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Abstract: The biological production of particulate material near the ocean surface and its subsequent
remineralization during sinking and after deposition on the seafloor strongly affect the distribution
of oxygen, dissolved nutrients and carbon in the ocean. Dissolved nutrient distributions therefore
reveal the underlying biogeochemical processes, and these data can be used to determine rates of
production, remineralization and accumulation with the aid of inverse techniques. Here, an ocean
circulation, biogeochemical model that exploits the existing large sets of hydrographic, oxygen,
nutrient and carbon data is presented and results for the export production of particulate organic
matter, vertical fluxes in the water column, and sedimentation rates are presented. In the model, the
integrated export flux of particulate organic carbon (POC) in the South Atlantic amounts to about
1300 Tg C yr'! (equivalent to 1.3 Gt C yr'!), most of which occurring in the Benguela/Namibia upwelling
region and in a zonal band following the course of the Antarctic Circumpolar Current (ACC).
Remineralization of POC in the upper water column is intense, and only about 7% of the export
reaches a depth of 2000 m. Comparison of modeled particle fluxes with sediment trap data suggests
that shallow traps tend to underestimate the downward flux, whereas the deep traps seem to be
affected by the lateral input of material and apparently overestimate the vertical flux. These findings
are consistent with recent radionuclide studies. The rapid degradation of POC with depth produces
geographical patterns of POC fluxes to the seafloor and POC accumulation in the sediment that are
very different from the pattern of surface productivity, because of the modulation with varying
bottom depth. Whereas there is significant surface production in deep-water, open-ocean regions,
the benthic fluxes occur predominantly in coastal and shelf areas.

Introduction

Biogeochemical processes in the ocean act as a
downward pump (Volk and Hoffert 1985) that pro-
duces low concentrations of nutrients and carbon
in surface water and high values below. The low
surface concentrations are caused by biological
production in the sun-lit euphotic zone, which uti-
lizes the dissolved nutrients in the formation of
particulate material (primary production PP). One
fraction of the particles sink out of the euphotic zone
(export production EP), thereby effectively remov-
ing nutrients and carbon from the surface layer. In

intermediate, deep and bottom layers nutrients are
subsequently returned to the dissolved pool by par-
ticle decomposition (remineralization) while they sink
in the water column, or after they settle on the
seafloor. The decrease of surface water carbon
concentrations due to the biological pump is a cru-
cial factor that affects surface water pCO, values
and ultimately controls the air-sea CO, exchange
and atmospheric CO, concentrations.

Because of the large potential impact on the
atmospheric CO, budget and global climate, deter-
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mining the strength of the biological pump, e.g. the
magnitudes of export production and downward
particle fluxes, has been a high-priority research
goal for a long time. Three main experimental ap-
proaches have been developed: (1) the direct meas-
urement of the vertical particle fluxes with moored
or drifting sediment traps (Honjo et al. 1982; Wefer
etal. 1982; Fischer et al. 1988; Deuser et al. 1995;
Fischer et al. 1996; Fischer and Wefer 1996; Neuer
et al. 1997; Fischer et al. 2000), (2) the estimation
of primary or export production from surface-wa-
ter chlorophyll concentrations obtained from satel-
lites (Longhurst et al. 1995; Antoine et al. 1996;
Behrenfeld and Falkowski 1997; Arrigo et al. 1998;
Laws et al. 2000), and (3) the determination of oxy-
gen utilization rates in tracer-dated thermocline, in-
termediate and deep water masses (Jenkins 1982;
Jenkins and Goldman 1985; Jenkins 1987; Broecker
etal. 1991).

Sediment trap measurements are point measure-
ments and strongly influenced by the large tempo-
ral and spatial variability of production and particle
flux events. Therefore, mean export production
rates for larger regions or on global scale, as re-
quired for climate studies, are difficult to obtain from
trap data. In addition, results from shallow traps
(needed to estimate the export flux) have been
questioned because of the suspected low trapping
efficiency (see below). Satellite observations pro-
vide a global view, however, estimates of primary
or export production from satellites have large un-
certainties, because the conversion of chlorophyll
concentrations into productivity rates and vertical
particle fluxes is difficult and only relies on a very
limited number of regional calibration studies. Fur-
thermore, the optical sensors of the satellites only
probe a thin surface layer of the ocean and deeper
chlorophyll patches often found by towed instru-
ments are missed. Recently, a systematic compari-
son of various satellite productivity algorithms has
revealed significant random and systematic differ-
ences (Campbell et al. 2002).

Here, a very different approach is taken to es-
timate marine export production and downward
particle fluxes through the water column and to the
seafloor. The basic principle was proposed and
applied by Riley (1951), who realized that the ob-
served oxygen, nutrient, and carbon distributions in

the ocean can be used to quantify the biogeochem-
ical processes that shape the distributions. To give
an example, Figure 1 shows phosphate and oxygen
distributions along a meridional (AJAX; Nierenberg
and Nowlin (1985)) and zonal (WOCE A7; WOCE
Data Products Committee (2000)) section in the
South Atlantic. In tropical and subtropical waters,
biological consumption leads to a draw-down of
surface phosphate to almost non-detectable levels.
As shown in Figure 1a, this nutrient depleted sur-
face layer is very thin (<100 m), except in the center
of the subtropical gyre (ca. 30°S) where low-nu-
trient waters are found down to about 400 m due
to Ekman pumping. In the sub-Antarctic and Ant-
arctic zone, surface phosphate concentrations are
much higher, but significant nutrient draw-down in
avery thin surface layer seems to occur in this area
as well, as indicated by the large vertical phosphate
gradient found south of about 50°S (Figure 1a).
Below the depleted surface layer, phosphate con-
centrations increase drastically with depth and
reach maximum levels at about 500 m. These maxi-
mum phosphate concentrations a are most pro-
nounced in the eastern tropical and subtropical At-
lantic where biological productivity is high, and they
are associated with strong oxygen minima (Fig. 1b).
The anti-correlation between oxygen and phosphate
provides additional evidence that the subsurface
phosphate and oxygen signals are caused by biogeo-
chemical processes, e.g. remineralization of sink-
ing particulate material that brings nutrients back
into solution and at the same time consumes dis-
solved oxygen.

It is important to note that the biogeochemically
induced features of the nutrient, oxygen and car-
bon distributions have large amplitudes, and that
these structures are very well resolved by the large
amount of available data. Comparisons of repeated
observations as long as 60 years apart show that
these features are quite stable, and temporal
changes are quite small even on decadal time-scales
(Schlitzer 2000). This is in contrast to the large
spatial and temporal variability seen in productivity
maps from satellites and in sediment trap time se-
ries, and suggests that the surface nutrient deple-
tion and the sub-surface nutrient maxima as well
as the pronounced shallow oxygen minima are the
integrated and averaged response of many bloom
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Fig. 1. Three-dimensional display of a) phosphate and b) oxygen distributions along two sections in the South
Atlantic. Dark lines indicate depth levels in 1000 m intervals.
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and flux events from many years. Therefore, uti-
lizing dissolved nutrients, carbon and oxygen fields
promises to yield large-scale and long-term produc-
tivity and downward carbon flux estimates - quan-
tities needed for global budget calculations and dif-
ficult to obtain from satellite or sediment trap ob-
servations alone.

In addition to the influence of biogeochemical
processes on marine nutrient, carbon and oxygen
fields, these distributions are also strongly affected
by the circulation and water mass transport. This
can be clearly seen in the western part of the A7
section in the Brazil Basin, where the vertical lay-
ering of waters with high phosphate concentrations
at a depth of about 800 m, low phosphate levels
between about 1500 and 4000 m, again high val-
ues below 4000 m, and near the bottom reflect the
meridional overturning circulation consisting of
northward moving Antarctic Intermediate Water
(AAIW) and Antarctic Bottom Water (AABW),
with southward flowing North Atlantic Deep Wa-
ter NADW) in between. A successful determina-
tion of biogeochemical flux rates from dissolved
nutrient and oxygen fields therefore also requires
to take physical transports into account. This is
addressed by the approach described below.

In contrast to nutrient simulations using forward
models, the estimation of physical or biogeochemi-
cal rate constants from concentration data is com-
monly referred to as inverse calculations. Since
Riley's (1951) work, the amount and quality of
available data has increased tremendously, and
advances in computer technology and numerical
methods now allow detailed studies on a global
scale dealing with many particle species and the
large variety of measured properties simultane-
ously.

The model strategy described below employs
the adjoint method to determine flows (physics)
and production as well as remineralization param-
eters (biogeochemistry) that explain the global
hydrography and the measured concentration fields
of dissolved nutrients, carbon and oxygen best. The
problem is formulated as a constrained optimiza-
tion and the solution is found iteratively. It should
be noted that in contrast to ecosystem models
(Fasham et al. 1990) that attempt to describe the
complicated interactions and feedbacks of biologi-

cal food-webs and community structures explicitly,
in the present case the processes leading to the
production, export and subsequent remineralization
of particles are not resolved by the model, but
parameterized as rate constants to be determined
by the model. The unknown production or remin-
eralization rates are only constrained by the require-
ment to reproduce the observed property distribu-
tions realistically. As described below, empirical
flux-depth relations are applied, but biogeochemical
apriori information about the underlying processes
is not incorporated.

In this paper we present results from a model
setup that includes particle production in the sur-
face layer, remineralization in the water column and
at the seafloor, and accumulation of material in the
sediment. Input of material from rivers is included
to account for losses in the sediment. Results from
two model runs that account for dissolved organic
matter and N_-fixation and denitrification effects
in the South Atlantic are also included. One of these
experiments is further constrained by fitting it to
observations of natural radiocarbon and chloro-
fluorocarbons (CFC). Maps of organic carbon
export fluxes, fluxes towards the bottom, and sedi-
ment accumulation rates are shown for the South
Atlantic, and regional integral flux estimates are
given. In addition, a detailed comparison of model
particle fluxes with sediment trap measurements
is included.

Inverse Model

As described above, determining particle fluxes
and near-surface production rates from nutrient
concentrations requires a biogeochemical model
that also includes the ocean's 3-D circulation. Here,
the global model of de las Heras and Schlitzer
(1999) and Schlitzer (2000) is used that has already
been fitted to global hydrographic, nutrient and
oxygen fields. The general model strategy is based
on Schlitzer (1993), and more details can be found
there and in Schlitzer (1995, 1996, 2000, 2002). In
the following, the model setup is briefly described
and then the extensions with respect to biogeo-
chemical cycles are explained.

Overall goal of the model calculations is to find
a steady global ocean flow field (representing the
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climatological mean circulation) and mean export
production of particulate organic carbon (POC) as
well as POC fluxes throughout the water column
and to the seafloor. The model run described here
also includes the accumulation of organic material
in the sediment. To be considered as optimal, the
calculated velocities must have velocity shears that
are close to geostrophic shear estimates and simu-
lations of hydrographic and nutrient distributions
must reproduce the respective observations accu-
rately (see Schlitzer 1993 for more details). The
adjoint method provides the means that drive the
model to the desired state (see Schlitzer 2000 for
more details).

The model is of global extent and uses a non-
uniform grid with horizontal resolution ranging from
5x4 degrees longitude by latitude in open ocean
areas to 1x1 degrees in regions with narrow cur-
rents (Drake Passage, Atlantic part of the Antarc-
tic Circumpolar Current, Indonesian and Caribbean
archipelagos), along coastal boundaries with strong
currents (Florida Current, Gulf Stream, Brazil Cur-
rent, Agulhas Current, Kuroshio), over steep topog-
raphy (Greenland-Iceland-Scotland overflow re-
gion) and in areas with pronounced coastal up-
welling or downwelling (Fig. 2a). In all cases the
refinements are implemented in the direction of the
strongest property gradients (usually perpendicu-
lar to fronts and currents) to better trace changes
in ocean properties.

The model has 26 vertical layers, with thickness
progressively increasing from 60 m at the surface
to approximately 500 meters at 5000 m depth.
Realistic topography is used, based on the U.S.
Navy bathymetric data and averaged over grid-
cells. Model depths over ridges and in narrow chan-
nels are adjusted manually to respective sill or chan-
nel depths. The model has three open boundaries,
along which ocean properties and transports are
prescribed in each model layer. They are located
at the exit of the Mediterranean Sea, Red Sea and
Persian Gulf. These three marginal seas are not
modeled explicitly, but their impact on the global
circulation is taken into account.

A schematic diagram of a vertical model col-
umn extending from the sea surface down to the
respective bottom depth is shown in Figure 2b.
Model property values are defined at the centers

of the grid-boxes whereas flows are defined on the
interfaces (Arakawa C-grid). Formation of particu-
late material is occurring in the top two model lay-
ers with the top layer contributing 75% and the
second layer contributing 25% of the total produc-
tion. The bottom of the second model layer is con-
sidered the base of the euphotic zone (here:
z,,~133 m). Particle fluxes below the euphotic zone
are assumed to decrease with depth according to

jP(Z)za'(Z/ZEz)_b (1)

This functional relationship is commonly used
for the depth dependence of the flux of particulate
organic carbon (POC) (Suess 1980; Martin et al.
1987; Bishop 1989). In (1) a is the particle flux at
the base of the euphotic zone, z,,, and represents
the export production. The parameter » determines
the shape of particle flux profile and thus controls
the depth of remineralization. Large values for b
correspond to steep particle flux decreases and thus
large remineralization rates just below the euphotic
zone, whereas values for b close to zero result in
almost constant particle fluxes independent of
depth, with little remineralization in the water col-
umn and most of the particle export reaching the
ocean floor.

The particle flux to the bottom is given by

Jp(z,)=a-(z,/z,,)", wherez, is the bottom

depth. In the model that includes sedimentation, a
fraction of this flux reaching the bottom- is buried

inthe sediment j, =5 j,(z,) (Wwith 0 < s<1),

while the remainder is remineralized in the bottom
box. The globally integrated loss of material to the
sediment is compensated in the model by input from
rivers. Here, the thirteen largest rivers are consid-
ered. The sources are located in the surface layer
of the model columns closest to the respective river
mouths, and the strength of the material sources is
set proportional to the water discharge and nutri-
ent concentrations of the respective river (Lerman
1980; Berner and Berner 1996; Usbeck 1999). In
the model runs without sedimentation all material
reaching the seafloor is remineralized there.
Export production a, remineralization scale
height b, and sedimentation fraction s may vary
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from grid column to grid column. Note that these
parameters are not formally dependent on environ-
mental factors such as nutrient availability, light
intensity or density stratification, as implemented
in other biogeochemical models (Maier-Reimer
1993; Yamanaka and Tajika 1996), but can be freely
chosen by the model to achieve optimal agreement
with measured oxygen, nutrient and carbon fields.

The computational strategy is explained in de-
tail in Schlitzer (2000) and Schlitzer (2002), here
only a brief summary will be given. The horizontal
model flow field is initialized using geostrophic ve-
locities calculated from original hydrographic data.
Following suggestions from the literature (Reid
1986; Whitworth and Nowlin 1987; Rintoul and
Wunsch 1991; Rintoul 1991; Reid 1997) the refer-
ence level for the geostrophic calculations varies
geographically: z =1500 mnorth of 25°S; z =3800
m south of 45°S; linear transition between 25°S and
45°S.

The initial export fluxes of POM a are derived
from the productivity map of Berger (1989), and
the initial values of the remineralization parameters
b are setto 1 (Suess 1980). Using this set of initial
independent parameters, model vertical velocities
as well as model fields for temperature, salinity,
oxygen phosphate, nitrate, total inorganic carbon
and alkalinity (dependent parameters) are calcu-
lated by applying steady-state conservation equa-
tions for mass, heat, salt, oxygen, nutrients, carbon,
and alkalinity, respectively. This step of calculat-
ing the vertical velocities and model property fields
is commonly referred to as a simulation.

Once calculated, the simulated property distri-
butions can be compared with measurements.
Usually, this model/data comparison is done sub-
jectively, and attempts are made to correct poten-
tial causes for model/data misfits by modifying the
velocity and biogeochemical parameters and then
running new simulations. While this approach usu-
ally is successful for box-models with a limited
number of parameters, for large 3D models like the
present one, the manual adjustment of parameters
is impractical and in most cases does not lead to
desired improvements.

The so-called adjoint method (Hestenes 1975;
Thacker and Long 1988; Schlitzer 2000) is an al-
ternative to manual parameter-tuning, and allows

treatment of optimization problems with a large
number of adjustable parameters, like the present
one. Here the evaluation of model/data misfits is
performed automatically by using a suitably formu-
lated cost function (see Schlitzer 2000 for a detailed
discussion of cost function terms). A twin-model
of the simulation step (the adjoint model) "learns"
from the structure in the misfits and modifies the
independent parameters (flows and biogeochemical
parameters) in a systematic way that guarantees
a better model/data agreement in the next simula-
tion. By running the forward/adjoint steps repeat-
edly, the model is driven closer and closer to the
observations. The calculations are terminated when
the decrease of the cost function (improvement)
per iteration is smaller than a pre-defined limit.

Because of the huge computational require-
ments of the optimization procedure described
above, and because of a general lack of biogeo-
chemical data that fully describe the seasonal cy-
cle, the present model is formulated as a steady-
state, annual-mean model. The optimized model
flow field and particle flux patterns represent long-
term means over the time periods covered by the
data that are used by the model (ca. 1939 —2002),
and no attempt is made to resolve time-dependent
and sporadic events, such as eddies or individual
bloom events.

In the following, results from three different
model runs are presented (Table 1). Run A includes
accumulation of material in the sediment, but nei-
ther dissolved organic matter cycling nor N, fixa-
tion or denitrification. This experiment is fitted to
global ocean temperature, salinity, oxygen, dissolved
nutrient and carbon data and represents the refer-
ence experiment from which most conclusions are
drawn here.

Experiments B and C disregard loss of mate-
rial in the sediment but include cycling of semi-la-
bile dissolved organic matter (Kirchman et al. 1991;
Hansell and Carlson 1998), and N, fixation and
denitrification as sources and sinks for nitrate. Ni-
trogen fixation and denitrification rates are not
derived directly from measurements, but are speci-
fied using information on globally integrated fixa-
tion rates from the literature (Codispoti and
Christensen 1985; Gruber and Sarmiento 1997). In
the model, nitrogen fixation is evenly distributed over
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Experiment Processes Included Data Used
. . dissolved N, fixation, T, | O, nutrients, | '°C,
sedimentation ) P o
organic matter denitrification | S carbon CFC
A yes no no yes yes no
B no yes yes yes yes no
C no yes yes yes yes yes

Table 1. Model experiments used for the present study.

those surface areas where dissolved nitrate is lower
than 5 ¥4 mol kg™!, which includes most of the low
and mid-latitudes. Denitrification exactly matches
total nitrogen fixation and is equally divided into
water-column and benthic denitrification. The
benthic denitrification is set to be proportional to the
POC flux to the seafloor, and water-column de-
nitrification is evenly spread over all volumes in
which dissolved oxygen is below 20 % mol kg™'.
This places most of the denitrification in the Pa-
cific and Indian Ocean at a depth between 100
and 800 m, which is in agreement with observa-
tional evidence (Codispoti and Christensen 1985;
Codispoti et al. 1986; Howell et al. 1997).

Experiment C is fitted to natural radiocarbon
data and chlorofluorocarbons (CFC) (WOCE Data
Products Committee 2000) in addition to hydro-
graphy and dissolved oxygen, nutrients and carbon,
as for the other runs. These experiments are per-
formed to explore the range and uncertainties of
model flux estimates. In most regions, reactive dis-
solved organic matter is confined approximately to
the upper 200 m of the water column (Hansell and
Carlson 1998; Anderson and le B. Williams 1999)
and N, fixation and denitrification are more impor-
tant in the Pacific as compared to the South Atlan-
tic. Therefore, experiment A is considered a valid
representation of the carbon cycle in the South
Atlantic.

The automatic fitting procedure (adjoint model)
described above has been applied successfully for
all three experiments A to C, and the overall agree-
ment between model simulated fields and obser-
vations is excellent and much better (misfit be-
tween modeled and measured values is about one
order of magnitude smaller) than in other global

biogeochemical models (Maier-Reimer 1993;
Sarmiento et al. 2000). In the South Atlantic, at a
depth of 500 m, where biogeochemical effects on
dissolved nutrient and oxygen distributions are
greatest (see Fig. 1), the mean model phosphate
concentration is only 0.03 4 mol kg! higher than
observed, and the root-mean-square (rms) devia-
tion amounts to only +0.16 % mol kg''. For oxygen
in the same region, the deviations are -0.5£16 Y4
mol kg!. Given typical measurement errors of 0.02
and 2 ¥amol kg! for phosphate and oxygen, respec-
tively, the model misfits are considered to be small,
and experiments A to C all explain the observed dis-
tributions realistically.

Export of Particulate Organic Carbon

Figure 3 shows the model export fluxes of
particulate organic carbon in the South Atlantic that
is required for the successful reproduction of the
measured property fields. This plot is for experi-
ment A, but the geographical patterns as well as
the magnitudes of the fluxes are similar for experi-
ments B and C. According to the model, the down-
ward carbon export in the South Atlantic predomi-
nantly occurs in two areas: (1) the Benguela-Na-
mibia coastal upwelling region, and (2) a broad zonal
band centered at about 50°S and roughly coincid-
ing with the course of the Polar Front and the Ant-
arctic Circumpolar Current (ACC). Here, the high-
est productivity is found in the western part, e.g. in
northern Drake Passage, on the Patagonian shelf
and eastward (downstream) over the North Scotia
Ridge (ca. 45°W/53°S). Low export fluxes (< 1 mol
C m? yr') are found in the center of the subtropi-
cal gyre at about 30°S, where surface waters are



Inverse Modeling of Particulate Organic Carbon Fluxes 9

Fig. 3. Export flux of particulate organic carbon
[mol C m?yr']in 133 m depth for the model including
accumulation of material in the sediment (experiment A).

nutrient-depleted (Schlitzer 2002), and in the
Weddell Sea, where permanent or seasonal ice
coverage and presumably the unavailability of
micronutrients such as iron (de Baar et al. 1995)
limit biological productivity. Given the high phos-
phate and nitrate concentrations in ACC surface
waters (PO, > 1 4 mol kg™'; Schlitzer 2002), the
export fluxes in the southwest Atlantic appear small
compared to the Namibia coastal upwelling region.
Again, iron limitation, strong vertical mixing and
weak surface stratification are possible explana-
tions for the relatively small productivity in these
high nutrient/low chlorophyll (HNLC) regions.

A detailed comparison of inverse model export
fluxes with estimates based on satellite productiv-
ity maps (Schlitzer 2002) has shown that the two
methods agree reasonably well in most regions of
the South Atlantic except south of 50°S, where
satellite productivity algorithms indicate only weak
biological productivity, but where the inverse model
requires quite high downward carbon exports to
reproduce the measured water column structure of
oxygen, phosphate, nitrate and carbon. Schlitzer
(2002) argues that the satellite productivity esti-
mates south of 50°S might be too low because of

a generally poor calibration in this region, and be-
cause of undetectable (by satellites) sub-surface
chlorophyll patches frequently observed in the
Southern Ocean. Comparisons of different satel-
lite algorithms (Campbell et al. 2002) also have
identified the Southern Ocean as the region where
the results differ most and systematic offsets are
largest.

Integrated export fluxes in experiment A
amount to 9840 Tg C yr'! (equivalent to 9.84 Gt C
yr!) for the global ocean, 14% of which (equiva-
lent to1340 Tg C yr') occurring in the South At-
lantic (see Table 2). Experiments B and C have
slightly smaller globally integrated carbon exports
(9440 and 9040 Tg C yr!, respectively), however,
in both cases the POC export in the South Atlantic
is almost identical with the result of run A (1320
and 1350 Tg C yr'', respectively). The partitioning
of the South Atlantic carbon export into contribu-
tions from the Benguela/Namibia upwelling region
and the high productivity region in the southwest
Atlantic is quite different for the three experiments:
while the Benguela/Namibia upwelling region is
dominant in experiment A (558 versus 480 Tg C
yr!), the southwest Atlantic is shown to be the most
important area for downward carbon export in
experiments B and C.

Flux of Particulate Organic Carbon to the
Seafloor

Model particle fluxes at a depth of 2000 m (a level
onto which sediment trap measurements are often
extrapolated) are calculated using the model esti-
mates for the parameters a and b and equation (1).
As for the global ocean, the carbon fluxes at a
depth of 2000 m in the South Atlantic and two sub-
domains turn out to be much smaller than the ex-
port fluxes (Table 2), confirming results from sedi-
ment trap measurements (Martin et al. 1987; Suess
1980) indicating that most of the exported POC is
remineralized in the upper 2000 m of the water
column. In experiment A, about 5% of the exported
material arrive at 2000 m, whereas in experiments
B and C this fraction is slightly larger, approximately
amounting to 8%. Taking all three runs into con-
sideration, the POC flux at a depth of 2000 m in
the South Atlantic amounts to 96+26 Tg C yr.
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A B C
Export Flux (133 m)
Global Ocean 9840 9440 9040
South Atlantic 1340 1320 1350
Southwest Atlantic 480 673 718
Benguela/Namibia 558 507 331
Flux in 2000 m
Global Ocean| 643 (6.5) 911 (9.6) 647 (7.1)
South Atlantic 66 (5) 109 (8.3) 114 (8.4)
Southwest Atlantic 20 (4.2) 53 (7.9) 64 (8.9)
Benguela/Namibia 28 (5) 45 (8.9) 28 (8.5)
Flux to Seafloor
Global Ocean| 602 (6.1) 714 (7.6) 478 (5.3)
South Atlantic 62 (4.6) 95(7.2) 74 (5.5)
Southwest Atlantic 30 (6.3) 58 (8.6) 39(5.4)
Benguela/Namibia 20 (3.6) 31 (6.1) 19 (5.7)

Table 2. Integrated downward fluxes of particulate organic carbon (Tg C yr') for the global ocean, the South At-
lantic (as defined by the map domain of Fig. 3), the southwest Atlantic and the Benguela/Namibia high-productiv-
ity regions (delineated by 2 mol C m? yr'! contour). Results are given for the three model experiments A, B, and C
and for different depths. Values in parenthesis are percentages of respective export fluxes.

Values of POC fluxes to the seafloor have been
calculated, again, using parameters a and b, and
applying equation (1) with the bottom depth z, of
each model column. The geographical pattern of
the resulting bottom fluxes is shown in Fig. 4, and
the integral values for the domains defined above
are given in Table 2. The POC fluxes to the seafloor
in the South Atlantic (Fig. 4) are clearly dominated
by relatively high values (between 0.5 and 3 mol C
m? yr') along the southwest African and South
American coasts. In the open ocean South Atlan-
tic, fluxes are much smaller and generally below
0.1 mol C m?yr'. In large regions, values are even
smaller than 0.05 mol C m? yr'. The overall pat-
tern of bottom POC fluxes differs markedly from
the map of export fluxes from the euphotic zone
shown in Fig. 3. While in shallow coastal waters
and over shelves or the upper continental slopes
large fractions of the exported material reaches the
bottom, most of the exported POC is remineralized
by the time the material reaches the floor in the
deep waters of the open ocean. As a consequence,
the pronounced high productivity band centered in
the southwest Atlantic and stretching eastward is

only weakly reflected in the bottom fluxes. The
strong decoupling of surface fluxes and bottom sig-
nals observed here for POC should equally apply
to other materials that are degraded significantly
during sinking. Integrated POC fluxes to the
seafloor in the South Atlantic amount to 7717 Tg
C yr! (Table 2). It is important to note that more
than 80% of this flux occurs near the coast and on
the shelves.

Accumulation of Particulate Organic
Carbon in the Sediment

Model experiment A includes accumulation of
particulate organic material in the sediments. It
determines the burial fraction s (for definition see
above) from signals in the distribution of dissolved
oxygen, nutrients and carbon in deep and bottom
waters. No a priori geological accumulation rate
estimates are used for the present calculations.
Comparison of model/data misfits of A with its
parent experiment P (not shown; identical to A
except that P does not include sedimentation but
all material reaching the seafloor is remineralized
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M Ocean Data View

Fig. 4. Flux of particulate organic carbon [mol C m
yr'] to the seafloor for the model including accumula-
tion of material in the sediment.

in the bottom box) shows that experiment A ex-
plains the data slightly better than P. However, this
improvement is rather small, suggesting that
removal of material in the sediments has a limited
effect on the bottom water characteristics, probably
because of the small magnitude of the burial fluxes.
Fig. 5 shows the geographical pattern of model
POC accumulation in South Atlantic sediments.
Comparison with Fig. 4 shows that the accumula-
tion in the sediment is closely linked with the POC
fluxes to the seafloor, with about 10% of the bot-
tom-reaching flux actually being accumulated. In-
tegrated over the entire South Atlantic, the POC
accumulation amounts to 11 Tg C yr'', which rep-
resents only about 0.8% of the POC exported.

Comparison with Sediment Trap Data

Sediment trap deployments allow for the direct
measurement of downward particle fluxes in the
water column, and at the same time provide sam-
ples of the material for composition and structure
analysis. Within the SFB216 project, a large number
of moored sediment traps have been deployed for

long periods of time, in order to measure the sea-
sonal cycle of downward particle fluxes and to
catch sinking particles. These measurements have
been used to estimate export fluxes of particulate
organic carbon and nutrients from the euphotic zone
into the deep ocean. Additionally, the decrease of
particle fluxes with depth has been used to derive
particle remineralization rates (Fischer et al. 1988;
Fischer et al. 1996; Fischer and Wefer 1996; Neuer
etal. 1997; Fischer et al. 2000; Fischer et al. 2002).
However, the reliability of vertical particle
fluxes from sediment trap data has been questioned:
Horizontal flow velocities in the upper ocean can
be relatively high, so that tilting of the trap may
occur and/or turbulences may prevent particles to
settle into the trap ("under-sampling"; (Baker et al.
1988; Gust et al. 1994; Honjo and Manganini 1996).
It has been shown for the deeper and near bottom
traps that part of the material collected in the traps
was not produced in the overlying water column,
but obviously represented reworked suspended
material that was transported laterally to the trap's
position (Siegel and Deuser 1997; Fischer et al.
2000; Conte et al. 2001). This "over-sampling"
appeared to be strongest in the vicinity of sloping
bathymetry and close to the ocean bottom.

Fig. 5. Accumulation flux of particulate organic carbon
[mmol C m?yr'] in the sediment.
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Sampling efficiencies of sediment traps have
been estimated using budgets of radionuclides (Ba-
con et al. 1985; Buesseler 1991; Buesseler et al.
1994) or aluminum fluxes (Walsh et al. 1988). At
present, the calculation of #°Th budgets seems to
be the most reliable calibration method. #°Th is
produced in the water column by the decay of ‘U
and is highly particle reactive. Sinking particles
scavenge 2°Th, and the flux at a given depth must
(on time scales of months to years) balance the
production rate in the overlying water column.
Therefore the 2°Th flux into a sediment trap should
equal the amount of 2°Th produced above the trap.
This quantity increases with depth and is well
known, because the concentration of the parent
nuclide #*U in seawater is constant and well de-
termined. If the measured #°Th flux in a sediment
trap is smaller than the theoretical value, part of the
downward particle flux is obviously missed by the
trap and it is therefore "under-trapping". If on the
other hand, the measured #*°Th flux is larger than
expected, the additional 2*°Th can only originate
from lateral input, and the trap obviously overesti-
mates the vertical flux ("over-trapping"). Recently,
Scholten et al. (2001) found that 2°Th fluxes indi-
cate low trapping efficiencies in shallow traps (at
the average 40%). In deep traps, they found am-
biguous results, some traps showing larger as well
as smaller particle fluxes than have been calculated
from #°Th budgets.

Here we compare direct flux measurements
from sediment traps with the downward particle
fluxes of the inverse model. As described above,
the model POC fluxes are determined on the basis
of long-term steady state oxygen, nutrient and car-
bon budgets, and thus provide estimates of down-
ward fluxes of carbon and nutrients that are inde-
pendent of sediment trap measurements. Figure 6
shows the positions of the sediment traps from the
SFB216 project in the South and Equatorial Atlan-
tic considered here. Most traps are long-term
deployments of at least one year or more. Annual
mean POC fluxes have been calculated from the
original data (see Usbeck 1999 for details of the
averaging procedure), values of which are listed in
Table 3.

Figures 7 and 8 show model POC fluxes ver-
sus the annual average POC fluxes obtained from
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Fig. 6. Positions of sediment traps used for the present
study.

the sediment traps. Altogether, it is worth empha-
sizing that the model fluxes are of the same order
of magnitude as the sediment trap measurements.
However, systematic deviations of model fluxes
from the trap measurements do exist. In the shal-
low traps (<1000m depth; Fig. 7), model POC fluxes
are systematically higher than in measurements
performed at all positions in the South- and Equa-
torial Atlantic. Model POC fluxes lie well above the
1:1-relation in Fig. 7. The ratios of trap fluxes rela-
tive to model fluxes range from 0.03 (WS1) to 0.85
(PF), with an average ratio of 0.46. Thus, on aver-
age, the model fluxes at the sediment trap positions
are about a factor of 2 higher than the trap meas-
urements. POC fluxes higher than 0.6 mol m yr
!are found in the model calculations, but no trap in
the South Atlantic showed fluxes of this size.

For the deep traps (>1000m depth; Fig. 8), model
POC fluxes are lower than measurements. With
WR and CV being the only exceptions, all other
model fluxes lie below the 1:1 relation. The ratios
of trap and modeled POC fluxes range from 0.93
(WR) to 18.1 (GBZ), with an average of 5.1, i.e.



Inverse Modeling of Particulate Organic Carbon Fluxes 13

Trap Lat (°N) Lon (°E) Depth (m) | Duration (days) POC Flux
KN1 -71 -12 250 53 0.1583
WS3 -65 -3 360 368 0.1942
KGlI -62 -58 1600 360 0.3583
WS1 -62 -35 900 418 0.0025
BO1 -54 -3 453 460 0.225
PF3 -50 6 700 366 0.2808
NU2 -29 13 768 361 0.5762
WR2I -20 9 1654 360 0.3142
WA3u -8 -28 671 350 0.0792
WA3I -8 -28 5031 350 0.0246
WA4] -4 -26 4555 375 0.0813
EA8m -6 -9 1833 296 0.1967
GBZ5] -2 -10 3382 360 0.1917
GBN3l 2 -11 3965 361 0.181
CVI1u,CV2u 11.5 -21 1000 679 0.2239
CVII,CV2I 11.5 -21 4500 679 0.106
CB2,CB3 21 -20 3525 718 0.5042

Table 3. Long-term mean downward fluxes of POC (mol C m yr!) from sediment trap measurements. Trap deploy-

ment was for one or two years in most cases.

measured POC fluxes are about a factor 5 larger
than modeled fluxes. The systematic deviation of
model fluxes and deep sediment trap data seems
to be much larger than for the shallow traps, but
the absolute deviations are in fact smaller. POC
fluxes in the very deep ocean are relatively small,
and additions of laterally transported, re-suspended
material in the sediment trap can affect the ratios
considerably, even if these additions are small in
terms of absolute magnitude. Small systematic er-
rors in the model deep ocean particle fluxes possi-
bly due to deviations from the Martin-type func-
tional relationship (1) in the real ocean, cannot be
ruled out completely and provide an alternative
explanation for the model/observation mismatch
below the depth of 1000 m.

To investigate whether the systematic devia-
tions between model and the sediment traps de-
scribed above (traps lower than model in upper
1000 m of the water column; traps higher than
model below 1000 m) are robust, an extension of
the model was developed, which allows to drive the
model particle fluxes towards measured fluxes.
Various experiments were performed to test

whether it is possible to obtain model particle fluxes
closer to the sediment trap data, i.e. to reduce
model/trap misfits in Figs. 7 and 8. The sediment
trap data were included as soft constraints by add-
ing a new term to the model cost function that pe-
nalizes deviations of model fluxes from trap data.
Different model runs with different weight factors
for the new cost function term were conducted.
None, of these experiments was considered suc-
cessful because systematic model/data misfits per-
sisted in all cases. For the run with a very large
weight on the model/trap penalty term, the model
POC fluxes at the trap locations agreed rather well
with the trap data, however, the model adjustment
was local (singularity at the trap locations only) and
the high model fluxes in the upper water column
persisted at all other grid-points. Another experi-
ment was conducted to enforce the trap data in the
model over larger horizontal distances by applying
smoothness constraints. This run showed that the
smaller trap fluxes in the upper water column were
inconsistent with the measured distributions of oxy-
gen, nutrients and carbon in the ocean, because
enforcing these fluxes over great areas led to un-
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Fig. 7. POC model fluxes versus sediment trap data for
traps shallower than 1000m. The solid line is the 1:1 re-
lation.

realistic simulations for oxygen, nutrients and car-
bon (Usbeck et al. 2003).

Summary and Discussion

The present model calculations have shown that the
strong and systematic traces of marine biogeo-
chemical processes found in the distributions of
dissolved oxygen, nutrients and carbon in the ocean
can be used by a coupled physical/biogeochemical
model to determine rate-constants as well as bio-
geochemical carbon and nutrient fluxes. The
adjoint method has proven to be an efficient tool
to drive the model towards the observations. The
level of agreement between model simulation and
observations achieved by the adjoint method is
unmatched by any other biogeochemical model.
Given that more data of even better quality will be
available in the near future, the success of this study
should motivate more inverse-type evaluations of
marine biogeochemical cycles in the future.

For the global ocean, the three model experi-
ments discussed here yielded integrated export
fluxes of POC lying between 9040 and 9840 Tg C
yr'!. This is in relatively good agreement with ex-
port fluxes found in other global biogeochemical

models (8000 to 12,000 Tg C yr!; (Najjar et al.
1992; Anderson and Sarmiento 1995; Six and
Maier-Reimer 1996; Yamanaka and Tajika 1997,
Popova et al. 2000)) and with global estimates from
satellite observations (12,000 Tg C yr'!; (Laws et
al. 2000)). Lower global export fluxes between
2000 and 4000 Tg C yr! as obtained by simple box
models (Broecker and Peng 1982; Sarmiento and
Toggweiler 1984; Siegenthaler and Wenk 1984) are
found to be incompatible with observed nutrient and
oxygen fields (Schlitzer 2000).

The contribution of the South Atlantic (70°W to
20°E; 80°S to Equator; see map domain in Fig. 3)
to the POC export amounts to 1350 Tg C yr!(ca.
14% of global integral) and occurs mainly in the
Benguela/Namibia coastal upwelling region and in
a westward intensified zonal band that roughly fol-
lows the course of the ACC and Polar Front (ca.
52°8S). Comparison with satellite derived produc-
tivity maps (Schlitzer 2002) has shown rather good
agreement north of 50°S, however, there is a sig-
nificant difference south of this line, with the model
export fluxes being about twice as large as the
satellite derived values. Because of unrealistic
oxygen, nutrients and carbon simulations, the lower
satellite estimates could not be reproduced by the
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Fig. 8. POC model fluxes versus sediment trap data for
traps deeper than 1000m. The solid line is the 1:1 rela-
tion.
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model. Schlitzer (2002) argues that satellite based
productivity estimates in the Southern Ocean might
be too low, because satellites miss the productivity
associated with frequently observed sub-surface
chlorophyll patches and because of poor calibra-
tion with only few in- situ data in this region. This
seems to be confirmed by the large variability and
significant systematic offsets between different
satellite productivity algorithms, found especially in
the Southern Ocean (Campbell et al. 2002).

In the model, POC fluxes rapidly decrease with
depth, and at a depth of 2000 m amount to 96+26
Tg C yr'only. The integrated flux to the seafloor
is of comparable magnitude, 77+17 Tg C yr'!, and
concentrated in coastal and shelf regions. This
pattern is very similar to the map of benthic oxy-
gen consumption of Jahnke (1996), which also has
highest rates along the southwest African coast and
on the Patagonian shelf. Jahnke's map also shows
the weak benthic imprint of the high open ocean
surface productivity between 35°S and 50°S. Not
only are the patterns similar, the numerical values
also agree remarkably well (> 0.5 mol C m? yr!
respectively mol O, m™ yr' along the Namibian
coast and <0.3 mol C m yr'in the open ocean of
the South Atlantic). It is noteworthy that, in the
model, more than 90% (for experiment A; 100%
for B and C) of the carbon flux to the seafloor is
respired, leading to the consumption of oxygen as
measured by Jahnke. A good agreement of model
benthic fluxes is also obtained when comparing
them with the release of benthic phosphate and
nitrate as described by Hensen et al. (1998) and
Zabel et al. (1998) (geographical pattern and nu-
merical values; conversion using Redfield values
C/P=106, C/N=6.6).

The globally integrated burial of POC resulting
from experiment A (11 Tg C yr!') is about a factor
of 1.5 higher than the estimate of Broecker and
Peng (1993) for present-day carbon cycling.
Sundquist (1985) summarized estimates from vari-
ous sources varying by a factor of more than 100.
The total accumulation of organic carbon derived
from the adjoint model is well in the range of these
estimates and comparably close to Broecker and
Peng's (1993) most recently published value. The
global mean relative (to export flux) accumulation
rate, or preservation efficiency, of organic carbon

is within the range proposed by Berger (1989)
(0.88% vs. 0.3 - 3%).

The comparison of model downward POC
fluxes with direct measurements using sediment
traps has revealed large, systematic discrepancies
that could not be reconciled. At all shallow trap
positions presented here, the mean model particle
fluxes are higher as compared to the sediment trap
data. This is consistent with independent results
from #°Th calibrations (Buesseler 1991; Scholten
et al. 2001) and suggests that sediment traps tend
to underestimate vertical particle fluxes at shallow
water depths. For the deep traps, radionuclide cali-
brations indicate over-trapping as well as under-
trapping (Scholten et al. 2001), whereas the model
results shown in Fig. 8 suggest that overestimation
of deep POC fluxes by traps might be a common
problem. Lateral input of re-suspended material in
the vicinity of sloping bathymetry or near the bot-
tom is a process that could explain an over-sam-
pling by traps. This has also been suggested by
Fischer et al. (2000), Abelmann and Gersonde
(1991), and Siegel and Deuser (1997).

Comparison of POC fluxes to the seafloor and
POC burial in the sediment (Figs 4 and 5) with the
POC export from the euphotic zone (Fig. 3) reveals
significantly different patterns and shows that ma-
jor surface productivity features (especially in open-
ocean areas over deep water) are not, or only
weakly, represented in bottom fluxes. This is attrib-
utable to the relatively rapid remineralization of
POC with depth; that allows significant portions of
the exported material to reach the seafloor in
coastal and shelf regions, but leaves little material
in deep-sea sediments. Reconstructing surface
productivity from sediment accumulation rates,
which involves the mapping of (small) bottom sig-
nals to much larger surface fluxes, therefore re-
quires a good knowledge of the remineralization in
the water column and sediment. The projection of
sediment trap data to a common depth level, which
is commonly performed to produce maps of down-
ward particle fluxes, also relies on a known depth
dependence of the POC flux. It is common prac-
tice to use formulations of POC flux versus depth
from the literature (Bishop 1989; Martin et al. 1987;
Suess 1980) for this purpose. However, these ap-
proaches employ different function types and pa-
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rameters and yield projected fluxes that are signifi-
cantly different, indicating that remineralization and
depth-dependence of POC in the ocean is actually
poorly known. Results of Usbeck et al. (2002) sug-
gest that remineralization scale heights might vary
regionally and that none of the published formula-
tions are universally applicable.
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