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[1] The oceanic circulation in the meso to submesoscale regime generates heterogeneity
in the concentrations of biogeochemical components over these scales, horizontally
between 1 and 100 km. Due to nonlinearities in the biogeochemical reactions, such as
phytoplankton primary production and zooplankton grazing, this small-scale
heterogeneity can lead to departure from the mean field approximation, whereby plankton
reactions are evaluated from mean distributions at coarser scale. Here we explore the
magnitude of these eddy reactions and compare their strength to those of the more widely
studied eddy transports. We use the term eddy to denote effects arising from scales
smaller than ~ 100 km. This is done using a submesoscale permitting biogeochemical
model, representative of the seasonally varying subtropical and subpolar gyres. We found
that the eddy reactions associated with primary production and grazing account for
+5-30% of productivity and grazing, respectively, depending on location and time of
year, and are scale dependent: two thirds are due to heterogeneities at scales 30-100 km
and one third to those at scales below 30 km. Moreover, eddy productivities are
systematically negative, implying that production tends to be reduced by nonlinear
interactions at the mesoscale and smaller. The opposite result is found for eddy grazing,
which is generally positive. The contrasting effects result from vertical advection, which
negatively correlates phytoplankton and nutrients and positively correlates phytoplankton
and zooplankton in the meso to submesoscale range. Moreover, our results highlight the
central role played by eddy reactions for ecological aspects and the distribution of
organisms and by eddy transport for biogeochemical aspects and nutrient budgets.

Citation: Levy, M., and A. P. Martin (2013), The influence of mesoscale and submesoscale heterogeneity on ocean
biogeochemical reactions, Global Biogeochem. Cycles, 27, 1139-1150, doi:10.1002/2012GB004518.

1. Introduction

[2] Biogeochemical species such as phytoplankton, zoo-
plankton, and nutrients invariably display patchiness at
the mesoscale and submesoscale [e.g., Tsuda et al., 1993;
Martin and Srokosz, 2002; Martin, 2003; Lehahn et al.,
2007; d’Ovidio et al., 2010; Johnson et al., 2010]. This
patchiness results from stirring of large-scale gradients by
the turbulent oceanic flow [Abraham, 1998; Levy and Klein,
2004], by direct forcing through localized upwelling [Martin
et al., 2002; Pasquero et al., 2005] and through biogeo-
chemical reactions triggered by such perturbations [Srokosz
et al., 2003]. It can affect ocean productivity because of
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the nonlinearities in the primary production rates [Michaelis
and Menten, 1913]. The effects arising from the spatial
variability at these scales, denoted eddy effects here, are
misrepresented in biogeochemical ocean general circulation
models (BOGCMs) when they are too coarse to resolve
eddy stirring. Yet coarse-resolution BOGCMs are commonly
used to describe the ocean’s carbon cycle and its variability.
Primary production controls the intensity of the biologi-
cal carbon pump, and its precise estimate is crucial. Here
we examine whether taking into account small-scale hetero-
geneity in the distribution of biogeochemical species has an
impact on the estimates of regional primary production and
other key biogeochemical reactions, in such models.

[3] Itis important to be clear at the outset about terminol-
ogy. In the next section, we demonstrate how the eddy-mean
decomposition leads to the appearance of what we refer
to in the following as eddy reactions, in analogy with the
eddy transports that appear from the filtering of turbulent
fluctuations in momentum and tracer over the conservation
equation for a tracer (see for instance Eden et al. [2007]).
The filter determines what is meant by eddy and what is
left in the mean. In this study, the term eddy will be used
to indicate variability at the mesoscale and submesoscale
(~1-100km). Each nonlinear biogeochemical reaction (such
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as primary production, grazing, mortality) is associated with
an eddy reaction term (eddy productivity, eddy grazing,
eddy mortality). Note also that to avoid confusion between
biogeochemical fluxes and advective fluxes, we use the
terminology biogeochemical reactions for biogeochemical
fluxes and transport for advective fluxes; hence, what is
often referred to as eddy fluxes in the literature (for advective
eddy fluxes) are what we call eddy transport.

[4] Several investigations have examined the contribu-
tion of nitrate eddy transport to the total nitrate supply
fueling primary production [Oschlies, 2002; McGillicuddy
et al., 2003; Lévy et al., 2012a]. These eddy transports
result from secondary ageostrophic circulations which can
be large at the mesoscale and submesoscale [Klein et al.,
2008; Thomas et al., 2008; Capet et al., 2008]. Although
the matter of some debate [Oschlies, 2002; McGillicuddy
et al., 2003], these studies suggest that eddy transports
generally make a small contribution compared with winter
convection and mean advection but present large regional
contrasts and can locally dominate at the margins of subtrop-
ical gyres or in regions where other nutrients may be limiting
[Allen et al., 2005].

[s] Eddy reactions have received much less attention than
eddy transports. Despite several studies into eddy productiv-
ity in idealized diffusive or advective flows [Brentnall et al.,
2003; Richards and Brentnall, 2006; Wallhead et al., 2008;
Goodman and Robinson, 2008; Goodman, 2011], the rele-
vance of eddy reactions under realistic oceanic conditions
is still unknown. In fact, the role of the mesoscale and
submesoscale heterogeneity in influencing global oceanic
biogeochemistry is completely uncertain. Interestingly, an
analogous problem concerns the chemical reactions in the
stratosphere. Edouard et al. [1996] have shown that ozone
depletion in the Arctic is sensitive to filament-scale inho-
mogeneities in the distribution of reactant species because
of the nonlinearities in the chemical rate laws. Their
modeling study suggests that the effect contributes ~40%
to the total. An effect of similar magnitude on primary
production or grazing in the ocean would significantly
call into question the mean field approximation of coarse-
resolution BOGCM.

[6] In this context, our goal is to evaluate the contribu-
tion of eddy reactions to basin scale budgets under realistic
oceanographic conditions. The importance of this contribu-
tion is evaluated in comparison with mean reactions and with
eddy transports. The relative importance of eddy transports
and eddy reactions is evaluated for nutrients, for phyto-
plankton, and for zooplankton, through the examination of
three specific reactions: eddy productivity, eddy grazing, and
eddy mortality.

[7] This is done in the framework of biogeochemical
regimes characteristic of the North Atlantic or North Pacific
subpolar and subtropical gyres, with a simple plankton
model embedded in a submesoscale permitting ocean circu-
lation model. Section 2 introduces some basic ingredients
of the eddy-mean decomposition and the derivation of eddy
fluxes and eddy reactions from this decomposition. Section 3
describes the model used for this study. The model evalua-
tion of all terms that enter the nutrient, phytoplankton, and
zooplankton equations, including the mean and eddy contri-
butions, are presented in section 4 with the results discussed
in section 5.

2. Eddy-Mean Decomposition of Biogeochemical
Tracers Equations

[8] In biogeochemical models, biogeochemical tracers,
such as nutrients N, phytoplankton P, and zooplankton Z,
obey the advection/diffusion equation to which an additional
term is added to account for biogeochemical reactions. In the
case of nutrients N, this can be written:

I N =V (W) + . (keDN) By M
ot —_

AN Dy

[o] Advection (4y) is written here in a flux form assum-
ing that the ocean is incompressible such that the 3-D
flow v is non-divergent. Vertical turbulent diffusion (Dy,
with k. the vertical mixing coefficient) represents the
three-dimensional, non-hydrostatic motions associated with
mixing such as that due to breaking internal waves and
convection. For simplicity, lateral diffusion, which is weak
in the case of eddy-resolving ocean models, has been
omitted from this equation. Biogeochemical reactions By are
described by functions, derived from laboratory experiments
or theory, of the biogeochemical variables and sometimes of
other environmental influences such as light or temperature.
Importantly for the matter of this study, these functions are
often nonlinear [e.g., Michaelis and Menten, 1913].

[10] The eddy-mean decomposition involves averaging
equation (1), in order to separate the impact of the larger
scales from the impact of the smaller scales. It implies the
choice of a filter N = % f N d;, where S is an element of sur-
face area and/or time. With this filter, any variable N can then
be decomposed into a mean component N which comprises
the variability above the cutoff scale S (large scale) and an
eddy component NV which by definition satisfies NV = 0
and comprises the variability below the cutoff scale (small
scale): N= N+ N'. Substituting for N with N+ N and v with
v+ in equation (1) and then filtering leads to:

0~ _ /

—N= 4y + Ay

ot —— ——
Mean Transport  Eddy Transport

, —
+ By + B, + Dy @)
Mean Reaction  Eddy Reaction ~ Vert Mixing

[11]
[12]
[13]
[14]

with the following notations:
Az = Ay(N,v) = -V - (NV)
By =By(N,P,Z,..)
Ay =Ay—Ay=-V - (NV)

[15] Bj=By-By

[16] In equation (2), Ay represents the contribution of
the large-scale advection to the evolution of N. By repre-
sents the contribution of the biogeochemical reactions in
the mean field approximation, i.e., assuming that biogeo-
chemical tracers are homogeneously distributed below the
cutoff scale. The contributions of the small scales appear in
the eddy transports 4}, and eddy reactions B}. Eddy trans-
ports A}, only depend on small-scale quantities (N”, V).
This ensues from the particular form of the advective flux
which is bilinear in N and v. However, eddy reactions B},
depend on total fields (N, P, Z,. . .) because biogeochemical
reactions often have nonlinear formulations [Donaghay and
Osborn, 1997].
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Figure 1. The rotated, rectangular, idealized model domain
is representative of the western sector of the North
Atlantic and characterized by a north-south gradient in sea
surface temperature.

[17] The eddy reactions Bj) thus represent the large-
scale effects of the inhomogeneous distribution of the
biogeochemical tracers below the cutoff scale. Coarse-
resolution BOGCM generally assume that By only depends
on mean fields, i.e., that B}, = 0. In the following, we show
that this assumption is not always valid.

3. Methods

3.1. The High-Resolution Biophysical
Model Experiment

[18] The setting is a double gyre, meant to represent an
idealized western sector of the North Atlantic or North
Pacific Ocean (Figure 1). The domain is rectangular, of
dimension 3180 x 2120 x 4 km, rotated on the B-plane,
and forced by seasonal zonal wind, heat and salt fluxes.
The level coordinate free-surface primitive equation ocean
model Nucleus for European Modeling of the Ocean
[Madec, 2008] is used. The model grid has a horizon-
tal resolution of 1/54°, which allows the simulation of an
energetic mesoscale turbulence. Bi-harmonic friction and
bi-harmonic diffusion along horizontal surfaces are used
with the same value of —10° m* s7!. Vertical mixing is param-
eterized by a turbulent closure model [Blanke and Delecluse,
1993], with a background value of 107 m? s7'. Advec-
tion of temperature, salinity, and biogeochemical tracers
is performed with a flux-corrected transport scheme [Lévy
etal.,2001].

[19] The LOCEAN Ocean Biogeochemical System for
Ecosystem and Resources (LOBSTER) biogeochemical
model is embedded within the circulation model. It solves
the evolution of six biogeochemical tracers: phytoplankton
(P), zooplankton (Z), detritus (D), dissolved organic matter
(DOM), nitrate (N), and ammonium (A), but in this work
we focus on N, P, and Z. The model solves for the uptake
of nitrate by phytoplankton, the uptake of ammonium by
phytoplankton, grazing of phytoplankton by zooplankton,
and a simplified remineralization network, which involves
excretion by zooplankton, dissolution of detritus, accumu-
lation of semilabile DOM, remineralization of DOM into
ammonium, and ultimately, nitrification of ammonium into
nitrate. In the following and for simplicity, we will use the
terminology ‘“new production” (respectively “regenerated
production”) as synonym for “phytoplankton production
based on nitrate” (respectively “on ammonium”), even
though the use of nitrate and ammonium uptakes to mea-
sure new and regenerated production has been questioned.
The biogeochemical model is fully tracer conserving with
the same set of equations applied throughout the entire water
column. The mathematical expressions of biogeochemi-
cal reactions in the model are described in Table 1, with
parameter values in Table 2. More detailed information

Table 1. LOBSTER Model Equations for Nitrate (N), Phytoplankton (P), and Zooplankton (Z)*

Description

Equation

Nitrate source/sink
Phytoplankton source/sink
Zooplankton source/sink

BN = 77jn + M’nA
Bp=(=y)Py+ (1= y)Py =G, —m,P
Bz=a.G,+a.Gy— M. - .2

Phytoplankton production on nitrate
Phytoplankton production on ammonium
Grazing of phytoplankton

Grazing of detritus

Zooplankton quadratic loss

Py =PulP,N, A = by i g e VAP
Pu=PulP.AD = 1y i P
Gp = G(P.Z.D) = & giiiimn 2
Ga = Gu(P, Z,D) = g. 5507

M. = MA(2)) = m.Z?

*The same set of equation is applied over the entire water column. A model for light absorption [Lévy et al.,
2005] is used to compute the photosynthetic available radiation (I) at each depth, as a function of the phytoplankton
vertical profile and of the incoming solar radiation (SW). Thus, I varies with SW, with depth and with P.
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Table 2. LOBSTER Model Parameters Associated With the N, P, and Z Equations

Parameter Name Symbol Value Unit
Nitrate limitation half saturation value Koo, 0.7 mmol m™
Ammonium limitation half saturation value Ko, 0.001 mmol m™
Inhibition of nitrate uptake by ammonium v 3

Light limitation half saturation value Kpar 33. W m?
Phytoplankton maximal growth rate My 1. day™!
Phytoplankton exudation rate y 0.05

Phytoplankton mortality rate my, 0.05 day !
Grazing half saturation value K, 1 mmol m™
Zooplankton maximal grazing rate Je 0.8 day ™!
Assimilated food fraction by zooplankton a. 0.7

Zooplankton excretion rate s 0.07 day™
Zooplankton mortality rate m, 0.12 d™' mmol™ m?
Zooplankton food preference p 0.8

Nitrification rate My 0.05 day ™

about the model configuration can be found in Lévy et al.
[2010, 2012b].

[20] The model is spun-up at low resolution for 850 years
from initial profiles constructed from the World Ocean Atlas
climatologies by averaging over 25°N-30°N and 80°W-
0°W and then for 50 more years at full resolution. This
allows the model to reach a repeating seasonal cycle, which
is equilibrated in the upper 500 m. The model equilibration
implies the following:

, N
(dy)  +  (dy)  + (Dw)
—— —— ——
Mean Transport  Eddy Transport ~ Vert Diff’

/ —
+ (By) + (By) =0 €)
S~—— SN——
Mean Reaction  Eddy Reaction

where angle brackets denote the average over the 5 years of
model data and over the top 120 m. Model output is saved at
2 day frequency (2 day averages) for the last 5 years of the
model integration. The filter used to separate the large-scale
variations N (i.e., those associated with regional variations
and with seasonality) from the eddy variations N’ (i.e., those
associated with the mesoscale and submesoscale) consists of
a combined 2° running average and 2 day climatology over
the 5 years of model data. This filter cannot be applied within
a 2° band around the boundaries of our model which was
therefore excluded from the analysis. The reader is referred
to the supporting information for the description and justifi-
cation of the methodology used to compute eddy transports
and eddy reactions.

3.2. Basic Features of the Model Solution

[21] Some basic features of the model solution, already
presented in Lévy et al. [2010] for the circulation and in Lévy
et al. [2012b] for the biogeochemistry, are described here.
The surface circulation is characterized by a strong mean-
dering jet at approximately 30°N, representative of the Gulf
Stream or Kuroshio, which separates a northern subpolar
gyre from a southern subtropical gyre (Figures 2a—2d). The
jet is baroclinically unstable, and this instability is the main
source of eddy energy in the model. Eddies are generated at
the jet and strongly interact, leading to a complex mesoscale
turbulence. The mesoscale turbulence is characterized by
submesoscale fronts, of 0 (10) km width, associated with
strong horizontal and vertical currents (Figures 2a and 2b).
Some submesoscale fronts are organized into secondary
zonal jets (such as the one close to 35°N in Figure 2a). There

is a surface mixed layer whose depth varies regionally and
seasonally; the deepest convection is obtained in winter in
the northern subpolar gyre (Figure 2¢); moderate convection
occurs preferentially along a midlatitude band which starts
south of the main jet at 27°N on the western side and extends
to 35°N on the eastern side.

[22] The nitrate distribution is characterized by a raised
nutricline in the subpolar gyre and depressed nutricline in
the subtropical gyre, in agreement with the general distri-
bution in the subpolar and subtropical gyres of the North
Atlantic or North Pacific (Figure 3a). This, combined with
a seasonally varying convection, leads to a strong seasonal
supply of nitrate to the euphotic layer in the subpolar part
of the domain, which feeds a strong phytoplankton bloom.
In contrast, the nutrient supplies are smaller in the sub-
tropical gyre, which is more oligotrophic. This leads to
strong north-south gradient in the annual mean concentra-
tion of phytoplankton (Figure 3d) and zooplankton (not
shown). Moreover, mesoscale turbulence leads to strong
heterogeneity of the biogeochemical concentrations at small
spatial scales, as illustrated by the snapshots of sea surface
nitrate, phytoplankton and zooplankton (Figures 3a—3c¢). It
is this heterogeneity which leads to eddy reactions. In the
following, we examine the magnitude of this effect.

4. Results

4.1. Evaluation of Eddy Reactions

[23] We quantify the strength of eddy reactions in our
model with a focus on the reactions that affect nitrate,
phytoplankton, and zooplankton: new production (7P,),
regenerated production (P,), grazing of phytoplankton (G,),
grazing of detritus (G,), zooplankton mortality (M), phyto-
plankton mortality (m,P), zooplankton excretion (jt.Z), and
nitrification (u,4) (Table 1). The last three reactions have a
linear formulation, and thus, their associated eddy reactions
are zero. Hence, we restrict the analysis to eddy productivity
(new and regenerated), eddy grazing (on phytoplankton and
on detritus), and eddy mortality of zooplankton.

4.1.1. Seasonal Evolution

[24] The seasonal evolution of mean and eddy biogeo-
chemical reactions is examined separately in the model
subpolar and subtropical gyres (Figure 4). These are empiri-
cally delimited by the 0.15 mmol N/m? annual mean surface
phytoplankton contour (Figure 3).
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Figure 2. Model snapshots on 1 January of (a) modulus of horizontal velocity at the surface, (b) vertical
velocity at 50 m, and (d) sea surface temperature. (c) The climatological mixed-layer depth in winter in

the model.

[25] In the subpolar gyre, all reactions display strong
seasonal variations (plain lines, Figure 4a). Noticeably, there
is a spring bloom which manifests itself through an increase
in new production in spring, shortly followed by an increase
in grazing. We can note that new production exceeds regen-
erated production. Grazing by zooplankton is an impor-
tant phytoplankton loss term (stronger than phytoplankton
mortality, not shown) and induces a strong coupling between
phytoplankton and zooplankton. In the subtropical gyre
(Figure 4b), the seasonal contrasts are less marked. The
bloom occurs earlier in the season and has an amplitude
which is about 5 times less than in the subpolar gyre.
Regenerated production exceeds new production, and phy-
toplankton and zooplankton are not as strongly coupled.
Thus, our model reproduces the typical characteristics of the
seasonal evolution in the North Atlantic and North Pacific
subpolar and subtropical regions.

[26] The seasonal evolution of the mean reactions (i.e.,
the reactions calculated from the mean field approximation,
indicated by dashed lines in Figures 4a and 4b) follows

very closely to that of the total reactions (plain lines) and
is also generally very close in magnitude. This implies
that eddy reactions are generally significantly smaller than
mean reactions.

[27] Eddy production is always negative, and its contribu-
tion to production varies through the year between —5% and
—40%, both for new and regenerated production (Figures 4¢
and 4d). The strongest contributions (~40%) involve regen-
erated production during the bloom in the subpolar gyre and
new production in summer in the subtropical gyre. Eddy
grazing displays less seasonal variations. The contribution
of eddy grazing is generally positive and varies between 5%
and 20%, depending on the regime (subpolar versus subtrop-
ical) and on the type of grazing (on phytoplankton versus on
detritus). Eddy mortality is close to zero in the subtropical
gyre and less than 5% in the subpolar gyre.

4.1.2. Zonal Variations

[28] To complement the seasonal view, we examine the
strong north-south contrast in our system. Figure 5 shows
annual reactions averaged along the zonal direction and
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a) Nitrate
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Figure 3. Model snapshots on 1 January at the surface of (a) nitrate, (b) phytoplankton, and (c) zoo-
plankton. (d) The annual mean concentration of phytoplankton; the black contour (0.15 mmol N/m?) is
used to define the boundary between the subpolar and subtropical regions.

confirms that total and mean reactions differ by a small
amount. The largest contribution of eddy reactions is found
in the energetic jet area, where mesoscale fluctuations are the
most pronounced, and reaches up to £40% there (Figure 5f).
Elsewhere, annual eddy reactions are generally of the order
of £20% or less. Moreover, the contribution of eddy reac-
tions is larger in the subtropical gyre than in the subpolar
gyre, by approximately a factor of 2.

4.1.3. Sign of Eddy Reactions

[29] At each latitude and throughout the year, eddy pro-
ductivities are negative, and eddy grazing and eddy mortality
are positive. In other words, the mean field approximation
overestimates the total flux in the case of new and regen-
erated production and underestimates it for grazing and
zooplankton mortality (Figures 4 and 5). Nonlinearities at
the mesoscale and submesoscale thus tend to decrease phy-
toplankton production and to increase zooplankton grazing.

[30] Whether eddy reactions lead to an increase or
decrease in the total reaction rate can be explained using

their mathematical expression and the sign of the covariance
between the variables in the expression. To illustrate this,
let us consider a biogeochemical reaction F, which depends
on two state variables 4 and B. The two-dimensional Taylor
expansion of F permits us to approximate F as the sum of
its mean field approximation plus second-order terms:
2 2
9 “:(5/1)2 +0.5 % 3—“‘5(513)2

A,B) >~ F(4,B)+ 0.5 x ——
F(4,B) ~ F(4,B) X 9B

9*F

+ W(SA)(SB) “)
[31] The small deviations §4 and §B in our context repre-
sent the eddy fluctuations A’ and B’ defined previously, such
that the eddy reactions for F(4, B) can be approximated by:

PF ., PF
ﬁ(B) + 78,483(14 B) (%)
[32] The simplest case to explore is that of zooplankton
mortality, which is expressed as a quadratic function of Z:

?F
F'(4,B) ~ 0.5 x W(A’)Z +0.5 %
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Figure 4. Secasonal evolution of new production P,, regenerated production P, grazing of
phytoplankton G, grazing of detritus G;, and zooplankton mortality M. in (a) the subpolar gyre and
(b) the subtropical gyre. Total reactions (plain line) are computed by the submesoscale permitting model.
Mean reactions (dashed line) are computed from the mean fields, i.e., neglecting variability at scales
smaller than 2 days and 2°. (¢ and d) Corresponding eddy reactions are deduced from the difference
between total and mean and shown as a percentage of the total. All terms are integrated over the

top 120 m.

M. (Z) = m,Z2. In this case, M'.(Z) = m.(Z')?, and this
expression is always positive, consistent with our numerical
results (Figure Se).

[33] The mathematical expressions for production and for
grazing are more complex as they depend on more variables.
The derivation of equation (5) is thus not as straightforward.
However, both production and grazing follow Michaelis-
Menten kinetics, such that, at low values of the substrate
(A), the flux to the consumer (B) is nearly bilinear in A
and B (F(4,B) >~ %4B, with u the growth or grazing rate
and K the half saturation constant), while at large values
of the substrate, F becomes nearly linear (F(4,B) >~ uB).
The associated eddy reaction is thus nonzero only at low
substrate values, and due to the bilinear nature of the expres-
sion, exactly equals F" = Z4'B’. Its sign is thus set by the
sign of the covariance between the two variables involved.
Moreover, this expression also tells us that the fractional
contribution of the eddy reaction should be equal to A’B’/AB
for low substrate concentrations. In the case of primary pro-
duction, with N’ and P’ being of the order of 30% of N

and P at most during the summer when N'<K’, this is con-
sistent with the eddy productivity being less than 20% of
primary production.

[34] In order to investigate further the signs of eddy pro-
ductivity and eddy grazing, we examine the covariance
between phytoplankton and nitrate and between phytoplank-
ton and zooplankton. The enlarged areas of the model shown
in Figures 6a—6¢ suggest that at small spatial scales, nitrate
and phytoplankton are negatively correlated, while phyto-
plankton and zooplankton are positively correlated. This is
confirmed in Figures 6d and 6e, which show a systematic
positive covariance between phytoplankton and zooplank-
ton small-scale variations at all depths in the euphotic layer,
while the covariance between phytoplankton and nutrient is
negative, except for a small depth range from 20 to 40 m.
The negative covariance between nitrate and phytoplankton
at small scale can be explained by the contrasting vertical
gradients of these two variables (phytoplankton being more
abundant close to the surface and nutrient being more abun-
dant at depth); so vertical velocities at the submesoscale
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Figure 5. Total and mean biogeochemical reactions, integrated over the top 120 m, over the zonal direc-
tion, and over 5 years. (a) New production, (b) regenerated production, (c) grazing of phytoplankton,
(d) grazing of detritus, and (e) zooplankton mortality. Total reactions (plain line) are computed by the
submesoscale permitting model. Mean reactions (dashed line) are computed from the mean fields, i.e.,
neglecting variability at scales smaller than 2 days and 2°. Eddy reactions are deduced from the difference
between total and mean and shown as (f) a percentage of the total.
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Figure 6. Enlarged box of 500 km x 500 km of the concentrations of (a) nitrate, (b) phytoplankton, and
(¢) zooplankton at 50 m depth. The distribution of P and N appears to be clearly anticorrelated, while
those of P and Z tend to be more correlated. (g and h) The vertical variation with depth of the cross
product of N' P’ and P’ Z', respectively, averaged over the whole horizontal domain and over the 5 years
of model data. Regions where this cross product is positive are shaded in grey.
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Figure 7. Strength of the domain-averaged, annual eddy
reactions relatively to the domain-averaged, annual reaction
and expressed in %, for new production (P,), regenerated
production (P,), grazing of phytoplankton (G,), grazing of
detritus (G,), and zooplankton mortality (M,). This con-
tribution is computed using spatial filters of different sizes
(represented on the x axis). 1/54° is the grid resolution, and
thus, the eddy reaction at this scale is zero by construction.
At 1/9°,1/3°, and 1°, we used box averaging over boxes of
1/9°,1/3°, and 1°, respectively. At 2°, we used a running fil-
ter of 2° width combined with a 2 days climatological time
filter (i.e., the same filter as that used in the rest of the paper).

typically transport a relative paucity of one tracer with
an abundance of the other. Phytoplankton and zooplank-
ton, however, have vertical gradients of the same sign, and
their covariance due to submesoscale vertical circulations,
although small, is positive. The vertical distributions of
nutrient, phytoplankton, and zooplankton, combined with
the heterogeneity at small scale which is generated by the
vertical velocities, thus help explain why eddy productivities
are systematically negative, while eddy grazing is positive.

4.1.4. Scale Dependance

[35] Phytoplankton, zooplankton, and nutrients exhibit
variability at all scales from the large scale to the subme-
soscale, resulting from the tracer cascade toward small
scales. The eddy-mean decomposition in equation (2) does
not allow us to separate the contributions of mesoscale and
submesoscale to eddy reactions. In order to quantify more
precisely the strength of eddy reactions at different spatial
scales, we have repeated the decomposition with a series
of filters of different scales. More precisely, we used box-
averaged filters of 1°, 1/3°, and 1/9° width and compared the
results with those obtained with the 2° filter used throughout
this study (Figure 7). On a domain average, the full eddy
reaction, comprising the contribution of mesoscales down
to submesoscales (i.e., from 10 to 100 km), ranges between
—15% and +10% of the total reaction; the largest eddy

reactions are obtained for regenerated production and graz-
ing of detritus. The contribution of submesoscales only (i.c.,
for filters between 1/3° and 1/9°, i.e., between 10 and 30 km)
represents approximately 1/3 of the eddy reaction (i.e., less
that 5% of the total reaction), and this number is similar for
all biogeochemical reactions considered here. This analysis
suggests that eddy reactions are significantly stronger in the
mesoscale range than in the submesoscale range.

4.2. Comparison of Eddy Reactions and Eddy Fluxes

[36] In this section, the strength of eddy reactions (B}, Bp,
and BY) is compared to that of eddy transports (4}, 45, and
A’) in the annual mean balance of nitrate, phytoplankton,
and zooplankton for the upper 120 m (equation (3)).

4.2.1. Nitrate Balance

[37] The different terms in the nitrate balance are
plotted in Figure 8. Over the northern part of the domain, the
main balance is between vertical mixing and the mean bio-
geochemical reaction (Figures 8c and 8d), more specifically
between the amount of nitrate supplied to the euphotic layer
by winter convective mixing and phytoplankton produc-
tion which consumes it. Along the western boundary, nitrate
is mainly provided through mean advection (Figures 8a
and 8d), a route termed the “nutrient stream” in the North
Atlantic [Williams et al., 2006]. Mean advection delivers
nitrate into the interior of the domain through the zonal
extension of the main jet (at 30°N) and of secondary zonal
jets (between 35°N and 40°N). This mean advection is partly
balanced by the eddy transports (Figure 8b), which remove
nitrate from these two jet areas and redistribute it between
20°N and 30°N and between 30°N and 35°N. The eddy
reactions (i.e., equal in magnitude but opposite in sign to
new production in the case of the nitrate equation) are neg-
ative almost everywhere but small compared to the mean
reaction (Figures 8d and 8e).

[38] The quantities shown in Figure 8 are shown again in
Figure9a after averaging along the zonal direction to allow
easier comparison. The zonal quantities confirm the main
balance between mean biology and vertical mixing, with a
more significant contribution from total advection at mid-
dle latitudes (30°N—40°N) and with a strong compensation
between mean and eddy transports.

4.2.2. Phytoplankton and Zooplankton Balances

[39] Given the predominance of north-south variations in
the two gyres system, the phytoplankton and zooplankton
balances are shown after averaging along the zonal direc-
tion. The phytoplankton balance strongly differs from that
of nitrate (Figure 9b). Unlike for nitrate, the transports for
phytoplankton (total, mean, and eddy) are small compared
to the other fluxes. The main balance is between vertical
mixing and biogeochemical reactions: On an annual basis,
losses of phytoplankton from the surface layer through ver-
tical mixing are compensated by the biogeochemical sources
and sinks. This net positive contribution arises as the net
annual residual of seasonal variations showing larger pos-
itive and negative fluxes (Figure 4). Importantly, there is
a strong compensation between mean and eddy reactions
for phytoplankton.

[40] The total eddy reaction for phytoplankton is nega-
tive, and this can be explained using its expression B, =
(A-y)x (P, +P )G ,, given that P’,, and P’, are negative
and G’, is positive (see section 4.1.3). These three terms,

1147



LEVY AND MARTIN: INFLUENCE OF HETEROGENEITY

T T

a) Mean transport

v

L

L L

Fb) Eddy transpo%

«

LN

L g WM

3 v

45N

40N

35N

30N

T T T T T T

[ C) Vert. mixing 'S

L L
80W  7SW  70W

L
65W

60W  55W 8!

L L L L L
SW 80W  7T5W  70W  65W  60W

55W

T T T T

fd) - Mean reaction

! ! ! !

T T

- 40N

! !

T T T T T

[e) - Eddy reaction

! ! ! ! !

!

85W

L L L L
80W  75W  T0W  65W  60W  55W

Annual nitrate balance

mmole N m?y”
[ aaaaaaaseamae |

-4. 0. 4.

Figure 8. (a—e) Annual mean nitrate balance in the upper 120 m between mean transport, eddy transport,
vertical mixing, mean reaction, and eddy reaction. To facilitate visual comparison, we plotted the inverse
of the mean and eddy reaction, such that the sum of Figures 8a—8c in the first line is equal to the sum of
Figures 8d and 8e in the second line: (4y) + (4}) + (Dy) = —(By) — (By).

a) NO3 balance

Total

— — __Mean Advection
---------- Eddy flux
e Vertical mixing
—— Total ) )
. Mean Biogeochemical
""""" Eddy reaction Reaction

1 1 1 1

20N 25N 30N 35N 40N 45N
b) PHY balance C) ZOO balance
T T T L s e e e S B S e

T 0.10 ———1—

0.05
0.
-0.05 B
0.4+ R
L L L L L g [ Y S S S S S
20N 25N 30N 35N 40N 45N 20N 25N 30N 35N 40N 45N

Figure 9. Nitrate, phytoplankton, and zooplankton annual balances between advective transport (total,
eddy, mean), biogeochemical reactions (total, eddy, mean), and vertical mixing, averaged in the zonal
direction. The balance implies that the sum of all terms is zero: (4yx) + (4y) + (Dy) + (By) + (By) = 0.

1148



LEVY AND MARTIN: INFLUENCE OF HETEROGENEITY

although small when taken individually, are cumulatively
more significant and thus make a significant contribution to
the phytoplankton budget.

[41] In the case of zooplankton, the main balance is
between mean reaction and mean transport up to 40°N.
North of this latitude, the contribution of eddy reaction
becomes more important and partly compensates the large
mean reaction.

[42] These results highlight the central role played by the
eddy reactions in the phytoplankton (and, to a lesser extent,
in the zooplankton) annual balance but not in the nitrate bal-
ance where they are negligible. Conversely, eddy transports
are fundamental to the nitrate balance and much less so for
phytoplankton and zooplankton. A possible explanation for
the differing influence of transport and biogeochemical reac-
tions on nitrate, phytoplankton, and zooplankton lies in their
contrasting seasonal cycles. Nitrate is predominantly deliv-
ered to surface waters by convection over the winter. This is
particularly true farther north, leading to the strong poleward
increasing contribution from vertical mixing in Figure 9a.
Over the winter months, when the nitrate concentrations are
highest, there is little growth of phytoplankton and so a more
dominant influence on nitrate concentration at a given loca-
tion is through lateral dissipation by the mean and eddy
transport fluxes. Come the spring, the rapid phytoplankton
bloom consumes much of the available nitrate more rapidly
than smaller scale gradients are generated and cascaded
down to yet smaller scales. Consequently, the mean biolog-
ical consumption largely balances the winter mixing source
of nitrate, and the eddy reaction is small. For phytoplankton
and zooplankton, however, the period when concentrations
are at their most stable, during the winter, is also when they
and their spatial gradients are lowest. Lacking the direct
driving of winter convection (the effect of vertical mixing is
confined to a smaller loss from the surface due to concen-
trations decreasing with depth), the tight coupling associated
with the transmission of nitrogen through the ecosystem by
the biological processes of growth and grazing means that
they control the sources and sinks for plankton distributions
more strongly than advection, with the dominant mean and
eddy biogeochemical reactions largely balancing each other.

5. Discussion

[43] In the field of physical ocean modeling, consider-
able effort has been devoted to representing eddy transport
in terms of the mean fields. The goal was, and remains, to
resolve the smallest scales implicitly in terms of their effect
on the larger scales, therefore allowing for coarser model
grids and faster model runs [Gent and McWilliams, 1990;
Gent et al., 1995; Pasquero, 2005; Fox-Kemper et al., 2008].
Less effort has been put into trying to represent implicitly
the statistical effect of biogeochemical nonlinearities due
to unresolved variability in plankton models, i.e., the eddy
reactions discussed here. Although a few studies have started
to address the issue of eddy reactions in marine biogeo-
chemistry [e.g., Englund and Leonardsson, 2008; Wallhead
et al., 2008, 2013; McKiver and Neufeld, 2009], they have
so far focussed on deriving parameterizations for them using
idealized situations as “testbeds,” with none as yet applied
to a simple basin scale model, let alone a global model.

Nevertheless, a number of “closures” show promise, particu-
larly those making use of covariances between model fields.
They already outperform mean field models in reproducing
the behavior of a spatial model, often by some margin.

[44] In this study, however, we have taken an alternative
perspective, instead addressing the question of whether it
is even necessary to consider eddy reactions. The answer
would seem, perhaps unsurprisingly, to depend on the ques-
tion. If the primary interest is in biogeochemistry, and the
dynamics and distribution of nutrients, then the results of this
study suggest that the eddy reactions may be minor contribu-
tions compared to eddy transports. If, however, the interest
is in the distribution of organisms, for example, to assess the
strength of the biological carbon pump or the flux of organic
material to higher trophic levels, then eddy reactions are
of considerable importance. Moreover, we found that eddy
reactions are strongly scale dependent which suggests that
parameterizations for them should depend on resolution.

[45] The subtleties and robustness of this conclusion
clearly merit further investigation. By definition, eddy reac-
tions depend on the mathematical expression used to repre-
sent the biogeochemical reactions. There is in the literature
a considerable range of expressions for primary production
and grazing according to which data set, laboratory experi-
ment and/or theoretical framework were used to derive them.
The evaluation of the eddy reactions also depends on the
wider biogeochemical model as this is responsible for gen-
erating the dynamics in populations and concentrations that
contribute to the eddy reactions. This is not the place to
discuss the much debated issue of model complexity [Le
Quere et al., 2005; Anderson, 2006; Le Quere, 2006]. It
should simply be noted that the results presented here were
obtained using a single model and that future work should
seek to test how robust they are across different models.
However, the choice of parametrizations for biogeochemical
reactions used here are typical of the rather simple models
used in climate prediction. There is perhaps a greater need
to test the conclusions with field data. However, although
there are abundant data for phytoplankton, there are much
less for other constituents of the ecosystem at the mesoscale.
There remains considerable debate over the conversion of
the various field measurements of zooplankton abundance to
values that can be used in models and over how zooplank-
ton and their interactions should be represented in those
models [e.g., Gentleman et al., 2003]. It is also only rela-
tively recently that optical methods have opened the way to
high-resolution mapping of nitrate at the mesoscale and sub-
mesoscale [e.g. Pidcock et al., 2010; Johnson et al., 2010].
Nevertheless, we are now at a point where we can at least
estimate eddy productivity. It may well be the case that such
estimates in turn provide a new and rather demanding test of
our models.

[46] It should also be noted that the study presented here
has restricted itself to diagnosing mean and eddy reac-
tions using full knowledge of the system at the time. It has
not investigated the relative impact of those terms on the
abundances of nutrients and organisms in the future. It is
therefore also of interest to investigate how, for example,
modeled seasonal cycles of phytoplankton abundance differ
when they are calculated using full knowledge of the system
and just the mean field. Some work has been done in simpli-
fied settings [e.g., Goodman, 2011; Wallhead et al., 2013],
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but an investigation at a geochemically relevant scale is still
lacking. In particular, it will be interesting to see to what
extent the apparently small contributions by eddy reactions
to key fluxes indicated by Figure 5 can nevertheless lead
to a major divergence in behavior when integrated over an
annual cycle. Figure 9 already offers an indication that the
magnitude of individual eddy reactions might be misleading
as it is the net flux through a component of the ecosystem
that drives its evolution, and the magnitude of the eddy reac-
tion contribution to this may strongly differs (Figure 5) from
that of the individual components.
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