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Abstract. The marine biological carbon pump is dominated
by the vertical transfer of particulate organic carbon (POC)
from the surface ocean to its interior. The efficiency of this
transfer plays an important role in controlling the amount
of atmospheric carbon that is sequestered in the ocean. Fur-
thermore, the abundance and composition of POC is criti-
cal for the removal of numerous trace elements by scaveng-
ing, a number of which, such as iron, are essential for the
growth of marine organisms, including phytoplankton. Ob-
servations and laboratory experiments have shown that POC
is composed of numerous organic compounds that can have
very different reactivities. However, this variable reactivity
of POC has never been extensively considered, especially in
modelling studies. Here, we introduced in the global ocean
biogeochemical model NEMO-PISCES a description of the
variable composition of POC based on the theoretical reac-
tivity continuum model proposed by Boudreau and Ruddick
(1991). Our model experiments show that accounting for a
variable lability of POC increases POC concentrations in the
ocean’s interior by 1 to 2 orders of magnitude. This increase
is mainly the consequence of a better preservation of small
particles that sink slowly from the surface. Comparison with
observations is significantly improved both in abundance and
in size distribution. Furthermore, the amount of carbon that
reaches the sediments is increased by more than a factor of 2,
which is in better agreement with global estimates of the sed-
iment oxygen demand. The impact on the major macronutri-
ents (nitrate and phosphate) remains modest. However, iron
(Fe) distribution is strongly altered, especially in the upper

mesopelagic zone as a result of more intense scavenging:
vertical gradients in Fe are milder in the upper ocean, which
appears to be closer to observations. Thus, our study shows
that the variable lability of POC can play a critical role in
the marine biogeochemical cycles which advocates for more
dedicated in situ and laboratory experiments.

1 Introduction

The biological carbon pump regulates the atmospheric CO;
levels by transferring large amounts of organic carbon pro-
duced by phytoplankton photosynthesis in the upper ocean
to the deep interior (e.g. Falkowski et al., 1998). Transport
to the ocean’s interior occurs through sinking of organic par-
ticles, physical mixing and transport of both particulate and
dissolved organic carbon (respectively POC and DOC), and
vertical migrations by zooplankton. Of the organic carbon
produced in the euphotic zone, only a small fraction escapes
recycling in the upper part of the water column and is ex-
ported downwards, being sequestered away from the atmo-
sphere. It is suggested that a small modification of the re-
cycling efficiency in the upper ocean can have a significant
impact on atmospheric CO, (Kwon et al., 2009). The magni-
tude of the biological carbon pump is predicted to decrease
in response to climate change (Steinacher et al., 2010; Bopp
et al., 2013), resulting in a less efficient storage of carbon in
the ocean.
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POC fluxes and concentrations exhibit the strongest gradi-
ent in the mesopelagic zone, which is the part of the ocean
located between the bottom of the euphotic zone and about
1000 m. They decrease strongly with depth as particles are
being fragmented, consumed, and respired by zooplankton
and bacteria. Numerous studies have attempted to describe
the attenuation of the POC fluxes using simple relationships,
the most commonly used being either power law functions
(Martin et al., 1987) or exponential functions (Lutz et al.,
2002; Boyd and Trull, 2007). In the power law function, the
rate at which POC flux decreases with depth is controlled
by the exponent b. In the exponential function, this is de-
termined by the remineralisation length scale z*. In many
model studies, either b or z* was kept constant to a speci-
fied uniform value (e.g. Collins et al., 2011; Hauck et al.,
2013; Ilyina et al., 2013).

However, significant variations of these parameters have
been evidenced using deep-sea sediment traps and particle
imaging (Lamborg et al., 2008; Henson et al., 2012a; Guidi
et al., 2015). For instance, the exponent b has been shown to
vary between about 0.4 and 1.75 (Guidi et al., 2015). Fur-
thermore, models that use the simple power law or expo-
nential relationships fail to correctly represent both carbon
fluxes and POC concentrations (Dutay et al., 2009, 2015).
POC concentrations tend to be strongly underestimated in the
deep ocean, which suggests that an excessive loss of POC is
predicted in the mesopelagic zone.

Several factors have been proposed to explain the vari-
ability in the vertical profile of organic carbon remineral-
isation. The most popular of these factors is probably the
“ballast hypothesis” which stems from the strong correla-
tion between POC fluxes and the load and composition in
minerals (biogenic silica, calcium carbonate, and lithogenic
materials) found in the deep sediment traps (Francois et al.,
2002; Klaas and Archer, 2002; Armstrong et al., 2001). In
general, a high preservation efficiency of POC is related to
a high flux of calcium carbonate, whereas no correlation has
been found with biogenic silica. Calcium carbonate may ei-
ther act as an efficient ballast for particles as a result of its
high density or provide some protection against degradation
by heterotrophic organisms (Francois et al., 2002; Klaas and
Archer, 2002).

The “ballast hypothesis™ is currently debated as no coher-
ent relationship has been found between the sinking speed of
particles and the load in minerals (Lee et al., 2009) and the
correlation between calcium carbonate and the preservation
efficiency of POC in the mesopelagic domain may not be that
significant (Henson et al., 2012a). Despite the lack of consen-
sus on the ballast hypothesis, many biogeochemical models
currently describe POC fluxes based on it (e.g. Moore et al.,
2004; Dunne et al., 2012; DeVries et al., 2014). The other
factors that may impact on the remineralisation of POC in
the mesopelagic zone include the ecosystem structure (Boyd
et al., 1999), temperature (Matsumoto, 2007; Marsay et al.,
2015), oxygen (Devol and Hartnett, 2001), and the pressure
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effect on bacterial activity (Tamburini et al., 2003; Grossart
and Gust, 2009).

The composition of POC is an another factor that has
not been extensively considered in previous studies on POC
fluxes. Organic matter is composed of numerous compounds
that can have very different reactivities. The variable lability
of organic matter has been evidenced for dissolved organic
carbon in both the ocean (Amon and Benner, 1994; Hansell,
2013; Benner and Amon, 2015) and lakes (Koehler et al.,
2012) and for organic carbon in the sediments (Middelburg,
1989; Boudreau and Ruddick, 1991). Several studies have
also shown that POC is a complex mixture of compounds
with different labilities (Sempéré et al., 2000; Panagiotopou-
los et al., 2002; Diaz et al., 2008; Benner and Amon, 2015).
The labile fractions of POC can be remineralised in the up-
per ocean and in the mesopelagic domain, the more refrac-
tory fractions being exported to the deep ocean. That could
explain the variability in the transfer efficiency of POC to
the deep ocean and the slow vertical decrease of POC in the
deep ocean (Marsay et al., 2015). With the notable excep-
tion of Sempéré et al. (2000), the inhomogeneous reactivity
of POC has not been explicitly taken into account in marine
biogeochemical modelling studies; the vast majority of the
models use a single uniform decay rate for the whole par-
ticulate organic pool. Very recently, Jokulsdottir and Archer
(2016) have designed a very detailed Lagrangian model of
POC which explicitly assumes that aggregates are composed
of various compounds with different labilities, in a manner
similar to our approach. Unfortunately, they have not ex-
plored in their study the impacts this varying lability has on
the POC distribution and on the POC fluxes.

Here, we explore how a variable reactivity of POC affects
the vertical export of carbon by sinking particles, the POC
concentrations in the ocean’s interior, and the marine carbon
cycle overall. Several theoretical frameworks have been pro-
posed to describe the variable lability of POC (e.g. Boudreau
and Ruddick, 1991; Rothman and Forney, 2007; Vihitalo
et al., 2010). We have implemented in the coupled ocean
physical and biogeochemical model NEMO-PISCES (Au-
mont et al., 2015) the reactivity continuum (RC) model pro-
posed by Boudreau and Ruddick (1991). Using that model,
we analyse the consequences of a variable lability of organic
matter on the spatial distribution of POC and on the marine
carbon cycle.

2 Methods
2.1 The biogeochemical global ocean model

In this study, we use the biogeochemical model PISCES-
v2 (Aumont et al., 2015) as part of the modelling frame-
work NEMO (Madec, 2008). PISCES, presented in Fig. 1,
has been employed for many other studies concerning
trace metals, as well as large-scale ocean biogeochemistry
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Figure 1. The biogeochemical model PISCES. DOM stands for
dissolved and POM for particulate organic matter.

(e.g. Gehlen et al., 2007; Arsouze et al., 2009; Dutay et al.,
2009; Tagliabue et al., 2010; Van Hulten et al., 2014). The
model simulates the biogeochemical sources and sinks of
24 prognostic tracers, including five limiting nutrients (Fe,
POy4, Si(OH)4, NOs3, and NH4) Two phytoplankton groups
(nanophytoplankton and diatoms) and two zooplankton size
classes (microzooplankton and mesozooplankton) are rep-
resented in PISCES. Fixed Redfield ratios are prescribed
for N and P to values proposed by Takahashi et al. (1985),
whereas the ratios of both Fe and Si to C are explicitly mod-
elled. There are three non-living compartments: semi-labile
dissolved organic carbon and two size classes of POC.

As this study focuses on POC, we briefly describe the stan-
dard parameterisation used in PISCES to model the evolu-
tion of this carbon pool. For more information, the reader is
referred to the complete description of PISCES-v2 presented
in Aumont et al. (2015). The two size classes of POC cor-
respond to small slow-sinking POC (sPOC) and large fast-
sinking POC (bPOC). The nominal cutoff size between these
two size classes is set at 100 um. Both pools of POC are pro-
duced by the aggregation of phytoplankton, the mortality of
both phytoplankton and zooplankton, the egestion of fecal
pellets, and the coagulation of dissolved organic carbon. It
is consumed by zooplankton feeding and remineralisation by
heterotrophic bacteria. Bacteria are not explicitly modelled
and a first-order kinetics is assumed to represent the impact
of the bacterial activity on POC. The specific degradation
rate k is the same for both size classes of POC and depends
on temperature with a Q19 of 1.9. In this version of PISCES,
the sinking speeds of both POC compartments are supposed
constant and uniform and are set to 2md~! for small POC
and to 50md~! for large POC.

This model is embedded in the ORCA2-LIM configura-
tion of NEMO (Madec, 2008). The spatial resolution is about
2° by 2°cos(¢) (where ¢ is the latitude) with an increased
meridional resolution to 0.5° in the equatorial domain. The
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model has 30 vertical layers, with an increased vertical thick-
ness from 10 m at the surface to 500 m at 5000 m. Represen-
tation of the topography is based on the partial-step thick-
nesses (Barnier et al., 2006). Lateral mixing along isopy-
cnal surfaces is performed both on tracers and momentum
(Lengaigne et al., 2003). The parameterisation of Gent and
McWilliams (1990) is applied poleward of 10° to represent
the effects of non-resolved mesoscale eddies. Vertical mixing
is modelled using the turbulent kinetic energy (TKE) scheme
of Gaspar et al. (1990), as modified by Madec (2008). The
dynamics used to drive PISCES is identical to that used in
Aumont et al. (2015).

2.2 The reactivity continuum model

In the standard version of PISCES, as commonly in biogeo-
chemical models, the decomposition of POC is described fol-
lowing first-order kinetics. Most frequently, a single constant
decay rate k is used which implies that all components of
organic matter degrade at the same rate. However, organic
matter is a complex mixture of compounds of varying origin
and different reactivities. Therefore, a single decay constant
often fails to represent the observed degradation kinetics of
organic matter (e.g. Middelburg et al., 1993; Del Giorgio
and Davis, 2002). To overcome that problem, several models
have been proposed (Arndt et al., 2013). In multi-G models,
organic matter is split into discrete pools with different labili-
ties (e.g. Ogura, 1975). The power model describes the mean
first-order decay coefficient k as a power function of the ap-
parent age of organic matter ¢ (Middelburg, 1989). The RC
models extend the formalism introduced in the multi-G mod-
els (Aris and Gavalas, 1966). Instead of a few discrete pools
of different reactivities, the RC models use an infinite number
of pools characterised by a continuous distribution of reactiv-
ities in the substrate. Several functions have been proposed
to model this distribution: a gamma distribution (Boudreau
and Ruddick, 1991), a beta function (Vihitalo et al., 2010),
and a log-normal function (Rothman and Forney, 2007). The
power model and the RC models have been shown to be par-
ticular cases of a more general formulation called g-theory
(Bosatta and Agren, 1991, 1995).

In this study, we choose to describe the decomposition of
particulate organic carbon according to the RC model. All
the variables and parameters used in this section to formulate
the parameterisation of POC lability are listed in Table 1. As
in Boudreau and Ruddick (1991), the distribution of reac-
tivities of newly produced POC is represented by a gamma
distribution:

B gokv—le—ak
gk,0) = TV) (D

where v describes the shape of the distribution near k =0,

and a (days) is the average lifetime of the more reactive com-
ponents of POC. The corresponding cumulative distribution

Biogeosciences, 14, 2321-2341, 2017
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Table 1. Parameters and variables with associated units. When two values are specified in the value column, they refer to respectively sPOC

and bPOC.

Symbol Description Units Value
v Shape parameter of the gamma distribution - 1.0
a Average lifetime of the more reactive component d See Table 2
* Pseudo time variable d (D)t
T Temperature °C Variable
POC Particulate organic carbon mmol m~3 Variable
sPOC Small particulate organic carbon mmol m~3 Variable
bPOC Large particulate organic carbon mmol m ™3 Variable
k Mean degradation rate of fresh POC d-! See Table 2
k; Boundary in the lability space d-! From Eq. (5)
G(k;, 1) Fraction of POC with degradation rate € [k;, kj 1] - Variable

ox1 (ki 1) Mean G(k;, 1) in the mixed layer - From Eq. (9)
IE,- Mean degradation rate of G(k;,0) d From Eq. (7)
Ppoc Production of POC molm~=3d~!  Variable
Spoc Sink of POC molm—3d~!  Variable
WpOC Settling speed of POC md~! 2,50
Zmxl Depth of the mixed layer m Variable
k Mean degradation rate of POC a1 Variable
Tix1 Mean temperature in the mixed layer °C Variable
f(T) Temperature dependency of degradation rate - Variable
b Exponent of the Martin et al. (1987) power law function — Variable

function (CDF) is defined as

y(,ak) Oakx"’le*xdx

oE0="10) T o Tedx

@

where y (v, ak) is the lower incomplete gamma function. To
get the time-evolved distribution, we assume first-order de-
cay for each lability class:

gokv— 1 e—(a+f(T)t)k

gk, 1) = ro) , 3

where f(T) is a function of temperature 7 (°C). As in the
standard version of PISCES, the dependency to temperature
corresponds to a Q1o of 1.9. In that equation, the effect of
temperature on the distribution is equivalent to defining a
pseudo time variable t* = f(T)t.

In a closed system with a constant temperature, 7, the
mean remineralisation rate of POC decreases with time and is
described by a simple function of the pseudo time variable ¢*
(Boudreau and Ruddick, 1991; Boudreau et al., 2008):

dPOC v
dr* ~ a+r*

POC. )

Unfortunately, in open systems such as the ocean, the RC
model cannot be used in its continuous form since trans-
port, production, and consumption of organic matter alter the
shape of the distribution. As a consequence, this distribution
can significantly deviate from the initial gamma distribution.
An option would be to model the moments of the reactivity
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distribution following an approach similar to what is done
for instance in the atmosphere for aerosols (Milbrandt and
Yau, 2005) or in the ocean for traits (Merico et al., 2009).
However, the set of moment equations should be closed us-
ing a moment closure approximation to truncate the system
at a certain order. Since the distribution can deviate to a non-
specific form, the number of moments that should be tracked
becomes very large (over 10 moments based on some prelim-
inary tests we performed), which makes that method compu-
tationally inefficient. Instead, the distribution is discretised
by separating both small and large POC into a finite number
of pools with degradation constants that are equally spaced
in the natural logarithmic transform of the reactivity space.
In this study, we have arbitrarily set the smallest and largest
boundaries of the lability classes in the reactivity space to
k/1000 and 10k, respectively, where k (d~') is the mean
degradation rate of freshly produced POC. Each boundary
k; (d~1) in the lability space is computed as

1 i=2 ~
k[:m(1x104)ﬁk for i=2,n, (%)

where n is the number of lability classes. The first k1 and last
kn+1 boundaries are defined as

k1 =0 and k,y) =-o00. (6)

The fraction G(k;, 0) and the mean degradation rate ki (A1
of POC with degradation constants between k; and k; 4 are

www.biogeosciences.net/14/2321/2017/
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- y(vakiyy) —y (v, aki)
G(k;i,0) = T @)
- y(Ww+1Lakiy) —y(+1,ak)
ki = for

' I'(v)

i=1,n.

We thus use a multi-G model to simulate the reactivity con-
tinuum. An identical approach has been used by Dale et al.
(2015) to model the degradation of the organic matter in
the sediments. Based on experiments performed with a 1-D
model, the number of pools has been set to 15 for both small
and large POC, which results in a less than 1 % error relative
to the exact solution. Gamma functions are computed in our
model using the algorithm proposed by MacLeod (1989).

An explicit representation of the reactivity of the organic
matter would require to have 30 distinct pools, which would
more than double the number of variables in PISCES (24
tracers including large and small POC). This would thus con-
siderably increase the computing cost of the model. To over-
come that problem, we made a rather strong assumption: we
postulated that the lability distribution of POC is insensitive
to ocean transport and is only modified by sinking, by the
biological sources and sinks, and by vertical mixing in the
mixed layer. This assumption is further discussed in the dis-
cussion section of this study. The problem is thus reduced to
a 1-D framework and the vertical distribution of each lability
class can be iteratively solved starting from the base of the
mixed layer. In a Lagrangian framework, the system to be
solved is

dz _

@ = WpoC

dG;, t)POC -

GEDEDE 61,0 Proc ®)
B —G(ki, 1)Spoc — ki f (T)G (ki , 1)POC

Gki, 1) = Gmxi(ki, 1) if z=zmx,

where z (m) is positive downwards, Ppoc (mol m3 d—h
denotes the production of particulate organic carbon, Spoc
(molm~—3d~1) represents the sinks of POC, wpoc (m d—h
the settling velocity of POC, znmx1 (m) the depth of the bottom
of the mixed layer, and G (k;, 1) corresponds to the mass frac-
tion of POC with a decay rate k; at time ¢. Sources of POC
(Ppoc) are mainly mortality of phytoplankton and zooplank-
ton, exudation of fecal pellets and coagulation of phytoplank-
ton cells. All these processes are assumed to produce fresh
new POC characterised by the lability distribution G (k;,0).
Sinks of POC essentially correspond to grazing by zooplank-
ton. We assume here that grazing does not depend on labil-
ity; i.e. each lability class is impacted proportionately with its
relative contribution G(k;, 7). The sinking speed wpoc does
not need to be constant with depth. Assuming spatially con-
stant sources, sinks, and sinking speeds within a grid cell (i.e.
sources, sinks, and sinking speeds are homogeneous within
each grid cell), this system can be solved analytically over
each grid cell. The vertical distribution of each lability class
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(with a decay rate k;) is then computed iteratively over the
water column starting from the mixed layer. A mean k (d~!)
is inferred from that lability distribution, which is then used
in PISCES to model the decomposition of POC (the sink
term of POC due to degradation by bacterial activity is com-
puted as —kPOC; for more information on the description of
POC in PISCES, please refer to Aumont et al., 2015). As a
consequence, k displays both vertical and horizontal varia-
tions and is thus a 3-D field. Of course, this computation is
done independently for small and large POC.

The solution of system (8) requires one to know the dis-
tribution at the bottom of the mixed layer Gy (k,?). In
the mixed layer, ocean dynamics, especially vertical mixing,
cannot be neglected. Since vertical mixing is strong, trac-
ers in the mixed layer, including the reactivity distribution,
can be considered homogeneous. Using that assumption, the
mean reactivity distribution Gy (IE,-, t) can be computed by
integrating Eq. (8) over the mixed layer:

gmxl(];i RS ©)
Jo™ G (ki, 0) Procdz
J5™ i £ (T POC + Spoc)dz + wpocPOC(z = z)

where Tinx1 (°C) is the mean ocean temperature in the mixed
layer and zpnx1 (m) is the depth of the mixed layer. The mixed
layer is the only domain where the lability distribution is im-
pacted by vertical mixing.

The lability parameterisation introduces an extra cost of
about 20 %, but it depends of course on the number of la-
bility pools. To further considerably reduce this extra cost,
one could be tempted to adopt the assumption of a closed
system. In that case, the model simplifies to Eq. (4) for both
small and large POC. Figure 2 compares the vertical labil-
ity distribution of small POC using that strong assumption to
the prediction using the complete lability parameterisation.
Differences are large and can reach almost an order of mag-
nitude in the interior of the ocean. Thus, the assumption of a
closed system introduces large errors. The sources and sinks
of POC in the interior of the ocean play a major role on the
vertical and horizontal patterns of the lability distribution.

2.3 Model experiments

The model set-up used in this study is exactly identical to
that described in Aumont et al. (2015) except for the modifi-
cations made on POC described above. All modelled exper-
iments presented here have been initialised from the quasi-
steady-state simulation presented in Aumont et al. (2015).
Two different simulations have been performed: a control ex-
periment which is based on the standard version of PISCES
(noRC) and a second experiment in which the variable labil-
ity of POC based on the RC model is used (RC). In the RC
experiment, we assumed that the shape factor v is equal to 1.
The lifetime parameter a (day) has been prescribed so that
the global mean first-order degradation rate in the top 50 m of

Biogeosciences, 14, 2321-2341, 2017
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Figure 2. Vertical distribution along the Equator of the ratio be-
tween the remineralisation rate of small POC computed when the
assumption of a closed system is made and the remineralisation rate
is computed in the standard RC experiment.

Table 2. Model simulations.

Experiment ~ No. lability classes? k a
noRC 1 0.025d7!
RC 15 0.035d-'®  2857d

2 For each POC compartment (sPOC and bPOC). b Remineralisation rate of
freshly produced POC.

the ocean is identical to the value prescribed in the standard
model configuration (the initial degradation rate k = v/a).
Each experiment has been run for 1000 years. After that du-
ration, POC distribution was in an approximate steady state.
In Table 2, we present an overview of the two simulations.

2.4 Observations

To test the model performance, we use measurements of
POC concentrations performed in the Atlantic and Pacific
oceans, whose stations are presented in Fig. 3. They rel-
atively sparsely cover these oceans. Unfortunately, to our
knowledge, there are no particle data available in the other
ocean basins. Since the POC concentration is an ancillary pa-
rameter of GEOTRACES, the number of POC data should con-
siderably increase in the near future. In the Intermediate Data
Product (IDP2014) of GEOTRACES released recently (Mawji
et al., 2015), only the GAO3 transect (the red crosses dis-
played in Fig. 3 in the North Atlantic Ocean) includes POC
observations.

Observed POC fluxes are from Dunne et al. (2005), Gehlen
et al. (2006), and Le Moigne (2013). In these datasets, data
have been obtained from sediment traps and/or 2>*Th. The
deep sediment trap data in Gehlen et al. (2006) have not been
Th-corrected. In addition to these data, we also use a global
distribution of oxygen fluxes at the sediment—water interface
(Jahnke, 1996). Assuming full oxic remineralisation of POC,
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40°N

40°S

80°S

120° E 180° 120°W 60° W Q°

Figure 3. The particle data currently available. The blue squares
present the stations of the data collection by Lam et al. (2011). The
red crosses show the station coordinates of Hayes et al. (2015) and
Lam et al. (2015b). The two black plus signs north of Hawaii and
east of Bermuda are the stations of Druffel et al. (1992). The rectan-
gles define the regions of the profiles discussed in Section 3 (green:
up to 1 km depth; blue: up to 6 km depth).

and using the value of the Redfield ratio of PISCES, we
computed from the oxygen fluxes the equivalent fluxes of
POC to the sediment. Finally, annual mean POC fluxes to the
sediments from Seiter et al. (2005) have also been used here.
These fluxes were reconstructed from correlations based on
the organic carbon content in surface sediments and on the
bottom oxygen concentrations.

3 Results
3.1 Concentrations of POC

Figure 4 presents POC profiles in the Atlantic and Pacific
oceans respectively. Both data and model results are dis-
played below 100 m since we focus on the fate of particles
once they have left the productive upper zone. Furthermore,
in the euphotic zone, a significant fraction of POC consists
of living organisms such as phytoplankton and zooplankton,
which are out of the scope of this study. In the observa-
tions, POC concentrations range from about 0.4 to more than
2.5 uM in the upper part of the water column, the lowest val-
ues being found in the oligotrophic areas. In the upper part
of the mesopelagic domain, between 100 and about 500 m,
POC steeply decreases to reach values that range between
0.05 and 0.15 uM. In the deep ocean, concentrations remain
relatively constant and decrease only slowly to the bottom of
the ocean. Elevated concentrations of POC can be observed
in the deep ocean and correspond to nepheloid layers gener-
ated by the resuspension of sedimentary materials or by hy-
drothermal vents (such as in the oligotrophic Atlantic Ocean;
Fig. 4c) (Lam et al., 2015a).
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Figure 4. Modelled and observed total POC concentrations (uM) in different regions of the ocean: (a) western, (b) oligotrophic, and (c) east-
ern North Atlantic Ocean; (d) Hawaii; (e) northwestern, (f) northeastern, (g) central, and (h) southern Pacific Ocean. The continuous lines
are concentrations averaged over the region marked by the blue and green rectangles on the map of Fig. 3: without (in red) and with the
reactive continuum (RC) parameterisation (in black). The black speckles are observations in the respective regions from Druffel et al. (1992)

and Lam et al. (2011, 2015b).

Our model experiments reproduce quite correctly the gen-
eral shape of the observed profiles as shown in Fig. 4. How-
ever, in the noRC model configuration, the decrease in POC
is too steep and concentrations in the bottom part of the
mesopelagic domain are strongly underestimated by at least a
factor of 2. Furthermore, POC continues to strongly decrease
in the deep ocean where modelled concentrations are at least
an order of magnitude too low relative to the observations.
The parameterisation of a variable lability of biogenic or-
ganic matter (noRC experiment) improves quite notably the
agreement between the model and the observations, both in
the mesopelagic domain and in the deep ocean. In particu-
lar, POC concentrations in the deep ocean are now compara-
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ble to the observed values and do not strongly decrease with
depth. However, two main biases are still produced by the
model. First, POC concentrations tend to be overestimated at
around 100 m and are explained by the living biomass, which
suggests that PISCES overpredicts phytoplankton and zoo-
plankton levels in the lower part and just below the euphotic
zone. Second, elevated POC concentrations are not simulated
in the deep ocean. Such a result is not surprising since the
model represents neither resuspension of sediments nor hy-
drothermal vents.

Figure 5 presents the relative contribution of large POC
to total POC. In the observations, this contribution does not
exhibit any significant vertical trend. Despite a significant
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Figure 5. The modelled and observed relative contributions of large POC to total POC concentration (bPOC/(sPOC + bPOC), in pM) in
different regions of the ocean: (a) western, (b) oligotrophic, and (c) eastern North Atlantic Ocean; (d) Hawaii; (e) northwest, (f) northeast,
(g) central, and (h) southern Pacific Ocean. Solid lines denote concentrations averaged over the regions marked by the blue and green
rectangles on the map of Fig. 3: without (in red) and with the reactive continuum (RC) parameterisation (in black). The black speckles are
observations in the respective regions from Druffel et al. (1992) and Lam et al. (2011, 2015b).

scatter, it remains more or less constant with depth at val-
ues that are generally comprised between 0.1 to 0.4. In the
standard configuration of the model, the fraction of large or-
ganic particles steeply increases with depth in the upper part
of the mesopelagic domain. Then it remains relatively sta-
ble below 500 m to values around 0.7. Below the euphotic
zone, small particles are rapidly removed from the water col-
umn due to their slow sinking speed associated to a rela-
tively strong remineralisation. As a consequence, the contri-
bution of large particles rises rapidly as POC sinks down-
ward. Then, small particles are continuously produced by
the degradation of large particles and a quasi-steady state is
reached between this source and the loss from remineralisa-
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tion. This means that small POC in the deep ocean as sim-
ulated in the noRC experiment is locally produced. Thus,
the organic materials in this size fraction of POC is very
young and none of it originates directly from production
in the upper ocean. This result is in apparent contradiction
with the age deduced from the radiocarbon isotopic ratio
of suspended POC (Druffel and Williams, 1990; McNichol
and Aluwihare, 2007), which suggests that a fraction of sus-
pended POC has not been produced recently. Nevertheless,
alternative explanations may explain the increasing apparent
age of this pool with depth, such as the incorporation of old
refractory DOC (McNichol and Aluwihare, 2007).
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The vertical profiles of the relative contribution of large
POC are notably impacted by the lability parameterisation
introduced in this study (Fig. 5). In the RC experiment, this
contribution does not significantly increase with depth. Be-
low the upper 200 m, the proportion of large POC stabilises
and remains then almost constant to values between 0.1 and
0.3. The simulated profiles thus fall in the observed range.
When produced, a significant fraction of POC is refractory
and escapes rapid remineralisation in the upper ocean. This
refractory component builds up in small POC because of its
slow sinking speed, which explains the dominant contribu-
tion by this pool in the mesopelagic domain and in the deep
ocean. In contrast with the noRC experiment, a significant
fraction of small POC originates from the surface.

These results suggest a strong improvement of the rep-
resentation of POC below the ocean surface, especially for
small POC. A more quantitative evaluation of the model ex-
periments is presented in Table 3. In addition to classical sta-
tistical indices (the correlation coefficient (r), the root mean
square error (RMSE), and the bias), two additional perfor-
mance indicators have been used as suggested in previous
skill assessment studies (Allen et al., 2007; Stow et al., 2009;
Vichi and Masina, 2009): the reliability index (RI) (Leggett
and Williams, 1981) and the modelling efficiency (MEF)
(Nash and Sutcliffe, 1970). The RI indicates the average ra-
tio by which the model differs from the observations. The
RI should be close to 1. The MEF measures how well the
model predicts the observations relative to the average of the
observations. A value of 1 denotes a close match with the
observations. A negative value means that the average of the
observations is a better predictor than the model.

The scores of the RC experiment are much better than
those of the standard model, especially for the RI and the
MEEF. In particular, the MEF is positive and relatively close
to 1. Such a result proves that the model performs better
than the average of the observations, which is not the case
of the model without the variable lability parameterisation.
The bias is notably reduced. Such improved scores in all sta-
tistical indicators confirm the visual inspection of the vertical
profiles displayed in Fig. 4. In contrast, the correlation coef-
ficient r is, compared to the other indicators, only modestly
improved. This suggests that the spatial patterns of POC are
not strongly impacted by the new lability parameterisation.

3.2 Fluxes of POC

Table 4 shows the area-integrated carbon fluxes of the world
ocean, according to our simulations and estimates based on
observations. The primary production predicted in both sim-
ulations ranges from 41 to 52 PgC year™! and lies within the
observed estimates. The export fluxes from the euphotic zone
are highest for the simulation without lability, consistent with
the higher global primary production rate. The lowest pro-
ductivity and export out of the euphotic zone are predicted
by the RC experiment. Conversely, the latter experiment pro-

www.biogeosciences.net/14/2321/2017/

Table 3. Statistical model-data comparison of the two simulations
for the whole particle dataset displayed in Fig. 3. The upper ocean
has been excluded from the analysis (defined as less than 200 m).
RMSE, RI, and MEF are, respectively, the root mean square error,
the reliability index, and the modelling efficiency (see text for more
information).

noRC RC
n 2656 2656
r 0.7 0.77
RMSE 0.14  0.08
Bias 0.12  0.02
RI 4.9 1.6
MEF —-0.6 0.71

duces the highest export at 2000 m as well as a flux to the
sediments that is more than twice as high as in the standard
model configuration. Such higher export in the deep ocean
stems from the much higher concentrations of small POC
in the deep ocean as shown in the previous section. Thus,
the increase in export is explained by a higher abundance of
small particles. On the global scale, the relative contribution
of small POC rises from almost 0 in the noRC experiment
to about 20 % in the RC experiment. This significant con-
tribution of small, slowly sinking particles to the export of
carbon in the interior of the ocean is supported by recent ob-
servations (Durkin et al., 2015). The export at 2000 m, about
0.8 PgC year™!, is overestimated relative to recent estimates
by Henson et al. (2012b) and Guidi et al. (2015) of, respec-
tively, 0.45 and 0.33 PgCyear~!. Since the observed POC
concentrations appear to be well reproduced by the model,
this suggests that the sinking speeds of the biogenic organic
particles might be overestimated. In contrast, the predicted
POC export to the deep-sea sediments falls on the low end of
the estimated range.

Figure 6 shows the spatial distribution of the annual mean
fluxes of POC at 100 and at 2000 m in the noRC and RC ex-
periments. At 100 m, fluxes display very similar spatial pat-
terns. They span about 2 orders of magnitude with low values
in the oligotrophic subtropical gyres and much higher values
in the high latitudes and in the eastern boundary upwelling
systems such as the Peru and the Benguela upwelling re-
gions, where they exceed 4 mol Cm~2 year™!. The most no-
ticeable difference between the two experiments is a weaker
export in the Southern Ocean in the RC experiment. The hor-
izontal patterns are qualitatively similar to those published
by Henson et al. (2012b). However, our simulated export
fluxes are on average larger, which explains our larger global
mean estimate: 8.1-9 versus 4 PgCyear™! in Henson et al.
(2012b) (see Table 4). A comparison to individual sediment
trap data is rather challenging because they exhibit a large
scatter. Furthermore, several studies suggest that estimates
based on sediment traps may substantially underestimate ac-
tual particle export, especially in the low latitudes (Quay,
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Table 4. Primary production and fluxes of POC (®) integrated over the global ocean for the different simulations, and estimates based on
observations. All numbers are in units of PgC year_1 of carbon. The numbers in parentheses denote the fluxes due to small POC. The photic
depth is defined as the depth at which photosynthetic available radiation equals 1 % of the value at the ocean surface. ®gq (z > 1000 m) is
the flux of POC to the sediments whose depth is deeper than 1000 m.

Simulation Primary production ~ @ppotic depth P (z=2000m)  Pgeq (z > 1000 m)
noRC 52 9@3.6) 0.56 (0.01) 0.19 (0)

RC 41 8.1 (3.6) 0.81 (0.17) 0.42 (0.11)
Published estimates ~ 40-60? 4-12b 0.33-0.66° 0.5-0.94

2 From Carr et al. (2006). b From Siegel et al. (2014), Laws et al. (2000), Lutz et al. (2007), Dunne et al. (2007), and Henson et al.
(2011). © From Henson et al. (2012b) and Guidi et al. (2015). d From Jahnke (1996) and Seiter et al. (2005).
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Figure 6. Sequestration of POC. The panels on the left show POC fluxes for the simulation without the lability parameterisation; i.e. sSPOC
and bPOC have a single lability (noRC). Those on the right are with the lability parameterisation (RC). The upper two panels (a, b) show the
modelled flux at 100 m; the observations are from the same depth £20 m. Panels (c, d) show the flux through 2000 m; the observations are at
the same depth £400 m. The datasets used in these figures are from Dunne et al. (2005), Gehlen et al. (2006), and Le Moigne (2013). Fluxes
are in mol m~2 year_l.

1997; Weber et al., 2016). Problems may arise from analyti-
cal biases related to the 234 Th-based correction of the carbon
fluxes (Quay, 1997). Since our focus is the fate of particles
and the export of carbon in the mesopelagic domain and in
the deep ocean, shallow export is not further discussed.
Fluxes at 2000m are much lower than at the euphotic
depth (Fig. 6¢c and d). Their horizontal variability is also
reduced since they span about 1 order of magnitude, rang-
ing from around 0.1 to less than 1 mol Cm™2 year™'. As ex-
pected from the global mean fluxes (Table 4), values pre-
dicted in the RC experiment are higher than in the noRC
experiment. As already discussed, this increase in export is
explained by the much larger contribution from small POC
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when the lability parameterisation is applied. Comparison
with published horizontal distributions (Henson et al., 2012b;
Guidi et al., 2015) shows quite similar horizontal patterns
but suggests that our predicted fluxes are overestimated. This
is confirmed by evaluation against individual sediment trap
data shown in Fig. 6, even though these data are very sparse
(see also Fig. S1 in the Supplement).

The benthic oxygen demand provides an indirect measure-
ment of the biogenic organic carbon flux to the sediments, at
least when anoxic processes are negligible, which is gener-
ally true in deep-sea sediments (Archer et al., 2002). Figure 7
compares POC fluxes to the sediments derived from a global
database of the benthic oxygen demand (Jahnke, 1996; Seiter
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Figure 7. Annual mean POC fluxes (mol m~2 year_l) to the sediments reconstructed (a) from oxygen fluxes (Jahnke, 1996) and (b) from
correlations based on the organic carbon content in surface sediments and the bottom oxygen concentrations (Seiter et al., 2005). Panels (c,
d) show the corresponding fluxes as predicted in the noRC and RC experiments respectively.

et al., 2005) with those from our model simulations. As op-
posed to the model without lability, the order of magnitude
and basic horizontal patterns predicted by the lability simu-
lation compare well with the observations. Such agreement
appears in apparent contradiction with the POC fluxes at
2000 m, which were found to be too large.

4 Discussion
4.1 Model caveats

This study tests the hypothesis that POC is made of vari-
ous compounds with varying lability. Several studies based
on observations support that hypothesis (e.g. Sempéré et al.,
2000; Panagiotopoulos et al., 2002; Diaz et al., 2008; Benner
and Amon, 2015). To describe this variable lability of POC,
we have made the rather strong assumption that the reactivity
of newly produced POC follows a gamma distribution. Sev-
eral motives explain this choice. Firstly, the degradation of
POC in the sediments has been shown to be described well by
the RC model based on a gamma distribution (e.g. Boudreau
and Ruddick, 1991; Marquardt et al., 2010; Wadham et al.,
2012). Since organic matter in the sediments is deposited
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from the ocean, this supports the assumption that the reac-
tivity of POC that reaches the sediments can be adequately
modelled by a gamma distribution. Secondly, the gamma
model provides a complete quantitative description of the
heterogeneous biodegradability of particulate organic matter
(POM), which agrees with qualitative descriptions of degra-
dation kinetics for POM (Amon and Benner, 1996). Thirdly,
the assumption of a gamma distribution makes the mathe-
matical handling quite convenient since the mean degrada-
tion rate constant can be easily computed (see Eq. 4).

Several alternative expressions of the biodegradability dis-
tribution have been proposed in the literature: a beta function
(Véhitalo et al., 2010), a log-normal distribution (Rothman
and Forney, 2007), and Gaussian and Weibull distributions
(Burnham and Braun, 1999). However, despite their different
mathematical expressions, all these models lead to quite sim-
ilar mean kinetics for POC (Vihiitalo et al., 2010; Boudreau
et al., 2008).

A supplementary interesting aspect of the gamma model is
that it can be described by only two parameters: the shape pa-
rameter v and the rate parameter a. For comparison, a three-
pool multi-G model requires five parameters. In this study,
we prescribed both parameters to be constant and uniform
over the global ocean. For the sake of simplicity, v has been
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set to 1. Then, the rate parameter a has been computed to
obtain a global mean first-order degradation rate in the top
50 m of the ocean that is identical to the value prescribed in
the standard model configuration (the initial degradation rate
k = v/a). However, several studies have shown that this pa-
rameter can be quite variable and can range from 0.1 to 0.2,
which is smaller than our prescribed value (Boudreau and
Ruddick, 1991; Boudreau et al., 2008; Koehler et al., 2012).
However, most of these estimates are based on sedimentary
materials which are already quite degraded. This may explain
the low v values, which are characteristic of a large contribu-
tion of refractory compounds.

Furthermore, the temporal evolution of the total POC con-
centration can be expressed in a closed system as

POC(1) = POC(O)(aL_H) , (10)

where POC(0) is the initial POC concentration. Assuming
that POC is sinking with a constant sinking speed w, this
equation can be rewritten as a function of depth:

v
POC(z) = POC(O)( av ) . (11)
aw+z

For depth z much larger than aw, POC concentrations should
vary vertically as z7", i.e. as an inverse power function of
depth. From that analysis, v is thus equivalent to b, the ex-
ponent used in the popular relationship proposed by Martin
et al. (1987). Based on the analysis of sediment traps de-
ployed at nine stations located in the Pacific Ocean, Martin
et al. (1987) found that b is on average equal to about 0.86,
which is not very far from our prescribed value of 1. Such
asymptotic behaviour of the RC formalism might appear as a
limit. Indeed, several studies have shown that b can be quite
variable and can range from about 0.4 to more than 1.5 (Hen-
son et al., 2012a; Guidi et al., 2015). However, the analytical
profile presented in Eq. (11) is valid only in a closed system
with a homogeneous pool sinking at the same settling speed.
In the ocean and in the model, POC is a mixture of materials
sinking at different speeds and produced all along the water
column. As a consequence, b is not predicted to be constant
and can significantly differ in the model from the analytical
value of 1, as we will show in the next section.

Observations based on sedimentary materials and those
from sediment traps seem to produce contradicting results
concerning the order of magnitude of the shape coefficient
v, about 0.1 versus about 1. As a sensitivity experiment, we
have run the RC model using a shape coefficient set to 0.16
as proposed by Middelburg (1989). The rate parameter a has
been prescribed so that the predicted mean remineralisation
rate in the top 50 m of the ocean is equivalent to that in the
RC experiment. The resulting vertical distribution of POC ex-
hibits too weak vertical gradients in the upper ocean, as well
as excessive concentrations in the deep ocean (not shown).
This suggests that the contribution of refractory compounds
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Figure 8. Vertical profile of the annual mean shape coefficient v
(-) of the lability distribution of total POC averaged over the global
ocean. v has been computed from the results of the RC experiment.
It is obtained as the square of the mean of the lability distribution
divided by its variance.

in freshly produced organic matter is too high. The lower
shape coefficients in the sediments may be explained by the
continuous mixture between old materials coming from the
surface and fresher organic matter supplied by the large par-
ticles and by the zooplankton activity in the water column. To
test that hypothesis, we have computed from the RC model
the vertical structure of the “apparent” shape coefficient cor-
responding to the lability distribution of total POC. If the la-
bility distribution is assumed to follow a gamma distribution,
then the shape coefficient is given by the square of the mean
divided by the variance. Of course, because the system is
not closed, the lability distribution of POC in the ocean does
not necessarily remain a gamma distribution (see Sect. 2.2).
That is why this coefficient is referred to the apparent shape
coefficient. The model predicts that v decreases with depth
from less than 0.9 in the upper ocean to about 0.45 at 4500 m
(Fig. 8). At that depth, POC is a mixture of organic matter
whose age ranges from 0 to about 6 years. Thus, our model
supports the hypothesis that the relatively low values of the
shape coefficient in the sediments can be produced by a het-
erogeneous age of the organic matter that is buried in the
sediments.

The implementation of the RC model relies on the very
strong assumption that advection and diffusion do not af-
fect the lability distribution of POC (except for diffusion in
the mixed layer). This assumption may appear legitimate for
large POC because of its large settling speed. However, for
small POC, it may introduce large errors in the model be-
haviour. To test the impact of that assumption, we performed
a model experiment in which the lability classes of small
POC are modelled as individual prognostic tracers. Large
POC is represented using the simplified framework like in
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the experiment RC. Since this experiment is quite computa-
tionally intensive, we discretise the lability space using nine
classes. This simulation has been run for 30 years and is com-
pared to the equivalent simulation using the simplified labil-
ity parameterisation with the same nine lability classes.
Figure 9 shows the remineralisation rate and the POC con-
centrations computed using the nine prognostic POC classes
versus the simplified lability model in log space. Both scat-
ter plots displayed on Fig. 9 suggest that the assumption on
which we based the implementation of the RC model does
not introduce severe biases in the solution predicted by the
model. Differences remain relatively modest, except in re-
gions which experience deep vertical mixing such as in the
North Atlantic Ocean and in the Southern Ocean. Further-
more, the borders of the upwelling regions also exhibit sig-
nificant biases, especially in remineralisation rates. Never-
theless, biases remain much smaller than the differences in
POC concentrations between the noRC and RC experiments.

4.2 Spatial variations of remineralisation efficiency

Important spatial variations of the remineralisation efficiency
in the mesopelagic domain have been evidenced using a
combination of sediment trap data, underwater imaging sys-
tems, Th-derived fluxes and POC observations (e.g. Berel-
son, 2001; Lam et al., 2011; Guidi et al., 2015). These vari-
ations have been explained by differences in the community
distribution and composition (Boyd et al., 1999; Guidi et al.,
2015), in the zooplankton activity in the mesopelagic domain
(Stemmann et al., 2004; Robinson et al., 2010), in temper-
ature (Marsay et al., 2015), in oxygen (Devol and Hartnett,
2001), and in bacterial activity in response to changes in pres-
sure (Tamburini et al., 2003). The remineralisation efficiency
in the mesopelagic domain can be described by the reminer-
alisation exponent b used in the power law function proposed
by Martin et al. (1987). High values of b denote intense shal-
low remineralisation, whereas low values indicate efficient
transfer to the deep ocean.

Several studies have attempted to estimate the regional
distribution of b at the global scale based on the analysis
of global collections of in situ data (Henson et al., 2012a;
Guidi et al., 2015; Marsay et al., 2015). Considerable dif-
ferences exist between these different estimates. In Henson
et al. (2012a) and Guidi et al. (2015), high values of b, gen-
erally above 1, are found in the high latitudes and in eastern
boundary upwelling systems whereas lower values, typically
below 0.6, are estimated in the low latitudes, especially in
the oligotrophic subtropical gyres. In Marsay et al. (2015),
the spatial distribution of b is completely reversed with high
values in the subtropical values and much lower values in
the high latitudes. A potential explanation of these appar-
ently contradicting results is the depth range of the data that
have been used to estimate b (Marsay et al., 2015). However,
Guidi et al. (2015) have used POC profiles observed with
underwater video profilers which have a high vertical resolu-
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Figure 9. Scatter diagrams of the small POC concentration (in
mmol m_3, top panel) and the remineralisation rate (in d ™ 1, bottom
panel). In both panels, the x axis corresponds to the results from a
model experiment in which nine lability classes are explicitly mod-
elled, whereas the results from the RC experiment are shown on the
y axis. The red line on both panels shows a linear regression. In the
top panel, the slope is 0.99 and the r2 is 0.99. In the bottom panel,
the slope is 1.03 and the 72 is 0.98.

tion and are restricted to the top 1000 m, similar to the verti-
cal range analysed in Marsay et al. (2015). Another possible
explanation for this disagreement may stem from the use of
234Th-corrected carbon fluxes in Henson et al. (2012a) and
in Guidi et al. (2015). They have been suggested to be sig-
nificantly underestimated at shallow depth due to analytical
problems, at least in the low latitudes (Quay, 1997). As a con-
sequence, estimates of b based on these observations would
be too low (Weber et al., 2016).

We have shown that the varying lability of the organic
matter strongly changes the distribution of POC both in
the mesopelagic zone and in the deep ocean. As a conse-
quence, the remineralisation efficiency below the euphotic
zone should be significantly impacted when accounting for
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Figure 10. Spatial variations of the annual mean anomalies of
the remineralisation coefficient b from the global median value:
(a) from the noRC experiment and (b) from the RC experiment.
The global median values of b are 0.87 and 0.7 in the noRC experi-
ment and in the RC experiment respectively. b has been determined
by fitting a power law function to the modelled vertical profiles of
total particulate carbon between the bottom of the photic zone and
1000 m.

a variable reactivity of POC. Figure 10 displays the anoma-
lies of b relative to the median value of that coefficient, both
in the noRC and in the RC experiments. The b coefficient is
used here as a diagnostic of the transfer efficiency of POC
in the mesopelagic domain. In fact, a close inspection of the
vertical profiles of the simulated fluxes of POC shows that
they can diverge significantly from a power law distribution,
especially in the high latitudes and in very productive areas
(see Fig. S2 in the Supplement).

The first major difference between the two experiments
is the median b value. In the noRC experiment it is
equal to 0.87, very close to the estimate proposed by
Martin et al. (1987), whereas it is lower, around 0.7, in the
RC experiment. A lower coefficient in the latter experiment
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is not surprising as we showed that accounting for a vari-
able lability leads to a better preservation of POC, especially
of small particles, in the mesopelagic and deep domains.
This median value of b, despite being lower, remains higher
than in previous recent estimates proposed by Henson et al.
(2012a) and Guidi et al. (2015): 0.54 and 0.64, respectively.
The mean predicted b coefficients are lower than the median
values: 0.76 and 0.61 in the noRC and RC experiment re-
spectively. The predicted mean value in the RC experiment
is close to the recent data-based estimates of 0.64 (Henson
et al., 2012a; Guidi et al., 2015).

The spatial variations of b predicted in both experiments
are relatively similar. High values are simulated in the equa-
torial and eastern boundary upwelling systems and in the mid
latitudes, where annual mean productivity is maximum. In
contrast, the less productive areas of the low latitudes and
the Arctic Ocean are characterised by relatively low values
of b. Our simulated distributions of » do not compare very
favourably with previous estimates (Henson et al., 2012a;
Guidi et al., 2015; Marsay et al., 2015), despite some qual-
itative common features may be found with the first two
quoted studies. However, as stated above, considerable dis-
agreements exist between these estimates, which makes the
assessment of our different model configurations quite chal-
lenging.

The largest difference between the two experiments is sim-
ulated in the central part of the subtropical oligotrophic areas.
The noRC experiment predicts high values of b whereas the
RC experiment predicts b to be lower than the median value.
Thus, accounting for a variable lability locally increases the
efficiency of the transfer of carbon through the mesopelagic
domain in these regions. The combination of a high tempera-
ture in the upper ocean and a thick productive zone (typically
200 m) drives an efficient and rapid remineralisation of the
labile fraction of organic matter near the surface, leaving the
more refractory compounds for export to the interior of the
ocean.

Except for the central subtropical gyres, both simulations
exhibit similar spatial patterns. This suggests that a variable
lability of the organic matter does not significantly change
the spatial variations of the efficiency of remineralisation in
the mesopelagic domain over most of the ocean. The spa-
tial variability in our model is driven by other mechanisms.
Zooplankton activity in the interior of the ocean plays a ma-
jor role and explains the simulated high b values in produc-
tive areas of the ocean (see Fig. S3 in the Supplement). In-
tense export out of the upper ocean sustains a high zooplank-
ton biomass in the upper mesopelagic domain, which very
efficiently removes large and fast-sinking particles as sug-
gested in previous studies (Stemmann et al., 2004; Iversen
and Ploug, 2010; Jackson and Checkley Jr., 2011). Other fac-
tors such as temperature and the particle composition (the
relative abundance of small and large particles) play a more
modest role. For instance, low b coefficients in the Arctic
Ocean are explained by a very low temperature and, as stated
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Figure 11. Iron distribution (nmol Fe L~1) in the Pacific Ocean. The left panel shows the zonal average of the difference between the RC
and the noRC experiments. The isolines display the zonally averaged iron distribution as simulated in the noRC experiment. The right panel
shows the vertical profiles of the difference between the simulated iron distributions (red solid line: the noRC experiment; green solid line:
the RC experiment) and observed iron from Tagliabue et al. (2012). Differences have been averaged over the Pacific Ocean. The light shaded
areas display the standard deviation of the differences (red: the noRC experiment; green: the RC experiment).

above, the interplay between temperature and the variable la-
bility of POC produces the differences between our two ex-
periments in the subtropical gyres.

However, this finding relies on the assumption that the
lability distribution of the freshly produced organic matter
is spatially and temporally uniform. A different assumption
would obviously change this finding. In particular, this dis-
tribution may depend on the structure of the ecosystem in the
euphotic zone. Biochemical analysis of the surface particu-
late organic matter has shown that its composition varies both
in time and space as a result of differences in the phytoplank-
ton and zooplankton species and interactions (Tegelaar et al.,
1989; Kiriakoulakis et al., 2001; Lee et al., 2004; Mayzaud
et al., 2014). Thus, the lability distribution of POM is un-
likely to be constant both in time and space. For instance,
diatom-dominated ecosystems in the high latitudes are char-
acterised by strong seasonal blooms, exporting efficiently or-
ganic matter out of the euphotic zone. However, the trans-
fer of this organic matter through the mesopelagic domain is
quite inefficient, with only a small fraction of POM reach-
ing the deep ocean (Lam et al., 2011; Mayor et al., 2012).
Building on the distribution of Chl among phytoplankton
size classes developed by Uitz et al. (2008), Guidi et al.
(2015) have also shown that the composition of the phyto-
plankton ecosystem partly controls the remineralisation ef-
ficiency below the euphotic zone. A potential explanation
for this low transfer efficiency in the mesopelagic domain
in diatom-dominated ecosystems is the large contribution of
labile organic matter. This would translate in our RC formal-
ism to a high value (above 1) of the shape coefficient v (Arndt
et al., 2013). Unfortunately, more data are needed to derive
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any general relationship or trend that would be applicable in
a global model such as PISCES.

4.3 TImpact of the lability of POC on the tracers
distributions

A major effect of our variable lability parameterisation is
the decrease of the efficiency of remineralisation in the
mesopelagic domain, especially for the small particles. In-
deed, the transfer of organic matter to the deep ocean is
strongly enhanced (see Table 4). As a consequence, the RC
experiment should predict an enhanced sequestration of both
carbon and nutrients in the lower part of the mesopelagic
domain and in the deep ocean at the expense of the upper
ocean and the upper mesopelagic domain. This results in a
strong decrease by about 20 % in primary productivity (Ta-
ble 4) which is more strongly limited by both micro- and
macronutrients. The impact of the enhanced sequestration
on the nutrient distributions (nitrate, phosphate, and silicate)
remains generally modest (not shown). For instance, nitrate
concentrations are decreased by on average 0.4 and at most
2.5umolL~! in the upper 200m. In the deep ocean, they
are increased by on average about 0.08 and a maximum of
2 umol L~!. The impact on the O, distribution is larger, espe-
cially in the deep ocean where the enhanced export of organic
matter drives a more intense consumption. In the deep Pacific
and Indian oceans, O, concentrations are decreased by on
average 23 umol L™!. Over the global ocean, the RMSE be-
tween the two experiments is equal to 0.85 and 17 umol L~!
for nitrate and O, respectively.
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The largest impact of the RC formalism is predicted on
the iron distribution. Figure 11 shows the consequences of
this formalism on the zonally averaged distribution of iron in
the Pacific Ocean. The most striking feature is the strong de-
crease in dissolved Fe in the mesopelagic zone. The depth
of the maximum anomaly is variable and is roughly lo-
cated close to the isoline denoting an iron concentration of
0.55nmol Fe L~!. Two mechanisms explain this subsurface
decrease in iron. First, a less efficient remineralisation of bio-
genic iron in the mesopelagic zone decreases the release of
dissolved iron. Second, the much larger POC concentrations
in this zone drives a more intense scavenging of dissolved
iron. This explains the depth of the maximum anomaly: the
concentration of ligands in PISCES is set to 0.6 nmol Fe L ™!
everywhere (Aumont et al., 2015). Iron is strongly com-
plexed by these ligands and thus escapes scavenging by parti-
cles (Liu and Millero, 2002; Gledhill and Buck, 2012). When
the dissolved Fe concentration is getting close to the ligands
concentration, the non-complexed free dissolved iron con-
centration increases rapidly just as scavenging does.

Figure 11 also displays a comparison between the simu-
lated iron profiles of both experiments and a compilation of
iron observations (Tagliabue et al., 2012). The analysis is re-
stricted to the Pacific Ocean but similar results are obtained
in the other ocean basins. In both experiments, iron concen-
trations appear to be underestimated nmol Fe L™!) relative to
the observations, especially in the RC experiment. The ver-
tical increase in iron appears to be too steep in the noRC
experiment between 100 and 400 m. As a consequence of the
lower iron concentrations in the subsurface (see left panel of
Fig. 11), the vertical increase in iron in the RC experiment
is weaker and is more similar to the observations. However,
the iron concentrations are quite significantly underestimated
in that experiment, by about 0.15 nmol Fe L™!. This suggests
that loss due to scavenging by particles is too intense. Such
deficiency is not really surprising since the scavenging rate in
the standard model has been adjusted with POC concentra-
tions that are strongly underestimated (see Sect. 3.1). Con-
sequently, this rate has been given a high value which has
not been changed in the RC experiment despite much higher
POC concentrations.

5 Conclusions

The lability of the marine organic matter has been ex-
tensively studied in the sediments (e.g. Middelburg, 1989;
Boudreau and Ruddick, 1991; Arndt et al., 2013) and in
the ocean for the dissolved component (e.g. Amon and
Benner, 1994; Hansell, 2013; Benner and Amon, 2015).
The reactivity of POC in the ocean has received much
less attention and has been mainly investigated through its
interactions with lithogenic and biogenic inorganic parti-
cles, i.e. the ballast hypothesis (e.g. Armstrong et al., 2001;
Klaas and Archer, 2002; Iversen and Ploug, 2010). In this
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paper, we hypothesise that POC is composed of a mixture
of compounds with varying lability. We propose applying
the reactivity continuum model proposed by Boudreau and
Ruddick (1991) to study the impact a variable lability might
have on the POC distribution in the ocean and on the marine
biogeochemical cycles. We describe an efficient parameteri-
sation that has been embedded in the PISCES biogeochem-
ical model (Aumont et al., 2015) and that is analysed at the
global scale using a coarse-resolution global configuration of
NEMO.

A variable reactivity of POC leads to a large increase in
concentrations in the mesopelagic domain and in the deep
ocean, where concentrations are larger by about 1 to 2 orders
of magnitude. This increase is explained mainly by a better
preservation of small particles that sink slowly to the bot-
tom of the ocean. The simulated vertical profiles of POC and
the relative contribution of small particles to total POC are
in much better agreement with the observations. Despite this
large impact, the consequences on the nutrients distribution
and on the export production of carbon out of the euphotic
zone remain relatively small. Nevertheless, iron vertical gra-
dients in the upper ocean are significantly reduced as a result
of a stronger loss due to scavenging. Furthermore, the se-
questration of carbon in the deep ocean is increased by about
55 % relative to a model with a constant and uniform lability.

Previous modelling studies have shown that biogeochem-
ical models simulate POC distributions that exhibit signifi-
cant deficiencies which compromise their value when study-
ing trace elements (Dutay et al., 2009, 2015). Here, we show
that lability of POC may represent an explanation to these
deficiencies. However, large uncertainties remain. In partic-
ular, we have used a gamma function to describe the lability
distribution in POC as well as uniform and constant shape
and reaction coefficients in that gamma function. Unfortu-
nately, observations and experiments are currently insuffi-
cient to better constrain these uncertainties. We thus strongly
advocate for more dedicated studies to better characterise the
nature and the lability of POC, as well as its long-term evo-
lution when this organic matter ages in the water column.

Code availability. The source code of the NEMO model, including
PISCES-v2, can be found at http://www.nemo-ocean.eu/. The offi-
cial version with the lability parameterisation is available as a svn
development branch called dev_r6270_PISCES_QUOTA. To ac-
cess the NEMO svn repository, users should register on the NEMO
website at the following address: http://www.nemo-ocean.eu/user/
register. Note that many additional modifications of the standard
version of PISCES-v2 are also available in that version of PISCES.

The Supplement related to this article is available online
at doi:10.5194/bg-14-2321-2017-supplement.
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