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Mixed layer eddies supply
nutrients to enhance the spring
phytoplankton bloom
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Mixed layer eddies resulting from baroclinic instability of fronts convert
horizontal buoyancy gradients into vertical stratification, shoaling the mixed
layer. In light-limited regimes - high-latitudes — this process can initiate
phytoplankton blooms prior to the springtime warming. The question is
whether mixed layer eddies can enhance the spring bloom by delivering
nutrients from beneath the mixed layer. We couple a submesoscale-
resolving model (SUB) with a simple ecosystem model and examine the role
of mixed layer eddies on the development of the spring bloom. We compare
the SUB simulation to two coarser resolution (10 km) simulations, one that
includes a mixed layer eddy parameterization (MLE) and another that prescribes
the restratification from SUB and advects the biogeochemical tracers using
geostrophic velocities (NVF). The MLE simulates restratification of the mixed
layer and bloom onset, but the spring bloom has a deficit of 10-13% in the new
production compared to SUB. The NVF has the same restratification as SUB,
and with no vertical flux of nutrients, leads to a spring bloom with a 32-40%
new production deficit compared to SUB. Submesoscale processes lead to
exchange across the mixed layer base, which is not represented in coarse
resolution model simulations, even with mixed layer eddy parameterizations.
Our results show that nutrients supplied by mixed layer eddies are important to
enhance the spring bloom.
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1 Introduction

Horizontal gradients of buoyancy in the surface mixed layer
of the ocean give rise to submesoscale instabilities that are
characterized by O (1) Rossby and Richardson numbers and
length scales of 0.1-10 km. Surface-intensified currents support
frontogenesis and induce vertical motion (Thomas et al., 2008;
Mahadevan et al., 2010; McWilliams, 2016), while mixed layer
eddies tend to slump isopycnals and increase density
stratification, thereby changing the depth of the mixed layer
(Fox-Kemper et al., 2008; Thomas et al., 2013). However, climate
models do not resolve submesoscale ocean dynamics and
generally rely on one-dimensional processes to alter the
oceanic mixed layer depth. The absence of three-dimensional,
eddy-driven restratifying processes is one of the reasons the
mixed layer is deeper in global models than in the observational
data (Oschlies, 2002; Fox-Kemper et al., 2008; Thomas et al,,
2008). This issue is addressed by an effective parameterization
developed for mixed layer eddies (Fox-Kemper et al., 2008; Fox-
Kemper and Ferrari, 2008), which contributes to shallower
mixed layer depths, particularly in high-latitude regions.

The shallowing of the mixed layer is crucial for
phytoplankton growth in light limited regimes, such as the
subpolar North Atlantic at the end of the winter (e.g.
Sverdrup, 1953; Martinez et al., 2011; Diaz et al., 2021). The
North Atlantic is one of the world’s most intense oceanic sinks of
atmospheric CO2 per unit area (Takahashi et al., 2009) and is
particularly sensitive to restratifying processes, as seasonal
phytoplankton blooms (Bagniewski et al., 2011) are triggered
by the shoaling of the mixed layer.

Classical theory posits that spring blooms occur in light-
limited regimes when the shoaling mixed layer reaches a critical
depth, where the growth of trapped phytoplankton in nutrient-
rich winter waters exceeds their mortality (Sverdrup, 1953).
Traditionally, it was thought that the mixed layer shoals due
to springtime solar heating. But, observations show a late-winter
to early-spring onset of the bloom, which is explained by several
theories that include plankton dilution relieving grazing pressure
(Behrenfeld, 2010; Behrenfeld and Boss, 2014), decreased
turbulent mixing (Taylor and Ferrari, 2011), and eddy-driven
stratification (Mahadevan et al., 2012). Of these processes, eddy-
driven restratification can significantly alter the mixed layer
depth over vast regions. In the wintertime, ocean fronts
promote submesoscale baroclinic instability in the mixed layer,
which results in mixed layer eddies (Karimpour et al., 2018).
While buoyancy loss and downfront winds deepen the mixed
layer, mixed layer eddies tend to slump isopycnals (Mahadevan
etal, 2010) and achieve restratification when the surface forcing
weakens, sometimes even in the late winter or early spring. In
these regions, it is not just the solar heat flux, but also eddy-
driven restratification that controls the intensity and timing of
springtime phytoplankton blooms (Mahadevan et al.,, 2012).
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In contrast to surface heating, the stratification resulting
from mixed layer eddy dynamics is patchy, and its horizontal
heterogeneity provides alternative pathways for fluxing nutrients
and carbon, thereby enhancing the vertical exchange between
mixed layer and pycnocline (Omand et al.,, 2015; Levy et al,
2018; Freilich and Mahadevan, 2019). In particular, since
advection occurs along density surfaces, tilting isopycnals
facilitate the vertical transport of nutrients to the mixed layer,
which can significantly affect the primary production in
nutrient-limited regimes (Pasquero et al., 2005; Freilich and
Mahadevan, 2019). While mixed layer eddy parameterizations
are effective in improving the mixed layer depth in climate
models (Fox-Kemper and Ferrari, 2008), it is unclear if they are
able to capture the vertical flux of biogeochemical tracers,
particularly across the base of the mixed layer.

This study addresses the contribution of the eddy-driven flux
of nutrients to the spring bloom in a high-latitude environment.
In addition, we assess whether existing mixed layer eddy
parameterizations (Fox-Kemper et al., 2008; Omand et al.,
2015) capture such a process. In section 2, we explain the
numerical set up for the submesoscale-resolving simulation
and describe its evolution in section 3. In section 4, we employ
two coarse-resolution simulations. We used Fox-Kemper et al.
(2008) parameterization in one of the coarse-resolution
simulations and prescribe the resolved restratification while
imposing zero vertical flux in another. The coarse-resolution
simulations are then compared with the high-resolution
simulation in terms of restratification and shoaling of the
mixed layer. In section 5, we describe how each simulation
reproduces the springtime phytoplankton bloom, and we
compare them in terms of the vertical flux of nutrients and
production in section 6. In section 7, we discuss the main results
and present the conclusions.

2 Model setup

We use a three-dimensional process model (Oceananigans.jl,
Ramadhan et al., 2020) to explore upper ocean submesoscale
dynamics and estimate the nutrient flux across the base of the
mixed layer. This model solves the fully non-hydrostatic
Boussinesq equations based on the architecture of the
Massachusetts Institute of Technology general circulation
model (MITgem, Marshall et al., 1997). We used adaptive time
step based on the CFL condition and a fifth-order WENO
(weighted essentially non-oscillatory) advection scheme for
all simulations.

The model domain consists of a periodic zonal channel on
the f-plane, centered at 60°N. We impose solid walls at the
northern and southern boundaries, and free-slip boundary
conditions at the lateral walls and bottom. The domain has
100 km in the west-east, x-direction, and 500 km in the south-
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north, y-direction, and it is 1000 m deep (H), with 50km-wide
sponge layers along the northern and southern boundaries to
prevent the reflection of waves. Depending on the experiment,
the horizontal grid resolution is chosen to be 1 km or 10 km
throughout the domain (explained later in sections 4 and 5). The
vertical z-direction is discretized with 48 grid cells that are non-
uniform in size, ranging from 1 m near the surface and
increasing to 47 m at depth. The z nodes at the face of the
cells are defined by

z(n) = {Hcos (%) —H] for n={0,1,...,49} (1)

The model is initialized with typical midwinter conditions.
The background density is derived from Argo float profiles
(Argo, 2020) of February in the North Atlantic (Figure 1A)

(z +623)

p(z) = ~0.147 tanh |2.6
pz) an { 1000

} - 1027.6 )

Following Karimpour et al. (2018), the vertical density
structure is overlaid with three intense density fronts 100 km
apart, with a horizontal buoyancy gradient V;,b = 107 s at the
surface and decaying to the average pycnocline (Figure 1B),
defined by

10.3389/fmars.2022.825027

b(%,9,2) =0 = —% {0.4 [tanh (Z£200) 1 1]

Y -w, (c,—+sin %") } (3)

tanh
2)tan 05L

where g= 9.82 m s> is the gravity acceleration, py = 1026 kg m™
is the reference density, ¢; = [-100, 0, 100] km is the x-position of
each front, and L = 25 km the front width. We add wiggles of
amplitude w, = 1 km and wavelength w; = 10 km to the initial
front paths to trigger baroclinic instability. Lastly, the initial
velocity field is in thermal wind balance assuming a level of no
motion at the bottom.

The simulations are unforced (i.e. no surface heat flux or
winds) to isolate the effects of mixed layer eddies and fronts in
transporting nutrients. The turbulent diffusivity coefficient («) is
set to be constant at background values of 10° m*s™ since wind
forcing and complex topography are absent. The horizontal
diffusivity of momentum and tracers is also constant and set
to 1 m*> s for the 1 km experiment and 10 m* s for the 10
km experiments.

We couple a simple Nutrient-Phytoplankton ecosystem
model (Bagniewski et al., 2011; Gruber et al., 2006; Freilich
and Mahadevan, 2019) with the process model to solve the
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FIGURE 1
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Initial background profile for density (A), initial buoyancy and lateral gradient of buoyancy (B), the surface photosynthetically active radiation
(Lo, C), the phytoplakton concentration (D), and nitrate concentration (E). Data is shown in blue and the modeled functions in red. Shaded areas

represent the 20"-80™ percentiles.
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temporal evolution of phytoplankton (P) in a horizontally
inhomogeneous eddy environment. The phytoplankton
evolution is given by

N, k, N,
(N, +k,) (N, +k)) (N, +k,)

0, P+ V -(4iP) + 9, (w,P) = G
—— =

advection

sinking
total  production

(4)
—-mP*+V (kV P),
N——— N 7

loss mixing

where i is the total velocity, w; is the constant sinking speed of the
phytoplankton (1 m day’l). k,=0.75 mmol Nm™ and k, = 0.5 mmol
Nm™ are the half saturation constants for nitrate and ammonium
uptake, respectively. Although light-averaging within the mixed layer
has been previously employed and compared to observations
(Mahadevan et al., 2012), other studies approach this issue
differently (e.g., Sarmiento et al., 1993). Assuming the mixing time
scale is longer than the photosynthesis reaction time, but shorter than
the cell-division time, the light-limited growth is averaged over the
mixed layer (Fasham et al., 1990) and is then defined as

0
G(z) = %[h Go(2z)dz for z =2 —h

Go(2)

, (5a)
for z< —h

G(Z)— L

where (1 is the maximum growth rate (varied from 0.5 - 1.25 day™ to

(5b)

test sensitivity to its value), / is the mixed layer depth defined as the
depth that the density is at least 0.03 kg m™ higher than the surface
density (same as used by Fox-Kemper et al., 2011) and o= 0.0538 m”
day™ is the initial slope of the photosynthesis-irradiance curve. £ is
the photosynthetically active radiation given by

K- / KcC(2)dz
0

L(z) =0.43 Lye , (6)

where L, is the incident radiation at the surface. We follow a
time series for shortwave radiation to mimic the increasing light
availability during the transition from winter to spring (50™ to
130™ day of the year, see Figure 1C). The incident radiation is
therefore expressed as

(t +50)
375.3

Lo(t) = 116 sin {2;: - 1.3} +132.3 )
with t expressed in days. The constants of the exponential light
attenuation in the water column are K; = 0.059 m™' and K¢ = 0.041
m” mg™ due to water and chlorophyll concentration (C), respectively.

The nutrients — expressed as nitrate (N, ) and ammonium
(N, ) - are advected, mixed, and consumed by phytoplankton.

The ammonium was added mainly to differentiate the recycled
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production from the new production. We use the term “new
production” to refer to the nitrate uptake (e.g. Lachkar and
Gruber, 2011). The phytoplankton loss term has a mortality rate
(m) of 0.015 day'1 and the multiplicative factor k,/(N,+k,) in the
uptake term of Equation 9 ensures that the phytoplankton prefer
consuming N, rather than N,, (Gruber et al.,, 2006). The nutrients
are modeled as

0;:N, + V(i N,)
———

advection
N, k
=G—"+—~—<P+V(kVN,), 8
SN+ k) Nak) KV N (89)
e mixing
9N, + V(i N,)
———
advection
=-G N, P+ mP. +V(kVN,) (8b)
= O ) e RV
—— loss mixing

uptake

The initial phytoplankton concentration (Equation 11,
Figure 1D) is based on BioArgo (Argo, 2020) chlorophyll profiles
(using 0.06 for chlorophyll to carbon ratio, Alvarez etal., 2018), and
the initial nitrate concentration Equation 9 (Figure 1E) is derived
from the World Ocean Atlas 2018 (WOA18, Garcia et al., 2018).

P(2)|;=o = 0.2 tanh {%} (9a)
Nyl = 12— — (9b)
=0 200

The averages are computed using profiles within the
coordinate range of 45-15°W and 55-65°N from February.
We do not explicitly represent the grazing by zooplankton.
Instead, we consider nutrient limitation and a quadratic loss
term which increases the mortality to account for phytoplankton
biomass losses due to higher-trophic level predation (Freilich
et al, 2021) and to enhance the phytoplankton response to
sporadic nutrient uptake (Freilich and Mahadevan, 2019). Lastly,
the ammonium is initialized as zero.

3 The submesoscale-resolving
experiment

To quantify the effect of submesoscale vertical fluxes on the
ecosystem model, we first use the three-dimensional process
model described in section 2 with 1km-horizontal resolution to
perform a submesoscale-resolving experiment (hereafter SUB).
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The fronts are initially 25 km wide and 100 km distant from each
other (Figures 2A, 3A). They evolve in time without any surface
forcing to form mixed layer eddies that restratify the ocean in a
patchy manner by tilting isopycnals which outcrop from 500 m
to the surface (Figure 2). While restratifying, the eddies sharpen
the density gradients that also become baroclinically unstable,
increasing the kinetic energy of this system (Fox-Kemper et al.,
2008; Thomas et al., 2008). The strong vertical velocities
reaching hundreds of meters depth at sharp density gradients
are typical of submesoscale dynamics (Fox-Kemper et al., 2008;
Thomas et al., 2008; Thomas et al., 2013; Erickson et al., 2020).
The maximum vertical velocities occur close to the mixed layer
base (e.g., the section at Y= 100 km in Figure 2B).

The evolution of the fronts as they become unstable and
develop into eddies is observed in the generation of vertical
relative vorticity ({ = 0,v-0,u) scaled by the planetary
vorticity, the Rossby number (Ro = {/fy) (Figures 3B, C).
The baroclinic instabilities develop sharp filaments with
local Rossby number Ro = 1 indicating that they are
indeed submesoscale features. The eddies are initially
restricted to the vicinity of the fronts and then grow and
begin to interact (Figure 3C) at around 25 days. After 60
days, the eddies are considerably larger and less energetic.
Both vertical velocity and Ro show that eddy-like features
penetrate much deeper than the mixed layer, as reported in
previous model studies of submesoscale dynamics in weakly

pdf |mid

-100 0 100
w [m/day]
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stratified waters (Badin et al., 2011; Erickson et al., 2020).
Despite being crucial for the upward nutrient transport from
the pycnocline, these vertical velocity patterns are
commonly not parameterized in climate models (e.g. the
parameterization described by Fox-Kemper et al., 2008,
which restricts them to the mixed layer).

As shown in Figure 3, most of the vorticity and kinetic
energy is in the mixed layer. Nonetheless, there are high values of
vertical velocity at the base of the mixed layer, penetrating much
deeper than the mixed layer (Figure 2).

4 Coarse resolution experiments

The restratification achieved by submesoscale fronts is often
included in coarser models (e.g. climate models) using mixed
layer eddy parameterizations. We perform two other
experiments to investigate the impact of mixed layer eddy
parameterizations on the nutrient fluxes into the mixed layer
and, ultimately, the spring bloom. Firstly, we evolve the process
model (section 2) on a 10km horizontal resolution grid to
perform a mixed layer eddy parameterization experiment
(MLE). We use the Fox-Kemper et al. (2011) mixed layer eddy
parameterization, widely used in climate models. The
parameterization estimates the amplitude of the submesoscale
cross-front eddy stream function ¥ as

z[m]

FIGURE 2

-50
w [m/day]

50

z[m]

Top 500m density (lines) and vertical velocity (colors) from the 3D experiment output for day 0.1 (A), 13 (B), 25 (C) and 60 (D). The green line
represents the mixed layer depth. The 25m average vertical velocity is presented at the surface. The PDFs of the vertical velocity at the mixed

layer depth are presented at the top of every panel.
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FIGURE 3
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Top 500m Rossby Number contours from the 3D experiment output for day 0.1 (A), 13 (B), 25 (C) and 60 (D). The PDFs of the Rossby Number

at the mixed layer depth are presented at the top of every panel.
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¥,
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where C, is the efficiency coefficient estimated as 0.06 from

P = (10)

submesoscale-resolving experiments, Vb x k is the depth-
average of the cross-front buoyancy gradient over the mixed
layer, AS is the coarse model gridscale dimension and Lris the
frontal horizontal length scale, which we estimate by the
maximum value between the local mixed layer deformation
radius (%) and L}“i“, where N? is the mean stratification
within the mixed layer, h is the mixed layer depth, f, is the
planetary vorticity parameter and L}“i“ in literature (Fox-
Kemper et al., 2011) varies from 0.2-5 km (we use 500 m).

Note that ¥ is a vector stream function and the
parameterized velocity field used to advect the tracers in the
mixed layer is therefore

11)
L (n'Y,)

where 7 is the vertical structure function

N(z) = max {0, {1— (%+1)2} {1+% <%+ 1)2} } (12)

which goes to 0 at z = [0,-h].
We initialize the MLE experiment by coarse-graining the
fields of day 12 of the SUB simulation to the 10 km grid (10x10
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km boxes). We choose day 12 because by this time the fronts
begin to interact with each other and it marks the transition
from the initial condition of three linear fronts to a complex
eddy field. In addition, the perturbations are big enough to be
solved on the coarser grid.

We also perform a no-vertical-flux (NVF) experiment where
the vertical fluxes are intentionally suppressed by imposing the
velocity field to be geostrophic at all times. We do so by coarse-
graining the buoyancy field of the SUB experiment to the 10km
grid every 3 h and then computing the velocity field assuming
thermal-wind balance. The resulting fields are then used to force
the ecosystem model.

The three simulations are designed to represent similar
stratification but different dynamics. As a matter of fact, the
skewed distribution and O(1) Ro arise exclusively in the SUB,
marking the peak of submesoscale activity between days 20 and
40 (Figure 4A). The MLE presents no skewed distribution for the
Ro, with more modest values peaking around 0.3 but mostly <0.5
(Figure 4B). In turn, the geostrophic balance is imposed in the
NVF, leading to minimal Ro values (Figures 4C, F). Most of
the high-Ro values and the skewed distribution occur close to the
surface in the SUB (Figure 4D). MLE presents a Gaussian
distribution with slightly higher Ro values close to the surface
(Figures 4B, E).

Although there are slight differences, the MLE presents the
same cross-front mixed layer depth patterns as the SUB
experiment (Figure 5). Most of the mixed layer shoaling
occurs between simulation days 13 and 30. The restratification

frontiersin.org
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process in the MLE differs from the SUB. The parameterization
confines the higher stratification values in the top 20 m despite
showing similar averaged mixed-layer depth after 40 days,
whereas in the SUB, the top 200 m is restratifying. By
definition, the NVF has the same averaged mixed-layer depth
and stratification as SUB, since it is an SUB coarse-
grained average.

The differences between SUB and MLE occur because the
parameterization restricts the submesoscale processes to the
mixed layer. On the other hand, by imposing null vertical
fluxes on the NVF, the bloom is weakened as the ecosystem
reaches its maximum capacity, being sustained essentially by
recycled production. However, our simulations demonstrate that
submesoscale vertical velocities can reach depths far below the
base of the mixed layer, enhancing the nitrate fluxes, particularly
in weakly stratified waters, which agrees with other studies (e.g.
Erickson et al., 2020).

5 Spring bloom

The biological response to the early-spring restratification
usually manifests as an exponential growth of phytoplankton -
the spring bloom - which saturates after depleting most of the
mixed layer nutrients (Bagniewski et al., 2011). In our case, since
there are no surface buoyancy fluxes, the restratification is driven
solely by mixed layer eddies. If the restratification is the primary
driver of the spring bloom, one should expect all simulations to
have the same vertically-integrated average of new production.
However, the bloom in SUB is more intense than in MLE and

10.3389/fmars.2022.825027

NVF, irrespective of the choice of u (Figure 6), i.e., the vertical
fluxes are also crucial for the new production dynamics, or the
nutrient depletion would be reached earlier in the season,
slowing down or interrupting the phytoplankton growth.

Among simulations, the peak of new production occurs
between days 20 and 25, being progressively delayed with
smaller u values (Figure 6). We compare the total production
between simulations from the beginning of the MLE and 20 days
after (12-32 days, Table 1). The time range is chosen to capture the
bulk of new production. Compared to the SUB, the time-integrated
new production is 10-13.5% and 32.2-39.7% lower in the MLE and
NVF, respectively, with smaller differences in the extreme u values
(0.5 and 1.25 day"). This dependence on the growth rate might be
due to the timescale coupling between nutrient uptake by the
phytoplankton and nutrient vertical fluxes (Freilich et al., 2022).
We focus the rest of our analysis using u= 0.75 day ™.

In the real world, successive springtime storms could mix the
upper ocean and generate new fronts that would then go
unstable. Such processes are ignored in our experiments but,
they could bring in extra nutrients. Nevertheless, the main
purpose of our work is to address the importance of the
submesoscale eddy-driven vertical fluxes of nutrients for the
spring phytoplankton bloom.

The cross-front and vertical patterns of the new production are
also different between experiments. The average cross-front new
production is more laterally spread out for the SUB whereas
confined to the restratification region in MLE and NVF
(Figures 7A, C, E). The peak of new production occurs slightly
deeper and later in SUB (20 m at day 22) than in MLE (15 m at day
17). The vertical distribution of the new production in NVF is a
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FIGURE 6

Vertically integrated average new production for SUB (A), MLE (B) and NVF (C) for each maximum growth rate of the phytoplankton (u). Blue
dashed lines represent the time range for the time integrated values presented in Table 1.
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TABLE 1 Total new production [mmol N m?] from day 12 to 32.

1 [day™] SUB MLE NVF

0.50 639 571 (-11%) 433 (-32%)
0.75 804 695 (-13%) 489 (-39%)
1.00 876 772 (-12%) 528 (-40%)
1.25 918 826 (-10%) 580 (-36%)

Percentages represent the difference from the reference value in the SUB experiments.

weaker version of SUB for the first 30 days, and then restricted to the
mixed layer afterward (Figures 7B, D, F). This difference between 30
and 40 days is probably due to the higher lateral variability and
patchiness of the mixed-layer depth in SUB compared to NVE.

6 Vertical nutrient fluxes

As mentioned previously, the major difference among the
simulations is the vertical nutrient fluxes, partially solved and
parameterized in the MLE and absent in the NVF experiments.
Isopycnals, originally from the pycnocline, which outcrop in the
mixed layer, can enhance the exchange between the interior
pycnocline and the upper ocean. Unstable fronts and
frontogenesis result in the enhancement of along-isopycnal
vertical velocities (Freilich and Mahadevan, 2019). Accordingly,
most of the nutrient flux in the SUB simulation occurs due to
submesoscale dynamics, following sharp and strong fronts, i.e.
strong vertical nutrient fluxes occur close to outcropping
isopycnals at the base of the mixed layer (gray lines, Figures 8A,
B). After 35 days, the velocity field is dominated by mesoscale

10.3389/fmars.2022.825027

features (Figures 3C, D) and the vertical fluxes are diminished,
leading to a weak nutrient supply into the mixed layer (Figure 8A).

The MLE simulation shows both upward and downward
nutrient fluxes, resulting in some cancellation, whereas, in the
SUB, they are more positive into the mixed layer from
pycnoclinic levels (Figures 8C, D). This leads to an order
magnitude larger vertical nutrient flux in the SUB than in the
MLE (Figures 9A, B). Furthermore, as expected from the vertical
structure function (Equation 15), the MLE maximum vertical
flux occurs in the middle of the mixed layer, while in SUB, it
peaks close to the mixed layer base. The mean SUB nutrient flux
peaks at day 17, remaining positive and mostly above 10 mmol
N/m?/day up to the first 25 days of simulation (orange
line, Figure 9C).

All these differences between the SUB and MLE imply that the
mixed layer eddy parameterization does not reproduce the
magnitude and vertical level of the maximum tracer flux,
despite similar eddy-driven restratification being reproduced in
both simulations. Alternatively, Omand et al. (2015) propose a
parameterization for the vertical flux of an arbitrary tracer ( T')
across the mixed layer base as

- M? [T]
T~ |¥| 5 7 49
where %—f = Wb“b‘ is the isopycnal slope in the restratifying

region, and [T] is the tracer concentration right below the
mixed layer. Compared to the SUB simulation, the Omand
et al. (2015) parameterization applied to the MLE improves
the magnitude and the decay of the nutrient fluxes after 25 days
(dashed gray line, Figure 9C).
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FIGURE 7

Average cross-front (A, C, E) and vertical profile (B, D, F) of new production for the first 70 m for u=0.75 day ™. Gray lines represent the zonally
averaged mixed-layer depth and the magenta line represents the average mixed-layer depth.
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Vertical nitrate fluxes at the base of the mixed layer: average cross-front time evolution (A, C) and the day-15 snapshot (B, D) for SUB and MLE

simulations. The gray solid lines mark isopycnal contours.

7 Discussion and concluding
remarks

Submesoscale processes are essential for the vertical flux of
nutrients in the upper ocean (Thomas et al., 2008; Mahadevan,
2016) and significantly affect the primary production in nutrient-
limited seasons (Pasquero et al., 2005; Freilich and Mahadevan,
2019). Our numerical experiments evaluate the impact of
submesoscale vertical nitrate fluxes on the spring bloom in the
North Atlantic, which are not included in coarse resolution
models even with mixed layer eddy parameterizations. On the
other hand, these parameterizations are able to reproduce the
shoaling of the mixed layer and bloom onset.

One caveat is the highly simplified ecosystem model
employed with no representation of the phytoplankton
community structure or higher trophic levels. We also ignore
the vertical migration, plankton aggregation, and
remineralization. In addition, the wind forcing could also play
an important role since springtime storms could restore the
fronts. In that case, the relaxation by the eddy-driven
restratification will continue to occur between successive
storms, inducing mixed layer shoaling and patchy nutrient
fluxes, which we demonstrate to be an important process. The
surface forcing coupled with submesoscale dynamics shows
enhanced vertical mixing at the base of the mixed layer (Liu et
al. 2021), which could lead to even higher vertical nutrient fluxes.
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A comprehensive understanding of submesoscale processes in
the upper ocean and, consequently, their parameterization is
necessary to improve climate predictions. We show that the
submesoscale motions are reaching deep, far below the base of the
mixed layer, bringing extra nutrients into the euphotic zone. This
mechanism is not reproduced by the current mixed layer eddy
parameterizations, where the nutrient fluxes are maximum in the
middle of the mixed layer. These results suggest that the climate
models may underestimate the primary production in frontal
systems. As a matter of fact, (Couespel et al,, 2021) draw attention
to the need for a better representation of the role of eddies in the
nutrient fluxes below the mixed layer for more accurate
comprehension of the future evolution of marine biomass.
Moreover, submesoscale vertical motions tend to be weaker in late
winter and springtime in future-climate scenarios for the North
Atlantic (Richards et al,, 2021) which calls for improved
parameterizations for a more accurate representation of the
carbon cycle in climate predictions.

We next put our study in context of previous work. Pasquero
et al. (2005) described how the primary production is
considerably affected by the temporal and spatial form of
nutrient inputs. However, their vertical nutrient fluxes were
externally imposed and ignored light limitation. Behrenfeld
(2010) suggested that phytoplankton blooms are frequently
initiated when the mixed layer depth is at its maximum. This
idea relates the dilution of plankton in deep mixed layers to a
reduced grazing and thus enhancing the phytoplankton growth.
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35 40

Average vertical profile of vertical nitrate fluxes for SUB (A) and MLE (B). The z coordinate is scaled by the local mixed-layer depth before the
horizontal averaging. The average profile from 12 to 25 days is shown in panel (C) The time evolution of the vertical flux of nutrients at the base
of the mixed layer (z/mld=1) is shown in panel (D) Orange lines represent SUB and gray lines for MLE. The gray dashed line represents the

Omand et al. (2015) parameterization applied to MLE.

In our work, we simulate phytoplankton blooms akin to the one
described in the North Atlantic Bloom 2008 experiment
(Mahadevan et al.,, 2012), carried out during a period of eddy-
driven shoaling mixed layers. Even considering the interannual
variability, Erickson and Thompson (2018) show another north-
Atlantic phytoplankton bloom following the shoaling of mixed
layers (2012-2013), with shorter eddy-driven restratification
events occurring in wintertime. They also highlight the
importance of submesoscale instabilities for restratification and
regional carbon export.

In the SUB simulation, the highest fluxes occur at the base of the
mixed layer in regions of outcropping isopycnals (Figures 9A-D).
Most of the previous studies on the springtime phytoplankton
bloom in climate models consider the effect of the absence of
mixed layer eddies, leading to a slower restratification. While this
restratification is included via the mixed layer eddy parameterization
(Fox-Kemper et al., 2011), the vertical fluxes approach zero at the
base of the mixed layer. The Omand et al. (2015) parameterization
performs better for the magnitude and decay presented by the mean
nutrient flux at the base of the mixed layer as in the submesoscale-
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resolving simulation. Still, submesoscale fluxes do not necessarily
decay exponentially in time as the Omand et al. (2015)
parameterization suggests, and the application of this
parameterization is restricted to the base of the mixed layer, and
hence difficult to implement in three-dimensional models.

Despite reproducing a similar eddy-driven restratification from
SUB simulation, the MLE simulation lacks most of the eddy-driven
fluxes at the base of the mixed layer, which leads to a difference of
10-13% in the total springtime phytoplankton new production.
Differences are even higher for the NVF simulation, showing that
the eddy driven nutrient fluxes could be responsible for about 32-
40% of the springtime phytoplankton new production.

Callies et al. (2016) discuss the penetration of mixed-layer
eddies below the mixed layer. The eddies are initially restricted
to the mixed layer, but by increasing their horizontal scale, they
become more barotropic, following the expected character for
geostrophic turbulence. The vertical decay of the eddy fluxes
scale by k N/f, where k is the wavenumber, N the stratification
right below the mixed layer and f the local planetary vorticity.
This reveals that, for a weak stratification akin to the winter-to-
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spring transition in the North Atlantic, the eddies penetrate
deeper as they grow (Erickson and Thompson, 2018, Figure 12).
This is an important aspect that we confirm to be neglected by
Fox-Kemper et al. (2011)’s parameterization. In other words, our
analyses show that, in weakly stratified waters, mixed layer
eddies bring extra nutrients from the base of the mixed layer
and have an important role for the carbon uptake in
subpolar oceans.
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