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Abstract. The disparities in
:::::::::
Disparities

:::::::
between

:::::::::::
observational

::::
and

::::::::::
model-based

:
estimates of the ocean carbon sink , whether

derived from observations or models, raise questions about our ability to accurately 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 inconsistency is
::
key

::::::
source

::
of

::::::::::
uncertainty

:::
lies

::
in the pre-industrial air-sea

::::::
air–sea carbon flux, which is thought to arise

:::::::
essential

:::
for

:::::::
isolating

:::
the

::::::::::::
anthropogenic

:::::::::
component

:::::
from

:::::::::::
observations.

::::
This

::::
flux,5

::::::
thought

::
to

:::::
result

:
globally from an imbalance between riverine discharge and sediment burial of carbon. The characterization

of this flux is essential for isolating the anthropogenic component of the total air-sea carbon flux estimated from observations;

however, it
:
, remains highly uncertain, limiting confidence in the impactful applications of

:::
the

:::::::::
confidence

::
in

::::::::
impactful

::::::::::
applications

::::
such

::
as the Global Carbon Budget (GCB). In this study, we propose a fresh look at the pre-industrial air-sea carbon flux using

the alkalinity budget. We demonstrate the relevance of a novel
::::::
present

:
a
:::::

new theoretical framework that directly enables10

the calculation
::::::
enables

:::::
direct

::::::::::
estimation of the riverine/burial-driven pre-industrial carbon outgassing using both carbon

and alkalinity budgets. We also introduce a practical framework to evaluate the spatial distribution of this flux through

a
:::
This

::::::::
approach

:::
is

::::::::
validated

::::
with

::
a
:
series of ocean biogeochemical simulations. Our reassessment, grounded in existing

carbon and alkalinity budgets, yields an estimated riverine,
::::::
which

::::
also

::::::::
highlight

:::
the

:::::
main

::::::
factors

::::::::::
influencing

::
its

::::::::
regional

::::::::::
distribution.

:::
We

::::
then

::::::::::
demonstrate

:::
the

:::::
utility

::
of

:::
the

:::::::::
framework

:::::::
through

::::
two

::::::::::::::
proof-of-concept

::::::::::
applications.

::::
The

::::
first

::::::
revisits

:::
the15

:::::::::::
pre-industrial

::::::
riverine/burial-driven pre-industrial carbon outgassing of 0.49 [0.34;0.70] PgC yr-1, which is lower than the most

recent central estimate of 0.65± 0.30 PgC yr-1. This adjustment partially reduces the disparities between observation-based

and model-derived estimates of the anthropogenic ocean carbon sink. Using a composite simulation derived from a linear

combination of our sensitivity experiments, we reassess the spatial distribution of this flux , attributing 29 % to the southern

region (south of 20°S), 40 % to the inter-tropical region (20°S-20°N), and 31 % to the northern region (north of 20°N).20

Notably, these findings represent an intermediate distribution compared to those used in the GCB over time, with recent values

at 14 %, 64 %, and 22 %, and historical values at 49 %, 25 %, and 26 %. Addressing the current inconsistencies between

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 thus an urgent priority for building confidence in the global25

::
to

:::::
assess

:::
the

:::::::
regional

::::::::::
distribution

::
of

:::
the

:::::::::::
pre-industrial

:
riverine/burial-driven pre-industrial carbon outgassing, and intermodel

comparisons are required to constrain its regional distribution
::::::
air–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 Introduction30

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 on
::::::::
However,

::::::::::::
reconstructions

:::::::
derived

::::
from

:
sur-35

face ocean pCO2 data , which constitute the primary
:
–
::::::::
currently

::
the

:::::
main observation-based methods, mostly exceed the model

estimates , both at the global and regional scale (e.g. Hauck et al., 2020; Crisp et al., 2022; Friedlingstein et al., 2024). This

disparity has grown
:::::::
approach

:
–
:::::

tend
::
to

::::
yield

::::::
higher

::::::::
estimates

::::
than

:::::::
models,

::::
both

:::::::
globally

::::
and

:::::::::
regionally.

::::
This

::::::::
mismatch

::::
has

:::::
grown

:::::::
steadily since the early 2000s,

:::
now reaching a 10to

:
–20 % difference over the past decade (Friedlingstein et al., 2024)

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Hauck et al., 2020; DeVries et al., 2023; Gruber et al., 2023; Friedlingstein et al., 2024).40

::::::
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

::
p

::::::::
CO2-based

::::::::
products

::::::::::::::::
(Ford et al., 2024)

::::
point

::
to

:::::::
multiple

:::::::
sources

::
of

::::::::::
uncertainty,

:::::::::
including

:::::::::::::
methodological

::::::::::
differences,

:::::
model

::::::
biases,

:::
and

::::
data

:::::::::
limitations.

:::
On

:::
the

::::::::
modeling

::::
side,

:::::::
GOBMs

::::
have

:::::
been

:::::
shown

::
to

::::::::::::
underestimate

:::
the

:::::
global

::::
sink

:::::::::
magnitude

:::::::::::::::::
(Terhaar et al., 2022),

:::
as

::::
well

:::
as

:::::::
decadal

:::::::::
variability,

:::::::::
especially

::
in
::::

the
::::::::
Southern

::::::
Ocean

::::::::::::::::::::::
(Mayot et al., 2023, 2024).

:::
On

::::
the45

:::::::::::
observational

::::
side,

:::
the

::::::
sparse

::::
and

::::::
uneven

::::::
spatial

::::
and

::::::::
temporal

::::::::
coverage

::
of

:::::::
surface

:::::
ocean

::
p
::::
CO2 ::::::::::::

measurements
:::::::
remains

::
a

:::::
major

::::::::
limitation

:::::::::::::::::::::::::::::::::::::::::::::::::::::
(Hauck et al., 2023; Landschützer 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

:
p
:::::::::
CO2-based

:::::::::
estimates.

The net air-sea carbon flux derived from pCO2-based data encompasses both anthropogenic and natural components. The50

natural component originates, at the global scale, from the balance between riverine discharge and the burial of organic matter

(OM) and calcium carbonate (CaCO3). As these external fluxes together represent a net source of carbon for the ocean, they

result in a net carbon outgassing at equilibrium
:::::
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).55

Assessing this outgassing carbon flux remains highly uncertain, with estimates ranging from 0.23 to 0.78 PgC yr-1 (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 0.65± 0.30 Pg Cyr-1 is that used in the latest GCB release (Regnier et al., 2022;

Friedlingstein et al., 2024, Table 1).60

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 for 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 historical value, obtained

:::::
earlier

::::::::
estimate,

::::::
derived from a modeling analysis (Aumont et al., 2001) , and used for a long time in the GCB, distributes

:::::::::
distributed this flux65

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 completely reshapes the

::::::::
reshaping

:::
our

::::::::::::
understanding

::
of

:::
the

:::::::
regional distribution of this flux.

The uncertainties associated with
::::::::::
Uncertainties

::
in
:
estimating the riverine/burial-driven pre-industrial outgassing may con-70

tribute to disparities
:::
the

::::::::
persistent

:::::::::::
discrepancies

:
between observation-based and model-derived estimates of the anthropogenic

:::::
ocean carbon sink, both globally and regionally (Friedlingstein et al., 2024, their Fig. 11 and 14). These disparities have

emerged and disappeared without apparent reason, often in conjunction with
::::::::
fluctuated

::::
over

:::::
time,

::::::
largely

:::
in

:::::::
response

:::
to

:::::::
stepwise

::::::::::
adjustments

:::::
made

::
by

:::
the

::::
GCB

::::
team

:::::::::
following

:::
new

:
reassessments of the riverine/burial-driven pre-industrial outgassing

and its distribution , as well as the choices made within the GCB
::::::::
magnitude

::::
and

::::::
spatial

::::::::::
distribution

::
of

::::
this

::::
flux

::
in
::::

the75

:::::::
literature

:
(Fig. 1and

:
, Table 1). For instance, there was a notable global decrease in riverine/burial-driven

:
a
:::::::::
substantial

::::::::
decrease

::
in

:::
the

:::::
global

::::::::
estimate

::
of

:::
the

:
pre-industrial outgassing from 2019 to 2020 , which contributed to a significant reduction in

discrepancies. Additionally, a regional shift occurred
::::::
notable

:::::::::
narrowing

::
of

:::
the

::::::
global

:::::::::::::::
observation–model

::::
gap.

:::::
More

::::::::
recently,

from 2022 to 2023, characterized by a reduction in bias in the southern region and a corresponding
:::::::::::
redistribution

::
of

:::
the

::::
flux

:::::::
between

::::::
regions,

:::::
from

:::
the

:::::::
southern

:::::
region

::
to

:::
the

::::::
tropics,

:::
led

::
to

:
a
:::::::
reduced

:::::::
southern

::::::::::
hemisphere

::::
bias

:::
and

:
a
::::::::::::
compensating increase80

in the inter-tropical region
::::::::::
discrepancy.

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, especially 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 uncertain85

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 al., 2024)
::::
2024

:::::
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-1, 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-1 (Fig. 1a).90

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
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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

GCB

Global Distribution

Reference(s) GtC yr-1 Reference
GtC yr-1 (%)

South Inter-tropics North

2023 to 2024 Regnier et al. (2022) 0.65� 0.3 Lacroix et al. (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)

2020 to 2021
Jacobson et al. (2007)

& Resplandy et al. (2018)
0.61 Aumont et al. (2001) 0.30 (49) 0.15 (25) 0.16 (26)

2018 to 2019 Resplandy et al. (2018) 0.78 Aumont et al. (2001) 0.38 (49) 0.19 (25) 0.20 (26)

2013 to 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 onpCO2-products. A downward revision of the pre-industrial outgassing would decrease anthropogenic carbon

�ux estimates based onpCO2-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

and dissolved inorganic carbon (DIC; e.g. Humphreys et al., 2018). Similar to carbon, the Alk budget is controlled by both95

sources and sinks at the boundaries of the oceanic domain (Middelburg et al., 2020). Conventionally, it is hypothesized that the

global Alk inventory has beenin equilibrium
::::::::
conserved

:
during the pre-industrial era, withAlk riverinedischargecompensated

by the burial of CaCO3 (e.g. Revelle and Suess, 1957; Aumont et al., 2001; Planchat et al., 2023).
::::::::
balancing

:::
the

::::
Alk

:::::::
riverine

::::::::
discharge

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Revelle and Suess, 1957; Aumont et al., 2001; Planchat et al., 2023).

:

Nonetheless, the hypothesis ofa potentiallydisequilibratedglobalAlk inventory
::
an

::::::::::
imbalanced

:::
Alk

::::::
budget

:
during the pre-100

industrial era remains plausible,consideringthe overall balanceof
::::
based

:::
on

::::::::
estimates

::
of

::::::
global

:
Alk sources and sinks (e.g.

Milliman, 1993; Middelburg et al., 2020).Suchan Alk inventorydisequilibriumwould drive a disequilibriumin the global
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carboninventoryandaffect theair-seacarbon�ux. This hypothesisgainsadditionalsupportfrom paleoclimatologystudies,

which suggestthepossibilityof anAlk inventorydisequilibriumdueto
:::::::::::
Paleoclimatic

::::::
studies

:::::::
suggest

:::
that

::::
such

:::
an

:::::::::
imbalance

::::
could

:::::
arise

::::
from additional CaCO3 burial (e.g. Cartapanis et al., 2018) or

::::
from

:
a carbonate compensation mechanism involving105

biological processes alongside riverineinput (Boudreau et al., 2018).
:::::
inputs

:::::::::::::::::::
(Boudreau et al., 2018)

:
.
::::::
Unlike

:::::::
carbon,

::::
Alk

::
is

:::
not

:::::::::
exchanged

::::
with

:::
the

::::::::::
atmosphere,

::
so

:::::::::
balancing

::
its

::::::
budget

:::::::
depends

:::
on

::::::::
processes

::::::
acting

::::
over

::::::
longer

:::::::::
timescales,

::::::::::
particularly

::::::
through

::::::::::
interactions

:::::
with

:::
the

:::::::::
continents

::::
(e.g.

:::::::
erosion)

::::
and

::::::
marine

:::::::::::::::
biogeochemistry

:::::
(e.g.

::::::::
sediment

:::::::::
dynamics).

:::
As

::
a

::::::
result,

:::
Alk

::::::
budget

:::::::::
balancing

::
is

::::
slow,

:::
yet

:::::::::
interactive

:::::
with

:::
the

::::::
carbon

:::::
cycle

:::::::
through

:::::::
changes

::
in

::::::::::
atmospheric

:::::
CO2 :::

and
::::::
ocean

::::::
acidity

:::::::::::::::
(Hain et al., 2014).

:::
An

:::::::::
imbalance

::
in

::
the

::::
Alk

::::::
budget

:::::
would

::::::
induce

::
an

::::::::
additional

::::::
air–sea

::::::
carbon

::::
�ux

::::::
beyond

:::
that

:::::::
directly

:::::::
inferred110

::::
from

:::
the

:::::
ocean

::::::
carbon

::::::
budget,

:::::::::
ultimately

:::::::
resulting

:::
in

:
a

::::::::::::
non-conserved

::::::
global

:::::
ocean

::::::
carbon

::::::::
inventory.

:

Here, wereevaluatethe riverine/burial-driven
:::
take

::
a

::::
fresh

:::::
look

::
at

:::
the

:
pre-industrialair-sea

::::::
air–sea

:
carbon �ux by intro-

ducing a
:::
new

:
theoretical framework thatuses

::::::
enables

:::::
direct

:::::::::
estimation

:::
of

:::
the

::::::::::::::::::
riverine/burial-driven

:::::::::::
pre-industrial

:::::::
carbon

:::::::::
outgassing,

:::::
based

:::
on both carbon and Alk budgets.After testingtheapproachthrougha seriesof sensitivitysimulationsusing

a globalbiogeochemicalmodelandcoveringa broadspectrumof uncertaintiesrelatedto riverineandburial �uxes, we derive115

a newestimateof the
:::
We

::::::
validate

::::
this

::::::::
approach

:::::
using

:
a

:::::
suite

::
of

:::::
ocean

:::::::::::::
biogeochemical

:::::::::::
simulations,

:::::
which

::::
also

::::
help

:::::::
identify

::
the

::::
key

::::::
drivers

::
of

:::
its

:::::::
regional

::::::::::
distribution.

::::
We

::::
then

::::::::::
demonstrate

:::
the

::::::
utility

::
of

::::
this

:::::::::
framework

:::::::
through

::::
two

::::::::::::::
proof-of-concept

::::::::::
applications:

:::
(i)

::::::::
revisiting

:::
the

::::::
global

:::::::::
magnitude

::
of

:::
the

::::::::::::
pre-industrial riverine/burial-drivenpre-industrialair-seacarbon�ux

basedon
:::::
air–sea

::::::
carbon

::::
�ux

:::::
using

:
existing carbon and Alk budgets. Subsequently,usinga practicalframework,we reassess

thespatialdistributionof the�ux by constructinga;
::::
and

::
(ii)

::::::::::
reassessing

::
its

:::::::
regional

::::::::::
distribution

::::
using

:::::::::
sensitivity

::::::::::
simulations

::
to120

:::::::
construct

::
a composite simulated estimatefrom alinearcombinationof oursensitivitysimulations

::::::::
consistent

::::
with

::::
both

::::::
budgets.

2 Methods

::
In

:::
this

:::::
study,

:::
we

:::
use

:::::::::::
'steady-state'

:::
to

::::
refer

::
to

:::
the

::::::::
temporal

::::::
stability

:::
of

:::
the

:::::::
globally

::::::::
integrated

::::::
air–sea

::::::
carbon

::::
�ux.

::::
We

:::::::
describe

::
the

::::::
carbon

::::
and

:::
Alk

::::::
budgets

:::
as

::::::::
`balanced'

::
or

:::::::::::
`imbalanced'

:::::::::
according

::
to

::::::
whether

:::::
�uxes

::::
into

:::
and

:::
out

::
of

:::
the

:::::
ocean

:::
are

:::::::::::
quantitatively

::::::::
balanced.

:::
An

::::::::::
imbalanced

::::::
budget

:::::
drives

:
a
::::::::
deviation

:::
in

:::
the

:::::
global

:::::::::
inventory:

::
a

::::::
positive

::::::
(resp.

:::::::
negative)

:::::::::
imbalance

:::::
leads

::
to

:::
an125

:::::::
increase

:::::
(resp.

::::::::
decrease)

::
in

:::
the

::::::
global

:::::::::
inventory.

::::::
Unless

::::::::
otherwise

::::::
stated,

:::
all

::::::::::
simulations

::::
and

:::::
results

:::::
refer

::
to

::::::::::::
pre-industrial

:::::::::
conditions.

2.1 Overview and de�nitions
::::::::::
Theoretical

::::::::::
framework

2.1.1 Global
:::::::::
Governing

::::::::
equation

::
of

::::
the

::::::::::::
pre-industrial

:::::::::::::::::::
riverine/burial-driven

:
air-sea carbon �ux

The collection of surface oceanpCO2 data, and associated statistical methods, only allow for the direct reconstruction of130

the contemporary air-sea carbon �ux (F C; air � sea
cont : ), which encompasses both an anthropogenic (F C; air � sea

ant : ) and a natural

(F C; air � sea
nat : ) component (e.g. Hauck et al., 2020), as follows:

F C; air � sea
cont : = F C; air � sea

ant : + F C; air � sea
nat : (1)
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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

(y-axis) are indicated for (a) CMIP6
::::
Earth

::::::
system

:::::
models

:
(ESMs)

:
and GCB

:::::
Global

:::::
Ocean

:::::::::::::
Biogeochemical

::::::
Models

:
(GOBMs

:
), as well as

for (b) the NEMO-PISCES sensitivity simulations. (a) The 15 CMIP6 ESMs (10 GCB GOBMs; 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 ranges

(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).

whereall
::::::
positive

:
�uxes are directed into the ocean (consistent throughout this manuscript). Therefore, it is crucial to deter-

mine the natural component to extract the anthropogenic carbon �ux frompCO2-based products. Within the anthropogenic135

carbon �ux, we incorporate the perturbation of the natural carbon �ux in response to climate change, ensuring thatF C; air � sea
ant :

genuinelyrepresents
::::
fully

:::::::
re�ects the carbon sink resulting from all human-induced disturbances (e.g. Hauck et al., 2020).

Additionally, we assumethat therehavebeenno alterationsto riverine andburial �uxes in responseto the Anthropocene,

allowingusto directlyconsider
:::::::::::
Accordingly,F C; air � sea

nat : ::
is

::::::
directly

:::::::
de�ned as the riverine/burial-driven pre-industrial(mention

generallyomittedhereafter)air-sea carbon �ux (F C; air � sea
riv :=bur : ), i.e.:140

F C; air � sea
nat : = F C; air � sea

riv :=bur : (2)
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Figure 3. Schematics of thetheroetical
:::::::
theoretical

:
framework introduced in this manuscript. (a)Schematicconstructionfor

::::::::
Conceptual

::::::::::
representation

::
of

:
a processX (e.g. CaCO3 burial), impacting

::::
which

::::::
affects carbon (F C; X ) and Alk (F Alk ; X ), of the air-sea

::::::
thereby

::::::
induces,

::
at

:::::
steady

::::
state,

::
a

::::::::::
compensating

:
carbon �ux resultingfrom the associatedlocal imbalance(F 0C ; air � sea(X )

::::::::::::
F C ; air � sea(X )) , as

well as
:::
and therelateddisequilibrium

:::::::
resulting

:::::::
deviations

:
in carbon and Alk

::::::::
inventories (D 0C =Alk (X )

:::::::::
D C =Alk (X )). Thesurfaceequilibrium

:
of

:::
the

:::::::
Alk:DIC

:::
pair

:
with atmospheric CO2 is represented by a solid grey line. Carbon (Alk) �uxes are represented through solid (dashed)

arrows, and the colors of the arrows is consistent with what is used throughout the manuscript (e.g. Fig. 2).The combinationof the Alk

andcarbon�uxes associatedwith theprocessX resultsin a disequilibriumwith theatmosphericCO2 concentration,andrequiresanair-sea

carbon�ux to restoreequilibrium.(b) Schematic diagram of carbon and Alk budgets by ocean region.F C =Alk andT C =Alk respectively refer

to the total external �uxes (directed into the ocean) and to the northward transport of carbon and Alk.D C =Alk corresponds to the carbon and

Alk inventory disequilibria
:::::::
deviations

:
in each basin.S, I andN refer to the different ocean regions, respectively the southern hemisphere,

the inter-tropical zone, and the northern hemisphere.

The anthropogenic carbon �ux can then be derived frompCO2-based data as follows:

F C; air � sea
ant : = F C; air � sea

cont : � F C; air � sea
riv :=bur : (3)

WhenassumingaglobalAlk inventoryequilibrium
::::::::
Assuming

:
a

::::::::::
steady-state

:::::::::::
pre-industrial

::::::
air–sea

::::::
carbon

::::
�ux

:::
and

:
a

::::::::
balanced

:::
Alk

::::::
budget, the global riverine/burial-drivenair-sea

:::::
air–sea

:
carbon �ux can be directlydeducedfrom the carbonbudgetat145

equilibrium
::::::
inferred

:::
by

::::::
closing

:::
the

:::::
ocean

::::::
carbon

::::::
budget (e.g. Regnier et al., 2022):

F C; air � sea
riv :=bur : + F C; riv :=bur : = 0 (4)

with:

F C; riv :=bur : = F C; riv : + F C; bur : org : + F C; bur : inorg : + F C; minor components (5)

where 'riv.' stands for 'riverine discharge', 'bur. org.' for 'OM burial', 'bur. inorg.' for 'CaCO3 burial', and 'minor components'150

encompass other minor external �uxes, such as carbon release by mid-ocean ridges and groundwater discharge. Thus, assuming

a
::::::::
conserved

::::::::::::
pre-industrial global Alk inventoryequilibrium, the riverine/burial-driven air-sea carbon �ux is the opposite of the

7



riverine and burial �uxes of carbon:

F C; air � sea
riv :=bur : = � F C; riv :=bur : (6)

However, when considering a
::::::::::
pre-industrial

::::::::::
imbalanced

:::
Alk

::::::
budget

::::
(i.e.

:
a

::::::::::::
non-conserved global Alk inventorynotin equilibrium

:
),155

it becomesessential
::::::::
necessary to account for the Alkbalancein order

::::::
budget

::::::::
explicitly to infer the riverine/burial-driven air-sea

carbon �ux:

F Alk ; riv :=bur : = F Alk ; riv : + F Alk ; bur : org : + F Alk ; bur : inorg : + F Alk ; minor components (7)

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

and groundwater discharge. Importantly,
:::::
under

:::
the

:::::::::
assumption

:::
of

:
a

::::::::::
steady-state

::::::
system

::
–

:::
that

:::
is,

::::
with

:
a
:::::
stable

:::::::
air–sea

::::::
carbon160

:::
�ux

::
–,

:
any imbalance inalkalinity (Alk ) triggersa correspondingcarbon�uxto achieveequilibriumwith theatmosphere

:::
the

:::
Alk

::::::
budget

:::::::
induces

::
a

:::::::::::
compensating

::::::
carbon

::::
�ux. To estimate this �ux, we extend the conceptual framework introduced by

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 between theAlk-DIC pair165

andthe
:::::::
Alk:DIC

:::
pair

::::
and atmospheric CO2concentration. At global scale, atequilibrium

:::::::::
steady-sate, any deviation in Alk is

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

Qinv '
Alk

3 � Alk � 2 � DIC
(8)

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

introduced byHumphreys et al. (2018). In the caseof an oceanat equilibrium
::::::::::::::::::::::::::::::::::
(Humphreys et al., 2018, see Appendix A).

:::
In170

:::
this

:::::
study,

:::::
Qinv ::

is
:::::::
de�ned

:::::
based

:::
on

:::
the

:::::
mean

::::::
surface

::::::
values

:::
of

:::
Alk

::::
and

:::::
DIC.

::
In

:::
the

::::
case

:::
of

:
a
:::::::::::
steady-state

::::::
air-sea

::::::
carbon

:::
�ux

:
(see Fig. B1), every external�ux

::::::
processX (e.g. riverine discharge) that exerts an impact on carbon (F C; X ) and/or Alk

(F Alk ; X ), results in a global imbalance, shifting the surface ocean away from equilibrium with the atmosphere. Speci�cally,

this requires an air-sea carbon �ux (F C;air � sea(X ); Fig. 3a) to maintain global equilibrium with respect to the atmospheric

CO2concentration. This also leads todisequilibria
::::::::
deviations in global carbon and Alk inventories (D C andD Alk , respectively).175

In summary, for any given processX , we can de�ne:
8
>><

>>:

F C; air � sea(X ) = F Alk ; X � Qinv � F C; X

D C (X ) = F Alk ; X � Qinv

D Alk (X ) = F Alk ; X

(9)

Applying this theoretical framework to the total external carbon and Alk �uxes (F C; riv :=bur : andF Alk ; riv :=bur : , respectively),

we can deduce the riverine/burial-driven air-sea carbon �ux (F C; air � sea
riv :=bur : ) and the respectivedisequilibria

::::::::
deviations

:
in global

carbon and Alk inventories as follows:180
8
>><

>>:

F C; air � sea
riv :=bur : = F Alk ; riv :=bur : � Qinv � F C; riv :=bur :

D C = F Alk ; riv :=bur : � Qinv

D Alk = F Alk ; riv :=bur :

(10)
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It is worth noting that this general expression also applies to the speci�c case where the global Alk inventory isin equilibrium

::::::::
conserved

:
(F Alk ; riv :=bur : = 0 ).

2.1.2 Air-sea
:::::::
Regional

:::::::
proxies

:::
for

:::
the

::::::
spatial

:::::::::::
distribution

::
of

:::
the

::::::::::::
pre-industrial

::::::::::::::::::::
riverine/burial-driven

::::::
air-sea carbon

�ux from local/regional imbalance185

While it is feasibleto establisha
::
A direct relationship betweenthein�uence of carbon and Alk �uxeson thenetair-seacarbon

�ux at the global scale
:::
and

:::
the

:::
net

::::::
global

::::::
air–sea

::::::
carbon

::::
�ux

::::
can

::
be

::::::::::
established

:
under the assumption ofan equilibrated

ocean
:
a

:::::::::
steady-state

::::::
air-sea

::::::
carbon

::::
�ux.

::::::::
However, this approachis notdirectlyapplicableat thelocalor regionalscaledueto the

complexdynamicsof oceancirculation, which transportbothcarbonandAlk .
::::
does

:::
not

:::::
apply

::::::
directly

::
at

::::
the

:::::::
regional

:::::
scale,

:::::
where

:::::
ocean

:::::::::
circulation

::::::::
transports

::::
both

::::
Alk

:::
and

:::::
DIC,

:::
and

:::::::::::::
biogeochemical

::::::::
processes

::::
also

:::::::
generate

:::::::
regional

:::::::
sources

:::
and

:::::
sinks.

:
190

:::
The

:::::::
concept

::
of

:::
the

::::::::
regional

:::::::::
carbon:Alk

:::::::
budget

:::::::::
imbalance

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) and adapt it
:
as

::
a

:::::
proxy for application atlocalandregional scales.

Indeed,at local/regionalscale,this conceptualtool only permitsestimatesof a potential
:::
This

::
is

::::::::
essential

::
to

::::::::::::
understanding195

::
the

::::::
extent

::
to

::::::
which

::::::
speci�c

:::::::
regional

::::::::::
carbon:Alk

::::::
budget

::::::::::
imbalances

:::
can

:::::
drive

:::
the

:::::
global

:
air-sea carbon �uxresultingfrom a

local/regionalcarbon:Alk imbalance(Fig. 3a). Speci�cally, this
:
as

::::
well

:::
as

::::::::
deviations

::
in

::::::
carbon

::::
and

:::
Alk

::::::::::
inventories.

:::
The

:
air-sea

:::::
carbon

::::
�ux

:::::::::
calculated

:::
by

::::::::
applying

:::
Eq.

:::
10

::
to

:::
the

:::::::
riverine

::::
and

:::::
burial

::::::
�uxes

::
of

::
a

::::::
speci�c

::::::
region

::::
can

::::
only

:::
be

:::::::::
considered

:
a

:::::::
potential

::::::
air–sea

:
carbon �ux,de�nedlocally/regionally,onlybecomeseffectiveatequilibriumandat

::
i.e.

::
a

:::::::
capacity

::
to

:::::::
generate

::::
such

::
a

:::
�ux

::
at

:
the global scale. Thereis indeedno guaranteeof its local/regionalapplicabilitydueto thetransport200

of theinducedcarbon:Alklocal/regionalimbalance.In summary,wecanadaptEq.9 for anyprocessX affectingcarbonand/or

Alk , andfor agivenlatitude(lat) with zonallyintegratedvalues,or for aspeci�c oceanregion(south:S, inter-tropics:I , north:

N ):
8
>><

>>:

F 0C; air � sea
lat =N=S=I (X ) = F Alk ; X

lat =N=S=I � Qinv ; lat =N=S=I � F C; X
lat =N=S=I

D 0C; X
lat =N=S=I = F Alk ; X

lat =N=S=I � Qinv ; lat =N=S=I

D 0Alk ; X
lat =N=S=I = F Alk ; X

lat =N=S=I

whereF 0C; air � sea
lat =N=S=I (X ) is the air-seacarbon�ux from local/regionalimbalance,andD 0C; X

lat =N=S=I aswell asD 0Alk ; X
lat =N=S=I are205

theassociateddisequilibriaentailedfor theglobal ,
:::::::
without

:::
any

:::::::::
guarantee

:::
that

::
it

::::
fully

::::::
occurs

::::::
within

:::
the

:::::
same

::::::
region.

::::
Due

::
to

:::::
ocean

:::::::::
circulation

:::
and

:::
the

:::::::::
associated

:::::::
transport

::
of

:
carbonandAlk inventories,respectively(Fig. 3a).Thiscomprehensivesetof

equationsis essentialto understandingtheextentto which thelocal/regionalcarbon:Alkimbalancecandrive theglobalair-sea

carbon�ux aswell, ascarbonandAlk disequilibria.In this context,theseremainpotential�uxes andpotentialdisequilibria,

whichis why aprimeis usedin theirnotationto distinguishthemfrom globalscale�uxes (Eq.9).
::
and

::::
Alk,

:::::::
regional

::::::::::
carbon:Alk210

9



:::::
budget

::::::::::
imbalances

::
in

:::::::
riverine

:::
and

:::::
burial

:::::
�uxes

:::::::
explain

::
the

:::::::
regional

::::::::::
distribution

::
of

:::
the

::::::
drivers

::
of

:::
the

::::::
global

::::::
air–sea

::::::
carbon

::::
�ux.

::::::::
However,

::::
they

::::
only

:::::::
partially

::::::
explain

:::
the

:::::::
regional

::::::::::
distribution

::
of

:::
the

:::
�ux

:::::
itself.

:

2.1.3 De�ning the inter-hemispheric �ux gradient

:::
The

:::::::::::::::
inter-hemispheric

::::
�ux

::::::::
gradient

:::
and

::::::::
transport

Ocean
::::::::::::
Understanding

:::
the

::::::
spatial

::::::::::
distribution

:::
of

:::
the

::::::::::::
pre-industrial

::::::::::::::::::
riverine/burial-driven

::::::
air-sea

::::::
carbon

::::
�ux

::
is

:::::::
crucial

:::
for215

:::::::::::
understanding

:::
the

::::::
biases

:::::::
between

:::::::::::
observational

::::
and

:::::::::::
model-based

::::::::
estimates

::
of

:::
the

::::::::::::
anthropogenic

::::::
carbon

::::
sink.

::::
Yet,

:::::
ocean

:
cir-

culation and carbon pumps within the ocean induce an asymmetry in the ocean on either side of the Intertropical Convergence

Zone (ITCZ), which serves as an inter-hemispheric transport barrier. This asymmetrynotablyslowsdown the atmospheric

carbon�ux fromthenorthernto thesouthernhemispheres(Murnane et al., 1999).
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Murnane et al., 1999; Aumont et al., 2001; Resplandy et al., 2018)

:
. To assess the signi�cance of this asymmetry on the air-sea carbon �ux, particularly its components associated with riverine220

and burial �uxes, we provide two metrics for large-scale inter-hemispheric �uxes: (i) the inter-hemispheric air-sea carbon �ux

gradient (G), which is de�ned as the integrated net �ux north of 20°N (F C; air � sea
N ) minus that south of 20°S (F C; air � sea

S ):

G = F C; air � sea
N � F C; air � sea

S (11)

and (ii) the inter-hemispheric ocean transport of carbon (TC ) and Alk (TAlk ), both directed northward, de�ned as the mean

transport between 20°N (TC=Alk
N ) and 20°S (TC=Alk

S ):225

TC=Alk =
1
2

�
�

TC=Alk
N + TC=Alk

S

�
(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

20°N, separated by an intertropical basin(Fig. 3b and see Appendix C; e.g. Aumont et al., 2001; Resplandy et al., 2018).

In this context,total carbonandAlk regional�uxes canbewrittenasfollows:
8
<

:
F C

N=S=I = F C; air � sea
N=S=I + F C; riv :=bur :

N=S=I

F Alk
N=S=I = F Alk ; riv :=bur :

N=S=I

230

Speci�cally, by consideringthese�uxes (F C=Alk
N;S;I ) alongwith regionalcarbonandAlk disequilibria(D C=Alk

N;S;I ) andassuming

an oceanat equilibrium (see
:
(Fig. B1), we derive two expressionsfor the oceantransportof carbonandAlk throughtheir

respectivebudgetclosureequations(TC=Alk
N=S ):

8
<

:

TC=Alk
N=S + F C=Alk

� 20°N= 20°S
+ D C=Alk

� 20°N= 20°S
= 0

� TC=Alk
N=S + F C=Alk

< 20°N= 20°S
+ D C=Alk

< 20°N= 20°S
= 0

Hence,wede�ne theoceantransportof carbonandAlk astheaverageof its two expressions(Eq.D2; Fig. 3b ):235

TC=Alk
N=S =

1
2

�
h�

F C=Alk
< 20°N= 20°S

+ D C=Alk
< 20°N= 20°S

�
�

�
F C=Alk

� 20°N= 20°S
+ D C=Alk

� 20°N= 20°S

�i
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In particular:
8
><

>:

TC=Alk
N =

1
2

�
h�

F C=Alk
S + D C=Alk

S + F C=Alk
I + D C=Alk

I

�
�

�
F C=Alk

N + D C=Alk
N

�i

TC=Alk
S =

1
2

�
h�

F C=Alk
S + D C=Alk

S

�
�

�
F C=Alk

I + D C=Alk
I + F C=Alk

N + D C=Alk
N

�i

from whichanexpressionof theinter-hemispherictransportof carbonandAlk (Eq.12)canbederived:

TC=Alk =
1
2

�
h�

F C=Alk
S + D C=Alk

S

�
�

�
F C=Alk

N + D C=Alk
N

�i
240

Subsequently,
::
3b

:::
and

:::
see

::::::::
Appendix

:::
C).

::
A

::::::::::::
decomposition

:::
of the inter-hemispheric air-sea carbon �ux gradientis equivalentto:

G = � 2 � TC
| {z }

Transport component

�
�

F C; riv :=bur :
N � F C; riv :=bur :

S

�
�

�
D C

N � D C
S

�

| {z }
Riverine and burial component

At �rst glance,it may appearthat this expressionis exclusively formulatedin terms of carbon,seeminglywithout any

considerationof Alk. However,Alk plays a subtleyet integral role in this equation.Firstly, becauseTC dependson both

the southernand northernair-seacarbon�uxes (Eq. D5 and D1) , and theseregional�uxes are chemicallydriven by the245

relative imbalancebetweenAlk andDIC. Secondly,the disequilibriumin the carboncontentof the northernandsouthern

oceans(D C
N andD C

S , respectively)is directly linked to the disequilibriumin Alk content(Eq. ??). Thus,the role of Alk is

intricately interwovenwithin the formulationof G (Eq. D7).
::
(G)

::::
into

::::::::::
components

:::::::::
associated

::::
with

::::::
carbon

::::::::
transport

::::
and

::::
with

::::::
riverine

::::
and

:::::
burial

::::::::
processes

::
is

:::::::
provided

::
in

:::::::::
Appendix

:::
D2.

:

2.2
:::::
Model

::::
and Simulations250

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) tore�ne our estimationof
::::
take

:
a

:::::
fresh

::::
look

:
at

:
the pre-industrialair-sea

:::::
air–sea

:
carbon �ux. Thisre�nement involved a comprehensive consideration of both the carbon

and Alk budgets, with a speci�c focus on external �uxes, notably CaCO3 burial. While globally resembling PISCES-v2, as255

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

fraction of CaCO3 to maintainthe
::::::
balance

:::
the

:::
Alk

::::::
budget

::::
and

:::::::
conserve

:::
the

:
global Alk inventory without necessitating an Alk

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. The260

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 atmospheric CO2 concentration 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 et al., 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
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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 CaCO3 burial 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

riv1p5 Riverine discharge of carbon and Alk multiplied by 1.5 Balanced

nosed-resto No OM and CaCO3 burial, but restoration of the Alk content Balanced

nosed-diseq No OM and CaCO3 burial Imbalanced

atlpac Constrained balance of extra CaCO3 burial/dissolution between the deep Atlantic/Paci�c Balanced

atlpac-diseq Constrained imbalance of extra CaCO3 burial/dissolution between the deep Atlantic/Paci�c (-0.10 PgC yr-1) Imbalanced

tropics-diseq Constrained extra CaCO3 burial 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/sinks265

using data from the last 50 yr of the simulations. The carbon and Alk inventorydisequilibria
:::::::::
deviations were estimated through

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 asorganicmatter
::::
OM and CaCO3 burial. Riverine supply of carbon and Alk is based on output from270

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 yr-1, respectively). Carbon and Alk are added at river mouths using a monthly climatology that is applied

recursively. The inorganic fraction issupposedto bein theform of bicarbonateionsandthusaffects
::::
added

:::
as

:::::::::
bicarbonate

:::::
ions,

:::
thus

::::::::
affecting

:
both DIC and Alk in a similar manner. The organic fraction is assumed to be fully labile and remineralizes

instantaneously at the river mouth, thus impacting only DIC. This simulation also includes the burial of OM and CaCO3275

produced by pelagic organisms, whichis
:::
are exported to the ocean interior and only partially remineralized or dissolved in the

water column and at the sea�oor
:::::::::::::::::::::
(e.g. Planchat et al., 2023). These combined �uxes constitute the riverine and burial �uxes

(Eq. 5 and 7), which, as introduced in Sect. 2.1.1, lead to the riverine/burial-driven air-sea carbon �ux.

While
::
To

::::::
isolate

:::
the

:::::::::::::::::
riverine/burial-driven

::::::::::
component

::
of

:::
the

::::::
air-sea

::::::
carbon

:::::
�ux,

:
a

:::::::::
simulation

:::::::
without

:::::::
riverine

:::
and

::::::
burial

:::::
�uxes

:::
was

:::::::::
conducted

::::::::
(referred

::
to

::
as

::::::::::
'norivbur'),

:::::::::
simulating

::::
only

:::
the

::::::::::
component

::
of

:::
the

::::
�ux

::::::::
associated

::::
with

:::
the

::::::
ocean

::::::
carbon280

::::::
pumps.

::::::
Indeed,

:::::
while

:
at the global scale, the net air-sea carbon �ux directly corresponds to the riverine/burial-driven air-sea

carbon �ux (Eq. 2), at thelocal/regionalscale,
::::::
regional

:::::
scale

:::
(N ,

:::
S,

::
or

::
I ,

:::
Fig.

::::
3b),

:
the air-sea carbon �ux (F C; air � sea

nat : ) can be

decomposed into two components: one associated with the functioning of the ocean carbon pumps (F C; air � sea
pump ) and the other

associated with the riverine and burial �uxes (F C; air � sea
riv :=bur : ), which is our primary focus. Thus,for a given latitude(lat) with
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zonallyintegratedvaluesor for aspeci�c oceanregion(south:S, inter-tropics:I , north:N ):285

F C; air � sea
nat :; lat =N=S=I nat :; N=S=I

::::::::
= F C; air � sea

pump ; lat =N=S=I pump ; N=S=I
:::::::::

+ F C; air � sea
riv :=bur :; lat =N=S=I riv :=bur :; N=S=I

:::::::::::
:

(13)

To isolatetheriverine/burial-drivencomponent,a simulationwithout riverineandburial �uxes wasconducted(referredto as

'norivbur') which simulatesonly the componentof the �ux associatedwith the oceancarbonpumps.This
:::::::::::
Subsequently,

:::
by

:::::
taking

:::
the

:::::::::
difference

:::::::
between

:::
the

:::
std

::::
and

:::::::
norivbur

::::::::::
simulations,

::::
this

:
allows us to determine the riverine/burial-driven air-sea

carbon �ux , includingits spatialdistribution,by takingthedifferencebetweenthestdandnorivbursimulations:
:
of

::::
our

:::::::
standard290

:::::::::::
con�guration.

:

F C; air � sea
riv :=bur :; lat =N=S=I riv :=bur :; N=S=I

:::::::::::
= F C; air � sea

nat :; lat =N=S=I nat :; N=S=I
::::::::

(std) � F C; air � sea
nat :; lat =N=S=I nat :; N=S=I

::::::::
(norivbur) :

(14)

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

anthropogenic component was included.

2.2.3 Sensitivity simulationsand global estimate295

The set of sensitivity simulations
:::::::::
considered

:
covers a broad range of perturbations to the carbon and Alk riverine and burial

�uxes. These simulations aim to assess the effects of different assumptions regarding these external �uxes on the riverine/burial-

driven air-sea carbon �ux (Table 2, Fig. 2b; see Appendix B2.1).
::::::::::
Importantly,

:::::
within

:::
the

::::::
context

::
of

:::
our

:::::
study,

:::
the

:::::::
absolute

::::::
values

::
of

:::
the

:::::
�uxes

::
–

:::::::
whether

::::
they

::::
align

::::
with

::::::::
literature

::::::::
estimates

::
or

::::
not

:
–

:::
are

:::
not

::
of

:::::::
primary

::::::::
concern.

:::::
What

::::::
matters

:::
are

:::
the

:::::::
relative

:::::::::
differences

:::::::
between

:::::
these

:::::
values

::::::
across

::::::::::
simulations,

:::::
which

::::::
re�ect

:::
the

::::::::::
assumptions

:::::
being

::::::
tested.300

First, we introduced variations inthemagnitudeandcharacteristicsof riverineinputs,which,by
::::::
riverine

::::::::
discharge

::
to

:::::::
account

::
for

:::::::::::
uncertainties

::
in

:::
its

:::::::::
magnitude

:::
and

::::::
partly

:::::::::
unresolved

::::::::::::
characteristics

::::
(e.g.

::::::::::::::
labile/refractory,

:::::::::::::::
organic/inorganic

:::::::::::
partitioning).

::
By

:
closing the Alk budget,also

::::
these

:::::::::
variations in�uenced CaCO3 burial. In 'rivref', the OM riverine discharge was considered

fully refractory (i.e. persisting on atime-scale
::::::::
timescale

:
longer than that of ocean circulation), in contrast to thelability

assumptionfrom
:::::
labile

::::::::::
assumption

::
in

:
the standard simulation. We explored fully organic and inorganic riverine discharges305

in 'rivorg' and 'rivinorg', respectively. Additionally, we ,
::::
and

:::
also

:
increased riverine discharge by a factor of 1.5 in 'riv1p5'

:
,

::::
while

::::::::::
maintaining

:::
the

:::::
same

::::::::::
partitioning

::
as

:::
std. Second,

::
to

:::::
assess

:::
the

:::::
effect

::
of

::
a

::::::::::::
non-conserved

:::
Alk

::::::::
inventory

::
or

::::
Alk

:::::::::
restoration

::::::
scheme,

:
we disabled OM and CaCO3 burial, arti�cially restoring Alk in 'nobur-resto', or assumingAlk disequilibrium

:
a

::::::::::::
non-conserved

:::
Alk

:::::::::
inventory in 'nobur-diseq'. Third, weintroducedadditional

::::
varied

:
CaCO3 burial

:
to

:::::::
address

:::::::::::
uncertainties

::
in

::
its

:::::::::::
pre-industrial

:::::::::
magnitude

::::
and

::::::
spatial

::::::::::
distribution.

:::
We

::::::
added

::::::
CaCO3 :::::

burial/dissolution between the Atlantic and Paci�c,310

maintainingan Alk equilibrium
::::::::
balancing

:::
the

::::
Alk

::::::
budget

:
in 'atlpac', or not in 'atlpac-diseq', andadditional

::
we

::::
also

::::::
added

CaCO3 burial in the tropics, resulting in anAlk disequilibrium
:::::::::
imbalanced

:::
Alk

::::::
budget

:
in 'tropics-diseq'.In all our sensitivity

simulations, the'
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:::
We

::::::
classify

:::
our

::::::::::
simulations

::
as

:::::
either

::::::::::::
`equilibrated'

::::::
(suf�x

:::::
`-eq')

::
or

::::::::::::::
`disequilibrated'

:::::
(suf�x

::
`-diseq' suf�x indicatesanAlk

disequilibrium,i. e. an increasingor decreasingglobal Alk inventorywhile maintaininga steady-stateair-seacarbon�ux.315

Furthermore,it
::
'),

:::::
based

:::
on

:::
the

:::::::::::
conservation

:::
of

:::::
global

::::::
carbon

::::
and

::::
Alk

::::::::::
inventories.

::
In

:::::
both

:::::
cases,

:::
the

:::::::
air–sea

::::::
carbon

::::
�ux

:::
has

:::::::
reached

:
a

::::::
steady

:::::
state.

::::::::::
Equilibrated

::::::::::
simulations

:::
are

:::::::::::
characterized

:::
by

::::::::
balanced

:::::
global

:::::::
carbon

:::
and

::::
Alk

:::::::
budgets,

::::::::
resulting

::
in

::::::::
conserved

::::::::::
inventories

::::
over

:::::
time.

::
In

:::::::
contrast,

:::::::::::::
disequilibrated

::::::::::
simulations

::::::
exhibit

::::::::::
imbalanced

:::::::
budgets,

:::::::
leading

::
to

::::::::
evolving

:::::
global

::::::::::
inventories,

:::::
which

::::
are

:::::::
therefore

::::
not

:::::::::
conserved.

::
It

:
is important to note thatthesevariationsonly directly affected

:::
the

::::::::
variations

::::::
applied

::
in

:::
our

:::
set

::
of

:::::::::
sensitivity

::::::::::
simulations

::::::
directly

:::::::
affected

::::
only carbon and Alk, with nutrient�uxes left unaltered320

to avoid in�uencing
:::::
�uxes,

:::::
while

:::::::
nutrient

:::::
�uxes

::::
were

::::
held

::::::::
constant

::
in

::::
order

:::
to

:::::
avoid

::::::::
perturbing

:
OM and CaCO3 production.

Finally, we report that at the global scale, for the standard simulation,Qinv ' 0:797(Eq. 8), and this coef�cientexhibits
:::::
shows

minimal variation across all sensitivity simulations considered (< 0:002in absolute terms).

The theoreticalframeworkintroducedin this study (Sect.2.1.1) is evaluatedthroughour set of sensitivity simulations.

It is thenuseddirectly to estimatethe global magnitudeof the pre-industrialriverine/burial-drivenair-seacarbon�ux and325

to investigatethe global carbonandAlk inventorydisequilibria(Eq. 10) from the existingcarbonandAlk budgets,which

includeall oceanicexternalsources/sinksof carbonandAlk. We usedthemostrecentcarbon(Regnier et al., 2022)andAlk

(Middelburg et al., 2020)budgets,althoughtheyareindependentof eachotherandpartly inconsistent(Table3). For instance,

the gapin the CaCO3 burial (0.24versus0.35PgCyr-1) would drive a 0.22PgCyr-1 differencein the Alk budget.We took

greatcareto accountfor theuncertainties/extremesassociatedwith thevariousexternalsources/sinksof carbonandAlk.330

2.3 Compositesimulatedestimateand distribution

A practicalframeworkwasthendeveloped,presentedasanalternativemethodfor estimatingthedistributionof thepre-industrial

riverine/burial-drivenair-seacarbon�ux, speci�cally its inter-hemisphericpartitioning.For eachliteratureestimateof the

variousexternalsources/sinksof carbonandAlk, we constructeda skewedGaussiandistributionto matchthemedian/mean

value and the uncertainty/extremerange.To achievethis, we followed a two-stepprocess.First, we createda triangular335

distributionbasedontheestimatedmedian/meanvalueandtheextremes(minimumandmaximum)usingPython's'random.triangular'

functionfrom thenumpylibrary. Then,we employedthe'stats.skewnorm.�t'functionfrom thescipylibrary in Pythonto �t a

skewedGaussianprobabilitydensityfunction(PDF)to this triangulardistribution.This approachensuredthatwe maintained

theintegrityof theextremeandmedian/meanvaluesobtainedfrom theliteraturewhile workingwith continuousPDFs.

Toderivethedistributionof thepre-industrialriverine/burial-drivenair-seacarbon�ux, weconstructedacompositesimulated340

estimateby linearly combiningour sensitivitysimulations.This processaimedto align the riverine andburial �uxes of the

compositesimulatedestimatewith literatureestimates(Middelburg et al., 2020; Regnier et al., 2022)andinvolved four steps

(seeFig. E2,andTable3). Webeganwith theriverine/burial-drivenair-seacarbon�ux from thestandardsimulation(extracted

from stdminusnorivbur) in the�rst step.In thesecondstep,our objectivewasto matchtheriverinedischargeandOM burial

of carbonin thecompositesimulatedestimatewith theliteratureestimate,achievedby usingthesimulationwheretheriverine345

dischargewasmultiplied by 1.5 (extractedfrom riv1p5 minusstd).Thethird stepfocusedon matchingtheriverinedischarge

andOM burialof Alk, usingthesimulationwheretheriverinedischargewasentirelyinorganic(extractedfrom rivinorg minus
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std),ensuringno impacton thepreviouslymatchedvaluesof the riverinedischargeandOM burial of carbon.Finally, in the

fourth step,we aimedto matchtheCaCO3 burial of Alk by usingthesimulationwith anadditionalCaCO3 burial/dissolution

with an Alk disequilibrium(extractedfrom atlpac-diseqminusstd), without affectingthe previouslymatchedvaluesof the350

riverine dischargeandOM burial of carbonandAlk. Given the intrinsic link betweenCaCO3 burial effect on Alk andDIC

with a 2:1 ratio, Step4 shouldalsoenableto matchtheCaCO3 burial of carbon.However,dueto the inconsistencybetween

thetwo mostrecentbudgetsfor carbonandAlk (Table3), anextrastepwasrequired,equivalentto Step3, butonly considering

the CaCO3 burial of carbonin excess.In summary,this compositesimulatedestimate,built on a linear combinationof our

sensitivitysimulationsconstrainedby externalcarbonandAlk �uxes from the literature,providesan alternativeview of the355

distributionof thepre-industrialriverine/burial-drivenair-seacarbon�ux.

3
::::::
Results

4 Resultsand discussion

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 at360

� 0:27 PgC yr� 1 (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, tend

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 pronounced365

meridional air-sea carbon �ux gradient, with ingassing in the northern hemisphere (+0 :57 PgC yr� 1), outgassing in the inter-

tropical zone (� 0:91 PgC yr� 1), and minimal outgassing in the southern hemisphere (� 0:06 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 gradient (G;

Sect. 2.1.3) is+0 :51 PgC yr� 1, while the inter-hemispheric transport of carbon and Alk (TC andTAlk ; Sect. 2.1.3) amounts

to � 0:35 PgC yr� 1 and� 0:07 PgC yr� 1, respectively (see Fig. B3a).370

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 speci�cally,we usethe simula-

tion without riverine and burial �uxes (norivbur)
:
is

::::
used

:
to isolate the distribution of air-sea carbon �uxes associated with the

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-375

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 CaCO3) 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 PgC yr-1) and outgassing in the inter-tropical
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Figure 4. Description of the standard NEMO-PISCES simulation (std; see Fig. B2 for additional elements). (a) Map of the pre-industrial

air-sea carbon �ux, where positive values indicate ocean ingassing. (b)Zonally
:::
The

::::::
zonally

:
integrated air-sea carbon�uxes

:::
�ux

:
(dark

blue), derivedfrom local imbalance(light blue),and the riverine/burial-drivencomponent
:::::
air-sea

::::::
carbon

:::
�ux (aquamarine). When thelocal

imbalance
:::::::::::::::
riverine/burial-driven

:::
�ux

:
exceeds (is less than) the simulatedair-seacarbon�ux

::
one, the area in between is shaded in red (green).

(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 yr-1) for 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. The
::::::
regional partitioning of the

:::::::::::::::
riverine/burial-driven

:
air-sea carbon �ux

stemming
::::::::::
(aquamarine)

:::
and

::
of

:::
the

::::::
potential

:::::
air-sea

::::::
carbon

:::
�ux from regional

:::::::::
carbon:Alk

:::::
budget imbalancesandriverine/burial-driven�uxes

is
::::
(light

::::
blue)

::
are

:
also 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 yr-1), with minimal ingassing in the southern hemisphere (+0.16 PgC yr-1; see Table B1). Overall, the air-sea380

carbon �ux associated with the oceanic carbon pumps is expected to be net-zero when integrated at the global scale, although

norivbur shows a small residual component (+0.05 PgC yr-1; see Fig.B3a). This residual component is attributed to a residual

carbon budget imbalance due to internal ocean processes (see Appendix B0.3).

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). This385

riverine/burial-driven air-sea carbon �ux results in a net global outgassing of 0.31 PgC yr-1, distributed among the northern,

inter-tropical, and southern regions as follows: 0.10, 0.12, and 0.10 PgC yr-1 (Fig. 4c).

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

3.2.1 Role of sediment burial �uxes

At globalscale,
:::::::::
Accounting

:::
for the riverine carbon�ux

::::
input

:::::
alone in the standard simulation (+0 :52 PgC yr� 1) is insuf�cient390

to fully accountfor the
::::::
explain

:::
the

::::::::
simulated

:
air-sea carbon outgassing (0:27 PgC yr� 1)alone(Fig. 4d and5a).Indeed,it is

necessaryto considercarbon�uxesassociatedwith OM
:
.

::::::::::::::
Burial-associated

::::::
carbon

::::::
�uxes,

:::::
from

::::
both

:::
OM

:::::::::::::::::
(� 0:17 PgC yr� 1)

and CaCO3 burial (amountingto � 0:17 and
:
(� 0:04 PgC yr� 1, respectively; Fig. 2d and see Fig. B3a),which lessenthe

air-seacarbon
::
act

::
to

:::::::
partially

:::::
offset

::::
this

:::::
input,

::::::
thereby

::::::::
reducing

:::
the

:::
net outgassing to0:31 PgC yr� 1.

The importance of burial �uxes in driving the riverine/burial-driven air-sea carbon �ux is furthermore exempli�ed by our set395

of sensitivity simulations (Fig. 5a,b). Increasing theriver
::::::
riverine

:
input by a factor of 1.5,

:::::
while

::::::::::
maintaining

:::
its

::::::::::
partitioning

(riv1p5),drives
:::::
results

::
in an increase in carbon outgassingby

:
of

:
0:17PgC yr-1, whichis only partlyconsistentwith

:
.

::::
This

:
is

::::
less

:::
than

:
the increase in riverine carbon discharge (+0 :26PgC yr-1; seeFig.B3b).Thisdiscrepancyarisesbecauseaportion

:
),

::
as

::::
part

::
of

:::
this

:::::::::
additional

::::::
carbon (0:09 PgC yr-1) of theadditionalcarbonis sequesteredin theform of

:
is

::::::
buried

::
as CaCO3 to maintain

equilibriumin theglobalAlk inventory.Similarly,consideringthatriverinedischargeconsistsexclusivelyof eitherorganicor
:
a400

:::::::
balanced

::::
Alk

:::::
budget

::::
(see

::::
Fig.

:::::
B3b).

::::::::
Similarly,

::
a

::::::
change

::
in

:::
the

:::::::::
partitioning

:::
of

:::
the

::::::
riverine

:::::
input

:::::::
between

::::::
organic

::::
and inorganic

forms (rivorg and rivinorg), the
::::
does

:::
not

::::
alter

:::
the

:::::
total magnitude of theriver carboninput remainsunaffected.However,

::::::
riverine

::::::
carbon

:::::
input

:::::::::
compared

::
to

::::
the

:::::::
standard

::::::::::::
con�guration,

:::
but

::
it

:::::
does

:::::
affect

:
the air-sea carbonougassingis impacted

(reaching
:::::::::
outgassing.

::
It

:::::::
reaches

:
0:47 and 0:20 PgC yr-1, respectively;

:
(see Table B1),primarily due to

::
as the associated

decrease (increase
:::::
� 0:38

::::
PgC

:::::
yr-1)

::
or

:::::::
increase

:::::::
(+0 :14

::::
PgC

::::
yr-1) in the Alk riverine

::::::
riverine

::::
Alk

:
discharge relative to std405

(� 0:38 and +0 :14 PgC yr-1, respectively;see Fig. B3b), which is accompaniedby a correspondingreduction(increase)

::::
leads

::
to

::::::::::::
corresponding

:::::::
changes

:
in CaCO3 carbonburial relativeto std

::::
burial

:
(+0 :19 and� 0:07 PgC yr-1, respectively). This

underscoresthesigni�canceof considering
:
to

::::::::
maintain

:
a

::::::::
balanced

:::
Alk

::::::
budget.

::::
This

:::::::::
highlights

:::
the

::::::
pivotal

:::
role

::
of

:
CaCO3 burial

whenconstructingtheoceancarbonbudget,especiallywhenevaluatingthenet
:
in

:::::::
shaping

:::
the air-sea carbon �ux.

Thetotalcarbonoutgassingobtainedfrom asimplecarbonbudgetonlyholdshoweverfor oursimulationsin whichtheglobal410

Alk inventoryis in equilibrium
:::::
under

:::
the

:::::::::
assumption

::
of

::
a

:::::::
balanced

::::
Alk

::::::
budget,

::::::
where

::::::
riverine

::::
Alk

:::::
inputs

:::
are

:::::
offset

::
by

:::::::
CaCO3

:::::
burial (Fig.5b;Sect.2.1.1),balancingtheAlk input from riverswith theburial of CaCO3 :::

4d).
:
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Figure 5. The role of riverine and burial �uxes of carbon and Alk in determining the pre-industrial air-sea carbon �ux. (continued)
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Figure 5. (continued). (a, b) Comparison between the net global air-sea carbon �uxa and (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),

simulation names are indicated in black. This applies to (a) simulations that do not account for burial andmaintain
::::::
conserve

:::
the

:::::
global Alk

inventoryat equilibrium(norivbur and nobur-resto), and (b) all simulationsmaintaining
::::::::
conserving

:::
the

:::::
global Alk inventoryat equilibrium

(excluding nobur-diseq, atlpac-diseq, and tropics-diseq). (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) byQinv 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 (less than0:01 PgC yr� 1 for all, except nobur-resto: less

than0:03 PgC yr� 1). Simulations with a
:::::::
conserved

:
global Alk inventoryat equilibrium align with the zero x-axis line. The most recent

carbon and Alk budgets (Table 3) provide estimates of riverine and burial �uxes of carbonb and Alkc, 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.
aThe net air-sea carbon �ux of the NEMO-PISCES sensitivity simulations was adjusted for their respective residual carbon budget imbalances (see Appendix B0.3).
bThis distribution also includes �uxes from groundwater discharge.
cThis distribution also includes �uxes from anaerobic processes, groundwater discharge, and reverse weathering.

::::::::
However,

::::
such

::
a

::::::
carbon

::::::
budget

:
–
::::::

which
:::::::
deduces

:::
the

::::::::::::
pre-industrial

::::::
air-sea

::::::
carbon

::::
�ux

::::
from

:::::::
riverine

::::
and

:::::
burial

:::::
�uxes

:::
of

:::::
carbon

::
–

::
is

::::
only

:::::
valid

:::::
under

::::
the

::::::::
condition

::
of

::
a

::::::::
balanced

:::
Alk

::::::
budget

:
(Fig. 4d

::
5b). Whenthe global Alk inventory is not in

equilibrium
:::
this

::::::::::
assumption

::::
does

:::
not

::::
hold, it becomes necessary toconsidertheAlk budgetin additionto thecarbonbudgetto415

::::::
account

:::
for

::::
both

:::
the

::::::
carbon

:::
and

::::
Alk

:::::::
budgets

::
to

:::::::
correctly

:
assess the riverine/burial-driven air-sea carbon �ux (Sect. 2.1.1).

3.2.2 Impact of an imbalanced alkalinity budget

The possibility of analkalinitybudgetnotbeingin equilibrium
:::::::::
imbalanced

:::
Alk

::::::
budget during the pre-industrial era has been hy-

pothesizedseveraltimesin
::::::
multiple

:::::
times

::::
over

:
the past three decades (e.g. Milliman, 1993; Middelburg et al., 2020; Cartapanis

et al., 2018; Boudreau et al., 2018).If thisis thecase,suchadisequilibriumwouldhaveimplicationsonthepre-industrialair-sea420

carbon�ux (Methods).Two of oursensitivitysimulationsenableassessmentof
:::
The

:::::::::
simulations

:::::::::::
atlpac-diseq

:::
and

:::::::::::
tropics-diseq

::::
allow

:::
us

::
to

::::::
assess the implications of such a

:::::::
deviation

:::
in

:::
the global Alk inventorydisequilibrium.First, in atlpac-diseq,we

introducedadditional
:::::
(Table

::
2;

:::
see

::::
also

:::::
Table

::::
B1),

::
by

:::::::::
controlling

::::
both

:::
the

:::::::::
magnitude

:::
and

::::::
spatial

:::::::::
distribution

:::
of CaCO3 burial in

thedeepAtlantic to betterrepresentwhatis knownfrom actualreconstructionsof sedimenttypes.Second,in tropics-diseq,we

increased
:
a

::::
way

::::
that

:::::
better

::::::
re�ects

::::::
current

::::::::::::::::
paleoceanographic

:::::::::::::
reconstructions

:::::::::::::::::::::::
(e.g. Cartapanis et al., 2018).

:::::
Both

::::::::::
simulations425

:::::::::
implement

::
an

::::::::::
imbalanced

::::
Alk

:::::::
budget

::::::
(� 0:10

:::::
PgC

::::
yr-1)

:::
via

:::::::::
additional

:
CaCO3 burialin the

:
,

:::::
either

::
in

::::
the

::::
deep

::::::::
Atlantic

:::::::::::
(atlpac-diseq)

::
or

:::
in

:::
the

:
shallow tropics toaccountfor accumulationby coral reefs(tropics-diseq; Cartapanis et al., 2018).

In bothsimulations,theadditionalCaCO3 burial drivesadditionalcarbonoutgassingwhencomparedto thestdsimulation.

Thismayappearcounter-intuitivewhenrelyingon
::::::::
represent

::::
coral

::::
reef

::::::::
processes

::::::::::::
(tropics-diseq).

:::::
They

:::
lead

::
to

:::
the

:::::
same

:::::::
increase430

::
in

::::::::::
steady-state

::::::
air-sea

::::::
carbon

:::::::::
outgassing

:::::::
relative

::
to

::::
std

::::::
(+0 :07

::::
PgC

:::::
yr-1).

::::
This

::::::::
outcome

::::
may

:::::
seem

::::::::::::::
counterintuitive

:::::
when
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:::::::
applying

:
a simple carbon budget, sincethesetwo simulationsprescribedadditional

:::
both

::::::::::
simulations

::::::::
prescribe

:::::
extra carbon

removal from the ocean (to thesediment)andresulted
::::::::::
sediments),

:::
yet

:::::
result in enhanced carbon lossat the air-seainterface

::
to

:::
the

::::::::::
atmosphere (Fig. 5b).The extraCaCO3 burial not only actsasan additionalcarbonsink for the oceanrelativeto std

(0:10 PgCyr-1; seeFig. B3b) but, dueto the inducedcarbon:Alkimbalance(Sect.2.1.2),it alsoleadsto anincreasedcarbon435

outgassingat equilibrium by 0:07 PgCyr-1 in both simulationsrelativeto std.As a result,the disequilibriumin
::
In

::::
fact,

:::
the

::::::::
associated

:::::::::
outgassing

:::::
leads

:::
to

:
a

:::
net

::::::::
decrease

::
in

:::
the

::::::
global

:
ocean carbon inventoryrelative to std (� 0:16 PgC yr-1)is even

greaterin absolutetermthantheextra,
::::::
which

:::::::
exceeds,

::
in

:::::::
absolute

::::::
terms,

:::
the

::::::::
additional

:
CaCO3 burial (0:10 PgC yr-1), dueto

theassociatedoutgassing(
:
; see Fig. B3b).

WhentheglobalAlk inventoryis in disequilibrium,the440

3.2.3
:::::::::
Validating

:::
the

:::::::::
governing

::::::::
equation

::
of

:::
the

:::::::::::::
pre-industrial

:::::::::::::::::::
riverine/burial-driven

::::::
air-sea

::::::
carbon

::::
�ux

::::::::::
Importantly,

::::
even

::::
with

::
an

::::::::::
imbalanced

:::
Alk

::::::
budget

::::
that

:::::
drives

:::::::::
deviations

::
in

:::
the

:::::
global

::::::
carbon

:::
and

::::
Alk

:::::::::
inventories,

:::
the

:::::
ocean

::::
can

:::::::
maintain

:
a
::::::::::
steady-state

:
air-sea carbon �uxis no longersolelydeterminedby theriverineandburial �uxes of carbonbut also

by thecarbon:Alkimbalanceinducedby these�uxes relativeto theequilibriumratio with theatmosphericCO2 concentration

(Qinv ; Sect.2.1.2).In suchcases,the
::::
(Fig.

::::
B1).

:::::::
Overall,

:::
the

:::::::::
theoretical

::::::::::
framework

:::::::::
introduced

::
in

::::
Sect.

:::::
2.1.1

::
is

::::
fully

::::::::
validated445

::
by

:::
our

:::
set

::
of

:::::::::
sensitivity

::::::::::
simulations.

::
At

::::::::::::
pre-industrial

:::::
steady

:::::
state,

:::
the net air-sea carbon �ux (F C; air � sea) can be expressed as

the product of the integrated riverine and burial�uxes of Alk
:::
Alk

:::
�ux

:
(F Alk ) multiplied byQinv , minus the integrated riverine

and burial�uxes of carbon
:::::
carbon

::::
�ux ( F C; bur :=riv :):

F C; air � sea = Qinv �

D Alk

z}| {
F Alk

| {z }
D C

� F C; bur :=riv : ; (15)

whereD C andD Alk represent the global carbon and Alk inventorydisequilibria.This underscoresthe signi�cance of the450

global Alk inventoryin estimatingthe
::::::::
deviations,

:::::::::::
respectively.

::::
This

::::::::::
formulation

:::::::::
highlights

:::
the

::::::
critical

::::
role

::
of

:
pre-industrial

air-seacarbon�ux and,consequently,theimportanceof assumptionsmaderegardingAlk equilibrium.

Speci�cally, we emphasizethat with a global Alk inventorydisequilibrium,the oceancanmaintainan equilibrium with

theatmosphericCO2 concentration,resultingin a nearlyconstantair-seacarbon�ux (Fig. B1) but a globalcarboninventory

disequilibrium(Fig.5b).WhentheglobalAlk inventoryis in equilibrium(F Alk = 0 ), adirectrelationshipbetweentheriverine455

andburial �uxes of carbonandthenetair-seacarbon�ux becomesevident(F C; air � sea = � F C; bur :=riv :).

3.2.4 A newestimateof the global riverine/burial-driven air-seacarbon �ux

Literature-basedestimatesof riverine/burial�uxes of carbonandAlk, from themostrecentcarbonandAlk budgets(Sect.4.2.1

and seeFig. E3), including the calculationof the correspondingair-seacarbon�ux, as well as carbonand Alk content

disequilibria.Thevaluesarepresentedin petagramsof carbonperyear.Valuesin bracketsrepresenttheuncertaintyor extreme460

range,while thebold valueindicatesthebestestimateor average.Theintervalsarearrangedwith thesmallestabsolutevalue
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�rst, exceptwhen both positive and negativevaluesare presentin the range.Type of Carbon �ux Alk �ux Associated

air-seaAssociatedDIC AssociatedAlk sources/sinks(from Regnier et al., 2022)(from Middelburg et al., 2020) carbon

�ux disequilibrium disequilibrium (Qinv � F Alk � F C ) (Qinv � F Alk ) (F Alk ) Riverine dischargea 0.650;1.1500.578;0.929-0.189;

-0.4100.461;0.7400.578,0.9290.9000.756-0.2970.6030.756OM burial b -0.059; -0.1550.014;0.0370.070;0.1840.011;465

0.0290.014;0.037-0.1070.0240.1260.0190.024CaCO3 burial -0.141;-0.345-0.648;-0.828-0.315;-0.375-0.516;-0.660-0.648;

-0.828-0.243-0.708-0.321-0.564-0.708Total 0.450;0.650-0.056;0.138-0.340;-0.695-0.045;0.110-0.056;0.1380.5500.072

-0.4930.0570.072

Using the theoreticalframeworkintroducedin this manuscriptand literature-basedestimatesof riverine/burial �uxes of

carbonand Alk, basedon the most recentcarbonand Alk budgets,we derive, from Eq. 15, a
:::
Alk

::::::
budget

:::::::::::
assumptions

::
–470

::
as

::::
well

::
as

:::
the

:::::::::
persistent

:::::::::::
uncertainties

:::
and

:::::::::
unknowns

::
–

::
in

:::::::::
estimating

:::
the

:
pre-industrialriverine/burial-drivenair-sea carbon

�ux estimateof � 0:49 [� 0:34;� 0:70] PgCyr-1 (Table3 andFig. 5c).This pre-industrialriverine/burial-drivenair-seacarbon

�ux is associatedto carbonandAlk inventorydisequilibriaof 0:06 [� 0:05;0:11] PgCyr-1 and0:07 [� 0:06;0:14] PgCyr-1,

respectively(seeFig. E1). This estimateis basedon an integratedexternal�ux of 0:55 [0:45;0:65] PgCyr-1 for carbonand

0:07 [� 0:06;0:14]PgCyr-1 for Alk.
:
.475

This estimateof � 0:49 [� 0:34;� 0:70] PgCyr-1 representsa downwardrevisionof the latestriverine/burial-drivenair-sea

carbon�ux estimateof � 0:65� 0:30PgCyr-1 currentlyusedin theGCB(Friedlingstein et al., 2024)andbasedonanin-depth

reviewof theland-to-oceancontinuumof theglobalcarboncycleRegnier et al. (2022). Utilizing ourvaluetoestimateanthropogenic

carbonuptakein theoceanfrom pCO2-basedestimateswould reducetheoveralldiscrepancybetweentheseobservation-based

estimatesandmodelvaluesby0.16PgCyr-1 overtheentireperiodconsidered,therebymitigatingthecurrentoffset(Friedlingstein et al., 2024)480

.

The discrepancybetweenour reassessmentof riverine/burial-drivenoutgassingand the valuecurrentlyusedin the GCB

underscoresthecrucialimportanceof clearlyde�ning oceanboundaryconditionsandthepressingneedto developacombined

and consistentcarbonand Alk budgetfor the oceanto achievea robustestimate.Part of this discrepancyarisesbecause

atmosphericcarbonuptakebycontinentalshelves(0.10 PgC yr-1 Regnier et al., 2022)is fully integratedintoournetpre-industrial485

riverine/burial-drivenair-seacarbon�ux as we also considerOM and CaCO3 burial in theseregions,reducingthis �ux

by 0.10 PgC yr-1. The remainingreductionof 0.06 PgC yr-1 is linked to a slight imbalancein the global Alk inventory

(0.07 PgC yr-1 Middelburg et al., 2020). However,thecurrentinconsistencybetweentheindependentlydevelopedcarbonand

Alk budgetsmakesourestimateunreliable.If theburial �ux of CaCOfor carbon(Middelburg et al., 2020)is alignedwith that

for Alk (+0.22PgCyr-1; Table3), theoutgassingwould decreaseby anadditional0.18PgCyr-1. Conversely,if theburial �ux490

of CaCO3 for Alk (Middelburg et al., 2020)is alignedwith that for carbon(-0.11 PgCyr-1; Table3), the outgassingwould

alsodrop, in this caseby 0.11PgCyr-1, further reducingthe currentoffset (Friedlingstein et al., 2024). Thus,it is essential

to establisha combinedandconsistentcarbonandAlk budgetto con�dently reassessthis pre-industrialoutgassingwithin the

theoreticalframeworkpresentedhere.
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Figure 6. Distribution
:::::
Spatial

:::::::::
distribution of the riverine/burial-driven air-sea carbon �uxandits key drivers.(a) Comparison between the

riverine/burial-driven air-sea carbon �ux (y-axis, PgC yr-1), the fraction of this �ux occurring south of 20°S (x-axis, %) and its interhemi-

spheric gradient (color dots, PgC yr-1). 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 simulation (std).(b) Inter-hemispheric

gradientof theriverine/burial-drivenair-seacarbon�ux (�lled contours)andits two components,from carbon:Alkimbalances(Sect.2.1.2

and2.1.3).Onecomponent(x-axis) is associatedwith theinter-hemisphericgradientof air-seacarbon�ux drivenby northernandsouthern

carbon:Alkimbalances(andinventorydisequilibria),while the othercomponent(y-axis) correspondsto the inter-hemisphericgradientof

air-seacarbon�ux associatedto the inter-hemispherictransportof the carbon:Alk imbalance(Eq. D7 andseeFig. D1). The deviationin

the simulatedinter-hemisphericgradientin NEMO-PISCESsensitivitysimulationsascomparedto the reconstructedonesusing the two

componentsis minimal (< 0:01 PgC yr� 1 , not shown).

3.3 Theregional
:::::
spatial

:
distribution of the riverine/burial-driven air-sea carbon �ux495

3.3.1 A highly contrasting
::::::::::
Contrasting

:
regional distribution

:::::
�uxes

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 amounts to+0 :51 PgC yr-1 (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 to500

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� 0:18 to +0 :11PgC yr-1in oursetof sensitivitysimulations).

Our set of sensitivity simulations,exploring different assumptionson
:::::
which

::::::
explore

:::::::
various

:::::::::::
assumptions

:::::
about

:
riverine505

and burial �uxes, encompass the uncertainty rangeof
::::::::
associated

::::
with

:
the inter-hemispheric gradient of the riverine/burial-

driven air-sea carbon �ux (Fig. 6a). The main point of contentionaroundthe inter-hemispheric
:::::::
regarding

::::
this

:
gradient lies

in the fraction ofthis
::
the

:
�ux occurring in the southern hemisphere, wheremostof thediscrepancyin estimatingthe

::::::
largest

:::::::::::
discrepancies

::
in

::::::::
estimates

::
of

::
the

:
anthropogenic carbon�ux

:::
sink

:
betweenpCO2-basedandmodelestimatesexisted

::::::
methods

::::
and

:::::
model

::::::::::
simulations

::::
were

::::::
located

:
in GCBs (from 2018 to 2022; e.g. Hauck et al., 2020; Friedlingstein et al., 2022b)prior to being510

mostlytransferred
:
,

:::::
before

:::::
being

::::::
mostly

::::::
shifted

:
to the inter-tropical region (since 2023; e.g. Friedlingstein et al., 2023, 2024).

In our simulations, the fraction of the �ux occurring in the southern hemisphere ranges from less than 5 % (nobur-diseq) to

more than 50 % (rivref). By comparison, it was estimated at 49 % (Aumont et al., 2001) and then
::::::
revised

::
to

:
14 % (Lacroix

et al., 2020) in the GCBs (TableYY
::
1 and Fig.7a

:
6), and even as low as 4 % in the literature (Jacobson et al., 2007). This

is intriguing because
:::::::::
particularly

:::::::::
intriguing,

:::
as one might expectthat this distributionis primarily in�uenced

:::
this

::::::::::
distribution515

::
to

::
be

::::::::
primarily

::::::::
governed

:
by the strength of the meridional overturning circulation – and itseffecton thesouthwardtransport

of net
:::
role

:::
in

::::::::::
transporting riverine/burial carbon

::::::::::::
burial-derived

::::::
carbon

::::::::
southward

:
– , but

::
yet

:
our sensitivity simulations,with

unchanged
::::::
despite

:::::::
identical

:
ocean dynamics, reveal highly contrasting distributions.

3.3.2 In�uencing factors

There is no direct correlation between the magnitude of the riverine/burial-driven air-sea carbon �ux and the proportion of520

this �ux occurring south of 20°S (Fig. 6a). Notably, the substantial uncertainty on the refractory nature of organic riverine dis-

charge(e.g., Aumont et al., 2001; Gruber et al., 2009)
:::::::::::::::::::::::::::::::::::::
(e.g. Aumont et al., 2001; Gruber et al., 2009) is demonstrated to result

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.6a), even though the total �ux remainsnearlythe same. Conversely, when the riverine discharge is

increased by 50 % (riv1p5), the distribution of the riverine/burial-driven air-sea carbon �ux remains unchanged compared to525

std, while the total outgassing increases from0:32PgC yr-1 (std) to0:49PgC yr-1 (riv1p5; see Table B1).

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

is primarily linked to the distribution, both horizontally and vertically, of the carbon:Alk
:::::
budget

:
imbalance resulting from

riverine and burial �uxes.
:::::
(Sect.

::::::
2.1.2). When an excess of CaCO3 burial is considered at the bottom of the Atlantic (primarily

in the northern hemisphere; atlpac-diseq), the resulting impact of the carbon:Alk
:::::
budget

:
imbalance on the riverine/burial-driven530

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 (� 0:07 PgC yr-1), and an increase in the inter-hemispheric riverine/burial-driven air-sea

carbon �ux gradient (+0 :07 PgC yr-1; see Fig. B3b). On the contrary, when the surplus of CaCO3 burial 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 to std (+0 :01 PgC yr-1) since the535

�ux anomaly is concentrated in the shallow tropics, primarily affecting thelocal
::::::
regional

:
air-sea carbon �ux. Similarly, �ux

anomalies resulting from carbon:Alk
::::::
budget imbalances with respect to the riverine �uxes tend to manifestlocally,

::::::::
regionally

:::
(i.e.

:
primarily in the northern hemisphere): (i) a fully organic riverine discharge

::::::
(rivorg)

:
leads to a relative outgassing compared

to std (� 0:19 PgC yr-1), aligned with a decrease in the inter-hemispheric gradient (� 0:18 PgC yr-1); and (ii) a fully inorganic

riverine discharge
::::::::
(rivinorg) leads to a relative ingassing compared to std (+0 :07 PgC yr-1), aligned with an increase in the540

inter-hemispheric gradient (+0 :05PgC yr-1; see Fig. B3b).

Nevertheless,it is crucialto haveaccessto boththevalueof the

4
::::::::::::::
Proof-of-concept

:::::::::::
applications

::::
and

::::::::::
discussions

4.1
:::
The

::::::
global

:::
�ux

4.1.1
::::::::
Approach545

:::
The

:::::::::
theoretical

::::::::::
framework

:::::::::
introduced

:::
in

:::
this

::::::
study

:::::
(Sect.

::::::
2.1.1)

:::
has

:::::
been

::::::::
validated

:::
by

:::
our

:::
set

:::
of

:::::::::
sensitivity

::::::::::
simulations

:::::
(Sect.

::::
3.2).

::
It

::
is

::::::::
therefore

::::
now

:::::::
possible

:::
to

:::::::
estimate

:::
the

::::::
global

:::::::::
magnitude

::
of

:::
the

::::::::::::
pre-industrial

:
riverine/burial-driven air-sea

carbon �ux andits spatialdistributionto properlyestimatethemagnitudeanddistributionof theoceanicanthropogeniccarbon

uptake(e.g. Hauck et al., 2020; Friedlingstein et al., 2022b, 2024). It is possibleto decomposethe inter-hemisphericgradient

of theriverine
::
to

:::::::::
investigate

:::
the

:::::::::
associated

:::::
global

:::::::
carbon

:::
and

::::
Alk

::::::::
inventory

::::::::
deviations

::::
(Eq.

::::
10)

:::::
based

::
on

:::::::
existing

::::::
carbon

::::
and550

:::
Alk

:::::::
budgets,

:::::
which

::::::::::
encompass

::
all

:::::::
external

::::::
oceanic

:::::::
sources

:::
and

:::::
sinks

::
of

::::::
carbon

:::
and

::::
Alk.

:::
For

::::::::::
consistency

::::
with

:::
the

::::::::
literature,

:::
we

:::
rely

:::
on

::
the

:::::
most

:::::
recent

::::::
carbon

::::::::::::::::::
(Regnier et al., 2022)

:::
and

:::
Alk

:::::::::::::::::::::
(Middelburg et al., 2020)

:::::::
budgets,

::::
even

::::::
though

::::
they

::::
were

:::::::
derived

:::::::::::
independently

::::
and

:::
are

:::::
partly

::::::::::
inconsistent

:::::
(Table

:::
3).

:::
We

:::::::
carefully

:::::::::
accounted

:::
for

:::
the

::::::::::
uncertainties

::::
and

:::::::
extreme

:::::
values

:::::::::
associated

::::
with

::
the

:::::::
various

:::::::
external

::::::
sources/burial-drivenair-sea�ux into acomponentassociatedwith theinter-hemispherictransportof

a carbon:Alk imbalanceanda componentassociatedwith a carbon:Alk imbalancestemmingfrom riverineandburial �uxes555

(includinginventorydisequilibria;Fig. 6b,
::::
sinks

::
of

::::::
carbon

:::
and

::::
Alk

:::::
(Table

:::
3).

4.1.2
:::::::
Findings

:::::
Using

:::
the

:::::::::
theoretical

:::::::::
framework

:::::::::
introduced

::
in

:::
this

:::::::::
manuscript

::::
and

:::::::::::::
literature-based

::::::::
estimates

::
of

:::::::::::
riverine/burial

::::::
�uxes

::
of

::::::
carbon

:::
and

::::
Alk,

:::::
based

:::
on

:::
the

::::
most

:::::
recent

::::::
carbon

::::
and

:::
Alk

:::::::
budgets,

:::
we

::::::
derive,

:::::
from Eq.D7,

::
15,

::
a

:::::::::::
pre-industrial

::::::::::::::::::
riverine/burial-driven

:::::
air-sea

::::::
carbon

::::
�ux

:::::::
estimate

::
of

:::::
� 0:49

:::::::::::::
[� 0:34;� 0:70]

::::
PgC

:::
yr-1

:::::
(Table

::
3 and Fig.E1

::
5c). Thisdemonstratesthatwhenconsidering560

riverineandburial �uxes (std relative to norivbur), the componentassociatedwith theseexternal�uxes (-0.07
:::::::::::
pre-industrial

:::::::::::::::::
riverine/burial-driven

::::::
air-sea

::::::
carbon

:::
�ux

::
is

::::::::
associated

::::
with

::::::
global

:::::
carbon

::::
and

:::
Alk

::::::::
inventory

:::::::::
deviations

::
of

::::
0:06

:::::::::::
[� 0:05;0:11]PgC yr-1

) is offsetby thetransport-relatedcomponent(+0.07
:::
and

::::
0:07

:::::::::::
[� 0:06;0:14]

::::
PgC

::::
yr-1,

::::::::::
respectively

::::
(see

::::
Fig.

:::
E1).

:::::
This

:::::::
estimate

:
is

:::::
based

:::
on

::
an

:::::::::
integrated

:::::::
external

:::
�ux

::
of

::::
0:55

::::::::::
[0:45;0:65]

::::
PgC

:::
yr-1

:::
for

::::::
carbon

::::
and

::::
0:07

:::::::::::
[� 0:06;0:14]

::::
PgC

:::
yr-1

:::
for

::::
Alk.
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Table 3.
::::::::::::
Literature-based

:::::::
estimates

::
of

:::::::::::
riverine/burial

:::::
�uxes

:
of

::::::
carbon

:::
and

:::
Alk,

::::
from

:::
the

::::
most

:::::
recent

:::::
carbon

:::
and

:::
Alk

::::::
budgets

:::::
(Sect.

::::
4.2.1

:::
and

::
see

::::
Fig.

:::
E3),

:::::::
including

:::
the

::::::::
calculation

::
of

:::
the

:::::::::::
corresponding

:::::
air-sea

:::::
carbon

::::
�ux,

::
as

:::
well

::
as

::::::
carbon

:::
and

:::
Alk

::::::
content

::::::::
deviations.

:::
The

:::::
values

:::
are

:::::::
presented

::
in

::::::::
petagrams

::
of

:::::
carbon

:::
per

::::
year.

:::::
Values

::
in

::::::
brackets

:::::::
represent

:::
the

:::::::::
uncertainty

::
or

::::::
extreme

:::::
range,

::::
while

:::
the

::::
bold

::::
value

:::::::
indicates

:::
the

:::
best

::::::
estimate

::
or

:::::::
average.

:::
The

:::::::
intervals

::
are

:::::::
arranged

::::
with

::
the

:::::::
smallest

::::::
absolute

:::::
value

:::
�rst,

:::::
except

:::::
when

:::
both

:::::::
positive

:::
and

::::::
negative

:::::
values

:::
are

:::::
present

::
in

:::
the

:::::
range.

::::
Type

::
of

::::::
Carbon

:::
�ux

:::
Alk

:::
�ux

::::::::
Associated

:::::
air-sea

::::::::
Associated

::::
DIC

::::::::
Associated

::::
Alk

::::::::::
sources/sinks

::::::::::::::::::::
(from Regnier et al., 2022)

:::::::::::::::::::::::
(from Middelburg et al., 2020)

::::::
carbon

:::
�ux

:::::::
deviation

:::::::
deviation

:::::::::::::::
(Qinv � F Alk � F C )

::::::::::
(Qinv � F Alk )

:::::
(F Alk )

:

:::::::
Riverine

::::::::
dischargea

:
[

::::
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

::::::
burial b

:
[
:::::
-0.059;

:::::
-0.155] [

:::::
0.014;

::::
0.037] [

:::::
0.070;

::::
0.184] [

::::
0.011;

:::::
0.029] [

:::::
0.014;

::::
0.037]

::::
-0.107

: ::::
0.024

::::
0.126

: ::::
0.019

::::
0.024

:::::
CaCO3:::::

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

aIncluding �uxes from groundwater discharge and anaerobic processes.
bIncluding �uxes from reverse weathering.

4.1.3
:::::::::
Discussion565

::::
This

:::
new

:::::::::
estimation

::
of

:::
the

:::::::::::
pre-industrial

::::::::::::::::::
riverine/burial-driven

::::::
air-sea

::::::
carbon

:::
�ux

:::::::::
represents

:
a

:::::::::
downward

:::::::
revision

::
of

:::
the

:::::
latest

::::
value

::
of

::::::::::::
� 0:65� 0:30PgC yr-1 ), resultingin anull inter-hemispheric

::::::::
currently

::::::
adopted

::
in

:::
the

:::::
GCB

::::::::::::::::::::::
(Friedlingstein et al., 2024)

:
,

:::::
which

::::
was

:::::::
derived

::::
from

::
a

::::::::::::
comprehensive

::::::::::
assessment

::
of

::::
the

:::::
global

::::::::::::
land-to-ocean

::::::
carbon

:::::::::
continuum

::::::::::::::::::
Regnier et al. (2022)

:
.

::::::::
Applying

:::
our

::::::
revised

::::::::
estimate

::
in

:::
the

:::::::::
calculation

::
of

::::
the

::::::::::::
anthropogenic

::::::
carbon

::::::
uptake

:::::
based

::
on

::
p

:::::::::
CO2-based

:::::::
methods

::::::
would

:::::
reduce

:::
the

::::::
overall

::::::::::
discrepancy

:::::::
between

:::::::::::::::
observation-based

:::
and

::::::::::::
model-derived

:::::::
oceanic

::::::
carbon

:::::
uptake

::::::::
estimates

:::
by

::::
0.16

:::
PgC

::::
yr-1570

:::
over

:::
the

::::::::
historical

::::::
period,

::::
thus

:::::::::
alleviating

::
a

::::::
portion

::
of

:::
the

::::::
present

:::::
offset

::::::::::::::::::::::::::::
(Fig. 1; Friedlingstein et al., 2024)

:
.

:::
The

::::::::::
discrepancy

::::::::
between

:::
our

:::::::::::
reassessment

::
of

::::
the riverine/burial-drivenair-seacarbon�ux gradientfor std (Fig. 5b and

Fig. 6b). In thecaseof a surplusof
::::::::
outgassing

::::
and

:::
the

::::
value

::::::::
currently

::::
used

::
in

:::
the

:::::
GCB

::::::::::
underscores

:::
the

::::::
crucial

::::::::::
importance

::
of

:::::
clearly

:::::::
de�ning

::::::
ocean

::::::::
boundary

::::::::
conditions

::::
and

:::
the

:::::::
pressing

::::
need

::
to

:::::::
develop

:
a

::::::::
combined

::::
and

::::::::
consistent

::::::
carbon

:::
and

::::
Alk

::::::
budget

::
for

:::
the

::::::
ocean

::
to

::::::
achieve

::
a

::::::
robust

:::::::
estimate.

::::
Part

::
of

::::
this

::::::::::
discrepancy

:::::
arises

:::::::
because

:::::::::::
atmospheric

::::::
carbon

::::::
uptake

::
by

::::::::::
continental575

::::::
shelves

::::::::::::::::::::::::::::::
(0.10 PgC yr-1; Regnier et al., 2022)

:
is

:::::
fully

::::::::
integrated

::::
into

:::
our

:::
net

:::::::::::
pre-industrial

::::::::::::::::::
riverine/burial-driven

::::::
air-sea

::::::
carbon

:::
�ux

::
as

:::
we

::::
also

:::::::
consider

::::
OM

:::
and

:
CaCO3 :::::

burial
::
in

::::
these

:::::::
regions,

::::::::
reducing

:::
this

::::
�ux

::
by

::::
0.10

::::
PgC

::::
yr-1.

:

:::
The

::::::
current

:::::::::::::
inconsistencies

::::::::
between

:::
the

::::::::::::
independently

:::::::::
developed

::::::
carbon

:::
and

::::
Alk

:::::::
budgets

:::::
make

:::
our

:::::::
estimate

::::
less

::::::
robust

:::
and

::::::::
highlight

:::
the

::::
need

:::
for

::
a

:::::::::
combined

:::::::
revision

::
of

:::::
both.

:::::::
Beyond

:::
the

::::
0.10

::::
PgC

::::
yr-1

::::::::
reduction

::
in

:::::::::
outgassing

::::
due

::
to

::::::::
differing

:::::
ocean

::::::::
boundary

:::::::::
de�nitions

:::::::
relative

::
to

:::::
GCB,

:::
the

:::::::::
remaining

::::
0.06

::::
PgC

::::
yr-1

:::::::
decrease

:::
in

:::
our

::::
new

:::::::
estimate

::
is

::::::
linked

::
to

::
a

:::::
slight580

::::::::
imbalance

::
in

:::
the

::::
Alk

::::::
budget

:::::::::::::::::::::::::::::::::
(+0 :07PgC yr-1 Middelburg et al., 2020)

:
.

::::::::
However,

:::
the

::::::::::
discrepancy

::
in

::::::
CaCO3:

burial in thedeep
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Atlantic (atlpac-diseq),theincreasein theinter-hemisphericriverine
:::::::
estimates

:::::::
between

:::
the

::::
most

::::::
recent

:::::
carbon

::::
and

:::
Alk

:::::::
budgets

:::::::::::::::::::::::::::::::::::::
(Regnier et al., 2022; Middelburg et al., 2020)

:::::
would

::::::::
translate

:::
into

::
a

::::
0.22

::::
PgC

::::
yr-1

::::::::
difference

:::
in

:::
the

:::
Alk

::::::
budget

::::::
(Table

:::
3).

::
If

::
the

::::::
carbon

::::
�ux

:::::::::
associated

::::
with

::::::
CaCO3:::::

burial
:::::
were

::::::
aligned

::::
with

:::
the

::::
Alk

::::::
budget

::::
from

::::::::::::::::::::
Middelburg et al. (2020)

:
,

:::
the

:::::::::
outgassing

:::::
would

:::::::
decrease

:::
by

::
an

:::::::::
additional

:::
0.18

::::
PgC

::::
yr-1.

::::::::::
Conversely,

:::::::
aligning

:::
the

:::
Alk

::::
�ux

:::::::::
associated

::::
with

::::::
CaCO3 :::::

burial
::::
with

:::
the

::::::
carbon585

::::
value

:::::
from

:::::::::::::::::
Regnier et al. (2022)

:::::
would

::::::
reduce

:::
the

:::::::::
outgassing

:::
by

::::
0.11

:::
PgC

::::
yr-1.

:::::
Thus,

::::::::::
reconciling

::::::
CaCO3:::::

burial
::::::
�uxes

::
in

::::
both

:::::
carbon

::::
and

::::
Alk

::::::
budgets

::
is

::::::::
expected

::
to

::::::
further

::::::
reduce

::::
the

::::::
current

:::::::::
outgassing

:::::
offset

:::::::::::::::::::::::
(Friedlingstein et al., 2024).

:::::::::::
Establishing

:
a

::::::::
combined

::::
and

::::::::
internally

:::::::::
consistent

::::::
carbon

::::
and

:::
Alk

:::::::
budget

::
is

:::::::
therefore

::::::::
essential

::
to

::::::::::
con�dently

:::::::
reassess

:::
the

::::::::::::
pre-industrial

:::::::::
outgassing

:::::
within

:::
the

:::::::::
theoretical

:::::::::
framework

::::::::
presented

:::::
here.

4.2
:::
The

::::
�ux

::::::::::
distribution590

4.2.1
::::::::
Approach

:::
The

:::
set

::
of

:::::::::
sensitivity

:::::::::
simulations

:::::::::
conducted

::
to

:::::::
validate

:::
our

:::::::::
theoretical

:::::::::
framework

:::::
spans

:
a

::::
wide

:::::
range

::
of

:::::::::::
assumptions

::::::::
regarding

::::::
riverine

::::
and

:::::
burial

::::::
�uxes

::
of

::::::
carbon

::::
and

::::
Alk,

:::::::
thereby

:::::::::
providing

::
all

::::
the

::::::::
necessary

:::::
tools

::
to

::::::::
reassess

:::
the

::::::
spatial

::::::::::
distribution

::
of

:::
the

:::::::
riverine/burial-driven air-sea carbon �uxgradientrelative to std (+0.07PgCyr-1; seeFig. B3b)is primarily attributed

to the transportof a carbon:Alkimbalance(Fig. 6b) . Conversely,when the .
:::
As

::
in

::::
our

::::::
global

:::::::
estimate

::::::
(Sect.

::::
4.1),

::::
this595

::::::::::
reassessment

::::::::
strategy

::
is

::::::::
grounded

::
in

::::
the

::::
most

::::::
recent

::::::
global

:::::::
budgets

::
of

:::::::
carbon

:::
and

:::::
Alk.

:::
By

:::::::
logically

::::::::::
combining

:::::::
speci�c

::::::::
sensitivity

::::::::::
simulations,

:::
we

::::::::
construct

::
a

::::::::
composite

:::::::::
simulation

::::
that

:::::
aligns

::::
with

:::::
these

:::::
global

:::::::
budgets

:::
and

::::::
allows

::
us

::
to

::::::::::
re-evaluate

::
the

::::::::::
distribution

::
of

:::
the

::::::::::::::::::
riverine/burial-driven

:::::::::::
pre-industrial

::::::
air-sea

::::::
carbon

::::
�ux.

::::
First,

:::
for

:::::
each

:::::::::::::
literature-based

:::::::
estimate

:::
of

:::
the

:::::::
external

:::::::
sources

::::
and

:::::
sinks

::
of

::::::
carbon

::::
and

::::
Alk,

:::
we

::::::::::
constructed

::
a

:::::::
skewed

:::::::
Gaussian

::::::::::
probability

::::::
density

::::::::
function

:::::
(PDF)

::::
that

:::::::
captures

::::
the

:::::::::::
median/mean

:::::
value

::::
and

:::
the

:::::::
reported

::::::::::
uncertainty

:::::
range.

:::::
This600

:::
was

::::::::
achieved

::
in

::::
two

::::
steps

:::
for

:::::
each

:::::::
literature

::::::::
estimate

::
of

:::
the

:::::::
various

:::::::
external

:::::::::::
sources/sinks

::
of

::::::
carbon

::::
and

::::
Alk.

::
A

:::::::::
triangular

:::::::::
distribution

::::
was

:::
�rst

:::::::::
generated

:::::
using

:::
the

::::::::
estimated

::::::
central

:::::
value

:::
and

:::::::::::::::::
minimum/maximum

:::::::
bounds

:::
via

:::
the

::::::::::::::::
'random.triangular'

:::::::
function

::::
from

:::
the

:::::::
Python

::::::
library

::::::
numpy

:
.

::::
This

::::::::
triangular

::::::::::
distribution

::::
was

::::
then

:::::
�tted

::::
with

::
a

:::::::
skewed

::::::
normal

::::
PDF

::::::
using

:::
the

::::::::::::::::
'stats.skewnorm.�t'

:::::::
function

:::::
from

:::
the

::::
scipy

::::::
library.

::::
This

::::::::
approach

:::::::
allowed

::
us

::
to

::::::::
preserve

:::
the

:::::::
essential

::::::::::::
characteristics

:::
of

:::
the

:::::::
literature

::::::
values

::::::::::::
(median/mean

:::
and

::::::::
extremes)

:::::
while

::::::::
working

::::
with

:::::::::
continuous

:::::::::::
distributions.605

::::::
Second,

:::
we

::::::::::
constructed

:
a
:::::::::
composite

:::::::::
simulation

:::
that

:::::::
isolates

:::
the

:::::
effect

::
of

::::::
riverine

::::
and

:::::
burial

:::::
�uxes

:::
on

::
the

::::::
air-sea

::::::
carbon

::::
�ux

:::
(i.e.

:::::::::
excluding

:::
the

::::::::
in�uence

::
of

:::::::
internal

::::::
carbon

:::::::
pumps).

::::
This

::::
was

::::::::
achieved

::
by

:::::::
linearly

:::::::::
combining

::
a

:::::
subset

:::
of

:::
our

:::::::::
sensitivity

::::::::::
simulations.

::::::::::
Throughout

:::
the

:::::::::
remainder

::
of

:::
the

::::::::::
manuscript,

:::
we

::::
refer

::
to

:::
the

:::::::::
composite

:::::::::
simulated

:::::::
estimate

::
as

:::
the

::::::::::::
pre-industrial

riverinedischargeisentirelyorganic(rivorg), it ismostlytheexternal�ux componentthatcausesthedecreasein theinter-hemispheric

:::::::::::
/burial-driven

:
air-sea

:::::
carbon

::::
�ux

:::::::
derived

::::
from

::::
this

::::::::
combined

::::::::::
simulation.

::::
The

::::::::
following

::::::::
four-step

:::::::::
work�ow

::
is

:::::::
designed

:::
to610

:::::
ensure

::::
that

::
the

:::::::
riverine

:::
and

:::::
burial

:::::
�uxes

::
in

:::
the

:::::::::
composite

:::::::::
simulation

::
are

:::::::::
consistent

::::
with

::
the

:::::
latest

::::::::
literature

::::::::
estimates

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Middelburg et al., 2020; Regnier et al., 2022, see Fig. E2, and Table 3)

:
.

Step 1:
:::
We

::::::::
initialized

::::
our

:::::::::
composite

:::::::::
simulation

:::
by

:::::::
isolating

::::
the

:::::
effect

::
of

:::::::
riverine

::::
and

:::::
burial

::::::
�uxes

:::
on

:::
the

::::::
air-sea

:
carbon

�ux gradientrelativeto std(-0.18PgCyr-1; seeFig. B3bandFig. 6b),andthesameoutcomeoccurswhentheriverine
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dischargeis entirely inorganic(rivinorg). This emphasizesthat the spatialdistributionof the carbon:Alk imbalance615

stemmingfrom external�uxes , in conjunctionwith oceanictransport,playsasigni�cant rolein shapingthe,
::::::::
removing

::
the

:::::::::::
contribution

::
of

:::::::
internal

::::::
carbon

:::::::
pumps.

::::
This

::::
was

::::
done

:::
by

:::::::::
subtracting

:::
the

::::::::
norivbur

:::::::::
simulation

:::::
from

:::
the

:::::::
standard

::::::::
simulation

:::::::::::::::
('std'-'norivbur').

:

Step 2:
::::
Next,

:::
we

:::::::
adjusted

:::
the

::::::
carbon

:::::
�uxes

:::::::::
associated

::::
with

::::::
riverine

::::::::
discharge

:::
and

::::
OM

:::::
burial

::
to

:::::
match

::::::::
literature

::::::::
estimates.

::::
This

:::
was

::::::::
achieved

::
by

:::::::::
weighting

:::
the

:::::::::
simulation

:::::
where

:::::::
riverine

::::::
inputs

::::
were

::::::::
increased

:::
by

:
a
:::::
factor

:::
of

:::
1.5

:::::::::::::
('riv1p5'-'std'),

::
as620

::
the

::::::
overall

:::::::
riverine

::::
�ux

::::::::
amplitude

::::
was

::
the

::::
�rst

:::::::
variable

:::
that

::::::
needed

:::
to

::
be

:::::
tuned.

:::
At

:::
the

:::
end

::
of

:::
this

::::::
stage,

::
the

:::::::::
composite

::::::::
simulated

:::::::
estimate

::::
was

:
a

:::::
linear

::::::::::
combination

:::
of

::::::::::::
'std'-'norivbur'

::::
and

::::::::::::
'riv1p5'-'std'.

Step 3:
:::
We

::::
then

:::::
adjust

:::
the

::::
Alk

:::::
�uxes

:::::::::
associated

:::::
with

::::::
riverine

:::::::::
discharge

:::
and

::::
OM

::::::
burial

::
to

:::::
match

::::::::
literature

:::::::::
estimates.

::::
This

:::
was

::::::::
achieved

:::
by

::::::::
weighting

:::
the

::::::::::
simulation

:::::
where

:::
all

:::::::
riverine

::::::::
discharge

::::
was

:::::::::
considered

:::::::::
inorganic

::::::::::::::
('rivinorg'-'std'),

:::::
which

:::
did

:::
not

::::
alter

:::
the

::::::
carbon

::::::
values

:::::::
already

:::::::
matched

::
in

::::
Step

:::
2.

:::
The

:::::::::
composite

::::::::
simulated

::::::::
estimate

::::::
became

::
a

:::::
linear625

::::::::::
combination

::
of

:::
the

:::::
result

::::
from

::::
Step

::
2

:::
and

:::::::::::::
'rivinorg'-'std'.

:

Step 4:
::::::
Finally,

:::
we

:::::::
ensured

::::
that

::::
Alk

:::::
�uxes

:::::::::
associated

:::::
with

::::::
CaCO3::::::burial

::::
also

::::::::
matched

:::
the

::::::::
literature

::::::::
estimate.

::::
This

::::
was

::::
done

:::::
using

:::
the

:::::::::
simulation

::::
with

::::::::
enhanced

::::::
CaCO3:::::::::::::::burial/dissolution

:::
and

::
a

:::::
global

::::
Alk

:::::::::
imbalance

:::::::::::::::::
('atlpac-diseq'-'std'),

::::::
without

::::::::
affecting

:::
the

:::::
�uxes

::::::::
adjusted

::
in

::::::::
previous

:::::
steps.

:::::
Given

:::
the

::::
2:1

::::::::::::
stoichiometric

::::
ratio

:::::::
between

::::
Alk

::::
and

::::
DIC

::
in

::::::
CaCO3 :::::::::

processes,
:::
this

::::
step

:::::::::::::
simultaneously

:::::::
ensured

::::::::::
consistency

:::
for

::::
both

:::
the

::::::
carbon

:::
and

::::
Alk

::::::::::
components

:::
of

::::::
CaCO3630

:::::
burial.

::::
The

::::
�nal

:::::::::
composite

:::::::
estimate

:::
was

::
a

:::::
linear

::::::::::
combination

::
of

:::
the

:::::
result

:::::
from

::::
Step

:
3

::::
and

::::::::::::::::
'atlpac-diseq'-'std'.

Extra step (correction):
:::
Due

::
to

:::::::::::::
inconsistencies

:::::::
between

:::
the

:::::
most

:::::
recent

::::::
carbon

::::
and

::::
Alk

::::::
budgets

::
–

::::::::::
speci�cally

::
in

:::
the

::::::
CaCO3

:::::
burial

:::
�ux

::::::
(Table

::
3)

::
–

:::
an

::::::::
additional

:::::::::
correction

::::
step

::::
was

:::::::
required.

:::::
This

:::::::::
correction,

::::::
applied

::::::::
similarly

::
to

::::
Step

::
3,

:::::
again

::::
uses

:::::::::::::
'rivinorg'-'std'

::
to

:::::::
consider

:::
an

::::::::
increased

::::::
carbon

:::::
sink

:::
via

::::::
CaCO3::::::

burial,
:::::
while

::::::::::
maintaining

:::
Alk

:::::::
balance.

:::::
This

:::::::::
adjustment

::::::
targets

::::
only

:::
the

::::::
excess

::::::
CaCO3:::::

burial
:::
of

::::::
carbon

::::::
needed

::
to635

:::::::
reconcile

::::
our

::::::::
composite

:::::::::
simulation

:::::
with

:::
the

::::::
carbon

::::::
budget

::::
from

:::::::::::::::::
Regnier et al. (2022)

:
.

::::
Note

::::
that

:::
this

:::
step

::::::
would

:::
not

::
be

::::::::
necessary

::
if

:::
the

::::::
carbon

:::
and

::::
Alk

:::::::
budgets

::::
were

::::::::
internally

:::::::::
consistent.

:

::
In

::::::::
summary,

::::
this

:::::::::
composite

::::::::
simulated

::::::::
estimate,

::::
built

::
as

::
a

::::::::
weighted

:::::
linear

:::::::::::
combination

::
of

:::::::
targeted

:::::::::
sensitivity

::::::::::
simulations

:::
and

::::::::::
constrained

::
by

:::
the

:::::
latest

:::::::
literature

::::::::
estimates

:::
of

::::::
riverine

::::
and

:::::
burial

:::::
�uxes,

::::::::
provides

:
a

:::::::
spatially

:::::::
explicit

::::::::::::
representation

::
of

:::
the

pre-industrialinter-hemisphericriverine/burial-driven air-sea carbon �uxgradient..
:::
By

::::::
design,

:::
the

:::::::::
integrated

:::::
value

::
of

:::
this

::::
�ux640

::
in

:::
the

::::::::
composite

:::::::::
simulation

::
is

:::::::::
consistent

::::
with

::::
that

:::::::
obtained

:::
by

:::::::
applying

:::
the

:::::::::
theoretical

::::::::::
framework

::
to

:::
the

::::
most

::::::
recent

::::::
carbon

:::
and

:::
Alk

:::::::
budgets

::::
from

:::
the

::::::::
literature

:::::
(Sect.

::::
4.1).

:

27




