density determined by the KPP
scheme. Experiments 13 and 14 are identical to 1 and 2, respectively, except that the grid resolution has been doubled. All of the wind
stresses are oriented along the front except 12, which is oriented in the cross-front direction. The conclusions of this manuscript do not
change on the finer grid; see supporting information Figure S1.
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2.3. Metrics

This section describes the metrics used to show how nutrients and phytoplankton respond to wind forcing
in the simulations. Metrics include the phytoplankton concentrations (P), full-depth-integrated phytoplank-
ton biomass (P,Am:jzo;,_, Pdz where H= 1000 m is the domain depth), and nutricline depths (Hy=1s, where
the N =15 mmol N/m? isopleth is used as a proxy for the nutricline). In addition, the depth-integrated phy-
toplankton growth rates (section 2.3.1) and depth-integrated phytoplankton loss rates due to grazing (sec-
tion 2.3.2) give insight into the biological mechanisms (increased nutrient uptake and/or reduced grazing)
that drives the changes in phytoplankton under wind forcing. Finally, the rate of nutrient entrainment into
the SXL (section 2.3.3) encapsulates the direct effects of wind-driven surface mixing on vertical nutrient
fluxes in nutrient-limited oceans.

2.3.1. Phytoplankton Growth: Primary Production

Phytoplankton growth near the surface is limited by low nutrient concentrations in these experiments.
Hence, wind-driven upward nutrient fluxes can fuel phytoplankton growth via nutrient uptake (i.e., primary
production). In this ecosystem model, primary production is constrained by light, nutrients, and the phyto-
plankton concentration, that is

Vo oA,
kntN .\ /v2 +o022

where the maximum phytoplankton growth rate is V,,=1.0 d™', / is the photosynthetically available radia-
tion, 2=.15d " (W/m?)~" is the initial slope of the productivity-irradiance curve, and ky=0.1 mmol N/m? is
the nutrient half-saturation constant. See the supporting information for details.

2.3.2. Phytoplankton Losses: Senescence and Grazing

Phytoplankton losses are due to senescence, that is —og4P where the senescence rate 64=.03 d™', and zoo-
plankton grazing, that is

UP= (%)

GZ=Rp(1—exp (—AP))Z, (6)

where the maximum zooplankton grazing rate R,=0.5 d~', and the Ivlev parameter A=1.5 (mmol N/
m® . See the supporting information for details.

2.3.3. Vertical Nutrient Fluxes

Primary production (5) is facilitated by upward nutrient fluxes, due to either advection or mixing. Rather
than explicitly plot advective and diffusive nutrient fluxes at fixed locations in space—as discussed in WTL,
such a decomposition can lead to incorrect conclusions about the dynamical mechanism leading to the net
nutrient transport in flows dominated by oscillations—we separate the effects of advection from explicit
wind mixing on biogeochemistry in these experiments by comparing simulations that are identical except
for the vertical diffusivity of biogeochemical tracers, as discussed in section 2.1.

In the default KPP-mixing simulations, the vertical diffusivities are generally small K, ~ 107> m?%/s below the
wind-driven SXL and large K, ~ 1072 m?/s in the wind-driven SXL. In this case, the flux of nutrients across the
base of the SXL is of primary importance. Hence, the effect of wind-driven vertical mixing on vertical nutrient
fluxes is quantified using an entrainment flux [e.g., De Szoeke, 1980; Stevenson and Niiler, 1983]. The nutrient
entrainment flux is defined relative to the SXL base H,, which is defined by the KPP mixing scheme based on
the bulk Richardson number (as in Large et al. [1994]) and separates the region of direct and strong wind-
driven vertical mixing (above H,) from weak interior mixing driven only by local velocity shears (below Hy).

The SXL base H; (defined so that H; < 0) moves with a vertical velocity

W= oH; +v(H;) %—I;/IS -

5t w(H), 7)

relative to a material surface, which moves with the fluid velocity. Positive w* indicates the SXL base is mov-
ing toward shallower depths relative to the material surface (fluid is detrained from the SXL) and negative
w* indicates the SXL base is moving toward deeper depths relative to the material surface (fluid is entrained
into the SXL).

Then, the entrainment flux of nutrient across the SXL base is:

F=w*[N—N(Hs)], 8)
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where N= ﬁjﬁ Ndz is the average nutrient concentration in the SXL and N(H) is the nutrient concentra-
tion at the SXL base. The flux F is called an entrainment flux when F > 0 (generally when w* is negative in
these simulations) and a subduction flux when F < 0 (generally when w* is positive in these simulations)
[e.g., Cushman-Roisin, 1987].

When plotting F, we only present the positive part 7 > 0, that is the entrainment flux of nutrient into the
SXL, because entrained nutrients are rapidly and irreversibly homogenized throughout the SXL. Moreover,
even if the SXL subsequently shoals to the surface before the nutrient is consumed, the biogeochemical
impact of the redistributed nutrient will persist. Finally, we filter the inherently noisy entrainment flux with a
1 day moving average filter before plotting to reduce oscillations associated with near-inertial motions.

3. Results

The results are organized as follows: section 3.1 contains a qualitative description of the time evolution
of phytoplankton in the front during the first 18 days of combined LFHF wind. To clarify how the low-
frequency and high-frequency parts of the wind contribute to the phytoplankton response, section 3.2
compares the phytoplankton responses under only LF, only HF, and combined LFHF winds. Then, by
comparing the LF, HF, and LFHF simulations with the analog simulations where the effects of wind-
driven mixing of biogeochemical tracers are removed (i.e., the CM scenarios; see Table 1 and section
2.1), section 3.3 identifies where and to what degree wind-driven mixing and advection contribute to
changes in phytoplankton under LF, HF, and LFHF wind. Finally, section 3.4 presents the results of some
additional sensitivity studies, which show how the synergistic biogeochemical response to LFHF wind at
a front depends on (1) the particular near-inertial frequency components in the HF wind and (2) the
along-front (as opposed to the cross-front) component of the LF wind and the associated EBF. In particu-
lar, the sensitivity experiments are designed to show that the synergistic biogeochemical response to
LFHF wind at the front is not merely due to the increased amplitude of the LFHF stress relative to the LF
or HF stress acting alone.

3.1. Time Evolution Under Combined Low-Frequency and High-Frequency Wind

Here the effect of oscillatory winds on phytoplankton at a front is demonstrated with a specific numerical
example. In particular, this section contains a qualitative description of the time evolution of some key phys-
ical and biogeochemical variables during the first 18 days of the LFHF wind, when the cross-front averaged
Pie exhibits the most rapid secular growth (Figure 5c). The description refers frequently to Figure 6, which
contains 8 cross-front (y, z) sections of the density, along-front velocity u, SXL depth H,, nutricline depth
Hyn=15 (defined in section 2.3), and phytoplankton concentration P, all in the front centered at y = 0 in Figure
4a. The wind stress time series is plotted as a black line in Figure 5a.

At the initial time, the wind is pointed up-front (z, > 0, i.e., out of the page in Figure 6), which results in a
negative Ekman buoyancy flux [EBF, defined in (1)] and a period of increasing surface buoyancy and stratifi-
cation in the front until the wind stress reverses direction at t = 2 days and ultimately reaches its maximum
amplitude in the down-front direction at day 4 (Figure 6a), when the EBF is approximately maximum and
9 EBF(s)ds ~ 0 [see (2) and Figure 5b]. At this time, EBF(t)=max [EBF(t) ~ 1.5X10~7 m?/s>, where the
horizontal buoyancy gradient in (1) is averaged from y = —20 to 20 km. For perspective, the equivalent
heat flux is about 400 W/m?. The main physical difference between day 4 and day 0 (in Figure 4) is a slightly
deeper SXL and a pycnocline at the SXL base, which emerges due to the wind mixing [e.g., Pollard et al.,
1972]. Both the nutricline and the SPM are displaced slightly in the vertical, but P;,; has not changed signifi-
cantly across the front (Figure 5c).

At day 6 (Figure 6b), surface densities are significantly higher across the front than at day 4 or day 0, and
the SXLs are significantly deeper, particularly on the less dense side of the front, despite the relatively
small wind stress amplitude |z|. These deep SXLs occur when the time-integrated EBF, i.e., Jot EBF(s)ds
(plotted in Figure 5b), reaches a local maximum in time t, consistent with the theory in section 1.1 and
Figure 3. To put the effect of this time-integrated EBF in perspective, the magnitude of ffjo EBF(s)ds
~ 0.017 m?/s? is approximately equivalent to a change in the depth-integrated ocean heat content of 42
MJ/m?, which is equivalent to an average heat loss of about 80 W/m? over 6 days (compare, for example,
with observed upper-ocean heat content anomalies associated with eddies in the Drake passage
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Figure 5. (left) Time plots of cross-front-averages (from y = - 20 to 20 km) and (right) cross-front plots of time-averages (from t = 29 to 31 days) from experiments forced by low fre-
quency (LF, blue lines), high frequency (HF, green lines), and low frequency plus high frequency (LFHF, black lines) along-front wind. (A) The wind stress, ,(t); positive 7, indicates
up-front wind and negative Ekman buoyancy flux EBF [defined in (1)], whereas negative 1, indicates down-front wind and positive EBF. (B) The time-integrated Ekman buoyancy flux
jor EBF(s)ds [see (2)]. Biogeochemical variables consist of: (C and D) full-depth-integrated phytoplankton Pint:ﬁ:—wooo Pdz, (E and F) nutrient entrainment flux into the surface mixing
layer [see (8)], (G and H) full-depth-integrated primary production [see (5)], and (I and J) full-depth-integrated grazing rate [see (6)] (all of which are discussed in section 2.3). The 3
day time averages in the right column are centered on day 30 so that they coincide with a local maximum in time-integrated EBF, nutrient entrainment and primary production like
days 6 and 14 in Figure 6 but during the fourth LF forcing period, when full-depth-integrated biogeochemical quantities are less-variable from one LF forcing period to the next.

[Stephenson et al., 2013]). Largely as a result of the reduced stratification and deeper SXLs arising from the
time-integrated EBF, phytoplankton as well as nutrients (Figure 5e) have been entrained into the SXL

between about y = 3 and 10 km.
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Figure 6. A series of snapshots from the primary simulation forced by combined low-frequency and high-frequency (LFHF) oscillatory
along-front wind. The wind stress 1,(t) is plotted in black in Figure 5a. Phytoplankton concentration (P in mmol N/m?, color), isopycnals
(thin black lines every 0.05 kg/m>), KPP-defined mixing layer depth (i.e., H,, magenta lines), the nutricline depth (thin light gray lines denote
the N'=15 mmol N/m? isopleth depth Hy—s, which is a proxy for the nutricline depth), and isotachs of the along-front velocity u (thick
dark gray lines every 0.2 m/s). The free surface displacement (multiplied by 100 for clarity) is plotted as a green line just below the surface.
The phase of the oscillatory LF wind is the same in each row: the top row is associated with a maximum in down-front wind stress, hence
a maximum in the Ekman buoyancy flux, EBF(t)=— %%, the second row with zero wind stress and a maximum in the time-integrated
Ekman buoyancy flux, jot EBF(s)ds, the third row with a maximum in up-front wind, hence a minimum in EBF(t), and the fourth row with
zero wind stress and a minimum in ]}; EBF(s)ds. The time-integrated EBF is plotted in Figure 5b. “Mooring plots” at y = 12 km can be found
in Figure 8d. See section 3.1.

At day 8 (Figure 6¢), the winds are at their maximum up-front amplitude again and the EBF is minimum (like
day 0). The front has restratified relative to day 6, and the SXL has shoaled in the vicinity of the front despite
the large |z|. The stratification and phytoplankton concentrations have changed relative to the initial condi-
tion. In particular, there is a thin but highly stratified layer just below the SXL base in the front that overlies
a thicker more weakly stratified layer, which extends roughly from the sharp pycnocline at the SXL base to
the deepest SXL depths that occurred on day 6. Between about y = 3 and 12 km, approximately where the
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SXL reached the SPM on day 6, this weakly stratified layer is associated with higher phytoplankton concen-
trations and a thicker SPM.

At day 10 (Figure 6d), when |z(t)|, |EBF(t)| and jé EBF(s)ds all reach local minima in time, the phytoplankton
in the SXL along with the outcropping isopycnals have been advected toward the dense side of the front
by the Ekman flow. The increase in frontal stratification due to the negative EBF from day 6 to day 10 is
associated with an equivalent increase in ocean heat content of 85 MJ/m? over 4 days (which is approxi-
mately equivalent to a sustained heat flux of about 250 W/m? into the ocean for 4 days). The highly strati-
fied layer below the SXL base is more strongly stratified than at day 8, and the phytoplankton
concentration at the SPM has increased slightly between about y =3 and y = 10 km.

Days 12 to 18 (Figures 6e-6h) are analogous to days 4 to 10 (Figures 6a-6d)—they occur one LF forcing
period later—so only differences will be highlighted. In particular, day 12 (Figure 6e) differs from day 4 (Fig-
ure 6a) in that the SXL is significantly deeper near y = 12 km and entrainment of phytoplankton has begun
during the period of maximum down-front wind stress and maximum EBF. However, the maximum nutrient
entrainment rate on the less dense side of the front still lags the maximum down-front wind stress (Figure
5e). In fact, nutrient entrainment on the less dense side of the front reaches a local maximum as wind stress
magnitude || drops toward zero near day 14 (Figures 5e and 6f), which is qualitatively consistent with the
first LF forcing period and the theory in section 1.1 (see Figure 3). Note that the phytoplankton concentra-
tions remain relatively low P < 0.4 mmol N/m? in the SXL. Nevertheless, at day 14, phytoplankton now occu-
py a much wider region of the SXL in the front. In addition, at y = 4 km, the phytoplankton concentration at
the SPM increases throughout days 12-18 and remains persistently higher than SPM concentrations outside
the front.

In summary, the oscillatory LFHF wind forcing causes large oscillatory LF deviations in the near-surface den-
sity and SXL depths, and therefore episodic nutrient entrainment into the SXL as well as secular wind-
forcing-period-integrated changes to the phytoplankton distribution near the front. Prominent features of
the forcing-period-integrated phytoplankton response to LFHF wind are:

1. Phytoplankton accumulate at high concentrations (i.e., P> 0.4 mmol N/m?3) in the SPM neary ~ 4 km.

2. Phytoplankton accumulate at low concentration (i.e., P < 0.4 mmol N/m?) in the SXL on most isopycnals
that outcrop at the front.

3. SXLs are deepest and closest to the nutricline on the less dense side of the front at times near the
local maxima in the time-integrated EBF (i.e., at days 6 and 14 in Figure 6), which lag the local maxima
in down-front wind stress by 2 days. These times are associated with significant nutrient entrainment
into the SXL (Figures 5e and 5f), vertical redistribution of phytoplankton in the SXL (Figure 6),
enhanced depth-integrated phytoplankton growth rates (Figures 5g and 5h), and relatively low
depth-integrated zooplankton grazing rates (Figures 5i and 5j), hence large phytoplankton accumula-
tion rates (Figure 5¢).

Before proceeding to the comparisons with other experiments, it is worth noting that the jet remains essen-
tially stationary from day 4 to 18, although the surface density gets displaced by as much as 15 km across
the front (Figure 6). The strong geostrophic momentum of the frontal jet does not get advected back and
forth by the Ekman flow due to the cross-front pressure gradient force and the Coriolis force, both of which
remain in rather tight geostrophic balance at all times in this scenario, where the strong pressure gradient
force arises primarily from the gradient in the free surface, which is displayed in Figure 6.

3.2. Comparing the Phytoplankton Responses to Different Wind Frequencies
To separate the effects of low-frequency and high-frequency along-front winds on phytoplankton at the
front, we compare the simulation forced by LFHF wind with simulations forced by LF or HF wind alone.

Snapshots of the phytoplankton concentration P(y, z) across the front after 30 days of forcing (Figure 7) and
time series of P(z, t) on the less dense side of the front (Figure 8) highlight the qualitative differences and
similarities between the three wind scenarios. The time of the snapshots is chosen to coincide with a local
maximum in the time-integrated Ekman buoyancy flux fé EBF(s)ds (introduced in (2) and plotted in Figure
5b) and deepest SXLs in an LF forcing period after the most rapid secular phytoplankton growth has subsid-
ed, that is after the first 24 days or so (see Figure 5c). Both the snapshots (Figure 7) and time series (Figure
8) show that the LFHF scenario differs from the other two scenarios in that the SXL intermittently reaches
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Figure 7. Snapshots of phytoplankton concentration Ply, z) (color), density p(y, z) (thin black lines every.025 kg/m3), the N = 15 mmol/m?
isopleth depth Hy-15(y) (gray line), and the KPP-defined surface mixing layer depth H, (magenta line) at t = 30 days, which coincides with
the center of the 3 day time averages in the right column of Figure 5. The gray bar at the surface indicates the cross-front averaging range
(y = - 20 to 20 km) used throughout the paper, whereas the black hashmark indicates the location (y = 12 km) of the “mooring plots” in
Figure 8 and histograms in Figure 10.

the SPM once every LF wind period (8 days). Hence, phytoplankton concentrations in the SXL are signifi-
cantly greater under LFHF wind than under LF or HF wind. Yet, all three scenarios are similar in that the ver-
tical phytoplankton distribution P(z) outside the front is unmodified by the wind, the winds drive oscillatory
vertical displacements of the SPM in the front with periods similar to the winds, and the SPM has higher
phytoplankton concentrations at y ~ 4 km on the less dense side of the front.

More quantitative results are presented in Figure 5, where it is shown that P;,, is elevated on the less dense
side of the front in all three wind scenarios (Figure 5d). After the most rapid transient phytoplankton accu-
mulation has subsided (i.e., after about 24 days or 3 LF forcing periods), the cross-front average (from
y = —20 to 20 km) of P;,, is elevated by 50% under LFHF wind and 15% under both LF and HF wind relative
to the initial condition. Note, in contrast, that the cross-front average of P;,; increases by less than 3% rela-
tive to the initial condition in a simulation without any wind forcing [WTL].

The maximum (in y) of P;,, occurs at y ~ 4 km on the less dense side of the front in all three wind scenarios
and varies from approximately 35 mmol N/m? under LF and LFHF wind to 25 mmol N/m? under HF wind (to
14 mmol N/m? outside the front, see Figure 5d). Although max ,Pin; is significantly greater in the LF scenario
than in the HF scenario, there is slightly more P;,; at essentially all other y from —20 to 20 km in the HF sce-
nario (Figure 5d), which explains why the cross-front average P;, is similar under LF and HF wind
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Figure 8. “Mooring plots” from experiments forced by (b) low frequency (LF), (c) high frequency (HF), and (d) low frequency plus

high frequency (LFHF) along-front oscillatory wind stresses, which are plotted in (a) in blue, green, and black, respectively. Phytoplank-
ton concentration (color), density (thin black contours every .025 kg/m?3), the N = 15 mmol/m? isopleth depth (gray line), and the KPP-
defined surface mixing layer depth H; (magenta line) are plotted at y = 12 km, the same y location marked by black hash marks at
z=0in Figure 7.

(Figure 5c). Similarly, although max Pi,; (at y ~ 4 km) is similar in the LF and LFHF scenarios, P;; is higher at
essentially all other y from —20 to 20 km in the LFHF scenario than in the LF (or HF) scenario (Figure 5d). In
fact, the most striking difference between the LFHF scenario and either the LF or HF scenarios—the focus of
this paper—occurs between y =~ 10 and 20 km, where P, is elevated by about 100% relative to the initial
condition and phytoplankton concentrations are elevated in the SXL under LFHF wind, but phytoplankton
vertical profiles are essentially unchanged from the initial condition under HF or LF wind acting alone
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(Figures 5d, 7, and 8). The question then becomes: what is the dynamical cause of this elevated phytoplank-
ton in the SXL on the less dense side of the front in the LFHF scenario?

3.3. How Oscillatory Along-Front Winds Modify Phytoplankton at a Front

Changes in the cross-front-averaged and full-depth-integrated phytoplankton biomass % ;:0_20 Pinedy
(shown in Figure 5c¢) result almost entirely from the time-and-space-integrated imbalance between the
growth rate [primary production, defined in (5)] and the loss rate [linear senescence plus zooplankton graz-
ing, defined in section 2.3.2]. In particular, with the exception of horizontal transport across the frontal mar-
gins at y=%+20 km, which Figure 6 suggests is negligible, redistribution of P by advection and mixing has
no direct effect on 4% },2:0720 Pintdy. On the other hand, all of the biogeochemical changes due to the oscilla-
tory wind are ultimately, albeit indirectly, attributable to wind-driven advection and mixing. In this section,
we aim to identify how the advection and mixing driven by oscillatory wind modifies phytoplankton growth

and grazing rates, and hence phytoplankton.

All the oscillatory wind scenarios induce both secular and oscillatory imbalances between growth and loss
rates (Figures 5g-5j) due to the mismatch between the faster phytoplankton and slower zooplankton spe-
cific growth rates (which have maxima of Ungx= 1.0 d" and Gpq = 0.5 d 7', respectively; both U and G
have average values of about 0.2 d~' over the top 100 m in the simulations, not shown). The secular imbal-
ance due to the onset of forcing—and the associated rapid increase in nutrient consumption in the eupho-
tic zone (Figure 5g)—induces the forcing-period-averaged accumulation of P, which is most rapid at early
times (that is during the first 24 days). Eventually zooplankton grazing increases to match the increased
nutrient uptake rate (Figure 5i) and a cyclostationary balance is achieved. The oscillatory imbalances persist
throughout the 48 days of wind forcing but do not lead to significant forcing-period-integrated changes in
P after about 24 days (Figure 5¢). The dynamical causes of the secular imbalances between growth and loss
are discussed in the following two subsections, which refer to the regions where P rises in (section 3.3.1) the
SPM at y ~ 4 km and in (section 3.3.2) the SXL at y ~ 12 km.

3.3.1. Enhanced Phytoplankton at the Subsurface Phytoplankton Maximum

WTL show that under LF wind the secular increase in P in the SPM at y = 4 km on the less dense side of the
front arises primarily from: (1) oscillatory LF vertical displacements due to nonlinear Ekman pumping
(defined as in Stern [1965]) and (2) a forcing-period averaged vertical circulation. The oscillatory Ekman
pumping has a period of 8 days, vertical velocities of about 10 m/d, and peak-to-trough vertical displace-
ments of about 25 m, which induce transient vertical displacements of the SPM and nutricline (e.g., from
day 14 to day 18 at y = 4 in Figure 6). The onset of oscillatory Ekman pumping causes P concentrations to
increase at the SPM during the first few LF forcing periods, but Ekman pumping is not responsible for the
sustained increase in P over multiple forcing periods [WTL]. Instead, the time-mean vertical velocity of about
0.2 m/d drives an advective nutrient flux to the SPM that maintains a higher P concentration at y ~ 4 km on
time scales longer than 2-3 LF forcing periods [WTL].

In all three primary scenarios presented in this paper (LF, HF, LFHF), the maximum (in y) P, is found at y
~ 4 km, where most of the increase in the phytoplankton concentration P occurs at the SPM in all three
cases (Figure 7). Here at y =~ 4 km, P;,, increases by 200% after 32 days of LF or LFHF forcing and 50% after
32 days of HF forcing (relative to the initial condition or outside the front; see Figure 5d). Thus, a question
arises: is the wind-driven advection or wind-driven vertical mixing responsible for these significant increases
in Pjpcaty ~ 4 km?

In order to demonstrate that wind-driven advection (rather than wind-driven vertical mixing) is the domi-
nant driver of the elevated P in the SPM at y =~ 4 km under all three wind scenarios, Figures 9 and 10 high-
light several comparisons between the three primary scenarios and the three analog scenarios with the
same wind forcing but without variable mixing (i.e., with constant mixing CM) of biogeochemical tracers
(see Table 1 and section 2.1 for a description of the CM scenarios). In particular, Figure 9b shows that P;,; at
y ~ 4 km and t = 30 days is increased by less than 20% in the three primary KPP mixing scenarios relative
to the three CM scenarios. Hence, at y ~ 4 km, the percent difference in P;,; between a given KPP scenario
and its analog CM scenario (<20%) is small relative to the percent difference between P;,. in a given forcing
scenario and the initial condition (50-200%; see Figure 5d).

In addition, the biogeochemical response to surface mixing, which results in an increase in phytoplankton
at low concentrations in the SXL, differs qualitatively from the biogeochemical response to a steady
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Figure 9. Average (a: from y = - 20 to 20 km) and (b: from t = 29 to 31 days) percent change in full-depth-integrated phytoplankton
anf:.rz():—mmm Pdz due to variable KPP-mixing of biogeochemical tracers. The percent changes are relative to the analog CM
simulations that are physically identical to the KPP simulations except for the vertical diffusivity of biogeochemical tracers, which is
set to a constant background diffusivity of K,=2X107> m?%/s in the CM scenarios (see section 2.1).

upwelling by advection, which results in an accumulation of phytoplankton at high concentration in the
SPM [WTL]. Hence, we plot histograms of phytoplankton concentrations in Figure 10. These histograms clar-
ify whether the increase in phytoplankton biomass occurs at low or high phytoplankton concentrations and
therefore help in identifying the relative significance of surface mixing and vertical advection in driving
increases in P;,. In particular, the accumulation of biomass at higher phytoplankton concentrations in the
SPM (i.e, P> 0.6 mmol N/m?), which occurs in both the primary KPP-mixing and analog CM scenarios, is
qualitatively inconsistent with the phytoplankton response to episodic surface mixing, which tends to
induce phytoplankton biomass accumulation at relatively low phytoplankton concentrations in the SXL and
reduce phytoplankton concentrations at the SPM (Figure 1).

Finally, nutrient entrainment into the SXL is negligible after the first LF forcing period (i.e., after 8 days)
near y = 4 km, because SXLs are too shallow and too far from the nutricline there (Figure 11). Hence, the
variable mixing does not strongly influence the nutricline and the SPM, since the vertical diffusivity is
generally small below the SXL, even with KPP activated. Together, these results suggest that advec-
tion—not vertical mixing—induced by the oscillatory wind is the primary driver of the increased P in the
SPM aty ~ 4 km.

3.3.2. Enhanced Phytoplankton in the Surface Mixing Layer

Figure 9b reveals a striking difference between the LFHF scenarios with and without wind-driven variable
vertical mixing of biogeochemical tracers. In particular, from y ~ 10 to 20 km, where SXLs are deepest and
closest to the nutricline (Figure 11), nutrient is episodically entrained into the SXL (Figures 5e and 5f), P is
persistently elevated in the SXL (Figure 8d), and the variable wind-driven vertical mixing induces a 100%
increase in P;,, relative to the initial condition (Figure 5d).

Averaged across the front from y = —20 to 20 km, the wind-driven variable KPP mixing is responsible for a
40% increase in P;,; over 48 days of LFHF wind relative to the CM scenario (Figure 9a), which is comparable
in magnitude to the overall 50% increase in cross-front averaged P;,; due to both advection and mixing in
the KPP scenario relative to the initial condition (Figure 5c). In addition, after three LF periods (24 days) of
LFHF wind, the distribution of depth-integrated phytoplankton biomass in concentration space at
y =12 km (Figure 10c) shows a significant increase in biomass at low concentrations (i.e., P < 0.4 mmol N/
m?®) and a somewhat smaller reduction in biomass at higher concentrations (i.e., P > 0.4 mmol N/m®) relative
to the initial condition, which is consistent with the effects of intermittent surface mixing (Figure 1). In con-
trast, the analog LFHF CM scenario shows little change in the distribution of phytoplankton mass fraction at
y =12 km (Figure 10d) or averaged across the front (Figure 10b). In fact, the distribution of phytoplankton
mass fraction in the LFHF CM scenario is more similar to the distribution in the LF scenario than the distribu-
tion in the LFHF scenario (Figure 10), because the wind-driven advection is the dominant driver of the bio-
geochemical changes in both the LFHF CM and LF scenarios.
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Figure 10. Histograms of the full-depth-integrated phytoplankton mass fraction at each concentration under LF (blue bars), HF (green bars), and LFHF (black bars) wind stress: (a)
averaged from y = - 20 to 20 km with wind-driven KPP mixing of biogeochemical tracers, (b) averaged from y = - 20 to 20 km without variable wind-driven KPP mixing of
biogeochemical tracers (i.e., in the analog CM scenarios; see section 2.1), (c) at y = 12 km with wind-driven KPP mixing of biogeochemical tracers, and (d) at y = 12 km without vari-
able wind-driven KPP mixing of biogeochemical tracers (i.e., in the CM scenarios). All bars represent averages over the fourth LF forcing period, from 24 to 32 days, which coincides
with the snapshots shown in Figures 5 and 7. The gray bars denote the initial state, which is the same in all four plots. Here the ith bar of each histogram is calculated from fo?woo P
(2)Z(P)dz where the indicator function Z(P)=1if P; < P < Pi;1 and the P;=[0,0.2,0.4, ... ,2.4]. Hence, the sum of all bars in each histogram (of a given color/in a given scenario)

represents P;, in that scenario.

Hence, the significant biogeochemical differences between the LFHF scenario and LF scenario are largely
due to the vertical mixing and nutrient entrainment on the less dense side of the front induced by the
addition of the small-amplitude HF wind. In particular, differences between the LF and LFHF scenarios in
primary production and zooplankton grazing rates and thus phytoplankton accumulation rates (Figures
5¢, 5d, 5g, and 5j) are largely due to the wind mixing and nutrient entrainment under LFHF wind on the
less dense side of the front. The intermittent deep mixing events induce intermittent nutrient entrain-
ment pulses under LFHF wind (Figures 5e and 5f), which induce simultaneous transient increases (by
20%) in the cross-front averaged (from y = —20 to 20 km) and full-depth-integrated primary production
UP [defined in (5)] (Figure 5g). Moreover, the full-depth-integrated primary production in the LFHF sce-
nario doubles relative to the LF scenario at the cross-front location where nutrients are entrained (e.g., y
=~ 12 km in Figure 5h). Zooplankton grazing responds more slowly in time than primary production to
the physical perturbations, but the cross-front averaged grazing rate decreases transiently by about 5%
simultaneously with the spikes in primary production induced by LFHF wind (Figure 5i), and the full-
depth-integrated grazing rate remains lower at y ~ 12 km than outside the front, even though primary
production is elevated there (Figure 5j).

On the other hand, the small-amplitude HF wind has little biogeochemical effect without the LF wind,
because it is insufficient on its own to drive significant nutrient entrainment and mixing. Plots of the SXL
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Figure 11. Cross-front variations in: (a) maximum mixing layer depth in each scenario, (b), differences in maximum mixing layer depths
between the scenarios, and (c) minimum distance in each scenario between the base of the mixing layer, H,, and the N = 15 isopleth
depth, Hy=15, which is a proxy for the distance between the mixing layer base and the nutricline. The maxima and minima are calculated
during the fourth LF forcing period, over the time interval T, which ranges from 24 to 32 days and coincides with the time interval chosen
in Figures 5,7, and 10.

depth and the distance between the SXL base and the nutricline |Hs—Hy=15| highlight the synergistic effect
that the LF and HF winds have on the SXL and hence nutrient entrainment on the less dense side of the
front. In particular, both the high-amplitude LF wind and the low-amplitude HF wind induce significant mix-
ing and deepen the SXL across the front. Yet, in both cases, the SXLs are deepest and closest to the nutri-
cline on the less dense side of the front (Figure 11). Hence, the greatest increases in the magnitude of the
SXL depth between the LF or HF scenarios and LFHF scenario occur on the less dense side of the front,
between y ~ 10 and 15 km (Figure 11b), where SXLs are already deeper and closer to the nutricline than
the more dense side of the front or outside the front. Hence, LF and HF winds act synergistically to maintain
a cross-front asymmetry in SXL depth with deeper mixing layers and more nutrient entrainment into the
SXL on the less dense side of the front. Therefore, LF and HF along-front winds have a synergistic effect on
phytoplankton in particular, and biogeochemistry in general, at fronts in nutrient-limited open-ocean
conditions.
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3.4. Sensitivity to Wind Direction and Frequency

At this stage, some questions may remain as to how the biogeochemical impacts induced by combined
LFHF wind depend on the direction and frequency content of the wind. WTL explore the sensitivity of the
biogeochemical response to different LF winds and find that the LF dynamics are qualitatively similar for
different low frequencies (4-16 day periods) and amplitudes (.06-.24 N/m?). Here we consider the following
sets of questions:

1. How sensitively does the biogeochemical response to LFHF wind depend on the frequency content of
the HF part of the wind? Would any additional HF oscillatory wind drive nutrient entrainment where and
when the modifications to the stratification by the LF Ekman buoyancy flux [EBF defined in (1)] make the
front more susceptible to entrainment (that is, on the less dense side of the front when the time-
integrated EBF [defined in (2)] is maximum)? Are the near-inertial high frequencies more effective (at a
given fixed amplitude) than other high frequencies at driving entrainment and enhancing phytoplankton
biomass?

2. How sensitively does the biogeochemical response to combined low and high-frequency wind depend
on the modification to the underlying stratification driven by the LF EBF? For example, how does the bio-
geochemical response differ if the oscillatory winds are oriented perpendicular to the front, whence
EBF = 0 m?/s3? That is, how might the biogeochemical effects of an oscillating along-front wind stress dif-
fer from those due to oscillating turbulent mixing in the surface layer (energized by any process, e.g., sur-
face gravity waves, winds, surface heat loss, etc.), which could also drive vertical circulations and nutrient
entrainment in fronts in the absence of an explicit along-front stress [e.g., Garrett and Loder, 1981; Nagai
et al., 2008]?

The first question is addressed using results from a series of sensitivity simulations labeled “S” in Table 1
and plotted in Figure 12, which are identical to the simulations with wind-driven vertical mixing that are dis-
cussed in previous sections except for the magnitude, frequency, and direction of the winds. These S simu-
lations are forced by one LF harmonic 7,=.12cos (.09ft) (an 8 day period) and one HF harmonic
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Figure 12. Full-depth-integrated phytoplankton biomass P;,. as a function of time and averaged across the front (from y = - 20 to 20 km)
in six sensitivity experiments forced by different low-frequency and high-frequency wind stress: LF S is forced by only a low-frequency
along-front wind stress oriented parallel to the front that has a lower amplitude (.12 N/m?) than the default LF experiment (.18 N/m?) but
the same frequency (see Table 1, the LF S wind stress is shown in blue in the inset plot). The LFHF S scenarios are forced by both low-
frequency (.12 N/m?) and high-frequency (.06 N/m?) along-front winds, where the high frequency is composed of only a single frequency,
which ranges from 0.3f to 2.0f as indicated in the legend. The LFHF Y S scenario (yellow dashes) differs in that it is forced by low-
frequency and high-frequency wind stresses oriented perpendicular to (i.e., across) the front. Except when the high frequency resonates
on the less dense side of the front, where w"=0.8f ~ f,, all of the scenarios essentially overlap because the high-frequency wind has
essentially no impact on the biogeochemistry unless it triggers the resonant generation of near-inertial oscillations, consistent with the
hypotheses in section 1.1.
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©=0.06cos (w''t) with high frequencies ranging from »/=0.3f to 2.0f (2.4-0.4 day periods). The results
demonstrate that the phytoplankton response to combined LFHF wind depends strongly on the particular
high frequency. As hypothesized in section 1.1, frequencies just below the Coriolis frequency, which reso-
nate on the less dense side of the front where f, < f [see (3)], induce the strongest biogeochemical
response. In particular, the cross-front averaged (y = —20 to 20 km) P;,; increases by about 90% relative to
the initial condition (180% from y = 0 to 20 km, not shown) over 48 days of wind forcing with »"=0.8f just
below the inertial frequency. In contrast, the cross-front averaged (y = —20 to 20 km) P;,, increases by at
most 25% relative to the initial condition when the HF is either well below the inertial frequency (w'=0.3f),
just above the inertial frequency (w''=1.2f), or well above the inertial frequency (w''=2.0f). The increase in
P when o'=0.8f is due to episodic nutrient entrainment fluxes that are maximum at about y =~ 10 km and
occur when time-integrated EBF and SXL depth are approaching a local maximum on the less-dense side of
the front (not shown), as in the primary LFHF scenario discussed in previous sections (see Figure 6). Hence,
although any high frequency stress can eventually drive nutrient entrainment at a sufficiently high ampli-
tude, near-inertial frequencies just below the Coriolis frequency are more effective (for a given wind stress
amplitude) at inducing nutrient entrainment in combination with the LF along-front stress.

With regards to the second question, this paper hypothesizes that the synergistic biogeochemical response
to LFHF wind depends strongly on the time-integrated EBF [defined in (2)], hence the direction of the wind
stress relative to the front. To make this directional dependence more explicit, we contrast the sensitivity
simulation that induces the largest biogeochemical response (the purple line labeled LFHF S 0.8f in Figure
12, see Table 1) with another sensitivity simulation that is forced by a wind stress with exactly the same
amplitudes and frequency components but a perpendicular cross-front orientation (the yellow dashed line
labeled LFHF Y S 0.8f in Figure 12, see Table 1).

The results of this comparison underscore the results of previous sections: the deepest SXLs on the less
dense side of the front (not shown) and hence the phytoplankton response to combined LFHF wind (Figure
12) depends strongly on the direction of the wind. As discussed in previous sections, along-front winds
induce significant changes in the frontal stratification and SXL depth due to the Ekman buoyancy flux,
hence deeper mixing layers and a stronger biogeochemical response. In particular, the cross-front averaged
(y = —20 to 20 km) P;,; increases by about 90% (relative to the initial condition) after 48 days of along-front
LFHF wind, compared to 20% after 48 days of across-front LFHF wind.

4, Conclusions and Discussion

4.1. Conclusions

By analyzing several example model scenarios, this paper advances the hypothesis that intermittent and
anomalously deep wind-driven surface mixing layers contribute to sustaining primary production and spa-
tially integrated phytoplankton biomass in nutrient-limited open-ocean conditions. Moreover, a previously
unidentified physical mechanism is put forward wherein oscillatory along-front winds, with frequencies
characteristic of atmospheric variability on time scales ranging from about a week to about a day, induce
anomalously deep mixing layers on the less dense side of geostrophic fronts, which are ubiquitous features
of the upper ocean. The conclusions are based on theory and idealized simulations.

The results demonstrate how intermittent and cyclic deep surface mixing can create a cyclostationary equi-
librium with an intermittent and less-concentrated subsurface phytoplankton maximum and more phyto-
plankton distributed over shallower depths than in the absence of intermittent surface mixing (Figures 1
and 2). Moreover, the time-averaged and full-depth-integrated phytoplankton biomass, growth rates, and
grazing rates increase very nonlinearly when the mixing layer depth penetrate the nutricline; that is, slight
increases in the mixing layer depth lead to large increases in phytoplankton.

Although many different physical mechanisms may lead to spatial and temporal variability in the surface
mixing layer depth, oscillatory winds with time scales ranging from about a week (low-frequency) to about
a day (high-frequency) induce anomalously deep mixing layers at geostrophic fronts. In particular, the deep-
est mixing layers at geostrophic fronts depend on:

1. wind-driven changes in the upper-ocean stratification by the low-frequency Ekman buoyancy flux
[defined in (1)], that is the cross-front transport of buoyancy by the Ekman flow, and
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2. the frequency-dependent deepening of surface mixing layer due to the resonant oceanic response to
winds with variance near the effective Coriolis frequency f, [defined in (3)].

With regard to the wind-driven changes in stratification at fronts, over much of the midlatitude oceans, syn-
optic and planetary atmospheric variability with time scales ranging from several days to a few weeks repre-
sents a large fraction of the total wind stress variance [e.g. Alford, 2001; Gille, 2005]. The qualitative
description of the simulation forced by low-frequency and high-frequency wind (section 3.1 and Figure 6)
highlights the substantial impact that oscillatory low-frequency Ekman buoyancy flux has on the stratifica-
tion and surface mixing layer depths across the front. Making an analogy between oscillatory Ekman buoy-
ancy fluxes and oscillatory surface heat fluxes clarifies why the deepest mixing layers, most nutrient
entrainment, and fastest primary production and phytoplankton accumulation rates all lag the strongest
wind stresses and instead coincide with maxima in the surface density, the full-depth-integrated density,
and the time-integrated Ekman buoyancy flux [defined in (2)]. The oscillatory Ekman buoyancy flux drives
oscillations in the upper-ocean heat content with a magnitude of 85 MJ/m? every 4 days (see Figure 5b).
For perspective, an 85 MJ/m? loss of upper-ocean heat could also be induced by a sustained surface heat
flux with a magnitude of 250 W/m? integrated over 4 days.

With regard to the frequency-dependent deepening of the surface mixing layer at fronts, although
the near-inertial high-frequencies do not represent a large fraction of the total wind stress variance, the
near-inertial band contains a large fraction of the upper-ocean kinetic energy due to the resonant amplifica-
tion of inertial currents [e.g., Pollard and Millard, 1970; Elipot and Lumpkin, 2008]. Comparing the simulation
forced by both low-frequency and high-frequency winds with simulations forced by only low-frequency
winds (section 3.2 and Figures 5, 7, and 8) underscores the significant impact that the low-amplitude high-
frequency near-inertial winds have on the deepening of the surface mixing layer across the front (Figure
11), particularly on the less dense side of the front. Moreover, sensitivity simulations emphasize that the
biogeochemical impacts associated with the deepening of the surface mixing layer depend on the particu-
lar high-frequency: phytoplankton accumulation at the front is much greater for high-frequencies just
below the local Coriolis frequency, which resonate where the effective Coriolis frequency f. < f (3) and
therefore do more work on the less dense side of the front; other high frequencies that are far from f,
on the less dense side of the front do not resonate and induce a negligible biogeochemical response
(Figure 12).

Although spatially integrated phytoplankton can only increase due to inherently biogeochemical rather
than physical processes, that is imbalances between growth and loss rates, the physical transport of biogeo-
chemical constituents by advection and vertical mixing drives—albeit indirect—all of the biogeochemical
changes. Due to the significant spatial and temporal variability in mixing and advection across a front
forced by oscillatory wind, the instantaneous full-depth-integrated primary production varies by as much as
a factor of 3 across the front and the cross-front averaged primary production varies by as much as 75% in
time (Figures 5g and 5h). Zooplankton grazing rates exhibit similar cross-front variations, but smaller tempo-
ral variations than primary production due to the longer zooplankton response time scale (relative to phyto-
plankton, see Figures 5i and 5j).

The different fingerprints of wind-driven turbulent mixing and advection on biogeochemistry are identified
in the distributions of phytoplankton biomass in depth and concentration space (Figures 1, 7, and 10): mix-
ing tends to increase phytoplankton biomass at low concentrations in a diffuse surface mixing layer, where-
as upward advection tends to increase phytoplankton biomass at high concentrations at the subsurface
phytoplankton maximum. Vertical advection of nutrient induced by oscillatory wind has a significant impact
on full-depth-integrated phytoplankton at the front, particularly when surface mixing layers do not reach
the nutricline (section 3.3.1). However, when the deepest surface mixing layers intermittently reach the
nutricline under low-frequency and high-frequency wind, phytoplankton accumulate so rapidly that the
total increase in full-depth-integrated phytoplankton averaged across the front is mostly due to mixing and
nutrient entrainment (section 3.3.2).

4.2, Discussion

As in other process studies of physics and biogeochemistry, many details in these results may depend on a
range of physical and biogeochemical parameters that vary in both models and the real ocean, from the
magnitude of the stratification and the potential vorticity in the pycnocline to the gradient and depth of
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the nutricline, a well as the ratio of the mixing layer to frontal depth. Some but not all of these sensitivities
are discussed in WTL and Franks and Walstad [1997], and further investigation of the remaining sensitivities
will have to wait for future work. Moreover, although there is a qualitative correspondence between the
theoretical notions (section 1.1) and the numerical results (section 3), this should not be taken to imply that
the theories, which omit many different physical processes active in the simulations, fully explain the simu-
lations. Rather, the results suggest that the theoretical ideas in section 1.1 provide a useful starting point for
thinking about the dynamics of the simulations, and possibly the real ocean.

In addition, several physical processes that occur in the real ocean are omitted or crudely represented in
these numerical experiments. A particular concern is three-dimensional meandering, frontogenesis and
mixed layer restratification processes, which have been discussed elsewhere to some degree [e.g. Lévy
et al., 2009; Mahadevan et al., 2012; Brannigan, 2016]. Finally, the results of the numerical simulations are
obtained with an ocean model where surface mixing layer turbulence and entrainment is parameterized.
Hence, the results may depend on this parameterization (KPP), which is widely used in both physical and
coupled physical-biogeochemical ocean models, including in submesoscale resolving simulations. Although
the qualitative consistency between these results and those of Lévy et al. [2009] (who used a different
boundary-layer turbulence model) are encouraging, these results should be viewed as representative of the
physics in this model and parameterization, until efforts are made to validate these results with observa-
tions and large eddy simulations. A particular concern is whether or not KPP can accurately represent sur-
face mixing in the stratified transition layer at the top of the pycnocline, which may be crucial for
maintaining the nutrient supply to the euphotic zone in nutrient-limited conditions [e.g., Forryan et al.,
2015; Nicholson et al., 2016].

Despite the limitations of this particular study, it seems likely that the synergistic oceanic response to low-
frequency and high-frequency wind could have a significant impact on the stratification (i.e., upper-ocean
heat content), nutrient entrainment and biogeochemistry at fronts in the real ocean as well as in mesoscale
or submesoscale resolving simulations with air-sea fluxes that are characterized by realistic or idealized fre-
guency spectra with significant variance at both low and high frequencies. Hence, coupled ocean physical
and biogeochemical models that under represent or omit the high-frequency part of the wind forcing and/
or mesoscale and submesoscale variability in the upper-ocean physics may systematically misrepresent the
rates of primary production and the total phytoplankton biomass; the very preliminary experiments pre-
sented here suggest that such errors might be on the order of 10-100% and that these processes will tend
to increase total primary production and phytoplankton biomass in nutrient-limited oceans.
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