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Abstract. In an idealized situation of a baroclinically unstable single eddy,
we study the impact of the eddy induced mixing on the soft-tissue carbon
pump. The new element here is the use of a three-dimensional nonhydrostatic
ocean model coupled to a physiological plankton model that is able to rep-
resent a flexible plankton stoichiometry and hence a variable Redfield ratio.
During the development and breakup of the eddy, a complicated plankton
pattern appears. The processes of plankton growth and transport and the

net effect on the Redfield ratio are studied in detail. Our main result is that
the physical processes associated with eddy breakup lower the Redfield ra-

tio and hence weaken the soft-tissue carbon pump.
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1. Introduction

The marine biosphere is an important component in the global
carbon cycle. Here the ocean circulation with all its variability
interacts with marine life and its associated chemistry. One of
the central processes is the biological carbon pump which in-
volves gas exchange between the ocean and atmosphere, plank-
ton dynamics and ocean mixing. As the atmospheric carbon
dioxide concentration is dependent on the strength of the biolog-
ical carbon pump, it is crucial to understand its precise details.

The soft-tissue carbon pump was first defined by Volk and
Hoffert [1985] as the difference in carbon dioxide concentration
between the surface and the deep ocean caused by the growth,
sinking, and remineralisation of algae. This difference is deter-
mined by the nutrient utilisation and the stoichiometry of the

sinking organic material according to Broecker [1982]

AC = RAN (1)

Here, AC is the difference in inorganic carbon concentration be-
tween the surface and the deep sea, R the C:N (Redfield) ratio of
the sinking organic material, and AN the difference in inorganic
nitrogen concentration between the surface and the deep ocean.
The relationship (1) follows from the assumption of a dynamic

equilibrium between the sinking of organic material and the up-
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ward diffusion of inorganic carbon and nutrients. Although it
has been known for a long time that the chemical composition
of algae is highly variable Droop [1974], biogeochemists have
assumed a constant oceanic Redfield ratio until recently. How-
ever, during the last 15 years, wide-spread deviations from the
classical Redfield C:N:P ratios have been observed in the ocean
Sambrotto et al. [1993]; Emerson et al. [2001]; Karl et al. [2002].

Plankton stoichiometry as well as productivity is usually de-
termined by the availability of limiting nutrients (such as nitrate
and phosphate) which are mainly supplied from the deep waters
through vertical transport Orcutt et al. [2001]; Zehr and Ward
[2002]. Strong vertical motions occur in mesoscale ocean flows
(i.e., those associated with spatial scales of the order of 10-100
km). Eddies, fronts and filaments therefore substantially affect
marine ecosystems as well as biogeochemical fluxes McGillicuddy
et al. [1998]; Oschlies and Gargon [1998]; Martin and Richards
[2001]. In recent years, numerical simulations of primary pro-
duction have been performed with horizontal resolutions able to
adequately capture mesoscale variability. In Lévy et al. [2001];
Lévy [2003], eddies were generated from an unstable zonal baro-
clinic jet and resulting horizontal and vertical distributions of
phytoplankton were studied. The results showed a strong cor-

relation between vorticity and new production and stressed the
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importance of vertical transports at the mesoscale on the plank-
ton distributions. It is therefore unfortunate that many coupled
physical-biological models for the carbon pump do not resolve
mesoscale ocean flows Sarmiento et al. [1998]; Heinze [2002];
Aumont et al. [2003].

Using a mixed layer model coupled to a physiological plank-
ton model allowing for flexible plankton stoichiometry, Omta
et al. [2006] have shown that external flow properties, such as
mixed layer processes, can affect the Redfield ratio and hence
the soft-tissue carbon pump. In the light-limited regime, the
C:N ratio decreases with increasing temperature and hence pro-
vides a positive feedback between temperature and atmospheric
COg (through variations in plankton stoichiometry). This feed-
back may be important to explain changes in atmospheric CO,
during glacial-interglacial transitions.

As mesoscale flows are central in the vertical transport of
nutrients, an important issue is to study the effect of these
mesoscale features on the soft-tissue carbon pump through flexi-
ble plankton stoichiometry. To understand these effects in quite
detail, we have chosen here a relatively simple mesoscale flow
situation of a single geostrophic eddy which is baroclinically un-

stable. The advantage of this flow over a field of transient eddies
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as in Lévy et al. [2001] is that the transient vertical velocity field
has a relatively simple spatial structure.

In section 2, the hydrodynamic and biological model as well as
details of the numerical implementation of the coupled model are
presented. Results on the flow patterns and the plankton and
nutrient distributions for a reference simulation are presented in
section 3 and further analyzed in section 4. Our main result is
that the flow induced by the baroclinically unstable mesoscale
eddy leads to a lower nutrient utilization and to a lower C:N
ratio. The implications of this result are discussed in the last

section of the paper.

2. Models and Methods

We consider a horizontally square domain of length L = 32 km
with a constant depth H of 1 km. This flow domain is situated
on a midlatitude f plane with a constant Coriolis parameter
fo = 107* s71. To simulate the flows in this domain, we use
the nonhydrostatic three-dimensional hydrodynamic model as
described in section 2.2 below. The flow transports nutrients
and biomass according to a plankton model that includes flexi-
ble stoichiometry. The biological model is presented in section
2.1 and the numerical implementation of the coupled physical-
biological model and the choice of initial conditions are described

in section 2.3.
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2.1. The biological model

Because the strength of the soft-tissue carbon pump is deter-
mined by the stoichiometry of the organic material sinking into
the deep sea, we consider flexible stoichiometry as a necessary
element of any biological model that is applied for modelling
the biological carbon pump. The primary mechanism known
to cause variations in stoichiometry is found at the base of the
foodweb: phytoplankton engages in luxury consumption, stor-
ing excess photosynthate (as starch or lipids) and nutrients (e.g.
nitrate, phosphate) internally. This storage is particularly no-
table under limitation: nutrient-limited phytoplankton stores
high amounts of photosynthate-derivates, whereas light-limited
phytoplankton can build up high nutrient concentrations in vac-
uoles. Individual uptake and storage mechanisms are thus obvi-
ously decoupled. As a result, the stoichiometry of phytoplank-
ton is by no means limited to the classical Redfield ratio: due
to luxury consumption it can be highly variable.

Inspired by the one-reserve mixotroph model described by
Kooijman et al. [2002], we have developed a model which is
able to represent flexible stoichiometry. This Phytoplankton In-
ternal Nitrogen and Carbon (PINC) model is again based on
the Dynamic Energy Budget (DEB) theory proposed by Kooij-

man [2000]. The DEB theory offers a modelling framework for
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individuals and populations with their stoichiometries based on
first principles. Cornerstone of the theory is the partitioning
of total biomass into structural mass and one or more reserves.
We apply this principle to distinguish three components with
different elemental compositions within the phytoplankton pop-
ulation: structural mass (consisting of carbon and nutrient in a
fixed 10:1 ratio), an organic carbon reserve (consisting of car-
bon only), and a nitrogen reserve (consisting of nitrogen only).
The ratios of these three components with respect to each other
determine the carbon:nutrient ratio of the organisms.

The PINC model is schematically depicted in Fig. 1 and its
governing equations and standard values of the parameters are
presented in full detail in the Appendix. With these parameter
values, the maximum growth rate is approximately 2 d~*. Note
that this growth rate can only be reached when both the nutrient
concentration and the irradiance are high. A full description of
the model is given in Omta et al. [2006]. In the model, a distinc-
tion is made between the carbon contribution to detritus (Xp¢)
and the nitrogen contribution (Xpy), and hence there are 7 state
variables: dissolved inorganic carbon (X¢), dissolved inorganic
nitrogen (Xy), structure volume (Xy ), carbon reserve (Xg,),

nitrogen reserve (Xg, ), carbon detritus (Xp¢) and nitrogen de-
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tritus (Xpy). We will label the variables in this sequence below

as X;,1=1,...7.

2.2. The hydrodynamic model

We make use of the nonhydrostatic flow model of Molemaker
and Digkstra [2000] to simulate the flow fields. The velocity field
u and pressure field p are described by the three-dimensional
Navier-Stokes equations and the continuity equation. The evo-
lution of the temperature field 7" and the biological quantities
is described by advection-diffusion equations. We assume a lin-
ear equation of state relating the density p to the temperature
of the form p = py(1 — a(T — Ty)) where py = 10° kg m™> and
Ty = 15°C are reference values and o = 107° K~ is the constant
expansion coefficient. Using the Boussinesq approximation, the

governing equations are

ou 1
Ejt(u-V)u + foe, xu——%Vp
0? 2 0%u gp
—+ I{H(@—f—a—?ﬁ)u—f—livﬁ—ezg (2)
Viu=0 (3)
oT 0? 0? o*T
— . = — 4+ —\T —_— 4
T +(u-V)T KIH(@IZ + 6y2) + Ky 5. (4)
0X; 0? 0? 0’ X;
8t + (u . V)XZ = HH(@ + 6_y2)XZ + Ry 822
+ Fi=1,..,7 (5)

where e, is the unit vector in the vertical direction and g is

the gravitational acceleration. The fluxes F;, i = 1, ..., 7 follow
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from the PINC model and are defined in the Appendix. The
quantities kg and Ky are horizontal and vertical mixing coef-
ficients of momentum and heat as in Molemaker and Dijkstra
[2000]. Here, these are taken constant with values of kg = 0.1
m?s~! and Ky = 1.0 x 107° m?s~!. The latter value was chosen
to obtain a vertical diffusion time scale H?/ky on the order of
thousand years in the deeper parts of the flow domain.

Let AT be a characteristic temperature difference between the
top and bottom of the domain and X?, i = 1, ..., 7, character-
istic values of the biological quantities. When the equations are
nondimensionalised using scales H, 4, p%%f and f—;, AT and
X9 for length, velocity, pressure, time, temperature, and bio-
logical quantities, respectively, three dimensionless parameters

appear. These are the Rayleigh number Ra, the Taylor number

Ta and the mixing ratio x given by

H3gaAT H*f?
Ra:#,Ta: 2f7/<:H—V. (6)

Standard values of these parameters are Ra = 107AT, Ta =
2 x 10° and k = 10

The domain is assumed periodic in the horizontal and hence
periodic boundary conditions are applied for all quantities. The
top boundary is assumed to be stress free while the bottom
boundary satisfies no-slip conditions. The top and bottom

boundaries satisfy no-flux conditions for temperature. The
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boundary conditions at the top (z = 0) and bottom (2 = —H)

are:

0X; . or ou ov
07 ? Y 777 82 07 az O? az

2.3. Numerical implementation and Initial Conditions

The governing non-hydrostatic equations are discretized in
space using second-order central differences on an equidistant
staggered grid. Together with the boundary conditions, the dis-
cretized equations form a closed set of (coupled) ordinary differ-
ential equations. For example, the momentum equations can be

written as

811i, g,k
ot

= —Vijk + Fijr(u,T) (8)
fori=1---N,j=1---M, k=1---L and p = p/py. In our
simulations, we use N = M = 200 and L = 50 providing a hor-
izontal and vertical resolution of 160 m and 20 m, respectively.
In (8), the F, ;, represent the (discretized) advective, diffusive
and buoyancy terms. The set of equations (8) is integrated in

time using an Adams-Bashforth method that is second order

accurate in time, i.e.

n n 3 n AN, 1 n— AN, —
uz;rli =u},, + Al (5( vk~ VDijix) — §(F”11 — Vpi,j,/i))

(9)
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where n indicates the time index. Taking the divergence of (9)

gives

D1 = Diyecr e (0500 = Trlsa) = 5064 - Vi)
(10)
where D = V-u and S = V - F. The pressure acts in this
case as a constraint which ensures that the flow will remain
divergence-free. To solve for the pressure at every time step,
(10) is rearranged and we demand D}/ = 0. This leads to a

Poisson equation
2 ~n 2 n n 1 n—1 2 ~m—1
\% Pijk = gDi,j,k: + At igk g(si,j,k -V pz‘,j,k) (11)

At time n, all the terms of the right hand side of (11) are known

n+1
7:7j7k '

so we can solve for p’; . and hence for u Boundary conditions
for the pressure at the upper and lower boundary are found using
the momentum equations and realizing that w = 0 at z = 0 and
z=—H.

The equations for the biological quantities require a more so-
phisticated advection scheme to prevent the occurrence of nega-
tive concentrations. We have used a third-order upwind scheme
with limiter Hundsdorfer and Verwer [2003] for the advection of
the biological tracers.

As the flow is neither forced at the surface nor in the inter-

nal part of the domain, the initial conditions are central for the

evolution of the flow field and biological fields. To define an ini-
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tial eddy flow field, we first choose the background temperature

stratification as Molemaker and Dijkstra [2000]
Tb(Z) = AT(TO + Tlefyz) (12)

where v is a measure for the vertical temperature decay. Next,

we superpose a temperature field on this background defined by
T.(r,z) = AT Aje "’ 1 (13)

where r = ((x — L/2)* + (y — L/2)*)'/? is the distance from the
centre of the domain, A, is a typical amplitude, a, controls the
horizontal decay scale, and 7, defines the vertical decay scale.
The initial flow velocity field is assumed to be in cyclo-
geostrophic equilibrium with the total initial temperature field

T, + T,. This initial velocity field is given by

7 fo dag (* OT,
u=0;v (\/ 2o z Y;w =0 (14)

with u the radial velocity, v the azimuthal velocity, and w the
vertical velocity. In the results below, we have chosen AT =
10K, vH = 2.4,7v.H = 4.0, A,/AT = 0.6 and a,HS = 0.0004.
For these values, the initial horizontal velocity field is plotted in
Fig. 2. A typical radius of the eddy is given by r = (1/a,)"/¢ ~
4.0 km and hence the eddy diameter is about 8 km in accordance
with Fig. 2. Maximum horizontal velocities are about 0.1 ms™?.

The initial conditions for the biological fields were determined

by a simulation of the PINC model under motionless and hori-
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zontally homogeneous conditions. We took the vertical diffusion
ky = 1.0x107°m?2s~ ! everywhere in the domain. The simulation
was run, until an equlibrium between sinking of organic detritus

and inorganic carbon and nitrogen had been approached.

3. Results

From the initial conditions, the model was integrated in time
over a time interval of about 12 days. The perturbations associ-
ated with baroclinic instability rapidly grow in time. Although
the instability starts at the edge of the eddy, it leads to high
vertical velocities in the center of the eddy after 4 days (Fig. 3).
The Eady timescale is approximately 0.7 days which is of the
same order of magnitude as the biological timescale. Note that
in contrast to the geostrophic eddy in Molemaker and Dijkstra
[2000] the initial eddy is unstable without surface cooling, be-
cause of the larger horizontal gradients in the density structure
(an 7% dependence instead of an r* dependence). After day 4,
the flow becomes irregular due to the break up of the eddy into

substructures.

3.1. Temporal-spatial structures
Just as in Molemaker and Dijkstra [2000], an azimuthal
wavenumber m = 4 pattern, the most unstable eigenmode,

grows in time and the anomalies rotate counterclockwise (with
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an angular velocity of about 30 cm s™!) around the eddy. The
spatial patterns of the vertical velocity w, the nutrient distri-
bution Xy and the structural volume distribution Xy at day
3.6 are plotted in Fig. 4. After 3.6 days, the four-lobe pat-
tern is already developed and the maximum and minimum ver-
tical velocities are strongly localized near the end of each lobe
(Fig. 4a). Newly upwelled water has a low biomass concentra-
tion but a high nutrient concentration. The distribution pattern
of Xy (Fig. 4b) therefore has highest positive values (the white
regions) at the locations of maximum upwelling in Fig. 4a. In
those areas, the biomass concentration is relatively low (Fig. 4c).

Because of the high nutrient concentration in the upwelling re-
gions, the algae can grow at maximum rate and after a few days,
the upwelled water has a high biomass concentration (Fig. 5).
The distribution of biomass after 7.2 days (Fig. 5c) shows a
bit more fine structure than the nutrient distribution (Fig. 5b).
Each of the lobes shows an asymmetric dipolar structure and
within the eddy center and the lobes, there is a lot of vertical
mixing (Fig. 5a). The nutrient concentration is high every-
where and also the biomass concentration is relatively high in
most places. However, within the region of high vertical mixing,
biomass concentrations are low at sites where there has been

recent upwelling or where upwelling still takes place because the
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biota have not yet had the time to grow. As can be seen from
Fig. Ha and c, the places with low biomass concentrations within
the lobes are actually upwelling sites.

After 12 days, the lobes have moved nearly to the boundary of
the domain (Fig. 6). The inner eddy appears to undergo again
an instability associated with an m = 4 mode, while the lobes
seem to become unstable to an m = 2 mode (Fig. 6a). The
m = 4 spatial structure can be seen in the inner eddy nutrient
concentration (Fig. 6b) but the amplitudes in the lobes are
too weak to see the m = 2 structure. The upwelling is now very
localized but the biomass is still increasing at locations of earlier
upwelling. Every water mass that has experienced upwelling
more than a few days ago has a high biomass concentration.
Hence, the structural mass concentrations are high in a large
region around the eddy centre; the highest concentrations are

found along the tracks of the centers of the lobes (Fig. 6¢).

3.2. Redfield ratio

Using the results of the simulation described in the previous
subsection, we computed horizontally averaged quantities and
from this the C:N ratio of the organic material. As the strength
of the soft-tissue carbon pump is determined by both the nutri-

ent utilisation AN and the C:N (Redfield) ratio of the organic
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material, we are interested in the effect of the eddy on those two
features.

The initial C:N ratio (computed from a solution with no flow)
is relatively large near the surface (Fig. 7a). Over the following
7 days, the overall values decrease and more rapidly near the
surface. This decrease of the C:N ratio can be explained, if one
considers the vertical mixing induced by the eddy. Higher ver-
tical mixing leads to a higher supply of nitrate but at the same
time the plankton is mixed to greater depths, where there is less
light. This, in turn, leads to an enhanced uptake of nitrogen
and a reduced uptake of carbon, leading to a higher nitrogen
reserve concentration and a lower carbon reserve concentration,
and hence a lower C:N ratio. This general effect of mixing on
the composition of organic matter is described in more detail in
Omta et al. [2006]. At later times, the net effect of the mixing on
the C:N ratio decreases since the amplitudes of the vertical ve-
locities have decreased and hence the C:N ratio increases again
near the surface.

During the entire period of our simulation, the algal popula-
tion is still too small to consume the new nutrients that the eddy
circulation brings into the euphotic zone, leading to a slightly
higher surface nutrient concentration (Fig. 7b; the effect is so

small that it is almost invisible) and hence a lower nutrient util-
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isation and a net growth of the population (Fig. 7c). This net
growth will proceed, until the surface nutrient concentration is
such that the primary production rate cancels against the death
rate (which was also the case at the start of the simulation).
However, even when this equilibrium has been achieved, the
average surface nutrient concentration should be different from
that at the start of the simulation. We will address this issue in
more detail in the analysis section below.

In summary, both the lower nutrient utilization and the eddy
stirring lead to a weakening of the biological soft-tissue carbon
pump. We have varied the eddy size while keeping other pa-
rameters constant and the magnitudes of these effects remained
approximately the same, as long as the eddy was baroclinically

unstable.

4. Analysis

As we have seen above, the biological carbon pump is not only
weakened by a change in the plankton stoichiometry, but also
by a slightly lower nutrient utilisation. In our simulations, this
effect is very weak, but in situations with more vigorous vertical
velocities, e.g. in frontal regions, it may be very important.
Furthermore, it appears to be quite a general effect. Throughout
the remainder of this section, we will demonstrate that, under

reasonable assumptions, the nutrient utilisation will always be

DRAFT June 15, 2006, 9:5bam DRAFT



OMTA ET AL.: INFLUENCE OF EDDIES ON SOFT-TISSUE PUMR - 19

lower if the nutrient distribution is inhomogeneous than if the
nutrient distribution is homogeneous.

The assumptions that need to be made are the following:

1) The direct effect of grazing on the phytoplankton popu-
lation size can be neglected (as we have actually done in our

model).

2) The growth rate of the plankton (jv(;) equals the uptake
rate of the limiting nutrient (jg, 4, ) minus the maintenance
rate (k).

3) Vertical advection and diffusion of phytoplankton itself (i.e.

not of nutrients) can be neglected.

4) The growth rate and the biomass concentration are spa-
tially uncorrelated, i.e. < ]I'EN,AXV >=< jEN’A >< Xy >
(which means roughly that the nutrient and biomass distribu-
tions are spatially uncorrelated).

We can check assumption 4) in our simulations and the re-
sults in Fig. 8 indeed provide support. The nutrient distribu-
tion and the biomass distribution are practically uncorrelated,
because the organisms need time to grow. At an upwelling site,
nutrient-rich and biomass-poor water is advected upward. In
time, nutrients are converted into a higher biomass concentra-

tion, but during this process, upwelling starts at other locations,
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providing new nutrient-rich and biomass-poor water to the sur-
face.

The time evolution of the structural biomass is given by (from

(5) and the Appendix)

0Xyv . . 0? 0?
o Xv(vie —Jvm) + KH(@ + a—yg)XV
0?X
+ KJVW;/ —(u-V)Xy (15)

Neglecting advection and diffusion of the phytoplankton, this

equation reduces to

0Xy

% Xv (v — jvm) (16)

Furthermore, with assumption 2), the uptake rate J Ey,A 18 equal

to:
. - XN - Xy + Ky Ky
JEn,A = ]EN,Amm :JEN,Am(XN T Ky - X +KN>
~ Joan(l = 20) a7)
and hence we find
V.G = JEx.Am (1 — ﬁ) — kar (18)

At equilibrium (0Xy /0t = 0) we have either Xy = 0 (which
means that all the organisms have gone extinct) or:

. . . K .
= e = e (1= —N ) 19
Jv.H = V.6 = JEy.A ( X0 KN) M (19)

Rearranging the terms we get

K
Xy=Xx0=_"Y gy (20)

1 — jV,H+k1v1
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An algal population in the irregular environment of a geophys-
ical flow, however, never reaches such an equilibrium at specific
points within the domain. In this case, we can eliminate the
small-scale variability by taking the average over a relatively
large area. Such a horizontally averaged value of Xy will at
some point reach a statistical equilibrium < Xy > as a solution

of (using the periodic boundary conditions)

o< Xy > . . 0?X
vz < gvaXyv > — <JvpXy >+ < HV—V >
ot 022
o0Xy
— <w >=0 21
7, (21)
With assumption 3), ‘kg(—t"> = 0 means that < jy g Xy >=<

jV,GXV >. With assumption 4), and considering that j'va, kv,
and j Ey,Am are constants, we obtain the following equation anal-
ogous to (19):

Ky

j kv = igeam(l— < ———— 22
Jvia + kv = Jey,am(1— < Xn+ K >) (22)
which means that
K j k
< By g JvHt M (23)
XN+ Ky JEx . Am

From the Chebyshev integral inequality Mitrinovic [1970] it

can be shown that:

Ky Ky
<< >
< Xy >+Ky Xy + Ky

(24)
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(the left- and righthandside are equal, if the nutrient distribution

is homogeneous) and combining this with (23) yields:

K j k
N < Jvatiu (25)
<Xy >+Ky JEn,Am
and hence
K
< Xy >> N _Ky=x} (26)

1 — jY,H+kNI
jEN,Am

The equality indeed holds if the nutrient distribution is homoge-

neous, so the average nutrient concentration is always higher if

the nutrient distribution is inhomogeneous than if the nutrient

distribution is homogeneous.

5. Discussion and conclusions

We have simulated a phytoplankton population within a
mesoscale eddy. Within this eddy, baroclinic instability caused a
vertical circulation pattern, bringing nutrient-rich and biomass-
poor water to the surface. The interplay between upwelling and
biological uptake leads to a fine structure in the biomass dis-
tribution: upwelling regions are biomass-poor, while water that
has upwelled more than a week ago is rich in biomass.

An interesting feature is the effect of upwelling on the biomass
concentration and distribution. Upwelling brings water with a
high nutrient and a low biomass concentration to the surface and
hence newly upwelled water has a low biomass concentration.

In this newly upwelled water, algae grow at maximum speed

DRAFT June 15, 2006, 9:5bam DRAFT



OMTA ET AL.: INFLUENCE OF EDDIES ON SOFT-TISSUE PUMR - 23

because of the high nutrient concentration, and therefore oldly
upwelled water, i.e. water that has upwelled more than a few
days ago, has a relatively high biomass concentration. This time
delay leads to a fine structure in the biomass concentration, an
effect similar to what was described by Abraham [1998] who
modelled phytoplankton and zooplankton in a chaotic flow. The
phytoplankton patterns were similar to the flow patterns, but
the zooplankton patterns showed marked fine structure, because
Abraham [1998] included a maturation time in the zooplankton
dynamics, i.e. there was a time delay between the consumption
of phytoplankton and the birth of new zooplankton.

Compared to Lévy et al. [2001]; Lévy [2003], we have simu-
lated plankton growth in a relatively simple flow and hence we
were able to analyse the plankton distribution patterns in more
detail. This detailed analysis led to somewhat different conclu-
sions regarding at which sites high biomass concentrations can
be found. According to Lévy et al. [2001]; Lévy [2003], biomass
and primary productivity are high in regions with strong frontal
dynamics, i.e. regions with vertical transports, whereas our
analysis reveals that primary productivity and biomass concen-
trations are often low in regions with strong vertical mixing. In
those regions, nutrient-rich and biomass-poor water is brought

to the surface. Only when this water has been at the surface
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for about one week, there has been enough time to convert the
high nutrient concentration into a high biomass concentration.
Our results are different from Lévy et al. [2001]; Lévy [2003],
because the radii of their eddies were approximately 10 times as
large as the radii of our eddies. Because the growth rate was
approximately the same in Lévy et al. [2001]; Lévy [2003], their
ratio of the biological timescale to the advective timescale was
much smaller than ours.

The eddy-induced flow led to a decrease of the C:N ratio of
the plankton and to a lower nutrient utilisation which should
both lead to a weakening of the biological carbon pump. The
effect on the C:N ratio was caused by the same biological mech-
anism as the effect of mixed-layer on the C:N ratio Omta et al.
[2006]. The lower nutrient utilisation was shown in section 4
to be due to the inhomogeneous nutrient distribution caused by
the presence of the eddy. We have derived this result while ne-
glecting vertical diffusion and advection of the plankton. This
is, of course, highly unrealistic since the inhomogeneous nutri-
ent distributions are generated by advection. Vertical diffusion
does give a net downward transport of biomass from the sur-
face into the deep. However, the loss rate should be approxi-
mately the same in the homogeneous and inhomogeneous cases,

because it scales as ky/H?, (with H, the depth of the euphotic
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zone in which the algae grow) and ky and H., are constant in
this model. Vertical advection will yield an extra net loss of
biomass from the surface layer, because all vertical water move-
ments tend to diminish the surface biomass concentration. Up-
welling brings deep water without biomass to the surface while
downwelling does not bring any biomass to the surface: it only
transports biomass from the surface into the deep. This means
that the average growth rate < jV,G > must be higher in the in-
homogeneous case to compensate for this extra loss. This is an
additional reason why the average nutrient concentration should
be higher in the inhomogeneous case than in the homogeneous
case.

Although the simulations provide a clear qualitative picture of
the impact of the eddy on nutrient utilisation and the C:N ratio,
the effect on the nutrient utilisation is very small and it is diffi-
cult to provide a reliable quantitative estimate of the effect of the
eddy on the C:N ratio. Furthermore, it is not clear whether vari-
ations in the stoichiometry of the phytoplankton growing at the
surface of the ocean translate into variations in the stoichiom-
etry of the sinking organic material. In fact, the composition
of the sinking material seems to be pretty constant across the
world ocean Schneider et al. [2003], while large variations in the

stoichiometry of the consumption of carbon, nitrogen, and phos-

DRAFT June 15, 2006, 9:5bam DRAFT



X - IBMTA ET AL.: INFLUENCE OF EDDIES ON SOFT-TISSUE PUMP

phorus by phytoplankton have been observed at the surface of
the ocean (e.g. Sambrotto et al. [1993]; Arrigo et al. [1999]).
This could suggest that the sinking organic material is very rich
in one compound and that all the other organic compounds are
largely remineralised within the euphotic zone. From this view-
point, it is interesting that the C:N ratio of the sinking organic
matter is on average very close to the C:N ratio of chitin (i.e.
8) and it is unfortunate that the composition of POM is usually
only given in terms of elements and not in terms of chemical
compounds. It is not known whether the observations of over-
consumption of carbon were performed within eddies. In fact,
there have not yet been any systematic observational studies of
the effect of eddies on plankton stoichiometry, as far as we know.
We hope that our simulation results will stimulate such studies

in the near future.
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Figure 1. A schematic depiction of the PINC model; the
model organisms need to take up DIC (X¢) together with light
to form C-reserve (Xpgc¢), while no light is needed for the uptake
of DIN (Xy) into N-reserve (Xgy). The outflow from both
reserves is combined in a fixed stoichiometry into a catabolic
flux ng that is used for the maintenance and growth of the
structure (Xy). The dead organic material is divided into N-

detritus (Xpy) and C-detritus (Xpe) which remineralise into

DIN and DIC respectively.

Figure 2.  Vector plot of the initial horizontal velocity dis-
tribution of the eddy (at 100 m depth). Maximum horizontal

velocities are about 0.1 ms™!.

Figure 3. Vertical velocity as a function of time at grid-
point [0.5N,0.5M,L-1]; the crosses indicate the times at which

the horizontal cross-sections have been taken.
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Figure 4. Horizontal patterns at 20 m depth after 3.6 days.
(a) Cross-section of the vertical velocity distribution; white in-
dicates upwelling, black downwelling and maximum amplitudes

are 6.5 x 1072 ms~L.

(b) Cross-section of the nutrient distri-
bution; white indicates high concentration, black low concentra-
tion, min. conc. 0.15 pM, max. conc. 23.5 uM. (¢) Cross-section

of the structural volume distribution; min. 0.002 M, max. 1.1

M.

Figure 5. Horizontal patterns at 20 m depth after 7.2 days.
(a) Cross-section of the vertical velocity distribution; white in-
dicates upwelling, black downwelling and maximum amplitudes
are 1.6 x 1073 ms™'. (b) Cross-section of the nutrient distribu-
tion; white indicates high concentration, black low concentra-
tion, min. conc. 1.5 uM, max. conc. 30.5 uM. (c¢) Cross-section
of the structural volume distribution; min. 0.001 M, max. 1.6

M.
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Figure 6. Horizontal patterns at 20 m depth after 7.2 days.
(a) Cross-section of the vertical velocity distribution; white in-
dicates upwelling, black downwelling and maximum amplitudes
are 0.6 x 1073 ms™'. (b) Cross-section of the nutrient distribu-
tion; white indicates high concentration, black low concentra-
tion, min. conc. 1.7 uM, max. conc. 23.4 uM. (c) Cross-section
of the structural volume distribution; min. 0.06 uM, max. 3.5

M.

Figure 7. (a) Horizontally averaged C:N ratio as a function of
depth at different times. (b) Horizontally averaged Xy concen-
tration as a function of depth at different times. (c) Horizontally
averaged Xy concentration as a function of depth at different

times.

Figure 8. Comparison between < Xy, >< jEN,A > and

< XVjEN,A > as a function of depth after 7.2 days
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Appendix A: PINC model formulation

The dynamics of the PINC model is governed by the following equa-

tions:
dX, . . . )
dtc = F1 = Xv(—Jec,a0 + Weev — Diviea + Woviv — Divien + kur)
dX . . .
d—tN = Fy = Xy(—Jey.a+ Yeyv —nnv)ivie, +onvv(ypvy — 1)jvey
+ nyvky + (1 —K)jey.r + %]V,H)
1%
dX . .
d_tv = Iy = XV(JV,G - ]V,H)
dX . . . . X, -
PC = Fy= Xv(jpean + Jpoan — Jrec + Kiror — = jvr))
dt Xy
dX . . . Xz, -
PN Fs = Xv(jey A+ JENy.c + KIBEN.R — ﬂJV,H)
dt Xy
dX . . Xg. -
—2%C = Fy= Xv(—Jjoan + (1 — 8)jpe.r + =2 jvr))
dt Xy
dX . .
dfv = Fr = Xv(—ypvvivey + jvii)

DRAFT June 15, 2006, 9:5bam DRAFT



OMTA ET AL.: INFLUENCE OF EDDIES ON SOFT-TISSUE PUMP

The various fluxes are given by:

Jv.c
Jv.a

jV,CAm

Jv,H
JEc,Aa

jEchH
jEC,C
jEN,A
jEN,C
jV,CA
JEe.R
JEx.R

JV.Cu

jV,CA + jv,cH
jv,c — kg

((yEC,V/(jEC,AmA + jEC,AmH) + yEN,V/jEN,Am

((jEc,AmA + jEchmH)/yEaV + jEmAm/yEN,V)_l)_l

hyEC,VjV,CA + ?/DV,VjV,CH

YEo,VIV,.Cam + IDV,Agm

JEC, Am 4

K JL,FK X JL.F \_
]_ ac LR AC oL, E 1
+ Xc + JL,F (Kc JL,FK)

jEC,AmH

K
1 DOC
+ Xpoc

JEc,c  JEx.C  YEoV  YENV

jEc,C - yEc,Vj‘ﬂCA

JEN.C — YEN,VIV,Ca
JDV,Am

ypvv (1 + Eov)

Xpv
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The standard parameters of the PINC model are:

Parameter Interpretation Dimension Value
nyy N-content of structure ~ mol N/mol C 0.1
jpcama  max. C uptake d-! 2.5
Ke sat. const. C uptake uM C 500
JL,FK sat. light flux M/s 25
Jr.r light flux M/s 50
Jpcamp  max. DOC uptake d—! 4.0
Kpoc sat. const. DOC uptake uM C 5.0
j'EN’Am max. N uptake mol N/(mol C * d) 0.25
Ky sat. comst. N uptake uM N 0.1
JDV.Am max. DV uptake d-! 5.0
Ypv,v yield DV uptake - 4.0
Kpy sat. const. DV uptake uM C 500
YEC,V yield C reserve - 1.5
YEN,V yield N reserve mol N/mol C 0.15
kg reserve turnover d-! 4.0
ks maintenance rate d-! 0.1
h hazard rate d-! 0.1
K kappa - 0.9
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