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[1] We present a new synthesis of the oceanic cycles of organic carbon, silicon, and
calcium carbonate. Our calculations are based on a series of algorithms starting with
satellite-based primary production and continuing with conversion of primary production
to sinking particle flux, penetration of particle flux to the deep sea, and accumulation in
sediments. Regional and global budgets from this synthesis highlight the potential
importance of shelves and near-shelf regions for carbon burial. While a high degree of
uncertainty remains, this analysis suggests that shelves, less than 50 m water depths
accounting for 2% of the total ocean area, may account for 48% of the global flux of
organic carbon to the seafloor. Our estimates of organic carbon and nitrogen flux are in
generally good agreement with previous work while our estimates for CaCO5; and SiO,
fluxes are lower than recent work. Interannual variability in particle export fluxes is found
to be relatively small compared to intra-annual variability over large domains with the
single exception of the dominating role of El Niflo-Southern Oscillation variability in the
central tropical Pacific. Comparison with available sediment-based syntheses of benthic
remineralization and burial support the recent theory of mineral protection of organic
carbon flux through the deep ocean, pointing to lithogenic material as an important carrier
phase of organic carbon to the deep seafloor. This work suggests that models which
exclude the role of lithogenic material would underestimate the penetration of POC to the
deep seafloor by approximately 16—51% globally, and by a much larger fraction in areas
with low productivity. Interestingly, atmospheric dust can only account for 31% of the
total lithogenic flux and 42% of the lithogenically associated POC flux, implying that a

majority of this material is riverine or directly erosional in origin.
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1. Introduction

[2] The sinking flux of particles from the surface ocean is
a central driver of ocean biogeochemical cycling. Descrip-
tion of this flux and its fate within the water column is
critical to understanding the global cycling of the elements.
A number of attempts have been made to assess this flux on
the global scale, both surface-down estimates using satellite
color [Laws et al., 2000] and seafloor-up estimates using
benthic oxygen fluxes [Jahnke, 1996]. The first type of
synthesis from the surface down requires a series of
algorithms: first, to estimate satellite chlorophyll from
observed radiances [e.g., Feldman et al., 1989], second, to
estimate primary production from this observed chlorophyll
[Ryther and Yentsch, 1957; Platt, 1986; Behrenfeld and
Falkowski, 1997], third, to estimate the fraction of primary
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production that is exported [Laws et al., 2000], fourth, to
estimate the depth-dependence of remineralization of the
exported organic carbon [e.g., Martin et al., 1987; Klaas
and Archer, 2002], and finally, to estimate the fate of the
carbon that reaches the ocean bottom. In order to utilize a
mineral protection scheme in our analysis, we also require
estimates of biogenic opal and calcium carbonate and
lithogenic material in sinking fluxes and estimates of the
degree to which their remineralization or dissolution pro-
files within the water column and the sediments differ from
organic carbon [e.g., Berelson, 2002].

[3] Extensive work over the past few years has addressed
some of the systematic biases associated with earlier esti-
mates. New estimates of chlorophyll distribution have been
developed to correct previous biases [Gregg et al., 2002];
and a suite of algorithms have been developed to estimate
primary production from satellite-inferred chlorophyll and
subsequently compared in the Primary Production Algo-
rithm Round-Robin series [e.g., Campbell et al., 2003, and
references therein]. Attempts have also been made to utilize
the growing database of biogeochemical field process
studies to more comprehensively establish both the rela-
tionship of particle export with primary production [Dunne
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Figure 1. Flow diagram of analysis method starting with
satellite estimates.

et al., 2005], and the attenuation of particles to the deep sea
[Lutz et al., 2002]. In addition, recent estimates of the
stoichiometry of nutrient removal [Sarmiento et al., 2002,
2004; this work] in surface waters allows extension of
global organic carbon fluxes to the fluxes of SiO,, CaCOs,
and lithogenic material.

[4] For the first time, this suite of algorithms affords not
only a means to synthesize a more complete biogeochemical
budget than previously available but also to estimate the
variability and uncertainty in these biogeochemical fluxes.
Our approach is to combine a suite of previously introduced
algorithms to relate satellite observations to fluxes through
the water column and the sediments. At each step, we assess
the temporal and geographical variability and accumulating
uncertainty in the estimates. The comprehensive nature of
this summary provides a previously unavailable assessment
of the global carbon budget fully independent of general
circulation model results, making it an important point of
comparison in the development of earth system models of
ocean biogeochemical cycles in atmospheric CO, variability.

2. Methods
2.1. Data Sources

[5] In this section, we describe the input data and flux
algorithms used here and present a flow diagram of this
analysis method in Figure 1. Because many of these
algorithms are nonlinear with respect to their input param-
eters, we have attempted to minimize temporal biases
accrued during averaging in the propagation of flux esti-
mates through the various algorithms by performing all
calculations on the time-varying fields of chlorophyll,
temperature and irradiance rather than on climatologies of
these fields. All data sets were interpolated onto the uniform
one-degree Levitus grid in order to provide a consistent and
computationally manageable framework for calculations.
We include all the marginal seas except the Caspian Sea.
We utilized satellite chlorophyll and photosynthetically
active radiation (PAR) from SeaWiFS monthly 9 km com-
posite fields from 1998-2004 courtesy of the Goddard
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Earth Sciences Distributed Active Archive Center (http://
disc.sci.gsfc.nasa.gov/guides/GSFC/guide/SeaWiFS L3
Guide.gd.shtml) and monthly fields of surface temperature
and irradiance from the NCEP reanalysis courtesy of the
NOAA-NCEP-NCAR Climate Data Assimilation System I
Reanalysis Project [Kalnay et al., 1996] (http:/iridl.1deo.
columbia.edu/SOURCES/.NOAA/NCEP-NCAR/.CDAS-1/.
MONTHLY/.Diagnostic/.surface/). Nutrient data were
taken from the World Ocean Atlas 2001 Database (http:/
www.nodc.noaa.gov/OC5/WOAO1/pr_woa0l.html). While
higher temporal (8 d) and spatial (1 km) resolution data sets
were available, their usefulness was limited by clouds.

2.2. Primary Production

[6] We estimate primary productivity from chlorophyll,
temperature and PAR using algorithms of Behrenfeld and
Falkowski [1997] (algorithm available at http://www.marine.
rutgers.edu/opp/programs/VGPM.html), Carr [2002] (algo-
rithm kindly provided by personal communication), and
Marra et al. [2003] (algorithm kindly provided by personal
communication) to develop a range of uncertainty between
these estimates. A more rigorous assessment of the uncer-
tainty is currently being carried out by the Primary Produc-
tivity Algorithm Round Robin program headed by M.-E.
Carr and M. Friedrichs [Carr et al., 2006; Campbell et al.,
2003].

2.3. Particle Export
[7] The ratio of particulate organic carbon (POC) export

to primary production (the pe-ratio) was taken from Dunne
et al. [2005] as

pe—ratio = —0.0081 - T 4 0.0806 - In(Chl) + 0.426

(1)
0.04 < pe—ratio < 0.72

where we have taken surface chlorophyll (mg Chl m )
estimates from the SeaWiFS satellite and surface tempera-
ture estimates (°C) from the NCEP reanalysis. The
uncertainty of the pe-ratio component is assumed to be
35% (1 s.d.) after Dunne et al. [2005].

2.4. Stoichiometry of Particle Export

[8] In order to account for geographical variability of
particle export stoichiometry, we use the technique of
Sarmiento et al. [2002, 2004] in which the net utilization ratio
is obtained from the ratio of vertical concentration gradients
using a water column nutrient data set compiled from the
WOCE, SAVE, TTO and GEOSECS programs [Sarmiento et
al.,2002,2004]. The mean concentration over the top 100 m is
used as the surface value, and the mean in the 100 m to 200 m
range as the thermocline, or source, value (e.g., Si:N gradient
ratio = [Si04%° 2% — Si0§ '°)/[NO3® 2% — NO3')).
The bootstrap method was used to estimate the nonpara-
metric standard deviation of the mean with 10,000 trial data
sets from the original data set by random selection with
replacement (i.e., repeatedly selecting from the same set of
observations). The most likely estimate of the ratio was then
taken as the median of all trials with the 95% confidence
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Table 1. Net Uptake Ratios of CaCO; to Coy, and Silicon to Nitrogen Estimated From the Data Synthesis®

Region Atlantic

Indian

Pacific

Ca:C,q

Subpolar gyre (>45°N)
Subtropical gyre (15°N-45°N)
Equatorial (15°S—15°N)
Subtropical gyre (45°S—15°S)
Southern Ocean (<45°S)

0.023 + 0.020 (170)
0.014 + 0.019 (185)
0.084 + 0.005 (304)
0.066 + 0.016 (204)

Si:N

Subpolar gyre (>45°N)
Subtropical gyre (15°N—45°N)
Equatorial (15°S—15°N)
Subtropical gyre (45°S—15°S)
Southern Ocean (50°S—-45°S)
Southern Ocean (55°S—50°S)
Southern Ocean (60°S—55°S)
Southern Ocean (65°S—60°S)
Southern Ocean (70°S—65°S)
Southern Ocean (90°S—70°S)

0.54 + 0.02 (747)
0.30 = 0.02 (882)
0.31 = 0.01 (903)
0.33 + 0.01 (1009)
0.91 £ 0.06 (88)
3.01 £ 0.11 (143)
4.19 + 0.11 (159)
4.94 = 0.13 (152)
5.59 £ 0.19 (83)
3.82 + 0.39 (135)

0.027 + 0.017 (43)

0.099 + 0.004 (352)
0.099 + 0.014 (305)
0.018 + 0.009 (441)

1.13 £ 0.07 (85)
0.91 = 0.02 (645)
0.40 + 0.03 (834)
1.30 + 0.15 (47)
3.62 +0.16 (171)
5.08 £ 0.18 (79)
5.23 £ 0.07 (69)
4.00 + 0.30 (87)

0.061 £ 0.007 (97)
0.048 + 0.011 (195)
0.087 + 0.005 (302)
0.045 £ 0.017 (282)

1.97 + 0.05 (343)
0.91 = 0.04 (789)
0.75 = 0.02 (983)
0.37 + 0.06 (1041)
0.40 £ 0.03 (36)
1.27 + 0.10 (154)
3.03 £ 0.16 (169)
4.40 = 0.13 (107)
3.98 +0.10 (186)

GB4006

0.58 = 0.11 (108)

“Uncertainties are given as one standard deviation of the mean. Ocean regions were defined as by Sarmiento et al. [2002]
with 20°W dividing the Atlantic from Indian, 140°E dividing the Indian from Pacific, and 70°W dividing the Pacific from

Atlantic.

limits from the 2.5% and 97.5% tails of the resulting
distribution.

[9] Results for the nutrient utilization ratio of silicon to
nitrogen taken from the gradient ratio of silicate to nitrate
are reproduced from Sarmiento et al. [2004, Table 1]
outside the Southern Ocean with more finely resolved
estimates within the Southern Ocean. Southern Ocean
estimates had a strong latitudinal structure, with maxima
near 60°S and low values in the Ross Sea. As described by
Sarmiento et al. [2004], very low values (below 0.5) were
observed in the southern subtropical regions of all ocean
basins as well as in the tropical Atlantic and northern
subtropical Atlantic.

[10] Results for the nutrient utilization ratio of CaCOj; to
POC ratio taken from the gradient ratio of potential alka-
linity to nitrate (and converted to carbon using a constant
C:N value of 117:16 [after Anderson and Sarmiento, 1994]
are also shown in Table 1. These values also differ from
Sarmiento et al. [2002] for the Southern Ocean in that we
have taken a single value for the entire Southern Ocean
(90°S—45°S) to account for the lack of data in the Indian
Ocean and similarity between the Atlantic and Pacific
oceans. Values of silicon to nitrogen ratios south of 45°S
in this report also differ from those by Sarmiento et al.
[2004] in that they are provided in more highly resolved, 5°
meridional bins in order to more accurately describe the
high extent of meridional variability in this region. This
change has only a modest impact on the global estimates,
reducing the global SiO, flux out of the euphotic zone by an
average of 6%.

2.5. Fate of Particle Export

[11] The estimates of sinking POC export obtained above
were propagated to depth with a variety of algorithms. In
order to obtain uncertainty estimates on particle flux pen-
etration length scales, we propagated our estimates through
the suite of 11 sediment-trap-based algorithms presented by
Lutz et al. [2002]. For sensitivity experiments, we utilized

the “Martin curve” [Martin et al., 1987] as implemented in
the OCMIP2 protocol (F = Fy5 x (2/75)*°) [Najjar and Orr,
1998]. To study regional variability in penetration depth
scaling, we used the mineral protection algorithm of Klaas
and Archer [2002] for which we used single penetration
length scales of SiO,, undersaturated CaCOj3, and unpro-
tected organic matter of 2000 m, 3500 m, and 188 m,
respectively. Undersaturation of calcite was determined
from dissolved inorganic carbon and alkalinity distributions
from the Global Ocean Data Analysis Project (http://cdiac.
ornl.gov/oceans/glodap/Glodap home.htm). Mass-based
mineral protection ratios of POC by CaCO;, SiO,, and
lithogenic material were assumed to be 0.070, 0.026 and
0.065 after Klaas and Archer [2002].

[12] An algorithm for burial efficiency relating the sea-
floor POC flux to sediment POC burial flux was derived
from a synthesis of burial efficiency and sediment compo-
sition studies. Because much of the available data on burial
efficiency has been presented through the relationship
between sediment mass accumulation rates and the preser-
vation efficiency of POC, we derived an algorithm based
exclusively on POC. This involved developing two separate
algorithms: one for percent organic carbon of surface sedi-
ments (%OC) as a function of sediment mass accumulation
rate (Fiass accums & cm 2 afl), and another for sediment
POC burial flux (Fpoc aceum; & C cm > a ') as a function of
bottom POC flux. To derive a relationship between %POC
and Fass accum» We performed a log linear regression of the
data compilation by Hedges and Keil [1995]:

%POC = FPOC_burial/Fmass_accum -100 = 12.0 - F?ﬂ:ss_accum (2)
Where necessary, constant sediment porosity (¢ = 0.7) and
density (p =2.7) were assumed to convert between sediment
accumulation rates in velocity (e.g., cm ka™') and flux (e.g.,
gcm Za ) units. This algorithm was found to explain 48%
of the observed variance (e.g., r* = 0.48), and have a median
deviation of 50% in the relative sense (e.g., abs(model —
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