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Abstract. Particle flux data from 27 sites in the Atlantic Ocean have been compiled in order to 
determine regional variations in the strength and efficiency of the biological pump and to quantify 
carbon fluxes over the ocean basin, thus estimating the potential oceanic sequestration of 
atmospheric CO2. An algorithm is derived relating annual particulate organic carbon (POC) flux to 
primary production and depth that yields variations in the export ratio (ER = POC flux/primary 
production) at 125 m of between 0.08 and 0.38 over the range of production from 50 to 400 g C 
m -2 yr -1. Significant regional differences in changes of the export ratio with depth are related to 
the temporal stability of flux. Sites with more pulsed export have higher export ratios at 125 m but 
show more rapid decreases of POC flux with depth, resulting in little geographic variation in fluxes 
below •3000 m. The opposing effects of organic carbon production and calcification on ApCO: of 
surface seawater are considered to calculate an "effective carbon flux" at the depth of the euphotic 
zone and at the base of the winter mixed layer. POC flux at the base of the euphotic zone integrated 
over the Atlantic Ocean between 65øN and 65øS amounts to 3.14 Gt C yr-1. Of this, 5.7% is 
remineralized above the winter mixed layer and thus does not contribute to CO: sequestration on 
climatically relevant timescales. The effective carbon flux, termed Jeff, amounts to 2.47 Gt C yr -1 
and is a measure of the potential sequestration of atmospheric CO: for the area considered. A shift 
in the composition of sedimenting particles (seen in a decrease of the opal:carbonate ratio) is seen 
across the entire North Atlantic, indicating a basin-wide phenomenon that may be related to large- 
scale changes in climatic forcing. 

1. Introduction 

Publications dealing with carbon flux in the ocean often intro- 
duce the issue in terms of the biological pump, drawing down 
(anthropogenic) CO2 from the atmosphere, with the potential to 
shape and/or modulate climate. Although in the framework of 
climatic processes the physical pump dominates in strength, the 
biological pump (through particle formation and vertical export) is 
the only process that drives gradients in seawater carbonate 

•Institut fiir Meereskunde, Forschungsbereich Biogeochemie, Kiel, 
Germany. 

2Also at Laboratoire d'Etudes en Geophysique et Oceanographie 
Spatiale, Toulouse, France. 

3Fachbereich Geowissenschaften, Universit•it Bremen, Bremen, 
Germany. 

4Now at Institut fiir Ostseeforschung-Wamemfinde, Wamemfinde, 
Germany. 

5Geologisches Institut, Universit//t Kiel, Kiel, Germany. 
6Department of Biology, Arizona State University, Tempe, Arizona, 

USA. 

?Alfred Wegener Institut fiir Polarforschung, Bremerhaven, Germany. 
8Woods Hole Oceanographic Institution, Woods Hole, Massachu- 

setts, USA. 

Copyright 2001 by the American Geophysical Union. 

Paper number 2000GB001376. 
0886-6236/01/2000GB001376512.00 

chemistry across physical boundaries. Globally, sinking particles 
transfer •0.4 Gt C yr -• from the ocean surface to deeper water 
[Lampitt and Antia, 1997; Schtitzer, 2000] and to the sediment 
surface [Jahnke, 1996]. Perhaps more importantly, biology 
responds to changes in climatic conditions in a manner that is 
complex and can be nonlinear, triggering shifts in functional 
groups of organisms that change the oceans' biogeochemical 
functioning [e.g., Kart et at., 1997; Riebesett et at., 2000]. 

A major goal of the Joint Global Ocean Flux Study (JGOFS) 
has been to better understand the physical and biological con- 
ditions that control regional variations in the strength and 
efficiency of the biological pump. The net effect of the biological 
pump on drawdown of atmospheric CO2 depends on three main 
characteristics. First, the mode and speed of particle sinking 
determines the depth to which particles are exported and the 
degree to which they are remineralized in the water column. 
Empirical studies have yielded algorithms linking primary pro- 
duction to particulate organic carbon (POC) flux and water depth 
[e.g., Suess, 1980; Pace et at., 1987; Berger et at., 1987] that are 
useful for calculating the fraction of productivity that is exported 
(i.e., the export ratio, ER = POC flux/primary production). There 
are significant regional differences in the ER normalized to a 
single depth (e.g., ER2000m by Lampitt and Antia [1997] and 
ER•000 m by Fischer et al. [2000]). However, little is known about 
regional and temporal variations in the rate of decrease of POC 
flux with depth. This will be determined by the mode of export 
and the composition of sedimenting particles. 

845 



846 ANTIA ET AL.' ATLANTIC OCEAN CARBON FLUX 

_90 ø _60 ø _30 ø 0 o 30 ø 

60 ø 

30 ø 

o 

_30 ø 

_60 ø 

_90 ø _60 ø _30 ø 0 ø 30 ø 

60 ø 

30 ø 

o 

_30 ø 

_60 ø 

Figure 1. Locations of moorings from which data are used in this study. Station abbreviations are listed in Table 1. 

Second, the drawdown of atmospheric CO2 is not just a function 
of the organic tissue pump but results from the ratio of particulate 
organic carbon (POC) to particulate inorganic carbon (PIC = calcite 
+ aragonite) in export, termed the rain ratio (RR = POC:PIC), since 
photosynthesis and calcification have opposing effects on seawater 
pCO2 [Frankignoulle et al., 1994; Archer and Meier-Reimer, 
1994]. The rain ratio is thus a measure of the "efficiency" of 
biological carbon sequestration. The carbonate (alkalinity) pump 
changes the total carbon:total nitrogen ratio of export (and thus has 
an effect on ApCO2 between the atmosphere and surface ocean) 
that is decoupled from the ratio of carbon to nitrogen in subther- 
mocline upwelled water. Globally, there are large variations in the 
rain ratio (POC:PIC) in sedimenting particles, with higher ratios in 
the Pacific Ocean than in the Atlantic Ocean and higher rain ratios 

Goering, 1967; Eppley and Peterson, 1979] equates the sum of 
allochthonous nitrogen inputs into the euphotic zone through 
vertical mixing, nitrogen fixation, and other external sources 
with the downward fluxes of particulate organic nitrogen (PON) 
and dissolved organic nitrogen (DON). Since DON fluxes at the 
base of the euphotic zone may not be negligible, particulate 
organic matter flux can approximate but probably never equal 
new production. Equating new production to export production 
and using global and regional estimates of new production 
[Falkowski et al., 1998; Oschlies and Gatcon, 1998] thus allows 
estimation of the fraction of primary production available to 
export in organic particles. New production does not, however, 
quantify carbon export in any climatically relevant sense since 
(1) the CO2 released during respiration (or taken up during 

in polar regions •: meontir•ntat margins •an•,•'•tar calcite,dissolution) equi•t•witht••here tothe depth 
open ocean [Tsunogai and Noriki, 1991]. of maximal seasonal ventilation and not the euphotic depth and 

Third, it is important to emphasize that for carbon export to (2) the net effect of biology on seawater pCO2 must include 
be effective on climatically relevant timescales, particles must calcite formation and export, which is decoupled from new 
leave the seasonally mixed layer, that is, that layer which is production. Highest POC remineralization [e.g., Suess, 1980] 
mixed at least once during winter overturning. The widely used and calcite dissolution [Milliman et al., 1999] rates occur 
concept of new production and export production [Dugdale and between the euphotic zone and the winter mixed layer (WML) 
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depth; in this depth horizon, export production and sequestration 
diverge. 

Quantification and characterization of the biological pump was a 
central goal of the JGOFS study, and a large amount of data is now 
available from long-term sediment traps deployed in the Atlantic 
Ocean. Though the use of sediment traps has its own caveats, its 
strength is that it collects sedimenting particles that reveal qual- 
itative information that has greatly enhanced our understanding of 
biogeochemical cycling in the oceans. A major problem, as we 
emphasize, is the uncertainty of the efficiency of traps in collecting 
sinking particles [Gust e! al., 1994; Scholten e! al., 2001]. 

In this paper we use a compilation of sediment trap data from 27 
sites in the Atlantic Ocean to determine the role of the biological 
pump in transfer of carbon to the ocean's interior and to investigate 
its regional characteristics and variability. We estimate the basin- 
wide potential of the biological pump for CO2 sequestration from 
the atmosphere and its dependence on local production. We also 
concentrate on determining regional variations in flux character- 
istics and export efficiency, since these are important for predicting 
the response of the biological pump to changes in climatic forcing. 

2. Materials and Methods 

2.1. Database 

Data have been collated from 27 sites (Figure 1' for site 
acronyms, see also Table 1) where particle interceptor traps were 
deployed in the Atlantic Ocean between 80øN and 65øS. Traps 
were conical, with an opening of •0.5 m 2, deployed on bottom- 
anchored moorings for at least 1 year. Sample treatment varied in 
the addition of brine, use of fixative/poison, and methods of 
splitting and analytical procedure. Swimmers were removed from 
all samples either by manual picking under a binocular microscope 
or by passage through a sieve and subsequent rinsing. For details of 
mooring deployment and sample treatment the reader is referred to 
the publications listed in Table 1. 

Individual samples were integrated over periods of between 7 
and 65 days, with longer intervals during periods of low, constant 
flux. Dry weight, particulate organic carbon and nitrogen (POC 
and PON), carbonate, particulate biogenic silica, and lithogenic 
material were reported in mg m -2 d -•. Inorganic carbon is 
calculated as 12% of calcium carbonate by weight, and opal is 
calculated from particulate biogenic silica using a molecular weight 
of 67.2 [Mortlock and Fr6'hlich, 1989]. For the Sargasso Sea 
(Ocean Flux Program (OFP) data) CaCO3, POC/PON, and opal 
(for part of the data set) were determined on the <0.125 mm 
fraction (both the 0.37-0.125 mm and <0.37 mm fractions were 
analyzed separately and were used to calculate the <0.125 mm 
fraction). Opal fluxes are not corrected for leaching in the trap 
samples, as this was not measured in all studies. Where lithogenic 
fluxes were not reported, these are calculated as a difference 
between total flux and its biogenic components (lithogenic flux = 
mass flux - [carbonate + POC x 2.2 + opal]). The loss of POC to 
the dissolved phase can potentially cause a large underestimation 
of flux in shallow traps [Noji e! al., 1999; Kiihler and Bauerfeind, 
2001] but does not appear to be significant in deeper traps (P. 
K•ihler, personal communication, 2000). Dissolved organic carbon 
(DOC) was not determined for most traps in this study. 

Missing values were interpolated for intervals of up to 2 weeks 
using the mean value of the neighboring cups. Where gaps in the 
data occurred during low and constant flux (such as in winter), the 
mean value of that period from the entire data set was used if 
appropriate. 

2.2. Annual Integrals 

Since annual fluxes are used to quantify the relationship to 
surface productivity, care was taken to integrate over appropriate 
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Figure 2. Long-term recordings of mass flux at 2000 m at station L2 (47øN, 20øW). Different symbols are data 
from consecutive deployments at the same site. Annual integrals are calculated by different means: (a) by deployment 
period or (b) over cycles of deep mixing (i.e., winter to winter). 

time periods. Often, annual fluxes are reported as the mean flux 
over a deployment period extrapolated to 365 days, or else as a 
cumulative year of flux from trap deployment to trap recovery. 
Since deployment and recovery at sea are, for logistical reasons, 
frequently during high flux periods in summer, this method has 
the error of assigning a proportion of the peak flux to one year 
and another portion to the next. Here we integrate over deep 
mixing cycles (i.e., from winter to winter) since the nutrient 
budget, which determines annual new production, is set during 
deepest winter mixing. With some exceptions (see Table 1), 
integration was from February/March of one year (the time of 
deepest mixing in the North Atlantic) to the corresponding month 
of the following year. For sites in the Southern Hemisphere, 
integration was from May/June to May/June of the following 
year wherever possible (Kerguelen Island). For the OFP data 
from the Sargasso Sea, annual integrals were taken from 
November/December of one year to the next, which corresponds 
to periods of lowest, least variable flux [Deuser, 1996] and 
productivity [Steinberg et aL, 2001]. Particularly at sites where 
there is large seasonal variability in fluxes between years a 
comparison of these integration methods (over deployment peri- 
ods versus over mixing cycles) yields large differences. For 
example (Figure 2), at site L2 (47øN, 20øW), annual fluxes over 
deep mixing cycles vary by 10% around the mean (mean 22.6 + 
2.2 grams dry weight (gdw) m -2 yr-1), whereas they vary by 

2 1 
38% around the mean (mean 20.1 + 7.6 gdw m- yr- ) when 
integrated over deployment periods. Because of this potential 
bias we have calculated annual fluxes over deep mixing cycles 
even though this has reduced the amount of data used. The 
resulting integrals in Table 1 may thus differ from those reported 
in the source publications. 

ticles settling to the traps are produced. For comparison with new 
production and f ratio we use data from Oschties and Garcon 
[1998]. 

Although there is general agreement among models in the 
regional distribution of primary production, there is considerable 
site-specific discrepancy in the absolute values, particularly in 
polar regions where the estimates of Longhurst et at. [1995] are 
unaccountably high compared with regional estimates from 
nutrient budgets and models [Rey, 1991; von Bodungen et at., 
1995]. There is better agreement between Antoine et at. [1996] and 
Behrenfetd and Fatkowsla' [ 1997], with the difference that the latter 
have higher estimates for the latitudinal bands between 30ø-60øN 
and 30 ø- 50øS, resulting in a higher basin-wide estimate of 13.3 Gt 
C yr -1 compared to 9.64 Gt C yr -1 ofAntoine et at. [1996] for the 
area considered in this study. We use the data of Antoine et at. 
[1996] for better comparison with a number of recent publications 
[Fischer et at., 2000; Najjar and Keeting, 2000; Schtiiter et at., 
2000]. For additional comparison with the OFP flux data in the 
Sargasso Sea we extracted primary production data from the 
Bermuda Atlantic Time series Study (BATS) on-line database 
(http://www. bbsr. edu) and integrated values linearly for the annual 
cycles as given in Table 1. 

2.4. Seasonality Index 

We use an index for the seasonality/periodicity of flux as defined 
by Berger and Wefer [ 1990] and Lampitt and Antia [ 1997] and call 
it the flux stability index (FSI) as do Lampitt and Antia [ 1997]. The 
FSI is calculated by ranking the flux values according to their 
magnitude and by plotting the accumulated flux against time. The 
time in days for half of the total annual flux to arrive at the 
sediment trap is read off the graph and is the value of the FSI; low 
values thus indicate systems with highly pulsed export; high values 
indicate more constant sedimentation over time. 

2.3. Primary•ew Production •timat• 

The selection of primary production estimates also proves to be 
no trivial matter. We compared estimates from the models of 3. Results and Discussion 
Longhurst et aL [1995], Antoine et al. [1996], and BehrenfeM 
and Fatkowsla' [ 1997] for individual stations. Values were taken for 3.1. Efficiency of Sediment Traps 
a 1 ø x 1 ø grid centered on the trap sites that is representative of the For the entire data set (n = 105), there is no clear relationship of 
mean surface variability in hydrographical conditions where par- POC flux with trap depth (Figure 3a). For open ocean situations, 
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Figure 3. Relationship of particulate organic carbon (POC) flux to depth based on the entire data set in Table 1 (a) 
230 

without correction for Th flux and (b) using 23øTh corrected data only. 

without strong lateral sources of particles, POC fluxes must 
decrease with depth since the degradation rate of POC (range of 
3 days to 1 year [Epptey et at., 1983; Lande and Wood, 1987]) is 
rapid compared to known particle sinking rates. Even trap 
bypassing by swimmers or the differing collection funnel at the 
surface [Sieget and Deuser, 1997; Waniek et at., 2000] will, in the 
open ocean, affect the relative decrease of POC with depth but not 
cause its increase. For a number of stations, however, there is a 
decrease in flux above 1000 m, which may be a result of low 
collection efficiencies of the traps. Although fluxes measured in 
deep traps in the Sargasso Sea were seen to agree well with 

230 231 
estimates from Th and Pa budgets [Bacon et at., 1985], 
shallow traps are notoriously poor in performance [Michaets et at., 
1994; Buesseter et at., 2000]. Buesseter [1991] found severe 
discrepancies (factor + 10 to -10) between expected and measured 
234Th fluxes in drifting traps at 20-150 m depth over periods of 
3-20 days. Since shallow drifting traps are exposed to a different 
hydrodynamic environment than those moored at several hundred 
meters depth, it is unclear as to how these results may translate to 
deep, moored traps. 

For a subset of the data used here (n = 24), Schotten et at. [2001] 
show poor trapping efficiencies based on the expected annual 

230 
fluxes of Th. These range from under 50% (i.e., measured flux 
is 50% of expected flux) for traps shallower than 1000 m to 
between 64% and 123% for traps below 3000 m. Scaling the 
measured trap fluxes using these "correction" factors yields the 
expected decrease in POC and PON flux with depth (Figure 3b), 
though for a greatly reduced data set. Applying such a correction 
factor to all the measured variables assumes that particle trapping 
efficiency is based on hydrodynamic effects that bias all compo- 
nents of flux equally (but see also Gust et at. [1994] and Buesseter 
et at. [2000]). For the trap correction factors used here, we refer to 
a detailed discussion of their validity to Schotten et at. [2001 ], who 
find no clear relationships between 23øTh fluxes and those of 
specific variables, implying no discernible selectivity in trapping 
efficiency. We thus use the 23øTh correction for all measured 
components; because there is no consensus on this issue, we 
present results from stations with and without 23øTh corrections 
separately. 

3.2. Interannual Variations in Flux 

Since determination of empirical algorithms relating flux to 
production and water depth rely on annual means of productivity, 

we first examine to what extent interannual variations in flux can 

contribute to variations in export ratios. Interannual variability in 
fluxes is difficult to determine given the short time period of most 
studies (excluding the Sargasso Sea station). Table 2 summarizes 
the median values and variance of POC fluxes at single trap depths 
where at least 3 years of data are available. Annual fluxes vary 
little at the more tropical, oligotrophic sites L 1, Canary Islands, and 
Sargasso Sea. The Walvis Ridge site is strongly influenced by the 
nearby lateral gradient in production from the adjacent coastal 
upwelling and the formation of "giant filaments" that can extend 
over the trap site in some years, causing large interannual varia- 
tions [Fischer et at., 2000]. At L3 the differences in annual fluxes 
between consecutive years is difficult to explain and may be 
caused by horizontal advection of particles from the nearby Rock- 
all Plateau. Aside from WR and L3, annual variations are small 
compared to site-specific differences in flux. 

In Figure 4 we examine interannual variations in the depth 
dependency of the export ratio, grouping sites L2 with 48øN and 
L1 with 34øN, since they were at the same location. There is 
encouraging similarity in fluxes at a single site and differences 
between sites. The Sargasso Sea site is unique in that there are 
long-term primary production data with approximately monthly 
resolution available from the BATS program [Michaets and Knap, 
1996; Steinberg et at., 2001] with which to compare annual 
variations in flux. The annual primary production at this site from 
the model estimate ofAntoine et at. [1996] is 82.4 g C m -2 yr -], 
compared to estimates from the BATS data of 130, 157, and 186 g 
C m -2 yr -t for the years 1989-1990, 1990-1991, and 1991- 

Table 2. Median and Variance of Annual POC Fluxes From Sites 

Where 3 or More Years of Data Are Available 

Trap 
Site Depth, rn Median Variance n 

L3 2200 1.81 1.49 3 

L2 2000 2.31 0.48 3 

Canary Island 3000 0.81 0.003 3 
L1 2000 1.35 0.03 3 

Sargasso Sea 500 1.65 0.29 4 
Walvis Ridge 1500 0.94 0.02 6 

3000 0.67 0.02 14 

1690 3.83 2.86 3 
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Figure 4. (a) Changes in the export ratio (POC flux/primary production) with depth at sites where data are available 
for > 1 year. (b) Data plots for the Sargasso Sea (left) using model estimates of primary production from Antoine et at. 
[1996] and (right) using primary production estimates from the BATS site. 

1992, respectively (integrated over the time periods listed in Table 
1). Variations in flux between these years reflect these changes in 
annual production, such that differences in export ratio between 
years based on a single model estimate (Figure 4b, left) are largely 
lost when using site-specific real-time data (Figure 4b, fight). 
There are precious few sites for which such data are available, 
and these results point to an extremely tight coupling of production 
with flux over annual timescales. 

In summary, we conclude that although there are some inter- 
annual variations in flux and the extent to which it decreases with 

depth, these are smaller than the differences between sites, allow- 
ing intersite comparisons based on the available data. 

3.3. Relationship of Export Ratio to Depth 

as used by Betzer et al. [1984] to derive an algorithm relating flux to 
productivity and depth, where JCor- is the organic carbon flux (g C 

-2 -• ß .• ß yr-•) m yr ) at depth z (m), PP is pnmary production (g C m -2 
and a, b, and c are constants. Data used for the fit are those with 
23øTh correction only (n = 24). This reduced database is distributed 
between 33øN and 54øN, representing a range of production from 
the oligotrophic gyre to the subpolar North Atlantic. 

Using model II least squares regression, the best fit yields 

,Jcorg -- 0.1ppl'77z-ø'68 (lb) 

R 2 -- 0.53, n = 24. 

The exponent of the depth term z (-0.68), which represents the 
decrease in POC flux with depth, is similar to the empirically 

and Primary Production determined values of Betzer et al. [1984] and Pace e! at. [1987] 
By applying correction. factors to .account for tow trapping fi'om the oligotrophic Pacffic (-0.628 and -0.734, ' 

efficiencies and in view of the generally low interannual variations Figure 5a compares the depth dependence of export ratio (ER) for 
in flux we proceed to examine regional and basin-wide relation- these and other empirical algorithms [Suess, 1980; Betzer et at., 
ships based on a reduced, but more robust, data set. For depth- 1984; Pace et al., 1987; Berger et al., 1987] calculated for a 
dependant degradation of fluxes we apply the model primary production value of 100 g C m -2 yr -•. With the exception 

of the Suess [1980] algorithm, there is little difference among the 
dcorg--cPP aZt' (la) compared algorithms, reflecting the general consistency in POC 
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Figure 5. (a) Relationship between export ratio and water depth using algorithms from the literature and from this 
study using 23øTh corrected data only. Insert shows regression of measured flux at trap depth and calculated flux 
using the algorithm presented in this study. (b) Changes in the export ratio calculated at a depth of 125 m using the 
algorithms presented in Figure 5a. ER125 = cPP a-• x 125 •'. Thus, when a -- 1, ER•25 is constant. 

degradation with depth. Major differences are seen, however, when 
comparing the export ratio at the base of the euphotic zone (taken 
as 125 m), which ranges between 0.12 [Pace e! al., 1987] and 0.39 
[Suess, 1980] over the range in primary production between 50 and 
400 g C m -2 yr -1, depending on the algorithm used. The choice of 
algorithm and data on which it is based will thus have a significant 
impact on calculation of basin-wide export. 

It is instructive to recall that the algorithms shown in Figure 5 are 
based on data from different sites and integrated over different 
periods. Although reported in units of flux per unit area and year 
[Suess, 1980; Betzer et al., 1984; Berger et al., 1987], these studies 
use short-term (days to weeks) measurements of flux and relate 
them to contemporaneous productivity integrated over the euphotic 
zone. Yet it is known that production and flux are not in balance on 
short timescales [Lohrenz e! al., 1992] due to nutrient and particle 
retention by a seasonally variable food web [Wassmann, 1998; 
Boyd and Newton, 1999]. 

Use of any single algorithm, aside from yielding quantitative 
differences in export, implies that there is a globally applicable 
export ratio to a particular depth. However, it has been demon- 
strated that regional differences in export ratio exist and are related 
to the seasonality of export, with more pulsed export systems 
(typical for temperate and polar regions) exporting about twice as 
much of their production as systems with more constant export 
(typical for oligotrophic tropical systems) [Berger and Wefer, 1990; 
Lampit! and Antia, 1997] The low export ratio of Pace et aL 
[ 1987], for example, may thus reflect the oligotrophic conditions at 
the Vertical Transport and Exchange Study (VERTEX) site and 
thus may not be globally applicable. 

Over steady state cycles, export at the base of the euphotic zone 
approximates new production (the fraction of primary production 
based on allochthonous nutrient sources [Eppley and Peterson, 
1979]). Over the range of primary production in the open ocean 

2 1 
(50-400 g C m- yr- ), annually averaged f ratios (the ratio of 
new to total production) range from <0.1 to •0.5 and can be 
compared to the export ratio at 125 m (ER125), the nominal depth 
of the euphotic zone. Variable f ratios are an inherent feature of 
pelagic systems resulting from regional differences in physical 

forcing, degree and duration of stratification, and degree of 
recycling by the pelagic food web. Assuming that export is linearly 
related to production (i.e., ppl.O) implies that ER125 will remain 
constant for all values of PP, as is the case for the algorithms of 
Pace e! al. [1987], Berger e! al. [1987], and Suess [1980] (Figure 
5b). The higher dependency on PP given by Betzer et al. [1987] 
(pp1.41) and this study (pp•.77) yields corresponding changes in 
ER125 (and, by implication, f ratios) from <0.1 to 0.23 and from 
<0.1 to 0.38, respectively, over a range of PP from 50 to 400 g C 
m -2 yr -1. This is consistent with the early estimates of Dugdale 
and Goering [1967] and Eppley and Peterson [1979] and also with 
mean annual f ratios estimated for oligotrophic and mesotrophic 
environments [Campbell and Aarup, 1992; Dugdale et aL, 1992] 
by independent means. This is also in agreement with the increase 
in export ratio (normalized to 1000 or 2000 m depth) with 
increasing primary production, as shown by Lampit! and Antia 
[1997] and Fischer et aL [2000]. 

3.4. Regional Differences in Export Ratio (ER) With Depth 

A main aim of this study was to examine regional differences in 
the efficiency of the biological pump. Previous studies have 
analyzed such differences [Lampitt and Antia, 1997; Fischer et 
al., 2000] but have been unable to identify variations in the export 
function with depth, since data were normalized to a single depth. 

A total of 10 stations in our data compilation have annual fluxes 
from two or more depths that allow a regional comparison. In 
Figures 6a, changes in ER with depth for five stations at three sites 
on a meridional transect at 20øW (33øN to 54øN) are presented, 
where data have been corrected by Scholten et al. [2001 ] using the 
23øTh method. In Figure 6b and 6c a further five stations are 
compared where such a correction is not available. 

For the 23øTh corrected data, there is a clear latitudinal trend in 
variations of export ratio with depth. It is worth noting that the 
geographic locations of stations L1 and L2 [Kuss and Kremling, 
1999] are identical to those of stations 34øN and 48øN [Honjo and 
Manganini, 1993] but were occupied during different years, using 
different moorings and methodology, yet the data cluster to show 
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Figure 6. Changes in export ratio with water depth at individual sites. Lines are regressions through the data as per 
equations (la) and (lb). Data from 500 m at L2 have not been used for the regression. 

clear regional variations. The oligotrophic site at 33-34øN has a 
factor of 2 lower export ratio at 1000 m depth than the North 
Atlantic Bloom Experiment (NABE) site at 47-48øN. At 54øN 
(L3), there appears to be considerable interannual variability 
between the two successive years (1995 and 1996). This causes 
differences in the range of ER at L3, but both years show similar 
strong depth-dependent flux losses. As we show in section 3.6, 
these differences between sites are also reflected in the composition 
of sedimenting particles and the seasonality index, giving us some 
confidence in interpretation of site-specific differences. 

Figures 6b and 6c show data from sites where 23øTh correction is 
not available. On the basis of the ER and depth-dependent 
degradation rates these can be roughly grouped in three clusters; 
two sites in the East Greenland Sea (OG and OG 75øN), four sites 
in the subtropical Atlantic (Guinea Basin, Cap Blanc, Walvis 
Ridge, and the Sargasso Sea), and one site in the oligotrophic 
North Atlantic gyre (EUMELI-O). The OG 75øN site experiences 
seasonal ice coverage where the growth period is limited to a few 
months a year; here we see highest export ratios. This is probably 
due to the most rapid transfer of particles to depth that is character- 
istic for ice margin conditions where grazing is low and particle 
export can be rapid. The open ocean site OG at 72øN also has high 
export ratio above 500 m, with a sharp decrease to 2000 m. The 
second group of sites in the subtropical Atlantic shows low export 
ratios and little flux degradation with depth; export ratios are 
uniformly below 0.02 (as reported by Fischer et al. [2000]). The 
most oligotrophic site in the subtropical North Atlantic gyre 

organic carbon degradation occurs between these depth horizons. 
Essentially, all algorithms including ours have the weakness that 
they use relatively small variations in flux at greater depths to 
extrapolate to larger variations near the surface. We thus find it 
instructive to compare the algorithm presented here to modeled 
new production estimates that do not share this caveat. 

Extrapolating measured differences in the export function with 
depth upward to the base of the euphotic zone shows clear regional 
differences in export (new) production. We have fitted the flux 
function (equations (1 a) and (1 b)) to the regional data to extrapolate 
to export ratio at 125 m (ER]25, the euphotic depth used by Oschlies 
and Gatcon [1998] to calculate new production)]. The resulting 
curves are statistically weak, based as they are on so few data points, 
and the curvature is largely determined by the relatively small 
variation in ER > 500 m. Nonetheless, we compare the ER]2s to 
thefratio at the same depth using model estimates of new production 
[Oschlies and Gatcon, 1998] and total production [Antoine et al., 
1996]. With the exception of data from the Sargasso Sea, there is 
good agreement between the estimates (Figure 7a). The Sargasso 
Sea site lies near the strong gradient in new production at the 
northwestern edge of the subtropical gyre, with higher new produc- 
tion than in the gyre itself. New production estimates for this site of 

2 1 2 0.33 molNm- yr- [Altabet, 1989], 0.56molNm- yr -• [denldns, 
1988], and 0.50 mol N m -2 yr-1 [Oschlies and Gatcon, 1998] are an 
order of magnitude higher than the 0.04 mol N m -2 yr -• extrapo- 
lated from the trap data. At the nearby BATS site, Lohrenz et al. 
[1992] estimate new production at 0.1-0.11 mol N m -2 yr -1 from 

(EUMELI-O) shows the Iowest::export ratios encountered (0.07 export to shallow (125 m) drifting traps (bu•note large 
and 0.056 at 1000 and 2500 m, respectively). collection biases at these depths from Buesseler [ 1991 ]). 

High new production/export systems are characteristic of high 
latitudes, where bloom-forming plankton such as diatoms often 

3.5. Comparison of Export Production to New Production dominate the pelagic community. Such bloom-and-bust scenarios 
A major concern in extrapolating fluxes measured well below have pulsed export and a strong seasonality in flux; this is seen in 

the euphotic zone (_>500 m) to a depth of 125 m is that most ofthe the strong correlation between the flux seasonality index (FSI), the 
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Figure 7. (a) Comparison of export ratio at 125 m (ER•2s) using 
only 23øTh corrected data with f ratio using new production 
estimates of Oschlies and Garcon [1998] and primary production of 
Antoine et al. [1996]. Least squares regression yields y = 0.65x + 
0.07, r 2 = 0.76, n = 9. The Sargasso Sea was not included in the 
regression. (b) Relationship of ER •2s to flux stability index based 
on POC and opal fluxes. FSI has been normalized to 1000 m using 
regressions based on the entire data set. Low FSI values indicate 
pulsed export, with high values indicating more constant export 
with time. 

export ratio (ER•25), and the rate of degradation of POC with depth 
(the z exponent of equations (1 a) and (1 b)) (Figure 6). Contrary to 
what is seen on the short timescales of such pulses, where a pulse 
of material can rapidly reach the seabed [Lampitt, 1985], on an 
annual timescale, high export systems do not provide proportion- 
ally more material to the deep sea. 

Despite large differences in shallow fluxes (by a factor of 24, 
from 0.5 to 11.65 g C m -2 yr-•), below 3000 m, there is much less 
variation between sites (by a factor of 4.4, from 0.5 to 2.4 g C m -2 
yr-•). This implies the presence of an active and efficient midwater 
community, capable of and adapted to feeding on sinking particles 
until some minimal, threshold value of particles is reached that 
ultimately settle to the abyssal seabed. This underscores the 
importance of this "twilight zone" (the depth horizon between 
the bottom of the euphotic zone and •--2000 m) that dampens the 
quantitative relationship between surface productivity and deposi- 
tion to the seafloor. The fourfold regional difference in deep-ocean 
fluxes reported here is of the same range as deep-sea benthic flux 
patterns [Jahnke, 1996]. In both their quantitative and marker 
signals, benthic fluxes and their accumulation in the sediments 
harbor valuable proxies that are used to reconstruct paleoproduc- 
tivity scenarios [Sarnthein et al., 1992; Wefer et al., 1999]. 

3.6. Regional Characteristics of Export and Composition 
of Sinking Particles 

Regional characteristics based on the above analyses are still 
potentially influenced by methodological biases. We therefore 
make another comparison on the basis of the composition of 
sedimenting particles, by conducting principal component analyses 
(PCA) on the dry weight (DW)-normalized POC, PON, opal, and 
carbonate fluxes (i.e., fluxes expressed as a fraction of DW flux) 
for the entire data set. The PCA is a technique of linear statistical 
predictors that has been widely applied in environmental sciences 
[Jackson, 1991]. All statistical calculations were made using log- 
transformed data to improve the homogeneity of variance. The first 
two principal components span a two-dimensional plane onto 
which each point can be projected. The plane is chosen in such a 
way that the variance of these projections is as large as possible. 
The position of each projected point on this plane can be visualized 
in the form of a so-called biplot (Figure 8). The biplot shows the 
correlation between each mooring and the first two principal 
components by means of a vector. The length of each vector is 
equivalent to the fraction of the total variance that is explained the 
first two principal components; thus all the variance in the con- 
centration is explained by the first two principal components when 
a vector reaches the drawn unit circle. 

On the basis of the temporal mode and depth dependency of flux 
(Figure 8a), sites geographically close to each other are similar and 
cluster separately from other groups of sites. Grouping of L1 with 
34øN and L2 with 48øN is evident as is the commonality between 
equatorial sites Cap Blanc and Guinea Basin and sites in the 
oligotrophic equatorial North Atlantic Gyre (Sargasso Sea and 
Eumeli_O). The polar OG 75øN site, under seasonal ice cover, and 
OG in the open Greenland Sea at 72øN are dissimilar with respect 
to export characteristics, primarily due to the low z exponent at OG 
75øN. This provides a first step toward the approach of defining 
geographical provinces according to their characteristics of the 
biological pump, however, the spatial coverage of data is too weak 
to allow delineation in the form of biogeochemical provinces as 
described by Longhurst [1998]. 

On the basis of flux composition (Figure 8b), there is a clear 
clustering of sites with polar regions distinguished from nonpolar 
by their high opal (mean 27% DW, range 5.2-45%) and low 
carbonate (mean 11.7% DW, range 4.8-21%) content. Outside of 
polar regions, opal accounts for <10% (with the exception of the 
Sargasso Sea at 13.7%) and carbonate for over 50% of sedimenting 
matter. As expected, highest opal content (45% DW) is seen in the 
Southern Ocean (KG), whereas in the Arctic Atlantic (FS, PI, 
OG75øN) this ranges from 5.7 to 14% DW. 

Along a transect at 20øW in the eastern North Atlantic, stations 
L3, L2, and L1 show a progressive decrease in opal: carbonate 
ratios going from north to south [Kuss and Kremling, 1999]. The 
lack of cohesion in traps at different depths from L3 and L2 
reflects differences in POC content from above 10% above 1000 

m to below 5% at depths >2000 m. Interestingly, there is a 
difference in composition of flux between the mooring sites 48øN 
and L2 and 34øN and L1 that otherwise show strong similarity in 
flux characteristics (Figure 8a). We compare the opal:carbonate 
ratio in sedimenting material below 1000 m for the time period 
between 1989, when the moorings 34øN and 48øN were 
deployed, and 1994-1997, when moorings L2 and L1 were 
deployed at the same sites. There is a clear decrease in opal:car- 
bonate ratios during this 8-year period, which is similar to the 
decrease in this ratio shown by Deuser et al. [1995] in the 
Sargasso Sea between 1978 and 1991 (Figure 9). Deuser et al. 
[1995] attempt to relate this to long-term changes in wind speed, 
implying that it may be a response to regional climatic variations. 
If the phenomenon is common to a larger area of the North 
Atlantic, this may implicate some common cause related to large- 
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Figure 8. Principal component analysis based on (a) the characteristics of flux (export ratio, flux stability index, and 
value of the depth exponent ofz in equations (la) and (lb) (see text) and (b) based on the DW-normalized fluxes of 
POC, PON, carbonate, and opal in sedimenting particles. 

scale physical forcing, perhaps tied to the North Atlantic Oscil- accompanied by decreased POC flux and lower efficiency of 
1 ati o n. It is 'wo• n oting• • as • reported by • D•us e r' •t •l: [1995]; •equ•trati0•' thr o ugh' •lteratio n 6f"th• • rai• •ati O 
the alteration in opal:carbonate ratios is primarily due to a drop in particles. True time series measurements in the ocean are rare. Yet 
opal fluxes (by •50%)rather than an increase in carbonate flux if the pattern seen in this study reflects a general change in 
(by •17%). structure of the pelagic community resulting from changes in 

At 2000 m depth, similar POC fluxes are registered, but physical forcing at the surface, the implications are that changing 
POC:PIC ratios drop by 7 and 17% between 1989 and 1996 at surface mixing will change not just the absolute level of new 
48øN and 34øN, respectively. The decrease in opal fluxes is thus production and thus export but also the efficiency with which the 
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biological pump exports to depth, providing a feedback mechanism 
to climate change. 

3.7. Rain Ratio 

Since one of the aims of this study is to derive an estimate of 
basin-wide export flux as it is related to drawdown of atmospheric 
CO2 by the biological (tissue and carbonate) pump, we examine 
regional and depth-related changes in the ratio of organic to 
inorganic carbon exported (POC:PIC, rain ratio, RR). Photosyn- 
thesis decreases the pCO2 of surface waters, whereas calcite 
production increases pCO2, altering the carbonate equilibrium of 
seawater such that at a molar POC:PIC ratio of 0.6:1, there is no 
net change in pCO2 [Kano, 1990]. Within the upper ocean this ratio 
differs both horizontally (regionally) and vertically, with photo- 
synthesis exclusively within the euphotic zone and carbonate also 

produced by deeper-living zooplankton. Additionally, there is 
substantial and differential degradation of both POC and calcite 
within the upper 1000 m of the water column (see Figure 5) 
[Milliman e! al., 1999] that changes the ratio of POC:PIC in 
sinking particles. 

Highest rain ratios are seen at polar sites and at continental 
margins (Figure 10a). Outside these regions, for the nonpolar, open 
ocean data, there is a good correlation of rain ratio with depth: 

POC' PIC- 7.39- 0.83In(Z), r 2 -0.67, n- 84, (2) 

where POC:PIC is the rain ratio at water depth z (in m). This gives 
a mean rain ratio of 3.7 at 125 m. Significantly higher rain ratios 
from the polar oceans and continental margins underscore their 
importance in the global carbon cycle since they are able to more 
efficiently sequester CO2 for each unit of organic carbon produced. 
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Figure 10. (a) Changes in rain ratio (POC:PIC in sedimenting particles) with depth. The least squares regression (see 
text) is based on nonpolar data only (diamonds). The polar Arctic (squares) and polar Antarctic (triangles) regions are 
shown separately. The box indicates the range of rain ratio in midwater depths at Atlantic continental margins as 
summarized by Antia e! al. [1999]. (b) Relationship of rain ratio to flux stability index based on POC fluxes. 
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Within the nonpolar open ocean, and within the scatter of the 
data used to determine equation (2), there is a weak latitudinal 
trend of higher rain ratio at higher latitudes. These high-latitude 
areas, which have higher export ratios and more pulsed export 
(Figure 10b) are more efficient net carbon exporting systems than 
the low-latitude systems. The ultimate gradient in pCO2 between 
the surface ocean and atmosphere that can be equilibrated through 
gas exchange must take the rain ratio into account at the depth of 
maximal winter mixing. We estimate the net effect on surface 
seawater pCO2 by using the opposing processes of organic and 
inorganic carbon export at the mixed layer depth that we term the 
"effective carbon flux," defined as the carbon export at the winter 
mixed layer depth that drives a potential drawdown of CO2 from 
the atmosphere to the ocean: 

(3) 

where Jeff is the effective carbon flux, JPOC(WMI•) is the POC flux 
calculated according to equation (lb) to the WML depth, RR(wMi•) 
is the rain ratio at the WML depth, calculated according to equation 
(2), and 0.6 is the RR at which ApCO2 = 0. 

An obvious effect of the variations in rain ratio with depth is that 
the difference between JCorg and Jeff widens with increasing water 
depth. Calculated immediately below the euphotic zone, at a 
nominal depth of 100 m, Jeff amounts to 84% of JCorg- At 600 
m depth the effective carbon flux is reduced to 71% of JCorg, 
reflecting the increase in the carbonate fraction of export with 
depth. As a consequence, the sequestration flux is highest at low 
latitudes where maximal annual mixing is shallow, even though the 
"efficiency" of export, through higher rain ratios, is larger at polar 
latitudes. Changes in the depth of maximal ventilation will thus 
have multiple effects on the biological export of carbon: shoaling 
of the maximum mixed layer depth will cause a strong (exponen- 
tial) increase in export ratio (Figure 5) as well as a smaller increase 
in net sequestration due to higher rain ratios. These will be 
counteracted by decreased nutrient inputs and decreased net 
production. 

3.8. Basin-wide Flux Calculation 

Next we calculate the carbon fluxes for the Atlantic Ocean 

between 65øN and 65øS and 100øW and 20øE, with a resolution 
of 1 ø x 1 ø, excluding marginal seas (Baltic and Mediterranean 
Seas and Hudson Bay). The total area of integration is 8.32 x 10 •3 
m2; note, however, that the areas applied in estimating individual 
fluxes differ slightly depending on the availability of input data 
(see Table 3). A further assumption was made to account for the 
continental margins where the WML depth impinges on the slope. 
These areas are characterized by high productivity due to topo- 
graphically induced upwelling; however, the majority of export 
production remineralized on the shelf and upper slope does not 
contribute to long-term sequestration of carbon [Antia et al., 1999]. 
Thus we take the slope depth to the depth of maximum winter 
mixing as the continental boundaries of our calculations. 

Input data consist of annual primary production [Antoine et al., 
1996] and maximum mixed layer depths from monthly resolved 
data based on climatological temperature and salinity data [Mon- 
terey and Levims, 1997]. The mixed layer depth is defined as the 
change in density with respect to the surface by 0.125 kg m -3. 

Table 3. Carbon Fluxes in the Atlantic Ocean a 

Flux, Gt C yr -• Area, x 1013 m 2 
PP 9.64 b 
J•25 1.68 8.32 
JWML 2.94 8.28 
Jexp 3.14 8.32 
REXP--WML 0.18 (8.32) 
Jeff 2.47 8.26 

a pp, primary production from Antoine et al. [1996]; J125, POC flux 
calculated to a depth of 125 m as per equation (lb); JWML, POC flux at the 
maximum depth of the winter mixed layer; Jexp, maximal value of J•2s and 
JWMU when the mixed layer depth is shallower than 125 m; REXP - WML, 
remineralization between the productive surface layer and the winter mixed 
layer depth; Jeff, effective carbon flux as defined in text and calculated 
according to equation (3) 

bAntoine et al. [1996] estimate the integrated primary production of the 
Atlantic to be 9.86 Gt C yr -• (27% of their global primary production of 
36.5 Gt C yr-•). Their estimate is based on a slightly different regional 
definition of the Atlantic Ocean as compared to the one used in our study. 

and ZWML, REX P _ WML, is estimated from areal integrations of Jexp 
and JWML to avoid errors due to slightly different areas on which 
these were based: 

REXP-WML -- (EJexp /Aexp -- EJWML /AWML ) AWML , 
where Aex p and AWMi• are the areas for which Jexp and JWMI, were 
calculated. Jeff, the effective carbon flux, is calculated according to 
equation (3). 

Plate 1 shows the resulting basin-wide flux calculations from 

65øN to 65øS. Over this area, primary 1 production is 9.64 Gt C 
yr-•, and Jexp amounts to 3.14 Gt C yr- or a mean export (f) ratio 
of 0.33 (Table 3). This value lies between the mean globalf ratio 
from applying the Eppley and Peterson [1979] curve to estimates 
of phmary production (mean f ratio 0.3 [Falkowski et al., 1998]) 
and that from the eddy-permitting North Atlantic model of 
Oschlies and Garcon [1998] (f ratio 0.43 between 8øS and 
65øN). Export production of 3.14 Gt C yr -1 for the area considered 
is, however, proportionally overly large compared to the spring- 
summer global new production estimates based on net air-sea 02 
flux (4.5-5.6 Gt C yr -• [Najjar and Keeling, 2000]). The basin- 
wide effective carbon flux Jeff amounts to 2.47 Gt C yr -• 

The regional distribution of Jexp (Plate l a) depicts high latitudes 
having a mean export (new) production • 10 times higher than the 
oligotrophic gyres. This pattern changes in terms of the effective 
carbon flux Jeff (Plate lb), where the effects of in-depth regional 
variations of winter mixing and changes in the rain ratio with depth 
are incorporated. Because of the high rain ratio at shallow winter 
mixed layers (i.e., when WML is 125 m), such as in the tropics, Jexp 
m Jeff in these regions. In a global budget the sequestration flux due 
to particulate export must be balanced against the outgassing of 
CO2 from subthermocline, upwelled water. The net effect of 
changes in upwelling intensity on the air-sea exchange of CO2 
through simultaneous changes in nutrient input, maximal ventila- 
tion, and Jeff is largely unclear. In the subtropical and temperate 
Atlantic, deep mixing substantially lowers the effective carbon flux 

Results of basin-wide flux are:given in Table 3, dl2s'is Jeff, as compared to Jexp;low rain ratios adepth also toa 
the particle export flux calculated using equation (lb) at a depth of further decrease. In the context of the role of the biological pump in 
125 m. JWMI, is the corresponding flux at ZWMI•, the maximum carbon sequestration it is, additionally, intuitively clear that small 
depth of the mixed layer. In the tropics, ZWMI• becomes shallower changes in depths of maximal mixing in the tropics will have a 
than 125 m; hence the property dexp is estimated as the maximal larger effect than corresponding changes at high latitudes. 
value of J125 and JWMI, (Jexp -- max (J125, JWML)). The The major features of Plate 1, depicting highest fluxes in regions 
remineralization between the productive layer (min (ZwMI•, Z•2s)) of equatorial upwelling and at the continental margins, are similar to 
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Plate 1. (a) Jexp, the export flux, as defined in text (Jexp: max (J125, JWML)), where J125 and JWML are the POC 
fluxes at 125 m and the winter mixed layer, respectively. (b) Jeff, the "effective carbon flux" at the base of the winter 
mixed layer, calculated as per equation (3) in text. 

the patterns of benthic flux reported by Jahnke [ 1996]. Locally, and 
on shorter timescales, however, this pattern may vary considerably 
from the annual mean as a result of topographic effects on the seabed 
and the effects of short, rapid pulses of detrital input to the seabed. 
Remineralization above the winter mixed layer, RExp - WML, 

amounts to 0.19 Gt C yr -], or 5.7% of Jexp- This represents the 
fraction of export production that is not sequestered from contact 
with the atmosphere for climatically relevant timescales. This 
estimate is a minimal figure, since polar and subpolar regions, 
where winter mixing is deepest, are excluded from our analysis. 
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A comparison of Jeff (Plate lb) with primary production shows 
the importance of tropical upwelling regions, as a result of shallow 
winter mixed layers and high export fluxes (and f ratios). These 
regions make a large contribution to basin-wide export flux, 
whereas the spring bloom areas of the North Atlantic are of 
secondary importance. The effect of calcite fluxes on the effective 
carbon flux is greatest for the latitudinal bands north of 40øN and 
south of 30øS, where rain ratios of •2 at the (deep) WML are 
significantly lower than rain ratios of 4-5.5 at the (shallow) WML 
depths in the oligotrophic equatorial Atlantic. This leads to a 
further enhancement of the tropical upwelling regions in basin- 
wide export and a further diminishing of the importance of the 
temperate bloom areas. 

3.9. Feedbacks to Climate 

As has been pointed out by Smith and Mackenzie [1991], the 
mere functioning of an oceanic biological pump is not sufficient to 
alter atmospheric CO2 levels or to respond to anthropogenic CO2 
increase unless one of two conditions are met: a change in the 
efficiency of stripping available nutrients or an increase in avail- 
ability and use of nutrients from land runoff. As discussed here, the 
effective carbon fluxes from the biological pump can vary as a 
function of changes in ventilation depth and rain ratio that are 
independent of these conditions. Projected changes in wind-driven 
mixing in the temperate North Atlantic, aside from altering nutrient 
availability and thus the absolute levels of export production, will 
change the efficiency of sequestration by the combined effect of 
shallower ventilation (and thus equilibration with the atmosphere) 
and the higher rain ratio. Additional changes due to a shift from 
opal- to carbonate-producing organisms will have a negative 
feedback, lowering sequestration efficiency. 

4. Conclusions 

1. Variable and unknown collection efficiencies of sediment 

traps are a major problem for the determination of export ratios. 
Future studies should routinely include an estimation of such 
efficiencies. 

2. An empirical algorithm based on 23øTh-corrected data yields 
differences in export (f) ratio at 125 m of between 0.1 and 0.37 
over a range of primary production between 50 and 400 g C m -2 

--1 
yr 

3. There are significant regional differences both in export at 
the base of the euphotic zone as well as the function describing 
POC degradation with depth. These reflect regional differences in 
flux seasonality and composition of sedimenting particles. 

4. Interannual variations in primary production, for which data 
are available for only one station, show corresponding differences 
in annual POC flux. 

5. Large differences in shallow fluxes are not apparent below 
3000 m, indicating that there are significant and important differ- 
ences in the biogeochemistry of the mesopelagic zone. 

6. Effective carbon flux, defined as that flux causing a potential 
sequestration of CO2 from the atmosphere, is calculated using 
organic carbon fluxes and rain ratios (POC:PIC) at the base of the 
winter mixed layer. 

7. Tropical upwelling regions are potentially major sequestra- 
tion centers of carbon due to the combined effect of shallow winter 

mous referees whose comments contributed to improvements in the manu- 
script. The time series data that go into this analysis were collected by a 
large number of unnamed people over many years; without their continued 
and dedicated work, a synopsis of the kind presented here would not have 
been possible. The Ocean Flux Program time series has been supported by 
the U.S. National Science Foundation since its inception. This publication 
is part of the German JGOFS Synopsis funded by the Bundesminister ftir 
Bildung, Forschung und Technologie (Bmb + f) and the Deutsche For- 
schungsgemeinschaft (DFG). 
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