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Outline

๏ How do we describe particles?

๏ How do we represent particle dynamics?
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Fig. 2. T r a p - d e r i v e d  C flux da ta  fi t ted wi th  the n o r m a l i z e d  power  funct ion ,  F = Ft~(z/100) t', 
using rep l ica te  m e a s u r e m e n t s  f rom Stas 1 ( r  a = 0.96; n = 13), 2 ( r  2 = 0.94; n = 14), 

4 (r  2 = 0.97; n = 13) and  5 ( r  ~ = 0.95; n = 9). 

Carbon fluxes 

The carbon fluxes for the 8 northeast Pacific stations are shown together in Fig. 3. As 

expected, the highest C fluxes were measured off Point Sur, California (Sta. 1), under 

intensive upwelling conditions, while the lowest were measured in the Central Pacific 

Gyre (Sta. 5) under summer maximum stratification conditions. It is interesting that the 

range between these two extremes is not large. For example, the 100 m flux at Sta. 1 

(7.1 moi C m -2 y-t) was only 6 times higher than that measured at Sta. 5 (100 m 

flux = 1.2 mol C m -2 y-t), while at 2000 m, the fluxes at Sta. 1 were only 9 times as high 

(0.58 and 0.063 mol C m -2 y-l) as those at Sta. 5. General onshore-offshore variability is 

also shown in a C flux section (Fig. 4) based on data from Stas 1, 2, 4, and 5. 

It is also noteworthy that fluxes for the six offshore stations (2, 4, 5, II, III and NPEC) 

varied by a factor of only 2.4. For example, C fluxes at 100 m were: 2.37 for the western 

edge of the California Current (Sta. 2); 2.05 for the transition region between the 

California Current and Subtropical Gyre (Sta. 4); 1.17 for the Subtropical Gyre (Sta. 5); 

1.26 and 1.12 for Stas II and III 400 km off Mexico and 2.74 for the North Pacific 

Equatorial Current (NPEC) all in units of mol C m -2 y-1. Perhaps this is to be expected 

since all of these locations share common features: nearly complete nutrient depletion in 

the mixed layer and subsurface chlorophyll maxima located in or above the nutricline. 

In recognition of the need for generalized estimates for the open ocean environment 

(e.g. carbon distributions and fluxes, see SUNDOtJIST, 1985), and in view of the limited 

offshore spatial variability noted above, we combined the data from the six offshore 
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Some Philosophy
๏ Modeling as simulation

• Reproduce the data

• Fit simple functions

๏ Modeling as theory

• Use first principles to make predictions

• Allow for spatial & temporal variability

๏ Suite of models at different scales
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and average size of aggregates drop off appreciably
below the euphotic zone (Fig. 1), driving with them
a drop in the total volume of aggregates per liter.
This implies that degradation processes are strongly
active in the upper few hundred meters and that
processes in this zone bear considerable influence on
the flux reaching deeper waters (Bishop et al., 1978,
1980).

Although cameras are a powerful means of
investigating aggregates in the ocean, their instan-
taneous views of particle distributions may miss

episodic pulses of material that contribute dispro-
portionately to particle flux, such as events asso-
ciated with phytoplankton blooms (Billett et al.,
1983; Asper et al., 1992) or the breakdown of water-
column stratification by convective mixing (Kemp
et al., 2000). Such pulses of phytodetritus to the
seafloor have been seen in all ocean basins in both
coastal and open-ocean locations, and can, in the
course of a few days to a few weeks, deliver the
equivalent of the annual average carbon flux to the
benthos (Beaulieu, 2002). This rapidly sedimented
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Fig. 1. Examples of aggregate number per liter, mean equivalent spherical diameter (ESD) for all particles 40.15mm at each depth, and
volume of aggregates per liter (calculated from number and mean ESD) versus depth from video images. The upper panels depict one
profile from the Southern Ocean at 48.91S, 72.11E (data from Gorsky and Picheral, 2004a). The middle panels show a profile from the
eastern Atlantic at 20.51N, 18.71W (data from Gorsky, 2004) and the area in gray is below the detection limit of the camera. The bottom
panels show a profile from the equatorial Pacific at 5.01N, 179.81W (data from Gorsky and Picheral, 2004b). A multitude of such data
exist, for example, archived on Pangaea (http://www.pangaea.de/Info/).

C.L. De La Rocha, U. Passow / Deep-Sea Research II 54 (2007) 639–658 645
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Variations in spectral slope

particles, whereas an increase in b with depth (e.g., from25
to 24) means a downward decrease in the proportion of
large particles.

The clusters differed in their values of b in the
mesopelagic layer (Fig. 2). Vertical profiles from clusters
1 and 2 (25% of total) had b , 24 and were located
predominantly in waters with low productivity at the
season the profiles were recorded. These included the
Mediterranean Sea and the Atlantic Ocean in late summer
and autumn, the Indian Ocean off the western coast of
Australia, and the South Pacific Gyre (Fig. 3).

Vertical profiles from cluster 6 (15% of total) had b .
24 and as large as 22 , and were mostly located in waters
that were very productive at the time the profiles were
recorded. Profiles from cluster 6 were located in upwelling
zones along the Pacific coast of Chile and along the
Atlantic coast of northwest Africa, in the Mediterranean
Sea and the center of the North Atlantic in spring, and
around Kerguelen Island in the Indian Sector of the
Southern Ocean (Figs. 2, 3).

Most vertical profiles from cluster 3, cluster 4, and
cluster 5 (which include 60% of the 410 profiles) were

located in the North Atlantic Ocean. The other profiles
from these three clusters were located around the highly
productive Kerguelen Plateau, around the Marquesas
Islands in the tropical South Pacific, in the minimum-
oxygen zone off Chile in the Pacific Ocean, in the
Mediterranean Sea, and off the western Australian coast
(Fig. 3).

Table 3 gives the phytoplankton characteristics and
calculated mass flux of particles for the six clusters.
Clusters 1 to 4 had very low fractions of microphytoplank-
ton ( fmicro 5 10–20%), and were co-dominated by
nanoplankton and picophytoplankton ( fnano + fpico 5
43%). The lowest integrated TChl a value (Ba) and mass
flux at 400 m (F400) were observed for cluster 1 (i.e., Ba 5
6.9 mg m22 and F400 5 3.3 mg m22 d21). Cluster 4 was
dominated by nanophytoplankton, with fnano 5 52%, fpico
5 32%, and fmicro 5 16%; its TChl a was high (Ba 5 28 mg
m22), whereas its mass flux was low (F400 5 11.7 mg
m22 d21). The values of Ba were low, and the values of F400

were high for cluster 5 (i.e., 19.3 mg m22 and 56.2 mg
m22 d21, respectively), which was dominated by nanophy-
toplankton ( fnano 5 49%, fmicro 5 27%, fpico 5 24%).

Fig. 2. Vertical profiles of the slopes of particle-size distributions, grouped into six clusters.
Bold white lines: median profiles.

1956 Guidi et al.

Guidi et al.,  2009

which probably indicated lateral transport in intermediate
nepheloid layers or high shear rate generated by strong
currents. Profiles with abnormally high concentrations of
particles near the surface, which was indicative of
contamination by light, were also removed. Each of the
410 selected profiles had a vertical resolution of 5 m, from
20 m to 1000 m (Table 1).

Ancillary data—During some UVP deployments, TS
profiles were recorded with a conductivity–temperature–
depth (CTD) profiler (SeaBird SBE911), and water samples
were collected with Niskin bottles mounted on a rosette
and filtered onto glass-microfibre filters (grade GF/F,
Whatman) for phytoplankton pigment determination. We
used the TS profiles to calculate the mixed-layer depth
(MLD) as the depth at which density was 0.01 kg m23

larger than at 1 m. We assumed that the UVP and water-
property data had been sampled at the same location when
they had been collected, within 0.1u latitude and 0.1u
longitude in space and within 1 d in time of each other.
Some 193 of the 410 profiles provided UVP, TS, and
pigment data (Fig. 1).

Pigment determination was performed using high-
performance liquid chromatography (HPLC) techniques
described in Vidussi et al. (1996) for all cruises, except for
ALMOFRONT1, BIOSOPE, and KEOPS, where pigments
were analyzed according to Mantoura and Llewellyn (1983)
and Ras et al. (2008).

We used the method proposed by Claustre (1994) and
further improved by Uitz et al. (2006) to estimate the
contribution of three pigment-based size classes (micro-

plankton, nanoplankton, and picophytoplankton; fmicro,
fnano, and fpico, respectively) to the total phytoplankton
biomass. Briefly, this method (detailed in Uitz et al. 2006)
takes into consideration seven diagnostic pigments
representative of the major phytoplankton taxa [i.e.,
fucoxanthin (Fuco), peridinin (Peri), 199-hexanoyloxyfu-
coxanthin (199-HF), 199-butanoyloxyfucoxanthin (199-
BF), alloxanthin (Allo), zeaxanthin (Zea), and total
chlorophyll b (TChl b), here defined as the sum of
chlorophyll b and divinyl-chlorophyll b] to compute the
fractions of three pigment-based size classes with the
following empirical equations (notation summarized in
Table 2):

fmicro~ 1:41Fucoz1:41Peri! "=wDP !1a"

fnano~ 0:60Alloz0:35190BFz1:27190HF! "=wDP !1b"

fpico~ 0:86Zeaz1:01TChl b! "=wDP !1c"

where wDP is the weighted sum of these concentrations:

wDP~1:41Fucoz1:41Periz0:60Alloz0:35190BF

z1:27190HFz0:86Zeaz1:01Tchl b !2"

Total chlorophyll a (TChl a) is the sum of chlorophyll a
+ divinyl-chlorophyll a concentrations. Total chlorophyll
concentration (Ba) was calculated by integrating TChl a
over the euphotic zone. The biomass associated with each
phytoplankton group was computed as

Fig. 1. Locations of the vertical profiles of UVP (black circles), CTD (red dots), and
pigments (green squares) in the world ocean.

Export of large aggregates 1953
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Coagulation kernels
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Coagulation Mechanisms
Brownian Motion
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Stickiness
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Stickiness: largely biological & chemical?
Transparent exopolymer particles - nanogels?



Nanoparticles
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of both tangles and weak, low-energy bonds (Verdugo 1990). These features make the assembly/
dispersion dynamics of tangled networks depend primarily on polymer length—in fact, on the sec-
ond power of the contour length of the assembled polymers (Edwards & Grant 1973). Assembly
and dispersion are diffusion-limited processes. Longer flexible polymers have a higher probabil-
ity of becoming entangled and forming networks. Conversely, dispersion of assembled networks
requires that polymers randomly reptate (axially diffuse) their way out of the network. Diffusion
times depend on the second power of the length of the random walk, which in this case is the length
of the polymers. Thus, the stability of tangled networks and thereby the equilibrium size of tangle
gels is critically limited by chain length (de Gennes & Léger 1982, Doi & Edwards 1998). Shorter
polymers not only can walk out of tangles faster, but are likely to have a much lower number of
low-energy cross-links. The resulting gels are smaller and short-lived. Axial reptational diffusion
is also at the center of a critical feature of tangled networks—namely, it makes annealing between
tangled gels possible. This is a paramount feature because it allows polymers from neighboring
gels to interpenetrate their respective networks to form larger gels (Figure 1).

In short, low-energy interactions are an important additional factor that contributes to the sta-
bility of tangled gels. Physical gels reach an assembly/dispersion equilibrium that is reversible and
depends not on specific chemical composition or complementary reactive residues but primarily
on their concentration, and on physical features including charge density (! -potential), hydropho-
bic/hydrophilic domain ratios, flexibility, topology (linear, branched, star, etc.), quaternary con-
formation (globular, beta sheet, random coil, etc.), and particularly the size (contour length) of the
polymer chains. Assembly also depends on the characteristics of the solvent—including dielectric

[DOC] [NanoG] + [NanoG] [SAG] 
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Figure 1
Dissolved organic carbon (DOC) assembly and formation of self-assembled microgel (SAG). DOC polymers
assemble first, forming nanogels that are stabilized by entanglements and Ca bonds. One of the features of
entangled networks is that polymers can undergo axial diffusion (reptation), allowing polymers to
interpenetrate neighboring nanogels, forming microgels. This two-step process is reversible and can be
modeled by the assignment of four rate constants as shown in panel b.
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Nano-gels
A.M. Metcalfe et al. / Journal of Colloid and Interface Science 298 (2006) 629–638 631

At the end of each random walk step a check is made for
possible collisions. If the centre of monomer i of polymer j has
moved to within a distance 2r of a monomer k, belonging to a
different polymer l, a collision is deemed to have occurred. The
probability that this collision results in the two monomers stick-
ing together is given by the product of the stickiness parameters
of the two monomers, pijpkl . A random number between 0 and
1 is selected and if this number is less than pijpkl , the colli-
sion results in the two monomers sticking together and from
that time on the polymers to which they belong are treated as
part of the same aggregate. If the random number is greater
than pijpkl , the monomers do not stick together and polymer
j is not moved to its new position (hence polymers which are
not part of the same aggregate do not overlap in space). In this
model all reactions are irreversible and the simulation runs until
all the polymers have collided to form one large aggregate.

At each timestep in the simulation, the largest aggregate
takes one random walk step and smaller aggregates or indi-
vidual polymers take more, depending on their size. Since the
size of the largest aggregate will increase during the simula-
tion, each timestep of the simulation does not correspond to an
equal amount of physical time. The link between computer time
and physical time can be established by defining a normalised
time, tnorm. For each timestep of the simulation, the normalised
time is incremented by the number of random walk steps which
would be made by a free polymer during that timestep. Nor-
malised time is therefore proportional to physical time, tphys,
and the two can be linked via the diffusion coefficient for an
individual polymer, Dp,

(1)tphys = s2

6Dp
tnorm.

We have defined the stickiness parameters for the polymers
in such a way that the probability of two monomers sticking to-
gether is given by the product of their stickinesses rather than by
a single number (!). We have adopted this slightly non-standard
definition for ease of computation and the more usual definition
can be recovered by using ! = pijpkl . The important feature is
that we can define a different sticking probability for different
parts of the polymer.

3. Results and discussion

Aggregates usually have a fractal structure which is com-
monly characterized by a fractal dimension, Df, which can be
calculated from the radius of gyration [14]. For a collection of
n particles each of mass mi with position xi, the radius of gyra-
tion, Rg, is defined in terms of its square, R2

g :

(2)R2
g = 1

M

i=n!

i=1

mi(xi ! R)(xi ! R),

where R is the position of the centre of mass of the collection
of particles and M = "i=n

i=1 mi is the total mass of particles.
Equation (2) is also used to calculate the radius of gyration of an
aggregate composed of polymers, in which case each monomer
is treated as an individual particle.

Fig. 2. Graph to determine the fractal dimension of an aggregate formed by clus-
ter–cluster aggregation of individual particles. Polymers each consisting of one
monomer of radius 0.5 in a box of length 100. (F) Stickiness of 1, (") sticki-
ness of 0.1. (Error bars are shown at each point but in some cases are obscured
by the point itself.)

The mean radius of gyration of an aggregate composed of n

particles, R̄g(n), depends upon n as

(3)R̄g(n) " n1/Df,

where the mean is taken over many aggregates. For aggregates
formed from polymer chains, R̄g depends on the number of
polymers, np, and the number of monomers per polymer, nm,
as

(4)R̄g " n!
p n

"
m,

[15]. In our work nm is constant and Eq. (4) reduces to (3).
A plot of log R̄g as a function of lognp should therefore yield a
straight line with a slope of 1/Df.

3.1. Reproduction of cluster–cluster aggregation results

The structure of an aggregate composed of particles has
been much studied [14]. Since a polymer consisting of a sin-
gle monomer is simply a particle, we can test our model against
these results. We consider polymers consisting of one monomer
of radius 0.5 and carry out simulations in a box of length 100
with a random-walk step length of 0.5. We consider two cases:
particles with a stickiness parameter of 1, which corresponds to
diffusion-limited cluster–cluster aggregation and particles with
a stickiness parameter of 0.1, which corresponds to reaction-
limited cluster aggregation with a sticking probability between
particles of ! = 0.01. In Fig. 2 we plot log R̄g against the log of
the number of monomers, where at each point the mean is taken
over at least 40 simulations. For a stickiness of 1, the gradient is
0.572 ± 0.004, which gives a fractal dimension of 1.75 ± 0.01,
in agreement with the literature value of 1.75 ± 0.01 [14]. For a
stickiness of 0.1, the gradient is 0.49±0.01, which gives a frac-
tal dimension of 2.04 ± 0.03, in agreement with the literature
value of 2.03 ± 0.03 for the same case (! = 0.01) and close to
the limiting value for reaction-limited aggregation of 2.09 [28].

Metcalfe et al., J. Coll. Int. Sci., 2006 

Polymers with stickinesss
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McDonnell & Buesseler, Limnol. Oceanogr., 2011

that much of the mass not represented by organic matter is
composed of mineral ballast, the %OC results suggest that the
OC:ballast ratio is slightly higher for more slowly settling mate-
rial. During the second deployment, the %OC and %TN data
displayed a fair amount of scatter (see analysis above), but the
OC:TN ratios had a distinct step toward lower OC:TN values
at SVs less than ~10 m d–1, again suggesting enrichment in
carbohydrate-like material at slow settling velocities.

NetTrap and elutriator—The free-drifting NetTrap was
deployed several times at the DYFAMED site in May 2003 for
time periods ranging between 19 and 72 h and, because of
the short deployment durations, with no poisons or preserv-
atives in the cod end. Although the NetTrap was designed to
collect large amounts of material rather than to quantita-
tively measure flux, the particle “flux” collected by this trap
at 200 m (170 mg m–2 d–1) was similar to fluxes measured by
the moored 200-m arrays just before (153 mg m–2 d–1) and
after (165 mg m–2 d–1) the NetTrap deployment. The NetTrap
does not appear to collect suspended particles other than
those in the trap at the time that it is closed. No particles
were visible on the net walls after recovery, and the net was
recovered in the closed position, so no particles would have
been collected during ascent.

The large amount of material collected by the NetTrap
allowed elutriation of the particles by SV into discrete classes. In
these initial trials, the elutriator was operated with a water flow
that separated particles into five fractions of >230, 230-115,
115-58, 58-29, and <29 m d–1. Particles with settling rates of
<29 m d–1 were removed from the flow stream using a flow-
through centrifuge. The elutriated mass was distributed into
the 5 fractions as 57.2%, 13.4%, 1.54%, 4.74%, and 23.1%,
respectively, of the total (Fig. 7). Hence, 80% of the elutriated
mass had SV >115 m d–1, consistent with the sinking veloc-
ity/mass flux profiles of the SV traps (62% of total mass flux
sank at >98 m d–1; Figs. 2 and 6A, tubes 2-5).

The %OC in the elutriated fractions followed the inverse
pattern as mass (Table 2; Fig. 7). The OC composition (20%) in
the NetTrap samples was more similar to the higher values
found in the later trap period between mid-May and July.
Results showing differences in radionuclide and lipid compo-
sition and lability with respect to decomposition between elu-
triator stages are available on the MedFlux web site (see above)
and will be published elsewhere.

We compared mass flux densities of elutriated particles
with those separated by SV-IRS traps. Because the settling-
velocity intervals of the elutriator and SV-IRS were not the
same, a comparison requires that mass fluxes be normalized
for the different settling velocities. We accomplished this by
dividing mass fluxes in each settling-velocity interval by
log10(SVmax) – log10(SVmin) for that interval (Fig. 8). In this way,
the area of each column represents mass flux, and the height
of the column is the flux density, dflux/dlog10 (SV). As shown
in Fig. 8, the May elutriator results fell between the March-
May and May-June SV-IRS results.

Peterson et al. Sinking particle collection techniques

529

Fig. 6. Mass flux (A), %OC (B), %TN (C), and OC:TN (atomic) ratio (D)
for 11 settling velocity ranges (see text).

Peterson et al., Limnol. Oceanogr. Methods, 2005
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Sectional Approach
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Mass Balance

0 50 100 150
0

5

10

15

20

25

Time [d]

G
a
in

s
/L

o
s
s
e
s

Total System Mass Balance: Steady State Value = 1

0 50 100 150
0

0.005

0.01

0.015

0.02

0.025

0.03

Time [d]

(C
o
a
g
 L

o
s
s
e
s
)/

(S
e
tt
lin

g
 L

o
s
s
e
s
)

Cagulation losses/settling losses: Steady State Value = 2.6765e!08



Integral Models
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Size spectrum comparison
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Flux Comparison
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Biological ProcessesARTICLE IN PRESS

Fig. 4. Specific rate of change, Q!1
i "dQi=dt#l at 175m depth for the different mechanisms as a function of apparent particle diameter.

The calculation is for 10 May 1995 at 175m depth. (A) Settling (S); (B) microbial degradation (M); (C) copepod feeding (Z0: filter
feeders, Z1: flux feeders and Z2: ‘‘miners’’); (D) macrozooplankton feeding (Z0: filter feeders and Z1: flux feeders); (E) fragmentation
(Z3); and (F) coagulation (C). See Table 1 for explanations. For each mechanism, the two lines represent the lower and upper limits
calculated using the range of values (Table 3). Note that in some cases the lower limit is not visible on the graphs because the specific
changes are very low. The dotted vertical lines correspond to the size sections (S15!S20) for which we have the UVP data (all the
sections are marked on the upper axis of A, B, and C). The number above C and D indicates the highest value for the rates.

L. Stemmann et al. / Deep-Sea Research I 51 (2004) 885–908894

!0.6 to 0.1 d!1 and depend on the encounter mode
and amount ingested during an encounter with a
particle. For filter feeding (Z0), the specific rates
vary with particle size and are less than the rates
for flux feeding. Flux feeding combined with
particle mining (Z2) results in loss rates that are

greatest for 0.05 cm particles (S17); flux feeding
combined with total particle consumption (Z1) has
loss rates that increase with particle size at both
depth. Because zooplankton concentrations de-
crease with increasing depth, the specific loss rate
to the mesozooplankton decreases with depth.

ARTICLE IN PRESS

Fig. 5. (A–F) Specific rate of change, Q!1
i "dQi=dt#l at 850m depth for the different mechanisms as a function of apparent particle

diameter. Details as in Fig. 4.

L. Stemmann et al. / Deep-Sea Research I 51 (2004) 885–908 895

Stemmann et al., Deep-Sea Research I, 2004



Chemical Processes

Fig. 3. Speci"c adsorption coe$cient versus particle radius. The dashed line is the constant value used here
and by Clegg et al. (1993). The curved line shows the speci"c adsorption coe$cient predicted by transport
limitation alone.

open ocean value of the mixed layer depth, Z, is within the range of shallow summer
values (Mann and Lazier, 1991). A mixed layer depth of a few meters is typical in
estuarine environments (Niven et al., 1995), with the value used here chosen for ease of
conversion between the open ocean and estuarine cases.

3.3. The adsorption models

Models of trace metal adsorption onto marine particles vary in complexity (e.g.,
Bacon and Anderson, 1982; Clegg and Sarmiento, 1989). In this work we initially
followed Clegg and Whit"eld (1993) and assumed that thorium adsorption could be
modeled with a pseudo rate constant that was constant for all particles (model A);

k!
!
"2.68!10" cm# g$! d$! (17)

for all sections i (Fig. 3). This assumes that the available surface site concentration per
unit mass is constant as a function of particle size (Clegg and Whit"eld, 1993). This
model has been previously used to model thorium data from the JGOFS North
Atlantic Bloom Experiment (Clegg and Whit"eld, 1993).

Two other adsorption models were also examined. In model B, the adsorption rate
constant was calculated by applying the sectional approximation to the standard
equation for transport to a spherical particle (Clift et al., 1978). The resulting rate

112 A.B. Burd et al. / Deep-Sea Research I 47 (2000) 103}120

Burd et al., Deep-Sea Research I, 2000

Fig. 5. Simulated POC/!"#Th ratios for various model simulations using rectilinear kernels and a fractal
dimension of 2.6. The vertical bars represent the ranges of the data shown in Fig. 1. The solid curve shows
the simulation data for POC/!"#Th using k!

$
"constant (model A). The dashed horizontal lines represent

the particle size ranges used in comparing the simulated and observed data. The symbols correspond to the
"ltered data from the model for the various adsorption models: (!) adsorption model A (k!

$
"constant); (*)

adsorption model B (k!
$

is transport-limited); (#) adsorption model C (k!
$

a mixture of constant and
transport-limited). The two panels in the "gure depict results from two simulations (a) particle input
rate"0.01 mg l%$ d%$ and Z"30 m. (b) particle input rate"0.1 mg l%$ d%$ and Z"3 m.

A.B. Burd et al. / Deep-Sea Research I 47 (2000) 103}120 115

Extension of Honeyman & 
Santschi (1989)



Multiple Particle Types

Buesseler et al., 2006; Passow et al., 2006; Smith
et al., 2006; Santschi et al., 2006; Waite and Hill,
2006). To isolate these causes, it is imperative that
variations resulting from the techniques used to
measure particle properties can be separated from
real variations in the POC=234Th ratio. Bulk
measurements of particle properties are integrated

measurements. Consequently, such bulk measure-
ments depend on how the property of interest varies
within the collected population of particles and the
relative abundance of different classes of particles
within that population. Estimates of derived quan-
tities, such as the POC=234Th ratio, depend acutely
on both these factors. This holds for measurements

ARTICLE IN PRESS
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Fig. 7. Variation of the p-ratio in a model with three particle species (Model 3). Each panel shows the variation of the p-ratio with the
number concentration of phytoplankton cells. The different line-styles refer to different concentrations of aggregates: 10!4 cm!3 (thick
solid line), 2" 10!4 cm!3 (thick-dashed line), 4" 10!4 cm!3 (thick dash-dot line), 6" 10!4 cm!3 (thin solid line), 8" 10!4 cm!3 (thin-
dashed line), 10!3 cm!3 (thin dash-dot line). The different panels display results for different values of the number concentration of fecal
pellets: (a) 0:05 cm!3, (b) 0:06 cm!3, (c) 0:08 cm!3, (d) 0:1 cm!3, (e) 0:3 cm!3, (f) 0:5 cm!3. In each case, sphyto # 0:5, sfecal # 0:1, sagg # 0:6.

A.B. Burd et al. / Deep-Sea Research I 54 (2007) 897–918910

ree particle types (algal 
cells, fecal pellets, aggregates)

Each follows a separate log-
normal distribution.

Each particle type has settling 
velocity law, carbon content 

etc.
Burd et al., Deep-Sea Research I, 2007



Multiple Particle Types

Fig. 11. Particle size spectrum through time as a function of particle radius. The one-dimensional particle size spectrum
was calculated by "rst converting the molar concentration in each section to particle numbers, summing the number of
particles in the di!erent mass dimension for a given length range, and "nally dividing this number of particles by the
radius range of the sections: (A) standard case (N

!
"2 !M, base); (B) higher subsurface nitrate concentration,

N
!
"5 !M (bN05).

aggregation of fecal particles is an important part of the process. In this sense, aggregation and
zooplankton feeding/fecal pellet production are not purely competitive processes removing algae
but can also interact to increase the vertical #uxes.

4.1. Implications for marine situations

A striking attribute of aggregation-controlled vertical #ux is the greater variability not only in
the average sinking velocity but also in the absolute #ux, as seen by the values of ! being increased
by aggregation from 3 to 6. Scharek et al. (1999) observed similar variations in the export of
diatoms from the euphotic zone in the North Paci"c, which they calculated as ranging from 0.5 to
1.8% d"# of the diatom standing stock. This variation in relative #ux re#ects an increase in settling
rates that is similar to that observed in these simulations. Even though the average sinking velocity
increases by only a factor of 2}3, there is a substantial number of very large, fast sinking particles
produced. Interestingly enough, the annual fraction of the particle export in the form of aggregates
remains fairly constant.

Models of coagulation in lakes show that long hydraulic residence times in lake simulations
allow the formation of larger aggregates with faster sinking rates (O'Melia and Bowman, 1984).
A similar e!ect can be observed in simulations with higher subsurface nitrate concentrations (bn05,
Fig. 8), where the highest particle #ux was associated with a deeper mixed layer. Here, the deeper

G.A. Jackson / Deep-Sea Research I 48 (2001) 95}123 115

Jackson, Deep-Sea Research I, 2001

Coagulation 
coupled to an 

ecosystem model



Conclusions
๏ Need a combination of modeling approaches 

• Detailed mechanistic models & data comparisons 
on the same scales & same information

• Computationally efficient models that capture the 
dynamics and can run in large scale models

๏ Need to assess the assumptions built into the 
models

• How do assumptions (scientific & numerical) affect 
interpretation of results?

๏ Models & data need to inform each other


