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Abstract. The-disparities-in-Disparities between observational and model-based estimates of the ocean carbon sink ;-whether

erive § e i models;raise-questions-about-our-ability-to-aceurately-assess-its-magnitude-and-trend-persist,
highlighting the need for improved understanding and methodologies to reconcile differences in both magnitude and trends over
recent decades. A potential factor-contributing-to-this-inconsisteney-iskey source of uncertainty lies in the pre-industrial air-sea

air—sea carbon flux, which is theught-te-arise-essential for isolating the anthropogenic component from observations. This flux
thought to result globally from an imbalance between riverine discharge and sediment burial of carbon—TFhe-characterization

heweverrit, remains highly uncertain, limiting eenfidenee-in-thetmpactful-applications-ef-the confidence in impactful applications
such as the Global Carbon Budget (GCB). In this study, we propese-afresh-look-at-the-pre-industrial-air-sea-carbonflux-using
the—alkalinity-budget—We-demonstrate—the relevanee-ofanovel-present a new theoretical framework that direetly-enables

the—ealeulation—enables direct estimation of the riverine/burial-driven pre-industrial carbon outgassing using both carbon

and alkalinity budgets.
a-This approach is validated with a series of ocean biogeochemical simulations—Our—reassessment;—grounded—in—existing
distribution. We then demonstrate the utility of the framework through two proof-of-concept applications. The first revisits the

the-combined-air—sea carbon flux using existing carbon and alkalinity budgets, offering a simple method for reassessment
as these budgets are updated. The second application leverages sensitivity simulations to construct a composite simulated
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estimate that aligns with both carbon and alkalinity budgets is
m%wm&tmrwenne/bunal driven pfe-mé&%m&l»e&Fbefret&gaﬁsmg—anéﬂﬂ{efmede}
fonair_sea carbon flux. This approach is well suited for model
intercomparisons, enabling efficient reassessment of regional flux patterns and helping to reduce biases related to ocean model
physics or biogeochemical parameterizations.

1 Introduction

Accurately estimating the anthropogenic carbon sink in the ocean is crucial for gaining a deeper understanding of the un-
derlying mechanisms, and is a prerequisite for projecting its future evolution and the climate response to future emissions

scenarios (Canadell et al., 2021). This anthropogenic carbon flux is currently assessed with yearly updates by the Global Car-

bon Budget (GCB; Friedlingstein et al., 2024), using both observational products and model simulations employing Global
Ocean Biogeochemical Models (GOBMs). Nevertheless;reconstructions-based-en-However, reconstructions derived from sur-

face ocean pCO, data ‘wmeh—eeﬂ%ﬁ&&eﬂ%ﬁﬁwmobservatlon based me%hedwae%ﬂyﬁe*eeed—meﬁmede}

disparity-has-grewn-approach — tend to yield higher estimates than models, both globally and regionally. This mismatch has
grown steadily since the early 2000s, now reaching a 10te—20 % difference over the past decade (Friedlingstein-et-al52024)

. Hauck et al., 2020; DeVries et al., 2023; Gruber et al., 2023; Friedlingstein et al., 2024).

Recent studies have begun to investigate the origins of discrepancies in both the magnitude and trend of observational versus
model-based estimates of the ocean anthropogenic carbon sink. Analyses of GOBM-derived estimates (Terhaar et al., 2024)
and pCO,-based products (Ford et al., 2024) point to multiple sources of uncertainty, including methodological differences,
Terhaar et al., 2022), as well as decadal variability, especially in the Southern Ocean (Mayot et al., 2023, 2024). On the

observational side, the sparse and uneven spatial and temporal coverage of surface ocean pCO, measurements remains a
major limitation (Hauck et al., 2023; Landschiitzer et al., 2023; Dong et al., 2024). While the causes of these mismatches are
likely multifaceted, one less-discussed contributor is the uncertainty surrounding the pre-industrial air—sea carbon flux and its
influence on pCO,-based estimates.

The net air-sea carbon flux derived from pCO;-based data encompasses both anthropogenic and natural components. The

natural component originates, at the global scale, from the balance between riverine discharge and the burial of organic matter
(OM) and calcium carbonate (CaCOs3). As these external fluxes together represent a net source of carbon for the ocean, they
result in a net carbon outgassing at equilibrivm-steady state during the pre-industrial era. Consequently, assessing the anthro-
pogenic carbon flux through observations requires determining the pre-industrial riverine/burial-driven air-sea carbon flux and
its spatial distribution (e.g. Hauck et al., 2020; Friedlingstein et al., 2024).

Assessing this outgassing carbon flux remains highly uncertain, with estimates ranging from 0.23 to 0.78 PgC yr'! (Aumont

et al., 2001; Jacobson et al., 2007; Resplandy et al., 2018; Lacroix et al., 2020; Regnier et al., 2022), depending on the
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modeling approach used to derive them (forward or inverse) and literature estimates of riverine and burial fluxes (see Table E1).
Specifically, the most recent estimate of 0.6540.30 Pg Cyr™' is that used in the latest GCB release (Regnier et al., 2022;
Friedlingstein et al., 2024, Table 1).

The spatial distribution of this riverine/burial-driven air-sea carbon flux is also highly uncertainand-, It strongly depends on

the assumptions and methods used fer-its-assessment-to assess it, including how sediment burial processes are represented,
and both the magnitude and characteristics of riverine carbon inputs — particularly the balance between organic and inorganic
forms, as well as the lability of terrestrial organic matter — (see Table E1). The historieal-value, obtained-carlier estimate,
derived from a modeling analysis (Aumont et al., 2001) ;-and-used-for-a-tong-time-in-the-GEB-distributesdistributed this flux

as follows: 49 % in the southern region, 25 % in the inter-tropical region, and 26 % in the northern region. In contrast, the latest
most recent estimate, currently used in the GCB and also based on a modeling study (Lacroix et al., 2020, Table 1), evaluates
this-distribution—as-suggests a very different partitioning: 14 %, 64 % and 22 %, respectively, which-completelyreshapes-the

reshaping our understanding of the regional distribution of this flux.
Hat i ith-Uncertainties in estimating the riverine/burial-driven pre-industrial outgassing may con-

tribute to disparities-the persistent discrepancies between observation-based and model-derived estimates of the anthropogenic
ocean carbon sink, both globally and regionally (Fnedhngsteln et al., 2024, their Fig. 11 and 14). These disparities have

h-fluctuated over time, largely in response to
AWWMWMG%WW%%%WMS of the riveri tal-dri tnehastr
magnitude and spatial distribution of this flux in the
literature (Fig. land, Table 1). For instance, there-was-anotable-global-deerease-inriverine/burtal-driven-a substantial decrease
Nnvglvev\glg‘gg/lvgstnnatewwwg\fvt}/l&pre -industrial outgassing from 2019 to 2020 ;—which-contributed to a significantreduction—in
notable narrowing of the global observation-model gap. More recently,
from 2022 to 2023, characterized-by-areductionin-bias-in-thesouthernregion-and-a correspondingredistribution of the flux
between regions, from the southern region to the tropics, led to a reduced southern hemisphere bias and a compensating increase
in the inter-tropical regiondiscrepancy.

Enhancing our understanding of the riverine/burial-driven air-sea carbon flux is critical to achieving more precise estimates

of the anthropogenic carbon flux and its distribution from data-driven assessments. Numerical models are-a-promising-approach

to-hold great promise in addressing this challenge, espeeially-when-estimating-its—distribution—particularly for estimating the
spatial distribution of the flux. However, at present, the representation of the pre-industrial air-sea carbon flux remains uncertain

in inter-model comparison exercises like CMIP6 (the 6th phase of the Coupled Model Intercomparison Project, Eyring et al.,

2016) and the 2022-GCB-(Friedlingstein-et-als202492024 GCB (Friedlingstein et al., 2024), likely due to differences in model
setups and various/incomplete representations of sediment burial and riverine discharge (Terhaar et al., 2024). The magnitude

of this global net flux ranges from —0.73 to 0.38 PgC yr™!, while its inter-hemispheric gradient, defined as the difference
between its values in the northern and southern hemispheres, ranges from —0.09 to 0.82 PgC yr'! (Fig. 1a).
The methods employed thus far to estimate the riverine/burial-driven air-sea carbon flux at the global scale mostly rely on

closing the ocean carbon budget. However, they often exhibit limitations in addressing the ocean alkalinity budget. Alkalinity



Table 1.Review of the air-sea carbon outgassing from riverine/burial uxes of carbon and Alk used in the GCBs. Both the global values and
their regional distribution are presented, along with the associated references.

Air-sea carbon outgassing from riverine/burial uxes of carbon and Alk

Global Distribution
GCB GtC yr-1 (%)
Reference(s) GtC yr-1 Reference )
South Inter-tropics  North
2023t0 2024 Regnier et al. (2022) 0.650.3 Lacroix etal. (2020) 0.09 (14) 0.42(64) 0.14 (22)
2022 Regnier et al. (2022) 0.65 Aumont et al. (2001) 0.32(49) 0.16 (25) 0.17 (26)
Jacobson et al. (2007)
2020 to 2021 0.61 Aumont et al. (2001) 0.30 (49) 0.15(25) 0.16 (26)
& Resplandy et al. (2018)
2018102019 Resplandy et al. (2018) 0.78 Aumont et al. (2001) 0.38(49) 0.19 (25) 0.20 (26)
2013t0 2017 Jacobson et al. (2007) 0.45 Not applicable

1959-2011 Not applicable

Figure 1. Schematic illustration of how a bias in evaluating the pre-industrial ocean carbon outgassing affects the assessment of the anthro-
pogenic carbon ux based qpCO,-products. A downward revision of the pre-industrial outgassing would decrease anthropogenic carbon
ux estimates based opCO;-products, while an upward revision would increase it. This effect applies both globally and regionally.

(Alk), de ned as the excess of proton acceptors over proton donors, or of positive conservative charges over negative ones,

plays a pivotal role in driving air-sea carbon exchanges, which are strongly dependent on the relative balance between Alk
95 and dissolved inorganic carbon (DIC; e.g. Humphreys et al., 2018). Similar to carbon, the Alk budget is controlled by both

sources and sinks at the boundaries of the oceanic domain (Middelburg et al., 2020). Conventionally, it is hypothesized that the
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105 couldarisefrom additional CaC@burial (e.g. Cartapanis et al., 2018)foym a carbonate compensation mechanism involving

throughinteractionswith the continents(e.g. erosion)and marine biogeochemistrye.g. sedimentdynamics).As a result,
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the key drivers of its regionaldistribution. We then demonstratghe utility .of this frameworkthroughtwo proof-of-concept

120 thespatialdistributionofthe-ux—by-construetings; and(ii) reassessinigs regionaldistributionusingsensitivitysimulationst

ndAlk budgetsas balancedor_imbalancedaccordingo whether uxes into andoutof th

125

130 The collection of surface ocegCO, data, and associated statistical methods, only allow for the direct reconstruction of

the contemporary air-sea carbon ugg; 2" %), which encompasses both an anthropogeRifs,¢" %) and a natural
(FS. 3" 82) component (e.g. Hauck et al., 2020), as follows:
Fc%;n{a:ir sea _ F;;t:air sea Fnca;t:air sea (l)
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Figure 2. Pre-industrial air-sea carbon ux from models. The globally integrated pre-industrial ux (x-axis) and its interhemispheric gradient

for (b) the NEMO-PISCES sensitivity simulations. (a) The 15 CMIP6 ESMs (10 GCB GOBMSs; see Appendix B1) are plotted with red
squares (orange circles). The black square and circle refer to the CMIP6 and GCB ensemble means. The CMIP6 and GCB ensemble range
(line), mean (major tick) and quartiles (minor ticks) are respectively displayed to the top and right in red and orange. The star refers to the
reference value used in the GCB 2024 (Table 1; Friedlingstein et al., 2024). The inter-hemispheric air-sea carbon ux gradient is de ned as

the difference between its values in the northern and southern hemispheres (Sect. 2.1.3).

mine the natural component to extract the anthropogenic carbon ux fil6M,-based products. Within the anthropogenic
carbon ux, we incorporate the perturbation of the natural carbon ux in response to climate change, ensuﬁgcg _fﬁa ea

i iderAccordingly,F 5. 2" 5% is directlyde ned as the riverine/burial-driven pre-industristention

generallyomittedhereafterpir-sea carbon ux o 2 %9, i.e.:

C; air sea_ C; air sea
Fnat: - I:riv =bur: (2)
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carbonux-—torestoreequilibrium-(b) Schematic diagram of carbon and Alk budgets by ocean regior andT¢=** respectively refer

to the total external uxes (directed into the ocean) and to the northward transport of carbon abdA¥. corresponds to the carbon and

the inter-tropical zone, and the northern hemisphere.

The anthropogenic carbon ux can then be derived fiigBO,-based data as follows:

C; ar sea_ C;air sea C; air sea
Fant: - Fcont: Friv =bur: (3)

C; air sea C; riv:=bur: _
I:riv =bur: +F =0 (4)
with:
FC; riv :=bur: — FC; riv : + FC; bur: org: + FC; bur : inorg : + FC; minor components (5)

where 'riv.' stands for 'riverine discharge', 'bur. org.' for 'OM burial', 'bur. inorg.' for 'CaCgburial', and ‘'minor components'

encompass other minor external uxes, such as carbon release by mid-ocean ridges and groundwater discharge. Thus, assumir
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riverine and burial uxes of carbon:

C; air sea _ [ Ci riv :=bur: (6)

riv :=bur :

carbon ux:

FAIk ; riv =bur: — FAIk prve g FAIk ; bur: org: + FAIk ; bur: inorg : + FAIk ; minor components (7)

where 'minor components' encompass this time other minor external uxes such as anaerobic processes, silicate weathering,

Humphreys et al. (2018) by utilizing a phase diagram (Alk, DIC) in the form of an Alk and DIC ux diagram, while operating on
a global scale (Fig. 3a). For any ux affecting carbon and/or Alk, it is possible to derive an air-sea carbon ux and the associated
global carbon and Alk inventory imbalances. This approach relies on the equilibrium relationship betwaéaBbhe—pair

directly proportional to a DIC anomaly, and this proportionality coef cient can be estimated with high precision, as follows:
, Alk

Q" 3AKk 2 DIC ®

whereQjin, , as previously de ned in Planchat et al. (2023), represents the inverse of the 'isocapnic quotient’ approximation

(FAK: X)), results in a global imbalance, shifting the surface ocean away from equilibrium with the atmosphere. Speci cally,
this requires an air-sea carbon uf :@" s€3(X): Fig. 3a) to maintain global equilibrium with respect to the atmospheric

In summary, for any given proce¥s, we can de ne:
8

5 [ C; air sea(x): F Al X Qinv EC: X
DC(X): Atk X Qinv (©)]
DAIk (X) = FAIk i X

Applying this theoretical framework to the total external carbon and Alk WS (Vv =bur: andf Al v =bur: “regpectively),

we can deduce the riverine/burial-driven air-sea carbon Eg%;fgur:sea) and the respectiveiseguitibriadeyiationsin global

garbon and Alk inventories as follows:

C;air sea_ Al ; riv:=bur: . C; riv :=bur:
5 Friv =bur: T F Qnw F

DC = Ak riv:=bur: Qinv (10)
DAIk - FAIk; riv :=bur :



It is worth noting that this general expression also applies to the speci ¢ case where the global Alk inveimt@rytigibritim

185 ux #eFme&aI#egieﬂaHmbah&Hee

190 wheregcearxirculationtransportsoth Alk andDIC, andblogeochemlca;brocessealsogenerateeg|onalsourcesandsmks

To gain a deeper understanding of the factors shaping the spatial distribution of the riverine/burial-driven air-sea carbon ux,
we expand upon the theoretical framework previously outlined for the global scale (refer to Section 2.1.1) andeagapt it

proxy for application atecalandregional scales.

195
200
8 oc; ai Alk ; X C; X
,amr  sea — N ;
5 Flat =N=S=| (X)= Flat:N:S:I Qinv ; lat =N=s=I Flat =N=S=|
oc; X _ Ak; X
2 Dlat =N=S=I ~ Flat =N=S=I Qinv; lat =N=S=I
DOAIk X = pAk; X
lat=N=S=I ~— " lat =N=S=I
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understandinghe biasesbetweenohservationaand model-basegstimatesf the anthropogenicarbonsink. Yet, oceancir-

. To assess the signi cance of this asymmetry on the air-sea carbon ux, particularly its components associated with riverine

and burial uxes, we provide two metrics for large-scale inter-hemispheric uxes: (i) the inter-hemispheric air-sea carbon ux
gradient ), which is de ned as the integrated net ux north of 20°RJ* @ %) minus that south of 20°F¢" 2" 9.

G= F'\C‘:;air sea Fé:;air sea (11)

and (ii) the inter-hemispheric ocean transport of cartibf)(and Alk (TA¥), both directed northward, de ned as the mean
transport between 20°N'F ™) and 20°S TS ):

Ak _ 1 C=Ak C=Ak
TC Alk = E TN + TS (12)

These two metrics rely on the subdivision of the ocean into two poleward basins, one south of 20°S and the other north of
i 2018)

20°N, separated by an intertropical bahn

< C _ C; air sea C; riv :=bur:
I:N:S:I - FN:S:I + I:N:S:I
Alk _ Alk ; riv :=bur :
I:N:S:I - I:N:S:I

< TC=Ak , pC=Ak + pC=Ak _
N=S 20°N=20°S 20°N=20°S 0
C=Alk C=AKk C=AKk
+ + =
TN=S F< 20°N=20°S D< 20°N=20°S

re=ak _ 1 7 Cc=ak + pCAKk C=Alk 4+ pCAKk
N=S 2 <20°N=20°S <20°N=20°S 20°N=20°S 20°N=20°S

10
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[
c=Ak _ 1 C=Ak C=Alk C=Alk C=Alk C=Alk C=Alk
2 TN -5 Fs + Dg +F +D, Fn + Dy
% A A A A i
> L C=Ak C=Ak C=Alk C=Ak C=Alk C=Alk C=Alk
- T ) Fs + Dg F +D, + Fy + Dy

i
C=Ak C=Alk C=Ak
+ Dg Fn + Dy

SubsequenthBbandseeAppendixC). A decompositiorf the inter-hemispheric air-sea carbon ux gradierteuivalente:

G= |_2{Z-I;C F'\?; riv :=bur : FC; riv :=bur : Dl(i Dg

S
Transport component l . {_7 }
Riverine and burial component

2.2.1 Model and con guration

As part of the NEMO (Nucleus for European Modelling of the Ocean) suite of models, we used here the marine biogeochemical
model PISCES (Pelagic Interactions Scheme for Carbon and Ecosystem Studies}teurestimatienef-takea freshlook

and Alk budgets, with a speci ¢ focus on external uxes, notably Ca®0rial. While globally resembling PISCES-v2, as
detailed in Aumont et al. (2015) and utilized in IPSL-CM6A-LR (Boucher et al., 2020), we introduced two key modi cations in
PISCES: (i) an adjustment to the N- xation parameterization, following Bopp et al. (2022), and (ii) an adaptation of the burial

restoring scheme (see Planchat et al., 2023, their Appendix A2 for details). Our simulations were conducted of ine using a

tripolar ORCA (orthogonal curvilinear ocean mesh) grid with a nominal resolution of 2° and included 30 vertical levels. The
ocean physics were derived from pre-industrial simulations of IPSL-CM5A-LR (Dufresne et al., 2013, based on NEMOV3.2),
with a repeated 500-yr period, and a xed and homogeneous atmosphericad@entration of 284 ppm at the ocean surface.

To ensure model stability and attainment of a steady state (i.e. stable air-sea carbon ux; e.g. Orr etal., 2017, see Fig. B1), all
simulations presented below used the same initial conditions and have been run 2550 yr after an initial 500-yr spin-up using the

11



265

270

275

280

Table 2. Summary of the NEMO-PISCES sensitivity simulations with a short description (see Sect. B2.1 and Table B1 for more details).

Simulation Description Alk budget

std Standard (riverine discharge, as well as OM and Catt@al simulated) Balanced
norivbur No external uxes of carbon and Alk, except air-sea carbon uxes Balanced
rivref Refractory organic riverine discharge Balanced
rivorg Fully organic riverine discharge Balanced
rivinorg Fully inorganic riverine discharge Balanced
rivlp5 Riverine discharge of carbon and Alk multiplied by 1.5 Balanced
nosed-resto No OM and CaG@®urial, but restoration of the Alk content Balanced
nosed-diseq No OM and CaG®urial Imbalanced
atlpac Constrained balance of extra Ca®0rial/dissolution between the deep Atlantic/Paci ¢ Balanced

atlpac-diseq  Constrained imbalance of extra Cat@ial/dissolution between the deep Atlantic/Paci ¢ (-0.10 PgC yr-1)  Imbalanced
tropics-diseq  Constrained extra Caglfirial in the shallow tropics (-0.10 PgC yr-1) Imbalanced

standard con guration (Sect. 2.2.2). We calculated the carbon and Alk budgets related to their associated external sources/sink:

linear regression over the same period.
2.2.2 Standard simulation (std) and its riverine/burial component

The standard simulation (referred to as 'std’), based on the standard con guration described above, involves carbon and Alk
riverine supply as well asrganiematterOM and CaCQ burial. Riverine supply of carbon and Alk is based on output from

the Global Erosion Model (GEM) of Ludwig et al. (1996) and considers both inorganic and organic carbon riverine discharge
(0.37 and 0.14 PgC ¥k respectively). Carbon and Alk are added at river mouths using a monthly climatology that is applied
recursively. The inorganic fraction ssippesede-bein-theform-of bicarbenatéonsandhusaifectsaddedashicarbonatgons,

instantaneously at the river mouth, thus impacting only DIC. This simulation also includes the burial of OM and CaCO
produced by pelagic organisms, whietrare exported to the ocean interior and only partially remineralized or dissolved in the

carbon ux (Eq. 2), at théecalregionakeale; regionalscale(N , S, or | , Fig, 3b), the air-sea carbon uxi% " **) can be

decomposed into two components: one associated with the functioning of the ocean carbonﬁj@gﬂbs?"") and the other

associated with the riverine and burial uxelér%jigur:sea), which is our primary focusFhus;fora-giverlatitude (lat)-with

12



C; air sea .
| +F riv :=bur :; lat =N=S=I riv :=bur :; N=S=| -

FC; air sea - FC; air sea
........ - pump ; lat =N=S=I pump ; N=S=

290

iensof ourstandard

EC air sea )
riv :=bur :; lat =N=S=I riv

(14)

where the 'nat.' label was omitted since the simulations were conducted under pre-industrial conditions, and therefore, no
anthropogenic component was included.

295 2.2.3 Sensitivity simulationswd-glebal-estimate
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3.1 Pre-industrial air-sea carbon ux and its riverine/burial-driven component

In the pre-industrial era, the simulated air-sea carbon ux, derived from the standard simulation (std), remains stable at
0:27 PgC yr ! (see Fig. B3a), indicating a net global ocean outgassing. However, the distribution of the surface air-sea car-
bon ux exhibits considerable heterogeneity among different regions, primarily driven by ocean circulation patterns (Fig. 4a).
Regions characterized by carbon-rich deep-water upwellings, such as equatorial and southern ocean upwelling zones, ten
to show carbon outgassing. Conversely, poleward heat transport within the ocean, exempli ed by western boundary cur-
rents like the Gulf Stream, promotes carbon absorption as surface waters cool. Consequently, the outcome is a pronounce
meridional air-sea carbon ux gradient, with ingassing in the northern hemisph@rg7{ PgC yr 1), outgassing in the inter-
tropical zone ( 0:91 PgC yr 1), and minimal outgassing in the southern hemispher@@6 PgC yr 1), primarily due to
the impact of southern ocean upwelling between 45-65°S (Fig. 4b,c). The inter-hemispheric air-sea carbon ux @adient (
Sect. 2.1.3) ir0:51 PgC yr !, while the inter-hemispheric transport of carbon and Al @nd T~ ; Sect. 2.1.3) amounts
to 0:35PgCyr 'and 0:07 PgCyr !, respectively (see Fig. B3a).
The air-sea carbon ux can be subsequently decomposed into a component associated with the functioning of the ocean
carbon pumps and a component associated with riverine and burial uxes (Sect. 2.2.2). More speegieathgthe simula-
internal functioning of the ocean carbon pumps. Indeed, regional air-sea carbon uxes are primarily in uenced by these pumps,
which establish and sustain vertical and horizontal carbon gradients within the ocean (e.g. Sarmiento and Gruber, 2006; Mur-
nane et al., 1999; Aumont et al., 2001; Resplandy et al., 2018). Thus, both the physical pump (involving ocean circulation and
air-sea carbon exchange) and the biological pump (comprising processes like production, export, and the remineralization/dis-
solution of OM and CacCg) play pivotal roles in elucidating the overall distribution of the air-sea carbon ux. These air-sea
carbon uxes exhibit signi cant ingassing in the northern hemisphere (+0.67 PgLand outgassing in the inter-tropical

15



Figure 4. Description of the standard NEMO-PISCES simulation (std; see Fig. B2 for additional elements). (a) Map of the pre-industrial

(c) Partitioning of the riverine (orange) and burial (dark gold) uxes by ocean region (southern, inter-tropical, and northern). The uxes, in
petagrams of carbon per year (PgC)yfor carbon (in bold) and Alk (in normal font), are directed by arrows, with orientation indicating
the sign, and size re ecting the absolute magnitude of the ux. Téggonal partitioning of theiverine/burial-drivenair-sea carbon ux

is{(light blue)arealso provided above. (d) Partitioning of the integrated external sources and sinks of carbon (shaded) and Alk (hatched). The
negative impact of OM burial on Alk is attributed to the release of ammonium when OM is remineralized at the sea oor rather than buried.

Detailed descriptions of (c) and (d) can be found in Supplementary S1 and S2.
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zone (-0.79 PgC yt), with minimal ingassing in the southern hemisphere (+0.16 PgCsge Table B1). Overall, the air-sea
carbon ux associated with the oceanic carbon pumps is expected to be net-zero when integrated at the global scale, althougt
norivbur shows a small residual component (+0.05 Pg€ gee Fig.B3a). This residual component is attributed to a residual
carbon budget imbalance due to internal ocean processes (see Appendix BO.3).

Finally, by taking the difference between our standard simulation and the simulation without riverine and burial uxes
(std minus norivbur), we isolate the component of interest, i.e. that induced by riverine and burial uxes (Sect. 2.2.2). This
riverine/burial-driven air-sea carbon ux results in a net global outgassing of 0.31 P§Qligtributed among the northern,
inter-tropical, and southern regions as follows: 0.10, 0.12, and 0.10 PY(Fig. 4c).

3.2 The global riverine/burial-driven air-sea carbon ux

3.2.1 Role of sediment burial uxes

thanthe increase in riverine carbon dischargé (26 PgC yrlseeFig—Bsb)—?hlsdiseFepaneﬁHsedseeausapemm%) aspart
of this additionalcarbon 0:09 PgC yrt) ef—theaddﬁrenalearbemssequesterenﬁhe#ermeﬂs buriedas CaCQ to maintain
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Figure 5. The role of riverine and burial uxes of carbon and Alk in determining the pre-industrial air-sea carborcantiffued
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Figure 5. (continued. (a, b) Comparison between the net global air-sea carbof amel (a) the integrated riverine uxes of carbon, or (b)
the integrated riverine and burial uxes of carbon. When the net air-sea carbon ux balances the considered external uxes (on the 1:1 line),

(excluding nobur-diseq, atlpac-diseq, and troplcs-dlseq). (c) Theoretical framework that accounts for Alk and carbon budgets to reconstruct
the net air-sea carbon ux. The net air-sea carbon ux ( lled contours) is determined by multiplying the integrated riverine and burial uxes
of Alk (x-axis) by Qinv and then subtracting the integrated riverine and burial uxes of carbon (y-axis). The deviation of the net air-sea carbon

ux from this relationship in the NEMO-PISCES sensitivity simulations is small (Iess thah PgC yr *forall, except nobur-resto: less

carbon and Alk budgets (Table 3) provide estimates of riverine and burial uxes of ¢aanonAll¢, as shown at the top and on the right in

grey. The net air-sea carbon ux reconstructed from these ux estimates are indicated as grey rectangles, with con dence intervals at 75 %,
50 %, and 25 %, and projected on the color bar.

8The net air-sea carbon ux of the NEMO-PISCES sensitivity simulations was adjusted for their respective residual carbon budget imbalances (see Appendix BO.3).

bThis distribution also includes uxes from groundwater discharge.
This distribution also includes uxes from anaerobic processes, groundwater discharge, and reverse weathering.

etal., 2018; Boudreau et al., 2018
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D}Alk
Z
EC; air sea _ Pinv F’llki E C: bur:=riv > (15)

DC

whereD®¢ and DAk represent the gIobaI carbon and Alk mventtdweqwhbﬁaqih%tmdemeere&he&gmeaneeeﬁhe

FCiair sea_ [C; bur::riv:)
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a-Alkbudgetassumptions-

aswell asthe persistentuncertaintiesand unknowns— in_estimatingthe pre-industriakriverine/burial-érivenair-sea carbon
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riverine/burial-driven air-sea carbon ux (y-axis, PgCYr the fraction of this ux occurring south of 20°S (x-axis, %) and its interhemi-
spheric gradient (color dots, PgCYr The fraction of this ux occurring south of 20°S is also shown for Aumont et al. (2001) and Lacroix
et al. (2020) (black stars), assuming the same riverine/burial-driven air-sea carbon ux as our standard simulatiopl{gta)hemispheric

495 3.3 Theregionatspatial distribution of the riverine/burial-driven air-sea carbon ux

The inter-hemispheric gradient of the pre-industrial air-sea carbon ux is primarily controlled by ocean interior processes and
the functioning of the ocean carbon pumps. Speci cally, in an ocean without any riverine and burial carbon uxes (norivbur),
the inter-hemispheric gradient amountsH®:51 PgC yr! (see Fig. B3a). The biological pump contributes to carbon uptake
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in the northern hemisphere through surface biological activity and leads to carbon release in the southern hemisphere due tc
the upwelling of carbon-rich deep waters, as documented in previous studies (e.g. Murnane et al., 1999; Aumont et al., 2001;
Resplandy et al., 2018). When subtracting the gradient estimated from simulation norivbur to all other sensitivity simulations,

we nd that only a fraction of the inter-hemispheric air-sea carbon ux gradient is accounted for by riverine and burial uxes

(ranging from 0:18to +0:11 PgC yrlin-oursetof sensitivitysimulations).

3.3.2 Inuencing factors

There is no direct correlation between the magnitude of the riverine/burial-driven air-sea carbon ux and the proportion of
this ux occurring south of 20°S (Fig.@. Notably, the substantial uncertainty on the refractory nature of organic riverine dis-
charg

in a signi cant shift in the proportion of the riverine/burial-driven air-sea carbon ux occurring in the southern ocean (54 % in
rivref vs. 31 % in std; Fig.6), even though the total ux remaimarhythe same. Conversely, when the riverine discharge is
increased by 50 % (rivlp5), the distribution of the riverine/burial-driven air-sea carbon ux remains unchanged compared to
std, while the total outgassing increases frai32 PgC yr! (std) t00:49 PgC yr! (rivip5; see Table B1).

The decoupling between the magnitude of the net riverine/burial-driven air-sea carbon ux and its inter-hemispheric gradient

air-sea carbon ux occurs remotely, in the southern hemisphere, due to the meridional overturning circulation. This results in
a relative outgassing compared to std)(07 PgC yr?), and an increase in the inter-hemispheric riverine/burial-driven air-sea
carbon ux gradient €0:07 PgC yr!; see Fig. B3b). On the contrary, when the surplus of Ca@@ial is in the shallow
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tropics (tropics-diseq), the riverine/burial-driven air-sea carbon ux anomaly compared to std is equivalent to the one reported
for atlpac-diseq, but the inter-hemispheric gradient is this time nearly not impacted relative +0 €d PgC yr?) since the

(Sect.3.2). It is thereforenow possibleto estimatethe global magnitudeof the pre-industrialriverine/burial-driven air-sea

{includinginventorydisequilibria;Fig—6b;sinks
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Type of Carbon ux Alkux Associatedair-sea  AssociatedDIC  AssociatedAlk
sources/sinks (from.Regnier et al., 2022) (from Middelburg et al., 2020) carbon ux deviation Jeviation

Qu, . F™ F%)  Qu FY) (E™)

Riverine :g:i:s_,:chargei [0.650;1.150] [0.578;0.929] [0.189;-:0.410] [0.461,0.740] [0.578,0.929]
0.900 0.756 -0.297 0.603 0.756

OM _hurial b: [:0.059;-0.155] [0.014;0.037] [0.070;0.184] [0.011;0.029] [.014;0.037]
-0.107 0.024 0.126 .0.019 0.024

CaCOg burial [:0.141:-0.345] [0.648;-0.828] [0.315;-0.375] [0.516;-0.660]  [0.648;:0.828]
-0.243 .:0.708 -0.321 0.564 .;0.708

Total [0.450;0.650] [0.056;0.138] [0.340;-0.695] [0.045:0.110]  [0.056;0.138]
0.550 0.072 0.493 0.057 0.072

2Including uxes from groundwater discharge and anaerobic processes.
bIncluding uxes from reverse weathering.

4.1.3 Discussion

andhi
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585 woulddecreasey anadditionalo.1§Pngr‘1. ConverselyaligningtheAlk _ux associategvith CaCQ; burial with thecarbon
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Step 1: We initialized our compositesimulation by isolating the effect of riverine and burial _uxes on the air-seacarbon
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Step 2: Next,we adjustegdhecarbon uxes associatesith riverinedischargeandOM burialto matchliteraturegstimatesT his

620 wasachievedby weightingthe simulationwhereriverine inputswereincreasecy a factorof 1.5

theoverallriverine ux amplitudewasthe rst variablethatneededo betuned.At theendof this stagethecomposite

Step 3: We thenadjustthe Alk . uxes._associatedwith riverine dischargeand OM. burial to. matchliterature estimatesThis

625 which did not alter the carbonvaluesalreadymatchedn Step2. The compositesimulatedestimatehecamea linear

without affectingthe_uxes adjustedin_previoussteps.Giventhe 2:1 stoichiometricratio betweenAlk_andDIC in

630 CaCQ processeghis stepsimultaneouslyensuredconsistencyfor both the carbonand Alk_componentof CaCQ

burial ux. (Table3) — an additionalcorrectionstepwasrequired.This correction,appliedsi

635

640
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