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We study the impact of spatial and temporal inhomogeneities in the flux of particles on particle-biology
interactions in the mesopelagic zone using a flux-prey-predator model. The mid-water biology is found to
affect significantly the carbon flux associated with the sinking particles. Although the annual mean export
flux at the bottom of the zone (taken to be at 1000 m depth) is changed at most 25% in the experiments
reported here, the timing and amplitude of pulses of the bottom flux are very dependent on the way the flux
at the top of the zone (taken to be 100 m depth) is packaged in time and space. The apparent sinking speed,

{)(:iftivggdfsmx based on the arrival of pulses of the export flux at the bottom of the zone (1000 m), can vary from 5 m day ™'
Modeling to 30 m day~ . Lateral stirring and mixing also impact the temporal and spatial distributions of the particle
Mesopelagic zone flux. A useful metric in determining the impact of stirring and mixing is the “mix-down depth” which
Ecosystems combines the effects of the initial patch size, strength of stirring, diffusion and sinking rate. When the mix-

Mesoscale processes down depth is small compared to the depth to which biological interactions are important, then the impact
of stirring and mixing is large, producing significant changes to the temporal behavior of the export flux and

reducing spatial inhomogeneities. The results have implications for the sampling of the carbon flux

associated with sinking particles and the representativeness of point measurements.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decade, the JGOFS community has undertaken an
extensive series of marine biogeochemical field studies (Doney et al.,
2002). One of the aims is to determine the processes that control
partitioning of carbon and related biologically components within the
ocean and at the ocean-atmosphere boundary (Doney et al., 2002).
With regard to climate change, the carbon cycle has been the focus of
a number of efforts (Andersson et al., 2004; Baker, 2007; Tortell et al.,
2008). Most of the studies and models concentrate on the euphotic
zone. The sampling in the mesopelagic zone is difficult, and as such
the biochemical processing of mid-water marine particles is not well
known. This issue, however, is gaining increasing attention (Dadou
et al,, 1996; Jackson and Burd, 2002; Stemmann et al., 2004a,b). In the
mesopelagic zone, the vertical flux of carbon associated with sinking
particles, hereafter referred to as the “particle flux”, has the largest
decrease; the particles undergo a transformation by biological (grazing
and bacterial degradation) and physical mechanisms (stirring and
mixing). Only about 10% of the flux which leaves the bottom of the
euphotic zone (typically about 100 m) reaches 1000 m (Martin et al.,
1987; Stemmann et al., 2004b), representing a significant reduction in
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the carbon exported to the deep ocean; 45% of the open ocean par-
ticulate organic carbon (POC) flux at 1000 m reaches the sea floor where
it is partly oxidized or sequestered in sediments (Jahnke, 1996). Thus,
the transfer of carbon through the mid-water marine reservoir plays a
key role in controlling the sequestration of atmospheric CO,.

The decrease in particle flux in biochemical mesopelagic models is
often represented as a function of depth only with either a power law
or an exponential dependence (Martin et al., 1987; Armstrong et al.,
2002). However, biochemical transformations need to be included
(Stemmann et al., 2004b). Dadou et al. (1996) developed a 1-D model
that predicts the vertical flux of elements in mid-water and deep-
water as a function of surface inputs. They suggested that adding
marine snow dynamics or zooplankton behavior could improve their
results. For the latter, Jackson and Burd (2002) developed a 1-D flux-
prey-predator model to describe the impacts of the animal interac-
tions on the particle vertical flux. They also considered bacterial
degradation through the bacterial remineralization and consumption of
the sinking particulate organic carbon. The consideration of animals in
their model of carbon flux and remineralization provides an added
dimension for controlling particle flux, as organism dynamics can affect
remineralization rates. Recent works (Dadou et al., 1996; Jackson and
Burd, 2002; Laws, 2004; Stemmann et al., 2004a,b) emphasize the
understanding of biogeochemical processes as crucial in any attempts to
estimate what controls the vertical flux of materials.

Both the spatial and temporal variability in the flux at the top of
the mesopelagic zone reflect the physical forcing and the responses of
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the biological community in the upper layers of the ocean. Surface
heterogeneities can be induced by locally forced phenomenon such as
fronts and mesoscale eddies (Dadou et al., 1996) and induced upwelling
and/or phytoplankton blooms, occurring over short or seasonal (at high
latitudes) period. This variability will propagate through the water
column. Many global models have explicitly modeled the euphotic zone.
However, to date, no study has specifically investigated carbon export
with a dedicated 3-D biochemical model in the mid-water column,
despite the fact the flux is known to be patchy in both space and time
(Stemmann et al., 2008). Here we investigate how the distribution of the
surface flux affects the particle flux and the dynamics of the biological
system within the mesopelagic zone. We utilize the model of Jackson
and Burd (2002) for the particle/biological interactions within the water
column. The model is forced by the flux of particles at the top (surface)
of the mesopelagic zone. Because of nonlinearities in the biological
component, the same total flux distributed differently in time and/or
space will not necessarily result in the same processing of particles and
the same eventual carbon export.

Interactions within the biological system are also affected by the
presence of the eddying motions of the fluid flow. In the euphotic zone
the stirring and mixing by eddies are known to impact the ecosystem
dynamics (see e.g. Richards and Brentnall, 2006). It is unclear how
important eddy stirring and mixing are on the dynamics of the me-
sopelagic system. Here we evaluate the impact.

The rest of the paper is organized as follows. In Section 2 we
describe the bio-physical model used in the study. In Section 3 the
results are presented of a series of numerical experiments designed to
elucidate the impact of heterogeneity in the mesopelagic system. The
paper closes with a discussion in Section 4.

2. Method

The spatio-temporal evolution of the mesopelagic ecosystem is
determined by an advection-reaction-diffusion equation; advection
because the system is under the influence of the fluid flow, reaction
because species C(X, t) interact and diffusion because turbulence
or molecular random motions mix properties. For the case of an
incompressible velocity field V(X, t), the standard form of these
equations is:

aC(X,t)
ot

= R(C,X) + DV*C(X,t)—V(X, )-VC(X, ) (1)

where C=[(1, C2, (3, ...] represents the state vector of species, D is
the diffusivity tensor (set to be the same for all components) and R the
reaction terms.

2.1. The mesopelagic flux-prey-predator model

The region of interest is the mesopelagic zone, typically taken to be
the 100-1000 m depth range, which is below the euphotic zone, and
where no further photosynthetic production takes place.

The ecosystem model employed here is that of Jackson and Burd
(2002). Three trophic levels are considered: the flux of falling particles
(F) and two levels of the zooplankton community with the particle
feeding animals (P) and the predatory animals (Q) concentrations.
With no horizontal variations or fluid flow the system is governed by
the following equations:
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Variability in F is brought about by a loss/gain caused by the
sinking of particles with a velocity v, the loss of particles grazed by the
particle feeders where o is the interaction coefficient for flux feeding,
and the bacterial degradation of particles at a rate A. Variability of P
at a given depth results from growth by particle feeding (a is the
conversion efficiency of F to P), a loss due to predation (b is the
interaction coefficient). The time evolution of Q results from the
difference in the feeding on P (c is an efficiency factor) and death, with
d the specific mortality rate of predators. The steady-state concentra-
tions at a given depth (F;, Ps and Qs) for a spatial homogeneous case
are (Jackson and Burd, 2002):

F,=F,e ™
d
s = e 3)
aoF, _i;
Q=72
b

where F, is the flux at the top of the mesopelagic zone and k = oPs +
A/v is the vertical decrease constant. The exponential component in
Eq. (3) indicates an exponential decrease with depth of both F and Q.
The parameters used in Egs. (1), (2) and (3) are presented in Table 1.
Their corresponding values are defined according to the study of
Jackson and Burd (2002).

Jackson and Burd (2002) show the 3 parameters that control the
behavior of the system. These are: the relative size of flux fluctuations
(), the effect of animal vertical movement (K), the functional form of
mortality (here taken to be linear: dQ) and the bacterial degradation
rate (A). With no external changes in particle flux (y=0), P and Q
populations display the classical Lokta-Voltera oscillation. Because
changes in the particle flux leaving the surface cause large (chaotic)
oscillations in the zooplankton communities, experiments with dif-
ferent surface forcing imply different F-P-Q interactions and hence
the timing and shape of the flux to the benthos. Considering the
Jackson and Burd (2002) sensitivity tests on ©y we choose an inter-
mediate value of 0.5. They also tested the animal vertical movement
parameter modeled by vertical diffusion. Consistent with their study,
the vertical motion is considered to be random for both particle

Table 1
Parameters and values summary following Jackson and Burd (2002).
Parameter Description Value Units
a Conversion factor 03 Dimensionless

from particle to
particle feeder

b Rate coefficient 123
for predation on
particle feeder

c Conversion factor 0.3
from particle feeder
to predator

m>gC~ 'day !

Dimensionless

d Specific mortality 0.01 day~!
rate of predator

F, Flux leaving the 0.1 gCm~2day !
surface

A Specific rate of 6.25%x 10 * (low activity) day '
bacterial degradation  0.1285 (high activity)

o Particle feeding 15 m?gC !
coefficient

v Vertical velocity 30 mday !
Frequency of 2m/365 day~!
perturbations in flux

K, Vertical diffusion 1073 m?s!
parameter

Y Relative size of the 0.5 Dimensionless
temporal fluctuations
in the flux
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feeders and carnivores and is modeled with the same vertical dif-
fusion parameter K, in the following equations:
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An increase of K, decreases the range of P and increases the spatial
coherence. We consider the animal populations to have random
vertical movements, with an implied vertical diffusivity K, (which
very crudely models the vertical migration of animals). The inclusion
of vertical diffusion synchronizes the Lokta-Voltera oscillations in
the P and Q populations, which would otherwise act independently at
each depth level. However, a too large value of K, dampens these
oscillations. We take K, =103 m? s~ !, an intermediate value in the 3
experiments performed by Jackson and Burd (2002). The predator
quadratic mortality in the Jackson and Burd (2002) model tends to
dampen fluctuations in the bottom flux. The observations of Smith
and Kaufmann (1999), which show that the variability in the bottom
flux is relative to that at the surface, supports our choice of a linear
mortality formulation. We also considered a low and high value of
bacterial activity. In a bacterially dominated particle degradation case,
the F-P-Q concentrations at 1000 m are strongly decreased and may
prevent us to elucidate the impact of the surface flux variability and of
the stirring and mixing. To be illustrative, the average export flux at
1000 m is 0.4% (25%) of the prescribed flux at 100 m under high (low)
bacterial activity for Run 1D-2 (see Section 3.1.1). Most of the results
we present here are for the case of relatively low bacterial activity.

2.2. Lateral advection and diffusion model

The ecosystem exists in a fluid ocean. To quantify the impact of
the fluid flow we consider a simple two-dimensional kinematic flow
field that produces chaotic mixing. The stirring in the horizontal of the
biogeochemical tracers produces thin filaments of tracer (by stretch-
ing and folding) that are eventually mixed through the imposed
diffusion. The flow field was introduced by Pierrehumbert (1994) and
used by Richards and Brentnall (2006) to study the impact of stirring
and mixing on the euphotic zone ecosystem. The velocity components
U(x, y, t) and V(x, y, t) in the two horizontal dimensions x and y,
respectively, are given by:

Ux,y,t) = %e(g—t(modT)> sin (2% + ¢i>
V(x,y,t) = ?e(mmodT)—g) sin (? + ¢i+]),

The sinusoidal shear flow alternates along the x and y directions
for each half-period (T/2) and is constant with depth. The amplitude
parameter A sets the stirring intensity. 6 is the Heaviside step function
and ¢; is a randomly distributed phase between [0, 2m] set at each
half-period, to avoid transport barriers in the flow. L is the width of the
domain. Decreasing T increases the stirring rate of the flow. The

stirring characteristics of the flow are further described in Section 3.2.

Diffusion is taken into account and directly implemented in the
numerical model using K;,, the horizontal diffusion coefficient. It is
related to D in Eq. (1). The parameters used in Egs. (5), (6), (7) and (8)
are presented in Table 2.

Table 2
Summary of the physical model parameters.

Parameter Description Value Units

A Stirring intensity 0.7xL m

T Period of the sinusoidal 4 day~!
shear flow 26

bi Randomly distributed phase [0, 2m] rad

L Width of the domain 6000 m
Control of the time-width 1 (simple sinusoid) Dimensionless
of the bloom 32 (sharp peak)

Y2 Relative size of the spatial 0.5 Dimensionless
fluctuations in the flux

ki Horizontal wave number 2m/L m~!

m Control of the space-width 1 (simple sinusoid) Dimensionless
of the bloom 32 (sharp peak)

v Vertical propagation 30 mday !
speed of the signal

u Lyapunov exponent 1.66/T day !

Lp Horizontal scale of a patch L/4 (Run 3D-2) m

K Horizontal diffusion coefficient 0.1 m?s~!

1

Wi Width of filaments VK /1t m

T™Z Top of the mesopelagic zone 100 m

BMZ Bottom of the mesopelagic zone 1000 m

2.3. Numerical details

The calculations are performed between the top of the mesopelagic
zone (TMZ: here taken to be at 100 m depth, see Table 2), and the bottom
of the mesopelagic zone (BMZ: here taken to be at 1000 m depth). The
model is forced by specifying the particle flux, F,,(x, y, t) at the TMZ (see
Section 2.4), the flux being modified by biological processes as the
particles sink through the water column. The water column is discretized
into 101 layers (a vertical grid spacing of 9 m).

Advection of biological tracers is carried out using an upstream finite
difference scheme (Smolarkiewicz, 1983; Smolarkiewicz and Margolin,
1998), with explicit diffusion (Smolarkiewicz and Clarck, 1986) to rep-
resent subgrid-scale advective processes. Divergent flow and monoto-
nicity options (Smolarkiewicz and Grabowski, 1990; Smolarkiewicz
and Margolin, 1998) are used. The Multidimensional Positive Definite
Advection Transport Algorithm (MPDATA) scheme is implemented for
biological tracers to ensure that the transport is positively definite.

Both physical and ecological models are solved on a 32 *32 doubly
periodic grid within a square domain of width L. This is only a mod-
erate horizontal resolution, chosen by consideration of the required
computer resources, but it will not affect unduly the conclusions
drawn on the effects of stirring and mixing. The width L is chosen in
relation to the size of the lateral diffusion coefficient so that the lateral
structure of the tracer fields is resolved (see Section 3.2).

The initial conditions are taken to be the steady state (neglecting
animal movement) (Eq. (3)) and the system integrated forward in
time with a timestep of 0.01 day (8645 s). The results presented for
the 1 dimensional model in Section 3 have been integrated over
6 years. Considering the exported flux at the BMZ, it follows an
approximately regular annual cycle by the second year. The results for
the 3 dimensional model are presented therefore for the second year
of integration, again for computer resource considerations. The near
periodic nature of the results for the particle flux at the BMZ suggests
that the 3 dimensional model is also close to a regular annual cycle by
this time (Non-periodic behavior of P and Q in the deeper layers in
year 2 was found for some experiments, but because of the very low
values of both P and Q at these depths this is not expected to affect the
results significantly.).

2.4. The surface flux at the top of mesopelagic zone (TMZ)

A feature of production in the euphotic zone is its patchiness in both
space and time (Martin, 2003) which will be reflected in patchiness in
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the particle flux to depth. To investigate the impact of this patchiness,
the particle flux at the TMZ, F,,, is the combination of temporal (f,;) and
spatial (f,s) components.

Jor(t) = y-(sin(ot) + 1)"
fos(®.y) = ¥o- (sin(ky-x) sin (k. -y) + 1)" (6)
FZO(X7y7 t) = FO(fot'At + 8t)(fos'As + 85)

The frequency of the perturbed flux w is set to be w = 2m/year. The
minimum (background) and maximum values with respect to time
are given by & and A, respectively. We choose ¢, and A, such that
the temporal integral of the first bracketed term is 1. The time-width
of the “bloom” is controlled by n which is an integer (the higher the
value of n the sharper the peak in the flux). We consider two bloom
temporal widths with n=1 (a simple sinusoid) and n=32 (a sharp
peak localized in time). For reference, Jackson and Burd (2002) con-
sider a flux of the form F,,(t) = F,(1 + 7y sin(t)), which is equivalent
to setting Ac=1, &g=1—"y (with y=0.5) and n=1. In all cases the
phase of the temporal signal is chosen such that the maximum occurs
at day 91 in the results presented below.

The spatial variability in the horizontal (x,y) space is controlled in
a similar manner, where the horizontal wave number, ki, is chosen to
be equal to zero for the horizontally homogeneous case (labeled as
1D) and equal to 2m/L for the 3D configurations (i.e. wave number 1 in
both directions over the domain, labeled as 3D), and y,=0.5. The
spatial-width of the “bloom” is controlled by m (an integer). As with
time, we set the spatial-width by choosing m=1 and 32, and & and A
such that the spatial integral of the first bracketed term is 1. The
various combinations of n, m and k; used in the numerical exper-
iments are given in Table 3.

3. Results

In presenting the results we separate out the impact of the form of
the flux at the TMZ into the impact of the temporal variability of the
flux (1D-1 and 1D-2 in Table 3) and the impact of spatial variability of
the flux for a given temporal variability (3D-1 and 3D2). The impact of
stirring and mixing is considered last.

3.1. Impact of the temporal and spatial heterogeneity of the flux at the
™Z

3.1.1. Sinusoidal and short pulse bloom events

The results from the flux-prey-predator 1-D model (i.e. ky =0)
with low bacteria activity, forced with an annual sinusoidal flux at the
TMZ, F,, (n=1), is shown in Fig. 1 upper row (Run 1D-1 in Table 1)
(Note, the forcing has the same form as that used by Jackson and Burd,
2002). As the particle flux (F) increases at the TMZ so do the near-
surface particle feeders (P) reducing significantly the flux of particles
to depth. After a short lag time the carnivores (Q) start to graze P.
Grazing by Q severely restricts the growth of P such that the max-
imum concentration at the TMZ (2 mgCm™3) occurs before the
maximum in the forcing flux (by 51 days) and such that the sub-
sequent near-surface particle flux is little affected by consumption
by P. The carnivores reach a maximum value (1.8 mg C m™3) a little
while (27 days) after the maximum in P. The cycle is completed by the

Table 3
Spatial and temporal characteristics used in the numerical experiments.

Name Dimensions n m ke 1 year average export
flux at the bottom

1D-1 1-D 1 0 0 0.33 F,

1D-2 1-D 32 0 0 0.25 F,

3D-1 3-D 1 1 2m/L 0.33 F,

3D-2 3-D 32 32 2m/L 0.26 F,

death of Q caused by the lack of P which occurs on a relatively slow
timescale determined by the mortality rate d. At depth we see a
“shadow” zone in F underneath the high production period whose
trailing edge propagates downwards at the particle sinking rate. This
is followed by a propagating wave of F, P and Q whose speed, at
approximately 5 mday~ ', is much slower than the particle sinking
speed (30 mday~!). The crash in P at the surface means that the
sinking particles are little affected. As these particles sink below the
region of high Q, however, the particle feeders are able to utilize the
food source, with again a delayed response in Q.

Setting the forcing flux at the TMZ to have a high amplitude pulse
over a short time period (n=32, Run 1D-2), the simulation reflects a
spring bloom (Fig. 1 lower row). The ratio Fiax/Fmin Of the flux at the
TMZ is almost 4 times higher than in Run 1D-1. The greater and faster
surface flux in Run 1D-2 prompts a more rapid and stronger growth in
P, and an associated larger reduction in F which provides a near-
surface double maximum. As before we see a propagating wave-like
disturbance, although now because of the more rapid decrease in F at
the TMZ with time the depth penetration is less than with n=1, and
the propagation speed (defined as the slope of a maxima or minima)
is somewhat faster, at approximately 11.5 mday~ . After a depth of
around 400 m the impact of P on F is reduced and the sinking speed of
the signal in F eventually reaches the sinking speed of the particles.

The timing and amplitude of the pulses in export flux (the particle
flux at the BMZ) are very much a function of the flux at the TMZ and
the mid-water biological interactions. Fig. 2 shows the export flux as
a function of time for Runs 1D-1 and 1D-2. For Run 1D-1, we see a
number of small local maxima with the main pulse arriving at the
end of the year, i.e. 275 days after the maximum in F at the TMZ. For
Run 1D-2 the net result of the particle feeders on the particle flux is
that the particles arrive in two pulses centered on Days 96 and 138,
respectively. Averaged over the year the export flux for Run 1D-1 is
0.033gCm~2day™ !, i.e. 0.33F, (see Table 1). The larger biological
response in Run 1D-2 produces a reduced average export flux of
0.25F,,. For reference, with no biology (i.e., P=Q=0) except bacterial
degradation the maximum in export flux would occur 30 days after
the maximum in the flux at the TMZ, i.e. on Day 121 (figure not
shown), and the average export flux would be 0.57F,.

As we will see in the experiments described below the production of
multiple pulses of particle flux together with on occasion the slowing
down of the propagation of these pulses are common features of the
system. Unfortunately, because of the non-linearity of the system, we
have not been able to derive an analytical expression for the speed of
descent in terms of the particle flux and biological parameters.

An alternative view of Runs 1D-1 and 1D-2 is shown in Fig. 3a
and b, respectively, where Pis plotted against Q as a function of depth.
As well as the larger response in Pand Q in Run 1D-2 ((Pax, Qmax) =
(132mgCm~3,68mgCm 3) versus (23mgCm 3,19mgCm 3)
in Run 1D-1), there is also a more rapid reduction in their values with
depth. They reach 50% of their maximum values at the TMZ after
4.2 days (126 m below the surface) and 5.5 days (165 m) for run 1D-1
and after only 1.5days (45m) and 2.5days (75 m) for run 1D-2,
respectively.

For comparison the case of Run 1D-2 with the higher bacteria
activity (A) is shown in Figs. 2c and 3c. The bacterial consumption of
F becomes stronger with a consequent reduction in the response of
P and Q which is confined closer to the surface (Fig. 3c with (Ppax,
Qmax) = (10.1 mg Cm~3, 4.6 mg Cm~3)). The export flux averaged
over the year is now reduced to 0.004 F,, with the reduction dom-
inated by bacterial degradation. Biological (animals + bacterial) ac-
tivity does affect, however, the temporal distribution of the export
flux. Again we see two peaks but with the first peak significantly
larger than the second and arriving at Day 108 (Fig. 2c), i.e. 12 days
before the peak expected with low bacterial activity. To emphasize
the impact of spatial variability, advection and diffusion on the parti-
cle flux and the biological communities the remaining results are
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Fig. 1. Time evolution against depth of F (left panels), P (center panels) and Q (right panels) in the 1-D model with low bacteria activity and n =1 (upper row), n =32 (bottom row).

presented from experiments with the lower bacterial activity, al-
though it is recognized that the results are dependent on the poorly
known role of microbial activity.

3.1.2. Spatial patchiness (with no advection or diffusion)

The 3-D model allows us to investigate the role played by patchi-
ness in the flux at the TMZ on predator-prey interactions. With no
advection or diffusion, changes to the overall behavior of the model
are brought about solely by the way the flux at the TMZ is distrib-
uted into regions of high and low flux. The two time-forcing cases
presented in the previous section (n=1 and 32) are considered in
regard to a sinusoidal spatial distribution (m=1, Run 3D-1) and a
strong localized patch in the flux at the TMZ (m =32, Run 3D-2) (see
Table 3).

Fig. 4 shows the time series of F, P and Q at the top of the domain
at the locations of maximum and minimum flux (Fyigh and Fiow, re-
spectively) for Runs 3D-1 and 3D-2. The time evolution of P and Q
varies considerably at the two locations for both runs and reflects

the magnitude of the overwintering carnivore population. With the
choice of forcing (Eq. (6)) the minimum flux at the TMZ is greater at
Fhign than Fy,y,. Consequently the carnivore concentration Q, before the
bloom, is at a higher level at Fy;g, compared to Fio, and therefore able
to respond faster to the increased P concentration. At Fyo,, the delayed
Qresponse allows the growth in P to last longer such that P reaches its
maximum at a later time. The effect is particularly marked in Run 3D-2
where, despite the lower flux at F, P reaches a higher maximum
value than at Fpigp.

The export flux, under the high and low flux regions at the TMZ for
Runs 3D-1 and 3D-2, are shown in Fig. 5. Averaged over the year the
export flux compared to their respective values at the TMZ for the high
(low) flux regions are 0.34Fy;gn (0.32F0w) for Run 3D-1 and 0.25F;gn
(0.26Fow) for Run 3D-2. The timing and relative intensity of pulses in
export flux are different under the high and low flux regions. For 3D-2
the differences are such that the maximum export flux arrives at
approximately Day 220 under the high flux region, while it arrives
at Day 100 under the low flux region. Averaged over the horizontal
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Fig. 2. Export flux for a)

domain and over the year, the export flux is 0.33 F, and 0.26 F, for Runs
3D-1 and 3D-2, respectively; values that are surprisingly close to the
equivalent 1D experiments given the very different responses of P and
Q at the TMZ and the different temporal distributions of the export flux
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n=1 (1D-1), b) n=32 (1D-2) both with a low bacteria activity (A=6.25x10"*day~ '), and c) 1D-2 with high bacteria activity (A =0.1285 day ).

under the high and low flux regions (see Table 3). For Run 3D-1, as
with Run 1D-1 the spatially averaged maximum export flux occurs at
the end of the year (Fig. 5). For 3D-2 the second maximum at Day 150 is
suppressed while there is broader maximum centered on Day 230.
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Fig. 3. Three-dimensional phase plots. Variation in the concentration of P and Q as a function of depth (in meters) for the 3 cases shown in Fig. 2. P and Q concentrations are

normalized by their maximum values respectively.
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3.2. Impact of stirring and mixing

Horizontal stirring is an additional mechanism that induces strong
inhomogeneities and which is inherent in the open ocean. Here we
consider advection by a chaotic flow given by (Eq. (5)), which is
uniform with depth. The ratio A/L controls the geometric properties of
the stirring and T the speed of stirring without altering the trajectories
of the fluid element (Neufeld et al., 2002). We set A/L=0.7, in which
case the flow is nearly ergodic (Neufeld et al., 2002). In a chaotic flow,
fluid elements separate exponentially at a rate given by the Lyapunov
exponent, i, which can be taken as a measure of the stirring rate of the
flow. For the flow defined in Eq. (5) p~1.66/T, and is uniform across
the domain.

The addition of mixing will tend to reduce the inhomogeneities of
biogeochemical properties induced by the forcing at 100 m and the
fluid stirring (as well as affect the reaction rates between species;
Eq. (1)). As the particles fall to depth the horizontal distribution of the
particles and associated biogeochemical properties will tend to become
more homogenous through the action of the fluid stirring and mixing.
An important measure of the mixing, therefore, is the depth at which
properties become essentially horizontally homogenized. We refer
to this depth as the mixing, or mix-down depth, Ly (Eqs. (7)-(8), see
Table 2). We may expect the impact of stirring and mixing to depend
on how Ly compares with the depth over which significant biological
reactions take place, L. If Ly > Ly, then the stirring and mixing will have
little effect. As Lg/L, tends to zero the system should behave as the

horizontally homogeneous case. For a steady forcing Ly, is given by 1/k
from Eq. (3). For the biological parameters chosen (c.f. Table 1) this gives
L,~250 m. This value gives a reasonable estimate for the unsteady
forcing cases also, based on the rate of decrease with depth of P and Q
found in the numerical experiments.

We can convert the mix-down depth to a mix-down time T, by
Tmm=La/v, where v is the vertical propagation speed of the signal.
Pulses of F have different propagation speeds, as in the 1D case (and
looking forward to Fig. 7). Averaged over the depth of the domain
the propagation speeds of the two pulses are approximately equal to
30 mday~! (the particle sinking rate) and 18 mday~ !, respectively.
At a given depth, we therefore expect the second pulse to arrive in a
more homogeneous state than the first because of the longer time the
fluid stirring and mixing has had to act. Our estimate of T,,, depends on
the ratio L,/wr, where L, is the horizontal scale of a patch (in our case
the width of the region of high surface flux), and wr is the width of
filaments created by the stirring and diffusion (where wy = /K / 1L
and K, is the horizontal diffusion coefficient), which expresses a
balance between the thinning of tracer filaments by the straining of
the flow and a broadening by diffusion. For Ly/w;>>1 the mix-down
time is appropriate, i.e. the time it takes for the stirring to stir down
the initial patch to the width of the filaments (Thuburn and Tan, 1997,
Hu and Pierrehumbert, 2001a,b), by which time the tracer will be
spread across the domain and subsequent folding by the flow will
produce rapid mixing. The mix-down time is found by Richards and
Brentnall (2006) to be a key parameter in the impact of stirring and
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fluxes.

mixing on the marine ecosystems in the euphotic zone. In this case
the mix-down depth is given by:

L
YIn (—P>
mo AW
If L,/wr=1 or less then we need to look at the time it takes for
the tracer to be spread across the domain which will be related to the

Lagrangian integral timescale of the flow (Garrett, 1983). The mix-
down depth is now expected to be given by:

L L
Lg= 222 -15-05-2].
u Wg Wy

Ly = (7)

(8)

For the parameters chosen, Eq. (7) applies to all the cases con-
sidered here.

To illustrate the impact of stirring and mixing we can vary the mix-
down depth by varying respectively T or K,,,. Here we present results
from experiments 3D-2, where the forcing flux at the TMZ F,, is
localized in both time (n=32) and space (m=32). The mix-down
depth for the cases considered below is given in Table 4 using
v=30mday~! (appropriate for the first pulse in F). The mix-down
depth for the second pulse is approximately half this value.

Table 4
Mix-down depth Ly (meters) for different T (days) and K, and for different surface
forcing. Note depths are relative to the top of the mesopelagic zone (TMZ).

Run 3D-2 (n and m=32) Kn=0.1m?s" ! Kn=1m?s"'
T=26 days 682 141
T=4 days 173 90

For the lateral diffusion coefficient, representing small scale pro-
cesses, we set K, =0.1 m? s~ ' (which is similar to the value found by
Ledwell et al., 1998, for the initial dispersion of a tracer released in
the thermocline and which is consistent with the estimate of Young
et al,, 1982, based on the combined effects of internal gravity waves
and vertical diffusion). We also consider the effects of increasing
the diffusion coefficient to Ky =1.0 m? s~ !. We consider T=4 days
and T=26 days. With these choices of K,,, and T, L4 varies by a factor
of 7.5.

For K, =0.1 m? s~ ! the filament width w (the e-folding width) is
approximately 0.2 km. We choose the domain width L, therefore, to be
6 km so that the filaments are resolved. This is a small size domain.
Our results can be applied directly to larger size domains by scaling
the value of K., with L. Note that the amplitude of the advection is
already scaled with L.

Before considering the vertical variation of the system we consider
the horizontal distribution of the particle flux, F, at the bottom of the
mesopelagic zone (BMZ). Fig. 6 shows F at the BMZ for the unstirred
and the 4 stirred cases considered, at Day 90 (the approximate time
when the first pulse of particles arrives). The stirring and mixing
by the flow have spread the signal across the domain with greater
stirring (smaller T) and greater diffusion (larger K,,,) producing a more
uniform distribution (note the color scales vary on the individual
plots). Although the mix-down depth given by Eq. (7) and Table 4 is
only a crude measure, it is consistent with the results shown in Fig. 6
with respect to the implied tendencies induced by changes in the
stirring or mixing.

Fig. 7 compares the spatially averaged depth/time evolution of F,
P and Q for case 3D-2 for 3 different stirring and mixing regimes

(unstirred, T= 26 days and 4 days with K, =0.1 m? s~ !). Fig. 8 shows
P plotted against Q as a function of depth. Ppax and Qmax values are
(14.1; 6.8) mg C m~ > for the unstirred case. Close to the TMZ the effect
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of increased stirring and mixing is to decrease the spatially averaged
response of P while increasing that of Q. P,ax and Qumax Values evolve
to (2.8; 10.9) mg C m~ > for T=26days and (5.1; 17.4) mg C m~> for
T=4days. The bloom in P is suppressed while that in Q is increased.
In addition there is a greater reduction in F. Instead of the system
tending to the well-mixed case (Run 1D-2: see Figs. 1 and 2), for the
values of stirring and mixing considered, the system close to the TMZ
is pushed into a high Q, low P regime. The reason is the flux at the
TMZ is stationary in space. Water parcels just below the TMZ are
advected through regions of alternately high and low flux. To converge
to the well-mixed limit close to the TMZ we require a mixed down
depth on the order of a few meters.

Despite the very different conditions near the TMZ we do see a
convergence to the well-mixed case at depth. In particular the speed of
propagation of the second pulse in F changes to that of the falling
particles at around 400 m (300 m from the TMZ) for T=4 days
resulting in the pulse in the export flux arriving at around Day 140
(Fig. 9), which is very similar to that for Run 1D-2 (Fig. 2b). With
T=26 days, and a greater mix-down depth, the second peak in export
flux remains suppressed, as in the case with no stirring. With increased
diffusion (K, =1 m?s™ '), and the associated decrease in mix-down
depth (Table 4), the signal in export flux is very close to that for
Run 1D-2 (not shown) for both T=4 and 26 days, emphasizing the

importance of the mix-down depth in determining the behavior of
the system.

Finally, we compare the spatial variability vs. the spatial mean of
the annual mean export flux (at 1000 m, the BMZ). The spatial mean
and spatial standard deviation of the export flux annually averaged
are given in Table 5 for the unstirred and the four stirred and mixed
cases considered, as a fraction of the spatially averaged flux at the
TMZ, F, (=0.1 g Cm~2day~'). The spatial mean at the bottom varies
by only 3%. The standard deviation, however, varies considerably.
Without stirring the standard deviation is two times that of the mean,
reflecting the spatial variation of the flux at the TMZ. Stirring and
mixing dramatically reduces spatial variability in the flux. With
T=26 days, K, =0.1 m? s~ !, the standard deviation is only 5% of the
mean. Increasing the stirring rate decreases this value still further.
With K =1 m? s~ ! the standard deviation is negligible.

The probability density function (PDF) of the annual mean export
flux at 1000 m (the BMZ) at each horizontal grid point, together with
the PDF of the timing of the maximum flux, also at each horizontal
grid point, is shown in Fig. 10 for the two stirred cases with K, =
0.1 m? s~ '. The PDF of the annual mean is relatively narrow in both
cases. The maximum difference of the annual mean flux at a grid point
from the spatial mean is 15% of the spatial mean for T=26 days
(Fig. 10a) and only 2% for T=4 days (Fig. 10c). The PDFs of the timing,
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the 3 cases shown in Fig. 7. P and Q concentrations are
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however, are very different. With T=4 days (rapid stirring) the PDF
of the timing of the maximum flux at individual grid points is bimodal
(Fig. 10d), reflecting the two peaks of similar magnitude found in the
spatial mean (Fig. 9). Approximately 60% of the horizontal grid points
have a maximum in their export flux around Day 140, which can
be related to the second (and larger) peak in the spatial mean. With
T=26 days, the timing of the maximum exported flux at individual
grid points is spread throughout the year (Fig. 10b). Only 4% of these
timings occur within 10 days of the timing of the maximum of the
spatial mean, which is approximately Day 100 (see Fig. 9). The ma-
jority (80%) occur after Day 200, suggesting that, in this particular
case, it would be difficult to relate the timing of the export flux to the
timing of the near TMZ bloom from a single point measurement.

4. Summary and discussion

In order to elucidate the controls on fluxes and remineralization in
the twilight zone, it is important to go beyond the use of empirical
relationships that neglect physical and biological mechanisms (e.g.
Martin et al., 1987; Armstrong et al., 2002). Here we present an
extension of the two-dimensional (depth-time) flux-prey-predator
model of Jackson and Burd (2002) to include the effects of spatial
and temporal inhomogeneities, which are ubiquitous features of the
marine environment. The goal has been to be illustrative rather than
definitive and hence the prescribed spatial and temporal variability
in the flux have relatively simple forms. The results, however, do
highlight the fact that particle-biological interactions are very much
affected by the way the surface flux is distributed in time and space as
well as the subsequent lateral stirring and mixing by eddying motions
as the particles sink.

Changing the temporal and spatial distributions of the surface
produces only a modest change in the total export flux at the bottom

of the model layer. The largest change found here is brought about by
packaging the flux into short bursts in time (Run 1D-2), but even then
the change is only 25% of the export flux at that level compared to
when the temporal distribution is less peaked (Run 1D-1).

There are much bigger changes in the timing and strength of
pulses in the particle flux reaching the bottom of the layer. In all cases
considered the initial increase in particle flux brought on by the start
of the “bloom” is interrupted by a period of reduced flux caused by
the rapid reaction of the near-surface particle feeders. The subsequent
temporal behavior depends on the response of the near-surface car-
nivores (Q) and the mid-water biology. A relatively rapid response
of the near-surface Q suppresses P and allows a second pulse of high
flux. The speed of the downward propagating signal of high flux is
slowed by the response of the particle feeders. In the case of a spatially
distributed surface flux, the large biological activity in regions of high
flux is enough to delay and broaden, significantly, the pulse of the
spatially averaged flux reaching the bottom.

As in the euphotic zone, the over wintering of the predator (Q) in
the system does affect the initial response of the prey (P) to a new
supply of food (F) and thus the subsequent temporal evolution of the
system. The choice of spatial variation of the surface flux used does
introduce a spatial variation in the overwintering Q. Again this should
be seen as illustrative of the effects of spatial variations in the over-
wintering predator. A different choice of spatial variation in F would
produce a different relationship between F and Q and may well affect
the impact of the spatial variability.

The inclusion of lateral stirring and mixing affects both the near-
surface and deeper responses of the system but in different ways. The
near-surface response for moderate stirring and mixing is to move
the system to a high Q, low P regime. This response is caused by
the somewhat artificial nature of the imposed spatially stationary
surface flux, which in practice will move. The results are interesting

Table 5
Spatial mean and spatial standard deviation of the annual mean export flux for the unstirred case and the four stirred and mixed cases considered.
Annual flux (z=1000 m) Unstirred, unmixed T=26 days T=4 days T=126 days T=4 days
Kn=01m?s""' Kn=01m?s"' Kn=1m?s! Kn=1m?s"'
Spatial mean 0.26 F, 0.23 F, 025F, 0.25 F, 0.25 F,
Standard deviation 0.5 F, 1.14x1072F, 1.33x107 3 F, 5.15x10"*F, 2.81x107°F,
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nonetheless in showing a non-monotonic trend in the system re-
sponse in going from the unstirred to the well-mixed state. Sur-
prisingly, and perhaps fortunately, the near-surface response does not
unduly affect the mid-water response where we find as expected that
increased stirring and mixing pushes the system to the well-mixed
limit. A useful metric in determining the impact of stirring and mixing
is the mix-down depth discussed in Section 3.2 which combines
the effects of the initial patch size, strength of stirring, diffusion and
sinking rate. When the mix-down depth is small compared to the
depth to which biological interactions are important, then the im-
pact of stirring and mixing is large, producing significant changes
to the temporal behavior of the export flux and reducing spatial
inhomogeneities.

The behavior of the biological system is strongly controlled by
a number of parameters that are poorly constrained by literature
values. We have set these parameters to values suggested by Jackson
and Burd (2002) (who investigated the sensitivity of the particle-
biological system to a number of these parameters). Caution needs to
be exercised if applying our results to model systems that have very
different parameter values (or ecosystem dynamics), although the
qualitative nature of the results may well hold. One aspect that
deserves discussion is the sinking rate. The sinking rate chosen in this
study, 30 mday ', is in the accepted limits for marine aggregates (for
a size>0.15 mm) found in a number of studies (Fowler et al., 1987;
Alldredge and Gotschalk, 1988; Alldredge and Silver, 1988; Diercks
and Asper, 1997; Stemmann et al., 2002; Hood et al., 2003). More
recent estimates suggest that the global average sinking rate may
be in excess of 100 mday~"' (c.f. Guidi et al., 2008). Increasing the
sinking rate, v, increases both the biological depth scale, L, (given
approximately by 1/k; Eq. (3)) and the mix-down depth, Ly (Eq. (7)).
We therefore expect an increase in the spatially averaged export flux
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with greater spatial inhomogeneity, the latter of which has implica-
tions for sampling the flux (see below).

Considering the physical model, we have used a simple horizontal
velocity field which is uniform with depth and in addition ignored
vertical motions. In reality the situation is more complex with the
source of particles often related to the flow itself. The flow topology
affects the stirring and mixing characteristics as well as the location of
regions of strong primary production (see e.g. Martin, 2003; Lehahn
et al.,, 2007), an aspect that should be included in future studies.

Sampling considerations: As demonstrated in this study, spatial and
temporal heterogeneities in the flux at the bottom of the euphotic zone,
combined with stirring and mixing in the water column, can strongly
modulate the degradation rate of the flux and the eventual export from
the mesopelagic zone. Relating the export flux to surface primary pro-
duction rates (as attempted by Lampitt and Antia, 1997, for example)
therefore is problematic. Even in the spatially homogenous case the
arrival time of pulses of the flux of carbon is affected by mid-water
biology producing an apparent sinking rate that may be very different
from that of the particles themselves. Compare, for instance, the early
arrival of the flux in 1D-2 with high bacterial degradation rate (implying
an apparent sinking rate of 50 mday~ ') with the late arrival in 1D-1
(apparent sinking rate 3 mday~ '), while the imposed particle sinking
rate in the experiments is 30 mday ™ '. Spatial inhomogeneities in the
surface flux produce inhomogeneities in the export flux, the level
depending on the amount of lateral stirring and mixing.

Because traditional sampling techniques (traps, in situ pumps) in
the mesopelagic layer are not adapted for resolving the mesoscale
(Gorsky et al.,, 2002), the mesoscale distribution of aggregates or
fluxes has been seldom reported. The depth distribution of inhomo-
geneities remains unknown limiting our ability to assess the repre-
sentativeness of point measurements.
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Buesseler et al. (2007) report on observations using drifting sedi-
ment traps to measure the transfer efficiency of sinking particulate
organic carbon. Using the semi-Lagrangian technique they are able to
connect the fluxes at different depths and obtain consistent transfer
efficiencies. In terms of gaining a spatial average of fluxes, however,
the technique is limited. In regions where properties are poorly mixed
at a particular depth the spatial variations of the flux can be large (c.f.
Fig. 7). Fixed (Eulerian) measurements can be at an advantage. An
eddying flow sweeps the variability in particle flux past the sampling
point, considerably reducing the variable in the estimated annual
mean (Table 5 and Fig. 10). There may, however, still be problems
in determining the timing of the maximum in the flux (Fig. 10).
A judicious combination of Lagrangian and Eulerian sampling will
provide estimates of rates of processes and areal means. Determining
the benefits of different sampling strategies is beyond the scope of
the present paper, but a model similar to the one presented here,
perhaps with improved physics and biogeochemistry, could provide a
tool in the planning of observations and the interpretation of results.

Clearly more complex flows, and their impact on the spatial and
temporal characteristics of the generation of the particle flux, need to
be considered in later studies. The aim of the present work, however,
is to identify and expose some basic processes that impact on particle
fluxes in the mesopelagic zone. The results should aid the interpre-
tation of simulations which incorporate more complex biological and
flow regimes. The importance of correctly modeling physical pro-
cesses in marine ecosystem modeling studies cannot be overstated.
The time and space scales of the physics in which an ecosystem model
is embedded have to be consistent with the ecosystem itself (Hood
et al., 2003; Friedrichs et al., 2006).
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