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Abstract

Accurate projections of marine particle export production (EP) are crucial for predicting
the response of the marine carbon cycle to climate change, yet models show a wide
range in both global EP and their responses to climate change. This is, in part, due
to EP being the net result of a series of processes, starting with net primary produc-
tion (NPP) in the sunlit upper ocean, followed by the formation of particulate organic
matter and the subsequent sinking and remineralization of these particles, with each of
these processes responding differently to changes in environmental conditions. Here,
we compare future projections in EP over the 21st century, generated by four marine
ecosystem models under IPCC’s high emission scenario RCP8.5, and determine the
processes driving these changes. The models simulate small to modest decreases
in global EP between -1 and -12 %. Models differ greatly with regard to the drivers
causing these changes. Among them, the formation of particles is the most uncer-
tain process with models not agreeing on either magnitude or the direction of change.
The removal of the sinking particles by remineralization is simulated to increase in the
low and intermediate latitudes in three models, driven by either warming-induced in-
creases in remineralization or slower particle sinking, and show insignificant changes
in the remaining model. Changes in ecosystem structure, particularly the relative role
of diatoms matters as well, as diatoms produce larger and denser particles that sink
faster and are partly protected from remineralization. Also this controlling factor is af-
flicted with high uncertainties, particularly since the models differ already substantially
with regard to both the initial (present-day) distribution of diatoms (between 11-94 % in
the Southern Ocean) and the diatom contribution to particle formation (0.6—-3.8 times
lower/higher than their contribution to biomass). As a consequence, changes in diatom
concentration are a strong driver for EP changes in some models but of low signifi-
cance in others. Observational and experimental constraints on ecosystem structure
and how the fixed carbon is routed through the ecosystem to produce export produc-
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tion are urgently needed in order to improve current generation ecosystem models and
their ability to project future changes.

1 Introduction

Oceanic export production (EP) controls the input of particulate organic matter into
the mesopelagic zone and reduces surface ocean CO, content, thereby directly influ-
encing oceanic carbon uptake (Falkowski et al., 2003; Sarmiento and Gruber, 2006).
Accurate projections of global warming-driven changes in EP are therefore crucial for
predicting the oceanic feedback to climate change. The majority of modelling studies
that analysed future changes in EP suggested decreases in global integrated future EP
(Bopp et al., 2001, 2005; Schmittner et al., 2008; Steinacher et al., 2010; Marinov et al.,
2013; Taucher and Oschlies, 2011), however the magnitude of the global changes is
uncertain. Among CMIP5 models, EP changes range from -5 to —20 % under RCP8.5
(Bopp et al., 2013; Cabré et al., 2014; Fu et al., 2015). Understanding the underlying
drivers of EP changes is indispensable to reduce the uncertainty in current projections.
Much work has been spent on analysing drivers of net primary production (NPP) as
one of the main drivers for export in models (Steinacher et al., 2010; Dutkiewicz et al.,
2013; Laufkétter et al., 2015). Stratification-induced decreases in nutrient supply in
the low latitudes have been suggested as the main driver of NPP changes (Bopp et al.,
2005; Steinacher et al., 2010; Marinov et al., 2013). Additionally, Laufkétter et al. (2015)
showed warming-induced increases in grazing pressure and other loss processes as
an important additional factor responsible for reduced future biomass and NPP. In the
Southern Ocean, models project an increase in NPP and EP, but there is no agreement
on the mechanisms among the models (Laufkétter et al., 2015; Hauck et al., 2015).
Beyond the modification by changing NPP, future projections of EP are also affected
by changes in the e-ratio (also called export efficiency), the fraction of NPP that is ex-
ported through the 100 m depth level. The e-ratio represents the net effect of a variety
of poorly understood processes that govern the formation of sinking particles in the
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upper ocean and the decomposition and re-packaging of sinking particles through the
water column. Active scientific debate surrounds the contribution of different zoo- and
phytoplankton functional types to particle formation (Smetacek et al., 2012; Lomas and
Moran, 2011), the importance of a ballasting effect of minerals by protection against
degradation or by an increase in the density and hence faster sinking speed (Arm-
strong et al., 2002; Klaas and Archer, 2002; Wilson et al., 2012; Iversen and Robert,
2015) and temperature effects on particle formation and remineralization (Kim et al.,
2011; Marsay et al., 2015). Marine ecosystem models reflect this ongoing research by
incorporating different processes in their equations, e.g., some models include mineral
ballasting effects (Moore et al., 2002; Dunne et al., 2012), other models parameter-
ize different particle size classes with different sinking speeds or particle aggregation
effects (Aumont and Bopp, 2006). While several publications have analysed trends in
NPP, the processes affecting particle formation and sinking have received considerably
less attention. In previous studies, decreases in diatom biomass have been shown to
be the main driver for global e-ratio changes in the models PISCES and BEC (Bopp
et al., 2005; Marinov et al., 2010, 2013; Lima et al., 2014).

In this work we identify and compare the drivers responsible for the future global
export and e-ratio changes projected by four marine ecosystem models run under
the Intergovernmental Panel on Climate Change (IPCC) Representative Concentra-
tion Pathways (RCP) scenario 8.5 (van Vuuren et al., 2011). We show that changes in
NPP and changes in e-ratio are of equal importance for the projected changes in export
production. We then analyse the carbon fluxes through the modelled ecosystems and
the processes and environmental forcing variables causing the changes in e-ratio. Our
results show that models differ strongly in the dominant carbon pathways through the
ecosystem and the sinking behaviour of particles. Consequentially, we find no agree-
ment on the processes leading to the changes in e-ratio. In particular, the effects of
changes in relative diatom contribution to total biomass exhibit strongly opposing ef-
fects both regionally and between models.
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2 Model descriptions

We analyse projections from 4 marine ecosystem models coupled to or forced with
different Earth System Models for the 2012—2100 period under IPCC’s emission sce-
nario RCP8.5. We included all model projections in our study where the carbon fluxes
between the plankton types and the sinking particle pool are available or recalcula-
ble. We refer to the projections using the ecosystem model name. Two of the simu-
lations (models BEC — Moore et al., 2002 and REcoM2 — Hauck et al., 2013) were
obtained from the “MARine Ecosystem Model Intercomparison Project” (MAREMIP,
http://pft.ees.hokudai.ac.jp/maremip/index.shtml, Vogt et al., 2013; Sailley et al., 2013;
Hashioka et al., 2013). The other two simulations (PISCES — Aumont and Bopp, 2006
and TOPAZ — Dunne et al., 2013) are ensemble members of the Coupled Model In-
tercomparison Project 5 (CMIP5, Taylor et al., 2012) runs of these models. The main
references describing the models and further information on model set-up, resolution
and spin-up time are given in Table 1. An overview on the ecosystem models is given
in Table 2. The ecosystem models differ in the number of plankton functional types
(PFTs) they consider, in the dependence of phytoplankton growth on light, nutrients
and temperature, in cell stochiometry, in carbon routing through the ecosystem and in
sinking behaviour of the particles. In terms of PFT structure, all models parameterize
at least two phytoplankton PFTs, diatoms and nanophytoplankton, and one zooplank-
ton type. TOPAZ and BEC additionally model a diazotrophic phytoplankton, PISCES
differentiates between meso- and microzooplankton. REcoM2 parameterizes nutrient
limitation by three different nutrients (nitrate, iron and silicate). The other models addi-
tionally include phosphate and ammonium. In this work we focus on the carbon fluxes
within the ecosystem and on export production, which will be described in the follow-
ing. The full equations and parameters for particulate organic carbon formation and
sinking in the individual models are given in the Appendix. For the equations governing
phytoplankton growth and NPP in all models, we refer to Laufkétter et al. (2015).
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2.1 Carbon fluxes in the ecosystem models

In the following we describe the processes related to formation and sinking of non-living
particulate organic carbon in the models as illustrated in Fig. 1. We do not consider
here the generation, decomposition, and export of dissolved organic carbon (DOC),
even though DOC contributes about 20 % to global export (Najjar et al., 2007; Hansell
and Carlson, 2002). This choice is motivated by particle export being much better con-
strained by observations and also because the DOC export fluxes are seldom available
from models (unless specifically saved) owing to the need to compute them from a full
physical flux analysis.

Organic carbon is created during net primary production (NPP) of the phytoplankton
functional types (p-PFTs) within the euphotic zone. We only consider NPP in the upper
100 m. NPP; of a p-PFT / is calculated in all models as the product of carbon biomass
P; and its growth rate u;. The growth rate is modified by light and nutrient limitation and
temperature. Total NPP is the sum of NPP; of the respective p-PFTs:

NPP = > 1, x P, (1)
i

Organic carbon is then routed through the simulated ecosystem components, partly
forming new biomass, partly being converted back to inorganic carbon or dissolved
organic carbon and partly forming non-living particulate organic carbon (POC), in the
following called sinking particles or just particles.

The mechanisms by which sinking particles are formed are faecal pellet production
z0o,—phyto;

POC

of the different phytoplankton and zooplankton types (A;Doc’ not parameterized in all

models). In PISCES, particles also originate from the aggregation of dissolved organic

carbon (DOC), moreover PISCES also parameterizes zooplankton grazing on particles.

An overview of which mechanism is included in which model is shown in Table 3. In all

models, the total particle formation is then modeled as the sum of the organic carbon
19947
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arriving into sinking particles via the different pathways:

particle formation = ZG;g)é_)phytoi + 2 Avoc @
ij f

Once formed, particles start sinking towards the ocean interior. During sinking, par-
ticles are subject to degradation and remineralization, that is, they are transformed
back into their inorganic constituents by zooplankton and bacteria. As a result, particle
concentration decreases with depth. The amount of particles that survive degradation
in the upper ocean depends on the strength of remineralization/degradation and the
particle sinking speed.

In the parameterizations of the models, particle degradation depends linearly on
particle concentration and is temperature dependent in REcoM2 and PISCES but in-
dependent of temperature in TOPAZ. REcoM2 considers one class of particles, which
sink with a sinking speed that increases with depth (Hauck et al., 2013; Kriest and Os-
chlies, 2008). PISCES differentiates between two types of particles, small and large,
that sink with different sinking speeds (Aumont and Bopp, 2006). BEC and TOPAZ pa-
rameterize a ballasting effect on the particles, where a fraction of the carbon that is
associated with mineral ballast is protected from remineralization (Moore et al., 2013;
Dunne et al., 2013). Moreover, in BEC a fraction of the organic carbon is associated
with a ballasting material (silicate, CaCOg or lithogenic dust) and therefore has a longer
remineralization lenght scale (Moore et al., 2004, 2013).

We define particle export production (EP) as the amount of particles that sink through
the 100 m depth level. The fraction of NPP that contributes to EP is often called e-ratio

(or export efficiency):
EP
e-ratio = W (3)

The e-ratio summarizes both the formation and the sinking of particles. We therefore
decompose it into two ratios which describe the efficiency with which particles are
19948
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formed and the efficiency with which particles are sinking, respectively:
e-ratio = p-ratio x s-ratio (4)
where the p-ratio is the fraction of NPP that is formed to particles:

particle formation

-ratio =
p-ratio NPP

(5)

and the s-ratio the fraction of particles that escape remineralization at surface and sink
through the 100 m depth level:
s-ratio = EP (6)

particle formation

If the p-ratio is high, a large fraction of NPP is turned into POC. If the s-ratio is high,
a large fraction of the particles sinks through the 100 m depth level, i.e. only a small
part is remineralized. A conceptional illustration of the different ratios is shown in Fig. 1.

2.2 Factors influencing the p-ratio

The p-ratio (the efficiency of particle formation) can be calculated as the sum of the
efficiencies of the particle formation mechanisms, that is

200, —phyto; i
2ij8poc  *2iAPoc
NPP

p-ratio = (7)
In the following we describe the factors influencing efficiency of particle formation dur-
ing aggregation and grazing. We use the terms “grazing efficiency” and “aggregation
efficiency” to describe the efficiency of particle formation, i.e. the fraction of NPP that
is transformed into particles via grazing and aggregation processes, respectively.
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2.2.1 Particle formation via phytoplankton aggregation

Phytoplankton aggregation describes the collision and coagulation of phytoplankton
cells which results in larger aggregates that sink (Burd and Jackson, 2009). In all
models (except for TOPAZ that does not account for aggregation), aggregation losses
of phytoplankton depend quadratically on biomass, such that they are small at low
biomass levels but become increasingly important under bloom conditions. In BEC and
PISCES they are calculated as:

Abocipisces, Bec) = Pi P? (8)
where p; denotes a mortality rate which is constant and has the same value for di-
atoms and nanophytoplankton in both models (see Appendix for parameter values).
P; denotes the biomass of PFT /. In BEC Eq. (8) is modified such that for biomass
concentrations > 22 mmolC m™2 aggregation grows linearly with biomass. BEC also
parameterizes an additional linear mortality of phytoplankton, but the rates are very
low and are therefore not discussed here. In PISCES the aggregation rate is reduced
by 99 % below the mixed layer depth. Moreover, aggregation increases under nutri-
ent limitation for diatoms, resulting in an increasingly higher diatom aggregation than
nanophytoplankton aggregation under stronger nutrient limitation. While in BEC and
PISCES the aggregation of PFT / depends on biomass of / as described in Eq. (8),
the aggregation of PFT / in REcoM2 depends on the total living and dead particle
concentration, i.e. J includes diatoms, nanophytoplankton and detritus:

A:’OC{REcoMz} =2 (P xP)xP,
jed
Resulting from the form of the aggregation equation and the associated parameter
choices in REcoM2, aggregation depends on total biomass in REcoM2 but is indepen-
dent of the diatom fraction. In contrast, in both BEC and PISCES high and low diatom
fractions allow higher aggregation than intermediate diatom fractions.
19950
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Aggregation of dissolved organic carbon (DOC) to small and big particles (POCq,
POC,) is parameterized only in PISCES and is calculated as

¢pPOC—POC; _ By x S X DOC? + @, x 5, x DOC x POCg + o5 x DOC? (9)

PPOC—POC, = ¢, x 5, x DOC x POC, (10)
Here, ¢, are constant aggregation rates, and s, denotes the shear rate set to 1 s

within the mixed layer and 0.01 s~ elsewhere.
2.2.2 Particle formation via grazing

Another important source of particles is faecal pellet production during grazing. Particle
formation during grazing is generally calculated as:

200, —phyto; N
G- I~ f POC

POC graz X Umax x Tr x {P-dependence} x Z;

(11)
with fg_r;':OC denoting the fraction of the grazed material that is routed to POC which
is constant in three of the four models, however in BEC a bigger fraction of grazed
diatoms is routed to POC than grazed nanophytoplankton. u,,,, denotes the maximal
grazing rate and is also constant in all models. In BEC and REcoM2, the grazing rate
is higher on nanophytoplankton than on diatoms due to parameter choices; in PISCES
the microzooplankton grazing rate is constant/independent of prey but higher than the
mesozooplankton grazing rate. 7; describes the temperature sensitivity of zooplank-
ton grazing. All models use the same temperature function for phytoplankton growth
and zooplankton grazing, except for mesozooplankton in PISCES which has a stronger
temperature dependence (Q1 meso = 2:14, Q10 other = 1.8 IN PISCES). Z; denotes zoo-
plankton biomass, and P dependence describes the dependence on phytoplankton
biomass. Three models use a Holling type Il function (sigmoidal shape, both low end
threshold and high end saturating P dependence) for P dependence, albeit with dif-
ferent parameterizations. Mesozooplankton grazing in PISCES uses a Holling type |l
19951

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

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/12/19941/2015/bgd-12-19941-2015-print.pdf
http://www.biogeosciences-discuss.net/12/19941/2015/bgd-12-19941-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

function (saturating dependence without a low threshold). Additionally, PISCES is the
only model that parameterizes grazing on particles. Mesozooplankton grazes on large
particles according to a Michaelis—Menten type function:

GMeso—POC — g x @7 x T, x POCy, X Zneso (12)
with g denoting the maximum grazing rate on particles and @"°% is the sinking
speed of the big particles. The sinking speed @"9% increases with depth but does not
change over time.

Particle formation in TOPAZ differs in several ways from particle formation in other
models. First, TOPAZ does not calculate aggregation or mortality of phytoplankton;
grazing is the only phytoplankton loss rate and also the only mechanism with which
particles are produced. Second, zooplankton grazing is modeled implicitly and does
not depend on zooplankton biomass. Finally, the fraction of grazed material that is
routed to POC (fgg':oc) is not constant like in the other models but depends on tem-
perature, with higher temperatures leading to lower POC formation in favour of DOC
production and remineralization. In contrast to the other models, grazing on diazotrophs
in TOPAZ also leads to particle formation, however less than 1 % of NPP is transfered
along this pathway and hence we will not discuss diazotroph grazing further. Finally,
a much higher fraction of grazed diatoms is routed to POC (93 % of diatoms vs. 18 %
of nanophytoplankton at 0°C).

2.2.3 Particle formation via zooplankton mortality

The last mechanism by which particles are created in models is zooplankton mortality,
which represents mortality due to consumption by higher trophic levels that are not
explicitly modeled. Zooplankton mortality is calculated as a function of zooplankton
concentration. The functional form varies among models with some models assuming
a quadratic dependency (REcoM2, PISCES) and others assuming both a linear and
a quadratic dependency (BEC). In TOPAZ, the carbon due to zooplankton mortality

19952
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is immediately remineralized and therefore not further discussed here. In REcoM2,
zooplankton mortality is calculated as

t
ZREcome (13)

with Z denoting zooplankton biomass and p,,, a mortality rate. The biomass loss due
to mortality is entirely routed to the sinking particle pool. BEC uses the sum of a linear
and a quadratic mortality:

t
Zges (14)

with m,,, denoting a linear mortality rate and Z, p,,, as above. Particle formation during
zooplankton mortality depends on the food source, with a higher fraction being routed
to POC when grazing on diatoms as zooplankton is assumed to represent rather larger
mesozooplankton when feeding on diatoms.

In PISCES, microzooplankton mortality is a function of zooplankton biomass, more-
over it depends on temperature (7;) and on oxygen levels:

= Pzo0 x Z°

- 2
- mzooZ + pzooZ

Zmicromort _ Zmicro

PISCES = Mmicro X Tr X X Zmicro % F(O2) (15)

Kmicro + Zmicro

The oxygen factor f(O,) is set to 1.0 for oxygen levels > 6 umol O, L~" and decreases
strongly below 6 umol O, L™ In contrast to the other models, PISCES separates be-

tween meso- and microzooplankton. Mesozooplankton mortality consists of a linear
part and a quadratic closure term:

Zmeso

+Z

35 % of the biomass losses due to microzooplankton mortality and the linear part of
mesozooplankton mortality are routed to the small particle pool. The mesozooplankton
biomass loss due to the quadratic closure term is routed to big particles.

In addition to the mortality losses, microzooplankton suffers grazing losses from
mesozooplankton.

Zmesomort _

pISCES = Mmeso X T X (16)

2
X Zmeso X F(O02) + Pmeso X Zmeso
meso

K,

meso
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2.3 Data processing

Our analysis is based on depth-resolved monthly mean output for the 2012-2100
period. To enable comparison between models, we regridded the PISCES output to
a 360° x 180° grid using the bilinear regridding algorithm of the Earth System Modeling
Framework (ESMF) as part of the NCAR Command Language (NCL) version 6.1.2.
All other models (BEC, TOPAZ and REcoM2) provided output on a 360° x 180° grid.
The carbon fluxes through the ecosystem (grazing, aggregation and mortality fluxes)
were not included in the BEC output and have been recalculated using monthly mean
data and the equations as given in the Appendix. All changes presented in this work
have been calculated by taking the difference between the 2012—-2031 and 2081-2100
periods. The diagrams showing the mean carbon fluxes in different regions have been
calculated by taking temporal and spatial averages for the first 20 years of model out-
put.

3 Model evaluation

The models presented in this study have all been evaluated against observations in-
dividually in previous studies (see references in Table 1). Moreover, a detailed eval-
uation of the sinking particle flux will be done in Lima et al. (2015). In the following,
we give a brief overview on model skill in simulating the most important variables for
this work. A comparison between observational estimates for global NPP and export
production is given in Table 4. Modeled NPP ranges between 24.1 GtCyr‘1 (PISCES)
and 81.3 GtCyr'1 (TOPAZ), the latter exceeding the satellite-based estimates of NPP
(50.7+9.5 GtCyr‘1, Carr et al., 2006). A further evaluation of NPP including its spa-
tial structure is given in Laufkétter et al. (2015). The simulated global annual particle
export fluxes (EP) range from 4.6 to 7.7 GtCyr‘1, which is at the lower end but within
the range of the observational estimates (Table 4). A regional comparison between
modeled average export production during the 2012—2031 period and observational
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estimates of annual mean export production by Henson et al. (2012) and Dunne et al.
(2007) is given in Fig. 2. We have chosen to show two satellite-based estimates to
reflect the wide range in current observational estimates. All models capture the gen-
eral spatial pattern shown in the observations, with low values (< 2molCm? yr‘1) in
the subtropical gyres and higher values (> 5 molC m? yr‘1) in upwelling regions and in
the intermediate and high latitudes, particularly in the North Atlantic and the Southern
Ocean. This is reflected in high spatial correlation between modeled and observed ex-
port (between 0.65 and 0.76 for all models and all export estimates). In terms of bias,
BEC and TOPAZ are closer to the estimates by Dunne et al. (2007) in the low latitudes,
while PISCES and REcoM2 are closer to the Henson et al. (2012) estimate. In the
high latitudes, all models are closer to the Dunne et al. (2007) estimates. However, the
database of 2**Th-derived export measurements used for the Henson et al. (2012) es-
timate has a considerable scatter in cold waters, which might explain the discrepancy
between the Henson estimate and other observational estimates in the high latitudes
(Henson et al., 2011).

Next, we compare the grazing flux in the model output with observations of grazing.
We use the fraction of NPP that is grazed by microzooplankton reported from Cal-
bet and Landry (2004) and the fraction of NPP that is grazed by mesozooplankton
(obtained by dividing the mesozooplankton grazing estimate by Calbet, 2001 with the
NPP estimate by Behrenfeld and Falkowski, 1997). As grazing is the only loss term
for phytoplankton in TOPAZ (besides physical advection/subduction), grazing must bal-
ance NPP almost completely in TOPAZ and a comparison with grazing observations
has only limited relevance. According to measurements by Calbet (2001) and Calbet
and Landry (2004), between 70 and 86 % of NPP is grazed globally by meso- and
microzooplankton. BEC and PISCES have values of 77 and 78 % that are within the
range of this estimate. PISCES is in terms of microzooplankton grazing at the lower
end of the observations but has a twice as high mesozooplankton grazing. In REcoM2,
zooplankton grazing is very low and outside of the observational range. Parameters
for zooplankton in REcoM2 were chosen to represent copepods, which are relatively
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slow and inefficient grazers. As a result, grazing rates are lower in REcoM2 than in the
other models. NPP therefore has to be nearly balanced by phytoplankton aggregation.
The formulation for aggregation is functionally similar to the implicit grazing in TOPAZ,
although independent from temperature. Aggregation could therefore be considered to
include particle production by microzooplankton grazing. An evaluation of global rates
of aggregation is not possible due to the lack of such numbers in the literature. Regional
studies suggest that aggregation can contribute up to 30 % of particle formation in the
Southern Ocean (Laurenceau et al., 2015) but varies with season (Laurenceau et al.,
2015; Ebersbach and Trull, 2008). Aggregation can also dominate particle production
in oligotrophic regions (Richardson and Jackson, 2007; Lomas and Moran, 2011).
Finally, we compare the contribution of diatoms to total export within the models
and to observational constraints obtained with a nutrient restoring approach (Jin et al.,
2006). Jin et al. (2006) combine observations of nitrate, silicic acid and alkalinity with
a simple ecological/biogeochemical model to approximate the contribution of diatoms
(and other PFTs) to total carbon export. They conclude that diatoms drive 36—43 % of
global organic carbon export. We show the contributions of diatoms to particle forma-
tion in Table 4 for all 4 models. However, only in REcoM2 does the value correspond to
the diatom contribution to total EP as all particles have the same sinking speed. In the
other models, the diatom contribution to total EP is potentially higher than the contribu-
tion to particle formation due to different sinking behaviours of the particles. Addition-
ally, it is not possible to determine how much of the POC production via zooplankton
mortality stems originally from diatoms. While for most models the POC production via
zooplankton mortality is rather low, we might miss up to 16 % of diatom contribution to
total export in PISCES. REcoM2 simulates diatom contributions close to the Jin et al.
(2006) estimate. BEC and TOPAZ are presumably also within this range. PISCES has
a rather low diatom contribution to particle formation. However, as particles produced
by diatoms have a much higher sinking speed than particles produced by nanophyto-
plankton in PISCES, the contribution of diatoms to EP might be substantially higher.
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4 Results
4.1 Changes in export production

In the following, we describe the projected changes in export production (EP) and
quantify the importance of changes in NPP and e-ratio as drivers for EP changes.
We then disentangle the effects of changes in particle formation and particle sinking
(Sects. 4.2 and 4.3) on the e-ratio.

The differences in export production relative to the present state in the individual
models between the 2012-2031 average and the 2081-2100 average are shown in
Fig. 3. All models project net decreases in EP in the low latitudes (30° S—30°N) of
between —2 and —25 % (0.3 and 0.5 GtCyr™'). The region with the strongest disagree-
ment in projected changes between the four models is the eastern tropical Pacific,
where BEC projects increases of up to 35% (0.5 moICm'Zyr‘1), PISCES projects
strong relative decreases (—40% or -0.8 moICm‘zyr_1), and TOPAZ and REcoM2
show a heterogeneous pattern of change. In the Southern Ocean, all models project
increases in EP, however while PISCES only simulates increases south of 60° S, RE-
coM2 and BEC simulate increases also in the intermediate latitudes south of 40° S and
TOPAZ simulates a heterogenous pattern of changes. The temporal evolution of global
EP (and also NPP, e-ratio, p-ratio and s-ratio as described in Sect. 2) is, apart from
the inter-annual variability, monotonically and homogeneously decreasing, except for
REcoM2 which does not show a significant change in global EP. A figure can be found
in the Supplement.

The projected changes in EP are caused by a combination of changes in NPP and
changes in the e-ratio. To understand the relative importance of these drivers, we de-
compose the changes in EP with a first-order Taylor decomposition into the sum of the
contributions of NPP and e-ratio:

OEP = (aNPP X e-ratio) + <6e-ar?t|o x NPP) + Residual

17
ot ot (a7
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here, the ratios are calculated first using the full time- and space-resolved model out-
put. The Taylor decomposition is then performed using the ratio fields, we use the
difference between the 2012-2031 average and the 2081-2100 average as estimate
for the partial derivatives %. Zonal averages of this decomposition are shown in Fig. 4
for each individual model.

In all four models, the residual is close to zero, allowing us to quantify the relative im-
portance of changes in NPP and changes in e-ratio for given changes in EP. In PISCES,
the changes in EP are almost exclusively driven by changes in NPP in almost all lati-
tudes. Only in the Southern Ocean do e-ratio changes have a more pronounced effect
on EP changes. In contrast, the TOPAZ changes in EP are almost exclusively driven by
changes in e-ratio. Only in the high latitudes do increases in TOPAZ NPP substantially
influence the changes in EP. In BEC and REcoM2, e-ratio and NPP changes contribute
roughly equally to EP changes in the low latitudes, while NPP changes have a some-
what stronger influence in the Southern Ocean.

The changes in NPP in all models used in this study have been extensively described
in Laufkoétter et al. (2015) and the main drivers and associated uncertainties have been
analysed. In this work we focus on the drivers of the changes in the e-ratio and refer
the reader to Laufkétter et al. (2015) for details on changes in NPP.

4.2 Particle formation and particle sinking

To study the drivers of the changes in e-ratio, we decompose the e-ratio into the p-
ratio (formation of particle relative to NPP, Eq. 5) and the s-ratio (sinking of particles,
Eq. 6) as introduced in Sect. 2.1. Average values for the 2012-2031 period of the three
efficiencies are shown in Fig. 5b and c for the low (30° S—30°N) and high latitudes
(> 60°S/N). There is a substantial variation in magnitude of all three ratios and also
in the relative importance of particle formation and particle sinking, both between dif-
ferent regions and also between different models. The average e-ratio varies between
0.2 and 0.38 in the high latitudes and between 0.11-0.20 in the low latitudes. In the
low latitudes, two models (REcoM2 and PISCES) have a high p-ratio (0.45 and 0.5 re-
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spectively) and a somewhat lower s-ratio (0.3-0.35). The other two models (BEC and
TOPAZ) have a low p-ratio (0.1, 0.22) but a high s-ratio (0.55 and 0.8 respectively).
In the high latitudes, models simulate p-ratios between 0.25 and 0.65 and s-ratios be-
tween 0.3 and 0.8.

4.3 Relative contribution of changes in p-ratio and s-ratio for changes in
e-ratio

To understand the relative importance of changes in p-ratio and s-ratio for the changes
in e-ratio we use another first order Taylor decomposition:

J(e-ratio) O(p-ratio) _ J(s-ratio)
= -rat _
T ( T x s-ratio | + kT

x p-ratio) + Residual (18)

Again the difference between the 2012—-2031 average and the 2081-2100 average
were used as estimate for the partial derivatives %. The resulting components of the
decomposition are shown in Fig. 6. As was the case with EP, the residuals are close
to zero in most models, allowing us to separate the relative contributions of changes
in p-ratio and s-ratio to the changes in e-ratio. The only exception are the low latitudes
in PISCES where the residual is almost equally large as the change in e-ratio. There-
fore we cannot quantify the relative contributions of the changes in p-ratio and s-ratio
in PISCES. We do see however that the changes in p-ratio and s-ratio tend to act
in opposite directions in PISCES and therefore partly balance each other. In TOPAZ,
changes in e-ratio are entirely driven by changes in particle formation, the s-ratio re-
mains constant in both the high and low latitudes. Particle production (and e-ratio)
decrease relatively by about -7 % in the low latitudes, increase in the Southern Ocean
and decrease in the Arctic. REcoM2 simulates increases in p-ratio in both the low and
high latitudes. In the low latitudes, the increase is offset by decreases in s-ratio, result-
ing in decreases in e-ratio (-7 %). In contrast, in the high latitudes the s-ratio shows
rather small changes and particle formation is the main driver for changes in e-ratio,
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leading to an increase in e-ratio (+5 %). BEC projects small decreases in particle for-
mation and s-ratio in the low latitudes, resulting in a 5% decrease in e-ratio. In the
high latitudes, p-ratio decreases substantially (-20 %) but s-ratio strongly increases
(+10%), resulting in an decrease in e-ratio of =10 %.

In summary, changes in p-ratio are the main driver of changes in e-ratio in TOPAZ,
and in REcoM2 and PISCES in the high latitudes. In BEC, in the low latitudes p-ratio
and s-ratio both cause about half of the decrease in e-ratio. In all other cases, i.e.
in REcoM2 and PISCES in the low latitudes and in BEC in the high latitudes, p-ratio
and s-ratio both contribute significantly to changes in e-ratio but tend to have opposite
signs.

4.4 Carbon transfer through the ecosystem

In this section we build on our quantitative analysis in the last section towards a more
mechanistic evaluation of the processes underlying changes in particle formation under
climate warming in the various models. First we show the relative importance of the
different particle formation processes for total particle formation in different models and
regions.

Organic carbon is created during NPP and then routed through the ecosystem fol-
lowing different pathways, partly forming new living biomass, partly formed to dissolved
organic carbon, partly being converted back to inorganic carbon during remineraliza-
tion processes and partly arriving at the POC pool, some of which is exported from the
upper water column. The mechanisms through which sinking particles are produced
in models are (i) faecal pellet production during grazing (from now on called “diatom
grazing flux” "nanophytoplankton grazing flux”) and (ii) aggregation or mortality of the
different phyto- and zooplankton types. In PISCES, particles are additionally formed via
the aggregation of dissolved organic carbon. The particle formation is then modeled as
the sum of the organic carbon arriving in the sinking particle pool via the different path-
ways (see Sect. 2 and Fig. 1).
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Figure 7 shows the average efficiency of the particle formation processes (the com-
ponent summations of the p-ratio in Eq. 7, i.e. efficiency of aggregation, faecal pellet
production during grazing and zooplankton mortality) during the 2012—-2031 average
in the four models for the high and low latitudes. The diagram consists of boxes that
indicate the structure of the ecosystem by representing the relative contributions of
diatoms, nanophytoplankton and zooplankton to total biomass. Arrows pointing from
the biomass components to the POC pool symbolise the efficiency of the respective
carbon pathways, i.e. the fraction of NPP that is routed along that pathway. To en-
able a comparison between the models, we summarize the two zooplankton types in
PISCES in just one zooplankton compartment, and include particle production during
grazing of mesozooplankton on microzooplankton in zooplankton mortality. Moreover,
PISCES parameterizes grazing on particles, and the net effect on particle formation
is depicted with the arrow pointing from POC to zooplankton biomass. Aggregation of
DOC to sinking particles is only considered in PISCES and is symbolised by an ar-
row from the left pointing to POC. In TOPAZ, a small fraction of carbon originates from
grazing on diazotrophs, and this part has been included in the grazing on nanophy-
toplankton. TOPAZ does not simulate any contribution of direct mortality of phyto- or
zooplankton to POC.

The models show substantial differences in the efficiency of the different carbon path-
ways, i.e. the fraction of NPP that is routed along that pathway. In the low latitudes
(30° S—30° N), aggregation of nanophytoplankton and to a smaller extent aggregation
of diatoms represent the main sources of POC in REcoM2 (25.7 and 14.2 % of NPP, re-
spectively). In BEC and in TOPAZ, the nanophytoplankton grazing flux (14.0 and 5.5 %
of NPP, respectively) and to a lesser extent the diatom grazing flux (4.7 and 3.3 % of
NPP, respectively) are the largest fluxes. PISCES has the most complex carbon rout-
ing among the models in this study. Zooplankton mortality (including mesozooplankton
grazing on microzooplankton, 26.4 % of NPP) provides the largest flux of carbon to par-
ticulate organic carbon. Nanophytoplankton grazing flux and aggregation of particles
are the second and third largest carbon fluxe in PISCES (16.0 and 12.0 %, respec-
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tively). However, in PISCES zooplankton not only produce particles but also graze on
particles, such that about half of the 46.7 % of NPP that is transferred to POC by graz-
ing and zooplankton mortality is grazed again.

In the high latitudes (> 50° N/S), the carbon routing is substantially different than at
low latitudes in most models, reflecting a higher diatom relative contribution to biomass
and lower temperature. In REcoM2 and BEC, diatom aggregation is the strongest car-
bon flux, about 45 % of NPP is transformed to POC along that pathway in both mod-
els. In TOPAZ, grazing is the only particle formation pathway and the diatom grazing
flux (17.3 % of NPP) dominates over nanophytoplankton grazing flux. PISCES shows
a much less efficient grazing of particles in the high latitudes (7.1 %) compared to the
low latitudes, leaving net zooplankton mortality and the nanophytoplankton grazing flux
the largest fluxes (16.2 and 16.9 % of NPP, respectively). In addition, 9.8 % of NPP is
transformed to POC via diatom aggregation (0.5 % in the low latitudes). Aggregation of
DOC is only half as strong in the high latitudes (6.7 %) compared to the low latitudes.

4.5 Changes in carbon transfer through the ecosystem

The observed changes in p-ratio (described in Sect. 4.3) are a result of changes in
the efficiency of carbon transfer along the different pathways. The efficiency of carbon
transfer is defined as the magnitude of the carbon transfer relative to NPP (Eq. 7).
We describe the changes in efficiency of carbon transfer as the change in percent-
age of NPP [%NPP] that is transferred along the respective pathway. As an example
we describe an increase in efficiency of a pathway from e.g. 12 to 14 % of NPP with
+2 [%NPP]. The changes in efficiency in each particle formation mechanism are shown
in Fig. 7 in the low latitudes and Southern Ocean for all models.

TOPAZ projects small decreases of —0.55[%NPP] in particle formation efficiency
in the low latitudes and increases of +0.5[%NPP] in the high latitudes. As TOPAZ
has a low p-ratio at the beginning of the simulation (< 10 % of NPP is transformed to
particles in the low latitudes), these changes have a significant impact. The changes
in export in TOPAZ are almost exclusively driven by changes in p-ratio, as both NPP
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and s-ratio stay almost constant (Figs. 4 and 6). The changes in particle formation are
caused by higher grazing efficiency of diatoms in the high latitudes and of lower grazing
efficiency of both phyto-PFTs in the low latitudes, in both regions following changes in
diatom and small phytoplankton biomass (Fig. 7). Mortality and aggregation are not
considered in TOPAZ.

REcoM2 projects increases in p-ratio of +0.8 and +3[%NPP] in the low latitudes and
Southern Ocean, respectively (Fig. 7). Note that REcoM2 does not simulate the Arctic,
therefore we discuss results for the Southern Ocean instead of the high latitudes. The
changes in both regions are almost exclusively composed of changes in aggregation,
reflecting the high importance of these carbon pathways in this model (Fig. 7). The
changes in aggreagation are mostly driven by changes in diatom and nanophytoplank-
ton biomass. As discussed in Sect. 3, aggregation in REcoM2 can be considered to
include contributions of microzooplankton grazing by model design.

BEC projects decreases in p-ratio in the high latitudes (-5[%NPP]), mainly
through a decrease in efficiency of diatom and nanophytoplankton aggregation (-3.5,
—-1.5[%NPP], respectively, caused by lower biomass in large regions of the high lat-
itudes. The —0.6 [%NPP] decrease in p-ratio in the low latitudes is caused by lower
diatom grazing efficiency and diatom aggregation efficiency, caused by decreases in
diatom biomass (Fig. 7).

PISCES projects strong decreases in p-ratio in the high latitudes (-7.5[%NPP]) and
increases in the low latitudes (+0.5[%NPP], Fig. 7). In the high latitudes, decreases in
grazing on nanophytoplankton and microzooplankton mortality are responsible for the
net changes. In the low latitudes the strongest changes in particle formation efficiency
are (i) due to a more efficient aggregation of DOC to sinking particles (+1[%NPP]) and
increases in efficiency of zooplankton mortality (+0.5[%NPP]), and (ii) in relation to
NPP more particle are grazed (—1[%NPP]) which partly compensates the aforemen-
tioned increases (Fig. 7).

In summary, two models (REcoM2 and PISCES) simulate an increase in p-ratio in
the low latitudes, however for different reasons. In REcoM2, increases in small phyto-
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plankton biomass lead to stronger and more efficient small phytoplankton aggregation.
In PISCES, the changes in p-ratio are mainly caused by strong decreases in NPP,
while aggregation of DOC to POC and also mesozooplankton mortality only slightly
decrease and therefore relative to NPP increase. BEC and TOPAZ simulate decreases
in p-ratio in the low latitudes, driven by decreases in diatom biomass. In the South-
ern Ocean, TOPAZ and REcoM2 simulate increases in p-ratio, driven by increases in
diatom biomass. BEC and PISCES simulate decreases in p-ratio, in both models as
a net effect of regional biomass decreases.

4.6 Changes in particle sinking efficiency (s-ratio)

Independent of the specific model parameterizations, the s-ratio is affected by the depth
at which particle formation occurs. For example, if the particle formation shifts towards
the surface, the particles have to overcome a longer distance during which they are
prone to remineralization processes and the s-ratio will decrease. We did not observe
significant changes between the 2012-2031 average and the 2081-2100 average in
the depth distribution of biomass or particle formation in any of the four models, and we
therefore assume that changes in vertical biomass distribution do not play a significant
role for the simulated changes in s-ratio.

In TOPAZ, the s-ratio does barely change over time in both the high and low latitudes
(Fig. 6a). The remineralization is independent of temperature in TOPAZ, which might
partly explain why the s-ratio is not changing. Additional implemented processes that
might affect the s-ratio are changes in ballasting of particles with silicate and calcium
carbonate. There are decreases in exported Si: POC and CaCO;: POC (not shown),
but we hypothesize that because of the high s-ratio in TOPAZ at the beginning of the
simulation (> 70 % in both high and low latitudes), the changes in ballasting are com-
paratively inconsequential.

REcoM2 shows decreases in s-ratio in both the high and low latitudes (Fig. 6b). In
REcoM2, changes in the s-ratio can only be caused by changes in temperature, with
warmer temperatures leading to a stronger remineralization and less efficient sink-
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ing (Q4o changes with increasing temperature but is roughly 1.75). REcoM2 does not
include a ballasting effect or parameterizes other influences of the ecosystem com-
position on the s-ratio. We conclude that the observed decreases in s-ratio in the low
latitudes reflect increases in remineralization caused by the warming of the water col-
umn (+2°C on average in the upper 100 m).

BEC simulates decreases in s-ratio in the low latitudes but substantial increases
in the high latitudes (Fig. 6¢). In BEC, the s-ratio depends on the composition of
the ecosystem, as diatoms produce particles ballasted with silicate and a fraction
of nanophytoplankton is modeled as calcifiers which produce particles ballasted with
CaCOg;. Both silicate and CaCOj; have a longer remineralization length scale than un-
ballasted organic material. In the low latitudes, decreases in s-ratio are responsible
for half of the changes in e-ratio. On the one hand, the diatom relative contribution
to biomass decreases, resulting in a lower Si: POC ratio which tends to decrease the
s-ratio; on the other hand the ratio of exported CaCOj5: POC increases, which tends
to increase the s-ratio. As the s-ratio decreases we conclude that the diatom effect
dominates in the low latitudes. In the high latitudes, there is no significant change in
Si: POC export but a strong increase in the ratio of exported CaCO;: POC, i.e. a shift
towards a community more dominated by calcifiers, resulting in a strong increase in s-
ratio (+10 %). However, despite the strong increase in s-ratio the e-ratio mostly follows
the decrease in p-ratio and the residual of the Taylor decomposition are quite large.
These results suggest that ballasting has a moderate impact on e-ratio in BEC.

PISCES simulates decreases in s-ratio in both the high and low latitudes (Fig. 6d).
PISCES has a temperature dependent remineralization of organic carbon (Q4g = 1.9).
In addition, two particle size classes with different sinking velocities are considered.
Mesozooplankton and diatoms produce large, faster sinking particles while microzoo-
plankton and nanophytoplankton tend to contribute to the smaller and less rapidly sink-
ing particle class. The sinking efficiency is therefore directly affected by temperature,
with warmer temperature leading to a lower sinking efficiency. It is also affected by
the relative contribution of small and large particles to the total sinking particle pool.
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PISCES simulates temperature increases by 2°C in both the high and low latitudes.
The particle composition changes from 5% large particles to 4 % large particles in
the low latitudes. Both temperature and changes in particle composition contribute to
a lower sinking efficiency, however the relative importance of the two drivers is not
distinguishable from our results.

In summary, the s-ratio stays constant in TOPAZ and does not affect changes in e-
ratio. The decreases in s-ratio in REcoM2 are driven by warming-induced increases in
remineralization rates. In BEC, the decreases in s-ratio in the low latitudes are a net
result of decreases in particles ballasted with silicate, counteracting increases in parti-
cles ballasted with CaCOj. The increases in s-ratio in the high latitudes are driven by
increases in CaCOgj ballasting, but have only a moderate impact on e-ratio changes. In
PISCES, the decreases in s-ratio in all latitudes are driven by both stronger remineral-
ization and a shift towards smaller particles.

5 Discussion

The model projections analysed in this work suggest decreases in future export pro-
duction between -1 and —12 %, composed of decreases in the low latitudes that are
in some models partly balanced by increases in the high latitudes. Both magnitude
and spatial distribution of the export changes are in agreement with previous studies
(Steinacher et al., 2010; Bopp et al., 2013; Hauck et al., 2015). However, previous
authors have mostly focused on the drivers of NPP changes to explain changes in
EP (Steinacher et al., 2010; Hauck et al., 2015). Our analysis reveals that the rela-
tive importance of e-ratio and NPP changes on EP varies between models, with one
model showing EP changes almost independent from e-ratio changes on larger scales
(PISCES), two models showing an equal importance of NPP and e-ratio changes for
EP changes (BEC and REcoM2) and one model simulating EP changes that are almost
exclusively caused by changes in the e-ratio (TOPAZ). We conclude that the e-ratio
changes, i.e., the way organic carbon is routed and transformed by the upper ocean
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ecosystem, are an important driver for EP changes that always needs to be included
in discussions of export changes.

5.1 Drivers of e-ratio changes in previous studies and the role of diatoms

The responses of the e-ratio to future climate change have been analysed using earlier
versions of PISCES (Bopp et al., 2005) and BEC (Marinov et al., 2013). Although the
studies differ in forcing (1 % CO, increase per year in Bopp et al. (2005), SRES A2 in
Marinov et al., 2013), both studies simulated decreases in the e-ratio within the next
100 years. In both cases, a decrease in relative diatom contribution to total biomass has
been reported as the main driver for the decrease in e-ratio, mainly because (i) a shift
towards nanophytoplankton is associated with lower particle formation rates (lower p-
ratio) and (ii) nanophytoplankton produce smaller particles which are not ballasted with
silicate, leading to slower particle sinking (lower s-ratio). However, both studies base
their argumentation on global correlations between diatom fraction and e-ratio. Our
analysis of the p- and s-ratio allows for a more mechanistic understanding of the effect
of diatom fraction changes on e-ratio changes.

While the diatom fraction decreases in all models in the low latitudes (not shown),
the p-ratio increases in both REcoM2 and PISCES, showing that a decrease in diatom
fraction does not necessarily lead to a lower p-ratio. Diatom fraction has a clear mecha-
nistic link with changes in particle formation only in models where either diatom fraction
is high (BEC) or diatoms are highly efficient at particle formation (TOPAZ). In terms of
sinking speed, changes in the diatom fraction do not affect the s-ratio in two models
(TOPAZ, REcoM2) but decrease the s-ratio in BEC. In PISCES it is unclear to what ex-
tent the observed changes are driven by temperature effects or lower diatom fraction.
In the Southern Ocean, diatoms are more abundant and all models project increases in
the diatom fraction. Yet, the e-ratio decreases in BEC and PISCES, showing that mod-
els currently don’t agree on the effects of diatom fraction changes on e-ratio changes.
These results indicate that the effects of changes in diatom fraction on e-ratio changes
might be of lower importance than generally assumed, potentially because other fac-
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tors such as changes in temperature, ballasting with CaCO5 or aggregation effects
could be at least equally important.

5.2 Relative contribution of plankton functional types to particle export

The relative contribution of plankton functional types to particle export is observation-
ally weakly constrained, and there are only few theoretical estimates to compare our re-
sults with. In a nutrient restoring approach, Jin et al. (2006) estimate that carbon export
is dominated by large phytoplankton (73 % globally), 43 % thereof driven by diatoms.
The remaining 27 % were estimated to be driven by small phytoplankton, thereof 11 %
by coccolithophores. A direct comparison with our results is difficult as the contribution
of the different PFTs to total EP is not known in the investigated models. However, the
inter-model differences in both diatom contribution to biomass and also diatom contri-
bution to particle formation point to substantial inter-model differences in diatom contri-
bution to carbon export. Furthermore, most models do not differentiate between large
phytoplankton and diatoms (with TOPAZ being the only exception). The lack of a non-
diatom large phytoplankton type forces the models to switch to small phytoplankton as
soon as silicate is depleted, therefore they cannot reproduce the pattern suggested in
Jin et al. (2006). Overall, the simulation of diatom distribution is currently afflicted with
high uncertainties, and consequentially model agreement on silicate-limitated regions
is low. Also, the correlations of modeled silicate with silicate observations are poor
(Laufkotter et al., 2015).

Measurements of the relative contribution of phyto- and zooplankton types to the
sinking particle pool are sparse. In the low latitudes, aggregation of pico- and nanophy-
toplankton has until recently been assumed negligible (but see Richardson and Jack-
son, 2007) and consequentially these fluxes constitute at the most a few percent of
total EP in the models in our study, with REcoM2 being the only exception. However,
contributions of pico- and nanoplankton to total export of up to 33 £27 % have been
measured by Lomas and Moran (2011). In the Southern Ocean, phytodetrital aggre-
gates can contribute up to 30 % of total carbon export (measured during the initiation
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of the spring bloom by Laurenceau et al., 2015). The available observations suggest
that the contributions of phyto- and zooplankton to particle formation are both tempo-
rally and spatially variable in the Southern Ocean (Ebersbach and Trull, 2008; Bowie
et al., 2011; Ebersbach et al., 2011; Smetacek et al., 2012; Quéguiner, 2013; Lau-
renceau et al., 2015), making it difficult to constrain the contribution of phytoplankton
aggregation to particle formation on coarser temporal and spatial scales. More mea-
surements of this crucial variable are essential to improve current implementations of
particle formation.

In terms of zooplankton grazing and faecal pellet production, Calbet and Landry
(2004) suggest that about 70 % of primary production is grazed by microzooplankton in
tropical and subtropical waters and about 65 % in the polar oceans. Mesozooplankton
grazing has been estimated to amount up to 12 % of global NPP by Calbet (2001). Be-
siktepe and Dam (2002) estimate that 31 % of the material grazed by mesozooplankton
is routed to particulate egestion. Stoecker (1984) suggest 13 % of material grazed by
microzooplankton ends up as sinking particles. In models, the unassimilated faecal ma-
terial is sometimes modeled as a constant fraction of grazed material equal for each
phyto- or zooplankton type (PISCES, REcoM2), sometimes using varying fractions
depending on phytoplankton type (BEC, TOPAZ) and temperature (TOPAZ). Overall,
the fraction of the grazed material that is routed to POC varies between 0.18 (grazed
nanophytoplankton in TOPAZ at 0°C) and 0.93 (grazed diatoms in TOPAZ at 0°C) in
models. Improved observational constraints for this process will be critical to improve
the simulation and projected changes of the e-ratio.

Phytoplankton aggregation is thought to represent the most efficient way of exporting
carbon as routing through each additional trophic level causes losses of organic carbon
via respiration (Alldredge and Jackson, 1995). In models, phytoplankion aggregation
is assumed to be independent of temperature and it usually depends only on phyto-
plankton concentration. In an aggregation-dominated ocean the efficiency of particle
formation would be mostly driven by phytoplankton biomass levels and might decrease
with decreasing biomass levels. In contrast, zooplankton growth and grazing depend
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exponentially on temperature, with a potentially higher temperature dependence than
phytoplankton growth (Lopez-Urrutia et al., 2006). If particles mostly stem from zoo-
plankton in the real ocean, particle production might become more efficient because of
higher grazing pressure, or less efficient because of a higher zooplankton respiration.
Moreover, the efficiency of particle formation might be affected by interaction between
zooplankton types of different trophic levels. Therefore, the direction of changes in p-
ratio depends on the processes controlling how particles are formed, and models can
only project realistic e-ratio changes if they capture the processes how particles are
formed. Our results show that models currently differ strongly in their dominant particle
formation processes, making their e-ratio projections highly uncertain.

5.3 Reasons for differences in e-ratio projections

Comparing the differences in e-ratio projections with the differences in NPP projections,
we find that the main reasons for differences in NPP projections are different parameter-
izations of the same processes, in particular their sensitivity towards nutrient availability
and temperature (Laufkoétter et al., 2015). In terms of projections of e-ratio, we find that
uncertainty arises from both the difference in the number of processes included in mod-
els and from the parameterizations of said processes. One reason for the uncertainties
in e-ratio projections are the uncertainties in plankton community composition and the
fraction of biomass that is aggregated/grazed. Observational data is urgently needed
to better constrain the models. In terms of particle formation, processes that potentially
cause strong carbon fluxes but are not included in most models are the aggregation
of DOC, grazing on particles and explicit particle production by zooplankton of higher
trophic levels. Observational efforts to constrain these processes will strongly improve
e-ratio projections. In terms of particle sinking, some models parameterize different
particle size classes, others ballasting with silicate, calcite or aragonite, and the inclu-
sion of these different processes lead to very different responses of particle sinking to
changes in ecosystem structure. As an example, a change in plankton composition to-
wards smaller phytoplankton will decrease particle size and sinking speed in PISCES,
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might (depending on region) increase the remineralization length scale in BEC because
of stronger ballasting with CaCO,, show only small effects in TOPAZ as ballasting with
silicate and aragonite (associated with diatoms and large phytoplankton) switches to
ballasting with calcite (associated with nanophytoplankton) and will not affect the s-ratio
in REcoM2. A community effort to identify and constrain the most important processes
and subsequent model development, such that a similar set of processes is included
in all models used for e-ratio/EP projections, would make the models more compara-
ble and would allow for a better quantification of the uncertainty and importance of the
respective processes.

6 Conclusions

In this work we analyse future projections of changes in export production and e-ratio
in four marine ecosystem models under the RCP8.5 scenario. We show that e-ratio
changes and NPP changes can be equally important for changes in export production,
and that the processes causing the e-ratio changes differ strongly between models.
One reason are large differences in the inclusion and parameterization of phytodetri-
tus, zooplankton faecal pellet production and zooplankton mortality losses on particle
formation rates. Additionally, models implement different particle formation and sinking
processes that are governed by different drivers. Warming-induced increases in rem-
ineralization rates could not be fully disentangled from ballasting effects or changes in
particle size distribution in several models. Idealized simulations which further explore
the ballasting and temperature effects would improve our understanding of the role of
temperature for the changes in e-ratio. We conclude that the current projections of ex-
port production and e-ratio suffer from high uncertainties, particularly at the regional
scale. In order to increase the reliability of e-ratio projections, a concerted effort in-
cluding observations and targeted laboratory studies of plankton community structure,
particle composition and sinking behaviour, particle aggregation rates, ballasting ef-
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fects and grazing controls to support further model development and a rigorous model
evaluation will be needed.

Appendix

In the following, we give the equations and parameters governing particle formation,
s that is grazing of p-PFT / (G;) and particle formation during grazing (G,POC), phyto-
plankton aggregation (A;) and phyto- and zooplankton mortality (M;).

A1 BEC

Particle formation = Anano + Mhoo + Agiar + MEOC + GPOS + GPOC 4 P OC

diat diat Zoo

max

A _ i ) @nano X Prano

hano = MIN p2
Pnano * Mnano

10 Agiat IS calculated analog.

CaCO,,POC  ~CaCOs,
f, graz x Onano
POC _ POC
Ghano = Gnano X Max . €nano % Phano
min fnano, POC
graz
POC _ (diat, POC
Gdiat = fgraz X Ghano
P2
_ ,,nano nano
Gnano = Umax X Tf X 2—2 X Z
Prano +9
2
_ ,,diat diat
Gdiat = Umax X Tf x > > diat
Pdi at g x f,
POC _ ~HCaCOy
15 Mnano = Onano X Myano X Phano
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Particle formation equations:
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; i _ POCs POC POC
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Plankton aggregation and mortality equations:
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[
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Miicro = Muicro X T % m x Zmicro * denitrification factor
KM + Zmicro
Zmeso ay rgr .
M neso = Mmeso X T X K,\AT x Zmeso X denitrification factor + pPreso X Zmeso
meso

here, s, denotes the shear rate, which is set to [1 3'1] in the mixed layer and 0.01
elsewhere. The denitrification factor has values between 0 and 1 and is calculated out
of oxygen using the following formula: denitrification factor = 0.4 x (6 x 107¢ - 0,)/(1 x
107°+0,).

Grazing equations:

GPOCs _ f=POC &
micro—nano graz micro— nano
micro
G _ umicro—» nano . T. x \Fnano Pnano Pnano
micro— nano — “'max f z pmicro y  pemicro z (\l_;micro x 1)
/ 7 nano G AN
meso
G — ymeso—nano . T % Wnano Pnano %7
meso— nano — Ymax f,meso meso

meso
meso + ZI\Fnano

A3 REcoM2

Particle formation = GF9S + GHOC + Anano + Adiat + Myoo

Plankton aggregation and mortality equations:

Anano = (Pnano X Prano + Paiat X Faiat + Pdet X Detritus) x F,an,
Anano = (Pnano X Phano + Pdiat X Faiat + Paet % Detritus) x Py
M0 = P00 X z?
Grazing equations:
GPOC f-»POC < G

nano graz nano
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Table 1. A short description of the simulations used in this work, including spin-up times, the
main references for both the ecosystem models and the Earth System Model they are coupled
to or forced with.

Earth System Model Reference ocean model Ecosystem model Reference Spin-up (years, offline + online)  Project Coupling

CESM1 Hurrell et al. (2013), POP BEC Moore et al. (2013) 1025 + 150 MAREMIP  fully coupled
Lindsay et al. (2014)

GFDL-ESM2M Dunne et al. (2012, 2013) MOM TOPAZ Dunne et al. (2013) 1+ 1000 MAREMIP  fully coupled

CNRM-CM5 Voldoire et al. (2012) NEMO PISCES Aumont and Bopp (2006) 3000 + 300 CMIP5 fully coupled

MIROC5 Watanabe et al. (2011), MITgem REcoM2 Hauck et al. (2013) 0+112 MAREMIP  ocean only

Kawamiya et al. (2000)
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Table 2. Overview about the four ecosystem models used in this work, including the number of
phyto- and zooplankton types, the nutrients that can limit phytoplankton growth and a descrip-
tion of the stoichiometry. In terms of nutrients, NO; stands for nitrate, SiO, silicate, Fe iron, NH,
ammonium and PO, phosphate. In terms of stoichiometry, “R” depicts Redfield Ratio whereas
“V” depicts variable stoichiometry.

Ecosystem model  Nutrients Phytoplankton types Zooplankton types Stochiometry

REcoM2 3 (NO,, SiO,, Fe) 2 (diatom, nano-, implicit calcification) 1 V(C, N, Si, Chl), (C:Fe) fix

BEC 5 (NOg, NH,, PO,, SiO,, Fe) 3 (diatom, nano-, diazotroph, implicit calcification) 1 R(C:N:P), V(Si, Chl, Fe)

TOPAZ 5 (NOg, NH,, PO,, SiO,, Fe) 3 (large separated into diatoms and other eukaryotes, nano-, di- 1 (with implicit grazing) R(C:N), V(P, Si, Chl, Fe)
azotrophs, implicit calcification)

PISCES 5 (NOg, NH,, PO,, SiO,, Fe) 2 (diatom, nano-, implicit calcification) 2 (micro- and mesozooplankton) R(C:N:P), V(Si, Chl, Fe)
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Table 3. Overview about the processes implemented in the ecosystem models that affect par-
ticle formation and particle sinking. “Agg.” is short for aggregation, SiO;, CaCO; are silicate
and calcium carbonate. For the models with constant sinking speed and remineralization rates,
we give the remineralization length scale of not-ballasted POC. In BEC the particle sinking is
calculated implicitly, i.e. all particles sink and remineralize instantly in the grid point where they
originate. In REcoM2 and PISCES the particle sinking speed increases with depth, we therefore
give the minimum and maximum sinking speed. In TOPAZ and PISCES, the remineralization
rate decreases in oxygen depleted water, we give the value for well-oxygenated conditions.

Process REcoM2 BEC TOPAZ PISCES

Phyto. agg Yes Yes No Yes

Agg. of DOC to POC No No No Yes

Grazing of particles No No No Yes

Ballasting None SiOg, CaCOg, dust  SiOg, calcite, aragonite, dust None

Different particle sizes ~ No No No large and small

Remin. rate [d"] 0.06-0.32 (at 0-30°C) implicit 0.53 0.025-0.24 (at 0-30°C)

Sinking Speed [m d"] 20-120 implicit 100 2 (small POC), 30—200 (large POC)
Remin. length scale [m] 200 188
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Table 4. Observed and modeled present-day globally integrated NPP, particle export produc-
tion, grazed fraction of NPP and diatom contribution to total export production. The observed
values are from Westberry et al. (2008) for NPP, from # Schlitzer (2004) and ® Laws et al. (2000)
for total (POC + DOC) export production and ° Henson et al. (2012) and ¢ Siegel et al. (2014) for
particle export production. The fraction of NPP that is grazed is from Calbet and Landry (2004)
for microzooplankton and has been calculated as mesozooplankton grazing (Calbet, 2001) di-
vided by NPP for mesozooplankton. The estimate for diatom contribution to total export is from
Jin et al. (2006). This variable is only available in REcoM2. For the other models, we show the
diatom contribution to particle formation in parentheses*. Due to different sinking behaviour of
the particles, the diatom contribution to global EP is presumably higher.

Model global NPP  global EP grazed % of NPP diatom contribution to global EP
BEC 53.4 7.7 77% (38%)*
TOPAZ 81.3 7.6 99 % (46 %)*
PISCES 241 4.6 57% +21% (14 %)*
REcoM2 29.5 7.2 4.2¢7"% 46%
Observations 50.7+9.5  (9.6)° total: 70-86 % 36-43 %
(12.9)° micro: 59-75 %
4.0° meso: 11.8%
5.7¢
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Table 5. Parameter particle formation BEC.

Parameter Value Unit Definition

Myano 0.1 d™’ nano linear mortality rate

Myiar 0.1 d™' diatom linear mortality rate

Prano 0.009  (mmolC) 'm®d™" nano quadratic mortality rate

Duiat 0.009  (mmolC) 'm®d™" diatom quadratic mortality rate

eﬁgg 0.22 (mmolC)"1 nano grazing factor

ane 0.2 d! max. aggregation rate for nanos

agoy 0.2 d! max. aggregation rate for diatoms

Uned 2.75 d-’ max. zoo. growth rate on nanos at 30°C

ugii'x 2.05 d’ max. zoo. growth rate on diatoms at 30°C

ydaz 1.2 d™’ max. zoo. growth rate on diazotrophs at 30°C

m, 0.1 d’ z00. linear mortality rate

0, 0.45 (mmolC)"'m3d™"  zoo. quadratic mortality rate

g 1.05 mmolCm? z00. grazing coefficient

z‘ﬂf‘;’:oc 0.1333 fraction of zoo. losses routed to POC when eating diatoms
Z‘:stS‘POC 0.0333 fraction of zoo. losses routed to POC when eating diazotrophs
an%:,POC 0.06666 fraction of zoo. losses routed to POC when eating nanos
gr:Z 0PG94 min. proportionality between 05:&03 and grazing losses to POC
;,:T*POC 0.24 upper limit on fraction of grazing on nanos routed to POC
fgd,':;‘Poc 0.26 fraction of diatom grazing routed to POC

ffiat 0.81 scaling factor for grazing on diatoms

P00 0.05 fration of diatom loss routed to POC
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Table 6. Parameter particle formation PISCES.

Parameter  Value Unit Definition

Miano 0.01 d! nano linear mortality rate

Miat 0.01 d! diatom linear mortality rate

Miicro 0.03 d! micro linear mortality rate

Mineso 0.005 d' meso linear mortality rate

Preso 0.03 d’ meso other mortality rate

Prano 0.001 ImolC™'d™"  nano quadratic mortality rate

Pdiat 0.001+0.02 x (1.0 - Nl‘i’ri,?‘) ImolC™'d™"  diatom quadratic mortality rate

Ku 0.01x107° molCL™ half-saturation constant for mortality

Ks 20x107° molCL™ half-saturation constant for grazing

ymiere=nano 4 d™' max. micro zoo. growth rate on nanos (at 0°C)

ymero—diat 4 g d’ max. micro zoo. growth rate on diatoms (at 0°C)

Upesemnane 9.7 d! max. meso zoo. growth rate on nanos at 0°C
meso~diat 0.7 d’ max. meso zoo. growth rate on diatoms at 0°C
meso— micro () 7 d! max. meso zoo. growth rate on micro at 0°C

pmicro 0.5 preference coefficient for micro grazing on nanos

micro 0.5 preference coefficient for micro grazing on diatoms

L g 0.2 preference coefficient for meso grazing on nanos

Wi 1.0 preference coefficient for meso grazing on diatoms

Yoo 1.0 preference coefficient for meso grazing on micro

franefoCs 405 Reaco, fraction of nano mortality routed to POC,
r::::"POC' 0.5 Rgaco, fraction of nano mortality routed to POC,

fd'::!’POCS 0.5 fraction of diatom mortality routed to POC,

fm'::gpoc' 0.5 fraction of diatom mortality routed to POC,

fro o.POC, 1-0.5 Rcaco, fraction of nano aggregation routed to POC;

fa:;; ‘;ZC;C' 0.5 Rgaco, fraction of nano aggregation routed to POC,

fadézt' . 0 fraction of diatom aggregation routed to POC,

fag';:Poc' 1 fraction of diatom aggregation routed to POC,

fg",;zoc 0.3 fraction of grazed material routed to POC (all PFTs)

FAcaco, fraction of calcifying organisms of nanos

Nt diatom nutrient limitation

lim
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Table 7. Parameter particle formation REcoM2.

Parameter Value  Unit Definition
Puet 0.0165 m*mmoIN~"d™" detritus specific aggregation rate
Prano 0.015  m®mmoIN~"d™" nano quadratic mortality rate/ specific aggregation rate
Paiat 0.015 m*mmoIN~'d™" diatom quadratic mortality rate
Paoo 0.05  m*mmoIN~'d™" zooplankton quadratic mortality rate
Kzoo 035  (mmoINm™?  half-saturation constant for grazing
Unax 2.4 d™’' max. zooplankton growth rate
diat 0.5 preference coefficient for grazing on diatoms
fg—r;zoc 0.4 fraction of grazing routed to POC/grazing efficiency
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Table 8. TOPAZ parameters.

Parameter Value Unit Description

Keppley 0.063 °C™' temperature dependence factor

Umnax 0.19/86400 s~ grazing rate at 0°C

P’ 1.9x107%x % moIN kg~ pivot phyto concentration for grazing allometry
Brin 1x10° moIN kg~ min. phyto concentration threshold for grazing
f?"rgga PON 0.18 fraction of nano grazing to detritus at 0°C
fage: PON 0.93 fraction of large grazing to detritus at 0°C
fSPON 0.025 Fraction of non-detritus grazing going to SDON
fIPON 0.06 Fraction of non-detritus grazing going to IDON
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Figure 1. lllustration of the different pathways along which carbon is routed to the sinking parti-
cle pool. The boxes depict the biomass components (diatoms, nanophytoplankton, zooplankton
and POC in most models). The arrows indicate carbon fluxes between the different comparte-

ments, caused by grazing, aggregation or mortality.

19992

POC production during
grazing

POC production via
phytoplankton mortality
and/or aggregation

Grazing

POC production via
zooplankton mortality

Aggregation of DOC

| Jadeq uoissnosigq | Jedeq uoissnosiq | Jaded uoissnosiqg
(8) ‘ll ||| ||\ ‘ll ‘ll ||\

Jaded uoissnosiq

BGD
12, 19941-19998, 2015

Future changes in
export production

C. Laufkotter et al.



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/19941/2015/bgd-12-19941-2015-print.pdf
http://www.biogeosciences-discuss.net/12/19941/2015/bgd-12-19941-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

0 010203040608 1 12141618 2 3 4 8 10 15 20

Figure 2. Modeled export production averaged over the 2012—2031 period and observation-
based estimates by Dunne et al. (2007) and Henson et al. (2012). The unit is molCm™2yr ™',

note the non-linear color scale.
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Figure 3. Relative changes in export production through the 100 m depth level between the
2012-2031 average and the 2081-2100 average in all models in %.
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Figure 5. (a) lllustration of p-ratio, s-ratio and e-ratio (as defined in Egs. 4, 5 and 6). The product
of the p-ratio and the s-ratio results in the e-ratio. The colors of the arrows correspond with the
colors in the bar chart. (b, ¢) Comparison of the temporal (2012-2031) and spatial mean e-
ratio (cyan), p-ratio (blue) and s-ratio (red) in the high and low latitudes, respectivley, for the full
simulation period and for all models.
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Figure 7. Diagrammatic depiction of the ecosystem structure and the particle formation mech-
anisms in the low latitudes (< £30° N/S, on the left) and in the high latitudes (> 60° N/S), on the
right. Shown are the 2012—2031 average (black numbers) and the changes between the 2012—
2031 period and the 2081-2100 period (red numbers). The model REcoM2 does not simulate
the Arctic, the high latitude results therefore represent the Southern Ocean only. The green
boxes show diatom and nanophytoplankton biomass, the yellow boxes zooplankton biomass,
all given in percent of total biomass. The arrows within the subplots denote from left to right:
diatom aggregation, grazing on diatoms, zooplanktonmortality (including grazing of mesozoo-
plankton on microzooplankton in PISCES), grazing on nanophytoplankton and nanophytoplank-
ton aggregation. The fluxes are given in percent of total NPP, the sum of all fluxes results in the
p-ratio of a model. The arrows depicting the largest fluxes are marked in red and the changes
in these fluxes are given in percent of total NPP. For more details see text.
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