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This is the ”state of the art”!

… and resolving lateral exports of carbon from 
rivers.

We aim to unify land and ocean carbon 
into an ocean biochemistry model …

Future perspectives
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Ocean model Image Credit: ECCO-Darwin

Large amounts of carbon and 
nutrients transit from land to the 
ocean.

Two main pathways of lateral 
exports of carbon:
• Rivers: ~ 1 Pg C yr−1 (Li et al., 

2017)
• Coastal wetlands: ~ 2 Pg C yr−1

(Duarte et al., 2005)
= the Land-to-Ocean Aquatic 
Continuum (LOAC)

The LOAC contribution to the 
ocean carbon cycle is 
underrepresented in Earth 
System Models and global ocean 
biogeochemistry models (Ward 
et al., 2020)

How land and ocean carbon 
currently communicate in models.

Can you be more precise 
on your lateral exports of 

carbon… 

Ocean Land

???
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here ∇⋅DICAdv and ∇⋅DICDif represent the divergence of horizontal and vertical advective DIC transport and 
diffusive processes, respectively (Figure 2, D1). DICBio represents biological processes (Figure 2, D2) and  
is the contribution of air-sea CO2 flux to the DIC tendency (Figure 2, D3).

DICAdv includes the parameterization of transport due to mesoscale eddies from Gent et al. (1995). The diffu-
sion term DICDif represents unresolved flows and eddies, for example, convective adjustment, along-isopycnal 
diffusion from the Redi (1982) scheme, and diapycnal and mixing layer diffusion from the Gaspar et al. (1990) 
scheme.

Biological processes can be further decomposed as

 (2)

where OrgProd and PICProd refer to the biological uptake of DIC for production of organic matter and particulate 
inorganic matter, respectively. Particulate inorganic matter comes from calcification and is referred to as PIC. 
PICDiss is the dissolution of PIC and OrgRemin is remineralization of organic matter.

We compute the monthly mean DIC budget in each grid cell during January 1995 to December 2018. The 
three-dimensional DIC budget is then volume-integrated over the upper 100 m and over the full-depth water 
column, yielding a mass budget. The 100-m integration depth was chosen because it is similar to the global-mean 
winter wind-driven mixed layer depth, euphotic zone depth, and is a conventional reference depth for export 
calculations; potential caveats and sensitivities to this choice will be discussed.

In the ECCO-Darwin model configuration, the injection or removal of surface-ocean freshwater does not impact 
DIC mass directly, even though it changes surface DIC concentration. The addition or removal of surface fresh-
water due to precipitation, evaporation, and terrestrial runoff has two consequences. The first is a surface pressure 
perturbation (or volume change) that is instantaneously distributed globally. The second is a transport of DIC-rich 
ocean waters away from or toward the location of the surface flux; this effect is captured by the ∇ ⋅ DICAdv term.

Because exchanges between sea ice and the ocean do not add or remove mass locally, freshwater fluxes due 
to sea-ice melt and freeze do not transport DIC-rich ocean waters away from or toward the location of the 
flux. Nevertheless, because the ECCO-Darwin simulation uses the z* rescaled vertical coordinates of Campin 
et al. (2008), dilution or concentration of DIC due to sea-ice melting or freezing is still, to first order, captured by 
∇ ⋅ DICAdv (Text S1 in Supporting Information S1).

Figure 2. Schematic of Estimating the Circulation and Climate of the Ocean-Darwin DIC budget terms. Budget term 
D1 represents ocean circulation, with contributions from divergence of circulation and mixing (∇⋅DICAdv and ∇⋅DICDif in 
Equation 1, respectively). ∇⋅DICAdv includes transport due to parameterized mesoscale eddies and ∇⋅DICDif includes along- 
and cross-isopycnal diffusion. Terms D2 and D3 show biological processes and air-sea CO2 flux, respectively (DICBio and 
FCO2 in Equation 1). DIC increases with depth (light to dark blue colors) as particulate carbon is exported to depth and is 
remineralized and dissolved from acidification. A further decomposition of DICBio is given in Equation 2.

Land carbon budget

Figure 1. CO2 is removed from the atmosphere through photosynthesis (GPP) and then emitted back to the atmosphere through a number of

processes. Three processes move carbon laterally on Earth’s surface, such that emissions of CO2 occur in a different region than removals: (1)

Agriculture; harvested crops are transported to urban areas and to livestock, which are themselves exported to urban areas. CO2 is respired

to the atmosphere in livestock or urban areas. (2) Forestry; logged carbon is transported to urban and industrial areas, then emitted to through

decomposition in a landfill or combustion as a biofuel. (3) Water cycle; carbon is leached from soils into water bodies, such as lakes. The

carbon is then either deposited, released to the atmosphere, or transported to the ocean (Regnier et al., 2022). Arrows show carbon fluxes and

colors indicate whether the flux is associated with (grey) fossil fuel emissions, (dark green) ecosystem metabolism, (red) biomass burning,

(light green) forestry, (yellow) agriculture, or (blue) the water cycle. Semi-transparent arrows show fluxes that move between the surface

and atmosphere, while solid arrows show fluxes that move between land regions. Dashed arrows show surface–atmosphere fluxes of reduced

carbon species that are oxidized to CO2 in the atmosphere. For simplicity, a cement carbonation sink, volcano emissions, and a weathering

sink are not included in this figure.

surface–atmosphere CO2 fluxes to observed atmospheric CO2 mole fractions. As an inverse problem, the upwind CO2 fluxes

are estimated from the downwind observed CO2 mole fractions. The surface CO2 fluxes are adjusted so that forward-simulated150

CO2 mole fractions better match the CO2 measurements while considering the uncertainty statistics on the observations,

transport, and prior surface fluxes.
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Key development:
First spatial inter- and intra-annual 
variability of lateral exports of 
carbon and nutrients from rivers, 
globally.

Key 
development:
First globally-
resolved diffuse 
lateral exports 
of carbon from 
coastal 
wetlands.

Regions of interest:
• Blue carbon 

ecosystems 
(mangroves, 
marshes, seagrass…)

• Coastal waters

Key development:
First non-adhoc estimate 
of the sensitivity of the 
ocean carbon cycle to 
time and spatially-
resolved exports from 
land.

Image Credit: Carroll et al., 2022

Modified fro
m Legge et al. 2020
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Building bridges: the Land-to-Ocean Aquatic 
Continuum

ECCO-Darwin ocean 
biogeochemistry model

Future missions:
SWOT (river discharge, tides)
PACE (phytoplankton communities)

… by improving estimates of lateral exports of 
carbon from coastal wetlands …

Key application:

How will more precise accounting of lateral exports of carbon from land and considering 
the carbon cycle of coastal waters (Exclusive Economic Zone) will change National 
Green House Gases Inventory ? 
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1 – Distribution of coastal 
wetlands (presence, type).

2 – Gross Primary 
Production (GPP)

3 – Tidal inundation

Herbaceous wetlands classified 
from Jensen et al. in the 
Mississippi river delta.

GPP computed from 
Sentinel-2 image with 
Feagin et al. algorithm

Tidal 
mask

Export of 
carbon 
with tides

Monthly climatology without 
carbon and nutrients 

discharge

Image Credit: NASA

Global NEWS 2:
Multielement and 

multiform (C, N, P, Si, Fe)
6152 watersheds

JRA55-do:
Daily, point-source 

freshwater discharge
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Potential 
drainage by 
tides

SWOT

Carbon fluxes in 

EEZ waters ?
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Evaluation with in situ and 
space remote sensing 

coastal products (SOCAT 
pCO2 database, MODIS…)

Globcolour obs.Simulation 2Simulation 1

Chlorophyll a


