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1 Introduction

Particulate organic matter in the ocean is important as a pool of carbon, a food source
and as a vehicle for the removal of carbon from the upper, well-lit layers that are in
contact with the atmosphere. The removal of particulate organic carbon takes place via
the sedimentation of particles that sink through the water instead of simply moving with
it. Sinking of organic carbon away from the surface thus enhances the capacity of the
ocean to absorb carbon dioxide from the atmosphere via the so-called “biological pump”,
i.e the process of uptake of dissolved inorganic carbon by phytoplankton and its subsequent

transport to the ocean interior by sedimentation.

The amount and the timing of sedimentation of organic matter from the upper layers of
the ocean depends on the amount of organic matter in these layers, and on its sinking
speed. These in turn depend on the structure of the pelagic ecosystem, which mainly
governs how much of the primary production is being recycled by microbial degradation
and grazing. As the biomass and composition of this system in many regions of the ocean
shows strong seasonal variability, it is evident that the flux of organic mass is in general not
a steady input of matter to the sediment, but comes in the form of large pulses, especially
following phytoplankton blooms, when high biomass can be found in the euphotic zone
(Billet et al., 1983; Haake et al., 1993; Beaulieu and Smith Jr., 1998). Besides the occurrence
of high biomass in the euphotic zone, a high sinking speed is necessary to explain the rapid
sedimentation of bloom type material. Two different explanations have often been proposed
for the occurence of sedimentation pulses. One pathway can be seen in the sedimentation
of zooplankton fecal pellets, which can settle at a sinking velocity of several hundreds of
meters per day (Fowler and Knauer, 1986; Noji, 1991). The second pathway is via the
sinking of live or dead phytoplankton cells. These cells are generally of small size, sinking
less than 1 m d™! if at all (Smayda, 1970; Bienfang, 1981). Aggregation may increase their
size and sinking speed. For example, aggregates of phytoplankton of several millimeters in
diameter have been found in several regions of the coastal and open ocean (Billet et al.,
1983; Lampitt, 1985; Alldredge and Gotschalk, 1989; Riebesell, 1991). These aggregates
show sinking velocities of hundreds of meters per day (Alldredge and Gotschalk, 1988),
depending on their size. An increase of sinking speed with increasing aggregate or colony
size has also been found by Smayda (1970). From the time between the appearance of

high surface phytoplankton biomass and the deposition of phytodetritus on the sea floor
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Lampitt (1985) calculated sinking speeds of 100 to 150 m d-1.

The formation of large aggregates of phytoplankton cells may happen by a variety of pro-
cesses such as zooplankton grazing and defecation, mucus feeding webs etc. (see Alldredge
and Silver, 1988 ). Physical aggregation, i.e. the collision of phytoplankton cells by phys-
ical mechanisms and their attachment to each other, may happen without the mediation
of zooplankton shortly after the onset of a bloom, when there is no or little zooplank-
ton (Smetacek, 1985). Because aggregation of phytoplankton cells by collision depends on
number and size of the particles (McCave, 1984) and on their stickiness (see also chapter
2 for the biology, measurement and theoretical description of marine aggregates), the rate
at which the particle size distribution changes strongly depends on the ecological state of
the system.

It is therefore of interest to investigate how the particle size distribution and its sinking
speed in a model of the pelagic ecosystem change with time, how they affect the shallow
and deep flux of organic matter, and how the different processes contribute to this change
in sedimentation. This has been done so far in models that are explicitely designed to
investigate aggregation and consider many discrete size classes (Jackson, 1990; Riebesell
and Wolf-Gladrow, 1992; Hill, 1992). Such models have a high computational cost, so that
it would not be possible to use them in models that also have a detailed horizontal and
vertical resolution of water movement.

When biogeochemical models consider sinking, they have usually one and at most three
classes of particles each with a constant sinking speed (Evans and Gargon 1997 ). Fasham
et al. (1990) could not decide on a single correct detrital sinking speed, and reported
results from their plankton ecosystem model with two different sinking speeds; Slater et al.
(1993) did likewise when they investigated the same model in a 3-dimensional setting at
ocean-basin scales.

Here a new technique for representing the distribution of phytoplankton size distribution
and sinking speed is presented. Numbers and total mass of particles are treated as separate
state variables in the model, each obeying its own conservation law, so that the size distri-
bution or the average aggregate size and sinking speed are themselves dynamical variables.
The main questions to be addressed in this work are how important it is to take account of
seasonally variable sinking speeds, and how accurate this new representation is. There are
two representations for phytoplankton aggregation and sinking: one is concerned with the

representation of aggregation in a well mixed parcel of water in the upper water column,



representative e.g. for the mixed layer, and one with the representation of aggregates in
a vertically resolved water column. The second approach requires slightly different algo-
rithms for aggregation and sedimentation, so they are presented in two different chapters.
The first approach, hereafter called the box model (chapter 3), serves the purpose of com-
paring the outcome of the representation of the size—continuous model with the results
of previous, size-discrete models (Jackson, 1990; Riebesell and Wolf-Gladrow, 1992). Ex-
periments performed with this model give an overview on the importance of some of the
parameters for phytoplankton growth and sedimentation. The second approach modifies
the equations as presented in the first approach to fit into a vertically resolved 1-D model of
ocean biogeochemistry (chapter 4). The results of this model are again checked vs. the box
model, and again experiments are performed to test the influence of the vertical resolution
on sensitivity of the model to alterations in parameters. The importance of phytoplank-
ton aggregation on ocean biogeochemistry is then tested with simulations for a site in the
Northern North Atlantic (chapter 5) and two different sites in the Arabian Sea (chapter
6). To provide the possibility to estimate the relative contribution of phytoplankton and
pellet sedimentation to total flux in these simulations, zooplankton and fecal pellets have

been added to the model.
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2 Phytoplankton aggregates and marine snow

2.1 The biology of marine aggregates

Particles in the ocean come in a range of sizes covering many orders of magnitude. New
particles (large organic molecules, dead or living phytoplankton cells, fecal pellets, etc.)
are generally small (a few micrometres in diameter). Although small particles like this are
usually the most abundant, aggregates 0.5 mm or greater in diameter (“marine snow”)
can be important for sedimentation, and for the functioning of the biological system in the
pelagial.

There are different pathways for the production of marine aggregates. One is de novo pro-
duction by zooplankton, e.g. tunicate houses and discarded mucus feeding webs (Alldredge
and Silver, 1988). Another pathway is the collision and subsequent aggregation of parti-
cles, especially phytoplankton cells, by physical or kinetic aggregation. A third pathway
has been proposed by Passow et al.(1994) via production of TEP (transparent exopolymer
particles) and the subsequent collision of these large organic molecules, plus scavenging of
phytoplankton cells. It should be noted that this last mechanism introduces a transition
from dissolved organic matter to particulate organic matter by merely physical, and not
biological interactions.

As a consequence, marine snow can be present in variety of compositions and forms. It
comes in forms of globules, clouds and stringers, i.e. elongated, comete shaped aggregates
(for terminology see Stachowitsch et al., 1990). In the Adriatic Sea Bochdansky and Herndl
(1992a) found globules and stringers in 1989 and 1990, and dense clouds of several meters in
length in the summer of 1991. Beside aggregates consisting mainly of phytoplankton cells
(Alldredge and Gotschalk, 1989; Alldredge and Gotschalk, 1990; Alldredge et al., 1995;
Riebesell and Wolf-Gladrow, 1992) — phytoplankton in marine snow can account for 30% of
total Chl a of the water column — aggregates have been found to be colonized by polychaete
larve, and fecal pellets have been found to be enriched in marine snow by a factor ranging
up to 3800 (Bochdansky and Herndl, 1992b). Enrichment of bacteria, cyanobacteria and
autotrophic picoplankton on marine aggregates has for example been found by e.g. Lampitt
et al.(1993b) in the Northern North Atlantic. Because marine snow or aggregates often
consists of photosynthetically active diatoms e.g. of the genera Chaetoceros and Nitzschia,
they can account for a large fraction (up to 40%) of photosynthesis in the water column

(Alldredge and Gotschalk, 1990; Kaltenbock and Herndl, 1992).
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Aggregates also serve as a food source for larger zooplankton. In laboratory experiments
Hansen (1992) found that three calanoid copepod species ( Temora longicornis, Centropages
hamatus and Calanus finmarchicus) were able to feed on colonies of the prymnesiophyte
Phaeocystis sp., with a preference of the copepods for colonies, and of female copepods
even for larger colonies ( > 0.1 mm). No grazing could be detected for Acartia clausi
when fed with Phaeocystis. Nevertheless, in situ measurements of copepod ingestion rate
during a Phaeocystis bloom in the North Sea showed that copepods grazing was of little
importance for the development of the bloom (Hansen, 1992). Significant grazing of Acartia
clausi on aggregates was detected by Bochdansky and Herndl (1992a) when feeding the
copepod with aggregates consisting of Nitzschia closterium and with aggregates which were
produced from natural seawater collected in the Gulf of Trieste by rolling tank incubations.
Lampitt et al.(1993b) discuss feeding of the amphipod Themisto compressa on marine
snow containing large amounts of autotrophic picoplankton as a short cut in the food web.
By aggregating, or by being scavenged by larger aggregates, small cells become available
to larger zooplankton.

The specific density of aggregates usually decreases with increasing aggregate size due to
the space between the single constituents, or the contribution of matter with a low density,
as, for exmaple, TEP, to the aggregate mass (Alldredge and Gotschalk, 1988; Engel, 1998).
As a consequence, their excess density decreases with increasing size, and thus the sinking
speed relates to diameter by a power less than two (as would be given by Stoke’s law
and constant density) but larger than zero (Alldredge and Gotschalk, 1988; Alldredge and
Gotschalk, 1989). Fecal pellets can be effectively scavenged by marine snow (Bochdansky
and Herndl, 1992b). Because aggregates in the Northern Adriatic Sea tend to remain more
or less neutrally buoyant over several weeks (Kaltenbock and Herndl, 1992), trapping of
fecal pellets in this type of aggregates has been considered to even prolong the residence

time of pellets in the upper layers of the water column, and thus diminish their flux to the

sediment.

2.2 Measurement of marine particles and aggregates

There are various problems associated with the measurement of large aggregates, most of
which lead to an underestimate of their abundance. Large particles are generally fragile,

and easily break apart during collection and handling (Alldredge and Gotschalk, 1988).



2.3 The size distribution of particles in the ocean

Due to the low abundance of large aggregates (at most few tens per cubic metre or less),
with standard collection methods, where only a few millilitres are sampled, these large
aggregates are likely to be missed. The problem of breakage and undersampling has been
overcome by the collection of aggregates by large volume water samples or filtration systems
(e.g. Lampitt et al., 1993b), and by in-situ collection of aggregates by divers (see Alldredge
and Silver, 1988b). Sampling of aggregates by SCUBA divers is only applicable for the
nearshore environment, but not for the open ocean. The Coulter Counter, which can be
used for sampling particles aboard research vessels in the open ocean is only capable of
measuring particles between ca. 1 - 100 pm, so larger particles have to be collected and
counted by other methods. Recently, the use of underwater optical systems (Honjo et al.,
1984; Lampitt, 1985; Lampitt et al., 1993b; Kilps et al., 1994; Beaulieu and Smith Jr.,
1998) have revealed the existence of large aggregates and their importance for open ocean
processes. Because optical analysis of aggregates usually starts at larger sizes of one to
several 100 um depending on the resolution, investigations on how to combine the results
of different methods such as Coulter Counter technique and optical analysis are necessary.
One step towards a combination of both techniques, which gives an insight on the size

distribution over a large range of particle size can be found in Jackson et al. (1995).

2.3 The size distribution of particles in the ocean

Different functions have been proposed for the representation of marine size distributions
of particles as measured by various methods such as Coulter Counter technique, scanning
electron microscopy or light scattering. A log-normal function has been proposed by Lam-
bert et al.(1981) and Jonasz and Fournier (1996). Zuur and Nyffeler (1992) found that the
size spectrum could be well described by the sum of two exponential functions, for the size
spectrum from zero to infinity. On the basis of observations of particles > 1um in oceanic
waters, it has been found that the particle size distribution may also be well described by

a power law distribution (McCave, 1984):

p(d) = % = A0~ (1)

where p(f) is the particle size distribution as a function of particles diameter 6, dN is the
number concentration of particles in the size range from 6 to § + df and A is a coefficient

related to the total number of particles present in a water parcel. The positive exponent e
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can then be evaluated by log-log plots of n(f) vs. 6. Expressed as cumulative number of

particles P(m) (particles larger than a given size m), equation 1 then becomes

00 ml—e

P(m) = A / 6-<dg = A

m e—1

if  e>1 2)

Examples of two cumulative size distributions are given in figure 1. If there are many small
particles, the slope of the size distribution becomes steeper (i.e. € increases, broken line in
figure 1), if there are many large particles, the slope of the size distribution becomes lower
(solid line). The effect of a flattening of the size distribution (decrease in €) can either
be achieved by reducing the number of particles, or by increasing their mass. The former
process has an effect on the size distribution coefficient A, i.e. on the intercept of the curve

at @ = m or the total number of particles > m, the latter only has an effect on the slope .

100 [ T T r

MASS > 0.002 cm = 1 mmol N/m3, NOS > 0.002 cm = 1 /cm3 ——
MASS > 0.002 cm = 1 mmol N/m3, NOS > 0.002 cm = 100 /cm3 -----

N(m) [lem3]

10-08 P " 1 " . " L . e

001 Diameter [Cf?li1
Figure 1: Example of two cumulative particle size distributions. The x-axis represents the
diameter of particles from 20 pm to 2 cm on a logarithmic scale, the y-axis the of particles
large than a given size (log scale). The exponents ¢ for the size distribution are 3.29 (solid
line) and 4.79 (broken line). The total number of particles > 20um is 1 (intercept of solid
line with y-axis) and 100 (intercept of broken line with y-axis). For further explanations see
text.

If 6 is the diameter of particles, and the particles are assumed to be of spherical shape,
with the volume given by v = 7/6 83, then the volume of particles larger than a given size,

V{(m) can be evaluated according to
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o0 4—6
V(m) = / T AR dg = AT
m 6 6(6 — 4)

if e>4 (3)

Typical values for the exponent of the cumulative number distribution that have been found
using Coulter Counter techniques (which, in contrast to the equations given above, only
measures within a limited size range, see above) lie in the range of € = 4 for oceanic waters,
which implies equal particle volume in logarithmically increasing size classes (so-called “flat
distributions”). It is evident that equation 3 can only be solved for € > 4. If the particles
were of uniform specific density (i.e. the specific density does not vary with diameter), this
means that total mass would be infinite. If instead the specific density of the aggregates is
related to aggregate diameter by a power function with a negative exponent, the particles
become less dense with increasing size. The function that relates mass of particles to
diameter can than be described by a function C #¢, where ¢ may be less than 3. This has
in fact been found by several authors (Li and Logan, 1995; Mullin et al., 1966; Alldredge
and Gotschalk, 1988). The cumulative mass distribution M(6) is then given by

oo 14+(—¢
M(m) :AC/m 9<<-f>d9=‘éc_"g—_l) if e>(+1 (4)

Again, it can be seen that € cannot be smaller than 1 + (, or the total mass of all particles

would be infinite.

2.4 Aggregation of particles in the ocean

The theory of particle aggregation in the ocean is well worked out. The collision of particles
depends on the rate at which particles get into close proximity to each other: this rate
depends on their density, their size, and the speed of the particles relative to each other.

For a size range from m to oo, the total number of collisions between all particles is given

by

T =05 [ [75(6.0) p0) pe) 800 5

where p(6) and p(©) are the particle number distributions as defined above, and 3(6, ©) is
the collision kernel. McCave (1984) in his theoretical work has shown that the aggregation

equation for aerosol dynamics may be applied to particle aggregation in the ocean. Three
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main processes determine the speed of particles relative to each other: turbulent and lami-
nar shear, differential settlement and Brownian motion. Collisions due to Brownian motion
mainly affect particles of small size (ca. 1-10 pm), and will be neglected in this work. For
large particles, shear is the dominant mechanism in bringing particles together.

Jackson (1990) used the equations for turbulent shear and differential settlement, together
with the formulation of collision efficiency according to Pruppacher and Klett (1978). The
kernel (Bsneqr) for the equation of shear depends on the cube of the sum of the diameters

of two particles, times the rate of turbulent shear:

Bshear (8, ©) = 0.163 shear (8 + ©)3 (6)

where 8 and © are the diameters of two particles, and shear is the turbulent shear. Differ-
ences in the fluid velocity carry the particles to each other. The larger the particles are, the
higher is the chance that they touch each other. Due to the power of three shear mainly
affects the collisions of large particles and the function increases with increasing particle
diameters (see also figure 2).

Kemel {cm3/sec]

- N WA N O O

Diameter [cm]

Figure 2: Collision kernel for turbulent shear. The x- and y-axis represent the diameter of
particles from 20 pm to 2 cm, the z-axis the number of collisions due to turbulent shear,
according to function 6, with shear = 0.84 s~!. For further explanations see text.

The second mechanism is differential settlement of particles. If sinking velocity is related
to diameter, then two particles of different sizes settle at different speeds and one particle
can overtake and contact the other. The area that two spherical particles can occupy while

sinking is given by the area of the circle that is defined by the sum of their particles. Thus
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the settlement kernel (e is given by the differences in the sinking speed of two particles,

times the area they pass through:

Baere(8,0) = 0.257 (6 + ©)* (w(©) — w(8)) (Ec + Ep) (7)

where w(6) and w(O) is the sinking speed of the particles of size 6 and 6, respectively. E¢
and Ep are the contact efficiency and the diffusion efficiency, respectively. As diffusion is
negligible for particles > 1um, taking the contact efficiency, i.e. the probability that two
particles close to each other come into contact, as formulated by Pruppacher and Klett

(1978):

(0/0) PR

— . B oy
¢ 2(1 + 9/6)2 WIth 0 < e - L e hﬁt{ _'i ; (8)

equation 7 reads ) -‘f ;T * v’
Buen(6,0) = 01257 6% (w(0) —w(f))  with 6<O (9)

(See also Jackson, 1990, who uses the same formulation for the evaluation of the settlement
kernel.) The function is zero for § = © if the sinking - diameter relationship for both size

classes involved is the same (see also figure 3).

Kernel [cm3/sec]

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Diameter [cm]

Figure 3: Collision kernel for differential settlement. The x- and y-axis represent the diam-
eter of particles from 20 ym to 2 cm, the z-axis the number of collisions due to differential
settlement, according to function 9, with w(8) = 1.16*!7. For further explanations see text.
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The joint effect of the two processes is assumed to be given by the sum of their kernels. This
sum times the number of particles in the corresponding size class finally gives the number
of collisions that occur between those particles. Because usually there are many more small
particles than large ones (see also figure 1) the shape of the particle size distribution will
counteract the effect of increasing particle size on the collision kernel.

Depending on the sinking-diameter relationship that is used, the settlement kernel generally
may depend as strongly on the diameter as the shear kernel (Stoke’s sinking with a power
of two) or show a weaker dependence (see figure 3 for w(f) = 1.16"'7). The collision
kernel does not increase monotonically with increasing diameter of both particles involved
in the collision, as it is the case in the shear kernel, but shows a maximum at a certain
relationship of # and © (figure 3). An maximum of this function can be found at the point
4 = (3%)"/", where 7 is the exponent that relates sinking speed to the diameter, at which

247
the first derivative vanishes.

If for example, 7 is 1.17, as used in many aggregation models (Jackson, 1990; Riebesell
and Wolf-Gladrow, 1992), the smaller particle has to be about two third (0.675) of the size
of the larger particle to yield the largest value for the collision kernel (see also figure 3).
Taking, for example, a particle of diameter 2 cm, a shear rate of 0.84 s™! and a sinking
relationship of the form w(f) = 1.16"!7, the maximum of the shear collision kernel that
can be achieved is 0.163 x 8 x 2% &~ 10 cm® s~!, and the maximum rate of due to differential
settlement is 1.1 x 7 x 0.125 x 0.6752 x 2317(1 — 0.697"17) =~ 0.65 cm® s~!. The maximum
collision rate due to shear is more than one order of magnitude higher than the collision rate
due to differential settlement, if at least one particle is of size 2 cm. Summarizing, when
there is high turbulent shear, collisions due to shear are more effective in bringing particles
together than collisions due to differential settlement. Yet this very large size has been
chosen for illustrative purposes - because there will be very few of those large aggregates
(about 107® cm~3 (see figure 1) despite of the high collision kernel at this large sizes, most
collisions will happen between smaller aggregates, because they are more abundant.

To aggregate, two particles must collide and stick together. The probability that two par-
ticles stick together after collision is given by the parameter of stickiness (stick), which
may vary between 0 (particles do not stick together) and 1 (every collision creates a new
aggregate). Empirical investigations show, that in reality stickiness varies largely and may
correlate to different factors such as type of aggregate, nutritional status, etc. (Alldredge

and McGillivary, 1991; Kigrboe et al., 1990; Dam and Drapeau, 1995). Especially the
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existence of transparent exopolymer particles (TEP) (Dam and Drapeau, 1995) or mu-
copolysaccharide sheaths (Engel, 1998) produced by diatoms have been found to increase
stickiness of particles. Also the spines that many diatoms bear can have the effect of en-
tangling the cells with each other (Hustedt, 1930), thus giving a kind of morphological

stickiness to the algae.

Aggregation reduces the number of particles, but conserves mass - the new particle’s mass is
given by the sum of the masses of the two particles involved in the aggregation event. Thus
it has an effect on the particle’s size and size distribution via the reduction of numbers.
The same effect of a flattening of the size distribution may be exhibited by the addition of
mass while maintaining the total number of aggregates. This effect can be found if cells
inside aggregates grow, or even divide and stick together after division, and may happen
by several mechanisms, e.g. production of extracellular mucus surrounding the cells or by
entangling of cells bearing spines and other protuberances, as it is the case for the setose
chain-forming diatom Chaetoceros or the colonies of Nitzschia and the starlike Asterionella
(Hustedt, 1930). This process, which is generally called “colony formation”, can often been

found in diatoms.

2.5 Effects of aggregation in ecological models

Models that combine aggregation theory and/or phytoplankton growth often use many
size classes (e.g. Jackson, 1990; Riebesell und Wolf-Gladrow, 1992) or involve the sectional
representation approach presented by Gelbard et al.(Gelbard et al., 1980; Jackson and
Lochmann, 1992) with fewer size classes. Jackson (1990) showed that in an exponentially
growing population of phytoplankton cells, when cell concentrations were high enough, ag-
gregation was sufficient to produce many large particles that sank rapidly and prevented
any further population growth, even without biological packaging into fecal pellets. There
is a rapid increase in the number of large aggregates once particles become sufficiently
abundant. Riebesell and Wolf-Gladrow (1992) investigated further the effects at depth,
incorporating nutrient exhaustion and the degradation of slower-sinking particles at inter-
mediate depths, and the influence of colony formation. Both of these models represented
the particle size distribution by hundreds of individual size classes. Riebesell and Wolf-
Gladrow (1992) had 1000 size classes, and thus half a million pairs of size classes whose

propensity to collide must be computed. The outcome of these models is mostly given
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as number of aggregates per size class and day, or as mass per size class and day. These
models have the advantage of providing a size distribution, which is not constrained to
decreasing particle numbers and mass with increasing particle size, but may produce the
above mentioned “humped” spectra over a certain range of particle sizes, but on the other
hand have a rather high computational cost. The next sections will present a different
approach based on the assumption, that the particle size distribution can be presented by
a power law, which then only requires one additional variable beside the phytoplankton

mass to compute phytoplankton aggregation.
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3 The 0-dimensional model

The simulations and tests performed with a 0-dimensional model of a single well-mixed box
including phytoplankton aggregation address the question of the importance of aggregation
on mass flux out of a mixed layer of constant depth. For this purpose the aggregation
equations as formulated by Jackson (1990) have been solved and implemeted in a box
model for the oceanic mixed layer, as presented in Evans and Parslow (1985). To check for
the accuracy of the parameterization of aggregation, the model has been tested with respect

to previous, size resolved models (Jackson, 1990; Riebesell and Wolf-Gladrow, 1992).

3.1 Model structure

The model presented in this chapter is a 0-dimensional model of the flow of nitrogen from
dissolved inorganic form (N03) to phytoplankton in the mixed layer. The concentration
of phytoplankton is computed in units of nitrogen (PHY: mmol N m~®) and numbers
(PHYNOS: cm~3). The model does not include the effects of light limitation or exchange
with deeper layers. All phytoplankton cells have the same growth rate regardless what
size of aggregate they are in. It is solved using a fourth-order Runge-Kutta routine with

adaptive stepsize.

3.1.1 Mass balances

Mass flows from NO3 to PHY, and thence out of the system by sinking. Phytoplankton
growth is limited by the nutrient availability using a Monod function of nitrate concentra-
tion with half saturation constant kyo3. Phytoplankton loss ¥ due to sedimentation out of

the mixed layer depends on aggregate size and will be described in the next section.

drpHY NO3
= - 10
dt knos + NO3 PHY (10)
dNo3 NO3
- _ 11

3.1.2 Representation of aggregates

The main novelty of this approach is that it keeps track of the number as well as the mass of

aggregates, and makes an assumption so that these two quantities suffice to fully describe
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the distribution of aggregate sizes. Specifically, it is assumed that this distribution is a

function of the aggregate diameter § and follows a power law, as described in chapter 2:

p)=A0° m<f<oo (12)

where m is the diameter of a single cell. A large e means that there are many small particles,
whereas a small epsilon describes a size distribution with a predominance of large particles.

The total concentration (cm™3) of all aggregates > m can then be evaluated by

1—-

™

(o]

3

PvNOS =A [ 670 = AT— i e>1 (13)
Let C,, be the mass of a single cell, so that
PHY
= 14
PHYNOS C,, (14)

is the average number of cells in an aggregate. There is empirical evidence that the density
of phytoplankton aggregates decreases with increasing aggregate size, so their mass grows
more slowly than the cube of their diameter (Alldredge and Gotschalk, 1988). If the mass
(nmol N) of a particle of diameter  is C 6¢, then the total mass of phytoplankton PHY can

be represented by

00 1+¢—e
PHY =AC/ go-cdf = Ac',ne—’%—l—_Z if  e>C+1 (15)

Dividing equations 13 and 15 and solving for ¢ then gives
(14 ¢)PHY — C,;, PHYNOS 1+¢N -1

PHY — G PHYNOS or equivalently €= N1 (16)

Starting with € > 1 + (, a necessary precondition for equation 15 to be valid, because
the total mass of particles is finite, the model never gets out of the range of convergence
(see chapter 2). If the particles were spheres of uniform density, C would be 7/6 times a
number for mass content per unit volume, and { = 3. This work follows Jackson (1990) and
Riebesell and Wolf-Gladrow (1992) by choosing C = 4.3 x 10~% nmol ym~-2%8 = 5.7 x 103
2.

nmol cm™2? and ¢ = 2.28. The value of 2.28 also corresponds with what Li and Logan
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(1995) found at the beginning of a bloom in a mesocosm experiment. An example for the
evaluation of € according to the equation 16 for different concentrations of particles > 20um
(1 and 100 cm~3) while keeping total mass of particles constant at 1 mmol N m~2%is shown

in figure 1 in the previous chapter.

3.1.3 Sinking of phytoplankton cells

The relation between sinking speed w and aggregate diameter 6 has been described by a

power law (Alldredge and Gotschalk, 1988; Smayda, 1970):

w(d) =B o (17)

with B = 1.1 em~%'s~! and 7 = 1.17 (Jackson, 1990). The contribution of sinking to the
rate of change of concentration of numbers (®) or mass (V) is the number or mass flux
across the bottom of the mixed layer, divided by the mixed layer depth (M LD). Combining
equation (17) with (13) and (15) gives:

B o0 w e—1
=A——- "¢ df = i i
d AMLD /m pHYNosMLDe_l_n if e>n+1 (18)

MLD " Jm MIDe-—1—c-q I €>¢+n+l

(19)

where w,, is the sinking velocity of a cell as defined from equation 17. Because ﬁ'—’ > 1,
the sinking velocity of snow particles is greater than w,,. Combining equations (13, 15, 18,
19, 16) yields an expression for the number of cells in the average particle sinking out of

the mixed layer:

v  e—-1-19
®C,, e—-1-(—q

Ngink = > N. (20)

Sinking preferentially removes large particles and increases e. The average mass sinking

speed

e—-1-¢
Te—1-(-1n

&
I
S
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corresponds to the (constant) detrital sinking speed parameter in other models as, for
example, the model by Fasham et al. (1990); in this model it depends on phytoplankton

mass and numbers, and is thus a dynamical variable.

3.1.4 Aggregation of particles

Small particles can collide and stick to form larger ones. The probability of collision between
two particles is a function of the concentration of particles, their sizes, the intensity of
turbulent shear in the water, and the difference of the settling velocities of two different
particles (see chapter 2). To calculate the number of particles colliding (£), the master
equations for both processes as formulated by Jackson (1990) have been converted to a

size-continuous form and integrated over the range of sizes:

£ = 0.5 stick / > / % (Bunear (8, ©) + Brete(6, ©))p(8)p(©) d8 dO (22)

m Jm

where

6shear =0.163 shear (0 + 9)3 and
Boery =0.1257 B> (©"—6")  forall 6<©

shear is a constant describing turbulent shear, and is assumed to be constant in the mixed
layer, B and 7 are as in equation 17. The collision kernel of equation 22 is the sum of two
parts Bspeqr and Sy, describing the size dependence of aggregation on the rate of turbulent
shear and differential settlement, respectively. The solution of the double integral from m

to co can be found in appendix A.1.

3.1.5 Cell growth, colony formation and particle seperation

Growth and division of phytoplankton aggregates will increase the number of particles only
if the aggregates separate after division. Of course, solitary algae seperate immidiately
after cell division. The probability of seperation thus depends on the mix of species in
the phytoplankton community, being greater for dinoflagellates than for colony-forming
species. In this model the species mix is presented through a single separation probability
0 < b < 1 which does not change with time or with the size of the particle. For the sake

of simplicity, in all but one of the experiments this parameter has been chosen to be 1
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aggregate numbers, which means that both numbers and mass increase at the same rate,
and phytoplankton growth has no effect on the particle size distribution, or on the average
size of particles. By setting the parameter to a value < 1, the mass grows faster than the
numbers, and the average size increases.

Combining all these processes yields the equation for change in aggregate numbers:

dPHYNOS NO3
=b —-d—
P F T No3 PHYNOS — & — ¢ (23)

3.2 Model Setup

Runs of the box model were designed to address two questions: how accurate is the rep-
resentation of aggregation and variable sinking speed, and how necessary is it to consider
aggregation and variable sinking speed, compared to a simulation with a model with con-
stant sinking speed?

The question of accuracy will be addressed by running the model with 25 m deep mixed
layer with constant physical forcing for 90 days, and comparing with the results of the
1000-component model of Jackson (1990) and Riebesell and Wolf-Gladrow (1992), including
some of their experiments with the parameter values. The parameters are given in table
3. The half-saturation constant for NO3 uptake is so low that growth continues at almost
its maximum rate until nitrate is exhausted. Scenario “Large” doubles the diameter of
an individual cell. Scenario “Sticky” doubles the stickiness of phytoplankton. Scenario
“Colony” decreases the seperation probability of phytoplankton to a value of 0.5 so that
phytoplankton growth, as well as aggregation, can produce larger particles. In scenario
“Single”, all phytoplankton sinks at the same constant speed: the speed of a single cell.
This model scenario determines the importance of aggregation for the development and the
fate of a phytoplankton bloom.

The aggregation parameters in Table 1 were chosen to be as consistent as possible with
existing size-discrete models for aggregation, especially Riebesell and Wolf-Gladrow (RW)
(1992).

The model did not proof to be very sensitive to alterations in its N-content exponent ¢ or
the exponent that relates sinking speed to diameter (n). In fact, the model results presented
here, using ¢ = 2.28 and n = 1.17 are almost the same as when simulating aggregation

under the assumption that phytoplankton sink according to Stoke’s law (7 = 2) and that
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Table 1: Parameters for biological and aggregation module. When two values are given for an

aggregation parameter, the second is the value assigned in one of the changed scenarios.

Parameter Symbol Value Unit
phytoplankton parameters

Elaximum growth rate Upmy 1 d-!
half-sat. const. for NO3 uptakg ko3 0.050 mmol N m~3
aggregation parameters
shear rate shear 0.84 st
sinking exponent n 1.17/0 -
sinking factor B 1.05 cm™ %17 gec!
stickiness stick 0.1/0.2 -
seperation probability b 1/0.5 -
cell size m 0.002/0.004 cm
N content exponent ¢ 2.28 -
N content coefficient o 5.67 nmol Nem~22

the specific density of aggregates does not decrease with aggregate diameter ({ = 3, results

not shown here). The main difference is that RW allow separation only in small aggregates.

Therefore breakup probabilities used in the model presented here, for both standard run

and colony experiments, are on average greater than the corresponding RW probabilities

(Table 2).

Table 2: seperation probability in different models and model scenarios.

Size (cells per aggregate) 1 2-8 >9
This model, standard 1 1 1
This model, colony 5 .5 0
Riebesell and Wolf-Gladrow (1992), base 1 0 0
Riebesell and Wolf-Gladrow (1992), colony .8 .8 0

3.3 Results and discussion

The main focus of this presentation of the box model is to compare it with previous, size

discrete models and to examine the effects of different scenarios on model behaviour. The
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more general development of the phytoplankton bloom, its sinking speed and the mass
sedimentation in 25 m depth are shown in the next chapter (4), together with the results
of the vertically resolved model.

To examine the effects of simulating aggregation on a size continuum with respect to other
models, the model results (¢, PHYNOS) have been converted to numbers of particles in
certain size classes from 1 to 1000 cells per aggregate. Figure 4 shows the development of
the phytoplankton particle size distribution under constant physical forcing. Starting from
very low values (PHY =0.001) and a steep size distribution (¢ = 8 so that PHYNOS = 0.17
particles cm™2) with few large cells, it takes 10 days for the bloom to develop, and particle

numbers reach a maximum of 1400 particles per cubic cm.

TIME (days)

Figure 4: Development of particle size distribution in the mixed layer of 25 m with con-
stant physical forcing. Time and particle size are plotted as linear scales as x-and y-axis,
respectively, the logarithm of particle number concentration per cubic m is plotted on the
Z-axis.

The average particle size reaches a maximum value of 4.5 cells per aggregate on day 17, and
then starts to decrease again due to settlement of large particles out of the mixed layer.
Total number concentration as well as timing and shape of the development of particle
size distribution look similar to the results presented by Jackson (1990) and Riebesell and
Wolf-Gladrow (1992).

The model has been constructed so that all of the nitrate must be converted to phyto-
plankton and then sink; the differences among the experiments are only in how fast this

happens. Figure 5 shows the fraction of total primary production so far that has already
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been exported (i.e. total export up to this time divided by total production up to this time).

1.00

0.60

0.40 4 ¢

0.20 i

0.00 T T T T T

10 30 50 70 80
TIME (days)
Stondord Run = - --=ea- Increased Stickiness
-~ Large Cells e Colonies

_______ No Aggregation

Figure 5: Export production (cumulative sedimentation divides by cumulative primary pro-
duction) for the standard model and experiments.

The effects of colony formation are most dramatic during the time of high biological activity,
because in this scenario phytoplankton grow at almost their maximum speed of almost 1
d~! until day 17, when growth declines to 0 d~! due to nitrate limitation. Colony formation
depends linearly on phytoplankton concentration and can become apparent immediately;
aggregation depends quadratically on phytoplankton concentration and can become ap-
parent only after a certain amount of growth has taken place. From the first day on, the
export production for colony formation is more than 50 % whereas for the other scenarios
only about 2-7% is exported. This pattern changes dramatically on day 10 (when all of
the nitrate has been taken up by phytoplankton) for all simulations including aggregation,
showing a rapid increase in export production. By day 30 of the simulation the difference
between export production between all aggregation scenarios are only about 10 %. The
“Single” scenario takes much longer before it too finally exports all of the production.

The export of particulate matter on shorter time scales may be important for other biologi-
cal processes such as grazing and degradation, so the effects of different modifications on the

export during the first 30 days have been examined. Because the speed of particles leaving
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the mixed layer can have a strong influence on their fate (faster-sinking particles spend less
time, and therefore remineralize less, on their way to the ocean interior), the mass flux of

particles sinking faster than 100 m d~!out of the mixed layer has been calculated. The

results are presented in table 3.

Table 3: Effects of altering model parameters. The change in parameters and the effect this change
on model outcome for different diagnostics (export, sinking mass) are shown for the four different

scenarios.
Scenario
Standard Large Sticky Colony Single

Parameter

Diameter [pm] 20 40 20 20 20
Stickiness 0.1 0.1 0.2 0.1 0
Breakup 1 1 1 0.5 1
Diagnostic

% Export in 30 days 82 94 91 86 42
Mean sinking mass 4.2 16.5 6.7 9.5 1
% Fast export 11 8 31 49 0

The scenarios that ought to enhance early settlement do enhance it; but the differences
among them are small compared to the effect of introducing aggregation at all (see the
“Single” scenario). The average mass of particles sedimenting out of the mixed layer is
largest for “Large”. Note that the comparison is being done in units of the original single
cells, not the (= 5x larger) cells of “Large”; the average particle comprises only 3.4 of
those cells. The fraction of particles sinking faster than 100 m d~!is especially enhanced
in the “Colony” and in the “Sticky” scenario. Thus, increasing either particle stickiness or
the ability of aggregates to form colonies not only incerases total export, but also speeds
up the mass that sinks out of the mixed layer.

Figure 6 shows the flux through the thermocline of mass that settles faster than 100 m/day.
This increases dramatically in the “Sticky” and “Colony” scenarios. The results of “Large”
perhaps need explaining. The starting values of PHY and e have been kept the same as
for the other runs, which meant that PHYNOS started at 27¢ =~ 20% of its value in the
other scenarios. So there weren’t the numbers of cells to aggregate, and what cells there

were were heavier and settling out sooner in any case. Thus this scenario produces an early



The 0-dimensional mode]

24

settlement of moderately heavy particles and not so many super-heavy ones later.
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Figure 6: Sedimentation out of the mixed layer for mass of particles sinking faster than 100

md-t.

The effects of the different processes — aggregation, particle seperation, and number sedi-
mentation — on the average particle size for the four scenarios are shown in figure 7. In the
first three scenarios, the sedimentation of large particles counteracts the increase in parti-
cle size due to aggregation, while particle seperation has no effect. The change in average
particle size is largest for the stickiness experiment. The largest effects are exhibited by
the model simulating colony formation. Because this process does not depend on particle
number concentration, but is coupled to phytoplankton (mass) growth, growth immediately
starts to increase the size of particles, leading to an increase in particle sinking rate.
It is not possible to make close comparisons with the results of corresponding experiments
in Riebesell and Wolf-Gladrow (1992) because their standard simulation is quite different.
They have a seperation probability of 0 for all aggregates larger than 1 cell, and therefore
more growth of aggregates due to colony formation; this makes it harder to see the effects of
aggregation in their model. As one might expect, the mean size of sinking particles is much
larger in Riebesell and Wolf-Gladrow (1992) (their figure 6) than in the model presented
here. Still the qualitative nature of the experiments agrees with their results.

Highest export rates of fast-settling material might be given by sticky, large, chain-forming
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Figure 7: Effects of aggregation, sedimentation and particle breakup on average particle size for standard
run and three experiments. The y-axis represents the derivative dN/dt, i.e. the relative contribution of
each process to change in average particle size.

cells. Chaetoceros, a typical species found in spring blooms in temperate areas, commonly
has the appropriate properties. The importance of biological processes such as chain for-
mation and cell size, as exhibited by the model, agrees well with the results of Riebesell
and Wolf-Gladrow (1992). Aggregation, especially when combined with higher stickiness or
chain-forming species, enhances export on time scales of 30 days up to 100 %, compared to
to a model with non-aggregating, slow-sinking species. Simulating chain-forming or sticky
species also increases the number of very large particles leaving the mixed layer. Larger
aggregates have less time to remineralize in the mid-ocean, leading to an increased export
of phytoplankton carbon to deeper layers. The results presented in this chapter stress the
importance of phytoplankton biological characteristics such as cell size, colony formation
and stickiness on their post-bloom fate. In this model the production of large, fast-settling
aggregates, which are not ingested by zooplankton may lead to a sudden flux of particulate

matter to the ocean interior after a spring bloom.

As a mixed layer model this model does not account for the fate of phytoplankton once
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it has settled out of the mixed layer. To evaluate the importance of rapid aggregation for
sedimentation and transport to the ocean interior accurately, a vertically resolved model
which includes aggregation and biological processes down to greater depths is needed. This

model will be presented in the next chapter.
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4 The 1-dimensional model

The previous chapter showed that aggregation and colony formation is important for the
quantity and quality of particulate organic matter settling out of the mixed layer. It
has become clear that aggregation may greatly enhance the flux of fast settling particles
towards greater depth - but as a box model for the mixed layer of course it failed to
determine its quantity at a greater depth. The vertically resolved model as presented in
this chapter has been constructed to evaluate the influence of phytoplankton aggregation
for flux through the maximum depth of the seasonal thermocline and a deep layer. This
chapter is specifically determined to check the outcome of a vertically resolved model of
phytoplankton aggregation against the results of the 0-dimensional model presented in
chapter 3, and also serves for comparing the results with the results for flux through a
permanent pycnocline as in Riebesell and Wolf-Gladrow (1992). For this purpose the
equations for three compartments NO3, PHY and PHYNOS have been implemented into a
1-dimensional, vertically resolved model, where the mixed layer depth is held constant at
25 m for a period of 90 days. The following chapters will then consider more elaborate
formulations for ocean biogeochemical processes such as a varying mixed layer and light,

zooplankton feeding and fecal pellet sedimentation.

4.1 Model Structure

The aggregation equations as given by Jackson (1990), and introduced in chapter 2 have
been solved and implemented into a 1-dimensional model for a water column of 400 m
depth. The grid of Haupt (1995) is used to give extra resolution near the surface where
light gradients are strongest: the layer thickness (dz(iz)) for a given layer iz increases

exponentially with depth:

dz(iz) = els dz(1)  with dz(1)=1m and iz=2,42 (24)
The total depth of the vertically resolved water column is about 401 m. The first 21
boxes are situated in the upper 60 m, where the depth resolution ranges from 1 m for the
uppermost box to 5.75 m. The deepest box has a thickness of 33 m. Diffusive exchange
between the different layers, with the tracer being defined in the center of every grid box,

is calculated using a constant mixed layer depth of 25 m. Above the thermocline, the
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turbulent eddy diffusion coefficient is set to K,, = 200 cm? s™'. Below the thermocline,

turbulent diffusive mixing is set to Kjon, = 0.125 cm? 57!

. So in addition to the sinks and
sources for every compartment, at every depth this model computes loss or gain due to

diffusive exchange with its neighbours, following the equation

§X _ k K(z)é—X with  K(2) = K., : z<thermocline (25)
ot 42 6z Kiow : 2z > thermocline
No lateral exchange is taken into account, i.e. it is assumed that the water column is
not affected by horizontal processes. Having very different time scales for the dependent
variables to compute, all model equations are solved using a variable coefficient ordinary

differential equation solver (SVODE; Brown et al., 1989 ) with an implicit method for

integration over time.

4.1.1 Mass balances

Phytoplankton growth is limited by the product of nutrient and light terms. Nutrient
limitation is a Monod function of nitrate concentration. Light limitation J(z,t) for every
grid box 7z with lower depth 2(i2) is averaged over box thickness dz(iz) and integrated
over one day as in Evans and Parsltow (1985), using the rational function approximation of
Evans and Gargon (1997). In contrast to the 0-dimensional model, this model explicitely
considers phytoplankton self shading (see Evans and Parslow, 1985). Light for a given
depth z is calculated by

I(z) = ]Oefoz (kw+kcPRY )dz (26)

where k,, and k. are the attenuation coeflicients for water and phytoplankton, respectively.
The attenuation coefficient of phytoplankton is independent of its aggregation state. In
addition to the phytoplankton mass loss due to sedimentation, another linear term for phy-
toplankton mortality (Apyy ) has been introduced into this model. This linear term changes
both phytoplankton mass and numbers equally, so it has no effect on the particle size
distribution. Phytoplankton is assumed to be degraded to nitrate immediately after phyto-
plankton death, except for one (the detrital) scenario, where it is assumed not to dissolve,

but is shifted into the detrital pool. The equation for nitrate (N03) and phytoplankton

mass (PHY ) then read:
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dNo3 NO3

&~ o 7503 J(z,t)PHY + APHY (27)
dPHY NO3

TR Sv—— J(z,t) PHY — APHY — U (28)

4.1.2 Implementation of sedimentation and aggregation

One advantage of the model presented in the previous chapter is that it describes the
particle size distribution by a two-parameter function over a size range from some lower
boundary m to oo, and the processes that depend on particle size by simple equations
without the necessity of evaluating thousands of equations during run time. Yet for the
equations for aggregation and sedimentation of numbers and mass to be solved in advance

(prior to the model simulation) some preconditions have to be met:

1. The integral that gives the number of collisions £ as presented in equation 22 can

only be solved if min(e —3,e —n —2) > 1.

2. The integral that gives the mass of particles that sink out of the model domain

(equation 19 in the previous chapter) can only be solved if e — n — ¢ > 1.

If the first condition is not met, the integral diverges over the integration domain, and there
would be an infinite number of collisions between all particles. Of course, this cannot be.
If the second condition is not met, the mass flux integral diverges.

It has been shown that in the 0-dimensional model sinking especially removes large particles
from the mixed layer: Particles sinking out of the mixed layer (M L) have a size distribution
€sink = €pML — 1), 0 the large particles in the mixed layer of the box model are automatically
removed by sedimentation and moved to the submixed layer. Thus if there are no divergent
integrals to begin with, none will develop.

In a 1-dimensional model, the large particles which sunk out of the i-th layer reach the i+1
layer with a distribution €;,, = ¢; — 7 = €;_7 — 21 = .... The large particles sinking out of
one layer are added to the particles in the next deeper layer, flatten its size distribution,
and decrease its distribution coefficient €. Especially in the deeper layers, ¢ may become
smaller than 1+(+7, so some restrictions have been made for the evaluation of the number

of collisions: Think of some upper size limit M, beyond which the sinking rate does not
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increase as a function of diameter, but is constant at wa = (M". Further, assume that
aggregation of particles larger than this size M does not depend on particle size anymore,
but the probability of collisions is constant for any particle larger than this size. In this
case, all of the integrals that have to be evaluated have an upper boundary and can be

solved without any restrictions.

Sinking of phytoplankton cells Assume a sinking exponent 7 and a size M beyond
which 7 has no further effect: sinking speed thereafter is constant. Then w = B" is the
sinking speed of a particle of size #, with m < 8 < M, and wy = BM?" is the constant
sinking speed of particles larger than M. Number and mass sedimentation (® and ¥) at

any depth z can then be evaluated according to

®(z) = % [/mM p(z,0) w(z,0)d0 + /: p(z,G)deO] (29)
U(2) = -(% [ /m M (2, 0)6¢w(z, 0)d0 + /: oz, o)onMdo] (30)

where p(z, 6) is the number distribution of phytoplankton in a depth z as given by equation
12, and the mass of an aggregate of size 6 is given by C' 6¢. The coefficient A and the
exponent ¢ for every depth are calculated from the mass and number concentration of the
corresponding layer (see equation 16). Having a size distribution exponent varying with

depth, average mass and number sinking speed can be computed, using the equation 21.

Aggregation of phytoplankton cells As described in chapter 3, the probability of
collision of particles is a function of particle size, concentration, the rate of turbulent shear
and the difference of the settling velocities of two different particles. The equations for
collisions due to shear and differential settlement as presented by Jackson (1990) have been
added together, converted to a size-continuous form, and multiplied by stickiness. To bound
the aggregation equations from getting out of the range of convergence, the upper limit
M that is used for the sedimentation equations has also been used for the computation of
the number of collisions. Assume that the probability to collide of particles dlarger than
the same size M no longer varies with increasing particle size. Then for the evaluation of

collisions due to shear and settlement, there are four double integrals (I; — I,) to be solved.
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Because the integration kernels are symetric with respect to the line © = 6 (see chapter
2), I, = I;. The domain of particles sizes over which the aggregation equations have to be
solved are sketched in diagram 8 and the solutions can be found in appendix A.3. Their
sum times the number of stickiness then gives the number of collisions resulting in new

aggregates.
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Figure 8: Sketch showing the domain of integration for the aggregation equations in the
1-dimensional model. The x- and y-axis denote particle diameter. The four integration
domains are denoted by I, I3, I3 and I4 (see appendix A.3).

4.1.3 Colony formation and aggregate fragmentation

Primary production does not necessarily increase the number of aggregates: dividing cells
may remain together. The rate of production of aggregates is a fraction 0 < b < 1 of the
rate of production of mass: the fraction of newly divided cells that break apart after cell
division. If the seperation probability is set to one, phytoplankton growth has no effect on
the size distribution of phytoplankton, otherwise it increases the average aggregate mass
by adding mass at a higher proportion than the numebr of particles that is being added.

In a vertically resolved model there has to be a way aggregates disappear due to microbial
breakdown especially at greater depths. This may happen by a variety of processes: Ag-
gregates may breakup into smaller ones, without losing overall particulate mass, or they
may become eroded at their outer edges, or even degrade to some dissolved constituent.

Whereas the former processes would only affect the number of aggregates, but not their
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mass, the latter affects only their mass, but not their number. All processes decrease the
average size of particles, i.e. they increase the slope of the size distribution, €. Little is
known about the processes of erosion and degradation to dissolved organic or inorganic
matter. Floc breakup mainly happens due to turbulent shear (Ruiz and Izquierdo, 1997;
Riebesell, 1991), or when the cells become senescent (Smayda and Boleyn, 1965). The
stability of the connection between the individual cells may vary with the material that
interlocks the cells: e.g. Thalassiosira cells are joined into colonies by a gelatinous strand
which may break apart more easily than the cells of the setose forms of Chaetoceros.

For the sake of simplicity, neither of these processes is built into the current model, but
as explained above particle degradation is assumed not to have any effect on the size
distribution. This is done by reducing the mass and number by the same fraction App,,.

The equation for phytoplankton numbers then reads

dPHYNOS NO3
dt kyoz + NO3

J(z,t) PHYNOS — APHYNOS — &(2) — £(2) (31)

4.2 Model Setup

Most of the parameters that have been assigned in the box model simulation in the previous
chapter are also used in the vertically resolved model, except for phytoplankton maximum
growth rate fipgy, which has been set to a rather high value of 2.5 d=!. The parameters
for the influence of light on phytoplankton growth have been chosen mainly in accordance
with Fasham et al. (1990; see table 4). Using these parameters and surface solar radiation
as appropriate for e.g. 10°N on January 1 (= 141 W m~2) the accomplished phytoplankton
growth rate in the first layer is always around 1 d7!, i.e. about the same as in the grid
model simulation. In deeper layers, of course phytoplankton growth is reduced due to
lower light. Again, the half-saturation constant kyo3 for nitrate uptake by phytoplankton
has been set to such a low value that almost all of the nitrate in the upper layers will be
used by phytoplankton. As turbulent kinetic energy below the mixed layer is usually low,
shear below the mixed layer has been set to zero, i.e. below the mixed layer aggregation
only takes part due to differential settlement. The upper boundary for the evaluation of
the sinking and aggregation equations in all following simulations has been set to a rather
high value of 2 cm. This is about the maximum size, for which investigations related to

the diameter - sinking relationship exist (Alldredge and Gotschalk, 1988).
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Table 4: Parameters for biological and aggregation module for simulations with the grid model
and constant physical forcing. When two values are given, the second is the value assigned in one

of the changed scenarios.

Parameter Symbol Value Unit
phytoplankton parameters

maximum growth rate MprY 2.5 d-1
half-sat. const. for NO3 uptake knos 0.05 mmol N m™3
PHY -specific attenuation coefficient ke 0.03 mmol N1 m?
water attenuation coefficient kw 0.04 m~!
initial slope of P-I curve o 0.025 (d Wm=2)~!
mortality Apny 0.00/0.04 d-!
aggregalion parameters

shear rate shear 0.84 s7!
sinking exponent n 1.17 -
sinking factor B 1.10 cm ™17 gec—!
stickiness stick 0.1/0.2 -
breakup probability b 1/0.5 -

cell size m 0.002/0.004 cm

N content exponent 7 ¢ 2.28 -

N content coefficient c 5.67 nmol N cm—2-28

4.3 Results
4.3.1 The Base Run

This model gives not only the concentrations of the prognostic variables N03 and PHY , but
also, as it computes the number of phytoplankton aggregates separatly, the average size of
particles and the resulting mass sinking speed. Figure 9 shows phytoplankton mass and
sinking speed for the simulation of the 1-D model (hereafter called the “grid” model) over
a time period of 90 days with a constant physical forcing. Starting from low phytoplankton
concentrations (0.001 mmol N m™3), a steep size distribution (¢ = 8) and a high nitrate
concentration of 10 mmol N m~?%, phytoplankton increases until it reaches its maximum
value of about 9.5 mmol N m™3. Phytoplankton is distributed homogeneously throughout
the mixed layer, and decreases below due to shading. Immediately after the surface bloom,

sinking speed increases dramatically especially in deeper layers, until it reaches its maximum
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Figure 9: Phytoplankton and sinking speed in the grid model with constant physical forcing.
Phytoplankton is filled with grey shade (see contour key on the right side), units are mmol
N m~3. Sinking speed (m d~!) is contoured by a thin line.

value of 1856 m d™! (which is close to the maximum sinking speed of =2 2100 m d~! that
can be achived in this model) on day 20 in 400 m depth. The increase in sinking speed
is a direct effect of aggregation in the surface layer (shear is set to zero below the mixed
layer) and the preferential sedimentation of large, fast settling aggregates (see chapter 3
for explanation). Following day 20, the large aggregates have settled out of the mixed
layer and there isit no longer sufficient particle concentrations in the euphotic zone to fuel
aggregation anymore and large particle flux to deeper layers, so the particle size and with
it the sinking speed decrease again to values less than 1000 m d~!. Surface nitrate at this
time has decreased to less than 1 mmol N m~3, but nitrate remains at its initial values of
10 mmol N m~3in deep layers (no figure). Phytoplankton mixed layer concentration has
decreased to less than 1 mmol N m~3on day 50. Following the mixed layer bloom, a deep
chlorophyll maximum (DCM) is established at a depth where nitrate is still high, and light
is still sufficient to promote positive net phytoplankton growth.

Figure 10 shows the logarithm of the rate of aggregation (rate of collisions times stickiness)
for collisions due to shear in the mixed layer (upper panel of figure 10) and the vertically
resolved plot of collisions due to differential settlement. This plot shows, that collisions due
to shear in the mixed layer occur at a much higher rate than collisions due to differential

settlement. This fact can be explained by the structure of the kernels of the corresponding
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Figure 10: Aggregation (defined as number of collisions times particle stickiness) for collisions
due to shear and differential settlement for the base model simulation. The logarithm of
particles aggregating due to shear is shown for the mixed layer only in the upper panel over
time. The logarithm of aggregation due to differential settlement is shown over time and
depth, with contour lines giving the logarithm of particles per cm® and second.

equations, which have been discussed in more detail in chapter 2. Because the rate of
turbulent shear for layers below the mixed layer in this model has been set to zero, of
course there are no collisions due to shear in these depths, and differential settlement is the
only mechanism that produces large aggregates. Because aggregation in the submixed layer
is low due to missing turbulent shear and low rates of differential settlement aggregation,
and the DCM is situated below the mixed layer, it only slowly settles down to deeper layers
during the course of the simulation. Primary production in the mixed layer is 317 mmol
N m~2 - the model has been constructed so that all of the nitrate in the mixed layer (250
mmol N m~3) plus some additional input by diffusion across the base of the mixed layer
will be used for production. The model further accounts for production below the mixed

layer, which in this case with 300 mmol N m~2 is almost as much as mixed layer production.

313 mmol N m~2, i.e. almost all of the mixed layer production settles out during the course
of the simulation, with the maximum of nearly 20 mmol N m~2 d~! of sedimentation on
day 19 (figure 11). Due to the very large sinking rates, most of the bloom phytoplankton
once it has settled out of the mixed layer reaches a depth of 400 m within one or two

days, leading to a pulse in sedimentation which is more than half of the peak mixed layer
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Figure 11: Sedimentation in 25 and 400 m in the grid model with constant physical forcing. Units are

mmol Nm~2 d-!.

sedimentation. There is only little contribution of the deep chlorophyll maximum to particle
flux. Aggregation and its impact on particle flux thus plays its major role during the massive
bloom event in the mixed layer, but not during the relatively slow development of the DCM.
Nevertheless, particle flux over the whole simulation period in 400 m is still large, with an
integrated flux of 227 mmol N m~2, which is 73% of mixed layer sedimentation and 37% of

water column primary production.

4.3.2 Experiments

The main task of this chapter is to compare the model with the zero dimensional model:
not only the standard run, but also the sensitivity of the model to alterations in its param-
eters. For this purpose, the same experiments — doubling stickiness and cell size, reducing
separation probability by 50% and omitting aggregation and size dependent sinking — have
been performed with the grid model and the results have been compared with the box
model results. Figure 12 shows that there is little difference in outcome of the simulations
performed with the grid model for phytoplankton, averaged over the upper 25 m and the

results of the box model for most of the experiments. Peak concentrations in the grid
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model type are slightly lower, which can be attributed to the self shading of phytoplankton
incorporated in this model. Also the decline of phytoplankton in all the simulations is
slower, which can be attributed to diffusive processes within and across the mixed layer,

when parts of the DCM are mixed into the surface layers.

Box Model Gridded Model
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Figure 12: Mixed layer phytoplankton in the box model (chapter 3) and in the grid model
(averaged over the upper 25 m) for the five different experiments.

The largest effect can be found in the simulation concerning large cells. Here peak phy-
toplankton concentration is about 1 mmol N m~2lower in the grid model than in the box
model. Also, when simulating colony formation there is a little delay in the timing of the
peak bloom. Still the overall pattern of model behaviour and the effects of the different
alterations are quite similar in both model types.

There is also little difference in the development of average mass sinking speed between
both model types (figure 13). The largest effect of model type again can be found for
scenario “Colony”, where maximum sinking speed is lower in the grid model than in the
box model. This is a result of the reduced growth rate due to light limitation in the grid
model. Another effect of the reduction in growth and sinking speed in the grid model
then is of course a reduction in peak sedimentation out of the mixed layer, especiall for
the “Colony” scenario, from almost 48 mmol N m~2 d~!in the box model to less than 35

mmol N m~2 d~'in the grid model (figure 14). Nevertheless, these effects are small when
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compared to the effects of the alterations in parameters or introducing aggregation at all.
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Figure 13: Mixed layer mass sinking speed in the box model (chapter 3) and in the grid

model (averaged over the upper 25 m) for the five different experiments.
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Figure 14: Sedimentation in 25 m in the box model (chapter 3) and in the grid model, for
five different experiments.
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The advantage of this model is that it provides the possibility to evaluate export to deeper
layers than the depth of the mixed layer. Figure 15 shows the flux at 400 m for all five

scenarios. The flux is greatly enhanced for all scenarios which include aggregation at all
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Figure 15: Sedimentation in 400 m in the grid model, for five different experiments.

when compared to the scenario with non-aggregating phytoplankton cells - the enhance-
ment is largest for the “Sticky” scenario with a peak sedimentation more than 30 mmol N
m~2 d~! and lowest for the “Large” scenario, which is only about 2 mmol N m~2 d~! more
at its maximum than the base run. There is of course no flux from the scenario without
aggregation, but with a constant sinking speed, where phytoplankton sinks at the speed
of one single cell (< 0.7 m d!). It would take over 500 days for the mass to sink out of
the water column of 400 m depth - a time period that greatly exceeds the simulation time.
The differences in temporal pattern of sedimentation through 400 m in the scenarios are
not as pronounced as Riebsell and Wolf-Gladrow (1992) have found with their size-discrete
representation (their figure 5). This may be explained by the large upper boundary used
in the model presented here: Riebesell and Wolf-Gladrow have a maximum particle size
of 1000 cells per aggregate, which corresponds to an aggregate diameter of about 417 pm,
or a maximum sinking speed of about 23 m d=!. The model presented here computes

much higher sinking speeds due to the upper boundary for size dependent sedimentation
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(M = 2 cm), and thus aggregation alone has already a large impact on deep flux, but
alterations in its parameters are of little importance compared to introducing aggregation
at all. Nevertheless, the increase of deep flux integrated over the simulation of 90 days, as
well as the fraction of deep flux to mixed layer flux in this model is largest for the “Sticky”
and “Colony” scenario, a result that agrees well with the results presented in Riebesell and

Wolf-Gladrow (1992).

The scenarios presented so far also allow for aggregation and growth below the mixed layer,
which may additionally increase the deep flux, but lack the process of degradation of ag-
gregates while they settle downwards. To account for this process, a experiment has been
performed, in which phytoplankton mortality has been set to 0.04 day—1, the same value
as Riebesell and Wolf-Gladrow used for their experiments for submixed layer degradation
of phytoplankton aggregates. The degraded phytoplankton goes back to the NO3 pool,
and may again be taken up by phytoplankton. In this model, total integrated production
with 983 mmol N m~2 is greatly enhanced, because a nitrogen molecule may cycle several
times through phytoplankton and dissolved inorganic nitrogen before it finally sinks out
of the model domain. The recycling of nutrients in this model takes place in the mixed
layer as well as in deeper layers, so the additional production also takes place in the upper
(0-25 m) as well as in deeper layers (see table 5). Phytoplankton sedimentation at 25 m
is only slightly enhanced, whereas deep sedimentation is reduced because some aggregates
are decomposed before they reach the bottom of the model water column. The results in
phytoplankton and mass sinking speed development are shown in figure 16, together with
the results from the base run and the experiments. Comparing all of the plots for the base
run and the five experiments, introducing aggregation or increasing the ability of phyto-
plankton to aggregate or to form colonies has an effect on the maximum phytoplankton
concentration that can be achieved during the mixed layer bloom. The reduction in maxi-
mum phytoplankton concentrations is largest for the “Colony” scenario, where the bloom
only reaches a miximum concentration of about 3.5 mmol N m~3. It can also be seen that
in this scenario, sinking speed increases much more rapidly (due to the growth dependent
increase in aggregate size) than in the other scenarios. When simulating constantly sinking,
non-aggregating species, the decline of phytoplankton after the bloom takes much longer
than in the aggregation scenarios, leading to increased phytoplankton in the mixed layer.
Consequently, phytoplankton growth below is reduced and does not lead to a formation of

a deep chlorophyll maximum as pronounced as in the aggregation scenarios.
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Figure 16: Phytoplankton and sinking speed in the grid model with constant physical forcing for six
experiments. Phytoplankton is filled with grey shade (see contour key on the right side), units are mmol
N m—3. Sinking speed (m d~!) is contoured by a line.

4.4 Discussion

Table 5 shows primary production and flux at two depths, integrated over the time of
simulation for the base scenario and the five experiments. Much of the primary production
in this model can be attributed to depths > 25 m. This Deep Chorophyll Maximum
(DCM) could theoretically be seen as another source of settling material beside the rapid
sedimentation event immediately after the spring bloom. Nevertheless, almost all of the
primary production that is produced in the upper 25 m finally settles out of this region - but
even though primary production in the deeper layers is of the same order of magnitude as
the mixed layer production, deep flux is less (except for the “Colony” scenario) than shallow
flux. The reason for this can mainly be seen in the different environments the mixed layer
bloom and the DCM phytoplankton population are exposed to: Shear in the mixed layer
in this model is high, so aggregation rates are high and together with the high density of
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phytoplankton the mixed layer bloom quickly undergoes a rapid change in size distribution
and experiences accelerated sinking speeds. This can be seen from the dramatic increase in
sinking speed shortly after the bloom event. On the other hand, phytoplankton in the DCM
only aggregates due to differential settlement, i.e. at lower rates, and additionally it never
reaches as high concentrations as the spring bloom. Thus, there is little change in size and
sinking speed, and the DCM persists for a longer time, and contributes little to deep flux
(and, of course, not to shallow flux). Summarizing, the DCM cannot be seen as a source of
sedimentation at least on a time scale of 90 days. So even when simulating aggregation in
a biogeochemical model, if the phygical environment as given by mixed layer depth shows
little variation, but persists at shallow depths allowing phytoplankton to form a DCM, it is
unlikely that there will be a large flux of material out of the upper layers. This behaviour
of the model changes if colony formation is simulated by setting the breakup probability
to values < 1. Now phytoplankton aggregates may increase their size and settling speed
without the need of high aggregation. In this case, the DCM contributes largely to deep
flux, which in this scenario is even larger than shallow flux.

Table 5: Depth integrated primary production (PP) and flux through 25 and 400 m for model

experiments with the grid model. All units are mmol N m~2.

Scenario PP (f 256m) PP (f 400m) Flux (25m) Flux (400m)
Base B 317 617 313 227
Sticky 309 660 307 289
Large Cells 292 776 305 220
Colonies 289 682 292 440
No Aggregation 340 426 280 0
PHY mortality Apgy = 0.04 516 983 326 181

Introducing aggregation or increasing one of the parameters which enhance aggregation
or colony formation reduces production in the mixed layer, but increases total integrated
production. The reason for this can be found in the combined effects of aggregation and
phytoplankton self-shading: when mixed layer concentrations are reduced due to the effects
of aggregation or colony formation, phytoplankton in the sub-mixed layer have more light
and thus a higher effective growth rate. Thus aggregation, although it reduces the maximum
peak concentrations that can be achieved during a bloom, enhances integrated primary

production. Because the DCM has been shown to have little or no effect on deep flux, the
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increased flux in the aggregation scenarios has to be attributed to its changes in parameter
values and aggregation and settling characteristics, but mostly not to the total increase
in production. The simulation of phytoplankton mortality increases production, because
a nitrogen molecule may cycle many times before it sinks out of the model domain. The
vertical diffusion of deep nitrate across the base of the mixed layer additionally is a source
for mixed layer production. This is why the total amount of sedimentation out of the mixed
layer in this scenario is even higher than that of the experiments with no phytoplankton
mortality. Nevertheless, slower sinking particles will be degraded before they reach the
bottom of the model. If the time rate of change of particles within the model domain
is given by w(#)/400m, then all the particles that sink with a sinking speed less than
(0.04d™! x 400m = 16 m d~!) will be dissolved before they can account for sedimentation.
Summarizing, while the rate of aggregation as given by the parameters stickiness or cell
size govern the timing and pattern of the sedimentation signal, the rate of remineralization
(together with the sinking speed of the particles) determines how much of the mass finally

sinks to greater depths.
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5 Simulations for the Northeastern North Atlantic

The importance of considering aggregation in a biogeochemical model of ocean biogeochem-
istry has been tested with simulations performed for a location in the Northeastern North
Atlantic, at 47°N, 20°W, hereafter called station NABE. At this site during the North
Atlantic Bloom Experiment in 1989 extensive investigations of the biogeochemistry were
carried out. This site is a typical site for a temperate open ocean environment. The domi-
nant feature of the annual cycle is a spring bloom of phytoplankton (Ducklow and Harris,
1993), which often consists of diatoms that develops on the nutrients which have been en-
trained during winter deep convection. Zooplankton are important in the time following
the phytoplankton spring bloom (Burkill et al., 1993a; Dam et al., 1993; Lenz et al., 1993),
which, in case large (meso)zooplankton is present, may contribute significantly to deep flux
via the production of large, rapidly settling fecal pellets (Noji, 1989). To account for this
pathway of sedimentation, beside the compartments considered in the previous chapters,

as additional compartments zooplankton and fecal pellets have been added.

5.1 Model structure

The vertically resolved model as described in the previous chapter has been altered to

provide the possibility

e to extract the contribution of phytoplankton sedimentation in comparison to the mass

flux due to fecal pellets.

e to investigate the sensitivity of model outcome (annual primary production, grazing

and flux through sedimentation) to alterations in its setup.

For this purpose, in addition to the compartments described in chapter 4 the model con-
siders zooplankton and detritus, which, in the base setup, only consists of fecal pellets ,
which are egested by zooplankton and sink at a constant sinking rate (see figure 17). The
model is driven by annual climatology of mixed layer thickness and variation in light. In
this and the following chapters, the vertical model resolution has been extended to 800 m
depth, using 50 vertical layers as described in the previous section.

The vertically resolved model is driven by daylength and daily integrated solar radiation,
which has been computed according to Brock (1981). Light is reduced by cloudiness follow-

ing Reed (1976), using a constant average cloudiness of 0.875. Diffusive exchange between
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Figure 17: Diagram showing the model structure. The broken line denotes the flux from
phytoplankton to detritus in the detrital model. For further explanations see text.

the different layers is calculated using profiles for upper and lower boundary of the ther-
mocline. The depth of the model mixed layer has been set to a typical cycle for this site
(as in Levitus 1982), with a deep mixed layer of about 400 m during winter and a shallow
mixed layer of 20 - 30 m during summer. The shallowing of the mixed layer in spring in
this setup is more rapid than evaluated from the mixed layer climatology, to account for
the rapid decline in mixed layer depth that has been found during the NABE process study
(Chipman et al., 1993). The lower thermocline in this model has been evaluated by adding
30 m to the depth of the upper thermocline (see figure 18). Above the upper thermocline,
the turbulent vertical eddy diffusion coefficient is set to a value of k,, = 1000 cm? s~1.
Below the lower thermocline, turbulent diffusive mixing is set to a value of ki, = 1 cm?
s™1, which is about three times higher than the value given in Evans and Gargon (1997).
Between both boundaries, the diffusion coeflicient is interpolated using the cubic approxi-
mation presented Evans and Gargon (1997). To allow for shear collisions below the mixed
layer, the rate of turbulent shear below the mixed layer in this model as been set to 1/100

of the mixed layer rate of turbulent shear (0.84 s'~).
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5.1.1 Mass balances

Phytoplankton takes up nutrients according to the equations described in the previous

chapter. Phytoplankton mortality (Apuy ) is a linear function of phytoplankton mass.

dNO3 NOJ3
- _—_— t 2
dt kno3 + NO3 J(z,t) PY (32)

+(Azoo + Kz00 Z0O0 ) ZOO + Apyy PHY + Apgy DET

d PHY NO3
= - - -
17 Fros T NO3 J(2,t) PHY — Apyy PHY — Gppy (33)

Phytoplankton is grazed by zooplankton (Gpyy ). Zooplankton grazing follows a non-linear
function (eq. 35). A fraction (1 — €500 ) of zooplankton grazing is lost due to sloppy
feeding and fecal pellets. Zooplankton excrete dissolved inorganic nitrogen at a constant
rate, Aso0. Mortality of zooplankton is simulated using a quadratic (density dependent)
approach (k;002002). The upper closure of the model (generally the zooplankton mortality

term) is assumed to have a large influence on model behaviour (Steele and Henderson, 1992).

d zoo
dt

= €200 Geuy — (Azoo + Kz00 200 ) Z0O (34)

with

[tz00 ZOO PHY PHY

Gony =
" kphy kphy + PHY PHY

(35)

Detritus is produced by sloppy feeding and fecal pellet production of zooplankton, and is
degraded by bacteria, which are not explicitely considered in this model (Apgr ). Detritus

sinks at a constant settling velocity of wpgr .

d DET dDET
dt = (1 = €300 ) Geuy — Apet DET — Wper -dz_

(36)

5.2 Model Setup

Phytoplankton maximum growth rate is set to a value of 1.5 d~!, a value which is close to the
maximum growth rate of phytoplankton as estimated by Fasham and Evans (1995) for this

region, using non-linear optimization techniques and the data set of the 1989 NABE process
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Table 6: Parameters for standard model simulations at 47 °N 20°W.

Parameter Symbol Value Unit

phytoplankton parameters

maximum growth rate Meny 1.5 d-!
half-sat. const. for NO3 uptake kxo3 0.50 mmol N m~3
PHY -specific attenuation coefficient] k. 0.03 mmol N~! m?
water attenuation coefficient ky 0.04 m™!
initial slope of P-I curve a 0.025 (d Wm2)-!
mortality Apuy 0.04 d-!
zooplankton parameters

maximum growth rate U200 1.0 d-!
half-sat. const. for grazing on PHY kpuy 1.0 mmol N m~3
assimilation efficiency €200 0.75

excretion rate Azoo 0.1 d-!
mortality rate K200 0.05 d~! mmol N m~! m?

detritus parameters

decay rate AbET 0.04 d!

sinking speed Wper 10.0 m d~!

aggregation parameters

shear rate shear 0.84 st
sinking exponent ~ n 1.17 -
sinking factor B 1.10 em 017 41
stickiness stick 0.1 -
breakup probability ' b 1 -

cell size m 0.002 cm

N content exponent ¢ 2.28 -

N content coefficient C 5.67 nmol N cm 228

study (see table 6). Phytoplankton half saturation constant for NO3 uptake is set to 0.5
mmol N m~?, a value which lies within the range presented by 'Eppley et al.(1969), and is
close to the value found by Fasham and Evans (1995). The parameters for light attenuation

by water and phytoplankton nitrogen (as a proxy for Chl a) and for the initial slope of
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the Pl-curve have been set to the same values as in Fasham et al.(1990). Zooplankton
parameters also have been set to similar values as in Fasham et al.(1990), which close to
what has been estimated for the northeastern North Atlantic (Fasham and Evans, 1995).
Quadratic zooplankton mortality has been set to a value of 0.05, although Evans (1998)
estimated it to be close to zero. Detrital sinking speed has been set to 10 m d~!. This
is less than the sinking speed of large fecal pellets which may sink at 100 m d~! (Noji,
1989); it represents a compromise among a variety of groups such as ciliates and copepods.
The aggregation parameters have been set to the same values as given in the previous
chapter. Three experiments have been performed with this model: The “Base” run, where
phytoplankton aggregates at relatively low rates, scenario “Sticky” where aggregation is
enhanced by doubling stickiness and finally scenario “Detritus”. In this last scenario,
phytoplankton does not aggregate, neither does it sink. Instead phytoplankton mortality
leads to the formation of detritus, i.e. in this model in contrast to the other two scenarios
detritus consists of fecal pellets as well as of dead phytoplankton cells. Phytoplankton mass
and number concentration.at the lower boundary of the model are set to zero, while nitrate
is mixed into the deepest box with a boundary concentration of 18.3 mmol N m™3. The
upper boundary for the evaluation of the aggregation and sedimentation equations is 2 cm,

for reasons mentioned in the previous section.
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5.3 Results and discussion

In the following sections, three simulations for the northeastern North Atlantic are pre-
sented and discussed. The “Base Run” shows the results for a model simulation with a
aggregation and a low (0.1) stickiness. In scenario “Sticky” the stickiness is doubled (0.2)
to enhance aggregation. Scenario “Detritus” describes the results of a model simulation
where no aggregation takes place, but where dead phytoplankton is shifted towards the de-
trital pool, where, together with fecal pellets produced by zooplankton, it then sinks with
a constant sinking speed of 10 m d~!. The model initial conditions are vertical profiles
for nitrate (increasing steadily from 2.6 mmol N m~2 at the surface to 18.3 mmol N m~3in
the deepest layer) and phytoplankton, which during winter is assumed to be distributed
homogeneously throughout the model water column at almost zero concentrations. The
initial size distribution is very steep (¢ = 8) i.e. most of the phytoplankton is present as

single cells. The results presented in this chapter show the tenth year of every simulation.

5.3.1 The Base Run

The annual distribution of nitrate for the upper 400 m for the base run is shown in figure 18.
Nitrate accumulates due to strong mixing during the winter months, and reaches maximum

surface values of more than 9 mmol N m—3

in February and March. When phytoplankton
starts to grow in late April, nitrate declines rapidly to values below 1 mmol N m~3, and
increases again towards summer due to recycling by zooplankton. Nitrate concentration
during summer is low, and increases again when it is entrained into due to mixed layer

deepening in autumn.

Figure 19 shows the vertical distribution of phytoplankton for the upper 400 m (grey
shades), together with the concentration of aggregates (thin contour lines) sinking at a
minimum speed of 10 m d~!, i.e. the sinking speed of DET. In spring phytoplankton in the
upper 50-75 m increases up to a maximum of almost 6 mmol N m~3. The spring bloom
within a few days declines to values < 0.5 mmol N m=3, and is immediately followed by an
increase in zooplankton concentration, reaching values of more than 2.5 mmol N m~3in the
upper 50 m (figure 20). Parallel to the increase in phytoplankton mass there is an increase
in the concentrations of aggregates which sink faster than 10 m d~! (aggregates larger
than about 200 pm, contour lines in figure 19). The increase in the concentration of large

aggregates is due to the rapid aggregation that takes place especially in the upper layers, and
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Figure 18: Nitrate and depth of upper and lower thermocline for the base
model simulation at station NABE (upper 400 m). Depth of upper and lower
thermocline is plotted by thin and thick line, respectively. Nitrate is contoured

by a thin line, unit is mmol N m~3.
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Figure 19: Mass of total phytoplankton and aggregates sinking faster than
10 m d! (minimum diameter ~ 200 pm) for the base model simulation at
station NABE (upper 400 m). Phytoplankton mass is shown by grey shades,
mass of aggregates sinking faster than 10 m d~!is shown by contour lines at

approximately logarithmicp intervals. Unit is mmol N m~3 .,
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causes an increase in the average mass sinking speed, reaching highest values of more than
100 m d~!at 400 m (no figure). During summer, phytoplankton concentration is below 1
mmol N m™3. Phytoplankton aggregates are relatively small because the large aggregates
that have formed during the spring bloom have settled out of the model water column,
and the relatively low concentrations during summer do not promote mass aggregation of
particles as takes place in spring.

Fecal pellet concentration, which of course is coupled to zooplankton abundance, is shown in
figure 20. Immediately following the phytoplankton bloom, zooplankton starts to grow until

Max. Zoo = 2.554 Max. Pel = 0.8921
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Figure 20: Zooplankton and fecal pellet concentration for the base model sim-
ulation at station NABE (upper 400 m). Zooplankton is shown by grey shades,
fecal pellet concentration is contoured by a thin line, unit is mmol N m—3.

it reaches a maximum of 2.5 mmol N m~3. Zooplankton concentration during summer is
almost the same as phytoplankton concentration, because zooplankton grazing then controls
phytoplankton growth. Yet the largest increase of pellet concentrations to a maximum value
of 0.8 mmol N m~3can be found around day 140, when zooplankton graze large amounts
of the phytoplankton bloom. Fecal pellets sink to deeper layers with a constant sinking
speed of 10 m d~!, so it takes about 40 days for the pellets to reach a depth of 400 m.
Although maximum fecal pellet concentrations are higher than the concentration of large
aggregates settling with a minimum speed of 10 m d~!, the aggregates in total sink faster

than the pellets, and thus reach a depth of 400 and 800 m before the pellets. Thus the
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first peak of sedimentation in 400 and 800 m depth, which occurs around day 150, consists

mainly of phytoplankton (figure 21). There is a steep increase in total shallow as well

10.0 - ! ] ! ) ) 1
8.0 — -
- L
[+]
o
~ 6.0 L
£
~
z
- — -
€
E
~ 40+ -
x
2
-
(TS
2.0 - -
0.0 T 1 f' w
50 150 250 350
T (DAY)
TOTAL_SHALLOW[Z=385] ~-=~===~-- TOTAL_DEEP[Z=761.9]
- PHY_SHALLOW[Z=385] --——==e= PHY_DEEP[2=761.9]

Figure 21: Sedimentation in 400 and 800 m for the base model simulation at
station NABE. Total flux through 400 and 800 m is denoted by solid and broken
lines, respectively. Phytoplankton flux through 400 and 800 m is denoted by
dotted and broken line with dots (see also figure legend, and text for further
explanations). Units are mmol N m~2 d~t.

as deep flux shortly after the spring bloom, most of which can be attributed to settling
phytoplankton. As soon as deep and shallow flux reach their maximum of almost 10 mmol
N m~2 d-!around day 140, they sharply decline again to low values around 0.5 mmol N
m~2 d~!, with a second hump in shallow flux of ca. 1 mmol N m~2 d~'in early summer.
This second increase constists of fecal pellets, which now have reached a depth of 400 m
(see also figure 20). Little amount of this flux reaches greater depth, because pellets in this
model sink too slowly, and are remineralized before they can settle out of the model water
column. Thus, sedimentation stays low for the rest of the year, with little contribution of
phytoplankton.

Total annual phytoplankton production integrated over the whole water column equals
2751 mmol N m~2, which is about 218 g C m~2. About 57% of this production is grazed
by zooplankton. Integrated over one year, total shallow flux equals 228 mmol N m~2%, of

which 62% is of phytoplankton. 63% of this total shallow flux reach a depth of 800 m,
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comprising to 86% of phytoplankton, i.e. it is mainly phytoplankton which contributes to
the deep flux, plus a small amount of fecal pellets (see also table 8 in chapter 7 at the end

of this work).

5.3.2 Scenario “Sticky”

When doubling the stickiness, phytoplankton is assumed to aggregate much more efficiently,
before it becomes subject to mortality or even zooplankton grazing. As shown in figure
22 this effect indeed takes place: phytoplankton in this model scenario only reaches a
maximum concentration of less than 4 mmol N m~3 (which is a decrease of almost 30% of

that of the base run), and the concentration of large aggregates is elevated.

Max. Phy = 3.923 Max. Large Agg. = 0.1953
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Figure 22: Mass of total phytoplankton and aggregates sinking faster than 10 m
d~! (minimum diameter = 200 pm) for the “Sticky” scenario at station NABE
{upper 400 m). For notations and units see figure 19.

Zooplankton maximum concentration is less than 50% that of the base run (no figure).
Resulting from the increase in stickiness, shallow as well as deep flux are enhanced and to
a larger extent consist of phytoplankton, reaching peak values of around 12 mmol N m~2
d~! during the time of the phytoplankton spring bloom (see figure 23).

Integrated over depth and one year phytoplankton produces 2173 mmol N m~2, of which

47% is grazed, i.e. not only the total mass grazed by zooplankton is reduced when com-
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Figure 23: Sedimentation in 400 and 800 m for the base model simulation with
increased stickiness at station NABE. For notations and units see figure 21.

pared with the base run, but also the influence of zooplankton grazing on phytoplankton
development is diminished. Instead, shallow as well as deep flux are enhanced, the flux
through 400 m being 296 mmol N m~2 (30% more than in the base run), and the deep
flux 237 mmol N m~2, which is more than 165% of that of the base run. In other words,
more than 80% of the shallow flux reaches 800 m, and phytoplankton constitute almost all

(97%) of the deep flux.

5.3.3 The “Detritus” Scenario

This model run has no aggregation, but a constant phytoplankton mortality which in this
scenario does not produce nutrients, but together with fecal pellets makes up the detrital
pool which sinks at a constant speed of 10 m d~!. Figure 24 shows the development of
phytoplankton, again for the upper 400 m of the model water column. (Of course, this
time there are no phytoplankton aggregates.)

Phytoplankton as well as zooplankton (no figure) shows about the same patterns as in the
base model simulation, with higher maximum concentrations of about 5.8 and 2.2 mmol
N m~3for phytoplankton and zooplankton, respectively. Integrated primary production is

less than in the base run (2264 mmol N m~2 y~1) - this is probably because phytoplank-
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Figure 24: Mass of total phytoplankton for the “Detritus” scenario at station
NABE (upper 400 m). Phytoplankton mass is shown by grey shades. Unit is
mmol N m~3.

ton mortality does not increase nutrients in this model, but produces additional detritus,
which finally sinks out of the upper, well-lit layers (see also chapter 4 for the influence of
phytoplankton mortality and recycled production). As a consequence, zooplankton graz-

2 y~1, but still it zooplankton grazes 58% of phytoplankton

ing is only 1324 mmol N m~
production, almost the same as in the base model simulation. v
Sedimentation is shown in figure 25. In this simulation, of course there is only one type of
settling material (detritus), and the contribution of (live) phytoplankton to sedimentation
is zero.

This model shows a higher baseline of sedimentation, because here sinking speed of par-
ticulate matter does not depend on time, but is constant throughout the year. The peak
sedimentation following the spring bloom is not as pronounced as in the previous two sim-
ulations, and lower, which is due to the low, constant sinking speed after the spring bloom.
Little amount of this flux reaches greater depth. When integrating the model fluxes over
one year, shallow sedimentation is enhanced (337 mmol N m~2) in comparison to the aggre-
gation models, which may be attributed to the somewhat higher non-bloom sedimentation

in winter, early spring, late summer and autumn. Only 26% of this flux reach a depth of

800 m, which is only 63% of that of the base runs. Annual zooplankton grazing on phy-
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Figure 25: Sedimentation in 400 and 800 m for the model simulation with the
detritus model at station NABE. For notations and units see figure 21. For
further explanations see text.

toplankton is comparable to the relative grazing pressure in the base run. Using a model
where phytoplankton mortality leads to the production of detritus sinking at a constant
sinking speed in this region not only decreases sedimentation at greater depths, but may

also lower other annual flows as annual primary production and zooplankton grazing.

5.4 Discussion

The so-called “BIOTRANS” or “NABE” site at 47°N 20°W has been extensively studied
for many years. Koeve and Zeitzschel (in prep.) note that Chl a concentrations on this
station may be as high as 4.5 mg Chl @ m~3, a value which agrees well with the results
from the aggregation simulation, and are higher than what was found during the 1989
North Atlantic Bloom Experiment (Lochte et al., 1993). Integrated primary production
in the model simulations shows a sharp increase to a maximum value about 2.8 g C m™2
d~! (no figure), which is about 50% higher than was been measured in 1989 (Lochte et al.,
1993). Mesozooplankton grazing on phytoplankton in April and May 1989 on this station
was low (Dam et al., 1993) and dominated by small zooplankton. Dam et al. estimated the

proportion of primary production that has been removed by zooplankton grazing during
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the spring bloom to be less than 3% per day. Based on respiratory demand of zooplankton,
Lenz et al.(1993) estimated about 50% of the phytoplankton production to be grazed by
mesozooplankton. The question whether micro- or mesozooplankton is the dominant grazer
of phytoplankton at this site in spring, and how much of the phytoplankton production is
being grazed by zooplankton cannot be answered within this work; still is clear that some
proportion of phytoplankton escapes zooplankton grazing and settles below the euphotic
zone to deeper waters (Lampitt, 1985; Billet et al., 1983).

Figure 26 shows the annual cycles of nitrogen and biogenic silica (which can be seen as a
proxy for diatoms and silicoflagellates) sedimentation in 500 m at station NABE (Fehner,
in prep.). There is a spring peak in N sedimentation every year, with variations in its
magnitude of about 100%. This peak in N-Flux is usually accompanied by a peak in
biogenic silica sedimentation, so there is evidence for rapid diatom settlement to deeper

layers, which may come either as intact cells, or as empty frustules or in fecal pellets.
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Figure 26: Sedimentation of particulate organic nitrogen (solid line, for 1992 -
1995 only) and biogenic silica (broken line) in 500 m for 1992 — 1996 at 47°N,
20°W. Data kindly provided by U. Fehner.

The peak N sedimentation in the data is several orders of magnitude less than the peak
of the model simulations. Peak fluxes of the model simulation of almost 12 mmol N m~2
d~! (scenario “Sticky”) and even almost 4 mmol N m~2 d~'in the detritus scenario greatly

exceed the peaks of nitrogen sedimentation that can be found in the trap data. Nevertheless,
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an about nine fold increase of sedimentation in spring, from 0.02 mmol N m~2 d~! to about
0.18 mmol N m~2 d~! at this side in 1994, has not been found with the detrital model, but is
only given (and exceeded) by the aggregation model. Keeping in mind that that trap data
at most give an average over a period of eight or more (e.g. Honjo, 1993, Fehner, in prep.)
days for sedimentation, but the model presented here gives daily values for sedimentation,
with a large variation from day to day, a more appropriate comparison of model and data
would be a model flux that has been averaged over the sampling intervals of sediment traps.
This type of comparison will be presented in the next chapter.

Data from sediment traps indicate that a large amount of the spring bloom sedimentation
can be attributed to settling diatoms. In deeper moorings, where Honjo and Manganini
(1993)found a high number of Chaetoceros shells and a high proportion of opal, as well
as in shallow depths where Deckers (1991) found a high proportion of diatoms, dominated
by Thalassionema nitzschoides, Chaetoceros decipiens and aggregates of Nitzschia seriata
which accounted for more than 37% of the phytoplankton collected at 80 m. The latter two
species are known as colony-forming species and have been found in aggregates (Alldredge
and Gotschalk, 1989). The importance of diatoms for the sedimentation of the 1989 experi-
ment has been confirmed by HPLC analyses (Meyerhofer, 1994). These findings correspond
with the 1989 data, when Honjo and Manganini (1993) found that the spring bloom pene-
trated to the ocean interior within a few weeks, with apparently accelerated settling speed
at greater depths and that it accounted for 50% of annual mass flux at 48°N. Yet they also
note that there was an apparent collection inefficiency with this trap, because coccoliths
and coccospheres at 1000 m depth were sampled at lower rates than in the deeper traps.
An annual nitrogen flux of 15.6 mmol N m~! at a depth of 1000 m has been found by Honjo
and Manganini (1993), which is far less than the results from model solutions presented here.
Either the aggregation model overestimates export flux, or the trap data underestimate
sedimentation. Deposition of large aggregates to the sea floor at this particular site has been
reported by various authors (Billet et al., 1983; Lampitt, 1985). Recent investigations have
shown that most likely sediment traps do not catch large aggregates (Shaw et al., 1998).
As the aggregation model reproduces the sedimentation pattern following the spring bloom
with almost immediate peak sedimentation at all depths, but most likely overestimates
the extent of these peaks as well as the annual amount of sedimentation, perhaps more
detailed investigation of processes that affect the mass of settling material, but not its size

distribution and sinking speed, such as degradation and remineralization of organic matter
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in deeper layers is necessary.

Scenario “Sticky” clearly shows that aggregation may decrease the time phytoplankton is
available for zooplankton, and can have a large effect not only on sedimentation, but also
for the upper ocean biogeochemistry itself. Still, the model stickiness with is quite low, as
values e.g. of 0.5 and even more have been found in laboratory experiments for diatom
aggregates (Kigrboe et al., 1990; Alldredge and McGillivary, 1991; Engel, 1998). Thus
aggregation not only governs the magnitude and the extent of sedimentation especially at
greater depths, but also can have a large effect of the development of the pelagic community
that follows the phytoplankton spring bloom. If mesozooplankton is considered in this
model, it is likely that the maximum grazing rate of 1 d~! is too high for this region.
Lenz et al.(1993) estimated grazing rate of 0.165 - 0.561 d=!. So presumably even if the
aggregation model would be run with a lower grazing rate, phytoplankton concentrations
would be protected from becoming unrealisticly high (because of the density-dependent
losses of aggregation and sedimentation) at the time of the spring bloom, when there is

neither nutrient-dependent nor sufficient grazing control of phytoplankton growth.
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The importance of considering aggregation in a biogeochemical model of ocean biogeochem-
istry has been tested with simulations performed for two locations in the Arabian Sea, one
located in the open ocean at 10°N 65°E, and one located close to the Oman coast, at about
17°N, 60°E. The same experiments as performed in the NABE simulation have been per-
formed on these two stations in the Arabian Sea. The first location (hereafter called“S15”)
serves the purpose of checking the model outcome in an almost oligotrophic region, where
phytoplankton is known to built a deep chlorophyll maximum almost throughout the year.
Little sedimentation has been found on this site, with little variation throughout the year.
The second location, hereafter named as “S04” in accordance with the notation used by
the US JGOFS process study, has been chosen as an example for the region influenced
by the Findlater Jet, and by lateral advection of upwelled waters. This region is known
to show a strong biological response to the monsoonal forcing, and also exhibits a strong
seasonal cycle of sedimentation with maxima of nitrogen and biogenic silica sedimentation
(Honjo, unpubl.) There exists a comprehensive data set, constisting of six vertical profiles
for nitrate, Chl a, primary production and other data measured during the US JGOFS
process studies in 1995 (nitrate data by L. Codispoti, Chl a and primary production by
R. Barber, as available through the US JGOFS data system wwwl.whoi.edu/jgofs.html
June/August 1998, see also Morrison et al., 1998 ). Together with the two profiles mea-
sured by the German JGOFS cruises in August 1995, alltogether there are eight days where
model profiles can be compared with data. For the second region, additionally data for ver-
tical flux from sediment traps have been included in the model comparison with data (data
by S. Honjo as available through the US JGOFS data system www1.whoi.edu/jgofs.html,
see also Lee et al., 1998 ).

6.1 Hydrography and biology of the Arabian Sea
6.1.1 Hydrography

The Arabian Sea is a more or less triangular basin, with its largest zonal extent reaching
about 3000 km, and a slightly smaller meridional extent. Its boundaries may be roughly
defined in the south by the equator, in the east by the land masses of Africa and the

Arabian Peninsula. To the north and northwest its boundaries are given by Pakistan
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and the Indian subcontinent, while to the east they are given by the western edge of the
Maldives and Lakshadweep to the west coast of India at about 18°N. Its bottom topography
is characterized by the Carlsberg Ridge located in the southern part of the Arabian Sea
and the Murray Ridge in the north off the Pakistani coast (see figure 27).
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Figure 27: Bathymetry of the Arabian Sea and locations of two sample stations
of the 1995 cruises. Bottom topography is shown by contours. The 200 m depth
contour is drawn as thick broken line. The locations of two stations samples
on leg M32/5 and on the US American cruises during 1995 have been marked
by open circles.

In the middle of the Arabian Sea, depth shoals from 4000 m to 3000 m from 14°N to 21°N,
respectively. The continental shelf, as given by the 200 m depth contour, is up to 350 km
wide along the coast of India, but is narrow along the Arabian coast and less than 50 km
wide at the entrance of the Red Sea (see figure 27). Because the Arabian Sea has a small
size in relation to its coastal areas — about 25% of total area is occupied by coastal regimes
— the influence of the coastal area on open ocean processes is expected to be high (Shetye
et al., 1994).

The annual cycle of physical and biogeochemical variables in the Arabian Sea is governed
by the influence of two monsoons, the southwest monsoon (SWM) blowing during May -

September, with maximum wind speeds of more than 16 m sec™!

, and the weaker northeast
monsoon (NEM) during November — February. Winds are generally low during the inter-

monsoon phases. The wind blowing parallel to the coast of the Arabian Peninsula leads to
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coastal upwelling of cold, nutrient rich water along the coasts of Yemen and Oman, as well
as along the Somali coast. During the SWM, high wind speeds are induced offshore the
Arabian Peninsula due to the formation of the so called Findlater Jet (Findlater, 1969),
flowing from the horn of Africa to northwest India. Updoming of the pycnocline from open
sea divergence northwest of the jet axis, caused by the curl of wind stress on the sea surface,
has been hypothesized to lead to an input of nutrient from deeper layers into the euphotic
zone. Southeast to the jet axis, the gradient of the wind speed normal to its direction leads
to downwelling, i.e. a deepening of the mixed layer. Mixed layer depths during that time
in this region reach up to 100 m (Bauer et al., 1993). The deeping of the mixed layer is
accompanied by entrainment of nutrients due to mixing with deep water. Using numerical
experiments McCreary et al.(1996) found that Ekman suction is important to the interior
flow in the central and western part of the Arabian Sea. Coastal upwelling is absent during
the NEM in the northern Arabian Sea. The effects of the periodic forcing due to the SWM
and NEM are lower for the central and eastern parts of the Arabian Sea.

The surface irradiation increases during winter and spring towards summer solstice. During
May cloud cover is at its minimum in the Arabian Sea, leading to a maximum of surface
irradiation, with values of about 280 W m~2 (Brock et al., 1994). During summer cloudiness
increases until it reaches its maximum in August. Therefore, lowest irradiation can be found
in August, with values down to 170 W m™2. Figure 28 shows the annual cycle of cloudiness
based on monthly mean values as given in the Esbensen Kushnir data set for two locations

in the Arabian Sea, at 10°N 65°E and at 17°N, 60°E.

6.1.2 Biogeochemistry

The biological variables in the western Arabian Sea reflect the pattern exhibited by the
physical forcing. Pigment concentration as given by satellite (NIMBUS-7 Coastal Zone
Color Scanner) observations show low chlorophyll concentration during both intermonsoon
phases. Markedly elevated concentration (about 2 mg m™ compared to 0.5 mg m~2 or
less during the intermonsoon phase) appear at the height of the SWM in August, after
monsoonal forcing has injected nutrients into the euphotic zone for most parts of the western
Arabian Sea (Banse, 1987). The increase in pigment concentration is largest for the region
close to the Pakistani coast, as well as in the region west of 65°E and north of 15°N (panels
4c, 3b and 3a in figure 1, Banse 1994), and lowest for regions south of 15°N. Only in the

northernmost parts of the Arabian Sea, on the Pakistani shelf, can an increase in pigment
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Figure 28: Cloudiness climatological means for two locations in the Arabian
Sea, 10°N 65°E and 17°N 60°E. Cloudiness is given in fractions.

concentration be found during the NEM.

The vertical distribution of phytoplankton standing stock is discussed in detail by Banse
(1994). Especially during the intermonsoon phases, when the mixed layer is shallow, surface
nutrients are low and irradiation is high large parts of the Arabian Sea attain the “typical
tropical structure” (TTS)p with low chorophyll concentration in the mixed layer and a Deep
Chlorophyll Maximum (DCM) accompanied by high nutrient concentration. In this case,
phytoplankton in the DCM have sufficient light and nutrients for a positive net photosyn-
thetic rate. Brock et al. (1993) suggest that a DCM will be present throughout almost the
entire Arabian Sea before and afterwards the SWM. In contradiction, Banse (1994) notes
that this is not likely to be the case, as the seasonal thermocline in spring may subdivide a
mixed layer which was already nutrient depleted, and therefore, the phytoplankton below
the pycnocline experiences low nutrients as well as low light. With eroding pycnocline
and nutrient injection into the mixed layer, the DCM vanishes below and northwest of the
Findlater Jet during the SWM.

It is assumed that copepods play an important role in the Arabian Sea upwelling especially
during the SWM, whereas in oligotrophic waters microzooplankton commonly dominate
the food web. Smith et al.(1991) in a comparison of zooplankton dry weight biomass

collected by net hauls with other upwelling areas showed that zooplankton has the largest
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stocks off Ras Hafun, i.e. at the coast of Somalia, with biomasses of 8.1 g DW m~2 in
August, whereas low (meso)zooplankton biomass has been found in the vicinity of 10°N
(ca. 1 g DW m™2, Smith et al., 1991). They also note that there is little variation in
zooplankton biomass during the year. This has been confirmed by Wishner and Gowing
(unpubl.) during the 1995 study. Given the relatively low primary production during the
intermonsoon phases, zooplankton persist at remarkably high concentration during these
times, for yet unknown reasons (SCOR, 1995). A single species, Calanoides carinatus has
been found to make up 40% of the zooplankton biomass during the SWM in the upper
layer (Smith, 1982; Smith, 1984).

Particle sedimentation in the Arabian Sea especially in the western parts shows a high sea-
sonality, which is related to the monsoon seasons. More than 50% of annual particle fluxes
appear during the SWM as indicated by opal and biogenic carbonate fluxes (Haake et al.,
1993), with a temporal decoupling suggesting a seasonal succession of coccolithophorid and
diatom species in the surface layers of this region. Still, even during the intermonsoon
periods shallow sedimentation with 0.4 - 1 g C m~2 d~! has been found to be relatively
high (Passow et al., 1993; Pollehne et al.,, 1993b). The study of Pollehne et al.(1993a)

even revealed that most of the sedimented material originated from the DCM.

6.1.3 The JGOFS Process Study 1995 — Cruise METEOR 32/5

The Joint Global Ocean Flux Study (JGOFS) as a core project of the International Global
Biosphere Program (IGBP) is aimed towards the investigation of the time-varying flows of
carbon and associated elements in the ocean, and their exchange with the atmosphere, the
sea floor and continental boundaries (SCOR, 1992). As a part of the JGOFS program, the
Arabian Sea Process Study focuses on the quantification of carbon flows in the Arabian Sea,
to determine the role the Arabian Sea plays in the global carbon cycle and to investigate
the biogeochemical response to seasonally varying forcing (SCOR, 1995). During 1995
and 1997, extensive investigations especially in the western part of the Arabian Sea were
carried out under the auspices of JGOFS, with participation of many countries. Two cruises
carried out by German JGOFS with focus on biogeochemical cycling have taken place in
1995, one during the intermonsoon phase (M32/3), and one during the SWM (M32/5).
During these cruises, sampling took place mostly with respect to the spatial distribution of
biogeochemical variables and flows. In 1997, another cruise (SO120) was dedicated to the

investigation of the temporal development of the biological processes in freshly upwelled
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water off the Oman coast during the SWM. For this purpose, a drifter was set out close to
the coast and followed for 14 days. Only the results from the first study will be used for
this 1-dimensional modeling exercise. For this purpose, a grid model will be presented, that
combines aggregation with further biological processes, as described in the previous chapter.
For validation of this model the 1995 data of the german cruise M32/5 during the SWM
plus the data of the six US JGOFS cruises TTN043 (January), TTN045 (March/April),
TTN049 (July), TTNO50 (August/September), TTN053 (November) and finally TTN054
(December) 1995 will be used. Because during the SWM the largest gradients in the
biological variables can be expected, in the following sections, some of the results of the
cruise M32/5 (SWM 1995) will be presented in detail. The data of other cruises will be
presented and discussed together with the corresponding model simulations.

The cruise consisted of three sections, leading from the equator along 65°E up to 14.5°N
(in the following text named T1), then northeastward towards the Oman coast at Ras al
Madraka (T2) and back to 62°FE 16°N (T3). Figure 29 shows the nitrate profile for T1 for
the upper 200 m. Throughout the entire euphotic zone nitrate is exhausted to less than 3
mmol m~3 - in fact, nitrate in the upper layer was below detection limit. The corresponding
Chl a profile shows very low values, which are slightly increasing to the north, from < 0.2
mg m~3 to about 0.5 mg m~3 (figure 30).

Phytoplankton consisted mainly of small dinoflagellates (41% of phytoplankton carbon by
Utermohl counting), and some diatoms and flagellates (both about 25% of phytoplankton
carbon). The zooplankton community mainly consisted of ciliates, but little mesozooplank-
ton could be found (Zeller, pers. comm.). Integrated primary production by means of the
14C-method yielded 1 g C m~2 d~!. Despite of the SWM, station S15 (denoted as “Station
404" in figures 29 and 30) showed the features of a typical oligotrophic region, so it has
been chosen as one of three sites for model simulation.

On the second transect towards the Oman coast, the cruise went from the oligotrophic
region into the area influenced by the Findlater Jet and then into coastal upwelling. Figure
31 shows the nitrate distribution for the upper 200 m, where the pattern has changed
dramatically in comparison to T1. Nitrate was still low at the surface at 65°E but started
to increase towards 62°E until it reached a maximum of about 8 mmol N m~3at 61.25°E, a
very high value for the open ocean. It decreased to values < 2 mmol N m~3 until it raised
up to more than 17 mmol N m~3in the coastal upwelling. The offshore increase in nutrient

concentration can be attributed to the advection of cold, nutrient rich water from coastal
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upwelling, most probably in form of a filament (Morrison et al., 1998 ). Evidently it has
been crossed by the ship cruise leading to a decrease in temperature at 62°E (Waniek,
pers. comm.) and an increase in nutrient concentration. Chl a values as calculated from
fluorescence increased from values around 0.4 mg Chl a m~3at 65°E to more than 1.4 mg
Chl ¢ m~3in the filament (figure 32). The increase of Chl a in the coastal upwelling zone
is quite low, when compared to e.g. CZCS data, which even report values up to 8 mg m=3
for that time (Brock et al., 1993).

Station S04 (denoted as “Station 430” in figures 31 and 32) at 17°N 60°E has been sampled
two times, first on T2 on August 1, and a second time on T3 6 days later. Both stations
showed quite uniform profiles of low Chl a and other standing stock variables. About
30% of phytoplankton carbon consisted of diatoms (results from Utemohl countings, data
by v. Brockel, unpubl.), mainly of the species Rhizosolenia sp.. On the first sampling
date (1. August) about 45% of phytoplankton carbon could be attributed to dinoflagellate
species mainly of the genus Ceratium, while of the second sampling profile about 42% of
phytoplankton carbon were diverse flagellates, with a large amount of the colony-forming
prymnesiophyte Phaeocystis sp.. Integrated primary production was very high with 2.0
and 2.5 g C m~2 d~! for the station samples on 1 and 7 August, respectively. Because this
station has been sampled many times, and even data for sediment traps are available for
several depths (Honjo, unpubl.), it has been chosen as a second site for model experiments

with the 1-dimensional model.
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Figure 29: Vertical distribution of nitrate along 65°E for the upper 200 m
(cruise M32/5, section T1). Sample locations have been marked by dots. Unit
is mmol N m~3.
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Figure 30: Vertical distribution of Chl a measured by fluorometric method
along 65°E for the upper 200 m (cruise M32/5, section T1). Sample locations
have been marked by dots. Unit is concCHL.
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Figure 31: Vertical distribution of nitrate from 14°N, 65°E towards Ras al
Madraka, Oman, for the upper 200 m (cruise M32/5, section T2). Data have
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14°N, 65°E towards Ras al Madraka, Oman, for the upper 200 m (cruise M32/5,
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6.2 Model setup

The model setup is similar to that of the Northeastern North Atlantic in chapter 5. Al-
terations made to the model concern the physical forcing as given by light and mixed
layer cycle. Light again is calculated according to Brock (1981) for the specific re-
gion (10°and 17°N for S15 and S04, respectively). Light is reduced by cloudiness fol-
lowing Reed (1976), which has been interpolated from monthly means for the specific
region as given by the Esbensen-Kushnir climatological data set (as available through
ferret.wrc.noaa.gov/fbin/climate_serversee figure 28). Diffusive exchange between
the different layers is calculated according to Evans and Gargon (1997) using profiles
for upper and lower boundary of the thermocline. Thermocline depth has been calcu-
lated from monthly mean temperature profiles as presented in the World Ocean Atlas
(WOA, as available through ferret.wrc.noaa.gov/fbin/climate_server) using the cri-
terion AT = 0.1°C and AT = 0.5°C for the location of the top and bottom thermocline,
respectively. Mixed layer cycles for both stations according to this criterion, together with
the mixed layer depths calculated by Codispoti (unpubl.) for 1995 cruises for five days,
using a criterion of a .03kg m~3 change in density, are shown in figures 33 and 34 for sta-
tions S04 and S15, respectively. The WOA mixed layer depths match the depths that have
been found in 1995 fairly well, although for S04 the climatology does not mix as deep as
has been found in 1995. There is a large variation in estimated mixed layer depth during

the day.

Station S15 exhibits a deepening of the mixed layer to about 80 m, which can be attributed
to downwelling and/or erosion of the mixed layer due to the monsoonal forcing. The mixed
layer depths in December and January as found in 1995 are slightly underestimated by the
WOA data set. Nevertheless, the overall pattern is matched quite well by the WOA data.

The biological parameters are the same as in the previous chapter — the only alteration that
is made is a rise in maximum phytoplankton growth rate pipsy, which in the simulations
for the Arabian Sea has been set to a value of 2.5 d™! due to higher temperature and to
account for the very high rates of productivity that have been found in the Arabian Sea
(v. Brockel, unpubl; Barber, unpubl.) and even high carbon-specific growth rates (Barber,
unpubl.). Again, in addition to the base run, experiments have been performed with the
model for the different locations (increase in stickiness; simulation with a detrital model).

The parameter values will be given in the respective description of the experiment.
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Figure 33: Annual mixed layer cycle climatology for S04, 17°N 60°E. Mixed
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Figure 34: Annual mixed layer cycle climatology for S15, 10°N 65°E. Mixed
layer depth calculated by L. Codispoti (unpubl.) for several CTD casts per day
is shown by crosses.

The initial profiles for phytoplankton and nitrate have been taken from the profiles mea-
sured in January 1995 on the cruises of the American JGOFS process studies at the cor-
responding sites. All model results for station S15 presented in the next section show the
results of the tenth year of simulation, i.e. the model has almost reached its equilibrium
cycle. The same procedure has been used for the model simulations at station S04 relatively

close to the Oman coast. Nevertheless, it will be shown that on this station a so-called
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“climatological” (or “equilibrium”) cycle of course cannot simulate the lateral influence
of nutrient rich water coming from the coastal upwelling. In addition to the “base” run
performed with this model and using a nine year spinup, three other simulations (base,
increased stickiness and detrital model) have been performed, where in the tenth year of
every simulation nutrients are entrained into the model during the time of the SWM by re-
setting nutrient values to observed values. These model runs are then taken for comparison

with the simulations performed for the other oceanic regions.
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6.3 Simulations for Station S15 (10°N 65°E)
6.3.1 The Base Run

Figure 35 shows the annual cycle of nitrate, contoured vs. depth and time after a nine

year spinup. Nitrate concentration is uniform over the year, with a low (< 1 mmol N m~3)
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Figure 35: Nitrate for the base model at station §15 (upper 400 m). Nitrate is contoured
by a thin line, units are mmol N m=3.

concentration in the upper layers. When the mixed layer deepens in summer (and, to a
lesser extent, in winter), the nitracline also deepens and nitrate is entrained into the mixed
layer and nitrate values become as high as 1 mmol N m~2.

Phytoplankton immediately assimilate these new nutrients. This leads to a small phyto-
plankton bloom (figure 36) with phytoplankton concentration increasing from 0.4 mmol N
m™3in early summer to more than 0.5 mmol N m~3.

Prior to this bloom, during the spring intermonsoon phase, a DCM is esta,blished, which
vanishes when phytoplankton increases in the mixed layer in June/July. Phytoplankton
concentration and/or aggregation parameters are too low to allow the formation of large
aggregates, so their concentration for the whole year is below 0.001 mmol N m~3 (and not
shown in figure 36). The concentration of phytoplankton is more or less constant throughout
the year, and even less than zooplankton concentration, which varies between 0.3 and 0.7

mmol N m~3 (figure 37). As there is little variation in phytoplankton concentration, sinking



74

Simulations for the Arabian Sea

Max. Phy = 0.5591 Max. Large Agg. = 8.0e—4

150 —

DEPTH (m)
|

g
!

350

T T y iE T il T T
50 150 250 350
T (DAY)

Figure 36: Mass of total phytoplankton for the base model simulation at station S15 (upper
400 m). Phytoplankton mass is shown by grey shades. Unit is mmol N m~2 .,

speed stays quite constant throughout the year, with low values in the upper layers (< 10 m
d~!) and little variation at a depth of 400 m, where mass sinking speed only varies between
20 and 100 m d~! (no figure). Similar to the other compartments, pellets too show little
variation with depth and time, but mostly have relatively low values around 0-0.2 mmol
N m~3 (figure 37).

The little variation in phytoplankton standing stock, phytoplankton mass sinking speed
and fecal pellet standing stock, leads to little variations in shallow (400 m) and deep (800
m) flux, which is plotted in figure 38. The maxima in shallow and deep flux (0.8 and 0.2
mmol N m~2 d~!) occur after the mixed layer deepening in summer, and consist mainl;r
of fecal pellets. A lower and less pronounced peak can be detected in spring, following the
mixed layer deepening during that time. Phytoplankton, once it has settled through 400
m almost immediately reaches 800 m - this is the reason why both lines for shallow and

deep phytoplankton flux match almost exactly.
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Figure 37: Zooplankton and fecal pellet concentration for the base model simulation at

station S15 (upper 400 m). Zooplankton is shown by grey shades, fecal pellet concentration

is contoured by a thin line, unit is mmol N m~3.
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Figure 38: Sedimentation in 400 and 800 m for the base model simulation at station S15.
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When integrating over one year and depth, primary production equals 3285 mmol N m~2,
which is about 260 g C m™2, and of which 78% is grazed by zooplankton. Total shallow
flux is 153 mmol N m~2, with little phytoplankton (5%). Only 27% (42 mmol N m~2) of
this flux sink through 800 m. In this depth, the contribution of phytoplankton to vertical
flux is increased (16%) due to the higher sinking rates of phytoplankton.

Figure 39 shows the vertical profiles of nitrate from the model simulations for six days
of the year, plus the model results one week before and after that day, together with the
results of the measurements carried during several JGOFS cruises on that station in 1995
(days 17, 82, 205 and 211, 240, 313, 344). The model matches the measurements quite
well during most times of the year, although the nutrient depleted zone in the model does
not extend as deep as it does in the data, and the nutricline is less steep than has been
found in that region. This failure in reproducing the exact slope of the nitrate profile can
perhaps be attributed to insufficient parameterisation of recycling and remineralization of
the different nitrogen components of the biological system, or to an insufficient mixing
scheme or coefficient.

The comparison of model results for phytoplankton with chlorophyll data measured in 1995
has been done by converting model phytoplankton (mmol N m~3) to dhl a using a carbon
to Chl a ratio of 80, and a C:N ratio of 6.6. The results of the model simulations together
with data measured on the JGOFS cruises in 1995 on that station are plotted in figure
40. Chl ¢ in the uppér 60 m is overestimated by the model for most times of the year.
The only time when model and data match quite well is on day 211, where the model
phytoplankton concentration falls within the range of concentrations measured on M32/5
and on TTNO049. The model does not built a distinct DCM as shown by the data on the
corresponding days, but instead its phytoplankton is distributed uniformly over the upper
70 m, and then declines.

Model primary production, which has been converted to g C m~2 d~!by a C:N ratio of
6.6 is plotted in figure 41. Model results and data match quite well at most times of the
year, except for day 240, where the model overestimates primary production. Primary
production is generally low (< 20 mg C m~2 d~!) and almost uniform over the upper 60 m,
except when the mixed layer deepens in summer, where nitrate is entrained and enhances

primary production especially in the upper well-lit layers.
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Figure 39: Vertical profiles for nitrate for the base model simulation at station S15 (upper 200 m), plus local
measurements. Model profiles are displayed by a line for days 17, 82, 211, 240, 313 and 344, and profiles for
seven days before and after the corresponding day are displayed by broken and dotted lines, respectively.
Measurements made on the US JGOFS cruises (L. Codispoti) are displayed by crosses. Measurements
made on METEOR M32/5 are denoted by large crosses (day 205, shown in mid left panel). Unit is mmol
N m-3.
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Figure 40: Vertical profiles for Chl a for the base model simulation at station S15 (upper 200 m), plus local
measurements. Model profiles are displayed by a line for days 26, 92, 218, 250, 319 and 354, and profiles for
seven days before and after the corresponding day are displayed by broken and dotted lines, respectively.
Measurements made on the US JGOFS cruises (R. Barber) are displayed by crosses. Measurements made
on METEOR M32/5 are denoted by large crosses (day 213, shown in mid left panel). Unit is mg Chi a
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Figure 41: Vertical profiles for primary production for the base model simulation at station S15 E, plus local
measurements. Model profiles are displayed by a line for days 26, 92, 218, 250, 319 and 354, and profiles for
seven days before and after the corresponding day are displayed by broken and dotted lines, respectively.
Measurements made on the US JGOFS cruises (R. Barber) are displayed by crosses. Measurements made
on METEOR M32/5 are denoted by large crosses (day 213, shown in mid left panel). Units are g C m~2
d-t.
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6.3.2 Scenario “Sticky”

Doubling the stickiness of phytoplankton has almost no effect on the concentration of
phytoplankton: the overall pattern of the annual cycle for this compartment, as presented
in figure 42 is almost the same as in the base run, as well as the maximum concentration
of about 0.6 mmol N m™3. Due to the increased stickiness of the algae is this scenario,
large aggregates reach a concentration of more than 0.006 mmol N m~3, while maximum
zooplankton in this scenario with 0.8 mmol N m~3 are about the same as in the previous

one (no figure).
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Figure 42: Mass of total phytoplankton and aggregates sinking faster than 10
m d~! (minimum diameter ~ 200 pm) for the “Sticky” scenario at station S15
(upper 400 m). Phytoplankton mass is shown by grey shades, mass of aggre-
gates sinking faster than 10 m d—! is shown by contour lines on semilogarithmic
intervals. Unit is mmol N m—3.

Consequently, a larger difference between the runs can be found in the annual cycle of
average mass sinking speed, showing a higher temporal variation, with an increase to more
than 400 m d~!at 400 m depth. This is of some importance for the sedimentation as
presented in figure 43. Although the maximum flux is only slightly increased (ca. 0.9 mmol
N m~2 d~'in the shallow, 0.3 in the deep depth), the phytoplankton in this simulation
makes up more than 50% of the peak flux. Almost all of the phytoplankton settling through

400 m finally sink out of the bottom of the model water column (both lines for shallow and
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deep phytoplankton flux match almost exactly).

1.00 1 Tr 1 1 1 1 1

FLUX (mmol N/m2/day)
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T (DAY)
TOTAL_SHALLOW[Z=385] ======-- TOTAL_DEEP[Z=761.9]
- PHY_SHALLOW[Z=385] ===:mimime PHY_DEEP[Z=761.9]

Figure 43: Sedimentation in 400 and 800 m for the model simulation with
increased stickiness at station S15. For notations and units see figure 38.

Annual primary production is less than it is in the base run (3098 mmol N m~2), but almost
the same fraction as in the base run is grazed (76%). Shallow flux in this model is only
slightly enhanced (165 mmol N m~2), but phytoplankton contributes a larger amount to
this flux (19%). The largest effect of changing phytoplankton stickiness is on deep flux,
which is increased by more than half of that of the base run (62 mmol N m~2%), with
phytoplankton contribution being three times as high as in the base run (49%, see also
table 8 in the last chapter for comparison with other simulations). The comparison of
model results with data shows almost the same pattern as in the base run, so the results
are not presented here. The model overestimates chlorophyll for most times of the year,
but shows a very good reproduction of the vertical profiles of primary production. The
little variation between both the base run and the “Sticky” scenario can be attributed to
the small role aggregation plays at a site with very low phytoplankton densities during the

year.
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6.3.3 The “Detritus” Scenario

The results of simulations of a model without aggregation but with a detrital model pool
which sinks at a constant speed of 10 m d—! and consists of dead phytoplankton and fecal

pellets are presented in figure 44.

Max. Phy = 0.6844

50

150 —

DEPTH (m)
|

250 —

350 —

I T 1 T I I I
50 150 250 350

T (DAY)

Figure 44: Mass of total phytoplankton for the “Detritus” scenario at station S15 (upper
400 m). Phytoplankton mass is shown by grey shades. Unit is mmol N m~3.

In the spring intermonsoon in this model the DCM is more pronounced, and there is also
a more distinct surface bloom following the mixed layer deepening in summer, reaching a
phytoplankton concentration of 0.7 mmol N m~3. In this model the zooplankton annual
cycle is less pronounced that in the base run, with lower a maximum concentration (<
0.5 mmol N m~3). The reason for this behaviour of the model can be found in the loss
from phytoplankton to the detrital pool, which in this model is assumed to be unpalatable
for zooplankton. In the base run, aggregation played little role and phytoplankton had a
comparatively long residence time in the mixed layer, where zooplankton could graze on
it. In the detrital model, phytoplankton is lost to zooplankton grazing once it has died
and entered the detrital pool. Further, phytoplankton mortality increases the detrital pool,
and this mass is finally lost to the system, with a constant sinking speed throughout the
year. As has been shown in the base model simulation phytoplankton mass sinking speed

in the upper layers are always below 10 m d™!, so having a detrital sinking speed of 10 m
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d~!enhances at least shallow flux (figure 45). Thus shallow flux during the intermonsoon
period is slightly enhanced, but less variable, and peak flux as well is increased by about
0.2 mmol N m~2 d~! when compared to the base model. The increase in shallow flux on
an annual basis is about 30 mmol N m~2 when compared to the base run, but annual deep
flux is about the same (44 mmol N m~2). The largest effect of omitting aggregation at all
can be found in annual primary production: this model only gives 1310 mmol N m~2 y~!,
The reason for this decrease in annual production can also be explained by the different

pathway nitrogen takes in this model (see above), which also explaines the higher shallow

flux.
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Figure 45: Sedimentation in 400 and 800 m for the model simulation with the detritus model
at 10°N, 65°E. For notations and units see figure 38. For further explanations see text.

The comparison of model phytoplankton and Chl @ as measured during various cruises in
1995 (no figure) shows that although this model, like the base model, has a tendency to
overestimate Chl a concentrations, it is in better agreement with the data, and even shows
a DCM at a depth of about 60 m. Unfortunately, the detritus model fails to reproduce the
vertical profiles of primary production. Except for day 240, the model primary production
is much less than what has been found in nature. Model results on day 211 match the results
of the measurement of M32/5, 6 days earlier — but the model primary production never

increases to values as have been found on TTN049. Maximum phytosynthesis produced by
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the model is 24 mg C m™3 d~L.
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6.4 Simulations for Station S04 (17°N 60°E)
6.4.1 The base run with climatological forcing

Figure 46 shows the annual cycle of nitrate, contoured vs. depth and time for the tenth
year of simulation. When the mixed layer deepens in in late winter and spring due to the
NEM forcing (max. depth 54 m on day 45), little nitrate is mixed from deeper layers into
the surface, up to maximum values of < 1 mmol N m~3in at 1 m depth. There is almost no
increase in surface nitrate concentration during the SWM because mixing depth according
to the criteria that have been described in the the model setup is even less during that
time, and does not extend to depths as deep as in winter.
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Figure 46: Nitrate for the base model at station S04 (upper 400 m). Nitrate is contoured
by a thin line, unit is mmol N m~3.

Phytoplankton respond to the deeper mixing during the NEM with only slightly elevated
concentration up to a maximum of 0.5 mmol N m~3on day 19 (figure 47). During the
intermonsoon phase in the first half of the year, a deep chlorophyll maximum (DCM) is
built below the thermocline, where nitrate allows phytoplankton growth at greater depths
despite its low concentration in the mixed layer. When the mixed layer deepens slightly in
July due to the SWM forcing, the small nutrient increase in the surface waters is followed by
only slightly elevated phytoplankton concentration in the mixed layer. Still a DCM persists

and lasts during the second intermonsoon phase until the mixed layer starts to deepen again
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in winter. Phytoplankton concentration even during the NEM, but especially during the
SWM, is far too low to allow for rapid aggregation and formation of large aggregates.
Sinking speed is almost constant throughout the annual cycle, with a moderate increase of

sinking rates following the NEM.

Max. Phy = 0.5255 Max. Large Agg. = 3.0e—4
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Figure 47: Mass of total phytoplankton for the base model simulation at station S04 (upper
400 m). Phytoplankton mass is shown by grey shades. Unit is mmol N m~3.

Due to the small variations in either phytoplankton and zooplankton, of course flux at
400 and 800 m depth in the model simulation is low, with a maximum of about 0.5 mmol
N m~2 d~!occuring after the NEM (figure 48). Almost all of the flux can be attributed
to fecal pellets, and about 30% of the shallow flux settles through 800 m. Yet all of the
phytoplankton reaching the 400 m depth horizon finally settles out of the model domain.

Figure 49 shows the vertical profiles of nitrate from the model simulations for six days,
plus the model results one week before and after that day, of the year together with the
measurements carried during several JGOFS cruises on that station in 1995. The model
matches the measurements quite well during the NEM and intermonsoon seasons (days 26,
92, 319, 354) but strongly underestimates the high nutrient concentration especially during
the SWM (days 218, 213, 219 and 250). Model phytoplankton, which is computed in units
of nitrogen, has been converted to Chl a by using a carbon to Chl a ratio of 80, and a

C:N ratio of 6.6. The results of the model simulations together with data measured on the
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Figure 48: Sedimentation in 400 and 800 m for the base model simulation at
station S04. Total flux through 400 and 800 m is denoted by solid and broken
lines, respectively. Phytoplankton flux through 400 and 800 m is denoted by
dotted and broken line with dots (see text for further explanations). Unit is
mmol Nm~2d~!.

JGOFS cruises in 1995 on that station are plotted in figure 50. Chl e data are reproduced
by the model very well on most times of the year, with an underestimate for days 92 and
250. The DCM on day 92 produced by the model is not as pronounced as has been found
in the data. On day 250, maximum Chl a in the model is only half of the value that has
been found by fluorometric measurements. The decline of Chl a in the model with depth
is not as pronounced as has been found in the measurements. Model primary production,

converted to g C m~2 d~! by a C:N ratio of 6.6, is plotted in figure 51.
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Figure 49: Vertical profiles for nitrate for the base model simulation at station S04 (upper 200 m), plus local
measurements. Model profiles are displayed by a line for days 26, 92, 218, 250, 319, and profiles for seven
days before and after the corresponding day are displayed by broken and dotted lines, respectively. Mea-
surements made on the US JGOFS cruises (L. Codispotiy) are displayed by crosses. Measurements made
during METEOR M32/5 are denoted by large crosses and by large circles (day 213 and 219, respectively,
shown in mid left panel). Unit is mmol N m~3,
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Figure 50: Vertical profiles for Chl a for the base model simulation at station S04, plus local measurements.
Model profiles are displayed by a line for days 26, 92, 218, 250, 319 and 354, while profiles for seven
days before and after the corresponding day are displayed by broken and a dotted lines, respectively.
Measurements made on the US JGOFS cruises (R. Barber) are displayed by crosses. Measurements made
during METEOR M32/5 are denoted by large crosses and by large circles (day 213 and 219, respectively,
shown in mid left panel). Unit is mg Chl a m™3.
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Figure 51: Vertical profiles for primary production for the base model simulation at station S04 (upper
200 m), plus local measurements. Model profiles are displayed by a line for days 26, 92, 218, 250, 319 and
354, and profiles for seven days before and after the corresponding day are displayed by broken and dotted
lines, respectively. Measurements made on the US JGOFS cruises (R. Barber) are displayed by crosses.
Measurements made during METEOR M32/5 are denoted by large crosses (day 213, shown in mid left
panel). Unit isg Cm=2d~!.
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The model exhibits no good reproduction of primary production as measured by means
of labeled C uptake on different cruises, with a strong underestimation especially in the
upper layers. This can be attributed to the nutrient depletion in the model mixed layer,
which is unlikely to occur in reality at least during both monsoonal phases. Integrated
primary production over the tenth year of the simulation is 2734 mmol N m~2, which
is about 217 g C m™2. Of this, 75% is eaten by model zooplankton, and 10 and 2%
of this sinks through 400 and 800 m, respectively. The percentage of phytoplankton of
total sedimentation is only 1 and 5% for both depths, which is the lowest contribution of
phytoplankton to sedimentation which has been achieved so far in the aggregation runs
presented in this work.

The results from the base run exhibit a good agreement with data for the intermonsoonal
phases, and underestimation of surface nitrate during the SWM and an overestimate for the
NEM. Despite the fact that nitrate during these two seasons is not reproduced well by the
model, nevertheless the phytoplankton concentrations both in the model and in the data
agree quite well. What is more astonishing is the fact that although model and data give
quite low phytoplankton concentrations especially during the SWM, the high opal and also
PON of the trap data during the SWM indicate that there must have been a phytoplankton

bloom in the upper layers before. Questions that need to be addressed are:

1. What controls the nitrate supply to the upper layers?

2. Where or when is the phytoplankton bloom that is necessary to explain these high

fluxes of nitrogen and biogenic silica to the ocean interior?

There are at least four explanations for the problem addressed in the first question: 1.)
Either the mixing and the mixed layer cycle of the model has been parameterized badly.
Barkmann (pers. comm) has tested different parameterizations for mixing in a vertically
resolved model run at 47°N 20°W and found that the mixing algorithm, which has been
proposed by Evans and Garcon (1997), and is used in this model, agreed well with what he
found when using a “turbulent closure” model with vertical profiles of diffusion coefficients
provided by a three dimensional model output (Oschlies, unpubl.). Because the model
thermocline as given by the World Oceanographic Atlas using the criteria for evaluation
of the thermocline depth as given in the model description agrees quite well with what

has been calculated by Lou Codispoti for the 1995 cruises, it seems unlikely that it is this
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parameterization which leads to insufficient nutrient supply. 2.) The second explanation
might be given by an insufficient mixing rate below the thermocline. Still the upper nutrient
concentration is unlikely to be affected by an even higher deep mixing rate, as this would
even more increase the surface nitrate values during the NEM, where the model matches
the nitrate quite well. 3.) Another reason for the large discrepancy between model results
and data can be seen in the model neglecting the phenomenon of the so-called open ocean
upwelling. This type of upwelling, which occurs during the SWM due to negative wind
stress curl on the ocean surface has been hypothesized by Brock (1992) for this specific
region. Nevertheless, there has been little evidence for open ocean upweling to occur in
1995 (Waniek, pes. comm; Morrison et al., in press.) 4.) The high nutrient concentrations
in August and September 1995 were attributed to the influence of water masses formed by
coastal upwelling and advected southeastwards (Morrison et al., 1998; Banse, 1987). This
would lead to an increase in nutrient concentration, which cannot be accounted for in a
1-dimensional model, but would need to take advantage for example of the output of a
3-dimensional model of ocean circulation. This type of modeling is beyond the scope of
this work. Instead, as a way of simulating the response of phytoplankton to the input of
nutrients during the SWM, a model run has been performed in which in the tenth year of
the base model simulation a nitrate intrusion on day 218 is simulated by assimilating the
nitrate profile of the US JGOFS cruise TT050 for this particular station into the model by
using the maximum of the interpolated empirical nitrate value and the model nitrate on

this day.
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6.4.2 The base run with nitrate intrusion

When simulating a nitrate intrusion on day 218 by assimilating the nitrate profile measured
on cruise TTNO50, total nitrate input for the mixed layer for this day (depth of lower
thermocline is 35 m) equals 121 mmol N, and 1020 mmol N for the whole water column.

The development of phytoplankton for the upper 100 m is shown in figure 52.
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Figure 52: Mass of total phytoplankton for the base model simulation with nitrate profile
assimilation on day 218 at station S04 (upper 100 m, day 200 — 365). Phytoplankton mass
is shown by grey shades. Unit is mmol N m—3.

Following the intrusion on day 218, phytoplankton starts to grow in the upper 40 m, until
it reaches a maximum concentration of 1.2 mmol N m~3. This increase in phytoplank-
ton is immediately followed by an increase in zooplankton concentration. There is a very
low concentration of large aggregates (less than 0.001 mmol N m~?), because model zoo-
plankton graze heavily on phytoplankton, and zooplankton reach even a higher maximum
concentration than phytoplankton (< 1.7 mmol N m~3, figure 53). Phytoplankton do not
reach sufficient concentration for aggregation to play an important role.

As a consequence, both shallow and deep flux only increase slightly following the phyto-
plankton bloom, and most of the flux in both depths can be attributed to pellet sedimen-
tation (figure 54).

When comparing the simulated nitrate profiles for six days with the observed nitrate profile,
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Figure 53: Zooplankton and fecal pellet concentration for the base model simulation with

nitrate profile assimilation on day 218 at station S04 (upper 100 m, day 200 — 365). Zoo-

plankton is shown by grey shades, fecal pellet concentration is contoured by a thin line, unit

is mmol N m—3.
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Figure 54: Sedimentation in 400 and 800 m for the base model simulation at
station S04 with nitrate profile assimilation on day 218. For notations and unit

see figure 48.
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clearly it can be seen that due to the phytoplankton bloom following the nitrate intrusion,
all of the nitrate that has been entrained is used by the model phytoplankton (figure
55). Model nitrate shows lower concentrations on day 250 than observed — most likely
the observed high nitrate concentrations in the mixed layer can probably be attributed to
further advection of nutrient rich water water from coastal areas, which is not implemented
into the model for this time.

When comparing model phytoplankton with the observed data for Chl @, model results
and data match quite well on most days of the year, although the DCM on day 92 in the
model simulation is not as pronounced as in 1995 data (figure 56).

As shown in figure 57, the primary production in the first half of the year is still under-
estimated by the model, but for the time period following the nitrate profile assimilation
the model simulation shows a good fit to the data. On day 250, primary production in the
model is lower than observed. Integrated over one year, of course due to the increase in ni-
trate available for phytoplankton the primary production is larger than in the previous run
(275 g C m~2). Nevertheless, this increase in primary production does not enhance export
due to increased aggregation; mostly the production by phytoplankton is being grazed by
zooplankton (80%). Shallow flux is only slightly enhanced (12 g C m~2, or 4% of primary
production), and there is almost no change in deep flux (3 g C m~2, or 1% of annual pri-
mary production). The contribution of phytoplankton to shallow flux is the same as in the
previous run (1%), and its contribution to deep flux is even less (4%). This model type
using this parameterization at this station strongly promotes zooplankton. Surplus nitrate
is completely taken up by phytoplankton, but shortly after the onset of the SWM bloom
the phytoplankton in this model is grazed by zooplankton, and its production is almost
completely shifted to the zooplankton compartment. In this model, phytoplankton growth

and aggregation cannot escape zooplankton grazing during the SWM.
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Figure 55: Vertical profiles for nitrate for the base model simulation with nitrate profile assimilation on
day 218, at station S04 (upper 200 m), plus local measurements. For notations and unit see figure 49
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Figure 56: Vertical profiles for Chl a for the base model simulation with nitrate profile assimilation on day
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218 at station S04 (upper 200 m), plus local measurements. For notations and unit see figure 50.
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Figure 57: Vertical profiles for primary production for the base model simulation with nitrate profile
assimilation on day 218 at station S04 (upper 200 m), plus local measurements. For notations and unit see
figure 51.
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6.4.3 Scenario “Sticky”

Due to the grazing pressure of zooplankton in the previous simulation, to see whether
phytoplankton may escape zooplankton grazing in this scenario the stickiness has been
increased to 0.5. Following the nitrate intrusion on day 218, this time the phytoplankton
bloom only reaches a maximum concentration of 1.4 mmol N m~3, but there are large
aggregates (sinking faster than fecal pellets) during the time of the bloom (figure 58).
These aggregates rapidly sink out and have reached a depth of 100 m a few days after the
nitrate intrusion.

Max. -Phvi= 4.357 Max. Large Agg. = 0.021

DEPTH (m)

200 240 280 320 360
T (DAY)

Figure 58: Mass of total phytoplankton and aggregates sinking faster than 10 m
d~! (minimum diameter ~ 200 pm) for the “Sticky” scenario at station S04 with nitrate
profile assimilation on day 218 (upper 100 m, day 200-365). Phytoplankton mass is shown
by grey shades, mass of aggregates sinking faster than 10 m d—! is shown by contour lines
on semilogarithmic intervals. Unit is mmol N m~2 .

The pattern of zooplankton and fecal pellets are very similar to the results of the base model
simulation after the nitrate intrusion. Maximum zooplankton concentration is about 1.7
mmol N m~?, and maximum pellet concentration 0.4 mmol N m~3, so the results are not
shown here. The enhancement of aggregation is of course reflected in the sedimentation.
Only a few days after the nitrate profile assimilation, sedimentation shows a distinct peak
in both depths of 400 and 800 m, which consists almost excusively of phytoplankton (figure

59). After this peak, flux to a large extent consists of fecal pellets, which produce a second
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peak in sedimentation at 400 m. Most of the fecal pellets degrade while settling through
the water, so little of this peak reaches 800 m

100 | ! ! { L t !

FLUX (mmol N/m2/day)

0.20

0.00 T T T T T T T

50 150 250 350
T (DAY)
TOTAL_SHALLOW[Z=385] =-==-=---- TOTAL_DEEP[Z=761.9]
~~~~~~~~~~~~~~~~~~~~~~~~ PHY_SHALLOW[Z=385] ==:==——- PHY_DEEP[Z=761.9]

Figure 59: Sedimentation in 400 and 800 m for the “Sticky” scenario at station S04 with
nitrate profile assimilation on day 218. For notations and units see figure 48.

The comparison of model chlorophyll and primary production with observed values show
almost the same pattern as in the previous run, with a weak agreement in the first half
of the year, and a quite good agreement for days 250, 319 and 354, and is not presented
here. The differences in phytoplankton standing stocks between the “Sticky” scenario and
the base model simulation occur mainly on days when no data are available, so no decision

can be made which model fits the data better.
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6.4.4 The “Detritus” scenario

Finally, another simulation has been performed in which again the phytoplankton mortality
leads to the formation of detritus, which the sinks at a constant speed of 10 m d=!. The
development of the blooms and zooplankton over time are rather similar in their shape
and timing, so no plots are shown here. Instead, table 7 combines the outcome of the
simulations for all three scenarios. In the “Detritus” scenario, phytoplankton reach a much
higher concentration of 2.1 mmol N m~3, and its maximum is immediately followed by
maximum zooplankton (almost 2 mmol N m~3) and fecal pellets. Production in this model
is lowered, due to the missing recycling of phytoplankton as implemented in the aggregation
scenarios. The annual deep flux of the “Detritus” scenario is higher than the base model
simulation. The reason for this result can be found in the annual pattern of sedimentation
(see figure 60), because during non-bloom periods this model produces a higher baseline
of sedimentation than the base simulation, in which the time dependence of sinking speed

produces a more pronounced cycle.
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Figure 60: Sedimentation in 400 and 800 m for the “Detritus” scenario at station S04 with
nitrate profile assimilation on day 218. For notations and units see figure 48.

6.4.5 Model and observed sedimentation at station S04

The “Sticky” model is able to reproduce a very distinct peak of sedimentation at both

depths of 400 and 800 m immediately after the phytoplankton bloom. This peak to a large
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Table 7: Annual primary production (PP) (integrated over depth), grazing (integrated over depth, given as
percent of primary production), sedimentation through 800 m (F800) and max. phytoplankton, zooplank-
ton and fecal pellets/detritus (max. PHY, max. Zooand max. DET, respectively) for different simulations
at station S04.

PP Grazing | F800 max. PHY max ZOO max DET

scenario [ gCm™2 | % of PP |gCm™? | mmol Nm™2 mmolNm=3 mmol N m3

base 276 80 29 1.27 1.73 0.42
sticky 262 77 6.4 1.36 1.70 0.43
detritus 213 79 4.5 2.12 1.93 0.69

amount consists of phytoplankton, whereas in the model with low aggregation the peak
either does not occur at all (climatological run) or is less pronounced and later (base run
with nutrient intrusion). In chapter 5 it has been mentioned, that trap data give mostly
averages over a week or even longer time period. This may have a tendency to flatten
individual peaks. There is no way to re-examine the trap data with respect to the peaks
that may have occured during their opening interval, so the model flux for the three runs
have been averaged over the same interval as the opening times of the trap J3 at the same
location, at about 800 m depth during 1995 deployed, sampled and measured by S. Honjo
(in press). Figure 61 shows these manipulated model fluxes for the three model simulations
with nitrate intrusion (base simulation, A, “Sticky” scenario B, and “Detritus” scenario, C).
The base model and the detritus scenario after averaging over the trap sampling intervals
do not show any peaks of sedimentation, and their flux pattern does not coincide with the
observed fluxes. Having a constant detrital sinking speed or low aggregation as simulated by
setting the stickiness to a low value, most of the matter that is exported by sedimentation
comes in the form of fecal pellets. The time lag between phytoplankton bloom and peak
sedimentation is too large when compared with the observed flux. Only the model scenario
with a stickiness of 0.25 shows a peak during summer monsoon, which mainly consists of

phytoplankton. Summarizing, at this site a rather high stickiness is necessary to simulate

the flux pattern.
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Figure 61: Phytoplankton and total sedimentation at 800 m for different model scenarios, together with
local measurements of sedimentation on station S04 (S. Honjo, unpubl.). Panel A: base model simulation.

Panel B: “Sticky” scenario. Panel C: “Detritus” scenario. Model results have been averaged over trap

sampling intervals. Units are mmol N m~2 d~!.
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6.5 Comparison and discussion

The oligotrophic site in the central Arabian Sea Low values of Chl e concentra-
tions (0.1 - 0.3 mg Chl a m~3) with little variation over the year have been measured on
cruises carried out by the International Indian Ocean Expedition (IIOE) in the mid 60’s
(ATLANTIS cruises 8 and 15 in August/ September 1963 and February/March 1965, re-
spectively, Krey and Babenerd, 1976 .) Primary productivity on this site during May/July
1964 was about 0.3 g C m~2 d~!, but also showed little variation throughout the year
(Krey and Babenerd, 1976). Jochem et al. (1993) 1987 found a typical oligotrophic system
in the open Arabian Sea, with a high turnover of nutrients in the surface layer, and a lower
turnover in the subsurface maximum of chlorophyll. Annual primary production on this
site was rather high in the model for the aggregation scenarios (260 and 245 g C m~2 y~!
for the base and sticky scenario, respectively) but lower for the detrital scenario (104 g C
m~2? y~1). The former value agrees with the annual primary production of 1995 as shown
in figure 41, when integrating over depth and year, which gives about 230 g C m=2 y~1,
but it is much higher than the estimated annual primary production of 25 — 73 g C m~2

y~! as presented by Krey (1973) for the open Indian Ocean.

This oligotrophic system showed little sedimentation. Pollehne et al. (1993b) using scanning
electron microscopy found that a large amount of sedimentation on this station in May
could be attributed to copepod fecal pellets, which contained diatom and coccolithophorid
shells. The autotrophic organisms grew mainly in the DCM at about 50 m depth (max.
Chl a about 1 mg Chl a m™?), so the DCM was the main source of sedimentation via fecal
pellet sedimentation, whereas in the mixed layer a recycling system of small phytoplankton
was found. This finding corresponds with the results of section 6.3, where sedimentation
happend mainly via fecal pellets. Sedimentation in 100 m caught with a drifting sediment
trap was about 0.07 mmol N m~2d~!, which is less than the results of the model simulations
for this site. The model for the oligotrophic site exports between 3 and 5 g C m™2 y~! at
800 m, which is only slightly higher than the annual flux rates of 1.1 - 2.6 g C m~2 ~! that
have been found by Haake et al.(1993) for the years of 1986, 1987 and 1988 on a station
at 14.5°N 64.8°E at about 3000 m depth.

The results of the model simulations are in good agreement with the data of the 1995 study,
as well as with older results. At 10°N 65°E, phytoplankton growth is mainly controlled by

the availability of nutrients that are mixed into the surface layers by mixed layer deepening
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during both monsoon seasons. The model primary production and associated flows further
depend on the model type that is used for this area: simulating phytoplankton mortality
that immediately produces nutrients for phytoplankton growth greatly enhances primary
production (base runs and scenario “Sticky”). As phytoplankton are controlled by nutrient
supply (bottom-up) and never bloom with high concentrations, aggregation on this site is

of minor importance to deep flux.

The site in the western Arabian Sea The results of the International Indian Ocean
Expedition (IIOE) show a large spatial and temporal variability in Chl a and primary pro-
duction values northwest of the Findlater Jet axis (Krey and Babenerd, 1976). Generally,
primary production values and Chl a are higher in this area than in the central part of the
Arabian Sea, with values around 0.3-0.5 mg Chl a m~3 averaged over the period from May
to October, and lower (0.2 mg Chl @ m™3) during the rest of the year. The vertical pig-
ment distribution was relatively uniform in August 1963 (ATLANTIS II, cruise 8, Krey and
Babenerd, 1973), with values around 0.5 mg Chl @ m~3, which is very low when compared
with CZCS data as for example, presented by Brock et al.(1991) for the year 1979, giving
values as high as 5.0 mg Chl a m~3for regions near the Oman coast. The latter findings
are higher than the model output, when simulating a nutrient intrusion in August - when
the model is run with a climatological forcing when comparing the model with the CZCS
data it strongly underestimates the pigment concentrations. This model only on one day
simulates an intrusion of nitrate into the mixed layer, but it is likely that larger amounts of
nutrients are advected from the coastal upwelling (Morrison et al., 1998). A more detailed
investigation and modelling of the lateral processes on this site is necessary to examine the
goodness of fit of the model to the data. The relatively good match of the model to the 1995
data may be misleading — the station has only been visited on eight days in a year, with a
low temporal resolution especially during times of high production. It may be possible that
there were far higher phytoplankton concentrations between the days of observation. For
example, during the 1997 drift experiment the Chl a concentration in the coastal upwelling
have been found to be as high as 4 mg Chl ¢ m~3, with a large amount of diatoms as
indicated by biogenic silicate and Uterm6hl countings. This bloom declined within a few
days to values less than 1 mg Chl a m~3. Due to the lack of observed data for this region,
which shows a high spatial and temporal variability, a more adequate comparison would

probably be the comparison of the output of an eddy-resolving three dimensional model



106

Simulations for the Arabian Sea

of ocean circulation and biogeochemistry with satellite ocean colour data, as for example
provided by the SeaWiFS satellite which has been launched in 1997.

Integrated primary production for the whole year according to the data presented by Krey
and Babenerd is always larger than 0.5 g C m~2 d~!in this region, showing little variation
throughout the year and giving a minimum annual integrated flux of at least 160 g C m~2.
Krey (1973) for the coastal upwelling gives a value of 124 g C m~2 y~!. The model results
are somewhat higher (213 - 276 g C m~2), but reproduce the very high daily production
rates that have been measured on various cruises (3.2 - 4.0 g C m~2 d~!following the
nitrate intrusion in the different model scenarios). When integrating the results of the 1995
primary production measurements on station S04 over depth and time, which gives about
about 380 g C m~2 y~!. The model lies within the range of these data, especially when
considering that the model is likely to underestimate the nitrate concentrations that occur
during SWM at this site (see above).

Little is known about the grazing pressure of zooplankton, especially mesozooplankton, on
phytoplankton in this region. Burkill et al. (1993b) in September the nortwestern Arabian
Sea found a large grazing pressure of microzooplankton on phytoplankton, especially Syne-
chococcus. It is unclear whether copepods prefer aggregates for their diet. Schnack (1983)
in the northwest African upwelling found that the copepod Calanoindes carinatus which
also commonly occurs in the Arabian Sea, does not graze on phytoplankton aggregates
of the genus Thalassiosira parthenia. Other autors have found grazing of copepods on
phytoplankton aggregates (Bochdansky and Herndl, 1992a; Hansen, 1992; Lampitt et al.,
1993b). The high zooplankton biomasses that persist throughout the entire year in the
Arabian Sea, and its ability to graze upon natural assemblages of diatoms e.g. off the
Somali coast (Smith, 1982) suggest that its grazing pressure on phytoplankton in general
must be strong.

Sedimentation in the western Arabian Sea has been found to be strictly coupled to the
monsoonal forcing, i.e. to a decrease in surface water temperature after onset of the SWM
(Haake et al, 1993). The increase in organic carbon flux was first accompanied by an
increase of carbonate, and about one month later, by an increase in biogenic silica sedi-
mentation at 3000 m depth. Between 22 and 42 mmol N m~2 y~! sedimented in the years
from 1986-1990. This is about as much as the model sedimentation at 800 m depth, which
lies between 38 and 81 mmol N m~2 y~! for the simulations with low and high aggregation,

respectively. Without setting the aggregation parameters to unrealistic high values (Engel,
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1998; Alldredge and McGillivary, 1991), high aggregation produces the characteristic sedi-
mentation signal at greater depths, which is often accompanied by high opal sedimentation.
Nevertheless, mesozooplankton as large organisms can produce large, rapidly settling pel-
lets (Noji, 1989), with sinking velocities of tens to hundreds of meters per day, so another
method of increasing model sedimentation could theoretically be seen in increasing the
pellet sinking speed in the model. This has not been done in this representation, because
this would result in an increase in sedimentation even for the intermonsoon periods, which
is not supported by the data.

It has been mentioned before that the model with the climatological forcing fails to re-
produce the annual cycle of nitrate and other compartments. This region is likely to be
influenced by lateral processes (Banse, 1987; McCreary et al., 1996; Young and Kindle,
1994; Keen et al., 1997; Morrison et al., 1998). The simulation of nitrate supply used
here should only serve as a first step towards a parameterization of the processes in this
area. More detailed analysis and a more elaborate formulation for the processes that affect

nutrient (as well and phyto- and zooplankton) concentrations in this region are necessary.
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7 Discussion

7.1 The influence of aggregation in different oceanic regimes

Rapid mass sedimentation of intact phytoplankton cells following surface blooms, without
mediation by zooplankton grazing and production of fast settling pellets has been reported
for a variety of coastal (Peinert et al, 1982; Smetacek, 1980) and open ocean regions
(Billet et al., 1983; Lampitt, 1985). Some of these studies suggest that marine aggregates
containing phytoplankton cells play an important role for this mass transfer to the sea floor.
On the other hand, zooplankton fecal pellets, which can sink at a speed of several tens to
hundreds of meters per day (Noji, 1989), can be an important source of sedimentation to
the ocen interior (Noji, 1991). Chapters 5 and 6 set out to distinguish the contribution of
both of these processes, sedimentation mediated by phytoplankton aggregates and by fecal
pellets, for three locations in the open ocean.

The results from the grid model with constant physical forcing showed that mainly bloom
events are affected by aggregation and are sensitive to alterations in its parameters. When
simulating aggregation a bloom a distinct peak of sedimentation occurs. Constant physical
surroundings, as given by post-bloom oligotrophic periods are of little importance to total
sedimentation on a time scale of 90 days. These results have been confirmed by model
simulations that have been performed at different locations in the ocean, one situated in
the northeastern North Atlantic, one in the western Arabian Sea, and one in the central
Arabian Sea. The former two represent sites where phytoplankton at some times of the
year find sufficient nutrients to bloom; the latter one represents an oligotrophic environment
with little seasonality in its annual cycle of biogeochemical variables. Table 8 summarizes
the results for model simulations for these oceanic regions, with respect to the quality and

quantity of annual mean flows.

North Atlantic Aggregation plays an important role in the northeastern Nort Atlantic.
It increases particle sinking speed and so a large amount of the spring bloom production is
exported to depths below 800 m (5-11% of annual production). When simulating aggrega-
tion, most of the organic matter that sinks through the model bottom comes in the form
of phytoplankton aggregates. The contribution of phytoplankton to total flux increases
with depth, because phytoplankton aggregates have higher sinking speeds and thus are less

affected by degradation than slower sinking fecal pellets. In both aggregation simulations,
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Table 8: Annual primary production (PP) (integrated over depth), grazing (integrated over depth,
given as percent of primary production) and sedimentation in 400 and 800 m for different simula-
tions at three different locations: North Atlantic (47°N 20°W), western Arabian Sea (17°N 60°E)
and central Arabian Sea (10°N 65°E).

Location PP | Grazing | Flux (400m) % PHY [ Flux (800m) % PHY
scenario gCm?|[%ofPP| gCm2 g Cm™?

North Atlantic 47°N 20°W

base 218 87 18 62 11 86
sticky 172 47 23 81 19 94
detritus 179 58 27 - 7 -
Central Arabian Sea 10°N 65°E

base 260 78 12 5 3 16
sticky 245 76 13 19 5 49
detritus 104 58 14 - 3 -
Western Arabian Sea 17°N 60°E

base/climat 217 75 10 1 2 5
base 276 80 12 1 3 4
sticky 262 77 15 26 6 60
detritus 213 79 20 - 5 -

more than one half of the flux through 400 m reaches depths of 800 m and is lost from
the system, but only 25% is lost in the model with a constant sinking speed. This result
reveals the importance of aggregation for model simulations in this region - the nature as
well as the quantity of sedimentation strongly depend on the model and the parameters
that are used.

Simulating aggregation in the northeastern North Atlantic also decreases the duration of the
spring bloom, and the time phytoplankton is available to zooplankton. Thus, aggregation
has an effect on zooplankton grazing, which can be seen in the reduction of total and
relative zooplankton grazing when increasing phytoplankton stickiness. Between 47% (high
stickiness) and 58% (no aggregation) is grazed by zooplankton.

The model with low stickiness shows the highest annual primary production, which is even
higher than the model that lacks aggregation at all. In the aggregation model, mortality of
phytoplankton fuels the nitrate pool, whereas phytoplankton in the detrital model is lost
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for further uptake by phytoplankton once it has died and has sunken out of the upper,

well-lit layers as detritus.

Central Arabian Sea On the other hand, when the model is run at an oligotrophic
site in the central Arabian Sea, where low phytoplankton concentrations can be found al-
most throughout the entire year, changes in the pattern of sedimentation are low. A large
amount of annual phytoplankton production (which is even higher than in the northeastern
North Atlantic) is grazed by model zooplankton (58 — 78% of phytoplankton production).

The percentage as well as the absolute amount of phytoplankton production being grazed
is lowest in the model lacking aggregation, the explanation of which has been given in
the previous paragraph. As zooplankton in the base model in the upper 50 m is always
> 0.3 mmol N m~3in the aggregation runs throughout the whole year, but almost zero
in the simulations for the North Atlantic for most times of the year, this model shows a

high amount of recycling in the mixed layer due to grazing and excretion by zooplankton,

which explains the rather high annual primary production when compared to the North

Atlantic simulations. This coincides with the data: whereas in the North Atlantic zoo-

plankton grazing pressure has been found to be of low importance to the decline of the

phytoplankton spring bloom (Dam et al., 1993), in the western Arabian Sea it has been

hypothesized that mesozooplankton grazing on phytoplankton is the dominant pathway of

carbon transformation during both Monsoon seasons (Smith et al., 1998). Further offshore

in the central Arabian Sea, where low biomasses of mesozooplankton have been found, most

likely microzooplankton play a role in controlling the phytoplankton (Smith et al., 1998;

Landry et al., 1998).

Due to the low aggregation, and the constant sinking speed of fecal pellets, seasonal changes
in the sedimentation pattern at this site are low. The flux through 400 m is almost equal for
all three simulations (12-14% of primary production), but the contribution of the different
constituents (phytoplankton or pellets) varies considerably with the model, being low in
the model with low or no aggregation, and highest in the model with high stickiness.
Again the amount of phytoplankton in sinking matter increases with depth, being highest
in the model with high stickiness where phytoplankton constitutes about half of the total
sedimentation. Flux through 800 m is low (3-5 gC m~?), which is about 1-3% of annual
primary production, and due to the low influence of aggregation even highest for the model

without aggregation.
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When comparing the model run at a station in the western Arabian Sea with clima-
tological forcing with the model runs where an intrusion of nitrate is simulated it can be
seen, that the model with climatological forcing according to WOA produces the the low-

2 respectively), as well as

est sedimentation flux in both depth horizons (10 and 2 gC m™
the lowest grazing pressure on phytoplankton (75% of annual primary production). When
resetting the nitrate profile measured data from August 1995, the resulting increase in pri-
mary production is almost balanced by an increase in zooplankton grazing, leading to little
or no a small increase in in deep flux (1 and 3 gC m~2 in the climatological and intrusion
model, respectively). This increase in deep flux is mainly due to increase in fecal pellet
flux: in the intrusion model, phytoplankton only constitute 4% of the deep flux, but 5%
in the climatological model. After a five fold increase in phytoplankton stickiness the deep
flux and the contribution of phytoplankton increases, but also the grazing pressure. The
latter effect has a strong impact on model behaviour.

Summarizing the results, it is clear that aggregation and its parametrization may play an
important role in regions where (1) zooplankton grazing pressure is sufficiently low when
phytoplankton starts to bloom and so (2) phytoplankton reach sufficient concentrations to

trigger aggregation.

7.2 Implications for biogeochemical models

Theoretical ecology distinguishes between so-called “bottom-up”systems, in which the com-
ponents of the system are controlled by the availability of their substrate, and “top-down”
systems, where predators or grazers control the biological system. Following the analysis
presented above, the central Arabian Sea may be classified as a “ bottom-up” system, and
self-regulation of phytoplankton (which is not considered in this concept at all) is unlikely
to play a role in this region. On the opposite, the western Arabian Sea can be seen as a
“top-down” system, where zooplankton grazing plays a large role for the development of
the system when nutrients are entrained during the SWM. A third situation can probably
been found during spring time in the northeastern North Atlantic, where phytoplankton at
first are neither nutrient nor grazing limited but can grow almost at their maximum growth
rate. In this system, self regulation of phytoplankton density may be of importance, as for

example has been shown in chapter 5.

To account for a density-dependent control of phytoplankton biomass during bloom seasons,
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some models use a density dependent loss term for phytoplankton mortality, for example
for the Bermuda time series station (Hurtt and Armstrong, 1996; Gin et al., 1998), or
the northeastern North Atlantic (Oschlies, pers. comm.). Hurtt and Armstrong refer to
aggregation when they assign a phytoplankton mortality depending on the square of the
phytoplankton mass. As aggregation depends on the number concentration rather than
on mass concentration, and as aggregation theory predicts these two measures can be
decoupled, as aggregation conserved mass, but reduces numbers, the approach presented

here seems to be a more realistic one.

As has been stated in the chapters before, the sinking speed of particles in the oceanic
environment may vary over some orders of magnitudes (Smayda, 1970; Bienfang, 1981;
Noji, 1989; Alldredge and Gotschalk, 1988). The variation in sinking speed, and sinking
flux, can be due to different species compositions in the water column, to their nutritional
status (Waite and Thompson, 1992; Waite et al., 1992a; Waite et al., 1992b) or, as for

example presented in this work, due to aggregation of phytoplankton.

This variation can be of importance for the organisms living on the ocean floor, because
it determines the amount and quality of food that supplies benthic organisms. It also
determines how much, and how fast carbon, that has been fixed in the upper layers of the
ocean, is being transported to the ocean interior. This may be of some importance for the
global carbon cycle: if, for example, carbon is incorporated into particles in the coastal
upwelling along the Arabian coast with its narrow shelf (see section 6.1 of chapter 6),
and these waters are transported offshore via eddies and filaments, where surface current
velocities may be around 0.5 m s™! (Keen et al., 1997, Dengler, unpubl. data), the rate
at which these carbon rich particles sink determines where they will be deposited. If the
particles sink fast enough, they will be deposited on the shelf and their carbon becomes
available for surface production very soon. On the other hand, slow sinking particles might
be transported further offshore, if they don’t degrade before they reach the deep sea floor.
This type of process can be of importance to three dimensional models (Young and Kindle,
1994; Keen et al., 1997) that are concerned with sinking and deposition of organic matter.
A more detailed analysis of the sinking speed in relation to the times scales of oceanic
transport, or even the implementation of the aggregation equations presented here into a
3-dimensional model of ocean circulation and biogeochemistry is necessary to examine the

effects of aggregation on carbon export to the ocean floor for this specific region.
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Discussion

7.3 Outlook: Model and reality

There exist a variety of processes which can modify the particle size structure, but are not

considered in this model.

For example, zooplankton may cause breakage of aggregates when feeding on them. Al-
though there is evidence of mesozooplankton feeding on marine aggregates, little is known
about the nature of this feeding, whether zooplankton only extract mass out of the aggre-
gates (i.e. bite off pieces), or whether there is selective feeding on certain size classes of
aggregates, whether these aggregates are swallowed as a whole, or whether the aggregates

are destroyed by zooplankton grazing and break apart.

As mentioned in chapter 5, although the aggregation model produces a realistic pattern of
sedimentation, it overestimates the total flux that has been measured by sediment traps.
One reason for this may be found in the inappropriate parameterization of the degradation
and remineralization of marine aggregates. More work, and empirical evidence is needed
to resolve the question whether aggreggates become heavier while sinking, because they
scavenge heavy particles such as abiotic material or become colonized by zooplankton and
bacteria, whether they dissolve, and become less dense and slower sinking, or whether they
break up to small particles again. Breakup of aggregates in the mixed layer due to the forces
exerted by turbulent shear has been discussed by many authors (McCave, 1984; Riebesell,

1991; Ruiz and Izquierdo, 1997), and work considering this process is in progress.

The model presented here involves the aggregation of living phytoplankton cells only. Con-
sidering the enrichment of fecal pellets or other organisms in aggregates, which has been
found in reality (see chapter 2), would entail the modeling of more size-classes, which
not only cover different size ranges, but also are of different physiological and ecological
characteristics. Aggregates are partly dead organic matter, partly they are viable and pho-
tosynthesize. This model is restricted to one specific part of the pelagic ecosystem, namely
phytoplankton, so it probably omits many important features. This is certainly a lack in
the model structure. In reality, collision and aggregation takes place between all kinds of
particles. Further, phytoplankton in aggregates may die, without being recycled to nutri-
ents immediately, but their shells (in the case of diatoms), may remain in the aggregate. A
further step in this modeling approach therefore has to be the parameterization of biological
processes of aggregates, i.e. phytoplankton mortality and colonization by and scavenging

of other organisms. The solution of the aggregation equations prior to model run time has
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the disadvantage that this model has to consider the whole size range from some lower
bound to infinity. The introduction of more sizeclasses with finite upper bounds would
likely require many more, and more complicated equations, and more time to compute the
model.

Another probably very important pathway of aggregate formation in the marine environ-
ment has been proposed by Passow et al.(1994). Passow et al.(1994) proposed that ma-
rine aggregates might originate from TEP (transparent exopolymer particles), which again
might be formed via the aggregation of dissolved organic carbon (DOC) and colloidal par-
ticles excreted by phytoplankton. This step would involve the formation of particles from
dissolved material not via biological processes, as it is the case in phytoplankton primary
production and bacterial production, but via physical processes. In a model of this type,
phytoplankton would additionally restrict their growth due to the exudation of DOC, which

can form the primary matrix of marine aggregates and also increases their stickiness (Dam

and Drapeau, 1995; Engel, 1998). Little is known about the qualitative nature of DOC.

The model presented here is based on nitrogen, so the first thing that has to be known is

the ratio at which phytoplankton excrete DOC and dissolved organic nitrogen (DON) and

the minimum size of these particles. The validation of a model of this type would require

measurements over a very large size range of particles, measured by various methods. For

reasons mentioned in the second chapter, the methods that are applied until now for the

measurement of the particle size spectrum have cannot be applied for the whole size spec-

trum. Hopefully, as modeling and measurement of the aggregates (in laboratory as well
as in natural systems) is improved, a model that considers all of the important processes
that govern the sinking of particles, and that helps us to understand their relationship and

relative importance may one day become available.
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8 Summary/Zusammenfassung

Summary

This work presents a model of phytoplankton aggregation, where the aggregation equations
have been solved on a continuous size spectrum of phytoplankton, and implemented into 0-
dimensional and 1-dimensional nitrogen based models of ocean biogeochemistry. The model
only needs one additional variable (aggregate numbers) beside phytoplankton mass, and is
of low computational cost. By simulating a changing size distribution, or a changing average
aggregate size, the model computes the sinking speed of phytoplankton as a dependent
variable. The results are compared with previous size-discrete models, as well as with
measured data for different oceanic sites. The contribution of phytoplankton sedimentation
in comparison to fecal pellet sedimentation is evaluated for different oceanic regions. The

sensitivity of the model to alterations in its parameters and structure is investigated.

The 0-dimensional model of phytoplankton aggregation on a continuous size spectrum
for a mixed layer depth of 25 m reproduces the the development of the phytoplankton
bloom very well, when compared with size-discrete models of phytoplankton aggregation.
Increasing one of the parameters relevant for aggregation (stickiness or phytoplankton cell
size) increases the amount of sedimentation, and the size and sinking speed of particles
that sink out of the mixed layer. The largest effect is given by simulating colony forma-
tion. The qualitative nature of the experiments agrees well with the results of former, size
discrete models, but the effects are small when compared with a model of non-aggregating

phytoplankton.

The 1-dimensional model in general shows the same results as the 0-dimensional model.
Considering the sedimentation in 400 m, the largest effect of changing one of the relevant
parameters is again given when simulating colony formation. Most of the model export can
be attributed to the mixed layer phytoplankton bloom. Phytoplankton that grows beneath
the mixed layer is only subject to aggregation due to differential settlement, which in this
model setup is several orders of magnitude lower than aggregation due to shear, which takes
place mainly in the mixed layer. Thus, the Deep Chlorophyll Maximum contributes little
to sedimentation, except for the scenario with colony formation, where changes in sinking

speed additionally happen due to the growth of phytoplankton. Aggregation promotes the
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formation of a Deep Chlorophyll Maximum, because it reduces phytoplankton concentration
in the upper layers, and together with the effect of self-shading of phytoplankton the sub-
mixed layer phytoplankton has more light to grow. Again, the effects of changing one
of the aggregation parameters are small when compared to model simulations with non-

aggregating species.

The 1-dimensional NPZD model has been run for a site in the Northeastern North At-
lantic, with a deep mixed layer and low concentrations of phytoplankton and zooplankton
during winter. Aggregation enhances the peak as well as the annual amount of sedimen-
tation especially at greater depths, compared to a model with a constant detrital sinking
speed. The model reduces the amount of the spring bloom, that is left for post-bloom
zooplankton grazing. The production of large aggregates is enhanced by increased sticki-
ness. Most of the shallow and deep sedimentation after the spring bloom in the aggregation
model can be attributed to phytoplankton. Fecal pellets, which in this model only sink at
a constant sinking speed of 10 m d~!only contribute to less than 15 % of the deep flux.
Although the model probably overestimates the sedimentation as measured by sediment
traps, aggregation is likely to play an important role not only for sedimentation of organic
matter on this site, but also for the development of the biological system of the upper layers

after the phytoplankton spring bloom.

The 1-dimensional NPZD model when run for a site in the Central Arabian Sea, with
little variation of mixed layer depth during the year, shows little sensitivity to the intro-
duction of aggregation or changes in phytoplankton stickiness. Phytoplankton never reach
high concentrations, and so aggregation at this site seems to be of minor importance. Sed-
imentation in the model simulations mostly consists of fecal pellets. The model shows a

good fit to the data.

The 1-dimensional NPZD model has been run for a site in the Western Arabian Sea,
which is likely to be affected by lateral advection of nutrients during the Southwest Mon-
soon. The model forcing by a mixed layer climatology has been found to be insufficient,
so a nitrate profile that has been measured in August 1995 has been assimilated to the
model. The model then shows a large influence of aggregation on timing and amount of
the sedimentation peak following the phytoplankton bloom after nutrient input during the

Southwest Monsoon. While giving a quite good fit to the data (nitrate, Chl a and primary
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production) the model with high stickiness at the same time reproduces the peak of sedi-
mentation very well, when model results are averaged over trap sampling intervalls. This
peak could not be reproduced by a model with low stickiness, or without aggregation at
all. The sensitivity of the model to aggregation on this site is lower than in the simulations
for the Northeastern North Atlantic. This lower sensitivity can be attributed to the high

grazing pressure, that in this model type on this station is exerted by zooplankton.

Summarizing, aggregation when simulated with a biogeochemical model and a continuous
size spectrum of phytoplankton is of large importance for sedimentation especially on sta-
tions where phytoplankton growth is unlimited by nutrients or by zooplankton grazing, as
it is the case in the northeastern North Atlantic, or eventually in the Arabian Sea dur-
ing the Southwest Monsoon. The model is efficient enough (in terms of time it takes to
compute the equations) to be incorporated into highly resolved vertical models of ocean
biogeochemistry, or perhaps into 3-dimensional models of ocean circulation, as it does not
disturb the reproduction of annual cycles in the biological variables in regions where aggre-
gation is of minor importance, while at the same time it simulates aggregation and rapid

mass sedimentation in regions where this process may be necessary to consider.
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Zusammenfassung

In dieser Arbeit wird ein Modell fiir Phytoplanktonaggregation prasentiert, in dem die Ag-
gregationsgleichungen und die Sedimentation auf einem kontinuierlichen Groenspektrum
des Phytoplanktons gel6st, und in 0- und 1-dimensionale Modelle fiir die biogeochemischen
Kreislaufe des Ozeans implementiert wurden. Das Modell bendtigt neben der Gleichung
fiir die Phytoplanktonmasse lediglich eine zuséitzliche Variable (Anzahl der Aggregate), und
somit wenig zusitzliche Rechenzeit. Da in dem Modell die Grolenverteilung des Phyto-
planktons bzw. dessen durchschnittlicher Durchmesser zu jedem Zeitschritt neu berechnet
wird, berechnet das Modell auch die Sinkgeschwindigkeit des Phytoplanktons als abhéngige
Variable zu jedem Zeitschritt neu.

Die Ergebnisse des Modells werden mit den Ergebnissen anderer, gréfienklassendiskreter
Aggregationsmodelle verglichen, sowie mit gemessenen Daten fiir verschiedene ozeanische
Seegebiete. Fiir die einzelnen Regionen wurde der Anteil der Phytoplanktosedimentation
im Vergleich zu der Sedimentation von Zooplanktonkotballen berechnet. In Experimenten
wurde die Empfindlichkeit des Modells in Bezug auf Anderungen in seinen Parametern oder

seiner Modellstruktur getestet.

Das 0-dimensionale Modell fiir Phytoplanktonaggregation, das mit einer konstanten
Tiefe der durchmischten Schicht von 25 m gerechnet wurde, gibt die Entwicklung der Phy-
toplanktonbliite und -gréflenverteilung im Vergleich mit groflenklassendiskreten Modellen
sehr gut wieder. Eine Erhohung der fiir die Aggregation relevanten Parameter, wie die Kle-
brigkeit der Phytoplanktonaggregate oder der Zelldurchmesser des Phytoplanktons fiihren
zu einer Erhéhung der Sedimentation aus der Deckschicht, sowie zu einer Erhéhung der
Grofle und damit der Sinkgeschwindigkeit des sedimentierenden Materials. Der grofite
Effekt wird jedoch erzielt, wenn die Bildung von Kolonien simuliert wird. Die Ergeb-
nisse der Experimente stimmen in ihrer Qualitit gut mit den Ergebnissen der Exper-
imente mit groflenklassendiskreten Modellen iiberein, die Effekte sind jedoch gering im
Vergleich mit einem Modell, das nicht Aggregation, sondern Detritus mit einer konstanten

Sinkgeschwindigkeit simuliert.

Das 1-dimensionale Modell fiir Phytoplanktonaggregation, aufgeldst bis zu einer Tiefe
von 400 m, zeigt mit einer bei 25 m konstanten Deckschicht die gleichen Ergebnisse wie

das 0-dimensionale Modell. Der grofite Effekt von Anderungen der Parameter in Bezug
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auf Sedimentation in 400 m wird wiederum durch die Simulation von Koloniebildung
erzielt. Das Phytoplankton der Deckschicht stellt den gréBten Anteil der Sedimentation
in dieser Tiefe, da das Phytoplankton unterhalb der Deckschicht lediglich aufgrund von
unterschiedlichen Sinkgeschwindigkeiten aggregiert, dessen Kollisionswahrscheinlichkeit in
diesem Modell mehrere Grofienordnungen geringer ist als die Kollisionen aufgrund turbu-
lenter Scherkrifte in der Deckschicht. Daher kann das sogenannte tiefe Chlorophyllmax-
imum nicht als eine Quelle der Sedimentation angesehen werden. Eine Ausnahme bildet
das Experiment mit Koloniebildung, in dem die Zunahme der Grofie der Aggregate nicht
an Aggregation, und damit physikalische Prozesse gebunden ist, sondern zusitzlich an bi-
ologische Prozesse (Phytoplanktonwachstum). Aggregation fordert die Ausbildung eines
tiefen Chlorophyllmaximums, da die Konzentration des Phytoplanktons in der Deckschicht
herabgesetzt wird, und somit die Selbstbeschattung des Phytoplanktons. Das Phytoplank-
ton in tieferen Schichten bekommt somit mehr Licht zur Phytosynthese . Auch in diesem
Modell sind die Auswirkungen von Anderungen der Parameter gering im Vergleich mit den
Auswirkungen, die ein Weglassen der Aggregation in einem Modell mit konstant sinkendem

Detritus hat.

Es wurden Simulationen mit dem 1-dimensionalen NPZD Modell fiir den Norddostlichen
Nordatlantik durchgefiihrt. In diesem Seegebiet, in dem wahrend der tiefen winter-
lichen Durchmischung geringe Phytoplankton- und Zooplanktonkonzentrationen in der
Deckschicht vorgefunden werden, fiihrt die Simulation von Aggregation im Vergleich zu
einem Modell ohne Aggregation zu einer Erhohung des Sedimentationssignals nach der
Friihjahrsbliite. Dariiberhinaus reduziert Aggregation den Anteil des Phytoplanktons, der
nach der Friijahrsbliite dem Zooplankton zum FraB zur Verfiigung steht, und verringert
damit die maximale Zooplanktonkonzentration. Der grofite Teil der Sedimentation in
groBeren Tiefen (400 und 800 m) besteht aus Phytoplankton. Nur ein kleiner Teil der Sedi-
mentation ist Zooplanktonkotballen, die mit 10 m Tag™! sinken, zuzuschreiben (weniger als
15%). Obwohl das Modell die Maxima der Sedimentation sowie die jahrliche Sedimentation
iiberschitzt, ist es sehr wahrscheinlich das Aggregation in dieser Region eine wichtige Rolle
nicht nur fiir die Sedimentation spielt, sondern auch fiir die der Friihjahrsbliite folgende

Entwicklung des pelagischen biologischen Systems.

In Simulationen mit dem 1-dimensionalen NPZD Modell fiir die Zentrale Arabische See,
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die im Verlauf des Jahres nur geringe Variationen in der tiefe der durchmischten Schicht
zeigt, zeigte sich ein geringer Einflul der Aggregation, und eine geringe Empfindlichkeit des
Modells in Bezug auf Variationen der Aggregationsparameter. Dieser geringe Einflufl der
Aggregation kann auf die relativ niedrigen Phytoplanktonkonzentrationen zuriickgefithrt
werden, die in diesem Seegebiet vorzufinden sind und auch simuliert werden. Der grofite
Teil der Sedimentation erfolgt in Form von Zooplanktonkotballen. Das Modell zeigt gute

Ubereinstimmung mit den 1995 gemessenen Daten (Nitrat, Chl a, Primarproduktion).

Weiterhin wurden Simulationen mit dem Modell in der Westlichen Arabischen
See durchgefiihrt, auf einer Station, die wahrscheinlich durch laterale Advektion von
Néhrstoffen aus dem Kiistenauftrieb beeinfluit wird. Da der Antrieb des Modells iiber
eine Klimatologie der Tiefe der durchmischten Schicht diesen Proze nicht ausreichte um
einen entsprechenden Nahrstoffeintrag zu simulieren, wurde Nitratdaten aus einer Messung
im August 1995 in das Modell assimiliert. Dieses Modell zeigt dann einen hohen Ein-
fluB der Aggregation in Bezug auf Ausmafl und Zeitpunkt des Sedimentationssignals nach
dem Nahrstoffeintrag wihrend des Siidwestmonsuns. Wihrend alle Experimente die 1995
gemessenen Daten (Nitrat, Chl a, Primirproduktion) relativ gut wiederegeben, zeigt nur
das Modell mit hoher Klebrigkeit eine gute Anpassung in seinem Sedimentationssignal an
die Sinkstoffallendaten aus dieser Zeit (Modellergebnisse gemittelt iiber die Fallenfangin-
tervalle) . Der etwas niedrigere Einflul der Aggregation in dieser Region kann auf den

hohen Frafidruck des Zooplanktons in diesem Modell zuriickgefiirt werden werden.

Zusammenfassend 1aBt sich feststellen, da§ die Simulation von Aggregation in einem Mod-
ell fiir die biogeochemischen Prozesse des Ozeans insbesondere in Regionen, in denen das
Phytoplanktonwachstum nicht oder nur gering durch Néhrstoffmangel und/oder Zooplank-
ton limitiert ist, von Bedeutung ist. Dieses ist z.B. im nordostlichen Nordatlantik oder
in der westlichen Arabischen See zur Zeit des Siidwestmonsuns der Fall. Das Modell ist
effizient genug, um in vertikal hoch aufgeloste Modelle der marinen pelagischen Biologie
eingebaut zu werden, eventuell auch in 3-dimensionale Modell der ozeanischen Zirkula-
tion. In letzteren konnte es sowohl in oligotrophen Regionen, in denen die Aggregation von
untergeordneter Bedeutung ist, die jahrlichen Zyklen der biogeochemischen Bestandteile

wiedergeben, als auch Regionen simulieren, in denen Aggregation eine Rolle spielen kann.
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A Solutions

A.1 Aggregation in the 0D-model

The solution for the integral for collisions due to shear can be found evaluating the integral
of the shear kernel as given in Jackson (1990) over the integral [m,o0) x [m,o0), and
substituting PHYNOS for Am!~¢/(1 —¢):

o o] o0
Eshear = A’shear 0.163/ / (6 +6)%96dhde
= 2A4%shear0.163m°> % FF
= 2shear 0.163 PHYNOS?m?(1 — ¢)> FF (37)
with
FF = 1 + 3

A-—e(1—-¢ (2-€¢B—¢)

The solution for the integral for collisions due to differential settlement can be found eval-
uating the integral of the settlement kernel as given in Jackson (1990) over the integral
[m, 00) x [m, 8], and substituting PHYNOS for Am!~¢/(1 — ¢):

oo O
bew = 0.125724°B [ [ 60"~ 67)070 ™ 4940

m Jym

= 0.12572 A’Bm**""%FF
= 0.12572PHYNOS?m? wy, (1 — €)* FF (38)

where w,, is the sinking speed of one cell, and

FF = (1+77—5)(3—f) (4+n—2e)(3—6)(3+77—5)

1
B+n—¢€(l—¢)

A.2 Sedimentation in the 1D-model
Let

}\4 1 6(Z)

be the fraction of particles being larger than the upper bound, M, and wy = BM?" the
constant sinking speed of particles larger than M, w,, = bm" the sinking speed of a single
cell and w(z,0) = B 6" the size dependent sinking speed of a particle smaller than M. The
equation for sedimentation of numbers of particles with p(z,0) = A 6<*) being the number
distribution at a certain depth is then
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C[ M %
A - [/;n p(z,0) w(z,0)d8 + /M p(z,0) wudﬁ]

(l - 6(2)) W FM nNwa )
1+n—€(z)  1+47-—¢(2)

o
O
I

= PHYNOS (

If the mass of a particle of size 8 is described by C 8¢ and if the fraction of mass of particles
larger than M is given by

M (2
Fmassy = (—)
m

then

I

¥z = A d% [ /': " 0(2,8) 6 w(z, 0)d6 + [ p(z,0) dee]

— pHY ((1+(—e(z))wm FmassanM)

14¢+n—€(z) 1+(+n—¢€(2)

The expression in in large brackets corresponds to the average mass sinking rate as presented
for example in Fasham et al.(1990), or to the @ as described in chapter 3, equation 21.

A.3 Aggregation in the 1D-model

For the evaluation of collisions due to shear, there are four double integrals to be solved:

M M
L= [ [ Bubear 6, ©)p(z 0)p(z, ©) 010
= 0.163 shear PHY NOS?

2 [(FM C ) (Fy M — m?) = «(2)

4 — €(2)

oo =]

L = /: /m Y Bonear (6,0) pl2,6) p(z, ©)d0dO

= 0.163 shear PHY NOS?
3 2 1—¢(2) 21 —€(2) 3l —€(2)
Fy [(M +3(M m——2_€(z) + Mm ——3_€(z)> +m 4—6(2))

_Fy M (1 +3 (;::8 + ;:Zg;) + i::g;)]

M oo
= /m /M Bshear (0, ©) p(2,0) p(z,0)d0dO = I
Iy = /M A{ ﬁshear(g, (-3) p(z, 0) p(z)@)ded@
= 0.163 shear PHY NOS? Fy; F\;y 8 M?

The number of particles colliding due to shear forces, &eqr iS then given by the sum of
these four integrals:
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gshear(z)=11+12+I3+I4=II+212+I4 (39)

Because particles larger than size M thereafter sink at a constant speed, the evaluation
for the number of collisions due to differential settlement can be presented as follows, with
T Su giving the relationship between the sinking rate of large particles to the sinking rate
of one single cell:

TSy = (%)" (40)

M 8
o= 2 [ Buu(6,6) p(=0) oz ©)dod®
= 27 8¢ PHYNOS? (1 - €(2))? wn,
[ (Tar Tae M2 TSy — m?)
B+n— €)@~ @) +1-2()))

2 (=TuTSw) _ _ 1- Ty
" ((3 “e@) L +n-e@)  Bn-e){ - e(z)))]

oo M
I = [ [ (0, ©)p(= 6)p(z,©)d0d0
= 278 (1—¢€(z)) PHYNOS? Ty wp
[TSMmZ - TM M2 _ 7712 - TMM2TSM]
3 —€(2) 3+1n—e€(2)

M roo
I; = /m /M Byt (0, 0) p(2,0) p(2,0)d8dO = I,
o= 2/M /M Bierr(8,©) p(2,6) p(z,0)d6dO =0

The number of particles colliding due to shear forces, e is then given by the sum of these
four integrals:

{sm(z) = II+I2+I3+I4 =Il+212 (41)

Then the sum of equations 39 and 41 times stickiness give the loss of particles due to
aggregation:

£(2) = 0.5 stick(&shear(2) + Eett(2)) (42)



134 Solutions




135

B List of Symbols

a
B(6,0)
€

6ZO('J
Kzoo0
Apiy
Azoo

/\DET

(g
¢

I

AQT eI
o 2

&
& 3

o
4
o
w

LD

23 XX

PHY
PHYNOS
shear
stick
w(6)

W,

Wym

Wper

w
Z00O

initial slope of P-I curve

kernel of aggregation function

size distribution exponent

assimilation efficiency of zooplankton
quadratic zooplankton mortality
mortality rate of phytoplankton
excretion rate of zooplankton
degradation rate of detritus

mass sedimentation flux

number sedimentation flux

number of particles aggegregating
maximum growth rate of phytoplankton
sinking exponent

N content exponent

agggregate diameter

size distribution coefficient

sinking coeflicient

breakup probability

N content coefficient

mass of one cell

attenuation coefficient of phytoplankton
attenuation coeflicient of water

half-sat. const. for NO3 uptake

upper boundary of size class

mixed layer depth

lower boundary of sizeclass (= cell diameter)
average aggregate size

average aggregate size in sinking matter
cumulative number distribution function
number distribution function

nitrate concentration

detritus mass concentration
phytoplankton mass concentration
phytoplankton number concentration
shear rate

stickiness

size - sinking relationship

minimum sinking speed (= cell sinking speed)
maximum sinking speed

sinking speed of detritus

average mass sinking speed of phytoplankton
zooplankton mass concentration
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