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S1. Supplementary text

S1.1 Model configuration and simulation setup

We use the dynamical ocean model NEMO 4.0.4 (Nucleus for European Modelling of the
Ocean; Madec, 2008), coupled with the sea-ice model SI3 (Vancoppenolle et al., 2009) and
the biogeochemical model PISCESv2 RC (Pelagic-Interactions Scheme for Carbon and
Ecosystem Studies; Aumont et al., 2015, 2017). NEMO and PISCES are coupled through the
Tracers in Ocean Paradigm (TOP) tracer manager (NEMO TOP Working Group, 2018),
which performs advective and diffusive transports of both physical and biogeochemical
tracers. The same advection scheme, named second-order Flux Corrected Transport (FCT)
(Lévy et al., 2001), is used for all tracers for consistency. Lateral diffusion is performed with a
forward Laplacian operator. Vertical diffusion (mixing) is parameterised using the turbulent
kinetic energy (TKE) closure scheme; convection triggered by unstable stratification is
represented with an enhanced vertical diffusion scheme, and re-stratification by mixed-layer
eddies is represented with the Fox-Kemper parameterisation (NEMO System Team, 2019).



Global simulations were run on the ORCA1L75 grid, with ca. one-degree horizontal
resolution and 75 non-linear vertical levels (of which 24 were in the top 100 m and 22 were
between 100-1000 m depth), and with a 45-minute time step for both ocean dynamics and
biogeochemistry. The NEMO-PISCES simulation followed the Ocean Model Intercomparison
Project protocol (OMIP-2; Tsujino et al., 2018) using JRA-55 reanalysis (Kobayashi et al.,
2015) as atmospheric forcing. The simulation repeated six cycles of the 62-year (1958-2019)
JRASS forcing dataset. The first two cycles consisted of NEMO-only simulations, and
PISCES was coupled at the beginning of the third cycle. A biogeochemical spin-up was
performed by cycling 21 times through the same ocean circulation, corresponding to the third
cycle (21-cycle x 62-year = 1302 years) while letting the biogeochemical tracers equilibrate.
The atmospheric CO> concentration was fixed at a preindustrial level corresponding to 1850.
At the end of the biogeochemical spin-up, global net primary production (PP) and
gravitational export at 100 m stabilised respectively at 50.8 PgC yr! and 6.86 PgC yr! and
changed by less than 0.01% over successive cycles. After the spin-up, the simulation
proceeded with the remaining three cycles, with a prescribed rise in atmospheric CO»
concentrations during the last 170 years of the simulation matching the one observed over the
1850-2019 period. Only results from the last cycle (1958-2019) are analysed here, focusing
on the North Atlantic.

S1.2 Model equations for detrital tracers

Below we reproduce the prognostic equations for the sdetoc and Ildetoc tracers, which in the
model are internally named POC and GOC, respectively. Corresponding parameter values are
listed in Table S1. These equations include gravitational sinking, which is computed by
PISCES, but not the advective and diffusive transport terms, which are computed by TOP.

The equations shown in Aumont et al. (2015) do not fully reflect the model equations in
NEMO version 4.0.4. Here we provide updated equations for the budget terms corresponding
to mesozooplankton flux feeding (which removes both POC and GOC) and fragmentation
(which transfers GOC to POC). The mesozooplankton flux feeding and fragmentation terms
are expanded below the main budget equations. We also corrected the quadratic mortality
terms of small phytoplankton and diatoms, which in eq. 37 and 40 of Aumont et al. (2015)
were not multiplied by the shear rate (sh). In the case of diatoms, the aggregation term was not
included in eq. 40. These terms are described in greater detail below.

At each PISCES time step, the POC tracer (E. 37 in Aumont et al., 2015) is updated as:
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Likewise, the GOC tracer (Eq. 40 in Aumont et al., 2015) is updated as:
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Where:

e Z,M,P and D is, respectively, the concentration (biomass) of the
microzooplankton, mesozooplankton, small phytoplankton and diatom tracer.

e o is the unassimilated fraction of microzooplankton or mesozooplankton
ingestion, as indicated by the superscript.

e XgZ(X)and X gM(X)are, respectively, microzooplankton and mesozooplankton
total ingestion. Microzooplankton ingestion occurs only in “standard”
phagotrophic predation mode, with X corresponding to P, D and POC.
Mesozooplankton ingestion is the sum of “standard” ingestion of P, D, M and
POC, plus flux feeding ingestion of POC and GOC (represented by the grr
coefficient, expanded below)

e r“and ™ are, respectively, the linear mortality parameters of micro- and
mesozooplankton

e m?”and mM are, respectively, the quadratic mortality parameters of micro- and
mesozooplankton

e PM,, is the fraction of mesozooplankton quadratic mortality that results in
faecal pellet production (the remainder is respired). PMy, is proportional to
oMmMM? and is further modulated by the maximum mesozooplankton gross

growth efficiency under the assumption of an infinite chain of carnivores



(Anderson et al., 2013). The full formulation of this term is in Eq. 30 and 31 of
Aumont et al. (2015).

K is the half-saturation constant for mortality, which acts to avoid extinction
of Z or M when their biomass is very low

m’ and mP are, respectively, the linear mortality parameters of small
phytoplankton and diatoms

o’ and oP are, respectively, the quadratic mortality parameters of small
phytoplankton and diatoms. These parameters must be multiplied by the shear
rate sh, which is 1 s™! in the mixed layer and 0.01 s™! below it, resulting in much
faster aggregation within the mixed layer.

®Pmax 1s the maximum quadratic mortality of diatoms, representing coagulation
into large aggregates upon nutrient exhaustion. This term additionally
multiplies the function limp = 0.25(1 — Lp?)/(0.25 + Lp?), where Lp is diatom
nutrient limitation (Lp= 1 means no limitation and sets limp to 0).

Rcacos is the fraction of small phytoplankton calcifiers, also called rain ratio,
which in PISCES is an empirical function of temperature, light (PAR), mixed
layer depth, and the rcacos parameter (Eq. 77 in Aumont et al., 2015).
scocrepresents microbially-induced GOC disaggregation, also referred to as
solubilization, which accounts for the bacterial enzymatic activity that breaks
down the exopolymers that bind aggregates together. The value of this
coefficient is fixed at scoc =(0.04/2.56) * 1/(1 — 507%%4) = 0.108. According to
the PISCESv2 RC code, the value of solgoc “is based on a fractal dimension of
2.56 and a spectral slope of -3.6 (identical to what is used in p4zsink [routine]
to compute aggregation)”. This term was not described by Aumont et al. (2015)
but appears in the PISCESv2 RC code released with NEMO4.0.4. Conversely,
the A"poc GOC in Eq. 37 and 40 (Aumont et al., 2015) is not found in the PISCES
version we used.

¢1P9¢ and $p2P0C are the rates of turbulence (shear) induced aggregation of DOC
into POC and GOC, respectively; ¢3P0C is the rate of Brownian aggregation of
DOC into POC; ¢ represents aggregation of POC to GOC due to turbulence and
differential settling. These terms are controlled by parameters al to a9, as
described in Eq. 36 and 39 in Aumont et al. (2015). For simplicity and owing to
the comparatively low rate of these processes, al—a9 parameters are not listed
in Table S1.

gM is the rate of microzooplankton phagotrophic (“standard”) feeding on POC.



Its formulation is analogous to all other zooplankton “standard” feeding terms,
described in eq. in Aumont et al. (2015).

e gMrr(POC) and gMrr(GOC)are the rates of mesozooplankton flux feeding on
POC and GOC, respectively, and are expanded in the equations below.

e FMgr is the rate of GOC fragmentation to POC due to mesozooplankton flux
feeding (expanded below)

e kproc and kcoc are, respectively, the mass-specific POC and GOC decay rates,
which are not model parameters, but the result of the variable reactivity
parameterisation as described by Aumont et al. (2017). Their maximal value is
set through the namelist parameter xremip, which by default is 0.035 d!.

e mroc and wcoc are, respectively, the sinking velocities of POC and GOC.

The rates of mesozooplankton flux feeding on POC and GOC are formulated as:
gH.(POC) = grazfluxwpyocPOC(1 — AO,)p (Eq. S3a)
M (GOC) = grazfluxwgocGOC(1 — AO,)pH: (Eq. S3b)

where is the mesozooplankton flux feeding parameter, formally representing a
grazfluxbiomass-normalized cross section. It has dimensions of area per unit
mesozooplankton biomass. The value of this parameter is set to 3 m? (mol C).
However, since PISCES code internally uses units of mol L', this parameter takes an
equivalent value of 3000 L m™ (mol C)™! in the PISCES namelist. The decrease in
these rates caused by oxygen deficiency is represented by, which varies between 0
(fully oxic conditions) and 1 AOz(anoxia), as described in Eq. 57 of Aumont et al.
(2015).

The proportion of mesozooplankton flux feeders, p¥., depends on the flux feeding
rates themselves. Thus, it must be iteratively diagnosed at each model time step: g~ is
first calculated assuming pM. = 1; then p¥. is estimated as the ratio between flux
feeding and total mesozooplankton ingestion rates, including flux feeding,

gM.(poc)+gM.(Go0)
ply = SR (Eq. S4)

and the final rates are computed by multiplying the initial ones by the updated value of
M

PFrF-

Fragmentation of large detritus by mesozooplankton is expressed as a function of flux

feeding rates and the ratio between biogenic silica (BSi) and GOC tracers. Modulation

of fragmentation by biogenic silica implicitly accounts for the increased porosity and



fragility of large detritus when they are composed of diatom aggregates.

M _ M 0.2+3.8(BSi/GOC)?
Frr = grazfluxwgocGOCprr 4 (B51/GOC)?

(Eq. S5)

S1.3 Estimation of POC concentration from bio-optical data

We compared our model's POC outputs to observational estimates based on the

MULTIOBS GLO BIO BGC 3D REP 015 010 product from Copernicus Marine
Environmental Monitoring Service - CMEMS (Sauzede et al., 2016)(last accessed on August
2023). This product is based on a neural network algorithm that generates monthly gridded
3D fields of particulate backscattering at 700 nm wavelength (bbp,700) as a function of
remotely sensed ocean colour (reflectance) and hydrological properties. Particulate
backscattering profiles were converted into POC using two different methods: Gali et al.
(2022) and Koestner et al. (2024), hereafter G22 and K24.

The G22 method prescribes a variable POC/byp,700 ratio in the upper mixed layer as a function
of geographic location and mixed layer depth (MLD). This ratio then decreases
asymptotically between the base of the mixed layer and 1000 m, where it reaches a constant
POC/bup.700 of 1000 mmol C m. Here, we modified G22 such that the sea-surface
POC/bpp,700 ratio was estimated as a continuous, smooth function of latitude, instead of being
assigned a regional value (Fig. S4). To calculate the smooth POC/byyp,700 latitudinal profile,
we built on the processing described by Gali et al. (2022) with some extra-steps. Briefly, we

1) binned the BGC-Argo bup,700 dataset (all profiles until January 2020) into a monthly
climatology on the ORCA2 L31 horizontal-vertical grid, computing the median, mean
and maximum value in each bin,

2) screened out grid cells where the maximum byp 700, averaged over the top 50 m, exceeded
0.008 m™! or the 98% percentile of the entire dataset,

3) masked out grid cells outside the “mean biomes” as per Fay & McKinley, (2014), and
also the Mediterranean Sea

4) used this cleaned global dataset to compute, for each grid cell, the annual monthly
maximum of the bin medians, means and maxima (2-degrees resolution),

5) computed a mean latitudinal profile of the monthly maxima “bbp700 max_ LatProf”
(based on bin medians) and smoothed it with a 10-degrees-window rolling median

6) using the linear relationship between bbp700 max and the POC vs. bup700 slope across
regions (as per figure Al of Gali et al., 2022), we recast the bbp700_max_LatProf into
POC units to obtain a latitudinal profile of the POC/bup,700 ratio. We assumed O-intercept
in the POC vs. byp, 700 regression.

7) fitted the latitudinal profiles of the POC/byp,700 ratio using, consecutively, a piecewise

linear regression with 4 breakpoints (at latitudes -60, -28, 38 and 50), and a smoothing spline

function (10-degrees window)

8) Finally, used this idealised spline function of latitude to obtain the sea-surface POC/bup,700

ratio, corresponding to a+c in Eq. 1 of Gali et al. (2022).

The K24 method (Koestner et al., 2024) estimates POC as a multivariate function of byp,700
and chlorophyll concentration, such that the POC/byp 700 ratio increases with increasing
chlorophyll/byp,700 ratio. The latter parameter is thought to account for particle freshness or
lability, implying higher bbp-specific POC content. Here we used K24 equations between the



surface and the bottom of the euphotic layer (Morel et al., 2007). Below the euphotic layer,
where chlorophyll concentration is not available, we prescribed the same asymptotic decrease
in POC/bup,700 ratios towards 1000 m as in G22. However, given that K24 was developed
using data from the epipelagic layer, mesopelagic K24 data suffer from greater uncertainty
(see also figure 13 in Koestner et al., 2024).

As a final note, the POC estimate included in the CMEMS dataset was based on the equation
POC = 38687.27 bbp®®°. In mesopelagic waters, byp,700 typically ranges between 10* and 1073
m™!. Using that equation, POC concentration would range between 6.1 and 54.6 mg m>,
corresponding to POC/bypp, 700 ratios of 61000 to 54000. These ratios are comparable to the
highest ones found in oligotrophic high-latitude surface waters (Gali et al., 2022; Figure A1),
but by no means representative of the mesopelagic layer —where POC/byp,700 ratios decrease
sharply with depth (Bol et al., 2018).

S1.4 Evaluation of vertical POC fluxes against sediment trap data

We compared PISCES output to a compilation of in situ POC vertical fluxes measured with
sediment traps (Mouw et al., 2016a). To this end, we selected trap deployments whose
duration was between 1 and 33 days. These measurements were matched to model output
from the corresponding location (horizontal grid cell), depth (model vertical level), year, and
month. The merged dataset was bin-averaged by region and layer, as shown in the legend of
Fig. 6. Although the layers used for binning are somewhat arbitrary, they approximately
correspond to the epipelagic (0—150), upper mesopelagic (100-500), lower mesopelagic
(500-1200), and bathypelagic layers (1200-4000). Instead of the usual definition of 1000 m
as the base of the mesopelagic layer, we set the boundary at 1200 m to be able to include in
the lower mesopelagic layer a large number of data from sediment traps deployed at around
1100 m at the BATS/OFP site. BATS/OFP is the best-documented study site in the dataset,
and excluding it would significantly reduce the amount of evaluation data.
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S2. Supplementary tables

Table S2.1. Model parameters for the sdetoc (=POC) and ldetoc (=GOC) tracers.

Parameter | Units Value Description

o' - 0.30 Zooplankton unassimilated fraction (Z, M)

Z, ™ d! 0.03; Zooplankton linear mortality (Z, M)
0.005

m?, mM (umol CL7 Y 1d™! |0.004; |Zooplankton quadratic mortality (Z, M)
0.03

m®, mP d! 0.01 Phytoplankton linear mortality (P, D)

w?, wP (mol C) 1 d! 0.01 Phytoplankton quadratic mortality (P, D)

@Pmax (mol C) ' d™! 0.03 Maximum quadratic mortality of diatoms

Km umol C L™ 0.2 Half-saturation constant for mortality

CaCO3 - 0.3 Rain ratio parameter

solgoc d! 0.108 GOC solubilization

grazflux L m™ (mol C)! 3000 Biomass-normalized flux feeding cross

section of mesozooplankton®

Xremip d! 0.035 Maximal specific decay rate of detritus

WPOC m d’! 2 POC sinking velocity

WGOC m d! 50 GOC sinking velocity

aSee text for an equivalent parameter value in simpler units.



Table S2.2 Biogeochemical and physical processes in PISCES contributing to the detrital POC
budgets. The three columns correspond to the names in the budget equations, the nomenclature
inside the model code and a brief description of the process, respectively. The terms in italics
correspond to the terms that interconvert sdetoc and ldetoc and are repeated in both budgets.
The colour of the budget terms in the right column indicates whether they are sources (red),

sinks (blue) or related to transport (purple), matching the colour code of Figure 1.

SMALL DETRITUS (sdefoc) BUDGET

schema variable name in variable description
nomenclature PISCES
mortalities’ mort2sdetoc Mortalities of non-calcifying small
phytoplankton, linear diatom mortality
(50%), linear and quadratic
microzooplankton mortalities
Zmicro non- zmicronoassim Unassimilated fraction (30%) of total
assimilation? microzooplankton ingestion
bacterial breakdown ldetoc2sdetoc Large detritus breakdown, representing
of ldetoc® bacterial solubilization of aggregate-
binding polymers
DOC aggregation* doc2sdetoc DOC aggregation by Brownian motion,
shear and differential settling
Zmeso zmesofragmldetoc Fragmentation of large detritus by
fragmentation of mesozooplankton flux feeding
ldetoc®
zmicro ingestion® zmicroingestsdetoc Microzooplankton “standard” ingestion
zmeso ingestion & zmesoingestffsdetoc Mesozooplankton “standard” ingestion
flux feeding’ and flux feeding
remineralization® remsdetoc Microbial degradation (to DOC)
sdetoc aggregation’ sdetoc2ldetocagg Aggregation by turbulent coagulation
and differential settling
ADVL!" xadsdetoc and Divergence of the lateral advection flux
yadsdetoc
ADVz!! zadsdetoc Divergence of the vertical advection
fluxes
DIFFL!? ldfsdetoc Divergence of the lateral diffusion flux
DIFFz! zdfsdetoc Divergence of the vertical diffusion
fluxes
GS™ trdexpsdetoc Divergence of the gravitational sinking
flux




LARGE DETRITUS (/detoc) BUDGET

schema variable in the variable description
nomenclature model
mortalities'> mort2ldetoc Mortalities of calcifying small
phytoplankton, linear diatom mortality
(50%), quadratic diatom mortality
(enhanced aggregation upon bloom
demise), linear and quadratic®
mesozooplankton mortalities
Zmeso non- zmesonoassim Unassimilated fraction (30%) of total
assimilation!® mesozooplankton ingestion
sdetoc aggregation’ sdetoc2ldetocagg Small detritus aggregation into large
detritus by turbulence, coagulation and
settling
DOC aggregation!’ doc2ldetoc DOC aggregation into large detritus by
shear and differential settling
zmeso flux zmesoffldetoc Mesozooplankton flux feeding
feeding!'®
Zmeso zmesofragmldetoc Fragmentation of large detritus by
fragmentation of mesozooplankton flux feeding
ldetoc®
remineralization'” remldetoc Microbial degradation (to DOC)
bacterial breakdown ldetoc2sdetoc Large detritus breakdown, representing
of ldetoc? bacterial solubilization of aggregate-
binding polymers
ADVLY xadldetoc and Divergence of the lateral advection
yadldetoc fluxes
ADVZ?! zadldetoc Divergence of the vertical advection flux
DIFF.* ldfldetoc Divergence of the lateral diffusion fluxes
DIFFz% zdfldetoc Divergence of the vertical diffusion flux
GS* trdexpldetoc Divergence of the gravitational sinking
flux

aThe quadratic mortality of mesozooplankton is a closure term that represents respiration and
defecation of an infinite chain of carnivores. Only the fraction representing defecation (fecal

pellets) enters the ldetoc budget (Aumont et al., 2015).
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S3. Supplementary Figures

Seasonal Cycle of MLD in North Atlantic
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Figure 83.1: Seasonal cycle of the mixed layer depth (MLD) across North Atlantic regions,
comparing the model to the Ifremer reanalysis.
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Figure $3.2. Seasonal maps of the mixed layer depth (MLD) simulated by the model (left) and
difference between the model and the Ifremer reanalysis (right). See the text for details.
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Figure §3.3. Seasonal maps of the vertically integrated net primary production (NPP) from
the model simulation (left) and the difference between the model and a satellite estimate (right).
The satellite product is the Ocean Colour Climate Change Initiative v4.2 from ESA.
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Maximum monthly byp790 @and POC/byp700 (0-20 m, ORCAZ2 grid)
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Figure $3.4. Smoothed latitudinal profile of the POC/bbp700 ratio, used to estimate POC from
gridded bpp700 data. Dots show the median (beige) and maximum (grey) bbp,700 in 2%2°
longitude-latitude bins, with lines of the same colour showing the corresponding latitudinal
profiles smoothed with a 10° running median. Horizontal coloured lines show the regionally-
fixed POC/bbp, 700 ratios used by Gali et al. (2022), and the dashed black line is the continuous
function of latitude used here to obtain POC/bbp,700 (right axis).
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Figure 83.5. Seasonal cycles of sdetoc budgets in the mesopelagic layer (from Zprod to 1000m
of each region): SPNA (left), Trans_Area (center) and STNA (right). Rows correspond to total
tracer trend (first), sources (second), transports (third) and sinks (fourth).

16



d{ldetoc)idt {mmol m-2 d-1)

-10

-15

d(ldetoc)/dt (mmoal m-2 d-1)

dildetoc)/dt {mmol m-2 d-1)

-10

-15

d(ldetoc)/dt (mmol m-2 d-1)

Idetoc Budget in SPNA mesopelagic layer

—— trend total ldetoc
== budget ldetoc

Sources

Sources

—— mortalities

—— zmeso non-assimilation

—— sdetoc aggregation
DOC aggregation

Transports

== Tansports
Iateral acvection
vertical advection
lateral diffusion

— wertical diffusion

— gravitational sinking

== Sinks
zmeso flux feeding
—— zmeso fragmentation of ldetoc
— remineralization
—— bacterial breakdawn of ldetoc

~ i
-

w0 et gel ot ey Wt W pd ged ot wol get
Time

|detoc budget in mesopelagic layer
Idetoc Budget in Trans_Area mesopelagic layer

—— trend total ldetoc
== budget ldetoc

Sources
== Sources
— mortalities
—— zmeso non-assimilation
~—— sdetoc aggregation
DOC aggregation
Transports

___4/\

== Transports
lateral advection
wertical advection
lateral diffusion

— wertical diffusian

—— oravitational sinking

Sinks
== Sinks
zmeso flux feeding
—— zmeso fragmentation of Idetoe
— remineralization
—— baterial breakdown of kistoc

W oped et pf gy et W a0 ged o wov pet
Time

Idetoc Budget in STNA mesopelagic layer

—— trend total ldetoc
== budget ldetoe

Sources

== Sources

—— mortalities

—— zmeso non-assimilation

—— sdetoc aggregation
DOC aggregation

Transports

== Transparts
Iateral advection
vertical advection
lateral diffusion

— vertical diffusion

— gravitational sinking

= = Sinks
zmeso flux feeding
—— zmeso fragmentation of Idetac
— remineralization
—— bacterial breakdavn of ldetoc

P00 et ot el Wt W e ged ol gl get
Time

Figure §3.6. Seasonal cycles of ldetoc budgets in the mesopelagic layer (from Zprod to 1000m
of each region): SPNA (left), Trans Area (center) and STNA (right). Rows correspond to total
tracer trend (first), sources (second), transports (third) and sinks (fourth).
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