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Abstract

Particulate organic carbon (POC) is vertically transported to the oceanic interior by aggregates and their ballasts,
mainly CaCOj; and biogenic opal, with a smaller role for lithogenic aerosols through the mesopelagic zone. Diel migrating
zooplankton communities effect vertical transport and remineralization of POC in the upper layers of the ocean. Below
1.5 km, the presence of zooplankton is reduced and thus the aggregates travel mainly by gravitational transport. We nor-
malized the fluxes of POC, CaCOs, and biogenic opal from data published on samples collected at 134 globally distributed,
bottom-tethered, time-series sediment trap (TS-trap) stations to annual mole fluxes at the mesopelagic/bathypelagic
boundary (m/b) at 2 km and defined them as Fy,/,Corg, Fin/bCinorg> ad Fn/pSivio- Using this global data set, we investigated
(1) the geographic contrasts of POC export at m/b and (2) the supply rate of > CO, to the world mesopelagic water col-
umn. Fr,/pCorg varies from 25 (Pacific Warm Pool) to 605 (divergent Arabian Sea) mmolC m~? yr"; Fi/6Cinorg varies from
>8 (high latitude Polar Oceans) or 15 (Pacific Warm Pool) to 459 (divergent Arabian Sea) mmolC m™ yr™'; and Fy,/pSibios
the most spatially/temporally variable flux, ranges from 6 (North Atlantic Drift) to 1118 (Pacific Subarctic
Gyre) mmolSi m 2 yr~!. The oceanic region exhibiting the highest POC flux over a significantly large region is the area
of the North Pacific Boreal Gyres where the average FunpCorg =213, Fu/wCinorg =126, and Fu Sipio =
578 mmol m 2 yr L. FpCorg and F/,Cinorg are particularly high in large upwelling margins, including the divergent Ara-
bian Sea and off Cape Verde. One of the data sets showing the lowest flux over a significant region/basin is Fy/p Corg = 39,
Fi/pCinorg = 69, and Fy,/,Sipio = 22 mmol m~2yr~! in the North Pacific subtropical/tropical gyres; Pan-Atlantic average
fluxes are similar except FibSipio fluxes are even lower. Where Coro/Cinorg and Sipio/Cinorg are <1 defines the “Carbonate
Ocean”, and where these ratios are >1 defines the “Silica Ocean”. The Carbonate Ocean occupies about 80% of the pres-
ent world pelagic ocean between the two major oceanographic fronts, the North Pacific Polar Front and the Antarctic
Polar Front, and the Silica Ocean is found on the polar sides of these fronts. The total global annual fluxes of Fy,/,Cors,
F, Cinorg> and FrpSivio at m/b calculated by parameterizations of the export flux data from 134 stations are surprisingly
similar; 36.2, 33.8, and 34.6 teramol yrf1 (120, 112, and 114 mmol m2 yrfl), respectively, resulting in a near uniform bin-
ary ratio between the above three elements of about one. The global ternary % ratios estimated from 152 TS-trap samples
of the three elements are 35:32:33. From our global Fy,,Core and a published model estimate of the global export produc-

tion, we estimate the regeneration rate of CO, through the mesopelagic zone by the biological pump is 441 teramolC yr™".
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Based on our global Fy,/,Cinorg and recently estimated global primary production of PIC, 36-86 teramolC yr~! of PIC is
assumed to be dissolved within the upper 2 km of the water column.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The “biological pump” (Volk and Hoffert, 1985) is a complex ecosystem process that efficiently and consis-
tently transports large amounts of carbon molecules in the form of particulate organic carbon (POC) from the
epipelagic zone to the deep interior of the world ocean and further to the abyssal floor. The biological pump
begins in the euphotic zone where primary producers sequester dissolved CO, to produce POC and oxygen
through photosynthesis [CO, + H,O < CH,O (POC) + O,], that is, oceanic primary production (PP) (e.g.,
Berger et al., 1987, 1989; Antoine, 1996; Behrenfeld and Falkowski, 1997). The majority of POC, which occurs
in both living and nonliving forms, is remineralized by metabolic processes in the epipelagic ecosystem that
reverse the above reaction through respiration, and the resulting CO, is recycled within the mostly thermody-
namically driven epipelagic pool. The remaining POC, roughly a fifth of the PP, penetrates the pycnocline as the
export production of carbon (EP). However, on its own, unaggregated, nonliving POC detritus would not sink
because its density is close to that of seawater, and it is metabolized before settling any significant depth. Two
major processes for exporting this POC have been identified: transport by the zooplankton ecosystem, partic-
ularly by the diel migrators, and by gravitational settling of biogenic aggregates that are ballasted by heavy bio-
mineral and aerosol lithogenic particles. Most POC thus delivered to the depths of the ocean is remineralized by
the zooplankton community to form total CO, (3 CO,) sinks in the world ocean’s interior and at the seafloor.
Depending upon depth, these sinks retain CO, for a relatively long period (decadal to millennial) compared
with the epipelagic CO, residence time. This grander cycle of carbon in the ocean, the biological pump, is a crit-
ical process in regulating Earth’s climate by preventing runaway accumulation of CO, in the atmosphere.

The objectives of this article are as follows. First, to review existing observations and hypotheses regarding
how the biological pump removes POC from upper ocean layers and transports it to the oceanic interior. Sec-
ond, to clarify the regional and global characteristics of the biological pump by using published annual flux
data from 134 moored sediment trap stations normalized to the annual flux at 2 km, the boundary between the
mesopelagic and bathypelagic zones. Third, to provide the global geographic distribution, global total, and
average fluxes of POC and major ballast particles (CaCO; and biogenic opal) at a standard depth using a sta-
tistical parameterization process and the data sets described in the Sections below. Fourth, to calculate the
total rate of POC remineralization that contributes to the mesopelagic > CO, sink by gravitational settling
and active transport by zooplankton through the mesopelagic zone.

The term “mesopelagic” (used as a noun) was first introduced by Hedgpeth (1957) but not clearly defined
except for identifying this zone to be below the “‘epipelagic” and above the “bathypelagic”. No upper and
lower boundaries were specifically defined by depth or oceanographic function, but the mesopelagic is located
between approximately 1.0 and 1.7 km in Hedgpeth’s original figures. In this paper, we redefine the mesope-
lagic as below the pycnocline and above the lower limit of zooplankton/micronekton habitat. The depth of
this lower limit is generally recognized as shallower than 1.5 km (e.g., Angel, 1989a,b; Angel and Baker,
1982; Angel et al., 1982; Aristegui et al., 2005; Kikuchi and Omori, 1985; Madin et al., 2006; Vinogradov
and Tseitlin, 1983; Wiebe et al., 1979). The mesopelagic/bathypelagic boundary zone extends from 1.5 to
2 km. The epipelagic zone occupies the pelagic ocean from the surface to the pycnocline and includes the
euphotic layer whose lower limit is defined by the depth of solar penetration.

As one of the results of this investigation, we present a compilation and synthesis of published observa-
tional results regarding settling particle export in the pelagic ocean measured by bottom-tethered, time-series
sediment traps (TS-traps) over the past approximately 25 years. TS-trap deployments began in 1983 with com-
pletion of default design criteria for TS-traps and attendant deep-sea trap moorings (Honjo and Doherty,
1988). Since then, at least 436 TS-traps have been moored at 240 stations for the diverse objectives of
international research groups working in all ocean regions and basins for varying periods. Data from most
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of these deployments include analysis of collected particles for organic carbon and CaCO3, and many also
include assessments of biogenic opal and lithogenic particle flux. The geographic breadth of the data sets pro-
vides a global picture of the operation of the biological carbon pump system.

There could, of course, never be enough TS-traps moored in the pelagic oceans to produce definitive data on
the worldwide export scheme or precise global total fluxes of POC. However, the distribution of the 134 stations
included in this study (Tables 1 and 2 and Fig. 1) should be sufficient to draw a useful interpretation of these
fluxes. Despite the coarse approach of this synthesis, clear contrasts can be discerned in the POC flux of different
regions of the world’s ocean. The analysis shows substantial differences among oceanic basins and regions in the
basic function of the biological pump as it removes and transports carbon molecules from the epipelagic zone to
the oceanic interior. However, our parameterization statistics surprisingly reveal that the average total global
export fluxes of mole POC, particulate inorganic carbon (C in CaCOj3; PIC), and biogenic SiO, at the mesope-
lagic/bathypelagic boundary are about equal, a discovery that demands further research toward its explanation.

Efficient gravitational removal of POC and other fine and chemically labile particles by sinking relies on
aggregates that contain dense biological and crustal mineral particles as ballast (e.g., Honjo, 1976; Armstrong
et al., 2001; Fischer et al., 2003). The critical role of the heaviest common biomineral in the ocean, CaCOs3, in
removing carbon molecules to the ocean interior has been clarified recently (Francois et al., 2002; Klaas and
Archer, 2002). This hypothesis adds a new paradigm to the previously understood role of CaCOs, that is, the
sequestration of this material by ubiquitous plankton and the consequent export of alkalinity from the epipe-
lagic zone to the deep oceanic interior and the seafloor. Another recent finding concerns the generation of
alkalinity in the upper mesopelagic zone (e.g., Millero et al., 1998a; Feely et al., 2004; Sabine et al., 2004)
which may be explained, at least in part, by the supralysoclinal dissolution of labile carbonate minerals
(e.g., Milliman et al., 1999). We believe that by constraining fluxes of CaCOj; at the base of the mesopelagic
layer, this paper contributes to answering critical questions about the global alkalinity pump.

An extraordinary lesson we learned during the course of this study concerns the significant impact of the
zooplankton ecosystem on the entire water column, including operation of the biological pump and the bio-
geochemical setting of the ocean interior. Progress toward answering fundamental questions, such as defining
the sources of CaCOj; that dissolves in the supersaturated upper mesopelagic zone, requires better definition of
zooplankton ecology as well the ocean’s physical chemistry and biogeochemistry. It is important to continue
worldwide, seagoing research to accomplish these broad objectives (e.g., Buesseler et al., 2007).

Although we made a vigorous attempt to obtain all published or disclosed information on TS-trap deploy-
ment and related analytical data, some useful data may have been excluded by our unintentional oversight.
Furthermore, the co-authors take full responsibility for errors caused by our recompilation, normalization,
and unit conversion of previously published data, and we acknowledge that our interpretation of other
researchers’ published data may be different from that expressed in the original publications.

2. Removal and transport of POC from upper ocean layers

The essential role of the oceanic biological pump is to remove particulate organic carbon (POC) from the
euphotic zone and transport it to the oceanic interior sink (Section 6) where it is cached as biogenic carbon
molecules in dissolved CO, (e.g., Volk and Hoffert, 1985). On its own, POC with particulate organic matter
(POM) would not sink because its density is close to that of seawater, and POC is metabolized before it can
sink to a significant depth. POC must be ballasted to settle or delivered by organisms. Several processes are
known to deliver POC to the pelagic ocean interior and the seafloor. The more significant processes include:

. Gravitational transport of POC by ballasted biogenic amorphous aggregates (Sections 2.1 and 2.2).

. Active transport of POC by the zooplankton ecosystem (Section 2.3).

. Downward transport of labile dissolved organic carbon (DOC) by overturning (Section 2.4).

. “Terminal gravitational transport” of POC in the mesopelagic/bathypelagic boundary zone and the deeper
layers (Sections 2.5 and 5.3).

W =

As summarized in the following subsections, these four processes are intertwined, with POC transitioning
from one transport mode to another among the first three processes before culminating in the fourth during its
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Table 1

Distribution of Fy,, stations in the oceanic domains and biogeochemical provinces (Longhurst et al., 1995)
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Oceanic domains BGC codes Biogeochemical provinces m/b norm. stations
Polar ANTA Antarctic 9
APLR Austral Polar 7
ARCT Atlantic Arctic 7
BERS North Pacific Epicontinental Seas 3
BPLR Boreal Polar 2
SARC Atlantic Subarctic 2
Westerlies GFST Gulf Stream
KURO Kuroshio Current 5
MEDI Mediterranean-Black Sea 2
NADR North Atlantic Drift 12
NAST North Atlantic Subtropical Gyre 14
NPPF North Pacific Polar Front 1
NPST-E North Pacific Subtropical Gyre-East 3
NPST-W North Pacific Subtropical Gyre-West
OCAL Off-shore California Current 5
PSAG-E Pacific Subarctic Gyre-East 2
PSAG-W Pacific Subarctic Gyre-West 6
SANT Subantarctic 3
SPSG South Subtropical Gyre 2
SSTC South Subtropical Convergence
TASM Tasman Sea
Trade wind ARCH Western Pacific Archipelagic Deep Basin
CARB Caribbean
ETRA Eastern Tropical Atlantic 11
ISSG Indian Ocean South Subtropical Gyre
MONS Indian Ocean Monsoon Gyre 6
NATR North Atlantic Tropical Gyre
NPTG North Pacific Tropical Gyre 2
PEQD Pacific Equatorial Divergence 2
PNEC North Pacific Equatorial Countercurrent 6
SATL South Atlantic Tropical Gyre 4
WARM Western Pacific Warm Pool 7
WTRA Western Tropical Atlantic 1
Coastal ALSK Alaska Downwelling Coastal
ARAB Northwest Arabian Upwelling 5
AUSE Eastern Australia Coastal
AUSW Australia-Indonesia Coastal
BENG Benguela Current Coastal
BRAZ Brazil Current Coastal
CAMR Central American Coastal
CCAL California Upwelling Coastal
CHIL Chile-Peru Current Coastal 1
CHIN China Seas Coastal 3
CNRY Canary Current Coastal
EAFR East Africa Coastal
FKLD Southwest Atlantic Continental Shelf
GUIA Guiana Current Coastal
GUIN Guinea Current Coastal
INDE Eastern India Continental Shelf
INDW Western India Continental Shelf
NECS Northwest Atlantic Continental Shelf
NEWZ New Zealand Coastal
NWCS Northwest Atlantic Continental Shelf
REDS Red Sea and Persian Gulf
SUND Sunda-Arafura Seas Coastal
Total 134




Table 2

Normalized annual fluxes of POC-C, C in CaCOs;, and Si in opal at 134 individual stations, along with other biogeochemical indices

Station i.d. BGC Station degrees Year Biological pump indices Norm. flux at m/b Binary element References
province (mol m~2 yr~1), 250 km? (mmol m~2 yr~}) ratios (mol/mol)
Latitude Longitude PP EP TE dFCo FCo FCi FSi Co/Ci Co/Si Si/Ci
High Arctic Seas
1 BPLR 81.0 —138.5 95 24 88° 5 49 18.0 1.8 10.0  Fahl and Néthig (2007)
2 BPLR 75.0 150.0 04 2# 15° 1.5 1.6 13.0 13.0 1.1 ~ WHOI (2007, unpublished)
Atlantic Ocean
3 ARCT 78.9 1.4 84 78 46 05 45 23 8 10 2.8 23 1.2 Honjo et al. (1987) and Honjo (1990)
4 ARCT 75.9 11.5 84 237 146 0.8 145 122 53 31 2.3 3.9 0.6 Honjo et al. (1988) and Honjo (1990)
5 ARCT 74.6 —6.7 85 9.1 11.7 04 117 45 32 44 1.4 1.0 1.4 Honjo et al. (1987) and Honjo (1990)
6 ARCT 73.0 19.0 89 265 157 03 156 52 67 79 0.8 0.7 1.2 Manganini et al. (2003)
7 ARCT 72.5 -8.0 90 19.8 12.1 0.0 12.1 3 28 15 0.1 0.2 0.5  von Bodungen et al. (1995)
8 ARCT 70.0 -2.0 85 202 11.0 0.5 109 55 82 24 0.7 23 0.3 von Bodungen et al. (1995)
9 ARCT 70.0 0.0 86+ 239 132 08 131 101 59 39 1.7 2.6 0.7 von Bodungen et al. (1995)
10 SARC 69.5 10.0 83 284 163 0.5 162 89 97 18 0.9 49 0.2 Honjo et al. (1987) and Honjo (1990)
11 SARC 65.5 —0.1 91 274 14.1 04 14.1 62 87 28 0.7 22 0.3 Honjo et al. (1987) and Honjo (1990)
12 NARD 547 -21.2 92 258 76 08 75 63 92 39 0.7 1.6 0.4  Kuss and Kremling (1999) and Scholten
et al. (2001)
13 NARD 54.5 -21.1 92 25.6 7.2 1.1 7.1 83 89 33 0.9 2.5 0.4  Kuss and Kremling (1999) and Scholten
et al. (2001)
14 NARD 492 —12.8 97 259 42 38 40 161 96 43 1.7 3.7 0.4  Scholten et al. (2001) and Antia et al.
(2001a)
15 NARD  49.1 —134 97 260 40 92 37 373 117 107 3.2 3.5 0.9  Scholten et al. (2001) and Antia et al.
(2001a)
16 NARD  49.0 —13.8 98 258 39 9.6 35 375 218 71 1.7 5.3 0.3 Scholten et al. (2001); Antia et al., 2001a
17 NARD 479 -19.7 92 209 23 63 21 143 254 83 0.6 1.7 0.3 Kuss and Kremling (1999)
18 NARD 478 —19.5 89 20.8 23 10.1 2.0 230 116 61 2.0 3.8 0.5  Jickells et al. (1996)
19 NARD 478 -19.7 92 209 23 1.2 23 27 63 6 0.4 4.5 0.1 Scholten et al. (2001)
20 NARD 478 —19.8 94 209 23 48 22 110 85 34 1.3 32 0.4  Kuss and Kremling (1999) and Scholten
et al. (2001)
21 NARD 478 —19.8 93 209 23 84 2.1 191 215 61 0.9 3.1 0.3 Scholten et al. (2001)
22 NARD 478 -19.8 93 18.1 20 74 1.9 149 168 43 0.9 3.5 0.3 Kuss and Kremling (1999)
23 NARD  47.7 -20.9 89 21.8 25 59 23 147 190 133 0.8 1.1 0.7  Honjo and Manganini (1993)
24 NAST 33.8 -21.0 89 11.5 1.5 08 1.4 97 158 39 0.6 2.5 0.2  Honjo and Manganini (1993)
25 NAST 332 -22.0 94 10.8 1.4 1.1 1.3 74 119 30 0.6 2.5 0.3 Scholten et al. (2001)
26 NAST 33.0 -22.0 94 10.6 1.4 38 1.3 42 100 10 0.4 42 0.1 Scholten et al. (2001)
27 NAST 32.1 —64.3 84+ 102 14 92 1.3 67 70 29 1.0 2.3 0.4  Deuser et al. (1995) and Conte et al. (2001)
28 NAST 31.6 —24.7 89 10.2 14 9.6 1.3 87 88 1.0 Lampitt and Antia (1997) and Jickells
et al. (1996);
29 NAST 31.5 —55.9 76s 9.0 1.3 63 1.2 43 40 8 1.1 5.1 0.2 Honjo et al. (1982)
30 NAST 29.1 —154 91 12.8 1.6 10.1 1.5 100 85 12 1.2 8.5 0.1  Scholten et al. (2001) and Neuer et al.
(1997)
31 NAST 28.0 -22.0 90 8.9 1.2 1.2 1.2 68 61 8 1.1 8.7 0.1  Jickells et al. (1996)

(continued on next page)
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Table 2 (continued)

Station i.d. BGC Station degrees Year Biological pump indices Norm. flux at m/b Binary element References
province (mol m~2 yr’l), 250 km? (mmol m—2 yr’l) ratios (mol/mol)
Latitude Longitude PP EP TE dFCo FCo FCi FSi Co/Ci Co/Si Si/Ci

32 NAST 25.3 -79.5 89 172 27 48 26 39 174 37 02 1.1 0.2 Pilskaln et al. (1989)

33 NAST 24.6 -22.8 94 11.6 1.5 8.4 1.4 107 74 16 14 6.9 0.2 Jickells et al. (1996)

34 NAST 21.2 -20.7 94 520 11.3 59 111 227 Fischer et al. (2000)

35 NAST 21.2 -20.7 94 52.7 115 74 113 229 287 40 0.8 5.7 0.1 Wefer and Fischer (1993b) and Fischer
et al. (2000)

36 NAST 20.9 —19.7 88 72.8 194 1.3 192 244 287 9 0.8 2.7 0.3 Wefer and Fischer (1993b) and Fischer
et al. (2000)

37 NAST 13.5 —54.0 77s 8.2 1.3 6.1 1.2 78 92 27 0.8 29 0.3 Honjo et al. (1982)

38 ETRA 1.8 —11.1 93 12.4 1.7 11.1 1.6 112 131 5209 22 0.4 Wefer and Fischer (1993b) and Fischer
and Wefer (1996)

39 ETRA 1.8 —11.3 95 12.3 1.7 113 1.6 123 130 43 09 2.8 0.3 Wefer and Fischer (1993b) and Fischer
and Wefer (1996)

40 ETRA 0.0 —-10.8 95 199 26 32 25 83 Fischer et al. (2000)

41 ETRA 0.0 -23.5 98 13.4 1.9 46 1.8 86 Fischer et al. (2000)

42 ETRA -22 -9.90 90 172 22 28 22 62 53 12 12 5.3 0.2 Wefer and Fischer (1993b) and Fischer
and Wefer (1996)

43 ETRA -22 —10.10 91 172 22 26 22 58 81 13 0.7 4.4 0.2 Wefer and Fischer (1993b) and Fischer
and Wefer (1996)

44 ETRA -2.2 —9.53 90 173 22 3.6 2.1 80 113 23 0.7 34 0.2 Fischer et al. (2000)

45 ETRA —4.0 —25.7 92 7.9 1.2 5.2 1.1 63 Fischer et al. (2000)

46 ETRA —4.3 -10.3 91 157 2.0 3.1 2.0 62 Fischer et al. (2000)

47 ETRA -5.8 -94 91 13.6 1.8 3.6 1.7 65 Fischer et al. (2000)

48 ETRA =75 —28.0 92 56 09 3.0 09 28 Fischer et al. (2000)

49 WTRA —-10.9 -36.2 95 59 09 138 08 126 158 42 08 3.0 0.3 Jennerjahn et al. (1996)

50 SATL -20.0 9.2 89 29.6 53 3.1 5.2 165 Fischer et al. (2000)

51 SATL -20.1 9.2 90 28,6 47 57 44 268 242 52 1.1 5.2 0.2 Wefer and Fischer (1993b)

52 SATL —20.1 9.2 91 286 47 9.1 4.3 429 329 137 13 3.1 0.4 Wefer and Fischer (1993b)

53 SATL —28.9 14.6 92 36.5 153 1.1 152 163 Fischer et al. (2000)

Indian Ocean, Arabian Sea

54 ARAB 16.0 60.0 87 229 30 128 26 380 304 237 1.2 1.6 0.8 Nair et al. (1989) and Haake et al. (1996)

55 ARAB 17.7 57.9 94 369 57 29 5.5 164 226 161 0.7 1.0 0.7 Honjo et al. (1999)

56 ARAB 17.4 58.8 94 305 41 137 3.5 559 422 276 1.3 2.0 0.7 Honjo et al. (1999)

57 ARAB 17.2 59.6 94 282 37 134 32 495 390 255 1.3 1.9 0.7 Honjo et al. (1999)

58 ARAB 15.3 61.5 94 182 24 253 1.8 605 459 263 1.3 2.3 0.6 Honjo et al. (1999)

59 INDE 17.5 89.6 90 11.7 1.7 124 1.5 209 136 173 1.5 1.2 1.3 Ittekkot (1991) and Schifer et al. (1996)

60 MONS 14.0 64.0 87 174 23 9.5 21 218 196 61 1.1 3.6 0.3 Nair et al. (1989) and Haake et al. (1996)

61 MONS 15.0 68.0 87 10.8 1.6 148 1.3 234 171 94 14 2.5 0.5 Nair et al. (1989) and Haake et al. (1996)

62 MONS 10.0 65.0 94 9.5 14 715 1.3 107 140 42 038 2.5 0.3 Honjo et al. (1999)

63 MONS 15.2 89.2 90 10.2 1.5 98 1.4 149 123 116 1.2 1.3 0.9 Ittekkot (1991) and Schifer et al. (1996)

64 MONS 13.2 84.4 90 9.5 14 192 1.2 277 166 201 1.7 1.4 1.2 Ittekkot (1991) and Schiéfer et al. (1996)

65 MONS 4.5 87.3 90 7.4 1.2 210 09 247 186 120 1.3 2.1 0.6 Ittekkot (1991) and Schifer et al. (1996)
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Pacific Ocean

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

BERS
BERS
BERS
CHIN
CHIN
CHIN
PSAG-W
PSAG-W
PSAG-W
PSAG-W
PSAG-W
PSAG-W
KURO
KURO
NPST(E)
NPST(E)
KURO
NPST(E)
KURO
KURO
WARM
WARM
WARM
WARM
WARM
WARM
WARM
PSAG-E
PSAG-E
OCAL
NPPF
OCAL
OCAL
OCAL
OCAL
NPTG
NPTG
PNEC
PNEC
PNEC
PNEC
PNEC
PNEC

58.0
53.5
53.0
39.7
14.6
18.5
51.5
50.0
46.1
45.0
44.1
44.0
423
40.0
37.4
34.4
34.2
30.0
27.0
25.0
12.0

7.9

5.0

4.1

3.0

1.2

0.0
50.0
49.0
48.0
45.1
42.2
42.1
41.6
39.5
31.7
15.4
11.0

9.0

5.4

5.0

2.0

1.0

179.0
—177.0
149.0
132.4
115.1
116.0
—145.0
165.0
175.3
165.1
155.0
155.0
145.1
165.0
175.0
177.7
142.0
175.0
127.0
127.0
134.3
175.0
138.8
136.3
135.0
160.6
175.2
—145.0
—174.0
—128.1
—176.9
—127.6
—125.8
—132.0
—127.7
—124.6
—151.5
—140.0
—140.0
—81.9
—139.8
—140.1
—140.0

91
91
90
94
90
87
91
97
93
91
89
97
97
97
93
93
92
93
93
94
88
92
88
91
95
92
92
83+
95+
84
91
87
87
87
83
82
78
82
92
89
92
92
92

12.3
15.0
11.4
23.6
7.6
9.2
18.8
17.1
15.0
16.8
20.0
19.9
239
16.6
14.8
14.8
15.5
9.2
11.7
8.9
4.4
4.7
5.4
6.3
6.7
4.9
7.9
15.9
15.7
259
18.2
22.1
38.8
14.1
18.9
9.9
5.2
7.2
7.6
12.0
8.6
9.9
10.4

2.2
4.7
3.2
6.1
1.2
1.4
9.2
7.2
2.0
3.8
6.6
6.5
12.5
1.8
1.7
1.8
1.9
1.3
1.6
1.3
0.7
0.8
0.9
1.0
1.1
0.8
1.2
1.9
4.1
9.4
2.1
4.0
18.9
1.6
2.3
1.2
0.9
1.1
1.2
1.7
1.3
1.5
1.5

11.1
6.5
2.3
5.3
6.3
3.7
3.0
1.9
9.1
5.3
2.8
3.6
1.9
9.0
8.9
6.7
5.5

11.3
6.6
4.3
3.5
3.9
3.6

17.9

21.5
4.6
43
8.7
6.7
1.0
4.8
32
1.4
4.0
6.7
3.8
3.1
43
4.3

18.1

11.0
8.0

10.6

2.0
43
3.1
5.8
1.1
1.3
9.0
7.1
1.8
3.6
6.4
6.3
12.2
1.7
1.6
1.7
1.8
1.1
1.5
1.2
0.7
0.7
0.9
0.8
0.9
0.8
1.2
1.7
3.8
9.3
2.0
39
18.6
1.5
2.1
1.2
0.8
1.1
1.1
1.4
1.2
1.3
1.3

248
300
72
327
74
51
273
134
183
202
188
233
233
163
151
119
105
143
103
56
25
30
32
184
233
37
53
163
274
91
99
129
257
63
150
46
27
49
50
307
143
116
158

66
100
91
157
109
125
139
131
141
88
136
138
131
128
152
121
175
110
184
52
15
28
33
158
248
61
102
171
99
117
36
91
149
42
55
23
30
78
53
156
179
180
297

579
804
355
697
118

1229
343
779
619
511
568
770
292

95
34
173
23
32
16

14
12
169
222
17
27
253
294
121
161
278
796
55
142
18
10
67
27
161
86
101
342

3.8
3.0
0.8
2.1
0.7
0.4
2.0
1.0
1.3
2.3
1.4
1.7
1.8
1.3
1.0
1.0
0.6
1.3
0.6
1.1
1.7
1.1
1.0
1.2
0.9
0.6
0.5
1.0
2.8
0.8
2.8
1.4
1.7
1.5
2.7
2.0
0.9
0.6
1.0
2.0
0.8
0.6
0.5

0.4
0.4
0.2
0.5
0.6

0.2
0.4
0.2
0.3
0.4
0.4
0.3
0.6
1.6
35
0.6
6.3
32
34
3.5
2.2
2.6
1.1
1.1
2.2
2.0
0.6
0.9
0.7
0.6
0.5
0.3
1.1
1.1
2.6
2.6
0.7
1.8
1.9
1.6
1.1
0.5

8.8
8.0
3.9
4.4
1.1

8.8
2.6
5.5
7.1
3.8
4.1
5.9
23
0.6
0.3
1.0
0.2
0.2
0.3
0.5
0.5
0.4
1.1
0.9
0.3
0.3
1.5
3.0
1.0
4.5
3.0
5.3
1.3
2.6
0.8
0.3
0.9
0.5
1.0
0.5
0.6
1.2

Honjo (1996)

Takahashi et al. (1997, 2000)

Honjo (1996)

Hong et al. (1997)

Wiesner et al. (1996)

Wiesner et al. (1996)

Wong et al. (1999) and Wong (unpublished)

Wong et al. (1999) and Wong (unpublished)

Kawahata et al. (1997) and Kawahata et al. (2000)

Wong et al. (1999)

Noriki and Tsunogai (1986)

Honda (2001)

Honda (2001)

Honda (2001)

Kawahata et al. (1997) and Kawahata et al. (2000)

Kawahata et al. (1997) and Kawahata et al. (2000)

Nozaki (1989) and Handa et al. (1989)

Kawahata et al. (1997) and Kawahata et al. (2000)

Honda (2001) (part 2)

Honda (2001) (part 2)

Kempe and Knaack (1996)

Kawahata et al. (1999)

Kempe and Knaack (1996)

Kawahata et al. (1999)

Kawahata et al. (1999)

Kawahata et al. (1999)

Kawabhata et al. (1999)

Wong et al. (1994)

Takahashi et al. (2000)

Dymond and Lyle (1985)

Wong et al. (1994)

Lyle et al. (1992) and Dymond and Lyle (1985)

Lyle et al. (1992) and Dymond and Lyle (1985)

Lyle et al. (1992) and Dymond and Lyle (1985)

Dymond and Lyle (1985)

Noriki and Tsunogai (1986)

Honjo et al. (1982)

Dymond and Collier (1988) and Dymond and Lyle (1985)

Honjo et al. (1995)

Honjo et al. (1982)

Honjo et al. (1995)

Honjo et al. (1995)

Dymond and Collier (1988) and Dymond and Lyle (1985)
(continued on next page)
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Table 2 (continued)

Station i.d. BGC Station degrees Year Biological pump indices Norm. flux at m/b Binary element References
province (mol m~2yr~ 1), 250 km? (mmol m 2 yr~ 1) ratios (mol/mol)
Latitude Longitude PP EP TE dFCo FCo FCi FSi Co/Ci  Co/Si Si/Ci

109 PNEC 0.6 —86.1 76 11.9 1.6 11.9 1.4 194 273 187 0.7 1.0 0.7 Cobler and Dymond (1980)

110 PEQD 0.0 —140.0 92 10.7 1.5 10.1 1.4 156 233 112 0.7 1.4 0.5 Honjo et al. (1995)

111 PEQD -5.0 —140.0 92 8.4 1.3 7.1 1.2 91 147 85 0.6 1.1 0.6 Honjo et al. (1995)

112 SPSG -12.0 —135.0 92 6.9 1.1 3.1 1.1 34 66 15 0.5 22 0.2 Honjo et al. (1995)

113 CHIL -29.5 -73.2 93 21.0 4.2 6.3 39 263 310 189 0.8 1.4 0.6 Hebbeln et al. (2000)

Southern Ocean

114 ANTA  -50.1 -59 90 6.8 0.7 16.0 0.6 116 Fischer et al. (2000)

115 ANTA  -50.2 -59 92 6.8 0.7 13.3 0.6 97 101 255 1.0 0.4 25 Wefer and Fischer (1991)

116 ANTA  -543 -34 92 4.6 0.6 10.8 0.5 62 Fischer et al. (2000)

117 ANTA  -57.0 -37.0 85 9.0 3.9 0.2 3.9 8 10 118 0.8 0.1 11.8 Honjo (1990)

118 ANTA  -62.3 -57.5 83 9.9 5.4 0.9 5.3 51 Wefer et al. (1988)

119 APLR —62.4 -34.8 85 1.3 0.2 0.4 0.2 1 0 5 7.7 0.2 44.4 Wefer and Fischer (1991)

120 APLR —64.9 -2.6 87 23 0.3 14.1 0.3 43 28 397 1.6 0.1 14.2 Wefer and Fischer (1991)

121 APLR —64.9 -2.5 87 2.3 0.3 9.4 0.3 28 10 67 2.8 0.4 6.7 Wefer and Fischer (1991)

122 ANTA  -52.0 61.5 99 5.1 0.5 13.5 0.5 73 55 652 1.3 0.1 11.8 Tréguer (unpublished)

123 APLR —62.0 73.0 98 2.6 0.5 8.9 42 7 308 6.3 0.1 46.2 Pilskaln et al. (2004)

124 APLR —63.0 71.0 94 1.8 0.2 6.4 0.2 14 2 43 8.4 0.3 25.6 Tréguer (unpublished)

125 SANT —46.8 142.1 97 14.9 1.6 10.6 14 170 204 108 0.8 1.6 0.5 Trull et al. (2001) and
Bray et al. (2000)

126 SANT -51.0 141.7 97 7.0 0.8 22.3 0.6 173 312 254 0.6 0.7 0.8 Trull et al. (2001) and
Bray et al. (2000)

127 SANT —53.8 141.8 97 5.8 0.6 7.7 0.6 49 85 348 0.6 0.1 4.1 Trull et al. (2001) and
Bray et al. (2000)

128 ANTA  —-569 —170.2 96 6.0 0.7 11.8 0.6 76 121 251 0.6 0.3 2.1 Honjo et al. (2000)

129 ANTA  —-60.3 —170.1 96 7.7 0.8 13.2 0.7 108 128 460 0.8 0.2 3.6 Honjo et al. (2000)

130 ANTA  -63.1 —169.9 96 6.6 0.9 12.9 0.8 117 82 915 14 0.1 11.2 Honjo et al. (2000)

131 APLR —66.2 —168.7 96 5.5 1.7 49 1.6 84 7 269 12.6 0.3 40.4 Honjo et al. (2000)

132 APLR —73.5 176.9 96 1.8 0.3 7.8 0.3 22 53 79 0.4 0.3 1.5 Collier et al. (2000)

Inland Sea; Black Sea

133 MEDI 422 325 82 27.3 6.9 3.7 6.6 257 101 53 2.5 4.8 0.5 Izdar et al. (1984) and Hay
et al. (1990)

134 MEDI 41.9 30.4 86 30.3 8.5 1.3 8.4 110 38 58 2.9 1.9 1.5 Hay et al. (1990) and

Buesseler et al. (1987)

BGC provinces: Biogeochemical provinces defined by Longhurst et al. (1995). Year: Calendar year when the sampling began. PP: Average annual primary production in the 250 x 250-km area
above a time-series sediment trap (TS-trap) mooring calculated from the ocean-color-based model in molC m~2 yr~! by Behrenfeld and Falkowski (1997). EP: Average annual export
production in the 250 x 250-km area above a TS-trap mooring in molC m~2 yr! calculated from an ecosystem model by Laws et al. (2000). TE: Transfer efficiency (%) of POC using the
formula from Francois et al. (2002). FC,,,: Normalized value to 2 km (—b = 0.86) applied to calculate POC in mmolC m~2 yr~!. Two sets of FC,,, from the High Arctic were not corrected for
depth because the vertical transport of POC in this extremely high-latitude, ice-covered environment with minimum primary production (PP) appears radically different from other world oceans.

2 The High Arctic PP listed in this table, 2 molC m? yr™!, is the average of three reports by Macdonald and Carmack (1991). Cota et al. (1996) and Gosselin et al. (1997) for the High
Arctic basins (Sakshaug, 2004, in Stein and Macdonald, 2004).

® Because biological pump operation in the High Arctic basins appears radically different from other oceans, we present these numbers without normalizing FC,, for depth.
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Fig. 1. Plot showing distribution of 134 TS-trap stations utilized for this paper (solid circles) and the global biogeochemical (BGC)
provinces proposed by Longhurst et al. (1995) listed in Table 2. We assigned TS-trap stations located near or on the boundaries of BGC
provinces according to our best judgment. The large number of stations in NADR and NAST-E were deployed close together and some
stations appear to overlap one another in the plot so that the map represents fewer stations than we included in our analysis. A more
detailed projection of TS-trap locations in the northeast sector of NAST-E can be found in Fig. 1 of Guieu et al. (2005), and a detailed
projection of the University of Bremen’s TS-trap stations between 20°N and 80°S in the Atlantic is presented in Fig. 1 of Fischer et al.
(2000). For this paper, the south boundary of the North Pacific Polar Front across the the East Sea/Japan Sea area is shifted to
approximately 36.5°N, which is about 100 km south of Longhurst’s original proposed location. In addition to the 134 stations included in
Table 2, there are 49 other major TS-trap stations (open circles), including some long-term, multidisciplinary time-series stations whose
TS-trap data from deeper layers have not been published (e.g., HOT, Karl (unpublished), and The Iceland Plateau Station, Olafsson
(unpublished).), continental margin projects along the North American West Coast (OCAL and CAMR) (Thunell et al., 2007), and
stations in deep lakes (Kempe and Schaumburg, 1996; Pilskaln, 2004), and TS-trap samples too shallow to apply to this paper (some in
Fischer et al., 2000). The trap depth of Station M (Smith et al., 2006) is too deep for inclusion in this paper.

downward transport to the interior. In deeper layers where there is no photosynthetic production, POC con-
tained in ballasted aggregates and fecal pellets with colonized microbes provides metabolic energy to the eco-
system beneath the photic zone. Zooplankton consume aggregates (including fecal pellets), repackaging the
POC through multi-coprophagy. Zooplankton and micronekton carcasses are converted to aggregates by
microbial heterotrophy (see Section 2.3). Further exploration of the quantitative, spatial/temporal relation-
ship between particles and zooplankton communities will yield greater understanding of vertical transport
of POC through the water column.

The assumption that zooplankton and micronekton metabolism is minimal at the mesopelagic/bathypelagic
boundary (that is, about 2 km deep) and virtually all POC settling is driven by gravity in the lower mesope-
lagic and submesopelagic zone (Section 2.5) is critical to constraining export fluxes of POC to the oceanic inte-
rior. With the disappearance of the settling complexities caused by the zooplankton community in this
boundary zone, particle fluxes can be compared among stations with known biases. Thus, we normalized pub-
lished export flux data to 2 km in order to further understand (1) the global comparative biogeochemical geog-
raphy (Sections 6-8), (2) to estimate the total and average global export fluxes of POC and other critical
elements needed to maintain the biological pump (Section 10), and (3) to constrain the rate of total mesope-
lagic CO, sink in the world pelagic ocean (Section 12).

2.1. Gravitational transport of POC by settling aggregates
2.1.1. Ballasted amorphous aggregates

Amorphous aggregates that are ubiquitous in any productive ocean environment are often called “marine
snow” after Suzuki and Kato (1953). Measuring several hundred micrometers to a few millimeters, these



Table 3
Normalized annual fluxes of POC-C, C in CaCOs;, and Si in opal calculated for 153 individual TS-trap samples and their ternary ratios

9C¢C

Trap ID Project BGC Trap location Year Depth FCo-uncorr. FCo-2 km Ternary ratio (%) References
province . iiude Longitude (m)  (mmolm~*yr™) (mmolm™*yr!) = > T TG
Arctic
HA-1 Wrangel BPLR 81.0 —138.5 95 1550  87.5 62 3.5 34.5 Zernova et al. (2000), Nothig and
Abyssal Plain Shevchenko (2004)
HA-2 Canada Abyssal BPLR  75.0 150.0 04 3067 15 81 8 11  WHOI (2007, unpublished)
Plain

Atlantic Ocean

A-1 PARFLUX- ARCT 789 14 84 2400 20 23 56 20 24  Honjo et al. (1987) and Honjo (1990)
Fram Strait-C
A-2 PARFLUX- ARCT 759 11.5 84 1700 141 122 59 25 15  Honjo et al. (1988) and Honjo (1990)
Bear Island
A-3 PARFLUX- ARCT 74.6 —6.7 85 2823 33 45 37 26 36  Honjo et al. (1987) and Honjo (1990)
Greenland B.
A-4 PARFLUX- ARCT  73.0 19.0 89 372 220 52 26 34 40 Manganini et al. (2003)
Barents Sea
A-5 Von Bodungen- ARCT  70.0 0.0 86 1000 151 83 50 44 6  von Bodungen et al. (1995)
NS-70N
A-6 Von Bodungen- ARCT  70.0 0.0 87 1000 144 79 49 45 6  von Bodungen et al. (1995)
NS-70N
A-7 Von Bodungen- ARCT  70.0 0.0 88 1000 255 140 51 42 7  von Bodungen et al. (1995)
NS-70N
A-8 PARFLUX-Jan ARCT  70.0 -2.0 85 2749 42 55 34 51 15  Honjo et al. (1987) and Honjo (1990)
Mayen
A-9 Von Bodungen- ARCT  70.0 0.0 86 3000 273 387 66 29 5  von Bodungen et al. (1995)
NS-70N
A-10 Von Bodungen- ARCT  70.0 0.0 87 3000 290 411 56 37 7  von Bodungen et al. (1995)
NS-70N
A-11 Von Bodungen- ARCT  70.0 0.0 88 3000 328 464 74 23 3 von Bodungen et al. (1995)
NS-70N
A-12 PARFLUX- SARC  69.5 10.0 83 2760 68 89 44 47 9  Honjo et al. (1987) and Honjo (1990)
Lofoten
A-13 PARFLUX- SARC 655 —0.1 85 2630 49 62 35 49 16  Honjo et al. (1987) and Honjo (1990)
Aegir Ridge
A-14 L3-92-55N NARD 54.5 —21.1 93 2200 160 173 29 58 13 Kuss and Kremling (1999) and Scholten
et al. (2001)
A-15 OMEX-3 NARD 49.2 —12.8 93 1020 281 157 53 32 15  Scholten et al. (2001); Antia et al. (2001b)
A-16 OMEX-4 NARD 49.1 —134 93 3220 247 373 57 25 17  Scholten et al. (2001) and Antia et al.
(2001b)
A-17 OMEX-4 NARD 49.0 —13.8 92 4000 207 375 60 36 5 Scholten et al. (2001) and Antia et al.
(2001b)
A-18 L2-A-92-48N NARD 479 -19.7 92 3500 88 143 52 37 11  Scholten et al. (2001) and Antia et al.

(2001b)
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A-19 BOFS-48N

A-20 L2-B-92-48N

A-21 L2-B-92-48N

A-22 L2-B-92-48N

A-23 1L2-94

A-24 1.2-93-48N

A-25 JGOFS-NABE-48N
A-26 JGOFS-NABE-48N
A-27 JGOFS-NABE-48N
A-28 JGOFS-NABE-34N
A-29 JGOFS-NABE-34N
A-30 JGOFS-NABE-34N
A-31 L1-94

A-32 L1-94

A-33 Sargasso Sea-OFP
A-34 Sargasso Sea-OFP
A-35 PARFLUX-Sohm AP
A-36 ESTOC

A-37 ESTOC

A-38 BOFS-28N

A-39 BOFS-25N

A-40 U. Bremen-CBl1
A-41 U. Bremen-CB2
A-42 BOFS-19N

A-43 PARFLUX-Demerara AP
A-44 U. Bremen-EA2
A-45 U. Bremen-EA2
A-46 U, Bremen-EA4
A-47 U.Bremen-GB5
A-48 E. Brazil

A-49 U. Bremen-WR
A-50 U. Bremen-WR

Indian Ocean, Arabian Sea

I-1 JGOFS-Arabian Sea M1
I-2 Bengal Bay-17N

1-3 JGOFS-Arabian Sea M2
1-4 JGOFS-Arabian Sea M3
1-5 I-G-Arabian Sea W

1-6 JGOFS-Arabian Sea M4
I-7 Bengal Bay-15N

1-8 I-G-Arabian Sea E

1-9 I-G-Arabian Sea C

1-10 Bengal Bay-13N

1-11 JGOFS-Arabian Sea M5

NARD
NARD
NARD
NARD
NARD
NARD
NARD
NARD
NARD
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
NAST
ETRA
ETRA
ETRA
ETRA
WTRA
SATL
SATL

ARAB
INDE

ARAB
ARAB
ARAB
ARAB
MONS
MONS
MONS
MONS
MONS

47.8
47.8
47.8
47.8
47.8
47.8
477
47.7
47.7
33.8
33.8
33.8
33.0
33.0
32.1
32.1
31.5
29.1
29.1
28.0
24.6
21.2
20.9
19.0
13.5
1.8
1.8
-2.2
-2.2
—-10.9
—20.1
-20.1

17.7
17.5
17.4
17.2
16.0
15.3
15.2
15.0
14.0
13.2
10.0

—19.5
—19.8
—19.8
—19.8
—-19.8
—19.8
-20.9
-20.9
-20.9
-21.0
-21.0
-21.0
—-22.0
—22.0
—64.3
—64.3
—55.9
—154
—15.4
—22.0
—22.8
—20.7
—-19.7
—20.2
—54.0
—11.1
—11.3
—10.1
-9.5
—36.2
9.2
9.2

57.9
89.6
58.8
59.6
60.0
61.5
89.2
68.0
64.0
84.4
65.0

89
92
92
92
94
93
89
89
89
89
89
89
94
94
84+
84+
76
91
91
90
90
88
89
90
71
90
91
91
90
95
89
89

94
87
94
94
87
94
90
87
87
87
94

3100
1030
2030
3530
3500
2000
1018
2018
3718
1070
2067
4564
1050
2000
1500
3200
3694
1021
3075
3600
3870
3502
2195
2190
3755
3921

953
1068
3382
1500
1648
1648

998
1727

903
1857
3020
2229
1717
2800
2900
2282
2363

158
70
108
54
87
149
129
146
83
78
94
78
43
42
73
52
27
37
69
41
60
141
225
648
53
167
233
100
175
161
317
506

345
101
511
497
267
496
237
174
158
170
100

230
40
110
88
141
149
72
147
141
45
97
158
24
42
57
71
45
21
100
68
107
229
244
701
90
297
123
58
275
126
268
428

190

89
258
466
380
544
208
233
218
190
116

56
38
48
45
53
41
28
31
36
24
33
48
32
28
38
43
72
42
51
50
54
41
39
59
44
71
41
38
46
39
48
48

31
40
27
41
41
43
38
47
46
43
37

28
44
37
45
37
47
46
40
40
62
54
41
66
66
44
41
23
50
43
45
38
52
46
34
44
22
44
53
39
49
43
37

42
26
45
35
33
36
32
34
41
26
49
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27
33
28
23
26
21
30
19
13
31
14

Jickells et al. (1996)

Kuss and Kremling (1999) and Scholten et al. (2001)
Kuss and Kremling (1999) and Scholten et al. (2001)
Kuss and Kremling (1999) and Scholten et al. (2001)
Scholten et al. (2001)

Kuss and Kremling (1999)

Honjo (1992, 1993)

Honjo (1992, 1993)

Honjo (1992, 1993)

Honjo (1992, 1993)

Honjo (1992, 1993)

Honjo (1992, 1993)

Scholten et al. (2001)

Scholten et al. (2001)

Deuser et al. (1995) and Conte et al. (2001)

Deuser et al. (1995) and Conte et al. (2001)

Honjo et al. (1982)

Scholten et al. (2001) and Neuer et al. (1997)

Scholten et al. (2001) and Neuer et al. (1997)

Jickells et al. (1996)

Jickells et al. (1996)

Wefer and Fischer (1993)

Wefer and Fischer (1993)

Jickells et al. (1996)

Honjo et al. (1982)

Fischer and Wefer, 1996 and Wefer and Fischer (1993)
Fischer and Wefer, 1996 and Wefer and Fischer (1993)
Fischer and Wefer, 1996 and Wefer and Fischer (1993)
Fischer and Wefer, 1996 and Wefer and Fischer (1993)
Jennerjahn et al. (1996)

Wefer and Fischer (1993)

Wefer and Fischer (1993)

Honjo et al. (1999)

Ittekkot (1991) and Schifer et al. (1996)
Honjo et al. (1999)

Honjo et al. (1999)

Nair et al. (1989) and Haake et al. (1996)
Honjo et al. (1999)

Ittekkot (1991) and Schéfer et al. (1996)
Nair et al. (1989) and Haake et al. (1996)
Nair et al. (1989) and Haake et al. (1996)
Ittekkot (1991) and Schifer et al. (1996)
Honjo et al. (1999)

(continued on next page)
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Table 3 (continued)

Trap ID Project BGC Trap location Year Depth FCo-uncorr. FCo-2 km Ternary ratio (%) References
province Latitude Longitude (m) (mmolm™*yr~!) (mmolm™2yr") Co-2km Ci Si
1-12 Bengal Bay-SN MONS 4.5 87.3 90 2203 227 247 45 34 22 Ittekkot (1991) and Schéfer et al. (1996)
Pacific Ocean
P-1 PARFLUX- BERS 58.0 179.0 91 3137 168 248 28 7 65 Honjo (1996)
Bering Sea
P-2 Takahashi- BERS 53.5 -177.0 91 3193 161 241 29 7 64 Takahashi et al. (1997) and Takahashi
Aleutian — AB et al. (2000)
P-3 Takahashi- BERS 53.5 —-177.0 93 3200 195 292 25 9 66 Takahashi et al. (1997) and Takahashi
Aleutian — AB et al. (2000)
P-4 Takahashi- BERS 53.5 —-177.0 93 3200 213 319 32 10 59 Takahashi et al. (1997) and Takahashi
Aleutian — AB et al. (2000)
P-5 PARFLUX- BERS 53.0 149.0 90 1061 124 72 14 18 69 Honjo (1996)
Okhotsk Sea
P-6 Wong-GD PSAG 515 165.0 91 4500 136 273 17 8 75 Wong et al. (1999) and Wong
(unpublished)
P-7 Honda-50N PSAG 50.0 165.0 97 1230 195 128 20 21 59 Honda (2001)
P-8 Honda-50N PSAG  50.0 165.0 97 1230 85 56 17 20 63 Honda (2001)
P-9 Honda-50N PSAG  50.0 165.0 97 3260 97 148 19 18 63 Honda (2001)
P-10 Wong-IOS-OSP  PSAG  50.0 —145.0 83 1000 402 221 21 25 53 Wong et al. (1999) and Wong
(unpublished)
P-11 Wong-I0S-OSP  PSAG  50.0 —145.0 85 1000 246 135 20 31 49 Wong et al. (1999) and Wong
(unpublished)
P-12 Wong-10S-OSP PSAG  50.0 —145.0 89 1000 138 76 13 32 54 Wong et al. (1999) and Wong
(unpublished)
P-13 Wong-IOS-OSP PSAG  50.0 —145.0 90 1000 145 80 14 47 40 Wong et al. (1999) and Wong
(unpublished)
P-14 Wong-IOS-OSP  PSAG  50.0 —145.0 93 1000 200 110 25 34 41 Wong et al. (1999) and Wong
(unpublished)
P-15 Takahashi-SA PSAG  49.0 —174.0 94 4826 103 220 46 22 32 Takahashi et al. (2000)
P-16 Takahashi-SA PSAG  49.0 —174.0 95 4806 134 284 42 12 46 Takahashi et al. (2000)
P-17 Takahashi-SA PSAG  49.0 —174.0 96 4833 94 201 41 14 44 Takahashi et al. (2000)
P-18 Takahashi-SA PSAG  49.0 —174.0 97 4822 173 369 42 15 43 Takahashi et al. (2000)
P-19 Takahashi-SA PSAG  49.0 —174.0 98 4774 140 295 36 13 51 Takahashi et al. (2000)
P-20 NORPAC-8-46N PSAG  46.1 175.3 93 1412 247 183 17 13 71 Kawahata et al. (1997) and Kawahata
et al. (2000)
P-21 Wong-GA PSAG 451 176.9 91 5300 88 202 22 10 68 Wong et al. (1999)
P-22 KNOT-97 PSAG  44.0 155.0 97 2960 186 260 29 17 55 Honda (2001)
P-23 KNOT-99 PSAG 440 155.0 99 2960 183 256 26 14 60 Honda (2001)
P-24 Ca. Current-MW OCAL 422 —127.6 87 1333 183 129 26 18 56 Dymond and Lyle (1985) and Lyle et al.
(1992)
P-25 Ca. Current-NS OCAL 42.1 —125.8 87 1167 408 257 21 12 66 Dymond and Lyle (1985) and Lyle et al.
(1992)
P-26 C. Current-Gyre OCAL  41.6 —132.0 87 1625 75 63 39 26 34 Dymond and Lyle (1985) and Lyle et al.

(1992)
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P-27
P-28
P-29
P-30
P-31
P-32
P-33
P-34
P-35
P-36
P-37
P-38
P-39
P-40
P-41
P-42
P-43
P-44
P-45
P-46
P-47
P-48
P-49
P-50
P-51
P-52
P-53
P-54
P-55
P-56
P-57
P-58
P-59
P-60
P-61
P-62
P-63
P-64
P-65
P-66
P-67
P-68
P-69
P-70

Honda-40N
Honda-40N
Honda-40N
Honda-40N
Hong-East-Sea

Ca. Current-Mendocino
NORPAC-7-37N
NORPAC-5-34N
NORPAC-5-34N
Nozaki-Jp. T
Nozaki-Jp. T
Noriki-EP7
NORPAC-6-30N
Okinawa Trough
Ryukyu Trench
PARFLUX-E. Hawaii AP
Weisner-SCS
Kempe-NEC
MANOP-S-1600
MANOP-S-3400
JGOFS-Arabian Sea M5
JGOFS-EqPac-9N
JGOFS-EqPac-9N
NORPAC-4-8N
PARFLUX-Panama
PARFLUX-Panama
JGOFS-EqPac-5N
Kempe-ECC
Kempe-ECC
NORPAC-2-4N
NORPAC-1-3N
JGOFS-EqPac-2N
NORPAC-10-1N
MANOP-C
Galapagos
NORPAC-3-EQ
JGOFS-EqPac0
JGOFS-EqPa-5S
JGOFS-EqPa-5S
JGOFS-EqPa-5S
JGOFS-EqPa-12S
JGOFS-EqPa-12S
Hebbeln Chile
Hebbeln Chile

KURO
KURO
KURO
KURO
CHIN
OCAL
KURO
KURO
KURO
KURO
KURO
NPTG
KURO
KURO
KURO
NPTG
CHIN
WARM
PNEC
PNEC
MONS
PNEC
PNEC
WARM
PNEC
PNEC
PNEC
WARM
WARM
WARM
WARM
PNEC
WARM
PNEC
PEQD
WARM
PEQD
PEQD
PEQD
PEQD
SPSG
SPSG
CHIL
CHIL

40.0
40.0
40.0
40.0
39.7
39.5
37.4
34.4
34.4
34.2
34.2
31.7
30.0
27.0
25.0
15.4
14.6
12.0
11.0
11.0
10.0
9.0
9.0
7.9
5.4
5.4
5.0
5.0
5.0
4.1
3.0
2.0
1.2
1.0
0.6
0.0
0.0
=50
-5.0
-5.0
—12.0
—12.0
—29.5
—29.5

165.0
165.0
165.0
165.0
132.4
—127.7
175.0
177.7
177.7
142.0
142.0
—124.6
175.0
127.0
127.0
—151.5
115.1
134.3
—140.0
—140.0
65.0
—140.0
—140.0
175.0
—81.9
—81.9
—139.8
138.8
138.8
136.3
135.0
—140.1
160.6
—140.0
—86.1
175.2
—140.0
—140.0
—140.0
—140.0
—135.0
—135.0
—73.2
—73.2

97
97
97
97
94
83
93
93
93
92
92
82
93
93
94
78s
90
38
82
82
94
92
92
92
89
89
92
88
88
91
95
92
92
82
76
92
92
92
92
92
92
92
95
97

953

950
2986
2990
2800
3000
1482
1342
2848
5429
8431
1250
3873
1547
3160

978
1190
1200
1600
3400
2363
2250
2150
1637
2265
2869
2100
1130
3130
1769
1590
2203
1164
1895
2570
1357
2284
2099
2209
2316
1292
3594
3700
3700

128
183
110
122
245
106
196
92
130
54
139
82
81
125
38
17
116
11
72
49
116
47
46
35
276
330
137
11
17
204
284
107
59
129
138
74
139
83
83
85
46
22
191
264

68

96
155
172
327
150
151
65
176
126
478
55
143
100

56

74

59
78
134
52
49
30
307
451
143

25
184
233
116

37
123
171

53
156

87

90

96

31

36
325
448

19
27
28
28
28
43
38
37
46
49
63
38
52
39
45
24
25
35
28
36
41
40
37
42
51
54
35
40
52
36
33
29
32
29
29
29
31
28
27
29
27
31
49
42

33
27
24
20
13
16
38
51
41
24

35
40
55
4
54
36
54
40
34
46
39
4
39
24
23
44
44
34
31
36
45
53
35
43
60
47
47
45
45
61
54
39
33

48
46
48
52
59
41
24
12
12
26
30
27

13
22
39
11
32
30
14
22
20
19
25
23
21
16
14
33
31
25
15
36
28
10
22
25
28
26
12
15
12
24

Honda (2001)
Honda (2001)
Honda (2001)
Honda (2001)
Hong et al. (1997)
Dymond and Lyle (1985)
Kawahata et al. (1997) and Kawahata et al. (2000)
Kawahata et al. (1997) and Kawahata et al. (2000)
Kawahata et al. (1997) and Kawahata et al. (2000)
Handa et al. (1997)
Handa et al. (1997)
Noriki and Tsunogai (1986)
Kawahata et al. (1997) and Kawahata et al. (2000)
Honda (2001) (part 2)
Honda (2001) (part 2)
Honjo et al. (1982)
Wiesner et al. (1996)
Kempe and Knaack (1996)
Dymond and Collier (1988) and Dymond and Lyle (1985)
Dymond and Collier (1988) and Dymond and Lyle (1985)
Honjo et al. (1999)
Honjo et al. (1995)
Honjo et al. (1995)
Kawahata et al. (1999)
Honjo et al. (1982)
Honjo et al. (1982)
Honjo et al. (1995)
Kempe and Knaack (1996)
Kempe and Knaack (1996)
Kawahata et al. (1999)
Kawahata et al. (1999)
Honjo et al. (1995)
Kawahata et al. (1999)
Dymond and Collier (1988) and Dymond and Lyle (1985)
Cobler and Dymond (1980)
Kawahata et al. (1999)
Honjo et al. (1995)
Honjo et al. (1995)
Honjo et al. (1995)
Honjo et al. (1995)
Honjo et al. (1995)
Honjo et al. (1995)
Hebbeln et al. (2000)
Hebbeln et al. (2000)
(continued on next page)
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Table 3 (continued)

Trap ID Project BGC Trap location Year Depth (m) FCo-uncorr. FCo-2 km Ternary ratio (%) References
province . iiude Longitude (mmol m™yr!) (mmolm™*yr) = TN

P-71 Hebbeln Chile  CHIL -29.5 -73.2 97 2300 233 263 35 41 25 Hebbeln et al. (2000)
Southern Ocean
S-1 SAZ-47S SANT  —46.8 142.1 97 2050 167 170 35 42 22 Trull et al. (2001) and Bray et al. (2000)
S-2 SAZ-5S SANT -51.0 141.7 97 3080 119 173 23 42 34 Trull et al. (2001) and Bray et al. (2000)
S-3 Treguer-M2 ANTA -52.0 61.5 99 1300 88 60 7 7 87 Tréguer (unpublished)
S-4 SAZ-54S SANT 538 141.8 97 1500 63 49 11 16 72 Trull et al. (2001) and Bray et al. (2000)
S-5 JGOFS- ANTA -56.9 —170.2 96 982 141 76 17 27 56 Honjo et al. (2000)

AESOPS-M2
S-6 JGOFS- ANTA —60.3 —170.1 96 1003 195 108 15 18 66 Honjo et al. (2000)

AESOPS-M3
S-7 Pilskaln-62S APLR  -62.0 73.0 98 1000 77 42 12 2 86 Pilskaln et al. (2003)
S-8 U. Bremen-WS- APLR  —-624 —34.8 85 863 2 1 15 2 84 Wefer and Fischer (1991)

62S
S-9 Treguer-M3 APLR  —-63.0 71.0 94 1300 9 6 15 2 83 Tréguer (unpublished)
S-10 Treguer-M3 APLR  —63.0 71.0 94 3500 13 22 29 3 68 Tréguer (unpublished)
S-11 JGOFS- ANTA -63.1 —169.9 96 1031 207 117 10 7 82 Honjo et al. (2001)

AESOPS-M4
S-12 U. Bremen-WS- APLR  —64.9 -2.5 87 4456 14 28 27 10 64 Wefer and Fischer (1991)

65S
S-13 JGOFS- APLR  —66.2 —168.7 96 937 162 84 23 2 75 Honjo et al. (2000)

AESOPS-M5
S-14 JGOFS- ROSS-S -76.5 —177.9 96 465 878 250 40 26 33 Collier et al. (2000)

AESOPS-7a
S-15 JGOFS- ROSS-S —-76.5 —178.0 96 481 1015 298 36 33 31 Collier et al. (2000)

AESOPS-7b
Inland Sea; Black Sea
M-1 BS-83 MEDI 422 32.5 83 1200 398 257 62 25 13 Izdar et al. 1987 and Hay et al. (1990)
M-2 BS-86 MEDI 419 30.4 86 1200 170 110 53 18 28 Hay et al. (1990)

Project: Arbitrary names abbreviated from the references by the authors. Trap depth: Provided by the cited references. FC,-uncorr.: Non-depth-corrected FC,yp. FCopo: Normalized

value to 2 km (b = —0.86) applied to calculate POC in mmolC m~> yr’l. Ternary mol %: ternary percentage of FCgrg, FCiporg, and FSiy;, calculated for each trap.
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aggregates include fecal pellets of mesozooplankton, remains of organisms, polysaccharide flocculates of var-
ious origins, and ecosystem components such as larvacean houses. Aggregates are usually strongly colonized
by microbes particularly in the surface waters (e.g., Smith et al., 1992). Aggregate sizes and configurations
vary widely in the near-surface layers and are likely changed as they encounter turbulence in shallow waters.
As they descend through the water column, aggregates attract and entangle fine suspended particles and
microbes (e.g., Tsujita, 1953; Milliman et al., 1967; Alldredge, 1976; Shanks and Trent, 1980; Alldredge
and Cox, 1982; Alldredge and Silver, 1988; Alldredge et al., 1990; Silver and Gowing, 1991).

Camera images have been used to estimate standing crop, sizes, and settling speeds of aggregates (Honjo
et al., 1984; Asper et al., 1992; Davis and Pilskaln, 1993). These observations so far show that (1) aggregates
are found in all oceanic zones, wherever cameras are lowered; (2) epipelagic aggregates exhibit random con-
figurations and sizes that become more homogenous as they descend into the mesopelagic and bathypelagic
zones; (3) the abundance of aggregates in the lower mesopelagic and bathypelagic zones fluctuates but main-
tains a constant bulk average (Asper, 1987; Gardner and Walsh, 1990; Asper et al., 1992; Walsh and Gardner,
1992; Walsh et al., 1997; Diercks and Asper, 1997, McCave et al., 2001); (4) large aggregates are not always net
scavengers but they can be net suppliers (McCave et al., 2001), and (5) trap measured fluxes and fluxes esti-
mated from camera data are not yet comparable (Walsh and Gardner, 1992; Pilskaln et al., 1998), possibly
because of the involvement of too many assumptions. There has been no compilation of aggregate standing
stock over larger ocean regions, mainly because the practical image resolution of existing cameras is uncon-
strained and statistical standards are inconsistent among published data sets. An exception was the OMEX
transect where full ocean depth aggregate properties were profiled (McCave et al., 2001). Use of cameras
for this research will be improved by higher image resolution and standardization of the image processing rou-
tine using recent in situ automated plankton identification technology (e.g., Benfield et al., 2007; Pilskaln,
2007, personal communication).

Laboratory measurements using a settling cylinder (e.g., Gorsky et al., 1984) and adaptation of the cyl-
inder concept to in situ measurements (e.g., Asper, 1987; Diercks and Asper, 1997) indicate that the short-
distance settling speed of a single aggregate ranges from a few to 368 mday ' (e.g., review in Alldredge
and Silver, 1988; Diercks and Asper, 1997). However, these short-term measurements cannot be extrapo-
lated to the full water column because of changing aggregate transport modes. Tracking offsets of distinct
particle-flux “peaks and valleys” (marking events) between pairs of synchronized shallow and deep TS-
traps provides gross settling velocity for POC (and other mass flux constituents) regardless of settling mode
(e.g., Honjo, 1996; Honjo and Weller, 1997; Honjo et al., 1999; Berelson, 2002). Previous estimates based
on the offset marker method indicate settling speeds between 80 and 200 m day'. Comparison of simul-
taneous primary production (Dickey et al., 1998) and high-resolution export flux measurements (with a
4.25-day sampling period) made over a year’s time in the Arabian Sea indicates an average POC settling
time from epipelagic primary production to upper bathypelagic waters (2.2 km) as approximately 17 days
or 130 m day ' (Honjo et al., 1999; Honjo and Weller, 1997). At an Antarctic Circumpolar Current station
where a diatomaceous mat served as POC ballast (Honjo et al., 2000) (Section 6.5), the POC settling speed
was as high as 200 m day~'. Broerse (2000) investigated the details of offset arrival of coccoliths at many
JGOFS depth-series sediment trap arrays and the Sea of Okhotsk and found similar speeds as above men-
tioned. Using lithogenic Al contents of aggregates as the conservative tracer, gross settling speed of ocean
particles is approximately 100 m day ', and the speed increases in deeper layers (Berelson, 2002) (Section
12.2).

2.2. Ballast particles (Sections 7 and 8)

Several qualities render ballast particles effective for vertical transport of POC, including the following. (1)
The particles should be small and uniform in size and readily grazed, filtered, or adhered to aggregates. (2) The
in-water gravity of the particles must be high enough so that they add significant extra weight to the particles.
(3) The ballast particles should be resistant to in situ dissolution and in vivo destruction or digestion. Exhaus-
tive microscopy and chemical analysis of particles collected by sediment traps indicates that two common
biominerals, biogenic calcite and opal, both the byproducts of primary production, play an essential role as
ballast in the transport of POC to the interior sink layers (e.g., Honjo, 1996, 1997b).



232 S. Honjo et al. | Progress in Oceanography 76 (2008) 217-285

2.2.1. Biogenic CaCOj3 (Section 7.2)

Calcite and aragonite biominerals constitute coccoliths, planktonic foraminiferal tests, and pteropod shells.
Calcite is one of the heaviest biominerals found in ocean water, and it is more resistant to dissolution in sea-
water than other pelagic biominerals, including biogenic opal, aragonite, and magnesium-rich calcite (e.g. Mil-
liman, 1974). Coccoliths, composed of calcite, are a byproduct of primary production. Coccoliths are scales
that cover the surface of an individual coccolithophorid cell (e.g., Klaveness and Paasche, 1971). They are con-
tinuously released to the seawater as new coccoliths are produced in the cell’s interior and added to the exte-
rior while adjusting buoyancy. The per-life-span production rate and number of coccoliths retained within a
coccolithophorid cell (a coccosphere) are not well enough constrained to allow estimation the production rate
of coccolith-PIC (e.g., Yang and Wei, 2003). Coccolithophorids inhabit broad areas of the ocean’s euphotic
zone (e.g., Okada and Honjo, 1973; Okada and Mclntyre, 1979) and are universally found in TS-traps (Stein-
metz, 1991; Broerse, 2000) except in the high polar seas (where noncalcifying species are found; Thomsen
et al., 1988). Coccoliths are arguably the most suitable ballast particles because of their small and uniform size,
supply directly from the euphotic zone, and high resistance to dissolution (e.g., Honjo, 1997b; Broerse, 2000)
(Section 12.2). In laboratory cultures, individual coccolithophorids have been observed to suddenly secrete a
mucus, form an aggregate, and sink to the bottom of the culture vessel. This extreme mode of gravitational
transport (e.g., Smayda, 1971) may not happen often in nature, though mass sinking of Umbilicosphaera sibo-
gae was observed in an early TS-trap experiment in the Panama Basin (Honjo, 1982). Triggers for this mass
sinking or “self removal” from the surface in the open sea are not well understood. In contrast to coccolith-
CaCQO;, celestite (SrSQy) skeletons of Acantharia, relatively common planktonic sarcodines that inhabit the
euphotic zone (Bernstein et al., 1987; Caron et al., 1995), do not participate in transporting POC to the oceanic
interior despite the fact that their secretetions are likely to be the heaviest biomineral hard tissue produced in
the pelagic ocean (specific gravity: 4.0). The celestite skeleton is highly soluble in seawater and seldom pre-
served in the TS-traps deployed even in the upper mesopelagic zone.

A question remains as to the effectiveness of mature planktonic foraminiferal tests and pteropod shells as
POC ballast. Foraminiferal tests are almost never found in mesozooplankton fecal pellets except as gamete
shells. Mature foraminifera settle at a rate of 1 km/day (Berger and Piper, 1972; Takahashi and Bé, 1984),
and modestly sized pteropod shells settle as fast as a few km per day (Vinogradov, 1961; Byrne et al.,
1984), while aggregates normally settle at a rate of only 0.1-0.2 km/day. Aggregates are fragile structures that
would quickly disintegrate upon encountering hydrodynamic shear at the high settling speeds of tests and
shells. Also, the population of adult foraminifera is far smaller than that of coccoliths and diatoms. Thus,
it appears that, in contrast to coccoliths, large tests and shells do not have a role as ballast for transporting
POC, except for their large contribution to the total export flux of PIC (molC in CaCOs3) in removing alka-
linity from upper layers to the interior (Section 12). Laboratory methods developed by Ziveri et al. (2000) and
Ramaswamy and Gaye (2006) to constrain the ratio between zooplankton and phytoplankton CaCOs in trap
samples provide an avenue for studying this phenomenon.

Pteropods, which are pelagic snails (Lalli and Gilmer, 1989), are found in all oceanic provinces (B¢ and
Gilmer, 1977) and their shells consist of aragonite that is “metastable CaCO3” (Section 12.2). Massive ptero-
pod populations are often collected in epipelagic and upper mesopelagic traps (Betzer et al., 1984; Byrne et al.,
1984; Collier et al., 2000; Gardner et al., 2000; Mohan et al., 2006; Harbison and Gilmer, 1986). Pteropods are
attracted by any large, solid objects during their diel vertical migration to 600 m or more, and therefore the
flux data from the upper mesopelagic layer can be strongly overestimated (Harbison and Gilmer, 1986), pre-
senting a challenge in PIC flux and dissolution research (Section 12.2). Although mature pteropod shells may
not contribute ballast for settling POC to the oceanic interior, knowledge about their dissolution could be crit-
ical to understanding their role as a possible source of upper mesopelagic alkalinity (Section 12.2).

2.2.2. Biogenic opal (Section 7.3)

Opal, in the form of chalcedony crystals, is almost as dense as calcite (Calvert, 1983). but the frustules are
porous, and organic matter is incorporated in their microstructure (Hurd, 1983; Takahashi, 1991a), rendering
their specific gravity significantly lower than that of coccoliths. Diatom frustules are the most ubiquitous
ocean particles, and, in fact, all the TS-trap samples examined for this study contained diatom frustules
regardless of the basin and climatic regime where the traps were deployed (Tables 2 and 3). Diatom frustules
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are abundant in the northernmost (Wangel Abyssal Plain, the High Arctic; Zernova et al., 2000) and the
southernmost (Ross Sea; Collier et al., 2000) open ocean TS-traps (Section 3). Radiolarian tests are also a part
of opal export flux and while they are far more highly diversified than planktonic foraminifera (Gowing and
Coale, 1989; Takahashi, 1991a), they render far less opal flux than diatom frustules (Takahashi et al., 2000).
Silicoflagellates and Actinicsus (Orr and Conley, 1976) skeletons, which are similar in size to diatom frustules,
are found in the pelagic trap samples, but their occurrence is inconsistent (Takahashi, 1991b). Diatom frus-
tules often produce numerous long protrusions (seta) that can entangle floccules and form efficient settling
media (diatomaceous mats; Lampitt, 1985; Kemp et al., 1999; Honjo, 2004). Significant dissolution (up to
70%) of biogenic opal has been reported (Nelson et al., 1995; Tréguer et al., 1995) in the epipelagic and
upper-mesopelagic zones (Section 12).

2.2.3. Lithogenic particles

Crustal aerosol particles (Duce et al., 1991; Tegen and Fung, 1994; Mahowald et al., 1999) play a critical
role as POC ballast (e.g., Armstrong et al., 2001) in oceanic regions where abundant supplies result from prox-
imity to significant areas of dry land and desert on the upwind side of ocean margins, such as the western Afri-
can margins (e.g., Wefer and Fischer, 1993b; Fischer and Wefer, 1996; Ratmeyer et al., 1999) and the Arabian
Sea during both monsoon seasons (e.g., Nair et al., 1989). The combination of upwelling and significant dust
fallout in these hemipelagic margins generates an extraordinary capacity for transferring primary production
to the ocean interior. However, considering the export fluxes of Al and Ti found in TS-traps (Manganini et al.,
JGOFS Web site, 2003), the world distribution of atmospheric aerosol (e.g., Duce et al., 1991; Rea, 1994; Pros-
pero, 1996), and oceanic precipitation (Tegen and Fung, 1994), the supply of lithogenic aerosol to the pelagic
ocean is significantly smaller than and inconsistent with the availability of biomineral particles. Particularly,
TS-traps placed in the equatorial Pacific (Honjo et al., 1995) and the Southern Ocean (Honjo et al., 2000),
where the POC flux is often far larger than the global average (Table 5; Section 10) (Figs. 3 and 9 and Table
5), yield only trace amounts of particulate Al and Ti. Thus, from a global perspective, lithogenic particles play
only a limited role in POC transport (Francois et al., 2002) except in large upwelling margin environments
(Fischer et al., 2000, 2003). During the extended deployment of the autonomous platform “Carbon Explorer”
near Station P (Wong et al., 1999), its biogeochemical sensors detected 10 days of significant Asian dust fallout
followed immediately by a twofold increase in epipelagic POC standing crop in the same area (Bishop et al.,
2002). Although the final effect of this lithogenic fallout on the POC flux to the ocean interior is not yet clear,
further use of this new instrument and its sensors could greatly enhance biological pump research in the open
ocean. Lithogenic particles supplied by coastal erosion and estuarine transport play a greater supporting role
for the biological pump in the productive marginal seas (e.g., Thunell et al., 2007) and nonproductive Antarc-
tic margins (Wefer and Fischer, 1988; Fischer et al., 2000). In the sea-ice-covered High Arctic where net com-
munity production is essentially zero, vertical and lateral transport of POC depend almost entirely on
terrigenous lithogenic particles supplied by river discharge and coastal erosion even far in the interior of a
pelagic basin (O’Brien et al., 2006; Fahl and Nothig, 2007; Hwang et al., 2007, unpublished). The unique oper-
ation of the biological pump in the High Arctic demands further immediate exploration in light of rapid envi-
ronmental change.

2.2.4. Fecal pellets

Mesozooplankton fecal pellets are large aggregates that play a special role as an effective transporter of
POC. Flocculated aggregates are extremely fragile and rarely preserved while mesozooplankton fecal pellets
are more robust. They are commonly found even in deep TS-trap samples, allowing researchers to study
the packaged particles in detail. Typically a few hundred micrometers in diameter, fecal pellets are often
packed with underdigested POC and biomineral ballast (e.g., Gagosian et al., 1983; Staresenic et al., 1983;
von Bodungen et al., 1987). Wilson et al. (2006), investigated repacking history of fecal pellets (Section
12.2). Gowing and Silver (1985) and Beaumont et al. (2002) reported small classes of fecal pellets
(3-50 um) from the Antarctic waters. Fecal pellets themselves serve to ballast large aggregates, and their
contribution to the POC flux ranges widely from almost none to over 80% (Pilskaln and Honjo, 1987; Lane
et al., 1994; Urban-Rich et al., 1998). Pelagic salp feces (Norris, 1971; Iseki, 1981; Madin, 1982; Matsueda
et al., 1986) are particularly effective couriers of POC because of salps’ high filtering and defecation rates
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(Harbison and McAlister, 1979) and their diel migration (to 0.9 km; Madin et al., 2006). Calanoid crustaceans
are ubiquitous in the world pelagic ocean (e.g., McGowan, 1971; Marshall and Orr, 1972; Miller et al., 1984)
and provide another major source of fecal pellets. Filter feeding and grazing mesozooplankton feces are cov-
ered by protective pellicles (Gauld, 1957) that are colonized and consumed by heterotrophic organisms whose
activities are temperature dependent, so the disintegration and release of DOC (Urban-Rich, 1999) from these
feces is more complete when the thermocline is deep (Honjo and Roman, 1978; Kikuchi and Omori, 1985).
The settling speed of mesozooplankton fecal pellets (Smayda, 1971; Small et al., 1979) is similar to that of bulk
POC, suggesting that pellets and other aggregates descend synchronously.

2.3. Active downward transport by zooplankton

POC transport by zooplankton includes defecation, predation, and sinking of animal carcasses (e.g., Stein-
berg et al., 2002). Based on deep tows and wide-band sounding, it is estimated that 15-50% of zooplankton
biomass above 500 m migrates vertically into shallow layers at night (e.g., Hardy and Bainbridge, 1954; Vinog-
radov, 1972; Wiebe et al., 1979; Angel and Baker, 1982; Kikuchi and Omori, 1985; Longhurst and Harrison,
1988; National Astronomical Observatory, Japan, 2006). The latter compiled the day/night depths and verti-
cal migration distances of 31 zooplankton species, listing references to 20 publications.). This diel vertical
migration pattern of a large zooplanktonic population transports POC (and DOC) across the pycnocline to
the ocean interior (e.g., Wiebe et al., 1979; Longhurst and Harrison, 1988; Steinberg et al., 2002; Madin
et al., 2006; Buesseler et al., 2007). Diel migration of zooplankton is potentially capable of removing one
to two orders of magnitude more POC to the deeper layers than is the case for animals of a similar standing
crop that exhibit low-frequency seasonal or ontogenetic migrations with periodicities of months (Angel and
Baker, 1982). In upwelling equatorial Pacific waters, Zhang and Dam (1997) estimate cross-pycnocline
POC flux by mesozooplankton mortality as 34 £ 9% and 38 + 8% of total active POC flux during spring
and fall cruises, respectively. We will review the impact of vertical zooplankton migration more extensively
in later discussions of the oceanic interior sink of CO, and of upper mesopelagic carbonate chemistry (Sections
11 and 12).

2.4. Downward transport of DOC

There is no evidence that the huge reservoir of highly refractory carbon transported by rivers and distrib-
uted in the deep ocean (Cauwet, 2002) (more than all the carbon contained in plants on land; IPCC, 2001)
plays a significant part in the biological pump process (Hansell et al., 2004). The labile DOC content of the
upper ocean was described by Sambrotto et al. (1993) and Williams (1995), and by Hansell and Carlson
(1998) who demonstrated that the net production of labile DOC largely takes place during periods of
net community production. Labile DOC excreted by migratory zooplankton provides immediately available
food resources to the heterotrophic community in the mesopelagic zone (Doval and Hansell, 2000). Thus,
labile DOC is a byproduct of biogenic settling particles such as fecal pellets (Honjo and Roman, 1978;
Urban-Rich, 1999), and production of labile DOC at depth can be understood as an extension of the bio-
logical pump. Labile DOC can be overturned to the deeper layers (e.g., Talley, 2003; Church, 2007) as well
as transported by current systems. Hansell and Carlson (2001) estimate that global labile DOC production
is 15-20% of the new production and supports 10% of the metabolism in layers below 500 m. However,
Aristegui et al. (2002) argue that the bulk of respiration within the mesopelagic zone is managed by grav-
itational transport of POC.

2.5. “Terminal” gravitational transport of POC in lower- and submesopelagic zones

As discussed in Section 2.4, the deeper limit for migrant zooplankton is generally recognized as approxi-
mately 0.9 km (e.g., Wiebe et al., 1979; Angel and Baker, 1982). The realistic limit of zooplankton habitat
appears to be 1.5 km, although trace numbers of resident zooplankton are found throughout the bathypelagic
and abyssopelagic zones (e.g., Wishner, 1980; Angel and Baker, 1982; Kikuchi and Omori, 1985). Below the
zooplankton habitat, POC is pumped almost solely by the gravitational settling of aggregates, fecal pellets,
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and carcasses. We call this form of settling “terminal” gravitational transport (Section 5.3). In theory, aggre-
gates descending here are unaffected by ecosystem activity, though they may be rearranged by slow heterotro-
phic remineralization, mechanical disintegration, and crashing. However, there is still a question regarding
why the particle size and population remain quasi-constant throughout the mid-, lower-, and submesopelagic
water column (Section 2.1) while the particle flux decreases with depth. It calls for in situ investigation of
aggregates at these depths using improved large-volume cameras, collection of intact aggregates by ROV/sub-
mersible, or other innovative new methods.

3. Existing global data on settling particle export fluxes: an overview

The vast amount of data available on export fluxes of POC and other oceanic particles were collected by
independent, cooperative, international research programs that deployed sediment traps along bottom-teth-
ered mooring platforms in all the world oceanic basins and major marginal inland seas. The northernmost
and southernmost open sea TS-moorings with published data sets were located on the Wrangel Abyssal Basin
(81.0°N, 138.5°E; Fahl and No6thig, 2007) and the Ross Sea Shelf (76.5°S, 178.0°E; Collier et al., 2000), respec-
tively. Many of these moorings included more than one trap, some as many as seven traps set at a series of
depths (e.g., Honjo et al., 1999, 2000). Moorings were deployed repeatedly over many years, more than 15
years at some time-series stations as described later in this section. We estimate that, through 2006, the ocean-
ographic community has gathered data from at least 426 TS-traps moored at 240 locations. Many of the TS-
traps were programmed to operate in a 12-month, time-series sampling mode divided into 12-22 time fractions
(Section 4.1). A compilation of minimally edited global TS-trap data obtained from the published literature is
posted on a JGOFS Web site (Manganini et al., 2003).

The US JGOFS field program provided annual oceanic export flux data sets from a total of 47 TS-traps set
at 22 stations from 1989 to 2001. The program’s cooperative studies included a number of institutions and
were associated with other related field observations including hydrography, biology, and physical oceanog-
raphy. The US JGOFS TS-traps were deployed in linear-transect, deep-ocean arrays of multiple traps
arranged for 3D coverage and programmed for synchronized open/close sequences. These moorings were
set in four oceanic regions:

(1) The North Atlantic (North Atlantic Bloom Experiment [NABE]) in NADR and NAST-E provinces
beginning in 1989 (Honjo and Manganini, 1993). (The four-and five-letter acronyms such as NADR
and NAST-E indicate global biogeochemical provinces defined by Longhurst et al. (1995), and shown
in our Table 1 and Fig. 1.)

(2) The equatorial Pacific (EqPac Program) in PEQD and SPSG, 1992 (Honjo et al., 1995).

(3) The Arabian Sea (Arabian Sea Expedition [ASE]; Smith et al., 1998) in ARAB and MONS, where inves-
tigations were conducted jointly with the Indian National Institute of Oceanography and the University
of Hamburg. (Many exciting findings have resulted from these pre-JGOFS and JGOFS joint investiga-
tions; e.g., Nair et al., 1989; Haake et al., 1996; Lee et al., 1998; Honjo et al., 1999.)

(4) The Southern Ocean (Antarctic Environment and Southern Ocean Process Study [AESOPS] Smith et al.,
2000) in SANT and ANTA, 1996 (Honjo et al., 2000).

Over a 20-year period, a University of Bremen program published export particle flux data collected by
40 TS traps from 16 stations set along a quasi-meridional transect from the Cape Verde area (21°N, 21°E)
in NATRA to the Weddell Sea (Kapp Norvegia; 71°S, 12°E) in ANTA, with particularly detailed stations in
Cape Blanc, off Mauritania (4-year time series stations from 1988 to 1991; e.g., Fischer et al., 1996; Rat-
meyer et al., 1999) and Gulf of Guinea (from 1983 to 1985; Wefer and Fischer, 1993b; Fischer and Wefer,
1996; Fischer et al., 1996). The review of this program was published in Fischer et al. (2000). The Nordic
Seas were covered by a network of 11 TS-trap stations beginning as early as 1984 (Honjo and Manganini,
1987). These stations were initially operated by a joint University of Kiel-Woods Hole Oceanographic Insti-
tution (WHOI) project onboard R/V Polarstern (e.g., Wefer and Honjo, 1985; Honjo et al., 1988; Honjo,
1990), and a multi-year, multi-depth TS-trap program was later deployed by von Bodungen et al. (1995), in
the central basin of the Nordic Seas. European consortium projects, including the Ocean Margin Exchange
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(OMEX; Wollast and Chou, 2001) and Biogeochemical Ocean Flux Study (BOFS) programs, deployed
many TS-trap stations in the northeast Atlantic Westerlies domain, particularly in NADR and NAST-E
beginning in 1989 (Kuss and Kremling, 1999; Antia et al., 1999; Antia et al., 2001a,b; McCave et al.,
2001; Scholten et al., 2001). Antia et al. (2001b) reviewed the results of export flux programs undertaken
in northwestern Atlantic margins.

TS-traps have been deployed in European inland seas since the early days of biological pump studies.
Multi-year TS-trap stations were set in the southern Euxine Abyssal Plain beginning in 1983 by University
of Izmir, University of Hamburg, and WHOI scientists (Izdar et al., 1984; Hay et al., 1990). Buesseler
et al. (1987) successfully monitored the fallout rates of Chernobyl radionuclides in the deep interior of the
Black Sea after the 1986 reactor incident. Three TS-trap stations each were set in the Ligurian Sea and the
Gulf of Lion, and two were deployed for reference in the Bay of Biscay in the period from 1988 to 1991 (Mon-
aco et al., 1990; Etcheber et al., 1996).

In the Pacific, from 1995 to 1998, NOPACCS (Northwest Pacific Carbon Cycle Study; Tsubota et al., 1999)
deployed 13 TS-traps at eight mooring stations spaced at quasi-equal distances from 46.1°N (PSAG) to 0.0°
(WARM) along a cross-basin meridional transect at 175°W (e.g., Kawahata et al., 1999, 2000). The NOP-
ACCS transect covered Arctic/subarctic and tropical and subtropical gyres in the North Pacific at the widest
part of this basin over a 3-year time span. The boreal Pacific is particularly well covered by TS-trap stations.
As early as 1982 to 1984, a Hokkaido University program deployed six TS-trap stations in the North Pacific
and one in the Antarctic Zone for short periods (e.g., Noriki and Tsunogai, 1986; Tsunogai and Noriki, 1987).
Takahashi et al. (1997, 2000) successfully collected deep-flux data at two Aleutian stations (designated AB and
SA; PSAG-W) between 1994 and 1999. TS-trap stations were jointly deployed in the central Sea of Okhotsk
(1990) and the northern Bering Sea (1991) by the Japan Marine Science and Technology Center (JAMSTEC)
and WHOI,; these stations provide the northernmost marginal-sea data (Honjo, 1997a; Broerse, 2000). The
ongoing Japanese KNOT-HiLat Project in the Northwest Pacific (Honda et al., 1997, 2002) has collected mul-
tiyear export records since 1996. A review of this program was published in Honda et al. (2002). Hong et al.
(1997) have deployed TS-traps in the East Sea/Japan Sea (ES/JS) since 1994 as a part of a continuing Korean
ES/JS investigation. The western Pacific warm-water pool (AWRM) was studied by University of Hamburg
scientists in 1988 and 1989, providing critical information from a large oceanic region of depleted export par-
ticle flux (Kempe and Knaack, 1996).

Despite great interest in the biological pump that operates in the pelagic, ice-covered High Arctic Ocean,
only a few programs have acquired annual TS-trap data from this region. O’Brien et al. (2006) successfully
deployed several TS-traps for a full year on the Canadian Beaufort Shelf to study the terrestrial supply of
POC. The sea-ice-covered High Arctic is the remaining challenge for a year-long deployment. However, two
TS-trap moorings were successfully deployed on the Wrangel Abyssal Plain (Zernova et al., 2000; Fahl and
Nothig, 2007) and most recently on the Canada Abyssal Plain (Honjo et al., 2007, unpublished). The Uni-
versity of Bremen program covered the Atlantic sector of the Southern Ocean from 1983 to 1995 (e.g.,
Fischer et al., 2000). In the Pacific sector, as mentioned above, the JGOFS AESOPS program deployed
7 stations with 23 synchronized TS-traps along approximately 170°W from 76.5°S (Ross Sea shelf) to
53.0°S in 1997 (Collier et al., 2000; Honjo et al., 2000). A long term TS-trap array between Tasmania
and Antarctica has been maintained by the Australian Subarctic Zone Program (e.g., Trull et al., 2001)
since 1997 (Bray et al., 2000), and US and French investigators have placed TS-trap stations in the Indian
Ocean sector of the southern Ocean, Prydz Bay area, at 62°S/63°S and 71°W/73°W (Pilskaln et al., 2004;
Tréguer, 2003, unpublished).

Several TS-trap stations at fixed locations have been maintained for more than 15 years (and are contin-
uing as of this writing). These include: (1) Ocean Station P located in the eastern North Pacific since 1983 at
50°N, 145°E (e.g., Wong et al., 1999), (2) BAT (Bermuda Atlantic Time-series) station in the Sargasso Sea
in the North Atlantic at 32.1°N, 64.3°E, initiated by W. Deuser in 1984 (Deuser, 1987; Deuser et al., 1995;
Deuser, 1996; Conte et al., 2001), (3) the Indo-German Arabian Sea and Bay of Bengal stations since 1987
(Nair et al., 1989; Ittekkot et al., 1991; Haake et al., 1996), (4) the IMS (Institute of Marine Science, Ice-
land) station on the Icelandic Plateau in the Nordic Seas at 68°N, 12, 7°E since 1987 (Olafsson et al., 2001,
unpublished), and (5) Ocean Station M in the eastern North Pacific (Smith and Kaufmann, 1999; Smith
et al., 2006). In addition, the ongoing Hawaii Ocean Time-series (HOT) station north of Hawaii initiated
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in 1996 (TS-trap data have not been disclosed; Karl, personal communication), the OMEX North Pacific
station (Antia et al., 2001a,b; Scholten et al., 2001), and the ongoing Japanese KNOT-HiLat Project in
the Northwest Pacific (Honda et al., 1997, 2002) have collected multi-year export records since 1996.

The deepest TS-trap, set at 8431 m for a 12-period time series, was successfully recovered after a 1-year con-
tinuous deployment from the 8931-m Japan Trench seafloor at 34.2°N, 142°E in 1992-1993 (Nozaki, 1989;
Handa, 1989; Nozaki and Oba, 1995; Handa et al., 1997; Saito et al., 1997). Itou and Noriki (1997) also
deployed a mooring in deep Japan Trench slope water with three TS-traps at 40°26’N, 144°28’E in 1994—
1995. The lowest TS-trap was set 6800 m deep, approximately 400 m above the bottom. The mass flux of
the deepest trap surged during the collection period beginning December 27, 1994, to as much as >9 above
the average flux during the previous collection periods. The mass flux decreased to the pre-surge level after
6 months in a linear mode. The authors suspect the surge to be an effect of the Mw 7.7 Sanriku-Oki Earth-
quake (Tanioka et al., 1996) that occurred on December 28, 1994, with its epicenter at 40°52’N, 143°42’E. Pro-
grams that have set long-term coastal zone stations along the North American West Coast have made unique
contributions to the understanding of the biological pump in upwelling-dominated coastal zones and high-vol-
ume estuaries (e.g., Thunell et al., 1994; Thunell, 1998a; Thunell, 1998b, 2007; Pilskaln et al., 1996; Pena et al.,
1999; Lyle et al., 1992; O’Brien et al., 2006). Thunell et al. (2007) review the POC fluxes and processes in the
upwelling-dominated subtropical and tropical continental margins of the Americas. Highly productive anoxic
basins, including the Cariaco Basin, have been investigated by multi-year time-series TS-trap deployments
(Thunell et al., 2000). A number of articles have been published on the export fluxes of biogenic particles
in large lakes such as Lake Baikal (at 1582 m; e.g., Kemp et al., 1996) and Lake Malawi (at 300-350 m; Pils-
kaln, 2004) (Fig. 1). Though these studies on the biological pump in deep lakes contribute stimulating results
for comparison with the oceanic biological pump, we did not include them in this article. However, their data
are available on a US JGOFS Web site (Manganini et al., 2003).

4. TS-trap methodology and possible biases in flux data
4.1. TS-trap technology: a short summary

4.1.1. TS-trap technology

Most TS-traps that provided particle flux data for this synthesis are approximations of the WHOI PAR-
FLUX Mark 6 Time-series sediment trap (Honjo and Doherty, 1988). The trap design has evolved over
the last 25 years to the most recent model, the McLane Mark 78H-21 (the operating manual may be found
at: <http://www.mclanelabs.com/manuals/trap-revE.pdf>). However, the principle design and hydrodynamic
profile of the original trap have been preserved as much as possible based on the model that was tested during
the 1979 Panama Basin Intercomparison Experiment (Honjo et al., 1992). The default specifications include:
(1) a 0.25 m? (or 0.5 m?) round aperture covered by a honeycomb baffle whose individual cells have an aspect
ratio of 2.5, (2) a 16° funnel slope, and (3) accommodations for in-line attachment to a mooring.

4.1.2. Long-term, deep-ocean TS-trap platforms

The TS-trap mooring is based on the WHOI-Heinmiller mooring that supports a heavily instrumented
mooring cable while maintaining uniformly distributed tension throughout the line and providing optimum
stability against deep-sea advection. Distribution of flotation is calculated on a model that balances the weight
of both the mooring line and the instruments against the anchor. An acoustic release mechanism allows effi-
cient retrieval of the TS-traps and their samples. Since Heinmiller (1979), numerous engineering improvements
have steadily increased instrument stability on the mooring. More recent TS-traps are equipped with precision
tilt-gauge/compass combinations or acoustic current meters to detect abnormal advection events. In general,
currents do not exceed several cm s~ ! in the lower mesopelagic zone and the turbulent benthic layers. How-
ever, an onboard tilt-gauge with an accuracy of 0.5° (in recent models) continuously monitors a TS-trap’s
aperture plane. Rarely, a mooring encounters a “deep ocean storm” (e.g. Gardner and Sullivan, 1981) lasting
for days or weeks; for example, one storm tilted a TS-trap we moored at 1 km in the New Zealand sector of the
Subantarctic Zone (SAZ) as much as 35° from the horizon for several weeks (Honjo et al., 2000). The particle
flux data from such periods should be discarded.
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4.2. Possible biases in export data collected by moored TS-traps

4.2.1. Effects of advection

The effects of advection have been discussed and studied experimentally since the inception of particle flux
research in aquatic environments (e.g., Gardner, 1980, 1989; Butman, 1986; Baker et al., 1988; Buesseler, 1991;
Gust et al., 1992; Buesseler et al., 1994, 2000; Siegel and Deuser, 1997). There are still unanswered questions
about exactly how settling particles behave when they encounter a trap. Discrepancies between oxygen utili-
zation measurements on the deep seafloor and POC flux found in data from sediment traps in the water col-
umn above have led to questions about the reliability of sediment trap measurements of POC (e.g.,
Christensen, 2000). One good example is the set of decadal time-series observations from the Station
M > 4-km-deep station in the CCAL province of the North Pacific (Smith and Kaufmann, 1999; Smith
et al., 2006). These questions can only be answered by further research on the complex but intriguing relation-
ship between benthic community respiration and POC supply. The major difficulty in simulating the process of
entrapment of aggregates is our inability to create a very small advection field in the laboratory and to produce
synthetic ballasted aggregates that behave exactly the same as their extraordinarily fragile natural counter-
parts. Use of neutrally buoyant traps may offer a promising approach for acquiring vertical particle flux in
relatively shallow layers such as the upper mesopelagic zone (e.g., Buesseler et al., 2007).

4.3. Sample preservation

Preservation of collected samples to protect them from degradation and disintegration is critical to measur-
ing the export flux of all biogenic particles, particularly POC. Remineralization of POC in a sampling con-
tainer lowers the pH and dissolves trapped CaCOj; (e.g., Gardner et al., 1983; Lee et al., 1992; Knauer
et al., 1984; Cole et al., 1985, 1987; Hedges et al., 1993; Christensen, 2000). Two commonly used preservatives,
sodium borate-buffered formalin (often formaldehyde) for the in situ deep-water samples (obtained from bot-
tle casts prior to trap deployment) and HgCl, for the filtered surface water with slightly elevated salinity, were
used in the majority of deployments included in this synthesis. Field intercomparison experiments using buf-
fered formalin and HgCl, solutions in the lower mesopelagic zone indicated no detectable difference in pres-
ervation capacities for POC and biominerals (e.g., Honjo et al., 1995); however, formalin and formaldehyde
interfere with carbon isotope measurements, and HgCl, solution interferes with some trace-metal and clay-
mineral analyses. Sodium azide solution was used in a number of shorter pre-1985 deployments (e.g., Honjo
et al., 1979). The effectiveness of this organic nitrogen compound for a full-year deployment has not been
established. TS-trap sampling containers must be securely sealed against seawater intrusion before and after
their collecting periods. A preservation anomaly is indicated by the lowering of pH in the supernatant of sam-
ples at recovery. Information on preservation conditions, particularly the pH levels of the supernatant, was
missing in many published reports. In this synthesis, we assume that most of the TS-trap deployments success-
fully preserved POC and CaCOjs, as long as the deployment conditions of a TS-trap followed the US JGOFS
protocol on preservatives (US JGOFS Planning Committee, 1989).

4.4. Zooplankton effects

As discussed above, the zooplankton community, particularly in a migrant ecosystem, is one of the essential
means by which the biological pump removes and transports POC from the upper layers to the oceanic inte-
rior. Zooplankton on the order of millimeters to centimeters in size constantly consume and repack particles,
prey upon other animals, and reproduce while migrating vertically in a diel pattern. Some pteropods, deca-
pods, and salps shuttle 500-900 m/day (e.g., Kikuchi and Omori, 1985; Lampitt et al., 1993; Madin et al.,
2006) (Section 2). A sediment trap designed only to collect gravitationally settling particles cannot deal prop-
erly with this problem. Living zooplankton that actively swim into the open sampling bottle of a trap and are
preserved along with the settling particles bias the export flux measurements of POC (e.g., Knauer et al., 1984;
Harbison and Gilmer, 1986; Lee et al., 1988). The “swimmer problem” (Knauer et al., 1979; Lee et al., 1988) is
particularly severe when a trap is deployed within a zooplankton diel migrating habitat in the upper mesope-
lagic layer. A sediment trap with an indented rotating sphere (IRS) designed to eliminate living, moving
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zooplankton has been developed to cope with this problem (Peterson et al., 2005) but has not yet been broadly
used. No TS-traps cited in this paper used the IRS method.

4.5. Systematic errors in laboratory analysis

Most trap-collected samples are sieved through a 1-mm nylon mesh using filtered seawater. Most particles
that are larger than 1 mm disintegrate during this sieving process and pass through the mesh. The particles
that pass through the 1-mm mesh are recovered on a hole-type membrane filter with a nominal hole diameter
of 0.2 pm. This fraction is used for laboratory analysis after rinsing with distilled water and oven drying. Any
particles retained on the 1-mm mesh are usually regarded as swimmers (Knauer et al., 1979), though there is a
question about whether this process eliminates all swimmers in the TS-traps deployed in the upper mesope-
lagic zone. However, the amount of >1 mm particles collected in the mesopelagic/bathypelagic boundary con-
stitutes less than 5% of the mass flux and even less in deeper samples, falling within the range of analytical
error. In principal, no swimmers are expected in the material delivered to a trap via terminal gravitational
transport. Therefore, zooplankton carcasses and remains collected at the mesopelagic/bathypelagic boundary
are considered to result from senescence and molting (Section 2.3) and thus are a genuine part of POC flux.

When TS-trap samples are shared with a research project that mandates wet samples (for example, quan-
titative microscopy of foraminiferal tests and all other biocoenosis research), an original sample with super-
natant water is first divided into a number of aliquots (usually 10) by a precision wet-sample divider such as
the widely used MRL WAD-10 wet-sample divider. Introduction of this procedure imposes a systematic error
of 3-5% when assessing total mass flux.

Interlaboratory analytical error in analyzing POC and PIC is constrained within 5%, based on the results of
an intercomparison by several US JGOFS and Japanese laboratories using a standard particle sample. This
relatively low interlaboratory error level in carbon analysis is attributed to the universal use of direct elemen-
tary analysis under common principals, though there may be some differences among designs of equipment
being used for analysis (elementary analyzers for POC and coulometric titration for PIC analysis). In some
pre-1986 publications where organic carbon flux is described as “organic matter” flux, it was converted to
mole POC flux, applying relational factors between plankton dry weight vs. organic carbon (e.g., Wiebe
et al., 1975). The magnitude of error caused by this conversion is not known, but could be substantial.

Biogenic silicon analysis shows greater differences among laboratories and stations/depths. This is due to
the difference in methods used to separate Si in biogenic opal and Si in silicate minerals originating in Earth’s
crust (lithogenic Si). Thus, the discrimination of lithogenic silicate mineral particles from biogenic opal creates
additional errors despite common use by most laboratories of the direct Si assessment originally described by
Mortlock and Froelick (1989). Two methods are commonly applied to segregate biogenic opal. One is sequen-
tial leaching of opal in an alkaline solution to exploit the resistance of crustal minerals to dissolution in diluted
alkaline solutions. The other is the total dissolution of a known mass of particles in a lithium metaborate flux
followed by atomic-absorption spectrometer analysis of Si and Al (and Ti). Lithogenic particle flux, recon-
structed from Al (often Ti as well) contents using the Earth-crust elemental indices, is then subtracted from
total Si to obtain biogenic opal Si flux. US JGOFS investigators have employed a total liquidizing method
since 1998 (Arabian Sea Process Study and thereafter; Honjo et al., 1999) that significantly reduces the errors
compared to the two methods described above. In this method, a known mass of particle sample is liquidized
in an HNOs/HF solution at high temperature and pressure under microwave radiation. Then the total Si and
Al (and Ti) contents are determined by an ICP-emission spectrometer or an ICP-mass spectrometer. The frac-
tion of layered and structured silicate minerals (total lithogenic components) is reconstructed from Al (and Ti)
concentration and subtracted from total Si to determine biogenic Si flux. Using a standard sample from the
Panama Basin Intercomparison Experiment, US, Asian, and European laboratories each conducted a bio-
genic opal Si analysis and found that their data exhibited apparent error of <10%.

4.6. Radiochemical correction of POC flux

A radiochemical correction method for POC based on scavenging *°Th and **'Pa from the water column
was developed in the 1980s (e.g., Brewer et al., 1980; Anderson et al., 1983) and recently expanded and refined
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(Yu et al., 2001; Scholten et al., 2001). The fluxes of >*°Th and **'Pa intercepted by TS-traps deployed in the
upper mesopelagic layer are often erratic in time and space (Yu et al., 2001). We believe that such inconsis-
tencies are caused by variations in behavior of the zooplankton community and its resulting influence on
the operation of the biological pump within the upper-ocean ecosystem. However, the efficiency of these traps
is consistent with the 2*°Th/*'Pa disequilibrium model in the lower mesopelagic layer. Analyses by Yu et al.
(2001) and Francois et al. (2002) estimate the efficiency of TS-traps placed between 1.5 and 2.5 km at 98 4+ 13%
where the terminal gravitational transport mode prevails (based on annual POC export samples). Recent
attempts to predict global POC fluxes by inverse modeling (Usbeck et al., 2003) resulted in large discrepancies
in the 2*°Th/*'Pa disequilibrium compared with trap data obtained shallower than 1 km, while fluxes mea-
sured at greater depths showed better comparison. These authors stated that the differences between their
model and the observed fluxes are consistent with the poor trapping efficiency of shallow traps documented
from the intercepted fluxes of **Th and **'Pa.

5. Data review and normalization procedures

We selected and normalized TS-trap export data sets in order to objectively compare the scales and rates of
biological pump operation at 152 individual traps from 134 locations distributed in all basins and regions of
the world ocean.

5.1. Review criteria for TS-trap data

Our primary criteria for choosing data to include in this review were the depth range of TS-trap deploy-
ments and the length of the period of deployment. Because this study aims to synthesize fluxes reaching the
mesopelagic/bathypelagic boundary zone in open ocean basins and major marginal seas, TS-trap stations
located on continental margins (for example, Thunell et al., 2007; Pilskaln et al., 1996; Hargrave et al.,
1993; O’Brien et al., 2006) were not used as principal sources. Criteria we applied include:

(1) TS-trap data sets were required to supply four essential operational conditions in the original publica-
tion: (a) mooring location, (b) trap depths, (c) start/finish dates/years, and (d) open/close schedules.

(2) TS-trap samples must have been collected between approximate depths of 1.5 and 3.5 km.

(3) Results of chemical analysis on (a) total particle mass fluxes, (b) particulate organic carbon (POC) or
“organic matter”, (c) CaCOs, and (d) biogenic silica or “dehydrated opal” in any flux units associated
with the total mass flux were included. Data based on microscopic counting of particles were not used.

(4) We included a number of TS-trap data sets where the annual flux of organic carbon or “organic matter”
was presented.

(5) Results of deployments without spring blooms in the Westerlies domain and polar ocean stations were
not included.

5.2. Normalization to annual fluxes

Although all 153 TS-traps selected were originally scheduled to operate for a year, many of them actually
operated within £5% of 365 days after all time-series segments were totaled. We used these data as they were
published, after depth correction as described in the next subsection. In cases where traps operated through
the bloom periods and continued for more than, or close to, half a year, we multiplied estimated daily flux
by 365 days (Manganini and Honjo, 1992). Then, “duration-normalized fluxes of POC” were converted to
annual mole fluxes expressed in mmolC m 2 yr~' (also in molC m 2 yr™'); this annual POC flux specific to
a discrete TS-trap is called FC,,, hereafter. The CaCO; fluxes were converted similarly to mole numbers of
carbon in CaCOs in mmolC m* yr~! as the annual mole flux of inorganic particulate carbon (PIC) that is
called FCj,ore. Analytical data for biogenic opal (SiO; - 0.4H,0) and biogenic silicate (SiO,) were reported
by approximately 70% of the TS-trap publications. Biogenic opal flux was converted to “biogenic silicon
Si”, called FSip;,, and expressed in mmolSim 2 yr—'.
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5.3. Normalization of depths for station-based particle fluxes at the mesopelagiclbathypelagic boundary (Table 2)

Of the 153 TS-traps included in our study, 32 were deployed at 2 km +5% and their POC flux data required
no depth normalization. Other data collected between 1.5 and 3.5 km (some exceptions, Table 2) were normal-
ized to 2 km using Berelson’s empirical POC flux reduction formula (Berelson, 2001) modified from Martin
et al., 1987 (reviewed by Bishop, 1989; Francois et al., 2002), with a power constant [—b] of 0.87. With this
power constant at these depths, the correction curve is practically a linear function and the compensation value
is often insignificant. However, attempts by many authors to represent the reduction of POC fluxes through the
entire mesopelagic zone using a single exponential formula are unrealistic considering the very large and highly
irregular standard deviations normally found in the PIO fluxes measured in the upper mesopelagic zone. Fluxes
in the mid- to lower-mesopelagic layer and deeper zones (Berelson, 2001, 2002) are far more predictable. A
more realistic approach would be the early curve fitting by Suess (1980), who used a combination of rapid,
quasi-linear reduction in the upper mesopelagic zone and gentle linear reduction in the mid- to lower-mesope-
lagic zones. The corrected and uncorrected POC fluxes in each TS-trap are listed for comparison in Table 3.
Thus, we generated 134 locations that are represented by an annual FC,,, at the boundary zone between the
mesopelagic and bathypelagic zones. We call this index F,,/,Cqrg in mmolC m 2 yr~ ' (Tables 2 and 3).

5.3.1. Normalization of CaCOj3 and opal fluxes

The vertical variability of FCi,org and FSip;, in the ocean is not well constrained mainly due to the scarcity
of “depth series” flux data for CaCO;5 and opal. Our moored TS-trap investigation found no clear evidence
suggesting that fluxes of CaCO; and opal particles significantly change with depth in the layer between
approximately 1 km and 3.5 km.Therefore, we averaged the flux values from 1 km to 3.5 km for 47 stations
where multiple TS-traps were deployed at a series of depths. For the 89 single-trap stations, the FCj,or,
and FSiy;, were applied between 1.5 km and 3.5 km to represent fluxes in the mesopelagic/bathypelagic bound-
ary zone without corrections, on the assumption that settling CaCO; and opal dissolves insignificantly
between 1.5 and 3.5 km as discussed below. Table 2 shows the F},,/,Cinorg in mmolC m 2 yr~! at 125 locations
and Fy,/pSip;e in mmolSi m > yr*l at 123 locations.

Of the 153 traps included in the study, 28 were deployed at 2.0 km, and 128 were deployed at other depths
ranging from 1.5 km to 3.5 km and normalized to 2.0 km.TS-traps were deployed at multiple depths at 47 sta-
tions; there were 25 stations with traps at two depths, and 22 stations with three to six traps deployed in depth
series that included the lower mesopelagic zone. Examination of the 47 depth-series flux data sets revealed sev-
eral patterns in the vertical variability of FCijorg and FSipo:

(1) On 11 moorings equipped with multiple TS-traps, the FCj,or, and FSiy;, varies little with depth. No
trend is observed, while the standard deviation (std) varies >10% from the shallow (1.0-1.5km) to
the deeper traps (3.5 km).

(2) Data from 14 moorings indicate that the apparent maximum depths of FCj,,, and FSiy;, are around
2 km.

(3) At 15 trap moorings, FCinore and FSiy;, show a slight increase with depth in the mesopelagic/bathype-
lagic boundary depth range.

(4) At 7 mooring stations, radical changes in fluxes by depth are evident without an appreciable trend.

The FCi,ory decreases significantly at great depths in the bathypelagic layers, particularly over 6.5 km.
However, resuspended particles from the trench slope appear to increase the flux of all biogenic particles
(e.g., 8430 m,Nozaki, 1989).

6. Global biogeochemical geography of annual POC exports at the mesopelagic/bathypelagic boundary (m/b)
6.1. Overview and range of POC fluxes at the mesopelagiclbathypelagic boundary

Annual export fluxes of POC normalized to 2 km (F,5Corg) and their global distribution are shown in
Table 2 and Fig. 3. In Fig. 2, it appears that the Fy,,;,Corg is higher in the Northern Hemisphere. However,
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Fig. 2. Annual POC fluxes (Fy,/,Corg) at the stations plotted in Fig. 1. Column height represents organic carbon fluxes in mmolC m2yr!

normalized to 2 km (the bottom of the mesopelagic/bathypelagic boundary zone). Blue areas indicate Silica Ocean conditions and the
remainder Carbonate Ocean conditions. The High Arctic Ocean has not been assigned to either category. Some columns in Fig. 2 through
Fig. 7 are obscured by taller ones in front of them in the oceanic regions where more stations with high particle flux are concentrated,
including the Arabian Sea, the northwest Pacific, and the northeast Atlantic. Letters in this figure indicate the ocean area used to explain
the variability of the biological pump in Section 11. They are: HA: High Arctic Ocean. ARAB: Divergent Arabian Sea or Northwest
Arabian Upwelling (Longhurst et al., 1995). AZ: Antarctic Zone. BB: Bay of Bengal. BPSO: Boreal Pacific Silica Ocean. P-DR: Pacific
Depleted Region. NPPF: North Pacific Polar Front. APF: Antarctic Polar Front. PEQD: Pacific Equatorial Divergence. 4-DR: Atlantic
Depleted Region. CNRY: Canary Current Coastal (Longhurst et al., 1995). NS: Nordic Seas.

the data are insufficient to draw a firm conclusion on the geographic deviation of the Northern and Southern
hemispheres because observations of export fluxes in some large Southern Hemisphere biogeochemical prov-
inces are lacking at this compilation (Table 1 and Fig. 1), and that may affect our global parameterization
(Section 9). Fig. 2 indicates that the Fy,,Cor, in the subtropical and tropical gyres in the Atlantic and Pacific
are decidedly lower than in the subarctic gyres. If it is assumed that biogenic particle exports in Southern
Hemisphere subtropical gyres, including SPSG (South Pacific) and ISSG (Indian Ocean), are similar to those
in the Northern Hemisphere, such quasi-asymmetric distribution of F,,Core in the global ocean might be
valid. The F,,,Corg in the Southern Ocean is larger than the fluxes in the subtropical and tropical gyres,
and markedly smaller than in the Pacific subarctic gyres.

For this paper, we limited our scope to POC fluxes. However, fluxes and fates of particulate organic
nitrogen (PON) and phosphorus (POP) with POM in regard to the pumping scheme of nitrogen and phospho-
rus to the ocean interior are also critically important to further understand oceanic biogeochemical cycles (e.g.,
Altabet et al., 1991, Altabet 1996, 20006).

Fi/pCorg ranges from 605 mmolC m~2yr~!' at a station in the Arabian Sea (Honjo et al., 1999) to
<8 mmolC m 2 yr~' in the ice-covered Wangel Abyssal Plain of the High Arctic Ocean (Fahl and Néthig,
2007) and the seasonally ice-covered Weddell Sea station (1 mmolC m 2 yr~'; Wefer and Fischer, 1991).
The minimum Fy,,Core from a low-latitude open-ocean station is 25-28 mmolC m 2 yr!, reported from
the Pacific warm pool (WARM) (Kempe and Knaack, 1996; Kawahata et al., 2000) (Table 2).

Four of the five stations exhibiting the largest Fi,/,Corg (605-380 mmolC m 2 yr~!) in the existing data were
located in the Arabian Sea (Nair et al., 1989; Haake et al., 1993, 1996; Honjo et al., 1999). The fifth was the
Walvis Bay station (429 mmolC m 2 yr~'; Wefer and Fischer, 1993b) (Table 2). The next 10 stations include
two NARD stations (375 mmolC m > yrfl; Scholten et al., 2001; Antia et al., 2001a,b), two in the Northwest
Pacific Marginal Seas (East Sea/Japan Sea, hereafter referred to as ES/SJ) (327-300 mmolC m 2 yr~'; Hong
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et al., 1997), several stations in the Southern Bering Sea and Aleutians (273-241 mmolC m~2 yrfl; Takahashi
et al., 1997, 2000; Wong et al., 1994), and a station in the Bay of Bengal (277 mmolC m~2 yr*]; Ittekkot, 1991;
Schifer et al., 1996). TS-traps deployed in shallow coastal zones often record export fluxes of POC that are an
order of magnitude larger than the fluxes at the pelagic m/b. For example, Thunell (1998a) and Thunell et al.
(2007) reported up to 3-2.4 molC m 2 yr ! of POC export in the Santa Barbara Basin and 1 molC m 2 yr~ ! in

the San Pedro Basin, both from 0.5 km deep.
6.2. The Atlantic ocean

6.2.1. The Atlantic polarlboreal domain

The Nordic Seas that consist of ARCT and SARC are separated into two oceanic regions: the East
Greenland Current and the Norwegian Current (including the West Spitsbergen Current) regions, each
bordered by a significant oceanic front. The East Greenland Current is the southern extension of the
Transpolar Drift that originates from the High Arctic Seas and conveys ice floes through the western
Fram Strait, delivering cold, brackish waters at the surface (Swift, 1986). The Norwegian Current is
the northward extension of the Gulf Stream that transports relatively warm water and pushes higher salin-
ity as far north as the Fram Strait (Swift, 1986). The biological pump operates differently in these two
areas. For example, in 1988 and 1990, the uncorrected FC,,, at a station representative of the Greenland
Current is as small as 3 mmolC m 2yr' at 2.2 km deep (72.5°N, 8°E; von Bodungen et al., 1995). This
value is only a few percent of the global average flux, 120 mmolC m 2 yr~! (Table 5, calculated from the
parameterization models in Section 9), comparable to the F,,/,Coyg in the Antarctic zone stations, and pos-
sibly a global minimum. However, this station’s FCOrg at 500 m was approximately 300 mmolC m 2 yr~!
in both years. The Fy,,Cor, in the pelagic Nordic Sea is 42-106 mmolC m “2yr~! and tends to increase to
the south (Honjo, 1990; von Bodungen et al., 1995). The mean Fin/pCorg 1n the pelagic Eastern Nordic
Sea is 79 mmolC m > yr_1 Wlth a std of 24 mmolC m 2 yr~!. An exception in this region is FinpCorg as
high as 140 mmolC m 2 yr~!, larger than the global average at the mesopelagic/bathypelagic boundary,
in the deep hemipelagic frontage near a large fjord under the West Spitsbergen Current (Honjo et al.,
1988).

6.2.2. The North Atlantic westerlies domains

These areas consist of NADR in the north and NAST that spans the open Atlantic between Iberia/North
Africa and the East Coast of North America. NADR is bordered by the Subarctic Front over the Iceland-Fae-
roe Ridge at its northern edge. Published particle-export data indicate that NADR is characterized by a large
FinpCorg that is often more than twice as much as the global annual average (Section 9.4 and Table 5) (Honjo
and Manganini, 1993; Jickells et al., 1996: Kuss and Kremling, 1999; Scholten et al., 2001; Antia et al.,
2001a,b). Mean FpCore of the NADR stations is 171 with a very large std of 110 mmolC m yr!
(n=20). In NAST stations distributed along 20°E, Fy,/,Co,, is smaller than that at the NADR stations to
the north, reaching only about half of the global average.

6.2.3. The Atlantic trade wind domain

This domain spans both sides of the subtropical and equatorial Atlantic. Data from offshore of West
Africa, in both NATR and ETRT, were obtained from TS-traps moored by the University of Bremen’s
long-term projects (e.g., Wefer and Fischer, 1993; Fischer and Wefer, 2000), while WTRA and the vast
south Atlantic province (including SATL) are understudied (Fig. 1). The Cape Verde Basin, in the eastern-
most NATR, is characterized by very high FC,,,. The multi-year mooring stations at 21.15°N, 20.69°E and
20.92°N, 19.74°E show F,/,Cor, that is not only as large as 237 mmolC m 2 yr~! (average) but also more
consistent (the std was only 9 mmolC m =2 yr~! for 3 years; Fig. 1 and Table 2) (Wefer and Fischer, 1993b).
The Demerara Abyssal Plain was occupied by a station at 13.5°N, 54°E with non-time-series traps that
opened for 27% of 1977 (Honjo, 1982). An extrapolation of the flux data from this station indicated that
FinpCorg 18 78 mmolC m~2yr~'. The average FinwCorg in the Guinea Abyssal Plain, which lies in the north-
eastern ETRA, is 118, close to the global average, with a std of 8§ mmolC m~2 yr_1 (Wefer and Fischer,
1993b; Fischer and Wefer, 1996). Far to the southwest, along both sides of the Mid-Atlantic Ridge, the



244 S. Honjo et al. | Progress in Oceanography 76 (2008) 217-285

FinoCorg (Fischer et al., 2000) is significantly smaller than the global mean. The FCiyor and FSiy;, for this
area have not been published. The only TS-trap study in WTRA is one reported from the Pernambuco
Abyssal Plain, off the east coast of Brazil. At this station, the Fy,/,Corg is 126 mmolC m 2 yr ! (Jennerjahn
et al., 1996). At the boundary between SATL and BENG, in the northern part of the Benguela Current
offshore of the Walvis Bay station around 9°E, 20°S, the Fy,/,Cog is as large as 429-163 mmolC m~> yr*l
(1988-1989), indicating this is another high-export area in the South Atlantic (Wefer and Fischer, 1993b;
Fischer et al., 2000, 2003).

6.2.4. European inland seas

A Turkish-German—US multiyear biogeochemistry program in the southern Black Sea provided deep trap
data as early as 1983 (e.g., Izdar et al., 1984; Buesseler et al., 1987; Hay and Honjo, 1989; Hay et al., 1990).
Data from a station at 32.5°E, 42.2°N, in the southern Euxine Abyssal Plain north of Amarsra and at 1.2 km
deep under strong anoxic conditions, show that settling particles fluctuate widely by year: the Fp,,Cinorg 18
256 mmolC m 2 yr~'in 1983 and 110 mmolC m 2 yr~ ! in 1987. Data is available from a trap station deployed
in the Mediterranean Ligurian Sea north of Corsica at 8.5°E, 42.7°N at 1000 m (1987). There, the F},,/,Coyg is
smaller than the global mean, 91.3 mmolC m > yrfl. There is no explanation for the extremely small FCj,q,
reported from this station (Buat-Ménard et al., 1989; Miquel et al., 1994).

6.3. The Pacific Ocean

6.3.1. The Bering Sea and the Sea of Okhotsk

The Fy,/pCor, at the northern Bering Sea Abyssal Plain station at 58°N, 179°W is 248 mmolC m Zyr !,
twice as large as the global average despite the location’s high latitude. The F,/,Sipio is also very large at this
station, as much as 579 mmolSi m 2 yr_1 while the Fp,/Cinorg 15 65.8 mmolC m~2 yr_1 (Honjo, 1997a), about
the same as in the Nordic Seas. Average Fy,,;,Corg from the multiple year (1990-1994), single TS-trap station
set 3200 m deep at 53.5°N, 177°W on the abyssal plain north of Adak Island, Aleutian Archipelago, is also as
large as 300 mmolC m~? yrfl. This substantial POC flux is associated with the huge F/pSipo Of
804 mmolSi m 2 yr~' that is the largest annual export reported in the Northern Hemisphere, while the asso-
ciated Fy,/pCinore 1 100 mmolC m 2 yr~!, about 80% of the global average (Takahashi et al., 2000).

6.3.2. The North Pacific westerlies domain

This domain consists of three biogeochemical provinces: two large mid-ocean gyre systems and a glob-
ally significant oceanic front. They are the Pacific Subarctic Gyre (PSAG), the North Pacific Subtropical
Gyre (NPST) (Fig. 1), and the North Pacific Polar Front (NPPF) (e.g., Favorite et al., 1976; Belkin
et al., 2002), which separates the two gyres and is not only a significant hydrographic boundary but also
a major biogeochemical ocean front. The mode of the biological pump in the biogeochemical province to
the north of this front (PSAG) and the one to the south (NPST) show strong differences; thus, the NPPF
plays a critical role in formulating the biogeochemical setting of the Pacific, as we elaborate later in this
paper.

The northernmost NORPAC TS-trap mooring was deployed in the south of the PSAG-W at 46.1°N, 175°E
(Kawahata et al., 1997) (Section 3). The F,,/,Corg measured at this station is 183 mmolC m~2 yr_l. The KNOT
program (Honda et al., 2002) provided a cluster of multidepth, multiyear TS-trap moorings around 44°N,
155°E, covering the PSAG and northern Kuroshio province (KURO) from 1997 to 1999. At the KNOT sta-
tion, the interannual mean Fy,/,Cor, was 232 mmolC m 2 yr !, nearly twice as large as the world average. The
Fi/uCorg fluctuates by a factor of 1.8 between 1998 and 1999 at this station. Under the Oyashio Current near
the northern Kuril Islands (50°N, 165°E), the Fy,,Core in 1997 data is 134 mmolC m 2 yr~! (Honda, 2001;
Honda et al., 1997, 2002), less than at other PSAC-W stations. Mean F,,,Core in BERS, PSAG-W, PSAG-
E, ES/JS, and northern KURO is 214, with a relatively small std of 67 mmolC m *yr~' (Wong et al.,
1994; Honjo and Weller, 1997; Takahashi et al., 2000; Hong et al., 1997; Kawahata et al., 1997; Noriki
et al., 1997; Takahashi et al., 2000; Honda et al., 1997, 2002; Honda, 2001). Further south, at the NORPAC
station at 37.4°N, 175°E, Fi/uCorg declines to 151 mmolC m~2 yr_1 (Kawahata et al., 2002) but is still about
25% greater than the global average. Only 3° to the south of this NORPAC station, but on the south side of
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the Polar Front at 34.4°N, 177.4°E, the annual F,,Co decreases to the level of the global average
(119 mmolC m 2 yr~ ') (Kawahata et al., 2002). A TS-trap mooring located on the north side of the ES/JS
front at 39.7°N, 132.4°E in the Ulung Basin exhibits an annual Fy,,Co,e as high as 327 mmolC m Zyr!
(Hong et al., 1997), repeating the distribution pattern of Fy,,;,Cor in the open northwest Pacific.

Ocean Station P (50°N, 140°W) presents one of the longest quasi-continuous TS-trap records in PSAG-
E beginning in the early1980s (e.g., Wong et al., 1994). The published decadal particle export records from
1983 to 1993 indicate that the annual Fy,,Coy, at this station fluctuates from 76 to 221 mmolC m Zyr!
(normalized from 1 km TS-trap data), with a decadal average of 163 mmolC m 2 yr~'. This is significantly
larger than the global average, but smaller than the fluxes at PSAG-W stations. A notable anomaly is that
the F,/Corg plunged to a range of 76-80 in 1989 and 1990, but recovered to the normal PSAG-E level in
later years.

6.3.3. Pacific trade wind domain

This domain consists of large biogeochemical provinces that include the North Pacific Tropical Gyre
(NPTG) and encompass the entire width of the North Pacific between 10°N and 30°N, from the South China
Sea to offshore of Mexico’s Pacific coastal province, CAMP. The Western Pacific Warm Pool (WARM) prov-
ince occupies the area from 12°N to 15°S in the western equatorial Pacific and from offshore Mindanao, Phil-
ippines, at about 158°W (Longhurst et al., 1995) to about 173°W (Figs. 1 and 9). It is the region of least
biogenic particle export in the world ocean except for seasonally ice-covered polar seas. Mean F,/,Corg In this
part of the North Pacific, where the FC,,, is small and the biological pump is enervated, is 40 with a std of
17 mmolC m—2 yr*1 (based on seven stations between 15.3°N and 0°). The F;,,,Co, at the 7.9°N, 175° station,
observed by the German Warm Pool Project, is 30 mmolC m 2 yr~' (Kempe and Knaack, 1996). At the
NORPAC station on the equator at 175.2°E, the F},,/,Coyg is 53 mmolC m 2 yr ' (Kawahata et al., 2002).
A cluster of several stations in the area bounded by 7.9°N, the equator, 160°E, and 175°E registered 30 to
70 mmolC m 2 yr~! (Kempe and Knaack, 1996; Kawahata et al., 1997). NORPAC deployed two TS-traps
in 1991 in WARM at 4.1°N, 136.3°E and 3°N, 135.0°E. At these stations, the [y,/,Cory Was as high as 182
and 233 mmolC m 2 yr', respectively (Kawahata et al., 1999, 2000) (Fig. 2). These anomalous POC fluxes
could be explained by vigorous tropical sediment discharges (Milliman and Syvitski, 1992; Milliman, 1995)
transported from the high-energy rivers in northeastern New Guinea by the Equatorial Counter Current
(ECC) to these mooring locations; these data are not included in the calculation of the average Fy,/,Corg in
WARM.

The JGOFS EqPac Program occupied a meridional transect along 140°W in 1992 to collect comprehen-
sive biogeochemical data (Murray et al., 1995). Spanning the Pacific Northern Equatorial Current (PNEC)
and the north Pacific Equatorial Divergence (PEQD), five TS-trap moorings were deployed at 9°N, 5°N,
2°N, O°, and 5°S, and a sixth was set at 12°S,135°W. The southernmost moorings extended into the South
Pacific Subtropical Gyre (SPDG) (Honjo et al., 1995). The Fy,,Corg at the northernmost EqPac transect
(9°N, 140°W) was 50 mmolC m 2 yr~', equivalent to other NPTG and WARM stations. A MANOP TS-
trap deployed at 11°N, 140°W in 1992 also yielded similar Fy;,/,Corg, 49 mmolC m 2yr~' (Dymond and
Lyle, 1985). The F,,Corg along the meridional transect of PNEC from 5°N to 5°S along 140°W varied
in quasi-Gaussian distribution with maximum export at 1°N and the equator (158-194 mmolC m 2yr ')
(Honjo et al., 1995). The 5°S station was located on the boundary of the PEQD and the South Pacific Sub-
tropical Gyre (SPSG).

The southernmost station of the EqPac transect was located at 12°S, 135°W in the deep basin east of the
Marquesas Islands and well inside the South Pacific Subtropical Gyre (SPSG). The annual F,,,,Coy, from this
station was only 34 mmolC m 2 yr~' (Honjo et al., 1995), similar to the POC export at the NPTC and
WARM stations. We found no other published TS-trap data from the vast SPSG province. To the east of
the EqPac transect, there are only a few TS-trap stations in the PNEC and the PEQD. The eastward extent
of this highly organic, carbon-rich zone is not well understood because of insufficient distribution of mooring
stations in that area. However, the F,,,Core at two stations near the Galdpagos Spreading Center area at
0.6°N, 86°W (partially covered by Cobler and Dymond, 1980) and in the Panama Basin at 5.4°N, 8§2°W (par-
tial time-series in Honjo, 1982) were 194 and 307 mmolC m 2 yr~ ', suggesting that the zone of vigorous POC
export at the mesopelagic/bathypelagic boundary in the eastern equatorial Pacific continues to the east and
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extends to Middle American coastal zones (Fig. 2); verification would demand deployment of more TS-traps
in this extensive, data-barren region (Fig. 9).

6.4. The Indian Ocean

The border between the Indian Ocean Monsoon Gyre (MONS) to the north and the Indian Ocean South
Subtropical Gyre (ISSG) is at 10°S (Longhurst et al., 1995). The northern part of MONS, the offshore con-
vergent zone of the western Arabian Sea (ARAB), and the Bay of Bengal have been well covered by TS-trap
stations moored by the Indo-German Ocean Biogeochemistry Program since 1986 (e.g., Ittekkot et al., 1991).
In the Arabian Sea, multiple-year time-series stations were designated W, C, and E at 60°E, 16°N; 64°E, 14°M;
and 68°E, 15°N, respectively (e.g., Nair et al., 1989; Haake et al., 1996).

The JGOFS Arabian Sea Process Study occupied ARAB and northern MONS in 1994 and 1995 (ASPS;
Smith et al., 1998), following the original Indo-German transects. This program collected export POC fluxes
at five stations along a northwest/southeast transect from Oman coastal waters (Station MS-1) to a mid-ocean
station (MS-5) at 65°W, 10°N (Honjo et al., 1999) (Fig. 1). All stations except the open Indian Ocean station
(MS-5) were located in the divergent conditions induced by the monsoonal low-atmosphere, cross-equatorial
jet stream (Findlater, 1974). The largest annual Fp,,Core (605 mmolC m 2 yr !, nearly five times the global
average flux) is observed at station MS-4 located at 15.3°N, 61.5°E from 1998 to 1999. At three stations on
the west side of MS-4 (MS-1 at 17.4°N, 58.8°E; MS-2 at 16.0°N, 60.0°E; and MS-3 at 17.2°N, 59.6°E), the
annual F,,,Coye are also extraordinary high: 605, 559, and 495 mmolC m 2 yr~ !, respectively. At the nondi-
vergent oligotrophic mid-ocean station MS-5 further southeast but still in MONS, the F,,/,Corg Was slightly
smaller than the global average: 107 mmolC m 2 yr~' (Honjo et al., 1999).

The Bay of Bengal (MONYS) is a significant marginal sea with respect to the biogenic material cycles in the
Indian Ocean (Ittekkot et al., 1991). A transect of TS-trap moorings was set from 17.5°N to 4.5°N along 90°E,
the geographic center of the Bay of Bengal. The F,,,Cog at 89 6°E 17.5°N, approximately 310 nautical miles
from the Ganges—Brahmaputra estuary, was 209 mmolC m 2 yr—'. At the two statlons to the south (15.2°N
and 13.2°N) along this transect, F,/,Corg is also as large as 159 and 277 mmolC m™ 2yr~'. While the south-
ernmost station at 4.5°N, 87.3°E was located outside of the bay in the open Indian Ocean, the F,,,Co, is as
much as 247 mmolC m_2 yr! (Ittekkot et al., 1991; Schifer et al., 1996). Average Fy,/vCore from this transect
is 221 with a std of 55 mmolC m 2 yr~!

6.5. The Southern Ocean

Longhurst et al. (1995) divided the Westerlies-dominated Southern Ocean into the South Subtropical Con-
vergence (SSTC) and the Subantarctic (SANT) biogeochemical provinces. Combined, these zones make up the
“Subantarctic Zone (SAZ)” that is bordered by the Antarctic Polar Front (APF) and the Antarctic province
(ANTA) to the south. The ANTA is equivalent to the Antarctic Circumpolar Current (ACC) zone and the
Austral Polar (APLR) zone in Longhurst et al. (1995) and is a combination of the Permanently Open Ocean
Zone or POOZ (Tréguer and Jaques, 1992) and Antarctic Shelf Areas. JGOFS-AESOPS refers to the pelagic
region to the south of APF, abutting the shelves, as the Antarctic Zone (AZ). This paper utilizes the Tréguer
and Jaques (1992) classification adopted by JGOFS researchers.

The annual Fy,,Core determined from the two SAZ stations, deployed in 1997-1998 at 46.8°S and 53.8°S
along 142°E, was substantially larger than the global average, 170 and 173 mmolC m > yr—', respectively
(Bray et al., 2000). Five TS-trap moorings were located from 1996 to 1998 on a JGOFS-AESOPS transect
in the New Zealand-Ross Sea (NZRS) sector along 170°W from 53.0°S to 66.1°S (Honjo et al., 2000), but data
from the shallow Ross Shelf stations (<0.6 km) (Collier et al., 2000) and the coastal Atlantic Southern Ocean
stations (Wefer and Fischer, 1993b; Fischer et al., 2000) are not included in this study. At an AESOPS moor-
ing station (MS 2) to the north of the APF at 57°S, in the Polar Frontal Zone, the Fy,;,Cory was small,
76 mmolC m 2 yr~'. The MS-3 station, at 60°S, 170°E, was located at the APF itself, and the meandering
polar front passed over it. The Fp,,,Cors at MS-3 was 108 mmolC m™ 2yr~!'. At the station in the Antarctic
Circumpolar Current (ACC) to the immediate south of the APF (MS-4, 63°S 170°E), the Fp,;,Corg Was
117 mmolC m 2 yr—'. However, the Fy,/,Sinio Was as large as 926 mmolSi m 2 yr'—one of the largest opal
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exports in the world ocean (elaborated in Section 7.3). In the pelagic Ross Sea Gyre the FppCorg is
84 mmolC m 2 yr*]; FioCinorg 18 as small as 7 mmolC m~2 yrfl, while there is a relatively large Fi,/uSipio
of 269 mmolSi m 2 yr—' (Honjo et al., 2000). Fi/pCorg observed in the New Zealand-Tasmania sector is sub-
stantially larger than the global average in the SAZ (Bray et al., 2000), and it is about the global average or
smaller in the south of the APF within the Circumpolar Current, and the F,,,/,Co,g plunges to merely 5% of the
global average in the POOZ, south of the Circumpolar Current.

The zonal characteristics of settling particles observed in the New Zealand and Tasmania sectors are
approximately similar to those in the Indian Ocean sector stations. At the French M-2 station at 52°S,
61.5°E, the Fi/pCorg and Fy,/pSipi, observed in 1994 equal 73 mmolC m 2yr ! and 651 mmolSim 2 yr !,
respectively (Tréguer, 2003, personal communication). A Prydz Bay station was located slightly further
south of the French station at 62°S, 73°E (Pilskaln et al., 2004). Here, the Fy,,Core and Fp,/pSipi, are
42 mmolC m 2 yr~' and 308 mmolSi m > yr!, respectively. This station appears to be equivalent to the
POOZ station in the Ross Sea Gyre along the JGOFS-AESOPS 170°W transect.

7. Annual export of CaCQOj3 and biogenic opal
7.1. Overview and range of fluxes

The geographic distributions of two major biogenic ballast particles, CaCO; and SiO; - 0.4H,O at
the mesopelagic/bathypelagic boundary zone are presented as annual molar fluxes of carbon and silicon
(Fin/bCinorg and Fry,/,Sipio) at each mooring station in Figs. 3 and 4 and Table 2. At a glance, Fig. 3 indicates
that the F,,Cinorg varies less geographically, and its distribution appears monotonous compared to
Fi/oCorg (Fig. 2) and Fy,pSipio (Fig. 4). Also, the carbonate fluxes in the Pacific Subtropical Gyres are
far smaller than the global average, similar to the distribution of F,,Core, While the Fi,/,Cinorg in the
Atlantic subtropical gyres is moderately high. Generally, the Atlantic Fp/bCinorg is higher than that of
the Pacific (Fig. 3). In contrast, Fp,/,Sip;o is strikingly higher in the Pacific than in the Atlantic (Fig. 4).
Particularly, the Fp,;,Sipe in the Subarctic Pacific is tenfold greater than in the boreal Atlantic. It is also
noticeable that the Fy,/»Sipio 1s very large in the North Pacific and the Southern Ocean, while the biogenic
silica fluxes in the Pacific subtropical and tropical gyres are as small as those in all the Atlantic Ocean
except for the Atlantic Southern Ocean.
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Fig. 3. Column height represents annual flux of biogenic CaCO5~C in mmolC m 2 yr~! (Fi/bCinorg) at the mesopelagic/bathypelagic

boundary.
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Fig. 4. Column height represents annual flux of biogenic opal-Si in mmolSim™2yr~' (FnSivi,) at the mesopelagic/bathypelagic
boundary.

The Fu/pCinorg ranges from 459 mmolC m~? yr*1 observed at the divergent Arabian Sea station in 1995

(Station W at 15.3°N, 61.5°W; Nair et al., 1989) to 8 mmolC m 2 yr~' or less in the seasonally ice-covered
Southern Ocean (Wefer and Fischer, 1993a; Honjo et al., 2000; Pilskaln et al., 2004; Tréguer, 2003, personal
communication) and the High Arctic station (Fahl and Néthig, 2007). The F,/bCinorg 13 8 mmolC m Zyr ! at
a station in the Central Fram Strait observed from 1988 to 1989 (Honjo, 1990). The smallest carbonate flux
observed in non-ice-covered waters is 15 mmolC m 2 yr~' at 12°N, 134.3°W (Kempe and Knaack, 1996) and
28 mmolC m~2yr~! at 7.9°N, 175.0°W (Kawahata et al., 2000); both were reported from the Fi/oCorg-
depleted equatorial Pacific WARM province.

The Fp/pSipio observed at 4500 m at 51°N, 165°E, to the south of Kiska Island in the western Aleutians, was
1229 mmolSi m 2 yr!' (Wong et al., 1994). This trap was set 460 m above the seafloor in the midst of the Meiji
Drift. Resuspended opal particles may contribute to this large annual flux. The next highest Fy,/,Sip;o Station
in the Northern Hemisphere, 804 mmolSi m 2 yr~ !, is also in the western Aleutian area (Takahashi et al.,
1997, 2000) where the trap was deployed 3.2 km deep and no significant resuspension of bottom sediment
would be expected. The highest Fy,,/pSip;o in the Southern Hemisphere is 915 mmolSi m 2yr ! at a station
located in the Antarctic Circumpolar Current, Antarctic Zone, New Zealand-Australia sector (Honjo et al.,
2000). The minimum annual F,,,Siyi, so far observed in the open ocean is 7 mmolSim 2 yr~' (Kempe and
Knaack, 1996) at a Philippine Sea station located at 12°N, 134°W in the Trade Wind Domain. Stations with
<20 mmolSi m 2 yr~! are reported from the Pacific WARM (Kempe and Knaack, 1996; Kawahata et al.,
2000), the Atlantic section of the boreal polar provinces (BPLR) (Honjo, 1990; von Bodungen et al., 1995;
Fischer and Wefer, 1993a), and the Atlantic gyres such as NAST/NARD (Neuer et al., 1997; Jickells et al.,
1996; Scholten et al., 2001).

7.2. CaCOsj fluxes at the mesopelagiclbathypelagic boundary and export of alkalinity

Although Fy,,Cinorg 1s less variable in the world ocean in general, a few conspicuous areas with higher
Fi/uCinore are found where upwelling and coastal currents prevail. An exceptionally large open ocean
Fi/uCinorg Was observed in the divergent Arabian Sea (Fig. 3 and Table 2) by the Indo-German Arabian
Sea Program, ongoing since 1987, and the 1994-1995 JGOFS Arabian Sea Expedition (JGOFS-ASE);
Fi/uCinorg there ranges from 304 to an extraordinary 459 mmolC m~2 yr*1 at the station where Fp/pCorg
was 605 mmolC m 2 yr—'. The average FinpCinorg among the divergent Arabian Sea stations is 394 mmolC
m~2yr~!' with a std of 66 mmolC m~2yr~!, roughly four times that of the global FinoCinorg average (Nair



S. Honjo et al. | Progress in Oceanography 76 (2008) 217-285 249

et al., 1989; Haake et al., 1993, 1996; Honjo et al., 1999). Lithogenic carbonate mineral aerosol could cause an
overestimation of the biogenic CaCQOs;, especially under areas abutting dry land, including the Cape Verde
vicinity (Fischer et al., 2000). However, the input of lithogenic carbonate to the divergent Arabian Sea is lim-
ited to certain seasons and does not significantly affect the annual F,,,Cinore estimation (Honjo et al., 1999).

Along the meridional EqPac 145°E TS-trap transect, the variability of Fy/,Cinorg follows that of
Fin/pCorg, forming a quasi-Gaussian distribution (Fig. 3). The maximum F,/,Cinorg is 297 mmolC m Zyr !,
which occurs at 1°N, where the F,;,Corg (194 mmolC m 2yr ') is also the largest along this transect
(Honjo et al., 1995). FiuCinorg 1s far larger than the global average at some upwelling and coastal stations.
These include the Walvis Bay and the Cape Verde area stations, where the F,/,Cinorg 18
>300 mmolC m 2 yr~! (Wefer and Fischer, 1996). Large Fi/6Cinorg, to which sporadic pteropod-shell
exports were thought to contribute, were reported in the Westerlies Domain and the Polar Oceans (e.g.,
Wefer and Fischer, 1993b; Hong, 2000, personal communication). A very large apparent flux of aragonite
to the Ross Sea Shelf (several hundred meters deep) is due to swarming pteropods that actively swam into
the TS-traps (Collier et al., 2000; Gardner et al., 2000), verifying a prediction found in Harbison and Gilmer
(1986). The mean Fy,/,Cinorg at PSAG and northern Kuroshio stations, where the Kuroshio Current con-
verges with the Oyashio Current (Honda et al., 1997, 2002), is 187 mmolC m 2 yr~', with an elevated std
of 88 mmolC m 2 yr' (based on 13 annual samples). Settling large pteropod shells might contribute to
the large std in the mean Fy,/,Cinorg in these areas.

There are two regions where the Fy,/,Cinorg 18 consistently smaller than the global average. One is the Pacific
Trade Wind Domain, particularly the NPTC and WARM, and the other is the sea-ice-covered Southern
Ocean sandwiched between the ACC and the Antarctic Shelf. Although the number of mooring stations yield-
ing annual data is rather small, the average F,,/Cinorg in the NPTC and WARM is 27 mmolC m~2 yr*1 with a
std of 7.5 mmolC m 2 yr~ ', just one quarter of the global mean Fi/6Cinorg. The smallest Fy,/,Cinorg in the
Westerlies and Trade Wind Domains is 15 mmolC m > yr~! at 12°N, 134.3°E, observed at a station under
the North Equatorial Current in the southern Philippine Sea, on the boundary zone of the NPTG and WARM
provinces (Kempe and Knaack, 1996). In the Atlantic as a whole, Fy,,,Cinorg is generally high, and are no sig-
nificantly large depleted areas of F,,/pCinorg Similar to WARM are observed. The only exception to the “car-
bonate flux rich Atlantic” is an Atlantic Arctic station in Fram Strait (79.9°N, 1.4°W) where Fy,,/,Cinorg Was
8 mmolC m 2 yr ! in 1984-1985 (Honjo, 1990). However, Hebbeln and Wefer (1991) reported Fin/6Cinorg a8
large as 130-246 mmolC m 2 yr' from two nearby stations set 1.1 km deep at 78.79°N, 6.68°/6.74°W.

The operation of the biological pump in the Subantarctic Zone (SAZ; Trull et al., 2001) does not appear to
be similar to that in the Southern Ocean. In the New Zealand-Tasmanian sector, Fi,/,Cinorg in the SAZ is
122 mmolC m 2 yr~! (Bray et al., 2000). Although only a single observation is available so far, the annual
Fin/oCinorg 18 as high as 312 mmolC m 2 yr! at 51°S, 142°W in the southern Tasmanian Sea (Trull et al.,
2001). At a JGOFS-AESOPS station in the Polar Frontal Zone, which appears to be the transitional zone
between the Southern Ocean and the Westerlies Domain, the F/,Cinorg is 66 mmolC m 2 yr~!. Coccolith
and planktonic foraminiferal tests are the source of the CaCOj at this station as at other Westerlies stations.
Further south, at the station within the Antarctic Circumpolar Current, Fy,/,Sipio 1s extremely large, and the
Fi/6Cinorg 1s 107 mmolC m~2yr!, about the global average. However, the majority of CaCOs here originates
from pteropod shells, with a minor-to-trace flux of foraminiferal shells; no coccoliths are found in these zones.
In the Antarctic Zone (AZ, Ross Sea Gyre in this sector), the southernmost pelagic Southern Ocean, the
Fi/6Cinorg 1s present at a trace level of 6 mmolC m 2 yr~! and consists of dwarf foraminiferal shells (Honjo
et al., 2000; Honjo, 2004). Similar small F,/,Cinorg, 2.5—7 mmolC m > yr*l, are also observed in the Indian
Ocean AZ stations at 62°S, 73°W (Pilskaln et al., 2004) and 63°S, 71°W (Tréguer, 2003, personal communi-
cation). At the APF, the content of the exported particles is a mixture from SAZ and AZ, reflecting meander-
ing of the front.

7.3. Biogenic opal (SiO; - 0.4H,0)
The flux of biogenic opal, mostly from diatom frustules, is quite small in the Atlantic, and its distribution is

uniform compared to the Pacific (Fig. 4). Average Fu/uSihie from the entire Atlantic is only
39 mmolSim 2 yr~!' (n=45) with std of 25 mmolSim ?yr~!, indicating that the Fy,Siyi, is relatively
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uniform throughout the Atlantic basins. This Atlantic average Fy,,/pSip;, is only about 8% of the that found in
the northeast Pacific Boreal Gyres. These major differences suggest that the biological pump functions signif-
icantly differently in the Atlantic and the Pacific oceans.

There are two relatively large and clearly demarcated latitudinal zones where the oceanic interior flux of
opal is markedly large. One encompasses the subarctic gyre and the northwestern Asian marginal seas, includ-
ing the deep Bering Basin (the BERS, the PSAG, the northern KURO provinces, the northern ES/SJ, and the
Sea of Okhotsk). The other is the pelagic Antarctic Zone (AZ), including the ACC. The equatorial sides of
both high F,;,Sipi, regions are demarcated by globally significant oceanic fronts: the North Pacific Polar
Front and the Antarctic Polar Front.

Arguably the largest Fy,/,Sipio measured in the North Pacific Boreal Gyres is 804 mmolSi m 2 yr !, observed
in 1997 at a 3.2-km-deep TS-trap during a 5-year program at AB (the Aleutian-Bering Station, Takahashi et al.,
2000). The AB Station was located at 53.5°N, 177°E in a 3.7-km-deep basin, located within the central Aleutian
Archipelago. Similarly, the largest Fy,/,Sip;, detected in the southern Silica Ocean is 915 mmolSi m Zyr ! at
63.2°S, 140°E in the New Zealand-Tasmanian sector and under the Antarctic Circumpolar Current (Honjo
et al., 2000). In the Carbonate Ocean (Section 7), a few stations exhibit elevated F,/,Sipio, Which is associated
with a large Fp,/pCinorg- The divergent Arabian Sea exports opal up to about 2.5 times the global average at the
mesopelagic/bathypelagic boundary (Nair et al., 1989; Haake et al., 1996; Honjo et al., 1999). Ittekkot et al.
(1991) report large Fi/6Sipio (up to 201 mmolSi m 2 yr~') from the Bay of Bengal. In the JGOFS EqPac area
(Murray et al., 1995) along the 140°E meridional cross-equator transect, Fi,/pSiwio registers as high as
342 mmolSi m 2 yr ! at 1°N (Dymond and Collier, 1988) and 187 mmolSi m 2 yr! at 0.6°N, but the export
of opal quickly declines to the north and south along the 140°E transect. At 2°N and 0°, the F,,/,Sip; is 101 and
112 mmolSi m 2 yr~ !, respectively (Honjo et al., 1995). This sharp-peaked Gaussian distribution of opal export
with the maximum at 1°N coincides with the distribution of the buoyant diatom Rhizosolenia spp. (Yoder et al.,
1994; Archer et al., 1997) along the upwelling center in the South Equatorial Current and Equatorial Under-
current. In the central and eastern equatorial Pacific, Fy,,/,Sip;, 1s also relatively large as observed only toward
the east. For example, the F,;,Sip;, Was estimated at 161 mmolSi m 2 yr ! in the Panama Basin from data
taken with partial time coverage (Honjo et al., 1982).

Fig. 4 shows that the Fy,/,Sipio i1s prominent in the boreal gyre provinces, PSAG-W, PSAG-E, and the
northern Asian marginal seas that include the deep Bering Sea basin, the Sea of Okhotsk, and the northern
side of the ES/SJ Subarctic Front. In the North Pacific Boreal Gyres, average Fy/,Sini, 1S as great as
530 mmolSi m 2 yr~!, with a high std of 202 mmolSim 2 yr ' (the data from the deep TS-trap deployed at
S1.5°N, 165°W are excluded). The mean F,;,Sip;, in the North Pacific Boreal Gyres is approximately five
times larger than the mean global Fy,/,Sipi, While the Fy,,Cinorg data are within the global average and far
more consistent than Fi,/,Sipio (except where the Kuroshio and Oyashio currents converge).

7.3.1. Meridional variability of F,,;;,Siy, in the North Pacific

The Fp,/,Sip; at the northernmost NORPAC transect (46.1°N, 175.3°E) (Kawahata et al., 1997, 2002) is as
large as 779 mmolSi m~2 yrfl. This is the second largest annual Fy,/,Sipio in the North Pacific. The Fi,Sip;, at
50°N, 165°W and 44°N, 155°W are 343 and 568 mmolSi m 2 yr ', respectively (Honda, 2001). At the KNOT
TS-trap station (45°N, 155°W), to the east of the northern Kuril Archipelago, the F,,/,Sip;, 1s again very large,
511 and 568 mmolSim 2 yr~! in 1997-1998 and 568 mmolC m 2 yr~! in 1999-2000 (Noriki et al., 1997;
Honda et al., 2002). The NORPAC transect data show that the F,;,Siy;, decreases significantly in the region
immediately south of the North Pacific Polar Front. At 37.4°N, 170°W, about 3° south of the Polar Front,
FijuSipo 1s reduced to the global average, 95 mmolSi m~> yr*l, and associated with relatively high Fy,,Core
and F, | Cinorg, 151 and 152 mmolC m 2 yr~! (Kawahata et al., 1997), respectively. Further south at 34.4°N,
177.7°W and well inside the subtropical gyre (NPST), the F»Sini, decreases drastically to
34 mmolSi m 2 yr’l. Both Fy,,Corg and FipCinorg are about 20% less than at the station to the north
(Kawahata et al., 1997).The Fy,/uSipio 1S also as small as 34 mmolSi m > yr*1 (Kawahata et al., 2000) at the
station located at the boundary between the North Pacific Subarctic Gyre (NPST) and the North Pacific Sub-
tropical Gyre (NPTG) (34.4°N, 174.7°W) and at the approximate boundary between the Westerlies and the
Pacific Trade Wind region. Further to the south, in the southern NPTG and the entire WARM, the average
F oo/ Sibio is further reduced to <20 mmolSi m 2 yr' (19 mmolSi m 2 yr—!, with a std of 13 mmolSi m 2 yr'),



S. Honjo et al. | Progress in Oceanography 76 (2008) 217-285 251

forming the most depleted zone for Fy,;pSip;0 in the world ocean. This symmetric distribution of the Fi,/,Sipio
in the North and South Pacific, which shows an increase in the Fy,/sSipio from depleted low-latitude gyres to
the highly enriched high-latitude regions, is also demonstrated in the ternary graph of mole ratio among POC,
PIC, and biogenic Si (Section 8.2; Fig. 8). Although so far there are few observations, the average Fy,/uSipio
in the Atlantic subtropical gyre, NATR, is 22 mmolSim 2 yr ! (n = 3), as small as that of WARM. The
Fo/uSipe does not show north-south symmetric distribution around the equator in the Atlantic as it does
in the Pacific (Fig. 8).

7.3.2. The PSAG-W vs. the PSAG-E

Multiyear time-series observations from 1995 to 1999 at two Aleutian-Bering Sea stations, Station AB at
53.5°N, 177°E and Station SA at 49°N, 174°E, reveal an extraordinarily high opal flux in this area throughout
the data period (Takahashi et al., 1997, 2000), as mentioned above. At Station AB north of the archipelago,
the 5-year mean is as large as 804 mmolSi m 2 yr ' with a std of 228 mmolSi m 2 yr—'. At Station SA, located
on the 5.4-km-deep northern slope of the Aleutian Trench and about 4.5° south and 3° east of Station AB,
there is a 4-year mean Fi,;,Sip;, of 294 mmolSi m 2 yr ! with a std of 88 mmolSim 2 yr~! while Fi/uCinorg
is about the same as at Station AB. The F,/,Sip;, from the decadal time-series mooring Ocean Station P
(OS-P; 50°N, 145°E; e.g., Wong et al., 1994), located in PSAG-E from 1983 to 1990 (except in 1994), ranges
from 179 to 560 mmolSi m 2 yr~'. Mean F/pS1pi during this period is 321 mmolSi m 2 yr~! with a large std
of 120 mmolSi m 2 yr~'. This indicates that the Fin/pSivio In PSAG-E is generally smaller than its counterpart
in PSAG-W.

7.3.3. Kuroshio and Oyashio regions

Although the export data was collected only in 1994, a Fy,/,Sipie as large as 770 mmolSi m 2yr ' was
observed at 42.3°N, 145.1°, off the northern end of Honshu Island, Japan (Honda et al., 2002). Both the
Fi/pCorg and the F,,Cinorg are also quite large at this station, 233 and 131 mmolC m~? yr‘l, respectively.
This is the area where the Kuroshio and Oyashio current systems converge. Another large F,;,Sip;, reading,
294 mmolSim 2 yr~', occurs at the KURO station located near the end of the main Kuroshio Current at
40°N, 165°W, and it is associated with F.,pCorg and FiupCinorg that are also large, 327 and
152 mmolC m 2 yr~ !, respectively. At a Japan Trench station at 34°N, 142°W, where the meandering Kuro-
shio passes, the Fin/bSivio and Fi/,Cinore are also relatively large, 173 and 175 mmolC/Si m~2 yr‘l, while the
Fi/pCorg 1s 105 mmolC m 2 yr~ ! (Nozaki, 1989; Nozaki and Oba, 1995). At the station immediately south of
the North Pacific Polar Front and the eastern termination of the Kuroshio Extension at 37.4°N, 170.0°W, the
FoyuSipo 1s reduced to the global average, 95 mmolC m~? yr*l (Kawahata et al., 1997; Kawahata et al., 2000).

7.3.4. The Southern Ocean

Along the JGOFS-AESOPS transect, the F,;,Sip;, 1s approximately the global average or slightly less in
SAZ than in the large Southern Ocean region to the north of the Polar Frontal Zone (PFZ) (1997-1998; Bray
et al., 2000). The F,/pSip;, increases south of the PFZ, from 258 at the PFZ to 486 mmolSi m~>2 yr*l at the
northern boundary of the ACC. The maximum F,,,;,Sip;, along this transect, observed at a southern ACC sta-
tion (63.1°S, 169.9°E), is 915 mmolSi m 2 yr ', perhaps the largest Fy/,Sinio s0 far observed in the world’s
pelagic ocean (Honjo et al., 2000). The Fy,/pSipio is 269 mmolSim 2 yr~! at the Antarctic Zone (Ross Sea
Gyre), smaller than the flux at the ACC station located immediately to the north. Moorings in the ACC in
the Indian Ocean sector measured similarly large opal fluxes: 652 mmolSim 2 yr~' in 1994-1995 (Tréguer,
2003, personal communication) and 308 mmolSi m 2 yr~' in 1998-1999 (Pilskaln et al., 2004).

8. Biogeochemical ratios in export particles
8.1. Binary ratios of three major biological pump elements at the mesopelagic/bathypelagic boundary
In order to further understand the relationship between the export of POC and the major biogenic ballast

materials (CaCOj5 and opal particles) and to determine their contribution to the biological pump, we examined
the global distribution of three sets of binary molar ratios. These are mole weight ratios of annual fluxes at
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2 km (Table 2): (1) organic carbon vs. inorganic carbon in CaCO3 (Corg/Cinorg) (Fig. 5), (2) Si in biogenic opal
vs. organic carbon (Sipio/Core) (Fig. 6), and (3) Si in biogenic opal vs. inorganic carbon in CaCOj5 (Sipio/Cinore)
(Fig. 7).

8.1.1. Silica Ocean and Carbonate Ocean based on Siy;,/Cyporg (Fig. 7 and Table 2)

The Sibio/Cinore ratio indicates the mixing conditions of two major ballast particles (essentially diatom frus-
tules, radiolaria shells, and silicoflagellate skeletons versus coccoliths and planktonic foraminifer tests; Section
2.2). In an oceanic area with a high Sip;o/Cinorg ratio, the biological pump exports POC with little loss of alka-
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Fig. 6. Global distribution of binary mol-ratio of Fy,/pSipic in Fi/pCorg-
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Fig. 7. Global distribution of binary mol-ratio of Fy;/,Sipio in Fin/bCinorg-

linity from the surface. The Sipio/Cinore ratios in the world ocean exhibit an important biogeochemical con-
trast. As Fig. 7 shows, stations where the Sipio/Cinore is > 1 are concentrated in two regions: the North Pacific
Boreal Gyres including the large pelagic northern marginal seas (western Bering Sea, the Sea of Okhotsk, and
the northern ES/SJ) and the Antarctic Zone in the Southern Ocean. In the rest (majority) of the world ocean,
Sibio/Cinorg < 1. Although the geographic contrasts of highs and lows are modest, the Cyyg/Cinor ratio (Fig. 5)
is larger than 1 when the Sip;o/Cinor, ratio is also larger than 1 and vice versa. The oceanic regions where the
Corg/Cinorg and Sipio/Cinore are >1.0 constitute what we refer to as the Silica Ocean, and the regions where
these ratios are <1.0 constitute the Carbonate Ocean (Figs. 2-7). Since the global Sipio/Cinorg ad Corg/Cinore
ratios are estimated as approximately 1.0 and 1.1, respectively, from the parameterization explained in Section
9 (Table 5), an oceanic region where the mole export of biogenic silica is larger than PIC, and where POC
exceeds PIC at the mesopelagic/bathypelagic boundary, is a Silica Ocean, and a region exhibiting the reverse
relationship of these elements is a Carbonate Ocean. Co,/Sipio is also <1 in the Silica Ocean and >1 in the
Carbonate Ocean.

The eight highest Sip;o/Cinorg ratios were observed in the Southern Ocean south of the APF and range from
46.2 (Pilskaln et al., 2004) to 11.2 (Wefer et al., 1982, 1990; Wefer and Fischer, 1988, 1993a; Honjo et al., 2000;
Pilskaln et al., 2004; Tréguer, 2003, personal communication) (Table 2). Among the next 23 stations with
Sibio/Cinorg ratios between nine and two, 15 were located in the North Pacific Silica Ocean (Wong et al.,
1994; Honjo, 1997a; Hong et al., 1997; Kawahata et al., 1997, 2000; Noriki et al., 1997; Takahashi et al.,
2000; Honda, 2001; Honda et al., 2002), 5 were in the Southern Ocean (Wefer and Fischer, 1993a; Bray
et al., 2000; Honjo et al., 2000; Pilskaln et al., 2004; Tréguer, 2003, personal communication), and 3 were
located near coastal upwelling areas (Lyle et al., 1992; Wong et al., 1994).

The pan-Atlantic average Sipio/Cinorg 15 0.4, with a std of 0.3 (n = 41) (stations in the Southern Ocean AZ
[e.g., Wefer and Fischer, 1991] are not counted; Table 2). If we exclude three stations where the Sipio/Cinorg are
1.2, 1.4, and 1.2 in the Nordic Seas, the mean Sipio/Cinore is as small as 0.3, with std of 0.2 (n = 38). Thus,
virtually the entire Atlantic is a Carbonate Ocean except for a small fringe area in the Southern Ocean AZ,
a few Nordic Sea stations, and perhaps the Labrador Sea (no data; refer to Section 12.1). In contrast, the
Sibio/ Cinorg Tatio in the North Pacific Silica Ocean, composed of the western BERS, PSAG (North Pacific Bor-
eal Gyres), northern KURO, and northern ES/JS (Fig. 7), is as large as 5.0 with a std of 2.5 (N = 14). Imme-
diately south of the North Pacific Silica Ocean, there is a large Fy,/pSipio-depleted region, and the Pacific
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Carbonate Ocean develops. Average Sipio/Cinorg is 0.5 with a std of 0.25 (n = 25). The pan-Pacific Sipio/Cinores
combining the Silica and Carbonate oceans, is 2.2 with a large std of 2.4 (n = 48) in contrast to the Atlantic
mean Sipio/Cinorg Of 0.4.

The Sipio/Cinorg in the Atlantic NAST province, such as at Station L-2 (NARD; 48°N, 19.7°E; Kuss and
Kremling, 1999), Station L-1 (NAST; 33°N, 22°E; Scholten et al., 2001), and a station further south in the
ETRA (21°N, 20.7°E; Wefer and Fischer, 1993b), is extremely small, such as <0.2. The smallest Sipio/Cinorg
reported in our data sets is 0.14 at 29.1°N, 15.4°E (Neuer et al., 1997), 28.0°N, 22.0°E (Jickells et al.,
1996), and 21.2°N, 20.7°E (Wefer and Fischer, 1993). The smallest Sipio/Cinorg in the Pacific Carbonate Ocean
is 0.18, observed in the eastern WARM province along the equator from 160.6°W to 175.2°W (Kawahata
et al., 1999; Honda et al., 2002).

The largest Sipio/Cinorg in the North Pacific Silica Ocean is 8.8, reported from 3200 m at 58.0°N, 179.0°W in
the northern Bering Sea (Honjo, 1996). In addition, there are ratios of 8.8 in the deep trap data from north-
western PSAG-W at 51.5°N, 165°W (Wong et al., 1994) and 8.0 at 53.5°N, 177.0°E (Takahashi et al., 1997).
Further to the south at 46°N, 175.3°W, near the southern edge of the PSAG, the Sipio/Cinore decreases
(Kawahata et al., 1997). In the divergent North Pacific Equatorial Current (NPEC) area, the Sipio/Cinorg 1S
elevated slightly to about 1.0 or larger, particularly at the divergent center along the EqPac 140°E transect.
For example, Sipio/Cinorg is 1.2 at 1°N at the North Equatorial Current/South Equatorial Counter Current
transition where a large bloom of the buoyant diatom Rhizosolenia spp. (>20 mg chlorophyll-a m—3) was
observed (Yoder et al., 1994; Archer et al., 1997) (Section 7.3). Some of the opal material may have been trans-
ported to the interior depth, thus raising the Siy;o/Cinorg Over 1.0 in the northern EqPac stations.

The Sipio/Cinore in the Arctic Zone (AZ) south of the Antarctic Polar Front (APF) is remarkably high, mak-
ing this area an extreme Silica Ocean. The F,,,Siy;, increases abruptly in the Polar Frontal Zone to the south,
while F5 xmCinorg, mostly from pteropod shells, remains relatively constant at the ACC stations. The Sipio/Cinorg
increases to the south along the 170°W AESOPS transect. At the Ross Sea Gyre station in the POOZ (AZ), the
Sibio/Cinore Shows a dramatic increase to 40 while the Fi,,/,Cinore declines severely (Honjo et al., 2000). A large
Sibio/ Cinorg 0f 44.4 is found in the northern Weddell Sea (62.4°S, 34.8°E; Wefer and Fischer, 1991, 1993a). At an
Indian Ocean ACC station (52°S, 61.5°W), the Sipio/Cinorg is about 12. In the Indian Ocean POOZ at 62°S,
73°W and 63°S, 71°W, the Sipio/Cinorg are also as large as 46.2, the highest Sipio/Cinore measured so far (Pilskaln
et al., 2004), and 25.6 (Tréguer, 2003, personal communication), respectively (Table 2).

8.1.2. “Rain ratio” or Cyo Cipore (Fig. 5 and Table 2)

The PIC/POC ratio is a critical driver of glacial-interglacial pCO, variability in linked ocean—atmosphere
modeling efforts (e.g., Broecker, 1971; Archer and Maier-Reimer, 1994; Sarmiento et al., 2004). At the same
time, this ratio is crucial to understanding the potential efficiency of the gravitational removal of POC from
the upper ocean layers to the interior because the abundance and specific gravity of calcite particles make them
efficient as ballast (Francois et al., 2002; Klaas and Archer, 2002). Together with the Sipio/Cinore ratio dis-
cussed above, the Coyo/Cinorg in settling particles also indicates the volume of carbonate particles required
to deliver POC to the ocean interior. Furthermore, Coro/Cinore is an important indicator of the removal
and transport of alkalinity from the surface ocean to the interior sink. In cases where the Cyo/Cinorg 1S extre-
mely large and few carbonate particles are available to ballast organic carbon, a massive export of opal
assumes the ballasting role for CaCOs. This type of biological pump is advantageous for Earth’s CO, balance
because it constrains the loss of alkalinity from the upper layers.

The distribution of Fi,/,Cor is generally similar to Fy/tCinorg (Fig. 3), and therefore Coro/ Cinorg Varies only
modestly in the world ocean (Fig. 5). For example, the divergent Arabian Sea exhibits particularly high FC,,,,
which varies among TS-trap stations from 233 to 604 mmolC m 2 yr~ ! (Haake et al., 1993; Honjo et al., 1999)
as a result of roaming mesoscale eddies (Honjo and Weller, 1997). However, the Coa/Cinorg is consistently 1.3,
slightly larger than the global average (Table 2 and Fig. 5). The data show that Cy,s/Cinorg is extremely high in
the Southern Ocean POOZ area where CaCOj particles, either from phytoplankton or zooplankton, are rare
(Honjo, 2004). The highest Cy,o/Cinore in our data, 12.6, is observed in the Ross Sea Gyre at 66.2°S, 168.7°E
(Honjo et al., 2000), followed by 8.4 and 6.3 from the Indian Ocean POOZ (Pilskaln et al., 2004; Tréguer,
2003, personal communication). Two Atlantic Southern Ocean stations also yield high Co.o/Cinore Values of
7.7 and 2.8. (Wefer and Fischer, 1993a).
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A high Co;e/Cinore ratio itself does not necessarily mean the biological pump is working efficiently. The
FinpCorg from the high Core/Cinore Stations in the Southern Ocean are as small as 14-84 mmolC m~2 yr*l
(Table 2). Clusters of stations with high Coe/Cinore, comparable to the POOZ stations, are concentrated in
the North Pacific Silica Ocean, particularly the North Pacific Boreal Gyre provinces and the Bering Sea Basin
(e.g., Honjo, 1997a; Takahashi et al., 2000; Honda et al., 2002) (Fig. 5). At these stations, Fy,/,Corg is far larger
than the global average and is associated with very large Fy,/»Sipio as ballast for POC, with modest to average
fluxes of PIC. Thus, the biological pump operating in the North Pacific Silica Ocean may be the most efficient
pump system in the global ocean.

Average annual C,,s/Cinor at the mesopelagic/bathypelagic boundary in the pan-Atlantic is 0.98, with a std
of 0.55 (n =137). Three OMEX stations in the eastern NARD province at 49°N, 12.8-13.8°E show an extre-
mely high Core/Cinorg Of 3.2. The F,/sCorg is also very large at this station, >370 mmolC m2 yrfl, but this is
also associated with an Fp,,Cinore as large as >215 mmolC m~? yr*l (Antia et al., 2001a,b; Scholten et al.,
2001). This could be an isolated area with high biological pump activity. Combinations of ratios at these sta-
tions are similar to those in the northwest Pacific’s PSAG. However, at Station L-2 (48°N, 20°E), just south of
the OMEX area, and Station L-1 (33°N, 22°E) (Scholten et al., 2001), the Coro/ Cinorg drops to only 0.4, one of
the smallest in the Atlantic. The stations with the smallest Cyo/Cinorg in the Atlantic are a NAST station at
25.3°N, 79.5°E reporting 0.2 (Pilskaln et al., 1989) and a Nordic Sea station at 72.5°N, 8°E reporting 0.1 (von
Bodungen et al., 1995).

Mean C,,o/Cinore from 48 pan-Pacific stations is 1.3, about 23% larger than the pan-Atlantic average. Mean
Core/ Cinorg in the Pacific Silica Ocean is 1.9 with std of 0.85. Particularly, the Coye/Cinorg in the Bering Sea and
the northern PSAG near the Aleutian Arc (Stations AB and SA) are as high as 3.8 (58°N, 179W; Honjo,
1997a), 3.0, and 2.3 (53°N, 177°E; Takahashi et al., 2000). The station on the north of the ES/JS Sub-Polar
Front is also high at 2.1 (Hong et al., 1997). The mean annual Coe/Cinore from 1983 to 1990 measured at Sta-
tion P is 0.95 (Wong et al., 1999). The smallest Coo/ Cinorg in the Pacific is about 0.4, found at WARM stations
(Kawahata et al., 1999; Honda, 2001) and in the South China Sea (Wiesner et al., 1996), both under the Car-
bonate Ocean condition.

8.1.3. Contribution of diatoms to C,.q/Siy, (Table 2 and Fig. 6)

As mentioned above, the mass settling of CaCO; particles may be too small in parts of the Silica Ocean to
effectively remove POC from the surface layers. However, POC must be removed in order to maintain a steady
ocean chemistry state. Opal particles assume the major ballast role under such conditions. Combined with
Sibio/Cinorgs Corg/Sibio indicates the quantitative role of opal particles as POC ballast. Published Coyo/Sipio
ranges from 8.7 (NAST; Jickells et al., 1996) to 0.1 at six Southern Ocean stations (Wefer and Fischer,
1993a; Bray et al., 2000; Honjo et al., 2000; Pilskaln et al., 2004; Tréguer, 2003, personal communication).
Corg/Sibio from the eastern NAST bounded by 24.6° to 28°N and 15.4° to 23°E ranks third highest in
Core/Sivio With readings of 8.7, 8.5, and 6.9 (Jickells et al., 1996; Scholten et al., 2001; Neuer et al., 1997).
Meanwhile, Sipio/Cinore at these stations are the smallest at 0.1-0.2, and Coye/Cinorg range from 1.1 to 1.4.
Thus, nearly all F,,p, Core, 68-109 mmolC m 2 yr~ !, is removed by carbonate particles, and the role of opal
is insignificant in this North Atlantic region. In contrast, the smallest C,,/Sip;, in the world ocean occurs at
six AZ stations in the Southern Ocean, ranging from 0.1 to 0.3. As mentioned above, Sipio/Cinorg i the South-
ern Ocean is as great as 46.2 (Pilskaln et al., 2004), by far the largest in the world ocean. Therefore, opal-par-
ticle ballasts are almost exclusively responsible for removing approximately 42-117 mmolC m 2 yr~' of POC
annually at 2 km depth in this AZ area. The C,,/Siyi, in the North Pacific Silica Ocean ranges from 0.3
(PSAG-W; Kawahata et al., 2000) to 0.6 (PSAG-E; Wong et al., 1994). C,,4/Sip;, ratios recorded at the North
Pacific Silica Ocean stations, along with the Southern Ocean Silica Ocean stations, are among the 35 smallest.

8.2. Ternary percent ratios at the mesopelagiclbathypelagic boundary

The Fig. 8A-E graphic projection shows a ternary percent (T% hereafter) ratio of the essential biogeochem-
ical elements in moles (%0Fm/bCorg T %0 Fin/bCinorg T %0 Fin/wSivie = 100%) defined by three figures whose out-
lines run through one-to-one ratios of the three combinations of Fi,/uCorg, Fm/bCinorgs aNd Fr/pSibios
converging at the geometric center of the triangle. The resulting three equal-volume quadrilaterals on the
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Fig. 8. (A) Ternary mol-percentage projection of Fi/,Corgs Fin/bCinorgs and Fry/pSivio among the Atlantic stations, including the Atlantic
Southern Ocean. The black-outlined solid red circle is the ternary percent (T%) at the station located on the equator in the Atlantic Ocean.
(B) Ternary mol-percentage projection of Fr,/xCorgs Fin/bCinorg, and Fiy/pSivio among the Pacific Stations, including the Pacific Southern
Ocean. The black-outlined solid red circle is the T% at the station located on the equator in the Pacific Ocean. (C) Ternary mol-percentage
projection of Fi,Corgs Fin/bCinorgs and Fry/pSivio among the Indian Ocean stations, excluding the data from the Indian Ocean sector of the
Southern Ocean. (D) Ternary mol-percentage of three biogeochemical elements in the Southern Ocean from the Subantarctic Zone (SAZ)
to the Antarctic Zone (AZ). (E) Plot of all ternary ratios in the analytical data from all TS-trap samples in Table 3. The solid red circle near
the center of the graph is the nonweighted average of all ternary ratios in Table 3.
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graph are designated as the Organic Carbon Range, the Carbonate Range, and the Silica Range (see Fig. 8A
inset). This ternary percent projection of the three essential elements at each TS-trap location provides a visual
concept of their interrelated roles in the biological pump; Fig. 8A shows the Atlantic TS-traps, Fig. 8B the
Pacific traps,; Fig. 8C the Indian Ocean traps including those in the Arabian Sea, and Fig. 8D the Southern
Ocean traps.

The distribution patterns of T% in the Atlantic (Fig. 8A) and in the Pacific (Fig. 8B) are quite different. In
the Atlantic, T% data points are distributed within a band constrained by Siy;,< about 15 T% and > about 5
T%, while the proportions of Co, and Cinorg change randomly with latitude or biogeochemical province (thick
arrow in Fig. 8A). However, in the Pacific, the ratios between C,,, and Ci,org are more constant than in the
Atlantic, and the T% data points move toward T% maximum of Siy;, (and Ciyorg minimum) as the mooring
locations move poleward in both hemispheres (thick arrow in Fig. 8B). The T% at the equatorial zones in both
the Atlantic (ETRA, Fig. 8A) and the Pacific (WARM, Fig. 8B) occupy similar locations on a ternary pro-
jection with characteristically small Si T% (9-15%). However Si T% increases to 22% in the Pacific upwelling
province (PEQD). The T% data points of the northwest Pacific Silica Ocean and the Southern Ocean Silica
Ocean coincide in the extreme Silica Range (Fig. 8B).

The largest T% of Fy,/,Corg among these three elements is found in the TS-trap samples collected at the
OMEX-4 mooring in the NARD province of the Northeast Atlantic (Fig. 8A). The combination
(T% Fin/pCorg: T% Fin/pCinorg: T% Fn/bSibio) is 82:7:11 at 49.2°N, 12.8°E in 1993 (original data from Antia
et al., 2001a,b; Scholten et al., 2001). The FmCorg percentage is also very high in the OMEX-1 and -2 and
L2-B sites that were measured repeatedly near the OMEX moorings at 47.8°N, 19.8°E in 1996 and 1997
(Kuss and Kremling, 1999). The maximum T% of F mCinorg 18 also found at a 2-km-deep TS-trap deployed
at the L-1 Station in the Atlantic (40°N, 22°E in 1998) in the NAST Province. The combination at that
station is 28:66:7 (a ternary % in this paper often does not add up to 100 due to rounding; Table 3) (original
data from Scholten et al., 2001). The T% of F>,Sip;e at this station is one of the smallest found so far. The
T% of all POOZ moorings (Southern Ocean) presents an extremely large F5inSipio T%. The combination
with the maximum Fpp, Sipe T% is 7:7:87 from the M-2 Station TS-trap set 1.3 km deep in the Indian
Ocean sector (original data from Tréguer, 2003, personal communication) (Fig. 8D). The T% points of
AZ samples are all remote from the global average point and strongly skewed to the Siy;,, and thus unique
in the world ocean.

We examined the interannual variability in ternary percentages of fluxes at several stations. In a 3-year
record from one of the Nordic Sea mooring sites occupied from 1985 to 1988 by von Bodungen et al.
(1995) at 72.5°N, 8°E, T% F>mCors Was small during a 3-year period (between two points that are connected
by a thin line in Fig. 8A). At the Pacific Aleutian BERS station at 53.5°N, 177°E, the annual ternary ratios
from 1990 to 1994 were close (Fig. 8B) (data from Takahashi et al., 1997; Takahashi et al., 2000). The annual
T% ratio during 1997 and 1998 at a PSAG-W station at 50°N, 165°W was also very close (data from Honda,
2001). However, the annual % ratios vary extensively from year to year at Station P in PSAG-E at 50°N,
145°E. The 6-year annual T% plot from 1983 to 1993 was scattered widely in the Silica Range and migrated
to the Carbonate Range in 1983 (Fig. 8B; data from Wong et al., 1994).

Mean molar T% ratios are calculated from the 152 TS-trap samples moored from 1 to 3.5 km deep with
FC,g normalized at 2 km (Table 3) (High Arctic data in Table 3 are excluded). Despite the strong provincial-
ism and some interannual differences of T%, the ternary mol-ratios of POC, PIC, and biogenic Si at 2 km in
the world ocean are very close—35:32:33, indicated as a red dot in Fig. 8E. The global average of binary ratios
for the three elements calculated from the parameterization model (Section 9) are all approximately 1 and sup-
port the global T% ratios discussed above.

9. Global parameterizations of settling fluxes

Based on the observations of elemental export fluxes of carbon and biogenic Si at the mesopelagic/bathy-
pelagic boundary, we developed several parameterizations to approximate the annual global distribution of
particles in molar fluxes: Fin/bCorgs Fm/bCinorg, aNd Fry/pSibio. For these parameterizations, we used the 153
TS-trap data sets listed in Table 3. The parameterizations are based on the least-squares fits of measured fluxes
to surface hydrographic data. As the result of this parameterization, we obtain a global grid
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(250 km x 250 km grid cell) for Fin/pCorg Fm/bCinorg> a0d Fin/pSivio. Global total fluxes of POC, carbonate and
opal, their global ratios, and their average fluxes in the pelagic ocean were calculated by totaling all the grid
cells that cover ocean areas deeper than 2 km (except the Arctic Ocean).

9.1. Regional models

Different models were used for determining the FiCorg, Fin/bCinorg, and Fiy/pSipio in different oceanic
regions. Equations for computing the carbonate and opal fluxes (#,/5Cinore [in gCaCO5 m 2 yr ']and FySibio
[in gSi0O, m 2 yr!]) are based on sea surface temperature (SST, in°C), primary production (in g€ m 2 yr '),
and/or winter surface dissolved SiO, (in pmol kg~!). These are subsequently converted to molar fluxes.
Fi/uCorg fluxes are estimated using the Francois et al. (2002) equation and scaled to molar fluxes thereafter.
Different models have been developed for the following regions:

1. The Trade Wind Domain: An area without significant seasonality, this region includes observations from
all JGOFS-EqPac, MANOP, German Warm Water Pool program, and Panama Basin experiments. Fluxes
estimated from these parameterizations are applied to the area bordered by 25°N to 18°S and 120°E to
70°W, where the annual primary production (Behrenfeld and Falkowski, 1997) is more than 8.3 molC m 2
(100 gC m ™).

2. The Arabian Sea: This includes the Indo-German Arabian Sea Program (IGAS) and JGOFS-Arabian Sea
Expedition (ASE). Parameterizations for this area are applied between the latitudes of 30°N to 25°S, lon-
gitudes of 70°W to 120°E, and where PP is more than 8.3 molC m 2.

3. Southern Ocean: This model includes data from JGOFS-AESOPS, French (Tréguer, 2003, personal com-
munication), and American Prydz Bay (Pilskaln et al., 2004) stations. It is subdivided into two regions: (1)
the POOZ (AZ) region located between mean annual SST temperature contours of 2 °C and 8 °C, and (2)
the ACC (ANTA and SANTA in the Atlantic sector) bounded on the north by the 2 °C SST isotherm and
on the south by the 2000-m isobath.

4. All other areas (or “default”): These include 74 stations for Fy,/,Cinorg and 78 stations for Fi,,Sipi, curve
fitting from all other provinces including the Westerlies Domain (Longhurst et al., 1995).

9.2. Biomineral ballast parameterizations

9.2.1. Parameterization of PIC (F,.;;Cinore)
EqPac:

Fm/bCinorg =0.281 x PP - 14.6 [gCaCO3 m2 yr—l] (1)

Twelve stations are used, R* = 0.59. Mean error is 48 mmolC m 2 yr~ .

Arabian Sea:

Fm/bCinorg =0.105 x PP =+ 5.1 [gCaCO3 m—2 yr—l} (2)

Seven stations are used, R> = 0.60. Mean error is 76 mmolC m > yr .

Southern Ocean:
Frn/bCinorg = 2.928 x SST — 3.0 [gCaCO; m 2 yr '] (3)

Seven stations are used to parameterize Fr,/,Cinorg in POOZ. It is represented by a simple linear function of
SST, where R? is 0.50, and mean error = 56 mmolC m 2 yr~'. Within the ACC, detailed spatial structure can-
not be discerned from the station distribution; thus, a mean value of 15 mmolC m2 yr*l (with
std = 18 mmolC m 2 yr~ ') determined from eight stations is applied to the area.

Default:

Fn/oCinorg = PP x (0.0017 x SST + 0.03) [gCaCO; m > yr '] (4)
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The algorithm to cover the rest of world is determined using data from 74 stations by combining a linear func-

tion of PP and SST, where R? equals 0.33 and mean error is 69 mmolC m 2 yr .

9.2.2. Parameterization of biogenic Si (F,,;,Sipi,)
EqPac:

FnbSibio = 0.179 x PP — 13.3 [gSiO, m 2 yr™'] (5)

Twelve stations are used, R? is 0.50. Mean error is 62 mmolSim 2 yr—'.

Arabian Sea:

Fo/pSibio = 0.0532 x PP — 2.1 [gSiO, m 2 yr™'] (6)

Twelve stations are used, R? is 0.68. Mean error is 54 mmolSim 2 yr—'.

Southern Ocean:
Fon/pSibio = —6.1615 x SST + 59.6 [gSiO, m 2 yr™'] o

To parameterize Fp,;,Sipio in POOZ, seven stations are used. It is represented by a simple linear function of
SST, where R*> is 0.71, and mean error =126 mmolSim 2yr~'. In the ACC, an average value of
159 mmolSi m 2 yr~! (std = 144 mmolSi m 2 yr ') from eight stations is used.

Default:

FonpSivio = 136114 W80 (680, m =2 yr~] (8)

For all other areas, using 78 stations in the Westerlies Domain, the winter surface dissolved SiO, (Louanchi

and Najjar, 2000) best expressed the Fi,/pS1pi0, With R? equal to 0.40 and mean error of 252 mmolSim 2 yr—'.

Organic Carbon Flux (Fp,Corg) at 2 km

0 20 50 100 200 500 1000 2000 20000 mmolC m?2yr1

Fig. 9. Global parameterization of F, nCoy in mmolC m~2yr~! based on individual TS-trap data sets from four model domains—the
Trade Wind Domain (as in Longhurst et al., 1995), the Arabian Sea Region, the Antarctic Zone, and data from default stations—
projected on the geography of biogeochemical provinces and stations that were used for analyzing the data presented in this paper.
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C in CaCOj Flux (Fy,Cinorg) at 2 km
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Fig. 10. Global parameterization of Fy,/,Cinorg in mmolC m 2 yr~! based on individual TS-trap data sets from four model domains as in
Fig. 9.

Biogenic Sifica Flux (F,;,Cpi,) at 2 km

0 20 50 100 200 500 1000 2000 20000 mmolSi m2yr-1

2

Fig. 11. Global parameterization of Fp,/,Sip;, in mmolSi m™ yr~! based on individual TS-trap data sets from four model domains as in

Fig. 9.
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9.3. Parameterization of global organic carbon fluxes

Francois et al. (2002) defined the transfer efficiency of organic carbon to the deep sea (7.g) as the ratio of
POC flux measured with sediment traps deployed at the mesopelagic/bathypelagic boundary zone (normalized
here as 2 km depth) to the export production (EP) at the same site estimated from a satellite-derived PP model
(Behrenfeld and Falkowski, 1997), and EP derived from a pelagic ecosystem model (Laws et al., 2000)
(Table 2):

Teff - Fm/bcorg/EP- (9)

Multiple linear regression (Francois et al., 2002) indicates that the transfer efficiency of organic carbon to the
deep sea by the biological pump can be predicted to a large degree from the flux of carbonate, the f-ratio, and
the water depth.
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Fig. 12. Comparison of the parameterized model fluxes with observational Fy,,Corg (top panels), Fi,/bCinore (middle panels), and Fy,/,Sipio
(bottom panels). The histograms in the left-hand column show differences in how the deviations are normally distributed. The right-hand
column plots show observations vs. model values with straight-line fit and error bars.
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Ter = [2.15 x 107 FCaCO;) + [102.4Z""] — [0.096f -ratio] + 0.0092. (10)

The standard deviation of the difference between TS-trap-data-based Fp,Coro/EP and “calculated” Ty is
0.0166, 9% of the measured Fy,,Coro/EP range (0.18). At a 95% confidence level, our simple model Eq.
(10) thus explains 82% of the Ty variability in the global open ocean.

94 GlObCll maps Of Fm/bCO,g, Fm/meo,g, and Fm/bSibio

Grids of F,,/Corg at 250-km resolution are produced in Fig. 12 by applying Eq. (10) using grid averages of
annual PP (Behrenfeld and Falkowski, 1997), EP (Laws et al., 2000), and modeled carbonate fluxes. The grid-
ded fluxes of Fi;/bCinorg and Fry/Sipio are obtained by applying Egs. (1)—~(8) to the grid averages of annual PP,
winter surface dissolved SiO,, and annual SST data and using the parameterization derived for each of the
regions delineated at the beginning of this section.

Considering the statistical funnel through which particles sink before reaching a sediment trap (Siegel and
Deuser, 1997), the export data were plotted at the mesopelagic/bathypelagic boundary in 250 km x 250 km
grids with the following rationale: With an eddy kinetic energy of 10 cm? s 2, and a mean particle sinking rate
of 200 m dy ! (Honjo, 1996), the spatial averaging scale at the surface (Lx) for a TS-trap deployed at 4000 m
depth is approximately 60 km. Assuming a Gaussian collection probability density, the radius around the trap
site from which 90% of the collected particles (R.) would originate is:

R. = (=21In(0.1) x Lx)".

Thus, funnel diameter is approximately 250 km.Based on this calculation we reconstructed the global contours
of FrnpCorg (Fig. 9), Fin/cCinore (Fig. 10), and F/pSivio (Fig. 11) and their binary ratios (Table 2). Boundaries
between model areas are statistically smoothed.

The spread, or sample standard deviation, of our model estimates versus the observations are determined
by taking the root-mean-square differences between the observed samples and the model estimated parameters
(Fig. 12). Using 151 of the observations, the sample standard deviation is 87 mmolC m~? yr*l for Fin/wCinorgs
98 mmolSi m 2 yr~! for Fi/pSipio, and 134 mmolC m 2 yr! for Fin/oCorg. Assuming that the error is uniform
across the model, that each observation is independent, that the parameters are time invariant, and that the
deviations are normal, 95% confidence intervals for the climatologic mean values represented by the model
were determined based on a statistical cumulative t distribution using the equation proposed by Emery and
Thomson (1997):

2 x (sample std)/(number of samples)’”.

Based on the derived sample standard deviations, there is a 95% probability that
(1) modeled values of F,,,Cinorg bracket the true values by £13 mmolC m~2 yrfl,
(2) modeled values of Fy,/,Sip;, bracket the true values by +14 mmolSi m~> yrfl, and

(3) modeled values of Fy,,Cory bracket the true values by £18 mmolC m Zyr '

10. Global total fluxes of POC, ballast particles, and biogeochemical ratios

The annual fluxes of F,/5Corg, Fin/bCinorg, and Fpy/pSipio in the global ocean can be calculated by integrating
the flux estimates in each grid. The global annual export flux (Global F or G-F, Table 5) thus obtained at the
mesopelagic/bathypelagic boundary are: POC (G-FipCorg: 36.2 £ 4.5 teramolC yr ! or 0. 43 Gtyr '), PIC
(G-Fun/uCinorg: 33.8 4+ 3.8 teramolC yr~' or 0.41 Gtyr '), and biogenic Si (34.4 & 2.6 teramolSiyr~' or
0.97 Gt yr ') from the ocean area deeper than 2 km that is 301.3 Mkm? (Table 5). The mean export fluxes
(M-) at the mesopelagic/bathypelagic boundary per unit section (1 m?) of the global water column over
301.3 million km? for M-FuwCores M-FinpCinorgs  and  M-FSibio  are 120 mmolC m~2 yrfl,
112 mmolC m2yr~!, and 114 mmolSi m 2 yr— !, respectively. In metric, these fluxes are 1.4 gCm 2 yr !,
1.3gCm 2yr ', and 3.2 gSim 2 yr !, respectively.
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The global mean ratios of the three constituents are thus all about one. Broadly speaking, while 1 mol of
POC is pumped to the bottom of the mesopelagic zone, one mole of PIC and one mole of biogenic Si settle
together in the world ocean on average. The ternary % ratio of mole fluxes of these three elements, indepen-
dently calculated from individual TS-trap data, are also very close: 35:32:33 T%, respectively (Section 8.2).
This export flux similarity for POC and biominerals at the mesopelagic/bathypelagic boundary is stunning
considering that F,,,Corgy Fin/bCinorgs and FipSipi, differ by three to four orders of magnitude. However,
we are unable to offer an explanation for this intriguing observation.

Our global POC flux estimate is very close to that in Jahnke’s early result, which utilized particulate vertical
flux and water depth correlations to estimate the global rain rate of POC at the seafloor as 33 teramolC yr';
this is very close to our estimate at 2 km of about 36 teramolC yr~' (Jahnke, 1996). When Jahnke’s seafloor
flux is normalized to 2 km, the flux appears larger than our estimate. This discrepancy may stem from the fact
that Jahnke’s estimate includes data from the high-flux, deep continental margin regions while these data are,
for the most part, excluded from the TS-trap analysis presented here (Section 5.3). Lampitt and Antia (1997)
normalized sediment trap data at 2 km and calculated total global flux of POC at 26.7 teramolC yr~', which is
close to our result, that is, approximately 74% of our flux estimate in this paper. These co-authors were limited
by a shortage of geographically distributed data, particularly from the Silica Ocean, including the Pacific Bor-
eal Gyres and all the pelagic Southern Ocean.

An estimate of PIC flux based on mass balance of continental input and oceanic deposition by Milliman
(1993) was roughly 60 teramolC yr—'. Our global estimation of the annual biogenic Si flux at the mesope-
lagic/bathypelagic boundary is close to the estimate of the delivery rate of opal to the oceanic interior and
the global ocean floor made by Tréguer et al. (1995) based on the primary production of Si and a dissolution
rate for opal of 29.1 teramolSi yr~'. This is 85% of our estimate.

11. Remineralization of POC and formation of the mesopelagic Y CO, sink
11.1. Global remineralization of POC in the mesopelagic zone

The difference between two fluxes, the export production and the flux of POC at the mesopelagic/bathype-
lagic boundary (defined in Section 2),

AF, = [EP — Fpy,Cor) (in molC m yr’l),

is the total rate of the mineralized POC that becomes > CO, as POC settles through the mesopelagic zone in
areas where a conventional biological pump operates, that is, in virtually the entire world pelagic ocean (Table
2 and Figs. 13 and 14). An estimate of global AF,, is then 441 teramolC yr~', assuming the global export pro-
duction (G-EP) is 477 teramolC yr ' (Fig. 14) to the pelagic ocean below 2 km (calculated from the model by
Laws et al., 2000). This estimate is based on the assumption that the downward transport of POC by the zoo-
plankton community terminates at approximately 1.5 km, and the biological pump is then driven by gravity in
deeper waters. Estimated global transfer efficiency of POC at the mesopelagic/bathypelagic zone (Eq. (9), Sec-
tion 9.3) is 7.6% (Table 5), and 1.2% of the ocean’s primary production POC is delivered to the mesopelagic/
bathypelagic boundary (Tables 2 and 5, Figs. 13 and 14, calculated from the model by Behrenfeld and Fal-
kowski, 1997).

We examined characteristics of AFy, in the several basins and regions exhibiting contrasting biological
pump characteristics, including carbonate vs. silica ocean conditions (Table 4). However, there is an inherent
difficulty in applying AFy, (that is, EP — F;,,C,,,) to examining the scale of the mesopelagic biological pump:
there is a significant difference, three orders of magnitude, in observational precision between ocean-color-
based EP and the annual F,,Co based on the TS-trap method. In practice, PP and EP are presented
in molC m~2 yr~! (e.g., Behrenfeld and Falkowski, 1997; Laws et al., 2000), while mmolC m 2 yr ™' is a better
unit for expressing TS-trap based Fy,/,Corg, as we have done in this paper. At many stations, Fp,/,Corg may
even be much smaller than statistical errors in the estimates of EP. At least all AF,, values remain positive
at all normalized locations in Table 2 (excluding the High Arctic stations), though that could be merely inci-
dental. Therefore, AF,, data should be regarded as semi-quantitative information, and we refrain from further
statistical manipulations such as calculating a global average for AF,,. In the following sections, we offer some
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Fig. 13. Annual primary production (PP) in molC m~2 yr~! averaged from the 250 km x 250-km grid boxes drawn around the TS-trap
moorings where the annual mol-fluxes of three biogenic components and their ratios at the mesopelagic/bathypelagic boundary were
calculated (Table 2, Fig. 1) from the ocean-color-based model of Behrenfeld and Falkowski (1997). Note extremely high PP in the Nordic
Seas, up to 73 molC m~2 yr~!, which may be unrealistic.

Fig. 14. Annual export production (EP) in molC m~2 yr~! at stations where the annual mol-fluxes of three biogenic particles and their
ratios at the mesopelagic/bathypelagic boundary were calculated (Table 2; Fig. 1) from Laws et al. (2000). The extremely large EP that
covers the Nordic Seas reflects an apparently inflated PP estimate in the same area (Fig. 13).



Table 4

Biological pump indices in selected regions and areas with notable biogeochemical characteristics

Name of BGC # PP EP EP/  FuCorg AFm Ter F/oCinorg Frn/pSibio Co/Ci Si/Ci Bio-
area/region province Sta. (molCm2yr') (molCmZyr') PP (mmolCm2yr™!) (molCm2yr") (%) (mmolCm2yr ") (mmolSim2yr ") pump
(%)

Nordic Seas ARCT, SARC 9 21.9 (6.3) 12.6 (3.5) 58 61.4 (37.6) 12.5 (3.5) 0.48 (0.24) 54.9 (30.1) 32.8(21.2) 1.3(09) 07(04) Ca

North Atlantic NADR 13 22.8 (2.8) 3.6 (1.9 16 171.1 (109.6) 34(2.0) 5.73 (3.39)  136.3 (66.7) 60.1 (34.7) 1.3(0.8) 04(02) Ca
Drift

North Atlantic NAST 11 11.0 (2.4) 1.5 (0.4) 14 72.9 (23.9) 1.4 (0.4) 5.06 (1.75)  96.4 (40.2) 21.6 (12.1) 09(04) 02(0.1) Ca
Subtrop. Gy.

Cape Verde SE-NAST 3 59.2 (11.8) 14.1 (3.1) 24 2334 (9.1) 13.9 (4.6) 1.75(0.43)  287.1 (0.0) 60.1 (34.7) 0.8(0.00 02(0.1) Ca

Guinea Basin ETRA 2 12.4 (0.04) 1.7 (0.0) 14 117.7 (7.9) 1.6 (0.01) 6.78 (0.48)  130.6 (0.7) 47.6 (5.9) 0.9(0.0) 04(0.0) Ca

Eastern Tropical ~S-ETRA 10 14.4 (4.5) 1.9 (0.5) 13 62.4 (18.8) 1.9 (0.5) 3.36 (1.00)  82.4(30.0) 16.1 (6.3) 09(0.3) 02(0.0) Ca
Atlantic

Arabian Sea ARAB 3 26.6 (6.5) 3.4(0.9) 13 552.7 (55.3) 2.8 (0.9) 17.5 (6.8) 423.7 (34.4) 264.5 (10.5) 1.3(0.0) 0.7(0.1) Ca
(Divergent)

Bay of Bengal INDE, MONS 4 9.7 (1.8) 1.5(0.2) 16 220.6 (55.3) 1.2 (0.2) 15.6 (5.4) 152.6 (28.7) 152.3 (41.7) 1.4 (0.2) 1.0 (0.3) Si

North Pacific Si  BERS, PSAG 14 17.3 (3.7) 5.1(3.1) 30 213.8 (69.5) 49 (3.1) 55(3.1) 122.5 (28.3) 578.0 (269.6) 1.9 (0.9) 5.0 (2.4) Si
Ocean

North Pacific Ca  S-KURO, 7 5.7(1.5) 0.9 (0.2) 16 39.2 (16.7) 0.9 (0.2) 4.1 (0.9) 62.9 (56.2) 18.9 (13.3) 0.6(04) 04(0.1) Ca
Ocean NPTG,

WARM

Equatorial PNEC, PEQD 5 10.3 (1.3) 1.5 (0.1) 14 143.0 (40.0) 1.3 (0.1) 9.5(2.0) 226 (62.7) 165.3 (106.1) 0.6 (0.1) 0.7(0.3) Ca
Pacific

Southern Ocean ~ ANTA, APLR 9 4.9 (2.0 0.7 (0.4) 14 69.0 (30.7) 0.6 (0.4) 10.7 (3.1) 58 (48.3) 408.7 (251.1) 3.1(4.0) 15.6(16.3) Si

# Sta.: Number of stations in the area or region used to provide averages in the following columns (standard deviations are in parentheses). PP: Average annual primary production in the 250 x 250-km areas above time-series
sediment trap (TS-trap) moorings calculated from the ocean-color-based model in molC m~2 yr~! by Behrenfeld and Falkowski (1997). EP: Average annual export production in the 250 x 250-km areas above TS-trap
moorings in molC m~? yr~! calculated from an ecosystem model by Laws et al. (2000). AFy,: the difference between EP and FinvCore. Tept: % Core/EP (transfer efficiency). Bio. Pump: Types of biological pump: Ca = Carbonate

Ocean, Si = Silica Ocean.
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of our observations (Table 4) and preliminary interpretations of AF,, in the ocean areas with prominently
operating biological pumps.

11.2. The North Pacific Silica Ocean and North Pacific Carbonate Ocean

Table 4 shows that the annual EP at 14 stations in the North Pacific Silica Ocean is five times larger than
that at seven stations in the North Pacific Carbonate Ocean: 5.1 vs. 0.9 molC m 2 yr~'. The EP/PP ratio in
NPSO is about 30%, the largest among regions analyzed here. (The EP/PP at nine stations in the Nordic Seas
is 58%, but ocean-color-based PP in this area may be overestimated [e.g., Francois et al., 2002].) The average
Fi/pCorg in the North Pacific Silica Ocean is 214 mmolC m 2 yr~!. The average AF,, is thus estimated as
4.9 molC m 2 yr~ ', the largest rate in the world pelagic ocean, exceeded only by a more coastal setting near
the Cape Verde region as further discussed below. The AF,, is 13.9 from three stations in Wefer and Fischer
(1993b) (Table 4). In contrast, Fp,,;,Cor in the North Pacific Carbonate Ocean is only 39 mmolC m Zyr L.
This suggests that a small EP of 0.9 molC m 2 yr~' as mentioned above, equivalent to the Southern Ocean
EP, is almost entirely remineralized before arriving at the mesopelagic/bathypelagic boundary zone. A com-
pilation of several GOSECS meridional sections in the Pacific roughly along the Date Line (Bainbridge, 1979)
shows high O, content in the surface of the North Pacific Silica Ocean (greater than 300 pmolO kg~') that
drops to 50 pmolO kg™! at approximately 400 m, and there is a substantial minimum O, layer at approxi-
mately 1800 m. Dissolved O, is depleted to less than 20 pmolO kg~ ' in some parts of this O,-minimum tongue.
Attempts to link particle flux events directly with the interior ocean chemistry, such as dissolved O, concen-
tration, are not always appropriate unless one deals with entire world values or an averaged characteristic over
a large region because of deep-water advection.

11.3. Upwelling and divergent regions in the continental margins

The divergent Arabian Sea is also one of the most active biological pump areas with a high PP of
27 molC m 2 yr~' (Table 4). The model-based annual EP of the divergent Arabian Sea is 3.4 molC m 2 yr',
surprisingly small compared to the Cape Verde area (14 molC m 2 yr~') and comparable to or smaller than
the North Atlantic Silica Ocean (5 molC m~2 yr~!). The Arabian Sea Process Study’s EP estimates using the
234Th method at 100 m (Buesseler et al., 1998) at the nearby stations combined with the annual EP estimate
adopting annual variability of PP by Dickey et al. (1998) and Kinkade et al. (1999) are also
<3.5molCm ?yr'. A significant characteristic of the divergent Arabian Sea biological pump is that
17.5% of EP reaches the mesopelagic/bathypelagic boundary. This means 434 mmolC m 2 yr~' of organic
carbon penetrates the oxygen-depleted mesopelagic layer and pumps substantial POC fluxes to the Central
Arabian Sea bathypelagic zone. This provides a partial explanation for very high (and consistent) > CO, con-
centrations (2315-2350 umolC kg~ ') throughout the bathypelagic water column of the Arabian Sea (Millero
et al., 1998a), although the link between POC flux and water column chemistry must be further explored. The
upwelling zone in the western equatorial Pacific is critical to understanding the global CO, system because it
may contribute a significant portion of the ocean’s new production (Chavez and Barber, 1987). The US
JGOFS EqgPac program provided an annual time series of biological pump operation along 140°W with a
meridional transect of deep mooring stations (Honjo et al., 1995). However, there is no data available from
east of the EqPac transect, and we are unable to offer a discussion on the role of AFy, in this significant region.

A vigorous upwelling region between the Mauritania—Senegal coast and the Cape Verde Islands is one of
the most productive ocean areas known (e.g., Wefer and Fischer, 1993b). For the 250 x 250-km grid square
drawn for this study around the sediment trap moorings in the area, PP calculated from ocean-color-based
productivity estimates by Behrenfeld and Falkowski (1997) averages nearly 60 molC m ™2 yr~! (Table 4). This
estimate is twice as large as that for the divergent Arabian Sea and four times larger than that for the North
Pacific Silica Ocean (Table 4). The EP in the Cape Verde area is 14 molC m 2 yr~ ', several times larger than in
average ocean regions. The AF, (13.9molCm 2yr ') is statistically indistinguishable from the EP
(14.1 molC m 2 yr '), and the Cor/EP is as small as 1.7%, which can be interpreted as nearly complete remin-
eralization of POC within the mesopelagic zone of the Cape Verde areca. The GEOSECS Leg 9 profile shows
50 pmolO kg~! contours from 400 m to 1000 m,while the bathypelagic zone off the Cape Verde area is well
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oxygenated, up to 250 pmolO kg~'. However, because the distribution of dissolved CO, in the water column is
controlled by complex kinetics and thermodynamics, direct comparison should be done with caution. Highly
elevated F5ymCorg, Up to 429 mmolC m 2 yr', is also found at North Benguela-Walvis Bay TS-trap stations
around 20°S, 9°W (Wefer and Fischer, 1993b; Fischer et al., 2000). The R/V Meteor Expedition Report for
March-April 1927, as recompiled by Wattenberg (1992), illustrates a similar extensive O,-minimum layer
for the Cape Verde Basin and Walvis Bay area. Fy,/,Co, are large over the western margin of Africa where
the western boundary current prevails. This may be the result of high PP and EP due to upwelling, and it
may also be strongly influenced by the influx of lithogenic particles (e.g., Fischer et al., 2000) from the dry
land and deserts immediately to the east.

11.4. The Southern Ocean

Average PP from nine Southern Ocean TS-trap stations is as small as 4.9 molC m 2 yr~' with std of
2.0 molC m~2 yr~!, nearly equivalent to the North Pacific Carbonate (“desert”) Ocean (Section 11.1), where
it is 5.7 with std of 1.5 molC m ™2 yr~'. The AF,, in the Southern Ocean is extremely small, 0.6 molC m 2 yr~!
at nine pelagic stations. The C,,,/EP at the Southern Ocean stations is about 11%. The POC pumping mech-
anism is unique in the Southern Silica Ocean where there are no coccolithophorids (Section 2.2). Available
zooplankton CaCOj5 ballast particles are very small (58 mmolC m~2yr~'), and the majority of PIC is con-
tained in pteropod shells (large shells that are ineffective as ballast; Honjo, 2004). A hypothetical explanation
for the unique AZ biological pump is that settling of POC is strongly enhanced by a massive flux of diatom
frustules (408 mmolSi m 2 yr—') that, perhaps, form “falling mats” (sensu Lampitt, 1985), which engulf sus-
pended particles and aggregates as they descend, particularly during the Antarctic bloom (Section 2.2). This
hypothesis is based on observations of particles collected by TS-traps and contained in sediment samples
(Honjo, 2004). A POC settling rate enhanced by falling mats of diatoms could result in a small AF,,, and
no significant O,-minimum or Y CO,-maximum layer, as observed in the AZ transect along the New Zealand
sector.

Table 5

Critical properties that drive the global biological pump

Global primary production (G-PP) 2931 TeramolC yr~! 1
Global biogenic carbonate production 67-117 TeramolC yr~! 2
Global biogenic silica production 100-140 TeramolSi yr~' 3
Global export production (G-EP) 477 TeramolC yr~! 4
G-EP/G-PP x 100 16.3 %

Global F,/pCorg 36.24+4.5 teramolC yr’l 7
Global Fu/uCinorg 33.8+£38 TeramolC yr~! 7
Global F,;,Sip;0 344426 teramolSi yr~! 7
F>mCoro/ G-PP x 100 1.2 % 5
FmCore/ G-EP x 100 7.6 % 5
AF; [G-EP-G-F5 i Corg) 441 TeramolC yr71 6
G-Coro/Cinore 1.07 Mole ratio 7
G-Cory/Sibio 1.05 Mole ratio 7
G-Sipio/Cinorg 1.02 Mole ratio 7
Global Ternary Ratio: T%(Co:Ci:Si) 35:32:33 Ternary% 8
G-mean F ,Core from model 120 mmolC m—2 yr’l 9
G-mean Fp,/,Cinorg from model 112 mmolC m> yr’1 9
G-mean Fy,/,Sipie from model 114 mmolSim =2 yr~! 9

Annotation for numbers in right-hand column: (1): Global annual primary production over the ocean area deeper than 2 km
(301.3 M km?) calculated from the model by Behrenfeld and Falkowski (1997). (2): From Lee (2001) and Iglesias-Rodriguez et al. (2002).
(3): From Tréguer et al. (1995) and Nelson et al. (1995). (4): Calculated global export production (EP) from the model by Laws et al. (2000)
over the same area as (1), (5), (6), and (7). Total of each biological pump element’s annual fluxes at the mesopelagic/bathypelagic boundary
and binary ratios from 250 x 250-km grids. (8): Nonweighted global average of ternary ratios among the three elements in the individual
TS-traps at the mesopelagic/bathypelagic boundary as presented in Table 3. (9): Global mean annual fluxes of the three biological pump
elements at the mesopelagic/bathypelagic boundary in one square meter over the ocean area deeper than 2 km (301.3 M km?).
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12. Remineralization of particulate inorganic carbon (PIC): impact of the biological pump on ocean alkalinity
12.1. Ocean surface alkalinity and the biological pump

The fluxes of POC, PIC, and opal-Si at the mesopelagic/bathypelagic boundary appear to be related to glo-
bal surface ocean alkalinity. The pattern of total alkalinity normalized to salinity (NTA), as in Millero et al.
(1998b), particularly Fig. 13, p. 127, reflects the Sipio/Cinore distribution in Fig. 7. The TS-trap stations exhib-
iting high F,;,Sipio (Fig. 4) are located in high alkalinity regions. The boundary between the North Pacific
Silica Ocean and the North Pacific Carbonate Ocean (Section 8.1) overlaps the North Pacific Polar Front, with
closely spaced NTA contours that demarcate the areas with higher surface alkalinity to the north. It appears
that the NTA of 23302340 umol kg ' marks the boundary between the North Pacific Silica and Carbonate
Oceans. The Antarctic Zone Silica Ocean is also demarcated by a 2340 pmol kg~ contour with the Southern
Carbonate Ocean to the north, and this contour approximates the Antarctic Polar Front. This boundary is less
sharp compared with its northern Pacific counterpart, perhaps because of the frequent meandering of the Ant-
arctic Polar Front. The Indian Ocean is a Carbonate Ocean with low NTA (2290 umol kg~ '), similar to the
bulk of the Atlantic. The NTA in the Labrador Sea is as high as in NPSO (>2340 umol kg '), and this small
parcel of ocean could be the only Silica Ocean in the Atlantic (except for the Southern Ocean). However, no
TS-trap data is available for this area.

12.2. Supply of alkalinity to the mesopelagic layer and supralysoclinal dissolution

12.2.1. Estimate of total mesopelagic dissolved PIC by mass balance

As we estimate in Section 10, the global ocean flux of biogenic CaCO;—C (PIC) at the mesopelagic/bathy-
pelagic boundary (F/bCinorg) 1s 33.8 & 3.8 teramolC yr~! (generally rounded to 34 teramolC yr~' in this sec-
tion) (Section 10) while the global oceanic production of biogenic CaCO; is estimated as 67 to
117 teramolC yr~' (0.8-1.4 petagC yr—') (Lee, 2001; Iglesias-Rodriguez et al., 2002; Takahashi, 2004). Thus,
49-71% of the PIC produced, 36-86 teramolC yr ', must dissolve in the upper 2 km. This estimate is compa-
rable to the mass balance calculation by Milliman et al. (1999) and the estimate of carbonate dissolution rates
from alkalinity measurements by Feely et al. (2004). Total mesopelagic dissolution of opal, between 66 and
106 teramolSi yr~", is similarly estimated by the difference between the global export production of opal Si,
100-140 teramolSi yr ' (Nelson et al., 1995; Tréguer et al., 1995), and our estimate of the global flux of opal
Si at the mesopelagic/bathypelagic boundary, 34.4 teramolSi yr~' (Table 5).

12.2.2. Supralysoclinal dissolution of metastable carbonates

It is generally believed that dissolved carbonate in the water column originates from metastable skeletal
CaCO; (e.g., Berner and Honjo, 1981), including pteropod shells (e.g., Berner and Berner, 1976; Berner,
1977) and a large variety of algal biominerals that include aragonite and Mg-calcite from shallow benthic eco-
systems, particularly mid-ocean coral reefs (e.g., Milliman, 1974) as well as falling epibionts of pelagic epi-
phytes (Pestana, 1985). The depth of the chemical horizon where the waters are supersaturated with calcite
lies deeper than 2 km,except in the North Pacific (Bering Sea to approximately 10°S; Takahashi, 1975). In
many ocean areas, the waters at 2 km are undersaturated with respect to aragonite. However, the dissolution
of mineral particles in the undersaturated water requires exposed surface areas and time to react with
seawater.

The recent attention to the upper mesopelagic zone of the world ocean where alkalinity is significantly ele-
vated (Feely et al., 2004; Sabine et al., 2004) requires assuming the dissolution of carbonate particles in the
water column (Fiadeiro, 1980), particularly in the upper mesopelagic zone, that is, supralysoclinal dissolution
of carbonate (e.g., Milliman et al., 1999). The apparent massive export of pelagic pteropod shells to the meso-
pelagic water column offers investigators an attractive source for the alkalinity budget of the North Pacific
(e.g., Fiadeiro, 1980; Betzer et al., 1984; Byrne et al., 1984). Adult pteropod shells are relatively large (typically
on the order of a mm), and empty shells settle at high speed (Vinogradov, 1961; Byrne et al., 1984), on the
order of km dy ', so they remain only for a matter of hours in the upper mesopelagic water column. Byrne
et al. (1984) indicate that only about 20% of Trade Wind Domain species’ shells dissolve during descent to
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2 km,though the dominant pteropod shells in the Westerlies Domain lose approximately 50% of their mass
during their descent to 2 km.

A first-order approach to this complicated question, though not conclusive, might compare the production
rate in the world ocean and the flux of aragonite-PIC in the mesopelagic zone. Estimation of pelagic pteropod
production is extremely challenging, and a literature search for this subject yields only a pioneering work at
Ocean Station P (50°N, 145°E, Station # 73, Table 2; PSAG-E) by Farby (1989). The result shows a pteropod-
shell, aragonite-PIC production rate during July 1985 of 66133 mmolC m 2 yr~'. The 10-year average total
PIC flux at 2000 m at this time-series station (including 1985) is 131 mmolC m 2 yr ', suggesting a significant
loss of aragonite PIC in the mesopelagic zone. Annual aragonite PIC flux in the lower mesopelagic zone in the
literature shows a wide range: 0.4-1.7 (Nordic Seas; Meinecke and Wefer, 1990), 13.0 (Lofoten Basin; Mei-
necke and Wefer, 1990), 6.1 (ES/JS; Hong and Chen, 2002), and >10 mmolC m > yr*l (Arabian Sea; Mohan
et al., 2006). However, depth-series pteropod fluxes at 500-, 1500-, and 3200-m traps in the Sargasso Sea are
consistent regardless of depth, and they are extremely large compared to the other stations mentioned above
(Farby and Deuser, 1991).

Shells of pteropods (also heteropods), common marine snails, are not only chemically metastable but also
constructed delicately (Milliman, 1974; Lalli and Gilmer, 1989). The shells of living pteropods are thin and
transparent, exhibit a poorly developed protective periostracum, and appear to have only a nacreous (arago-
nite) layer that consists of needle-like microcrystals. Therefore, these shells, particularly the veligers and juve-
nile shells, may be highly susceptible to disintegration and dissolution (Fiadeiro, 1980). Indeed, in examining
TS-trap samples under SEM, we observe sequences of pteropod-shell dissolution and disintegration that range
from white or “frosted” shells (Vinogradov, 1961) to nacreous layers that disassemble into aragonite needles
(SEM photomicrographs in Honjo, 1978, 1980; Honjo et al., 1988; Honjo and Erez, 1978; Plate I in Meinecke
and Wefer, 1990). Honjo and Erez (1978) observed that when weight loss is about 25%, the specific surface
area increased very rapidly, suggesting that increase in surface area itself becomes an important factor in deter-
mining the dissolution rates as dissolution proceeds. This self-perpetuating process, superimposed on other
surface chemistry factors that control the kinetics of dissolution may cause extremely sharp pteropod-arago-
nite lysocline.

Mg-calcite, produced in large quantities along with aragonite in coral reef environments (e.g., Milliman,
1993), is another biogenic carbonate mineral exhibiting a high rate of solubility. Even a small leak of reef
material, such as descent of reef boulders into the pelagic environment, could have a considerable impact
on the carbonate budget particularly in the Pacific (Berner and Berner, 1976; Berner, 1977; Pilskaln et al.,
1989). Coral reef destruction correlates strongly with today’s elevated seawater temperatures and seawater
alkalinity. One potentially important pelagic source of Mg-calcite in the Atlantic Ocean may be epibionts,
benthic and shallow water communities that live among floating Sargassum and other epiphyte colonies in
the North Atlantic subtropical gyre (e.g., Pestana, 1985; Farby and Deuser, 1991). Pestana (1985) estimates
that 0.4-1.0 million tons of CaCO; (9-12 mol% MgCOs) are associated with Sargassum in the Sargasso
Sea. Fragments of Sargassum and other epiphytes, often on the order of 10 mm long, along with traces of epi-
bionts were collected in traps deployed at 372-389 m depth in the central Sargasso Sea (31.5°N, 55.9°W)
(Honjo, 1980).

12.2.3. Stable biogenic carbonate: calcite

In contrast to aragonite and Mg-calcite (metastable carbonate) mineral dissolution, we are not convinced
by arguments in favor of extensive calcite dissolution in the upper water column (Honjo, 1977). If a significant
portion of calcite PIC, particularly of coccoliths, one of the most ubiquitous and arguably the most ideal type
of ballast particle for POC transport (Section 2.2), were dissolved in the upper mesopelagic zone, the biolog-
ical pump in the world pelagic ocean would become dysfunctional through loss of the major gravitational
transport mechanism for POC. A number of publications on deep ocean sediment have observed that cocco-
liths are more dissolution resistant than foraminifera (e.g., McIntyre and Mclntyre, 1971; Honjo, 1977). In situ
dissolution experiments with six common species of coccoliths and foraminiferal assemblages at depths of
3.6 km, 4.8 km, and 5.5 km in the central North Atlantic using the in situ dissolution chamber (ISWAC; In
situ Water Circulator; Honjo and Erez, 1978) showed no detectable dissolution after 79 days of non-stagnant
exposure in the chamber at the two shallower depths. Both coccoliths and foraminiferal tests showed approx-
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imately 35% dissolution at 5.5 km. Pteropod shell loss was 2.4%, 45%, and 73% at these depths (Honjo and
Erez, 1978). Berelson (2002) estimates that the settling velocity of particles increases by 15-60% between 2000
and 3500 m and explains this by loss of POC, although calcite particles remain more intact and available as
ballast.

For example, scanning electron micrographs of deep trap-collected fecal pellets show that they are often
packed with coccoliths, whose delicate architecture is preserved (Section 2.2). In particular, a monograph by
Steinmetz (1991) showed that the microstructure of coccolithophorid species such as Syracosphaera pulchra
and Rhabdosphaera clavigera was intact in 4280-m and 2770-m trap samples from the Equatorial Pacific sta-
tion (NPTG) (Station #103, Table 2) where the water column is significantly undersaturated with calcite.
The same monograph shows that Florisphaera profunda, one of the smallest and most poorly calcified coc-
coliths produced at the bottom of the euphotic zone, was perfectly preserved in a sample from the 5068-m
trap in the Equatorial Atlantic (NATR) station (Station #37, Table 2). Suspended coccoliths in the bathy-
pelagic zone often exhibit strong dissolution (Honjo, 1975). Broerse (2000) found coccoliths and cocco-
spheres generally intact in many mesopelagic JGOFS samples but not in very deep traps. The same
author found clear evidence of E. huxleyi dissolution in a trap deployed at 258 m. Further, >90% of
robustly constructed coccoliths of C. pelagicus exhibited etching at 1061 m. These findings deserve further
investigation.

Elevated acidity in the gut of metazoan grazers has been proposed as a possible mechanism for epipelagic
dissolution of calcite. However, transmission micrographs of calanoid crustacean fecal pellets in deep-sea sed-
iment showed intact coccospheres and coccoliths (Gowing and Wishner, 1986). Laboratory feeding experi-
ments with a few common Atlantic calanus species failed to show dissolution of coccolith architecture or
lab-synthesized aragonite microcrystals (Honjo and Roman, 1978). Many pellets produced by mesozooplank-
ton are covered by a pellicle (peritrophic membrane) (e.g., Gauld, 1957). Thus, pellet interiors may maintain
chemical and microbial environments different from those of the gut and of seawater. However, EM observa-
tions and laboratory experiments are critical, but not sufficient, to prove the hypothesis that biogenic calcite
particles do not dissolve in mesopelagic waters. Further investigation of in situ water-column dissolution of
calcite particles based on, for example, better controlled dissolution and calcification experiments and mass
balance modeling efforts are needed to obtain answers to this long-standing question.

13. Summary of global TS-trap observations

The North Pacific Silica Ocean develops in the Pacific Boreal Gyres on the pole side of the North Pacific
Polar Front. This area yields an average Fi,/uCorg of 214 mmolC m 2 yr! that is twice as large as the global
average Fr/pCorg of 120 mmolC m 2 yr'. A smaller Atlantic counterpart is found in the North Atlantic Drift.
The most Fy,,Core-depleted basin among the world’s oceans contains the Pacific Subtropical and Tropical
Gyres, particularly the Pacific Warm Pool (mean 39 mmolC m 2 yr™ '), while its large Atlantic counterpart
yields a larger POC flux (averaging 62 mmolC m 2 yr—'). The Fi/pCorg in the Southern Ocean is about equal
to the global average north of the Antarctic Front, but is reduced by about half in the pelagic Antarctic Zone
(AZ; Fig. 2). Biological pump studies in the High Arctic Seas are yet to be undertaken; FC,, measured suc-
cessfully at only two deep sea traps was even smaller than that in the AZ, <10% of the global average. The
largest annual F,,,Corg 50 far measured is that in the Arabian Sea. The average Fyy,/,Cor, in this monsoon-con-
trolled divergent ocean is 553 mmolC m~2 yr~!, nearly five times larger than the global average. FinpCorg 1s
also elevated in western boundary current and vigorous upwelling zones. As an example, Fy,/,Cog is as large
as 233 mmolC m 2 yr ! in the Cape Verde area. There are three orders of magnitude difference between the
maximum and the minimum average Fy,,Cor, among regions.

The Fy/bCinorg distribution generally imitates the Fy,/,Corg, but with less geographic diversity (Fig. 3). The
maximum F,,,Cinorg Occurs in the divergent Arabian Sea (averaging 424 mmolC m 2 yr ) followed by the
Cape Verde upwelling area (averaging 287 mmolC m > yr~'), repeating the pattern of the Fi/pCorg. The
North Pacific Subarctic Gyre and the North Atlantic Drift yielded larger average Fu/wCinore (123 and
136 mmolC m 2 yr ', respectively) than the global average of 112 mmolC m 2 yr~'. The most Fin/oCinore-
depleted region spans the North Pacific Subtropical and Tropical Gyres, particularly the Warm Pool province
(WARM), which yields only 27 mmolC m 2 yr~', less than one-third of the global average Fi/6Cinorg- The
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average pan-Atlantic F/bCinorg from pelagic stations, excluding the NADR and the Atlantic Southern Ocean,
appear to be about half (62 mmolC m~2 yr~') of the global average.

Several provinces to the north of the North Pacific Polar Front are characterized by F,/»Sip;o as large as
578 mmolSi m 2 yr! on average, which is more than five times the global average of 114 mmolSim 2 yr ..
The Fip/pCorg and Fr,/pCinorg are also large in this region—about 200% and 20% larger than the global average,
respectively. The divergent Arabian Sea is a truly significant high-export area in regard to all three biological
pump components; not only are the annual F;,/,Corg and Fry,/Cinor, high, as mentioned above, but the average
Fo/uSipio is as large as 266 mmolSi m 2 yr—', 2.3 times the global average. From the Antarctic Polar Front to
the Antarctic Circumpolar Current, the F,/Sip;, increases abruptly to 915 mmolSi m > yr !, eight times the
global average, while the Fy,/,Cinorg diminishes to a trace amount, indicating that the biological pump in this
area is driven almost exclusively by opal as ballast. In the Atlantic, the Fy,/,Sipio 1S about half of the global
average as is the Fy,,Core in areas such as the NARD and the Cape Verde basin. Average flux of Fy,/pSivio
is merely 19 mmolSi m 2 yr~!, 17% of the global average, in the North Pacific Subtropical and Tropical Gyres
that abut the North Pacific Front to their south. It is remarkable that the F,,;,Sipio is strongly depleted in the
Atlantic compared to other major basins, and it is also remarkable that the pan-Atlantic mean is merely
29 mmolSi m 2 yr~!, except in the NARD and the few productive areas mentioned above (Table 4; the fluxes
from the Atlantic Antarctic Zone are not included in the averages). A dramatic longitudinal transition of the
fluxes of the three elements is observed along the equator in the Pacific Ocean. The Fy,/,Core and the ballast
particle fluxes at WARM are very small throughout the equatorial TTS. Moving east along 140°E, the annual
FipCorg increases by 50-100%, and the F,/bCinorg and FipSipie are two to three times greater than the global
average. Because of the scarcity of mooring stations to the east of 140°W, we have little knowledge of biolog-
ical pump activity in most of the huge east equatorial Pacific divergent zone that encompasses most of PENC
and PEQD, except for our parameterization (Figs. 9-11).

The global variability of annual F,/,Cinore generally follows the Fp,,Corg. Therefore, the variability of the
Core/Cinorg is modest, with little deviation from the global average ratio of 1.07 (Table 5) except in the Ant-
arctic Zone (Fig. 4). On the other hand, annual Sipio/Cinore varies hugely from the global average of 1.02, fol-
lowing the large variability of Fy,/,Sipie in the world ocean (Fig. 4). Particularly in the Southern Ocean, the
average annual Core/Cinorg and Sipio/Cinorg are as large as 3 and 16, respectively. Mean annual Coro/Cinorg
and Sipio/Cinore in the North Pacific Silica Ocean are notably large, 1.9 and 5.0, respectively. In this area,
not only is the annual Fy,/,Siy;, extremely large, but the F,/,Cinore 18 also larger than the global average,
resulting in an elevated AF,, rate over an extensive region of the North Pacific. The pan-Atlantic average
of annual Cor/Cinore and Sipio/Cinorg are <1 and 0.4, respectively. These ratios in the Pacific Subtropical
and Tropical Gyres are 0.9 and 0.4, indicating that the biological pump functions similarly in both regions.

14. Conclusions

We investigated the flux of biogenic particles (POC, PIC, biogenic silica) from 134 locations where inter-
national investigators have collected settling materials with bottom-tethered, time-series sediment traps
(TS-traps) since 1983 (Fig. 1). As one of the essential conclusions of this study, we find that the vertical bio-
logical pump operates ubiquitously in the pelagic world ocean (except, perhaps, in relatively small, sea-ice-cov-
ered areas of the High Arctic Seas) (Fig. 2).

The annual mole fluxes reported here as Fi,/uCorg, Fin/bCinorg, and F/bSipie in mmolC or Si m2yr ! are
normalized to an ocean depth of 2 km, the approximate boundary between the mesopelagic and bathypelagic
domains, where POC is in “‘terminal gravitational transport mode” with minimal influence from the zooplank-
ton ecosystem. These three fluxes are essential components of the biological pump system as CaCOj; and bio-
genic silica provide ballast for removing light and metastable POC from the epipelagic zone to the CO, sink in
the interior ocean. Vertical transport of POC by the oceanic ecosystem, particularly by diel migrating zoo-
plankton, is crucial in the mesopelagic zone.

We determined that the fluxes of each biogenic constituent vary among oceanic regions by two to three orders
of magnitude (Table 3). F,/,Cor, at sea-ice-free locations, ranging from a minimum of 25 mmolC m2yr'in
the Pacific Warm Pool to a maximum of 605 mmolC m~2 yr~' in the divergent zone of the Arabian Sea. Like-
wise, Fin/bCinorg ranges from 15 mmolC m~2 yr_1 in the Pacific Warm Pool to 459 mmolC m yr_1 in the Ara-
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bian Sea. F,,Siy;, varies the most geographically, from 6 mmolSi m ™~ yr—' under the North Atlantic Drift and
7 mmolSi m 2 yr~ ! in the Pacific Warm Pool to 1118 mmolSi m 2 yr~ ' at a North Pacific Subarctic Gyre station
and 915 mmolSi m 2 yr~ ' under the Antarctic Circumpolar Current (Table 3).

The polar sides of the North Pacific Polar Front and the Bering Sea are characterized by a very large
FopSipe (averaging 578 mmolSi m~? yrfl) (Fig. 4) and a relatively modest Fy,/,Cinorg (averaging
123 mmolC m 2 yr ') (Fig. 3) that are still larger than the global mean flux (Table 5) and that transport a
large FiuwCorg (averaging 214 mmolC m 2 yr!, twice the global mean) to the mesopelagic/bathypelagic
boundary. In this region, the average ratio of Fi/bSivio t0 Fin/bCinorg (Sibio/Cinorg) a0d Fin/bCorg t0 Fin/bCinore
(Cmg/Cinorg) are 5.0 and 1.9, respectively. Sipio/Cinore is particularly large in the Antarctic Zone, while
Fn/oCinorg is small and Fy,/pSipio is very large. The average Sipio/Cinore in AZ is as high as 26 (Table 2, Fig. 7).

The Silica Ocean is thus defined as the area where the Sibio/Cinore and the Coro/Cinore ratios are >1
(approximately 20% of the world pelagic ocean; see shaded area in Figs. 2-7). The rest is the Carbonate
Ocean where Si/Ci and Co/Ci are <1. These Silica and Carbonate oceans are clearly separated from each
other by two major oceanographic fronts, the North Pacific Polar Front and the Antarctic Polar Front.
The Carbonate Ocean covers all the Atlantic (except the Weddell Sea) and the Pacific Trade Wind
Domain. POC is more efficiently pumped to the interior of the Silica Ocean than to the interior of the
Carbonate Ocean.

A unique combination of ballast particles in the North Pacific Silica Ocean results in a F,/,Corg that is
twice as large as the global mean, with a very large F,,,;,S1pi0 that is five times the global average and a F,,
bCinorg about 10% larger than the global average. This finding suggests that regions with such “hybrid bal-
last” may drive a unique biological pump to remove POC to the interior ocean with a relatively small loss
of alkalinity at the surface. In contrast to the North Pacific Silica Ocean where the Fy,;,Sip;, 1S extremely
large, the F/uCinorg 18 very small in the Antarctic Zone Silica Ocean where Fy,/,Cor, is modest (averaging
69 mmolC m 2 yr~', about 60% of the global average). This Fi/pCorg 1s marginally larger than that of the
pan-Atlantic and twice as large as that of the Pacific Carbonate Ocean (Table 4). Highly elevated Fp,sCorg
and Fp,;,Sip; are found at several stations in areas with intense divergence or western boundary currents in
the Carbonate Ocean. Examples include the Arabian Sea, the Cape Verde Basin, and the Pacific Equatorial
Divergence (Table 4).

In order to geographically interpolate the measured TS-trap annual fluxes of the three elements at the
mesopelagic/bathypelagic boundary and calculate global mean fluxes, four regional algorithms were devel-
oped by parameterization to correlate measured flux to grid (250 x 250 km) surface-water properties (T, S,
and nutrient concentrations) (Figs. 9-11). We estimated total global annual export fluxes of POC, PIC, and
biogenic Si at the mesopelagic/bathypelagic boundary by summing the fluxes in each grid. They are unex-
pectedly close at 36.2 and 33.8 teramolC yr~' and 34.4 teramolSiyr~' (0.43 and 0.41 GtCyr~' and
0.97 GtSiyr '), respectively, and the average fluxes from these statistics (ocean area deeper than
2 km = 301.3 Mkm?) are 120 and 112 mmolC m 2 yr~!, and 114 mmolSi m 2 yr~' (Table 5). Thus, the glo-
bal mole ratios among the three elements at the mesopelagic/bathypelagic boundary are virtually equal to
one (Table 5).

The world average ternary % among the Fi,/uCorg, Fin/bCinorg> and FiypSipio calculated from 152 individual
T-S trap data sets (Table 3) is 35:32:33 (Fig. 8E) and supports the estimation from the parameterization
model. This indicates that the global biological pump works at one mole part of PIC and one part of biogenic
Si in order to remove one part of POC to the mesopelagic/bathypelagic boundary zone where the terminal
gravitational transport mode of POC prevails (Section 2.5).

An ocean-color-based estimate of global primary production (PP) in the pelagic ocean deeper than
2 km is approximately 2930 teramolC yr' (about 35.17 petagC yr', calculated from Behrenfeld and Falkow-
ski, 1997). The global export production (EP) covering the same area as PP, using Laws et al., 2000, is
477 teramolC yr! (5.36 petagC yr') (Table 5). Thus, 2454 teramolC (29.45 petagC yr') of POC is remineral-
ized annually in the world epipelagic layer, and the resulting Y CO, is recycled to the epipelagic CO, pool.
The POC, equivalent to the EP, that penetrates the pycnocline by both gravity and diel migratory zoo-
plankton supports part of the metabolic demands of the mesopelagic community. In the upper mesope-
lagic zone, directly below the epipelagic, removal of POC is driven by a highly complex ecosystem of
diel migrators interlaced with gravitational transport of ballasted aggregates and repacked fecal pellets.
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This vigorous zooplankton activity is most likely a major cause of unpredictable and inconsistent POC
flux and low >*°Th/?*'Pa trapping efficiency in this zone, and we must separate these ecosystem effects
from turbulence. The remineralization rate for settling POC slows down in the lower mesopelagic zone
with diminishing zooplankton and lower temperature. Below the zooplankton habitat, in the mesope-
lagic/bathypelagic boundary zone (1.5-2 km), vertical transport of POC is more exclusively driven by bal-
lasted aggregates, and microbial metabolism is responsible for further remineralization of POC in
submesopelagic zones.

Where a conventional biological pump operates in the global ocean, the difference between two fluxes, the
EP and the flux of POC at the mesopelagic/bathypelagic boundary, expressed as AFy,, is the total annual rate
of POC mineralized to >_CO, as POC settles through the mesopelagic zone. An estimate of global AF}, is then
441 teramolC yr~!, assuming the global annual export production is 477 teramolC yr~' to the pelagic ocean
below 2 km.Thus, calculated regional AF,, in molCm 2yr' is 13.9 in the Cape Verde upwelling region,
4.9 in the North Pacific Silica Ocean, 3.4 in the North Atlantic Drift, 1.4 in the North Atlantic Subtropical
Gyres, 0.9 in the North Pacific Carbonate Ocean, and 0.6 in the Southern Ocean. The divergent Arabian
Sea, where the world’s largest F5mCorg (553 mmolC m~> yrfl) is recorded, yields a modest AF,, of
2.8 molC m 2 yr~! compared to an annual EP of 3.4. This indicates that as much as 18% of EP escapes min-
eralization while settling through the anoxic mesopelagic water column and thus supplies unusually large POC
to the bathypelagic zone. In contrast, the EP and AF,, are about the same value in the North Pacific Silica
Ocean (5.1 and 4.9 molC m 2 yr ', respectively) and the Cape Verde region (14.1 and 13.9, respectively), indi-
cating that virtually all EP is mineralized to Y CO, within the mesopelagic zone (Table 4).

Subtracting our global Fy,/,Cipor, estimation (34 teramolC yr~ ') from the global oceanic production of bio-
genic CaCOj; estimated at 67 to 117 teramolC yr~' by Lee (2001) and Iglesias-Rodriguez et al. (2002), the sup-
ply rate of dissolved CaCOj5 to the mesopelagic zone is 33-83 teramolC yr~'. We suspect the source of this
alkalinity to be supralysoclinal dissolution of metastable CaCOj in the upper mesopelagic zone. Further study
of the origins and supply scheme of this hypothetical metastable CaCOj3 will bring greater understanding of
global ocean alkalinity.

We recognize that zooplankton play a key role in the biological pump as they, along with gravity-driven
aggregates, transport the products of primary production from the euphotic zone to the deep ocean and
remineralize POC. Further understanding and constraint of the animal community’s effects on both their
contribution to the vertical transport of POC and their capacity to modify the biogeochemical setting of
the ocean interior will be an important next step in biological pump investigation. Combining study of the
dynamic animal community with more traditional, regimented approaches calls for a new, broader view on
the part of physicists, chemists, and those studying the biogeochemistry of the ocean.
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