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Abstract

The sinking of particulate organic carbon (POC) is a key component of the ocean
carbon cycle and plays an important role in the global climate system. However, the
processes controlling the fraction of primary production that is exported from the eu-
photic zone (export ratio) and how much of it survives respiration in the mesopelagic to
be sequestered in the deep ocean (transfer efficiency) are not well understood. In this
study, we use a three-dimensional, coupled physical-biogeochemical model (CCSM-
BEC) to investigate the processes controlling the export of particulate organic matter
from the euphotic zone and its flux to depth. We also compare model results with sedi-
ment trap data and other parameterizations of POC flux to depth to evaluate model skill
and gain further insight into the causes of error and uncertainty in POC flux estimates.
In the model, export ratios are mainly a function of diatom relative abundance and
temperature while absolute fluxes and transfer efficiency are driven by mineral ballast
composition of sinking material. The temperature dependence of the POC remineral-
ization length scale is modulated by denitrification under low O, concentrations and
lithogenic (dust) fluxes. Lithogenic material is an important control of transfer efficiency
in the model, but its effect is restricted to regions of strong atmospheric dust deposition.
In the remaining regions, CaCOg3 content of exported material is the main factor affect-
ing transfer efficiency. The fact that mineral ballast composition is inextricably linked to
plankton community structure results in correlations between export ratios and ballast
minerals fluxes (opal and CaCOg), and transfer efficiency and diatom relative abun-
dance that do not necessarily reflect ballast or direct ecosystem effects, respectively.
This suggests that it might be difficult to differentiate between ecosystem and ballast
effects in observations. The model’s skill at reproducing sediment trap observations is
equal to or better than that of other parameterizations. However, the sparseness and
relatively large uncertainties of sediment trap data makes it difficult to accurately eval-
uate the skill of the model and other parameterizations. More POC flux observations,
over a wider range of ecological regimes, are necessary to thoroughly evaluate and
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test model results and better understand the processes controlling POC flux to depth
in the ocean.

1 Introduction

The transfer of carbon from the upper ocean to deep waters through the sinking of
particulate biogenic material (biological pump, Volk and Hoffert, 1985) is a major com-
ponent of the ocean carbon cycle and plays an important role in regulating atmospheric
CO, levels (Archer et al., 2000; Siegenthaler et al., 2005). However, the processes con-
trolling the fraction of primary production that is exported from the euphotic zone (ex-
port ratio) and how much of it survives respiration in the mesopelagic to be sequestered
in the deep ocean (transfer efficiency) are not well understood (Boyd and Trull, 2007).
Biogenic minerals (CaCO5; and opal) are thought to be important controlling factors
(ballast hypothesis) by increasing the density of sinking particles and/or providing pro-
tection against remineralization (Armstrong et al., 2002; Francois et al., 2002; Klaas
and Archer, 2002). Ecosystem structure is also thought to play an important role (Guidi
et al., 2009; Lam et al., 2011; Henson et al., 2012a,b; Wilson et al., 2012). According
to this view, diatom dominated phytoplankton communities in productive areas, such
as high latitude environments and upwelling regions, produce large, dense and rela-
tively labile aggregates that are readily exported but decay rapidly at depth, resulting
in a high export ratio but low transfer efficiency in these regions. Conversely, in lower
latitude oligotrophic environments, where diatoms are largely absent, primary produc-
tion is low and mostly regenerated, so the small fraction of material that is eventually
exported is likely to be refractory and undergo relatively little degradation at depth, re-
sulting in low export ratio but high transfer efficiency. A “packaging effect” may also be
at work (Francois et al., 2002). Carbonate-dominated regions tend to produce hydro-
dynamic, fast-sinking fecal pellets that reach greater depths (high transfer efficiency),
while opal-dominated regions tend to produce slower sinking, loose aggregates that
are rapidly remineralized in the mesopelagic (lower transfer efficiency). Understanding
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the processes that control the flux of particulate organic material to the deep ocean so
that we can quantify the strength and efficiency of the biological pump is essential to
accurately project the ocean’s response to and feedback on anthropogenic perturba-
tions.

Sparse in situ data from sediment traps have relatively high associated uncertainties
and do not resolve the spatial and temporal variability in the vertical particle flux. This
makes it difficult to understand the mechanisms driving the vertical particle flux and
leads to large uncertainties in global and regional budgets. In this context, numerical
models offer a powerful research tool. Models supplement observations by providing
flux estimates in under-sampled regions and at spatial-temporal coverage and resolu-
tion that are impractical or difficult to sample, thus, allowing us to investigate phenom-
ena poorly resolved by observational data. Models also provide the means to synthe-
size the available information into a practical and useful framework that can be used
for quantitative analysis and evaluation, and as an heuristic tool that offers guidance
and recommendations for future observations. In addition, comparison of model results
with observations allows us to assess model skill and leads to improved mathematical
representations of biogeochemical processes.

In this study, we use results from a three-dimensional, coupled physical-biogeochemical

model in combination with in situ data from sediment traps to: (1) investigate the pro-
cesses controlling the export of particulate organic matter (POM) from the euphotic
zone and its flux to depth, and (2) see how these processes interact to produce spa-
tial and temporal variability in export ratios and transfer efficiencies. We also compare
our model results with sediment trap data and other parameterizations of particulate
organic carbon (POC) flux to depth to evaluate model skill and gain further insight into
the causes of error and uncertainty in POC flux estimates.
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2 Methods
2.1 Model formulation

The model used in this study is the Community Climate System Model ocean Biogeo-
chemical Elemental Cycle (CCSM-BEC) which consists of an upper-ocean ecological
module (Moore et al., 2004) and a full-depth ocean biogeochemistry module (Doney
et al., 2006) both embedded in a three-dimensional (3-D) global physical ocean general
circulation model (Collins et al., 2006). The ecosystem module includes three phyto-
plankton functional groups (small pico/nano-plankton, diatoms and diazothrophs), a
general adaptive zooplankton class and multi-nutrient (N, P, Si, Fe) limitation on phy-
toplankton growth (Doney et al., 2009a,b). Calcification by coccolithophores is param-
eterized as a fraction of the pico/nano-plankton production as a function of tempera-
ture and nutrients. The biogeochemistry module (Doney et al., 2006) is based on an
expanded version of the Ocean Carbon Model Intercomparison Project (OCMIP) biotic
model (Najjar et al., 2007) and includes full carbonate system thermodynamics, air—sea
CO, and O, fluxes, nitrogen fixation and denitrification (Moore and Doney, 2007), and
a dynamic iron cycle with atmospheric dust deposition, water-column scavenging and
a continental sediment source. More detailed information on the ecological and bio-
geochemical components of the model is available in Moore et al. (2004), Doney et al.
(2009a) and Doney et al. (2009b).

The treatment of sinking particulate organic material in CCSM-BEC is implicit and
based on the ballast model of Armstrong et al. (2002). POC, particulate CaCO5 and
opal are produced by phytoplankton and zooplankton mortality, and grazing by zoo-
plankton on all three phytoplankton groups (Egs. A1—A3 in Appendix A1). The vertical
flux of POM is assumed to decay exponentially with depth with a remineralization length
scale (1) that varies according to the mineral content of the organic matter. Sinking
POM is assumed to have “free” and mineral associated fractions. The mineral asso-
ciated portion is further divided into “soft” and “hard” fractions. The “free” fraction de-
cays following the remineralization length scale for POC, while the mineral associated
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fraction decays according to the corresponding “soft” mineral dissolution length scale.
The “hard” mineral associated fraction is assumed to be fast sinking and/or resistant
to degradation (very long remineralization length scale) and thus to sink to the bot-
tom of the ocean before remineralization. Ballast minerals include CaCO5 from coccol-
ithophores, biogenic silica (opal) from diatoms and dust from atmospheric deposition.
The remineralization of POC and opal are known to be strongly influenced by temper-
ature, so the remineralization length scales for “free” POC and opal increase with de-
creasing water temperature following temperature response functions (Egs. A14, A15
in Appendix A1). The remineralization length scale for “free” POC also increases in
regions of low dissolved O, (< 4 mmolm‘3) where organic matter is oxidized less effi-
ciently through denitrification. The vertical particle flux model is, in essence, equivalent
to a sum of exponentials in which the different terms, representing organic matter of dif-
ferent mineral composition under different environmental conditions, change in space
and time. The equations and parameter values for the vertical particle flux component
of CCSM-BEC are presented in Appendix A1.

The version of CCSM-BEC we use has a resolution of 3.6° in longitude, 0.8—1.8°
in latitude, and 25 vertical levels (Yeager et al., 2006). The effects of mesoscale eddy

transport and mixing are parameterized following Gent and McWilliams (1990). The Large

et al. (1994) K-Profile Parameterization is implemented in the vertical to capture surface
boundary-layer dynamics and interior diapycnal mixing. The ocean circulation model is
forced with physical climate forcing from atmospheric reanalysis and satellite data prod-
ucts (Doney et al., 2007) and time-varying dust deposition (Mahowald et al., 2003).
Analysis is performed on a 12-month climatology computed from the last 20 yr of a
840-yr run with repeat annual cycle of physical forcing and dust deposition, and fixed
pre-industrial atmospheric CO, concentrations (280 ppmv). CCSM-BEC shows good
skill in reproducing observed spatial distributions as well as seasonal and interannual
variability patterns of sea surface temperature, mixed layer depth, surface chlorophyll
and nutrients, and net primary production (Doney et al., 2007, 2009b).
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2.2 Model analysis

We investigate the dynamics of vertical POC flux in CCSM-BEC by fitting the model
results to a relatively simple 3-parameter exponential model of POC flux to depth and
looking at the distribution and range of the fit parameter values, and their relationship
to environmental and biogeochemical factors. The idea is to synthesise the complexity
of CCSM-BEC'’s particle flux model into a smaller, yet representative, set of parameters
that can be more easily studied and understood. The exponential model of POC flux
(F) at depth (z2) is defined as:

F(z) = fNPP (ae-%(z-20> +(1 —a)) (1)

where f is the fraction of vertically integrated net primary production (NPP) that is
exported (export ratio), a is the labile fraction of POC, 1 is the remineralization length
scale, and z, is the export depth. The derivation of Eq. (1) is presented in Appendix A2.

To simplify analyses and computations, annual and seasonal (January—March, April—
June, July—September, October—December) means of net primary production (NPP),
POC production, and biomineral (CaCO4 and opal), dust and POC vertical fluxes are
computed from the 12-month climatology of model results. Export depth (z,) fields are
computed from the annual and seasonal means as the depth where POC production
is equal to 1 % of maximum POC production in the water column. The parameters a, A
and f are then estimated by fitting Eq. (1) through a non-linear least squares technique
to the annual and seasonal means of NPP and POC flux profiles at each CCSM-BEC
grid point. Grid cells with water columns shallower than 900 m and/or with ice coverage
greater than 10% are excluded from the analysis. The Arctic ocean region is also
excluded from the analysis, due to the lack of observations to evaluate model skill in
the region (see Sect. 2.3), and generally poor fits due to unrealistic model POC flux
profiles, particularly under the ice in winter.

The range and distribution of @, A and f values represent variations in organic matter
composition, transfer efficiency and export ratios, and reflect the flexibility and range of
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behavior of CCSM-BEC’s particle flux model. Examination of the relationship between
a, A and f values and environmental and biogeochemical factors gives us insight into
the processes driving the export of POC from the euphotic zone and its flux to the
deep, and how these processes interact to produce spatial and temporal variability in
export ratios and transfer efficiencies.

In addition to the exponential model parameters, we also examine direct CCSM-
BEC estimates of POC flux, export ratios and transfer efficiencies. CCSM-BEC export
ratio is computed as the annual POC flux at z, (export flux) divided by the annual
vertically integrated NPP. Transfer efficiency is computed as the ratio of annual POC
flux at 2000 m to the annual POC flux at z,. We chose 2000 m as it is a commonly
used reference depth for computing transfer efficiency (Henson et al., 2011, 2012b)
and because particulate fluxes tend to not vary significantly below this depth (Francgois
et al., 2002; Honjo et al., 2008).

2.3 Model evaluation

We evaluate CCSM-BEC’s skill by comparing model POC fluxes with in situ data from
sediment traps. Here we use annual mean POC fluxes at 254 locations (Fig. 1), com-
puted from a climatological year compiled by Lutz et al. (2007) using 25 years of obser-
vations from sediment traps. For the comparison, the CCSM-BEC mean annual POC
flux is computed from the 12-month model climatology with POC flux values extracted
at the locations and depths of the sediment traps. Model and observations are com-
pared globally and for each individual region of the model domain (Fig. 1).

We also compare CCSM-BEC’s skill with that of other parameterizations of POC
flux to depth to gain insight into the sources of bias, error and uncertainty in POC flux
estimates. The empirical model of Lutz et al. (2007) and the exponential model (Eq. 1)
presented in Sect. 2.2 are evaluated against the same sediment trap data from Lutz
et al. (2007). The Lutz model estimates the annual mean POC flux at depth from annual
mean NPP using an exponential relationship with parameters that vary spatially as
functions of the seasonal amplitude in NPP (Lutz et al., 2007). The authors’ assumption
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is that the fraction and biodegradability of exported production are mainly influenced
by ecosystem structure, which is related to the seasonal amplitude in NPP. In stable
environments, primary production is mostly regenerated so a smaller fraction of NPP is
exported and the exported material is more refractory, while in seasonal environments,
production exceeds consumption and recycling so a larger fraction of NPP is exported
in a more labile state. POC flux estimates are computed at the locations and depths
of the sediment traps using the Lutz model and CCSM-BEC and satellite derived NPP
extracted at the sediment trap locations. Satellite NPP is computed from a 1 x 1 degree
monthly climatology of surface chlorophyll from SeaWiFS using the VGPM model of
Behrenfeld and Falkowski (1997). To investigate the effect of factors associated with
the seasonal amplitude in NPP on POC flux estimates, we compute POC flux at the
locations and depths of the sediment traps using a “null” version of the Lutz model, in
which the parameters are set to their spatial means and held constant for all locations.

POC flux estimates are also obtained using the exponential model (Eq. 1), fitted to
the sediment trap measurements and NPP data, to compute POC flux at the locations
and depths of the sediment traps. We fit Eq. (1) to all 254 POC flux observations com-
bined, using annual mean NPP values from both satellite and CCSM-BEC extracted
at the sediment trap locations. This results in two sets of “global” parameters a, A and
f, one for each NPP data set (satellite and CCSM-BEC), that are used to compute
POC flux at the sediment trap locations. To examine the effect of regional variations
in organic matter composition, remineralization length scale and export ratios on POC
flux estimates, we fit Eq. (1) to sediment trap and NPP data grouped by model domain
region (Fig. 1). This is also done using NPP from both satellite and CCSM-BEC. The
POC flux is then computed at the sediment trap locations using regionally varying a,
A and f values and their corresponding NPP data set (satellite and CCSM-BEC). In
the regions where the fit is poor or where there are no observations, a, A and f are
set to the “global” values computed in the previous step. The export depth (z) is set
to the CCSM-BEC global average (110.4m, Fig. 2b) in all exponential model fits. In
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total, including direct POC flux estimates from CCSM-BEC, we evaluate eight different
parameterizations of POC flux to depth against the sediment trap data.

3 Results
3.1 CCSM-BEC global patterns

Annual mean export depth (z,) in CCSM-BEC is generally shallower (< 100 m) in pro-
ductive areas, such as coastal and equatorial upwelling and high latitude regions,
where both the euphotic zone and mixed layer are relatively shallow during the produc-
tive months, and deeper (> 120 m) in the oligotrophic gyres, where the euphotic zone
is deep (> 100 m), and parts of the North Atlantic with very deep winter mixed layers
(Fig. 2a, b). Strong vertical mixing transports plankton deeper in the water column so
grazing, mortality and POC production can occur below the euphotic zone, independent
of light and NPP. Export depth is also higher (> 120 m) in the Gulf Stream and Kuroshio
frontal zones, and along the subpolar front in the Indian and Pacific sectors of the North-
ern Southern Ocean, due to deep mixing associated with strong air-sea cooling and
evaporation and mode water formation (see for example Marshall et al., 2009). Export
flux (POC flux at z,) closely resembles NPP (Fig. 2b, ¢) and the two fields are well
correlated (r = 0.82). Particle export is high (> ZOQCm‘2 yr'1) in upwelling and high
latitude regions, and very low (< 2gC m™2 yr’1) in the center of subtropical oligotrophic
gyres (Fig. 2c). Particle export tends to be higher where the export depth is shallow
and vice-versa, with exception of the Gulf Stream and Kuroshio frontal zones, where
export fluxes are relatively high and the export depth is deeper than 120 m (Fig. 2a, c).
The highest export fluxes (> 40 ng'2 yr'1) are observed in the equatorial and coastal
upwelling regions off the west coast of Africa and South America, the Arabian Sea, the
subpolar frontal zones south of Australia and New Zealand, and off the southeast coast
of South America (Fig. 2c¢). The globally integrated total POC export across spatially
varying export depth (z,) is 6.04 PgC yr‘1 . The flux of POC at 2000 m shows similar ge-
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ographical patterns to the particle export (Fig. 2c, d), with values ranging from less than
0.2 ng'2 yr'1 in the oligotrophic gyres to greater than 2 ng'2 yr'1 in the equatorial
Pacific, Arabian Sea and the subpolar frontal region off the southeast coast of South
America (Fig. 2d). The globally integrated total POC flux at 2000 m is 0.21 PgCyr'1.

Export ratio is high (> 20 %) in upwelling and high latitude regions, where production
is high and export depths are shallow, and low (< 5%) in the center of oligotrophic
gyres, where NPP is very low and export depths are deep (Fig. 2a, b, €). Areas of
moderate production and deep export depths in the Northern Southern Ocean and
parts of the North Atlantic have export ratios of the order of 10% (Fig. 2e). The global
area-weighted mean export ratio is 12.9 %. Transfer efficiency and export ratio have
generally opposing spatial distributions, except for the upwelling region in the equatorial
Pacific and west coast of South America, where both are higher than the global mean.
Transfer efficiency is high (> 7%) in the center of oligotrophic gyres, reaching up to
40 % in center of the North Atlantic gyre, and low (< 5%) in productive high latitude
regions and over most of the subtropical western Pacific (Fig. 2e, f). The global area-
weighted mean transfer efficiency is 5.5 %.

3.2 Exponential model

The least-squares fit of the exponential model (Eqg. 1) to CCSM-BEC annual and sea-
sonal means of vertical POC flux and NPP is very good. Linear regressions of “pre-
dicted” (exponential model) against “observed” (CCSM-BEC) POC flux at export depth
(z), 500, 1000 and 2000 m produce slopes and correlation coefficients very close to 1
(Table 1). We are thus confident that the exponential model accurately represents the
range of behavior of CCSM-BEC'’s vertical particle flux model.

The spatial distribution of the parameters a, 1 and f and their standard errors, ob-
tained from fitting Eq. (1) to CCSM-BEC annual mean POC flux profiles and NPP is
shown in Fig. 3. Labile fraction of POC (a) is above 90 % over most of the ocean, ex-
cept in high dust deposition regions (Arabian Sea and the North Atlantic subtropical
gyre) where it reaches values below 40 % (Fig. 3a). Labile fraction and transfer effi-
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ciency have spatially opposing patterns (Figs. 2f, 3a). Regions with lower labile fraction
(80% < a < 95%) in the subtropical parts of the South Atlantic, North and South Pa-
cific, East Equatorial Pacific, and along the subpolar fronts in the South Pacific and
South Indian correspond to areas of higher transfer efficiency (Fig. 2f), and regions
of higher labile fraction (a > 95%) in the North Atlantic and Pacific and just south of
the Equatorial Pacific have low transfer efficiency. The POC remineralization length
scale (1) generally increases with latitude, most likely due to temperature effects (see
Sect. 2.1). A ranges from ~ 150 m in the tropics and subtropics to greater than 200 m at
high latitudes regions (Fig. 3c). The highest values (> 250 m), however, occur in the up-
welling region off the west coast of the Americas, in the Northern Indian Ocean and in
a small region in the North Atlantic subtropical gyre. The lower labile fraction (< 50 %)
and higher remineralization length scale (> 250 m) in the subtropical North Atlantic are
indicative of a higher proportion of POC reaching the deep, and thus high transfer effi-
ciency as shown in Fig. 2f. The distribution of export ratio (f) in the exponential model
(Fig. 3e) is virtually identical to that from CCSM-BEC (Fig. 2e), highlighting the good fit
of the exponential model.

The seasonal cycles of a, 1 and f for each of the model domain regions (Fig. 1) are
shown in Fig. 4a—c. Labile fraction of POC (a) remains relatively constant and above
90 % in most regions (Fig. 4a). In the North Subtropical Atlantic, a is significantly lower
ranging from 85 % in winter to less than 75 % in the summer months. In the North
Indian Ocean and North and South Southern Ocean, a also reaches a minimum in
summer and winter, respectively. In the North Atlantic, a is close to 95 % for most of
the year but drops below 90 % in winter. The seasonal decrease in the POC labile
fraction in these four regions is directly related to the increase in the fraction of dust in
the particulate sinking detritus (Fig. 49). In the North Subtropical Atlantic, North Atlantic
and South Southern Ocean, atmospheric dust deposition is relatively constant in time,
so the minima in @ occur when NPP is at its lowest value (winter in the South Southern
Ocean and North Atlantic and summer in the North Subtropical Atlantic, Fig. 4f). In
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the North Indian Ocean, the decline in POC labile fraction in summer is smaller and is
associated with a marked increase in atmospheric dust deposition (not shown).

The decreases in POC labile fraction in the North Atlantic in winter and the North
Subtropical Atlantic in the summer are accompanied by a significant increase in the
POC remineralization length scale (1), denoting seasonal variations in transfer effi-
ciency in these regions (Fig. 4a, b). The small increase in A in the Northern Southern
Ocean in winter can be attributed to lower temperatures and higher fraction of CaCOg
in sinking particulate material (Fig. 4d,i). The increase in the ratio of CaCO5 to POC
flux in the Northern Southern Ocean in winter is due to a decrease in the export of
POC relative to CaCOg, rather than an increase in CaCOg flux. On a regional scale,
export ratio (f) is generally proportional to the ratio of primary production by diatoms
to total primary production (Fig. 4c,e). Regions with high NPP,;/NPP,,; have high
f and vice-versa. This broad spatial pattern is modulated by seasonal variations at
high latitude regions (South Southern Ocean, North Southern Ocean, North Atlantic
and North Pacific) where export ratios follow the annual cycle in NPP (Fig. 4c). In the
South Southern Ocean, NPP and, consequently, export ratios are very low in austral
winter due to severe light limitation despite the higher NPP,./NPP,; (Fig. 4e) caused
by a decrease in the relative abundance of picophytoplankton due to their higher light
requirements (lower maximum Chl : N ratio).

The magnitude of the standard error of the estimates of a, 1 and f is inversely propor-
tional to the goodness of fit of the exponential model. Therefore, regions characterized
by high standard errors, such as the North Subtropical Atlantic, the North Indian Ocean
and the west coast of the Americas, denote areas where the fit of the exponential is
not as good (Fig. 3b, d, f). Globally, the coefficients of variation for all three parameters
are quite low (< 5%) and given their confidence intervals at each grid point, the spatial
variations in a, A and f shown in Fig. 3a, c, e are statistically significant. Nevertheless,
analysis of the causes of the poorer fits can inform us about the factors or processes
that control the POC flux in those regions and contribute to the spatial variation in a, 1
and 7. Fig. 5a—c shows individual POC flux profiles from CCSM-BEC and the fitted ex-
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ponential model at the locations marked in Fig. 3. The profiles are located in regions of
high standard errors for all three paramenters and the misfits between the exponential
model and CCSM-BEC are noticeable. In the North Subtropical Atlantic (Fig. 5a), the
low (mostly regenerated) NPP (Fig. 2b) and the high proportion of dust (> 70%) in the
particulate sinking material (Fig. 5e) result in a combination of low export (f < 5%) and
slow decay (a < 40%, A > 250m) that the exponential model is unable to fit well. On
the west coast of South America and Africa and in the Arabian Sea region (Fig. 5b—
d), the misfits are caused by the lengthening of the POC remineralization length scale
between 300 and 700 m, due to low dissolved O, concentrations (O, < 4mmo|m'3,
Fig. 5f). In CCSM-BEC, the remineralization length scale for POC is doubled in regions
where organic matter is oxidised through denitrification (see Table 7 in Appendix A1).
The higher A (> 250 m) regions on the west coast of Africa and the Americas and in the
North Indian Ocean (Fig. 3c) are thus directly associated with oxygen minimum zones
(OMZs) in CCSM-BEC.

The wide range of variation in a, 1 and f (Figs. 3 and 6) highlights the flexibility
of CCSM-BEC'’s vertical particle flux model and its ability to simulate widely different
POC flux regimes. Globally, export ratios (f) vary by an order of magnitude (3—35 %)
and POC remineralization length scales (1) vary by a factor of two (150-330m). The
largest variations in labile fraction (40% < a < 95%) are confined to the North Subtrop-
ical Atlantic and North Indian regions and are driven by an increase in the dust: POC
ratio of exported material (Fig. 6j), caused by elevated atmospheric dust deposition.
In parts of the North Atlantic and the Indian sector of the North Southern Ocean, la-
bile fraction also drops below 90 % as a result of an increase in CaCOj: POC ratio of
sinking material (Figs. 3a, 6q). In the remaining regions, there is still significant vari-
ability in the lability of sinking POC, with the refractory fraction (1 — a) varying by a
factor of four (0.02—0.08, Fig. 6a). The variation in remineralization length scale (1)
is largely controlled by water column temperature, ranging from ~ 200 m in colder high
latitude regions to a minimum of ~ 150 m in the warmest areas of the North Subtropical
Pacific and West Equatorial Pacific (Fig. 6b). This is expected as temperature depen-
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dence of the POC remineralization length scale is built in the CCSM-BEC model. The
large A values (> 250 m) at high SSTs (Fig. 6b) are associated with the OMZ regions
along the west coast of Africa and the Americas and the North Indian Ocean. In the
North Subtropical Atlantic, 1 increases with the dust content in the exported material
(Fig. 6k) and the highest 1 values (> 200 m) are associated with areas of low productiv-
ity and elevated dust deposition (Fig. 2b and 3c). The combination of low labile fraction
(a <50%) and high remineralization length scale (4 >200m) in the North Subtropi-
cal Atlantic, caused by high dust: POC ratios in sinking detritus, produces the highest
transfer efficiencies in CCSM-BEC (Fig. 2f).

In CCSM-BEC, variability in export ratio is primarily driven by ecosystem structure
(diatom relative abundance) and water column temperature (Fig. 6d,h, Table 2). This is
expected as CCSM-BEC is parameterized so that a larger fraction of zooplankton graz-
ing is routed to POC when zooplankton feed on diatoms, and the POC remineralization
length scale decreases with increasing temperature (see Appendix A1). Multivariate lin-
ear regression analysis (Table 2) shows that, despite the apparent correlation between
export ratios and opal and dust export (Fig. 6p,l), opal and dust content of exported
material do not affect the export ratio in CCSM-BEC. The negative regression coeffi-
cients between CaCO; content of exported material and export ratio evidently reflect
the dominance of diatoms in regions of high export ratio, and not a “negative” ballast
effect by CaCOj; (Table 2). Comparison of Fig. 6p and Table 2 also shows that the
apparent correlation between export ratio and the opal: POC ratio in the export flux
(r =0.56, Fig. 6p) is the result of diatom dominance in regions of high export ratios,
and not evidence of a ballasting effect by opal.

3.3 Deep fluxes and transfer efficiency in CCSM-BEC

To look at the effects of ecosystem structure and composition of exported material
on deep POC fluxes and transfer efficiency in CCSM-BEC, we examine the relation-

ship between POC flux at 2000 m (nggom) and transfer efficiency (nggom /FFf(O)C) with
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temperature, NPP, the relative contribution of diatoms to total NPP, mineral ballast ex-
port and the ratios of mineral ballast export to POC export using stepwise multivariate
linear regression analysis (MLR). The analysis is done using annual means of the dif-
ferent fields and thus focuses on spatial variation. The results of the stepwise MLR for
standardized POC flux at 2000m from CCSM-BEC are shown in Table 3. In CCSM-
BEC, the variation in POC flux at 2000 m is well explained by the mineral ballast export
(r2 > 0.98). Opal export has the highest partial regression coefficient and it alone ex-
plains over 50 % of the variability in the POC flux at 2000 m. Removal of temperature
and NPP from the regression results in virtually no change in explanatory power. Thus,
in CCSM-BEC, the magnitude of deep POC flux is mainly controlled by the mineral
ballast export and is strongly influenced by opal export.
[F2000m

Similar analysis for the standardized transfer efficiency ( POC /F:(")C> against the

standardized ratios of primary production by diatoms to total primary production and of
dust, opal and CaCOj flux to POC flux at the export depth (Table 4, upper part) shows
that the dust content of the exported material has the strongest influence on transfer
efficiency in CCSM-BEC, explaining over 90 % of its variation. However, strong atmo-
spheric dust deposition is generally restricted to the North Subtropical Atlantic and the
North Indian Ocean. As seen in Sect. 3.2, the strong dust signal in these regions leads
to lower labile fraction in the exported material (Fig. 6g) and high transfer efficiencies
(Fig. 2f) that have a disproportionately large impact on the global multivariate linear
regression above (Fig. 7a). Therefore, to account for strong regional biases on the ef-
fects of dust on transfer efficiency, we repeat the stepwise multivariate linear regression
analysis with those two regions removed (Fig. 7e—h, Table 4 lower part). The variation
in transfer efficiency is well explained by the mineral content of the exported material
(r2 > 0.9), but dust is no longer the dominant factor (Table 4). Removing temperature

and/or ';'\li,i,‘:z' from the analysis has a negligible effect on explanatory power, as they

are well correlated with each other (r = —0.65), and opal : POC and CaCOg : POC flux

ratios combined explain over 90 % of the variation in transfer efficiency (Table 4). With

the strong regional dust signal removed, the CaCOg: POC ratio in the exported ma-
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terial becomes the most influential factor, explaining close to 40 % of the variation in
transfer efficiency, followed closely by opal : POC.

The results from the regression analyses show that the spatial variation in deep
POC flux and transfer efficiency in CCSM-BEC is explained by changes in mineral bal-
last export and their ratios to POC export, respectively. However, while the absolute
flux is strongly influenced by opal export, transfer efficiency is mostly a function of dust
and CaCO; content of exported material. The reason for the weaker opal control on
transfer efficiency is that opal flux (diatom relative abundance) is well correlated with
NPP (and absolute fluxes) but the ballasting effect by opal is much weaker due to its
shorter remineralization length scale and strong temperature dependence. In addition,
opal rich regions are generally characterized by strong seasonality in NPP (Fig. 8b)
and thus high variability in transfer efficiency, while CaCO5 and dust rich areas tend
to be more stable, with lower NPP and higher mineral : POC ratios (Fig. 8c), and the
remineralization length scales for dust and CaCOgj are significantly longer than that for
opal (Table 7 in Appendix A1). Therefore, although opal export explains most of the
variation in absolute POC fluxes at depth, CaCO3 and dust are better predictors for

transfer efficiency. In CCSM-BEC, ecosystem structure (%P‘:‘i‘) does not have a signifi-

cant influence on transfer efficiency. Nevertheless, the negative regression coefficients

NPPgiat

for NP, in both regression analyses (Table 4) indicate that, in CCSM-BEC, transfer

efficiency is inversely correlated with the relative contribution of diatoms to total NPP.
This is consistent with the generally opposing spatial patterns of transfer efficiency and
export ratio seen in Fig. 2, as ecosystem structure is the primary factor driving the
variability in export ratio (Sect. 3.2).

3.4 Comparison with observations

Overall, CCSM-BEC does a reasonably good job estimating the observed annual mean
POC fluxes at the locations and depths of the sediment traps in the Lutz data set. A type
Il linear regression of logo-transformed POC flux estimates from CCSM-BEC against
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logqo-tranformed observations results in a correlation coefficient of 0.65 and a slope
of 0.91 (Fig. 9a). However, the agreement between model and observations can vary
significantly by region. CCSM-BEC estimates are consistent with observations in most
regions (Fig. 9b, g-1), with correlations ranging from 0.81 (North Subtropical Atlantic)
to 0.56 (North Pacific). In the North Subtropical Pacific (Fig. 9g) and North Subtropical
Atlantic (Fig. 9k), CCSM-BEC tends to underestimate the POC flux at the shallower
traps, and in the North Pacific (Fig. 9h) CCSM-BEC consistently underestimates the
sediment trap fluxes at all depths. In the South Subtropical Pacific and West Equatorial
Pacific (Fig. 9d, e), CCSM-BEC and observations are uncorrelated (r = -0.08) and
negatively correlated (r = —0.25), respectively. This is due to the combination of a low
number of observations in these regions and errors and uncertainties in the model and
sediment trap estimates. Model and observational errors, which tend to cancel each
other out in large samples, have a bigger impact on correlations and regression slopes
when sample size is small. CCSM-BEC also significantly underestimates the flux at
four of the nine sediment traps in the West Equatorial Pacific resulting in a negative
correlation with observations. In the East Equatorial Pacific (Fig. 9f), observations vary
within a narrow range (0.2-0.5 mmolm 2 d‘1), and thus uncertainties in the model and
sediment trap estimates have a bigger relative impact resulting in a large scatter around
the regression line and low correlation (r = 0.23). In the Northern Southern Ocean,
the trend is correct (b =~ 1) but the overestimation and underestimation of the fluxes
at shallow and deep traps, respectively, results in a wide scatter and low correlation
(r =0.30).

Figure 10 shows the estimated annual mean POC fluxes at sediment trap loca-
tions and depths from eight different parameterizations of POC flux to depth (including
CCSM-BEC) plotted against observations from the Lutz data set. With some varia-
tion, all parameterizations show reasonably good skill in reproducing the annual mean
POC fluxes estimated from sediment traps. Type |l regression slopes from the log4,-
transformed fluxes vary between 0.71 and 0.97 and correlation coefficients range from
0.5 to 0.72. In the CCSM-BEC and Lutz models, different regional errors and biases
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compensate for each other resulting in similar overall skill for both models (r ~ 0.65,
m > 0.9). The Lutz model overestimates the POC flux in the North Atlantic and under-
estimates it in the East Equatorial Pacific and in many locations in the North Indian
Ocean, while CCSM-BEC underestimates the POC flux in the North Subtropical At-
lantic and North Pacific and overestimates it in the East Equatorial Pacific and several
locations in the North and South Southern Ocean. The negligible difference in skill be-
tween the Lutz and the Lutz “null” models (Fig. 10b, c) suggests that the seasonal am-
plitude in NPP has little effect on model skill or that it is not a good proxy for differences
in ecosystem structure. Another possible explanation is that the magnitude of NPP (an-
nual mean) already contains information on ecosystem structure. Diatoms tend to be
dominant in productive (high annual NPP) regions while nano-picophytoplankton are
dominant in oligotrophic areas (low annual NPP). Given the correlation between NPP
and phytoplankton community structure, the added effect of variations in the seasonal
amplitude in NPP may not be significant compared to the relatively large uncertain-
ties in sediment trap estimates. The Lutz model shows lower skill (r =0.5, b < 0.9)
when using NPP from CCSM-BEC. This is in part expected as the equations used to
compute the parameters in Lutz’s exponential relation were obtained from fits to the
seasonal variation index (SVI = temporal coefficient of variation of 12-month climatol-
ogy, Lutz et al. (2007)) of SeaWiFS NPP. Therefore, errors and biases in CCSM-BEC
NPP can have an effect. CCSM-BEC significantly underestimates NPP in parts of the
North Pacific and in the North Subtropical Atlantic along the upwelling region off the
west coast of Africa (Doney et al., 2009b), where a number of the sediment traps are
located (Fig. 1). As a result, the Lutz model with CCSM-BEC NPP underestimates the
POC flux in a large number of locations in these regions. The SVI for CCSM-BEC NPP
is also significantly higher than that for SeaWiFS NPP at many trap locations in the
North Atlantic and North and South Southern Ocean. This leads to significantly higher
export ratios and a decrease in the remineralization length scale in the Lutz model, and
a net increase in the POC flux to depth at these locations compared to estimates using
SeaWiFS NPP. The underestimation of POC fluxes at sites in the North Pacific and
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North Subtropical Atlantic, and the overestimation of POC fluxes at locations in North
Atlantic and Southern Ocean result in a wider scatter and lower correlation for the Lutz
model using CCSM-BEC NPP (Fig. 10d).

As expected, the exponential model (Eqg. 1) with regionally varying parameter values
(a, A, f) (Fig. 10g,h) shows better skill (higher correlation, slope closer to 1) than the
exponential model with spatially constant parameters (Fig. 10e, f). However, due to its
simpler formulation, the exponential model does not provide the flexibility necessary to
reproduce the observed variation in POC flux profiles, and all four parameterizations
of the exponential model (“global’, “regional”, satellite and CCSM-BEC NPP) tend to
underestimate shallow fluxes and overestimate deep fluxes (Fig. 10e—h), when com-
pared to CCSM-BEC or the Lutz model (Fig. 10a—d). As in the case of the Lutz model,
errors and biases in CCSM-BEC NPP lead to a wider scatter and lower correlations be-
tween model estimates and observations in both the “global” and “regional” exponential
models (Fig. 10e—h).

The magnitude of export ratios (f) in CCSM-BEC and their relationship with sea
surface temperature (SST) are consistent with those reported in Henson et al. (2011)
(Fig. 6d). Export ratios are inversely correlated with SST (r = —0.6), ranging from 0.07—
0.3 in temperate and subpolar regions to 0.03—0.2 in warm subtropical and equatorial
waters. The wide scatter in the North and South Southern Ocean, subtropical Pacific
and Atlantic (north and south) and Indian Ocean (north and south) results from the
fact that export ratios in CCSM-BEC are mainly a function of the relative abundance
of diatoms, which varies significantly in these regions (Fig. 6h). The subtropical Pacific
and Atlantic and the Indian Ocean include productive upwelling areas where diatoms
dominate and oligotrophic areas where diatoms are virtually absent. The Henson et al.
(2011) export ratio estimates, however, include values higher than 0.35 in the South-
ern Ocean and lower than 0.03 in the subtropics, and the export ratio estimates from
CCSM-BEC are generally higher in the subtropics and lower in higher latitudes than
those from the Henson et al. (2011) exponential relationship (Fig. 6d). Except for re-
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gions with SST > 25°C, CCSM-BEC estimates of export ratios are significantly lower
than those from the linear f vs SST relationship of Laws et al. (2000).

4 Discussion

Estimates of global POC export range from 4PgCyr‘1 (Henson et al., 2011) to ~
21 Pg Cyr‘1 (Laws et al., 2000), with values clustering around either 5 PgCyr'1 (Moore
et al.,, 2004; Lutz et al., 2007; Honjo et al., 2008; Henson et al., 2011, 2012b) or
10 Pg Cyr‘1 (Laws et al., 2000; Schlitzer, 2004; Gehlen et al., 2006; Dunne et al., 2007)
(Table 5). Similarly, global mean export ratio computations vary around ~ 10 % and
~ 20 % (Table 5). Part of the variation in global export estimates in Table 5 is a result of
different definitions of export depth. Most studies define export depth as the maximum
of either the euphotic zone or mixed layer depths. Shallower export depths result in
higher export estimates and vice-versa. CCSM-BEC'’s estimates of global POC export
(6.04 PgCyr'1) and export ratio (12.9 %) are consistent with those in the first group.
Different experiments with CCSM-BEC using different types of forcing produce global
POC exports and export ratios in the range 5.5-6.3 PgCyr'1 and 11.5-12.9 %, respec-
tively, which are close to that obtained by Moore et al. (2004) using an earlier version of
CCSM-BEC. Global POC export estimates from the parameterizations shown in Fig. 10
vary between 2.23 and 7.73 PgCyr‘1 (3.8% < f < 16.9%) but most values are in the
4-5.5 PgCyr'1 (6.7% < f <10.8%) range (Table 6), also making them consistent with
CCSM-BEC and other studies in the first group. The PN isotope based global export
estimate of Laws et al. (2000) (11.1 PgCyr‘1, 21 %) includes both DOC and POC and
is most likely an overestimation as it does not account for potentially large biases due
to significant levels of nitrification in the upper ocean (Yool et al., 2007).

The studies shown in Table 5 have their own sources of bias and uncertainty, and
many are based on algorithms derived from or calibrated with sparse in situ data. It
is clear from the range of estimates that in situ observations do not provide the nec-
essary resolution to evaluate export estimates by the different methods or constrain
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particle flux parameterizations, which can lead to significant differences in global es-
timates (Gehlen et al. (2006), Table 5). Extrapolating point measurements (Fig. 1) to
compute global means or integrals implies a fair amount of spatial and temporal homo-
geneity. The impact of spatial variability on estimates of global export and export ratios
is evident in the comparison of the results from the “global” and “regional” exponential
models in Table 6. Using satellite NPP, the export and export ratio estimates from the
“regional” exponential model are more than double those of the “global” model. Com-
pounding the problem are the relatively large uncertainties associated with sediment
trap data, particularly from shallow traps (< 1000 m).

While there is some agreement regarding estimates of global export and mean ex-
port ratios, there are few independent estimates of global transfer efficiency (Table 5),
defined here as the ratio of export flux to POC flux at 2000 m. The transfer efficiency

b
obtained from the Martin et al. (1987) power law (F = F, (%) ) with z, = 110.4m

(CCSM-BEC global mean) and b = —0.858 (8.3 %) is in good agreement with the sedi-
ment trap based estimate of Honjo et al. (2008) (7.6 %). However, this is not surprising
as Honjo et al. (2008) used the Martin curve (with b = —0.858) to normalize the POC
fluxes to 2000 m and compute transfer efficiencies. Using the Lutz et al. (2007) model
in combination with an export algorithm calibrated with sediment trap data and satellite
derived NPP, Henson et al. (2012b) estimates mean global transfer efficiency as 19 %
(Table 5). The global area-weighted mean transfer efficiency in CCSM-BEC (5.5 %) is
significantly lower than those from Henson et al. (2012b), and the parameterizations
shown in Fig. 10, which range between 22.8-38.3 % (Table 6). The difference can be
attributed to differences in formulation as well as complexity between CCSM-BEC’s
vertical particle flux parameterization and the other models. As we saw in Sect. 3.2,
CCSM-BEC’s complexity translates into a wide range of variation in labile fraction,
remineralization length scales and export ratios (Figs. 3a, ¢, e and 6) that allows it to
simulate widely different POC flux regimes. In contrast, the simpler parameterizations
in the “regional” exponential and Lutz models have a more uniform parameter space,
resulting in more spatially homogeneous POC flux profiles and transfer efficiency fields
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and thus significantly different global estimates. The four parameterizations of the ex-
ponential model (“global”, “regional”’, satellite and CCSM-BEC NPP) also tend to un-
derestimate shallow fluxes and overestimate deep fluxes (Fig. 10b—h), compared to
CCSM-BEC (Sect. 3.4). These biases lead to an overestimation of transfer efficiency
that is consistent with the results shown in Table 6. The difference in transfer efficiency
between CCSM-BEC and the simpler models also highlights the effect of spatial vari-
ability on global budgets. As the number and range of estimates in Table 5 shows,
transfer efficiency in the ocean remains largely unconstrained despite significant ef-
forts by observational scientists.

Although CCSM-BEC'’s particle flux model is fundamentally based on the ballast hy-
pothesis (Armstrong et al., 2002), the vertical flux of POC to depth in CCSM-BEC is the
result of the interaction of mineral ballast effects, environmental and biogeochemical
factors, and ecosystem dynamics. The temperature dependence of the POC reminer-
alization length scale is modulated by denitrification under low O, concentrations and
lithogenic (dust) fluxes. Export ratio is governed by diatom relative abundance while
degradability of exported material is mainly influenced by dust and CaCO3; content.
Transfer efficiency in the model is primarily controlled by dust and CaCOg, and to a
lesser extent, opal content of the exported material. The relative importance of the dif-
ferent ballast minerals in controlling transfer efficiency is the result of their respective
remineralization length scales and their local supply or production in relation to local
NPP. Thus, oligotrophic regions with high calcification and/or dust deposition (longer
length scale) will have higher transfer efficiency than productive, opal rich (shorter
length scale) regions. Ecosystem structure does not affect transfer efficiency directly
but its indirect effect is evident in the inverse correlation between diatom relative abun-
dance and transfer efficiency (Table 4) and the generally opposing spatial patterns of
export ratio and transfer efficiency (Fig. 2e, f). A similar relationship between ecosystem
structure (diatom relative abundance), export ratio and transfer efficiency was found by
Francgois et al. (2002) and Henson et al. (2012b). Francgois et al. (2002), analyzing
data from deep (> 2000 m) sediment traps, found that transfer efficiency is primarily
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driven by the CaCOj; content of sinking particles and attributed the absence of a bal-
lasting effect by opal to an ecosystem or “packaging” effect that changes the lability of
sinking particles and counteracts the ballasting effect of opal. Henson et al. (2012b),
on the other hand, based on satellite derived algorithms calibrated with sediment trap
data, concluded that transfer efficiency is mainly driven by community structure (in-
versely correlated with diatom relative abundance). Comparison of our results with
Francois et al. (2002) and Henson et al. (2012b) shows that although the three studies
show similar relationships between ecosystem structure and transfer efficiency, differ-
ent methodologies, assumptions and approximations can produce significantly different
correlations between specific factors. In addition, many of the factors are not truly inde-
pendent, mineral ballast composition is inextricably linked to community structure (see
Sect. 3.2, Table 2), and an effect akin to ecosystem control of transfer efficiency can
be achieved with a ballast based model. Therefore, it is difficult to differentiate between
ecosystem and ballast control of transfer efficiency.

Lithogenic material is an important control of transfer efficiency in CCSM-BEC. Dunne
et al. (2007), using a combination of algorithms that connect satellite estimated NPP
to particulate fluxes through the water column to the sediments, also concluded that
lithogenic material plays an important role in the transport of POC to the deep, particu-
larly in low productivity areas, accounting for close to 50 % of the total POC flux to the
sea floor. In the North Subtropical Atlantic, the combination of elevated dust deposition
and low NPP produces high dust: POC ratios which in turn result in low labile fraction
and long remineralization length scale and the highest transfer efficiencies in CCSM-
BEC (Fig. 2f). Klaas and Archer (2002) also found that the magnitude of the POC flux
to deep (> 3000 m) sediment traps is mainly a function of the CaCO5 and lithogenic
content of the sinking particles. Francgois et al. (2002), analysing a different subset of
the same data, concluded that lithogenic material does not have a significant effect on
transfer efficiency. However, their conclusion is based on data from 68 sediment traps,
of which few are located in regions of strong lithogenic influence (North Subtropical
Atlantic). Our results, on the other hand, are from a model but cover a wide range of
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environments and flux regimes. The effect of dust on transfer efficiency in CCSM-BEC
has a strong regional bias (North Subtropical Atlantic, North Indian Ocean) and may
be overestimated to some extent. The model’s lithogenic coefficients are the least well
constrained and at the upper end of the estimate from Klaas and Archer (2002). In the
regions of low dust input, transfer efficiency is mainly affected by CaCO4 content of
sinking material which is consistent with previous studies (Francois et al., 2002; Klaas
and Archer, 2002; Dunne et al., 2007).

The sparseness of sediment trap data (Fig. 1) and the relatively large uncertainties
associated with those observations make it difficult to constrain and evaluate POC flux
to depth estimates from numerical models and satellite based parameterizations. As a
result, significantly different models and parameterizations show relatively similar skills
when compared with observations (Fig. 10). CCSM-BEC'’s skill at reproducing POC
flux estimates at sediment trap locations is equal to or better than that of other pa-
rameterizations. However, using CCSM-BEC NPP in the Lutz and exponential models
results in a significant decrease in correlation between model estimates and observa-
tions (Fig. 10). Errors and biases in CCSM-BEC’s NPP do not necessarily translate into
lower skill for CCSM-BEC because of the complexity of CCSM-BEC’s vertical particle
flux model. The vertical POC flux in CCSM-BEC is a function of many different factors in
addition to NPP: environment, biogeochemical processes, mineral ballast and ecosys-
tem structure. This results in a disconnect and low correlation (r = 0.16) between POC
flux and NPP at sediment trap locations. In the simpler parameterizations of Lutz and
the exponential models, POC flux is a more direct function of NPP (exponential decay
of a fraction of NPP) and NPP and POC flux are more strongly correlated. Therefore,
errors and biases in CCSM-BEC’s NPP have a proportionally larger effect on POC flux
estimates in these models.

In CCSM-BEC, transfer efficiency is mainly controlled by mineral ballast (dust and
CaCO;) through changes in labile fraction (a) and remineralization length scale (1)
of sinking POC. This effect is most pronounced in oligotrophic regions, where min-
eral : POC ratios are relatively high. In the North and South Subtropical Atlantic gyres,
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in particular, strong atmospheric dust deposition in combination with low NPP pro-
duces the highest transfer efficiencies in CCSM-BEC (> 10%). However, the virtual
absence of sediment trap measurements in these regions (or other oligotrophic gyres,
Fig. 1) makes it difficult to evaluate these model results against observations. Model
POC remineralization length scale is further modulated by temperature and O, con-
centrations. More observations in OMZ regions would be of great value in quantifying
and constraining the effect of low O, concentrations on POC remineralization length
scales. Export ratio in CCSM-BEC is mainly a function of phytoplankton community
structure and temperature. The available sediment flux data, however, tend to be from
sites located in productive areas (high latitude, frontal and upwelling regions or near
continental margins, Fig. 1), and therefore, do not provide much contrast between eco-
logical regimes, making it more difficult to evaluate the role of ecosystem structure on
export ratios and transfer efficiency. To thoroughly evaluate and test model results and
better understand the processes controlling POC flux to depth in the ocean, more ob-
servations are necessary in a wider range of ecological regimes, including oligotrophic
gyres, OMZ regions and areas under strong lithogenic influence.

5 Summary and conclusions

CCSM-BEC’s particle flux model is fundamentally based on the ballast hypothesis, but
the vertical flux of POC to depth in CCSM-BEC is the result of the interaction of many
different processes including: mineral ballast effects, environmental and biogeochemi-
cal factors, and ecosystem dynamics. The POC remineralization length scale’s depen-
dence on temperature is modulated by denitrification under low O, concentrations and
lithogenic (dust) fluxes. Export ratios are mainly a function of diatom relative abundance
and temperature while transfer efficiency is driven primarily by dust and CaCOg, and to
a lesser extent, opal content of the exported material. The close link between mineral
ballast composition and plankton community structure results in correlations between
export ratios and ballast minerals fluxes (opal and CaCQOs), and transfer efficiency and

14740

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/14715/2013/bgd-10-14715-2013-print.pdf
http://www.biogeosciences-discuss.net/10/14715/2013/bgd-10-14715-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

diatom relative abundance that do not necessarily reflect ballast or direct ecosystem
effects, respectively. This suggests that differentiating between ecosystem and ballast
effects might be difficult in observations. CCSM-BEC’s skill at reproducing sediment
trap observations is equal to or better than that of other parameterizations. However,
the sparseness and relatively large uncertainties of sediment trap data makes it difficult
to accurately evaluate model skill. More POC flux observations, over a wider range of
ecological regimes, are necessary to thoroughly evaluate and test model results and
better understand the processes controlling POC flux to depth in the ocean.

A1 Vertical particle flux equations

Production of particulate organic carbon (POC), CaCO3 and opal are given by:

d POC POC - :POC : POC POC POC
POCP™® = SP, ¢, + Gep -~ +SP o +Diat, o + Diatygq + Gyo” + G, + 2o (A1)
CaCOQOg, i CaCO
pCaCOSDrod _ ((1 _ fgr:z 3 remm) Gy, + SPpyee + SPagg) Os: 3 (A2)

PSiOzPd = ((1 - fSi’remi”> G + Diat (A3)

graz

POC : Si
agg + fdiat loss Dlat|055> Odiat

where OSC;CO:‘ and Oiiiat are the CaCO;: C and Si: C ratios for small phytoplankton and

diatoms, respectively, the G;OC terms represent the fraction of zooplankton grazing
(Gx) on each phytoplankton group (X = {sp, diat, diaz}) that is directed to POC, the
terms XFOC represent the fraction of linear mortality (X|,s) for each phytoplankton

loss
functional group (X = {sp,diat}) that is directed to POC, Zl'ZSSC represents the fraction of
zooplankton total mortality (Z,.s) that is directed to POC, and the terms X4, represent
the quadratic mortality, or “aggregation”, for each phytoplankton functional group (X =
{sp, diat}). The expression for each of the terms in Egs. (A1)—(A3) is shown below and

the definitions and values for the parameters in those expressions are presented in
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Table 7:

2
SP¢

sp . POC
Gsp = umafo (w) Zc, Gsp = Gsp X MAX

CaC0O3,POC ~CaCO3 POC sp,POC\ \ .
(fgraz Osp , MIN (esp SIDC’ fgraz )

_ diat Diatg . APOC _ sdiat, POC

Gdiat = Umax 7-f (Diatg+92 fzdiat) ZC7 Gdiat - fgraz
2

_ diaz Diazg . POC _ (diaz, POC
Gdiaz = Umax 7-f (Diazé+g2> ZCs Gdiaz - fgraz Gdiaz
SPioss = mspSPC;
Diat|oss = mdiat D|atC,

2\.

Zioss =Tt (mzZC +pzzc> )
SP

Giats

POC CaCO
SP = OS 8 SP'OSS;

IOS%C oC
Diat -~ =T Diatyoss; _
fdlat, POC Gdiat"'fdlaz‘ POC

loss o giat loss
ZPOC - leoss GSP+ zloss zloss Gdiaz Z
loss Gsp+Gdiat+Gdiaz loss

= MIN(aly* SP, pg, SP2); Diat,gy = MIN(a]o Diatg, pgia Diats)

agg

T; is the temperature dependency function for the ecosystem model and is defined
T-Tret
as Ty =q,," ,and SPg, Diatg, Diazg and Z; represent small phytoplankton, diatom,
diazotrophs and zooplankton carbon concentrations (mmoICm'3), respectively.
The fraction of “free” POC produced (freePOCpmd) is given by:
Mcaco Msio
freePOCprod — POCprod _ @PCacos atls PCaCO3pr0d _ @PSiOS - 103 PSiO3pr0d (A4)
POC POC
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The vertical fluxes of the “soft” and “hard” fractions of particulate CaCO3 (PCaCOs3),

)
=
biogenic opal (PSiO5) and dust are given by: e BGD
(72}
__z=20) S 10, 14715-14767, 2013
SOftPCB.CO3ﬂUX(Z) — SOftPCaCOgU;(O e ’PCacoz 4 <1 — f,‘?ngOS) (A5) %
©
(¢}

7 Dynamics of

particulate organic

__(z-29)
/ PCaCO,Pde *7cacos dz

2y carbon flux in a

o
-20) Z @ global ocean model
s M9PCaC0,"(2) = "'PCaCOy’y e aw +1pac, / PCaCO4”*"dz (R6) i
A = . Lima et al.
S5
_ (z-29) +SiO3 Q
SOftPSiO3ﬂUX(Z) _ softPSiogu;(oe Tpsiog 4 (1 _ fggir&) (A7) g
z .
_ (z-29) +Si03 _—
[psiopmie e gz B
O
z &
_le=zg) 7]
hardPSiO3ﬂux(Z) — hardPSiOgu;(Oe Thard +fgg:'g /pSiOSpFOd dz (A8) S ! !
3
-
20 o ! !
soft flux hard bio flux —(f_ZO) -8:
st @) = (1-17) (1155 austy” o * I .
. _(z=20)
0 hardgust*(z) = £hard (1 - f;ﬁ‘s’t) dusty* @™ e (A10) o | Bak  Close
)
o
- I
-
Q
o
:
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The vertical fluxes of “free”, associated and total POC at depth (z) are given by:
z

_ (z=20) POC _ (z=20) yPOC
eePOC™™¥(z) = ™POC) ™ e 7o ' + / frrepOCPrd g™ Troc ' dz (A11)
20
Mcaco
nonfreePOCflux(z) — @PCacos Mpocs (softPCaCOSflux(z) +hard PC&CO3ﬂUX(Z)>
Msio
+@PSi03 103 (SOftPSi03f|UX(z) +hard PSio3fIUX(z))
Mpoc
+ @ st (S°“dustﬂux (z) +hard dustf'“"(z)) (A12)
Mpoc
POCqux(z) — free POCqux(Z) +nonfree POCﬂux(Z) (A1 3)
The temperature dependency functions for opal (SiO3) and POC are defined as:
. T—Tret
SiOo
Tf' 3 _ S|O3q1010 (A14)
T=Tref
TfPOC — POCq1O1o (A1 5)
Remineralization is computed from conservation:
PCaCO,;"™™"(z) = PCaCO,"(z) + + (A16)
dz dz
. ; d (SOftPSiOSﬂUX(z)) d (hardPSi03f|UX(z)>
H remin — H pro
PSiO4 (2) = PSIOz""(2) + E + o (A17)
. ) d (free POCqux(z)) d <nonfree POCqux(Z))
remin _ pro
POC (z) = POC"™ (2) + e + rE (A18)
. d (softdustflux(z)> d (harddustﬂux(z))
remin _
dust™™(z2) = = + e (A19)
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The parameter definitions and values for Egs. (A1)—(A19) are shown in Table 7.

A2 Exponential Model

POC flux (F) is assumed to decay exponentially with depth (z) following:

F(2) = F(zo) ™12 (A20)

where F(z,) is the POC flux at export depth z, (export flux) and 1 is the remineralization
length scale. Assuming labile (a;) and refractory (a,) fractions Eq. (A20) becomes:

1
F(2) = Fz0) (™7™ + ave i “) (A21)
For large A, values, Alr — 0 and Eq. (A21) becomes:

F(z) = F(zp) (a,e_‘ll(z_z") + O’r> (A22)

From Eq. (A22) at z = z;, we have that a, = 1 - a;. Defining export flux F(z,) as a
fraction (f) of vertically integrated net primary production (NPP) and dropping the sub-
scripts (a = ), 1 = 1)), Eq. (A22) is rewritten as:

F(z) = FNPP <ae He=20) 4 (1 —a)) (A23)
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Table 1. Parameters from type Il linear regressions of POC flux estimates from exponential
model (Eq. 1) against POC flux from CCSM-BEC at different depths. The regression slopes are
shown with their 95 % confidence interval. The linear regressions were computed using annual
and seasonal means of POC flux from CCSM-BEC and their corresponding exponential model
fit (annual and seasonal, see Sect. 2.2).

depth annual seasonal
slope correlation slope correlation
Z, 0.983 £ 0.002 0.998 1.017 £ 0.001 0.998
500m | 0.952 +0.004 0.989 0.985 +0.002 0.993
1000m | 1.141 +£0.007 0.971 1.105 £ 0.003 0.981
2000m | 1.044 +£0.003 0.995 1.039 £ 0.001 0.996
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Table 2. Standard partial regression coefficients and coefficients of determination (rz) for step-
wise multivariate linear regression of standardized (x* = £=X) annual mean export ratio (f*) on
standardized annual mean SST, and ratios of vertically inteXgrated NPP by diatoms to total NPP
and of dust, opal and CaCOjy flux to POC flux at the export depth (z,). SST is used as a proxy

(¢}

for water column temperature. p < 0.0000001 for all regression coefficients.

partial regression coefficients

~ 2 * 2 * * 2
y * NPP gt * Fo;)al FCSCOa Fdzuosi r
el ( NPP ) (Fr:go) ( Feoe ?gc
-0.307+£0.021 0.446+0.029 -0.028+0.020 -0.271+0.021 -0.006+0.015 | 0.682
f* | -0.309+£0.020 0.444+0.029 -0.028+0.020 -0.273+0.020 0.682
-0.306 £0.020 0.427 +£0.026 -0.272 £0.020 0.682
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Table 3. Standard partial regression coefficients and coefficients of determination (r2) for step-
wise multivariate linear regression of standardized (x* = £%) POC flux at 2000 m (F

2000m
POC

standardized mean water column temperature for the upper 2000 m (?), vertically integrated
NPP and mineral ballast fluxes at export depth (z,). p < 0.0000001 for all regression coeffi-

)on

cients.
~ partial regression coefficients 2
y T NPP Foo Fo° Foor !
dust CaCO, opal
0.020+0.004 0.049+0.006 0.381+0.003 0.446+0.004 0.703+0.005 | 0.987
0.068+0.005 0.385+0.003 0.441+0.004 0.690+0.004 | 0.987
Faym: 0.383+0.003 0.480+0.003 0.717+0.003 | 0.985
0.515+0.006 0.665+0.006 | 0.841
0.765+0.009 | 0.586
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Table 4. Standard partial regression coefficients and coefficients of determination (r ) for step-
wise multivariate linear regression of standardized (x" = £X) transfer efficiency ( (Faoom /Fe o

on standardized mean water column temperature for the upper 2000 m (T), ratios of vertically
integrated NPP by diatoms to total NPP and of dust, opal and CaCOj flux to POC flux at the ex-
port depth (z,). p < 0.0000001 for all regression coefficients. The upper part of the table shows
the coefficients obtained including all model domain regions in the analysis. The lower part of
the table shows the coefficients obtained when the North Subtropical Atlantic and North Indian

Ocean regions are removed from the analysis.

<>

—x

T

partial regression coefficients

NP Pdiat )
NPPo

20 *
( Fopal )
20
FPOC

2 *
F CaCO3
20
Feoc

¥4 *
qust

20
FPOC

( POC

F2000 m

POC

0.034 +0.003
0.032 +0.002

—-0.005 +0.004

—-0.020 +0.002

0.261+0.003
0.263 +0.003
0.254 + 0.001
0.243 +£ 0.002

0.288 + 0.003
0.286 + 0.002
0.275+0.001
0.283 +0.002
0.173+0.003

0.898 +0.002
0.899 +0.002
0.903 + 0.001
0.903 + 0.002
0.899 +0.003
0.960 + 0.004

0.995
0.995
0.994
0.994
0.947
0.921

i

0.095 +0.006
0.094 +0.005

0.002 +0.009

—-0.076 +0.004

0.888 + 0.006
0.888 + 0.006
0.875+0.003
0.832+0.003
0.812+0.004

0.896 + 0.006
0.895+0.005
0.854 +0.003
0.884 +0.003
0.970+0.004
0.551+0.012
0.620+0.011

0.239 + 0.005
0.240 +0.005
0.248 +0.003
0.242 +0.003

0.177 £0.012

0.977
0.977
0.974
0.971
0.922
0.411
0.385
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Table 5. Global annual export and global mean export ratios and transfer efficiencies from other
studies in the literature. The transfer efficiency for Martin et al. (1987) was estimated using an

export depth equal to the global mean for CCSM-BEC (T4 = 100(%)_0'858). Laws et al.

(2000) estimate is for total export (POC + DOC). The export ratios (f) between parentheses
were estimated from global POC exports assuming global NPP of 51 PgCyr'1 (Carr et al.,
20086).

study export (PgCyr") (%) T (%)

Laws et al. (2000) 11.1 21

Schlitzer (2004) 9.6 (18.8)

Gehlen et al. (2006) 5-10 13.5-28.6

Dunne et al. (2007) 9.6 (18.8)

Eppley and Peterson (1979) 4.7 20

Moore et al. (2004) 5.8 8.3

Lutz et al. (2007) 4.6 9)

Honjo et al. (2008) 5.7 16.3 7.6

Henson et al. (2011, 2012b) 4 10 19

Martin et al. (1987) 8.3
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Table 6. Global annual POC export and area-weighted global mean export ratios (f =
Fago/NPP x 100) and transfer efficiencies (Tos = Faog "/ Fagg x 100) for the eight POC flux
models shown in Fig. 10. The 95 % confidence interval for the global export estimates from
the different models were computed using the bootstrap method with 10 000 samples drawn

randomly with replacement.

model input NPP export (PgCyr™') (%) Teii (%)
CCSM-BEC 6.04+0.12 12.9 5.5
Lutz satellite 417 +0.06 6.7 34.4
Lutz “null” satellite 4.27 £0.05 7.3 38.3
exponential “global” satellite 2.23+0.03 3.8 23.4
exponential “regional”  satellite 5.32+£0.09 8.6 22.8
Lutz CCSM-BEC 4.33+0.08 10.8 31.3
exponential “global” CCSM-BEC 4.78 £0.06 9.7 29.2
exponential “regional” CCSM-BEC 7.73+£0.25 16.7 25.4
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Table 7. Equation parameters definitions and values.

Parameter  Value Units Definition
Tref 30 °C reference temperature
G0 2 temperature dependence factor
SiOSq10 4 temperature dependence factor for particulate SiO3 remin
F’Ocqm 1.12 temperature dependence factor for POC remin
mg, 0.1 d! small phyto. linear mortality rate
Miat 0.1 d’' diatom linear mortality rate
Psp 0.009 (mmolC)™'m®d™"  small phyto. quadratic mortality rate
Paiat 0.009 (mmolC) 'm®d™"  diatom quadratic mortality rate
Myiaz 0.16 d’ diazotrophs linear mortality rate
e;?C 0.22 (mmoIC)’1 small phyto. grazing factor
e 0.2 da’ max. aggregation rate for small phyto
it 0.2 d’ max. aggregation rate for diatoms
agr 0.01 d’ min. aggregation rate for diatoms
ufnf’ax 2.75 d’ max. zoo. growth rate on small phyto. at 7
ydat 2.07 d’ max. zoo. growth rate on diatoms at 7,
diaz 1.2 d’' max. zoo. growth rate on diazotrophs at T,
m, 0.1 d’ zoo. linear mortality rate
P, 0.45 (mmoIC)'1 m3d™"  zoo. quadratic mortality rate
g 1.05 mmolCm™® zoo. grazing coefficient
fzCliat 0.81 scaling factor for grazing on diatoms
o Foc 0.26 fraction of diatom grazing routed to POC
fjﬁgﬁ,ss 0.05 fraction of diatom loss routed to POC
foet 0.21 fraction of diazotrophs grazing routed to zoo
f;::zz’ poc 0.0 fraction of diazotrophs grazing routed to POC
ZZE'SZOC 0.06666 fraction of zoo. losses routed to POC when eating small phyto.
lefst’spoc 0.1333 fraction of zoo. losses routed to POC when eating diatoms
Zifsz’ POC 0.03333 fraction of zoo. losses routed to POC when eating diazotrophs
fgrf 02POC 04 min. proportionality between OSC; €% and grazing losses to POC
;r;;zpoc 0.24 upper limit on fraction of grazing on small phyto. routed to POC
faasOvrem™ 0,33 fraction of SPg,co, grazing which is remineralized
Mpoc 12.01 gmol™ POC molar mass
Mcaco, 100.09 gmol ™ CaCOg; molar mass
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Table 7. Continued. @ global ocean model
c
Parameter Value Units Definition g |. Lima et al.
o
Msio, 60.08 gmol™ SiO3 molar mass >
M 55.847 gmol™ Fe molar mass S
®pcaco, 0.07 gPOC(g CaCO3)" associated POC/CaCO; mass ratio for particulate matter 8 _
®@psio, 0.035 gPOC (g PSiOs)'1 associated POC/SiO3; mass ratio for particulate matter -
@ gust 0.07 gPOC (gdust)™ associated POC/dust mass ratio for particulate matter — ! !
Apoc 130 (260)° m remineralization length scale for “soft” POC (if [O,] < 4 mmol m~3)"
Acaco, 600 m remineralization length scale for “soft” particulate CaCO4 v}
Asio, 22 m remineralization length scale for “soft” particulate SiOg % ! !
Adust 600 m remineralization length scale for “soft” dust =
Ahard 4x10* m remineralization length scale for all “hard” particulate subclasses g- ! !
f,',‘g'adcoa 0.55 fraction of particulate CaCOj production routed to “hard” subclass =]
fraio, 0.37 fraction of particulate SiO, production routed to “hard” subclass A ! !
foard 0.97 fraction of surface dust flux routed to “hard” subclass 3
foot 0.02 fraction of surface iron dust flux that is bioavailable B ! !
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Fig. 2. CCSM-BEC annual mean export depth (a), annual net primary production (NPP) (b),
POC flux at export depth (¢) and 2000 m (d), export ratio (e) and transfer efficiency (f). Export
ratio (e) is defined as POC flux at export depth (c¢) divided by annual NPP (b). Transfer efficiency
(f) is defined as POC flux at 2000 m (d) divided by POC flux at export depth (c). Global integrals
(NPP, POC flux at export depth and 2000 m) and means (export depth, export ratio and transfer
efficiency) are shown on the top right corner of the each panel. The solid black lines in (a), (e)
and (f) denote the contour for the global mean value.
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Fig. 3. Distribution of @, 1 and f (a, ¢, ) and their standard errors (b, d, f) obtained from fitting
Eg. (1) to CCSM-BEC annual mean POC flux profiles and NPP at each model grid point. The

colored circles mark the location of the vertical profiles shown in Fig. 5.
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Fig. 4. Annual cycle of regional averages of estimated values of a (a), A (b), f (c), sea surface
temperature (d), the ratio of vertically integrated NPP by diatoms to total NPP (e), total NPP
(f), and the ratio of dust (g), opal (h) and CaCOj (i) flux to POC flux at export depth (z;). Line
colors correspond to the colors of the CCSM-BEC domain regions shown in Fig. 1.
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Fig. 5. (a—d) show vertical profiles of POC flux at the locations marked in Fig. 3 where the errors
for the exponential model are relatively large compared to the rest of the global ocean. The solid
lines represent the POC flux from CCSM-BEC and the dashed lines show the exponential fit
(Eqg. 1). The estimated values of a, 1 and f and their 95 % confidence intervals are also shown
for each location. (e) and (f) show the mass flux (M) ratio (g m~2 d'1/g m~2 d") of sinking dust
to total particulate sinking material and dissolved oxygen from CCSM-BEC, respectively, at the
same locations shown in (a—d). The color of the solid lines corresponds to the color of the

circles marking the location of the profiles in Fig. 3.
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Fig. 6. 1-a, a, 1 and f obtained from fitting Eq. (1) to CCSM-BEC annual mean POC flux
profiles and NPP plotted against annual means of sea surface temperature (SST) (a-d), ratio
of vertically integrated NPP by diatoms to total NPP (e—h) and the ratio of dust (i-I), opal (m—p)
and CaCO; (g-t) flux to POC flux at z, in CCSM-BEC. 1 - a is plotted with the regions of high
atmospheric dust deposition (North Subtropical Atlantic and North Indian Ocean) removed.
Points are colored according to model domain region (Fig. 1). In (d), the solid black line shows
the type Il linear regression between SST and estimated f values (correlation coefficient r =
—-0.61, slope b = -0.00427 +9.07 x 10'5), and the dashed and dotted lines show the f ratio as
function of SST relatioships of Henson et al. (2011) and Laws et al. (2000), respectively.
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Fig. 7. Transfer efficiency (ratio of POC flux at 2000 m to POC flux at z,) plotted against the
ratio of dust (a, e), opal (b, f) and CaCOy (c, g) fluxes to POC flux at export depth (z,), and the
ratio of vertically integrated NPP by diatoms to total NPP (d, h). In (e-h), the regions of high
atmospheric dust deposition (North Subtropic Atlantic and North Indian Ocean) have been
removed.
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Fig. 8. Seasonal variation index for NPP (SVIypp) plotted against the ratios of (a) dust, (b) opal
and (¢) CaCOjs flux to POC flux at the export depth (z,) from CCSM-BEC. SVIypp is defined as
the coefficient of variation (SVIypp = %) of a 12-month climatology of NPP from CCSM-BEC.
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Fig. 9. Annual mean POC flux from CCSM-BEC model at sediment trap locations and depths
plotted against observations from the Lutz data set for the whole globe (all points combined)
and each domain region (Fig. 1). Sediment trap data is absent in the South Indian Ocean so that
region is not shown. Solid black lines show type Il linear regression and dotted black lines show
the 1: 1 slope. The correlation coefficient (r) and regression slope (m) for the log,,-transformed
data are shown in each panel. Color scale indicates depth of sediment traps.
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Fig. 10. POC flux estimates at sediment trap locations plotted against observations from the
Lutz data set: (a) CCSM-BEC model, (b) Lutz model using satellite NPP, (¢) Lutz null model
using satellite NPP, (d) Lutz model using CCSM-BEC NPP; (e) and (f) show estimates from fit
of exponential curve (Eq. 1) to Lutz data set (all data points combined) using NPP from satellite
and CCSM-BEC, respectively; (g) and (h) show estimates from fit of exponential curve (Eq. 1) to
Lutz data set for each region of the model domain (Fig. 1) using NPP from satellite and CCSM-
BEC, respectively. In (g) and (h), the regions with no observations or poor fit use parameter
values from the global fit (e and f). Solid black lines show the type Il linear regression of the
logo-transformed data. The correlation coefficient (r) and regression slope (m) are shown in

each panel. Color scale indicates depth of sediment traps.
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