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Riverine-driven interhemispheric transport of carbon

Olivier Aumont,'? James C. Orr,' Patrick Monfray,! Wolfgang Ludwig,? Philippe
Amiotte-Suchet, and Jean-Luc Probst,®

Abstract. Controversy surrounds the role of the ocean in interhemispheric transport of
carbon. On one hand, observations in the atmosphere and in the ocean both seem to imply
that the preindustrial ocean transported up to 1 Pg C yr~! from the Northern to the Southern
Hemisphere. On the other hand, three dimensional (3-D) ocean models suggest that global
interhemispheric transport of carbon is near zero. However, in this debate, there has been
a general neglect of the river carbon loop. The river carbon loop includes (1) uptake of
atmospheric carbon due to inorganic and organic erosion on land, (2) transport of carbon
by rivers, (3) subsequent transport of riverine carbon by the ocean, and (4) loss of riverine
carbon back to the atmosphere by air-sea gas exchange. Although carbon fluxes from rivers
are small compared to natural fluxes, they have the potential to contribute substantially to
the net air-sea fluxes of CO,. For insight into this dilemma, we coupled carbon fluxes from
a global model of continental erosion to a 3-D global carbon-cycle model of the ocean.
With rivers, total southward interhemispheric transport by the ocean increases from 0.1 to
0.35+0.08 Pg Cyr~!, in agreement with oceanographic observations. Resulting air-sea
fluxes of riverine carbon and uptake of CO2 by land erosion were installed as boundary
conditions in a 3-D atmospheric model. The assymetry in these fluxes drives a preindustrial
atmospheric gradient of CO; at the surface of -0.6%0.1 patm for the North Pole minus the
South Pole and longitudinal variations that exceed 0.5 patm. Conversely, the gradient for
Mauna Loa minus South Pole is only -0.24+0.1 patm, much less than the -0.8 pzatm gradient
extrapolated linearly from historical atmospheric CO, measurements from the same two
sites. The difference may be explained by the role of the terrestrial biosphere. Regardless,
the river loop produces large gradients both meridionally and zonally. Accounting for the
river carbon loop changes current estimates of the regional distribution of sources and sinks
of CO,, particularly concerning partitioning between natural and anthropogenic processes.

1. Introduction _
been quantified.

Sarmiento and Sundquist [1992] showed that before in-

riverine carbon must also be important, but this has never

dustrialization, the ocean lost naturally ~0.6 PgCyr~?! of
riverine carbon to the atmosphere. This natural oceanic ef-
flux must be added to the total air-sea CO, flux estimates in
order to derive the anthropogenic component, as predicted
directly by ocean models. Regionally, sea-to-air fluxes of
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Many atmospheric modeling studies suggest that the pres-
ent north-south gradient of atmospheric CO2, a major con-
straint for the carbon budget, implies a larger sink in the
Northern than in the Southern Hemisphere (the so-called
“missing sink™) [Keeling et al., 1989; Tans et al., 1990;
Ciais et al., 1995; Law et al., 1996]. Inverse modeling tech-
niques have since reconstructed the regional distribution of
the sources and sinks of carbon from the observed variations
of atmospheric COy, to infer the location of this sink [Fan
et al., 1998; Rayner et al., 1999; Bousquet et al., 1999]. Un-
fortunately, these studies give very different results. In par-
ticular, the existence, nature, and location of a large Northern
Hemisphere sink remain a matter of debate. Differences in
atmospheric CO5 between hemispheres are caused by two
factors: (1) asymmetries in sources and sinks, either of an-
thropogenic or natural origin and (2) the rectifier effect, de-
fined as the seasonal covariance between atmospheric trans-
port and CO, fluxes between the terrestrial biosphere and the
atmosphere during preindustrial time [Pearman and Hyson,
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1980, Heimann et al., 1986, Keeling et al , 1989, Denning
et al., 1995].

A linear extrapolation of historical atmospheric CO, ob-
servations collected since the late 1950s suggests that prein-
dustrial CO2 concentrations at South Pole were on average
about 0.84+0.2 patm higher than those at Mauna Loa (18°N)
[Keeling et al., 1989; Taylor and Orr, 2000]. That extrap-
olated atmospheric gradient motivated Keeling et al. [1989]
to propose a large southward interhemispheric transport of
carbon by the ocean during preindustrial time, which acted
to create a sink in the Northern Hemisphere balanced by a
source in the Southern Hemisphere [Keeling et al., 1989;
Siegenthaler and Sarmiento, 1993]. This hypothesis is sup-
ported by subsequent observational studies [Broecker and
Peng, 1992; Keeling and Peng, 1995; Stephens et al., 1999]
that estimate a significant southward transport of carbon in
the ocean, between 0.3 and 0.6 Pg Cyr~!. These studies
are based on measurements made in the Atlantic Ocean and
on the hypothesis that all of the transport is due to the At-
lantic thermohaline circulation. Yet these estimates gener-
ally do not take into account the freshwater mass transport
which may play a significant role as pointed out by Hol-
fort et al. [1998]. Simulations with 3-D ocean models pre-
dict southward interhemispheric transport in the Atlantic of
roughly the same magnitude, but that is essentially balanced
by northward transport in the Pacific and Indian Oceans.
Thus, when integrated globally, cross-equatorial transport is
negligible (<0.1 Pg Cyr—') [Sarmiento et al., 2000; Orr,
1999]. However, these global ocean model estimates have
not accounted for the contribution of riverine carbon.

The river carbon loop provides the land route by which
carbon is transferred from the atmosphere to the ocean. This
loop begins with the continental uptake of atmospheric CO,
by (1) weathering of silicate and carbonate rocks and (2)
the net biological production on land that is lost to rivers
by erosion of organic carbon in soils (Figure 1). Thus, ow-
ng to this organic and inorganic continental erosion, rivers
transport carbon from land to ocean, mainly in the Northern
Hemisphere. Almost half of river carbon discharge occurs
in the Arctic and the North Atlantic, north of the equator.
Some of that discharge is incorporated into the deep ocean
and is transported southward by the thermohaline circula-
tion. Evaluation of the regional impact of transport of river-
e carbon within the ocean upon air-sea fluxes of CO; has
been hindered by the lack of regionalized estimates of the
river discharge of carbon.

In this paper, we exploit recent estimates of the prein-
dustrial river discharge provided by a model of continen-
tal erosion [Amiotte-Suchet and Probst, 1995; Ludwig et al.,
1996b; Ludwig and Probst, 1998]. We have used those
fluxes as additional boundary conditions to a 3-D global
ocean carbon-cycle model [Aumont, 1998; Aumont et al.,
1999] as a means to evaluate the contribution of rivers to
preindustrial ocean carbon fluxes. We further use resulting
air-sea fluxes of CO; as boundary conditions to a 3-D atmo-
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Figure 1. Schematic of the river carbon loop

spheric tracer transport model [Heimann and Keeling, 1989;
Heimann, 1995] to estimate the contribution of the river car-
bon loop to preindustrial gradient in atmospheric COs.

2. Models

This study is based on the use of three different models.
(1) a global erosion model which computes total continental
erosion on the continents (i.e., rock weathering and erosion
of soils) and resulting river discharge to the oceans, (2) a 3-D
global ocean carbon-cycle model, and (3) a 3-D atmospheric
transport model.

The Global Erosion Model (GEM) is based on empurical
relations existing between observed river fluxes and the bi-
ological, climatological, and geomorphological characteris-
tics of river basins. The river carbon fluxes are first com-
puted in their source regions on the continents using global
data sets for the corresponding controlling factors; carbon 1s
then transported to the oceans following a global river rou-
tine scheme [Miller et al., 1994; Ludwig et al., 1996a] GEM
separates the contribution of inorganic and organic carbon
The former is entirely dissolved (dissolved inorganic carbon,
DIC) whereas the latter is divided into dissolved (dissolved
organic carbon, DOC) and particulate (particulate organic
carbon, POC) forms. Contributions from underground rivers
are neglected. GEM predicts a total carbon transfer from
land to sea of 0.81 Pg Cyr~1, of which 0.70 Pg C yr—! ong-
inates from the atmosphere [Ludwig and Probst, 1998] The
difference, 0.11 Pg Cyr‘l, comes from dissolution of car-
bonate rocks. Most of the total C discharge (85%) is located
in the Northern Hemisphere, of which 56% is released n
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Figure 2. Zonal integrals of (a) the river input of organic carbon, both in particulate and dissolved
forms (long dashes), of inorganic carbon (dashes), and of their sum, total carbon (solid); (b) the change
in annual mean sea-air fluxes of CO2 due to the river discharge of carbon for the standard simulation
(solid), the labile experiment (long dashes), and the refractory experiments (dashes). (¢) Annual global
change in the northward transport of carbon within the ocean due to the river discharge of carbon for
the standard simulation (solid), for the labile experiment (long dashes), and for the refractory experiment
(dashes). Negative numbers correspond to a southward transport. (d) Net gain in riverine carbon within
the ocean for the standard simulation (solid), for the labile experiment (long dashes), and for the refractory
experiment (dashes). These curves correspond to the sea-air fluxes of riverine carbon minus the river input

of river carbon (Figure 2b minus Figure 2a).

the Arctic and North Atlantic Oceans (north of the equator)
(Figure 2a). Peak inputs occur just north of the equator and
in the high latitudes. Globally, delivery of riverine carbon
is split nearly equally between organic (0.4 Pg Cyr~!) and
inorganic (0.41 Pg Cyr~') forms; however, regional differ-
ences between those components are substantial, with rela-
tively higher organic to inorganic carbon ratios in the tropics.

We used the same ocean carbon-cycle model as Aumont

. [1998] and Aumont et al. [1999], which couples the gen-

eral circulation model OPA (Océan Parallelisé) [Delecluse
et al., 1993; Madec and Imbard, 1996] to the biogeochemi-
cal model HAMOCC3 (Hambourg model of the ocean carbon-
cycle, version 3) [Maier-Reimer, 1993] (IPSL model). The
horizontal resolution of OPA is on average 2° by 1.5° with
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a higher resolution at the equator (0.5°). The model has 30
vertical layers among which 10 are located in the top hun-
dred meters. This model is forced by monthly mean clima-
tologies of wind stress [Hellermann and Rosenstein, 1983]
and heat and water fluxes [Oberhiiber, 1988]. OPA is run
in a semidiagnostic mode, that is, modeled temperatures and
salinities are damped toward climatological values through-
out most of the water column. There is no damping near the
equator, along coasts, in the high latitudes, and in the mixed
layer. A feature of OPA is that it predicts vertical eddy dif-
fusivity and viscosity coefficients throughout the water col-
umn from equations of the turbulent kinetic energy (TKE)
model [Gaspar et al., 1990; Blanke and Delecluse, 1993].
Other global circulation models typically prescribe these co-
efficients; unlike the TKE model, they do not capture ob-
served extremes and sharp gradients of these coefficients.
Processes governing the ocean carbon cycle are simulated
by the biogeochemical model HAMOCC3 [Maier-Reimer,
1993]. This model computes the fluxes resulting from the
biological activity rather than describing this biological ac-
tivity itself. Export production is assumed proportional to
the local phosphate concentration but is modulated by light,
temperature, mixed layer depth, and abundance of nutrients.
Organic matter and calcareous tests sink instantaneously be-
low the euphotic zone (set uniformly to 50 m) according to
prescribed vertical profiles.

In rivers, inorganic carbon is transported as bicarbonate.
Thus alkalinity is also delivered to the oceans by rivers, with
the same magnitude as DIC, that is 0.033 Peqyr~!. This
input of alkalinity is exactly balanced in the ocean model
by the sedimentation of inorganic carbon, which we assume
is proportional to the calcite flux at the base of the water
column. We neglected sedimentation of riverine particulate
organic matter since most organic matter present in marine
sediments is of oceanic origin [Jorgensen, 1983; Hedges and
Keil, 1995]. We also neglected riverine input of nutrients, for
which regional estimates are not available.

Balancing river input of alkalinity requires that 0.2 of the
0.81 Pg Cyr~! delivered by rivers is buried in the sedi-
ments as calcite. Thus globally, the amount of river car-
bon that returns to the atmosphere is 0.61 Pg Cyr—!. The
imbalance between this outflux from the ocean and the con-
tinental uptake of atmospheric CO; (0.7 Pg Cyr~1) is 0.09
Pg Cyr—! according to GEM. This imbalance is balanced
by a supply of CO, from volcanos and hydrothermal activ-
ity [Berner, 1990]. The partitioning of this source between
the hydrothermal and the volcanic sources is uncertain [Des
Marais, 1985; Arthur et al., 1985]. To estimate the maxi-
mum impact on southward transport of carbon in the ocean,
we assumed that all of this supply is hydrothermal in ori-
gin. We added this carbon to our ocean model by inject-
ing it at the ocean floor. In our model, these fluxes were
weighted according to the local area between 1500 and 3500
m, where most ocean ridges are located. The resulting inter-
hemispheric transport was near zero (< 0.03 Pg Cyr~1). It
is further neglected.
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The reactivity of riverine organic carbon is uncertain. Smith
and Hollibaugh [1993] estimate that about one third of the
land-derived organic matter is remineralized rapidly within
the estuaries and the coastal zones. Such oxidation partly
explains the remarkably elevated pCO- values observed in
those areas, especially in the inner estuaries [Frankignoulle
et al., 1998]. The remaining 2/3 is refractory with typi-
cal lifetimes of several decades [Meybeck, 1993b}. In this
work, we did not distinguish organic matter between partic-
ulate and dissolved forms. In our standard simulation, we
released 1/3 of the riverine organic carbon in the model as
DIC at the river mouths. The model transports the remain-
ing 2/3 as DOC which is oxidized with a timescale of 100
years. The ocean carbon-cycle model including the riverine
carbon input was run for 5000 years, until the model drift
was at quasi-equilibrium (i.e., until the modeled sea-air flux
was only 0.02 PgCyr~! less than the equilibrium value of
0.61 PgCyr1).

The regional distribution of the natural sources and sinks
of CO, acts to create regional variations of atmospheric
CO;. To test the impact on the interhemispheric and in-
trahemispheric distribution of these fluxes on atmospheric
CO,, we used the fluxes predicted by the ocean model and
by GEM to drive the 3-D atmospheric tracer-transport model
TM2 developed at the Max-Planck Institut fiir Meteorologie
in Hamburg [Heimann and Keeling, 1989; Heimann, 1995).
Our version of TM2 was modified from its original 10° x 8°
resolution to 7.5° x 7.5° by Ramoner [1994]. The vertical
resolution of TM2 is nine isosigma layers. This model is run
for 4 years, repeating the reanalyzed wind fields for 1990
from the European Centre for Medium-Range Weather Fore-
casting (ECMWF). For our analysis we use annual mean re-
sults from the fourth year of the simulation.

3. Results

3.1. Interhemispheric Oceanic Transport of Carbon

Figure 2b shows the zonally integrated distribution of the
air-sea fluxes of riverine carbon as predicted by the coupled
GEM-IPSL model. The fluxes are dominated by the max-
imum outgassing in the Southern Ocean. About 1/3 of the
global loss of riverine carbon occurs south of the polar front.
In this region, rivers are few indeed. Thus part of the river-
ine carbon released in the Northern Hemisphere penetrates
into the intermediate and deep ocean. This deep natural se-
questration is especially efficient in the North Atlantic ocean
where deep convection and formation of the North Atlantic
Deep Water occur. Large amounts of riverine carbon are de-
livered directly, as well as indirectly to this region: most of
the carbon which is supplied by rivers in the Arctic Ocean
is trapped below the ice sheet and is further advected into
the North Atlantic Ocean. For example, much of the Arctic
riverine carbon is transported through the Fram Strait into
the Greenland Sea, an important region of deep-water for-
mation. After deep sequestration and transport southward
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(in deep waters), much of this carbon is brought back to the
surface in the Southern Ocean by the Antarctic divergence
and by deep convective mixing (Figure 2c).

Besides the Southern Ocean, two other oceanic regions
lose substantial riverine carbon: the high latitudes of the
Northern Hemisphere and the tropics. Such outgassing re-
sults from (1) the large supply of riverine carbon and (2)
the efficient connection between the surface and the deeper
waters. Thus part of the riverine carbon lost to the deep
ocean is returned to the surface. However, unlike the South-
ern Ocean, the supply of riverine carbon exceeds, in these
regions, its rate of loss from the surface ocean to the atmo-
sphere. Consequently, both the northern high latitudes and
the equatorial regions still supply riverine carbon to the rest
of the ocean, and in particular to the Southern Ocean (Fig-
ure 2d). Our model estimates that net export of riverine car-
bon to the deep ocean is 0.1 PgC yr~! in the northern high
latitudes (north of 60°N) and 0.19 PgCyr™! in the tropics
(between 15°S and 15°N).

Estimating the fate of the riverine carbon that is supplied
to the rest of the ocean from the equatorial regions and the
northern high latitudes is rather difficult. This would require
many additional simulations, each of which is extremely
computer intensive, to precisely determine the regions where
carbon is lost back to the atmosphere. Nevertheless, the
amount of riverine carbon which is transported out of both
regions (0.29 Pg C yr~!) is close to that lost from the South-
ern Ocean in excess of the riverine carbon supplied there
(0.25 PgC yr~1). In the northern high latitudes, riverine car-
bon is sequestered in the deep ocean mostly in the North At-
lantic ocean and transported southward by the North Atlantic
Deep Water. In the equatorial regions, part of the riverine
carbon is transported by the subtropical gyres southward to
the Southern Ocean; another part is transported northward to
the northern high latitudes where some of it is subsequently
subducted into the deep ocean. A relatively long lifetime for
riverine organic matter improves the efficiency of this trans-
port, as demonstrated in subsequent sensitivity experiments.

To explore uncertainties associated with the reactivity of
the riverine organic carbon, we ran two sensitivity tests,
which we would consider extreme scenarios: in our labile
scenario, all land-derived organic matter was released in the

Table 1.
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model as DIC at the river mouths; in our refractory scenario,
riverine organic matter was assumed to have a lifetime of
4000 years. In the latter case, riverine organic matter is ef-
fectively homogenized throughout the entire ocean before
being remineralized. Both experiments differ from the stan-
dard simulation mainly by the amount of riverine carbon that
is lost from the Southern Ocean (Figure 2b). Loss of river-
ine carbon from the Southern Ocean increases as the land-
derived organic matter becomes more refractory, i.€., as less
of this organic matter is oxidized at the surface and more
is oxidized within the intermediate and deep ocean. In the
refractory scenario, half of the river carbon is lost back to
the atmosphere south of the Polar Front. In the labile sce-
nario, outgassing in the Southern Ocean is reduced. Thus, in
ihe labile scenario, most of the riverine carbon escapes back
to the atmosphere in the Northern Hemisphere, not far from
where it first encounters the ocean. The short equilibration
time for CO4 between the atmosphere and surface ocean (1
year Broecker and Peng [1974]) then plays a greater role in
limiting penetration of river carbon into the intermediate and
deep ocean, which is a prerequisite for long distance trans-
port.

Our three experiments all predict that rivers produce a net
cross-equatorial transport of carbon from the Northern to the
Southern Hemisphere (Figure 2c). The magnitude of south-
ward transport is 0.25 Pg C yr—! in the standard simulation,
0.17 Pg C yr~! in the labile scenario, and 0.33 Pg Cyr—! in
the refractory scenario (Table 1). After adding the 0.1 Pg
Cyr~! southward transport predicted by our ocean model
simulation without riverine carbon, our total preindustrial
interhemispheric transport is 0.35+0.08 Pg C yr~!. Our es-
timate is similar to the 0.3-0.6 Pg Cyr~! interhemispheric
transport estimated from atmospheric [Stephens et al., 1999]
or oceanographic [Broecker and Peng, 1992; Keeling and
Peng, 1995] data. In summary, including oceanic transport
of riverine carbon in model simulations appears to resolve
controversy between observed versus modeled estimates of
preindustrial interhemispheric carbon transport.

3.2. Atmospheric CO,

By transporting carbon from the northern extreme of the
Northern Hemisphere to the southern extreme of the South-

Preindustrial Northward Transport of Carbon Within the Ocean and Resulting Gradient of

Atmospheric CO; Between South Pole and North Pole and South Pole (SPO) and Mauna Loa (MLO) 2

Interhemispheric Transport,

North-South Gradient, MLO-SPO Gradient,

PgCyr~?! patm patm
Ocean alone -0.10 -0.10 0.20
Standard simulation -0.25 -0.50 -0.40
Labile scenario -0.17 -0.40 -0.30
Refractory scenario -0.33 -0.6 -0.5
Ocean plus rivers -0.354+0.08 -0.6040.10 -0.20+0.10

2When adding river and ocean alone components, the displayed value corresponds to the standard simulation. The
deviation results from the labile and refractory scenarios which are considered as extreme cases.
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Figure 3. Zonal integrals of annual mean sea-air fluxes of
CO., from the ocean component of the natural carbon cycle
(solid), oceanic uptake of anthropogenic COs in year 1990
(long dashes), and riverine carbon component in the standard
case (dashes).

ern Hemisphere (Figure 3), the river carbon loop creates in-
terhemispheric differences in atmospheric CO,. To evalu-
ate these differences, we used the 3-D atmospheric trans-
port model TM2 with boundary conditions from our air-sea
fluxes of riverine plus oceanic carbon (GEM-IPSL) and land
uptake due to total erosion (GEM) (Figure 4). The major-
ity of the sink of atmospheric CO2 due to continental ero-
sion (both organic and inorganic) is located in the Northern
Hemisphere. The distribution of the continents is biased in
the same sense. The GEM model predicts a Northern Hemi-
sphere total sink due to erosion of 0.49 PgCyr~!, which
represents nearly 70% of the total erosion sink. Most of
the erosive land sink occurs in the northern high latitudes
and in the equatorial regions (see Fig. 4a). In the northern
high latitudes, large riverine DOC fluxes derive from exten-
sive drainage of organic-rich soils of the tundra and taiga.
These regions along with western Europe and eastern North
America also absorb large amounts of atmospheric CO; due
to chemical weathering of extensive outcrops of carbonate
rocks. The erosive sink of COj, in the tropics is dominated by
southeastern Asia, Indonesia, and the Amazon basin. Intense
erosion of organic carbon in those regions is due to their
strong drainage intensity under wet and warm climates, and
their abundance of shale, which is, after carbonates, the rock
type with the second highest specific CO2 consumption by
rock weathering [Amiotte-Suchet and Probst, 1995]. Unlike
the other equatorial regions, relatively small CO; consump-
tion is found over Africa. There chemical weathering is lim-
ited due to the abundance of plutonic and metamorphic rocks
as well as sandstones. Furthermore, African drainage inten-
sity is almost 3 times lower than in South America and still
2 times lower than in Southeast Asia [Ludwig and Probst,
1998].

AUMONT ET AL.: ROLE OF RIVERS IN THE CARBON CYCLE

Figure 4a also shows the regional distribution of the prein-
dustrial air-sea fluxes of CO, simulated in the standard case.
These fluxes result in part from the combination of the sol-
ubility and the biological pumps. Figure 4a also includes
the contribution of riverine carbon from our standard simu-
lation, which is displayed alone on Figure 4b. The regional
patterns of the preindustrial air-sea fluxes of CO, are sim-
ilar to those from other global ocean carbon-cycle models
[Sarmiento et al., 2000]. The cooling of warm water masses
as they are advected northward produces a strong sink of
atmospheric CO; in the North Atlantic and North Pacific
oceans. The strongest ocean source of COy for the atmo-
sphere is located in the equatorial Pacific ocean where DIC-
rich waters are brought to the surface and warmed. In the
Southern Ocean, the region between 40° and 60°S is largely
a source of CO; for the atmosphere. Despite oceanic up-
take due to cooling (solubility pump), deep convection and
the Antarctic Circumpolar Current bring to the surface in-
termediate and deep waters that are enriched in DIC by the
biological activity (biological pump). Furthermore the efflux
of oceanic carbon is significantly enhanced by degassing of
riverine carbon. The magnitude of the air-sea fluxes of river-
ine carbon in the Southern Ocean and in the North Atlantic
Ocean is similar to that of the net natural air-sea fluxes of
CO; (see Figure 3). Thus total pCO, measurements made
in these regions contain a significant fraction due to the river
carbon loop.

Without riverine carbon, the simulated North Pole-South
Pole gradient of atmospheric CO; is -0.1 patm (Figure 5a,
Table 1). In this ocean-only case, atmospheric CO; does
vary a great deal with latitude, with large peak of 1 patm at
the equator relative to South Pole. This peak is produced by
the large equatorial source associated with the sinks in the
high latitudes.

The sink of atmospheric CO, due to continental erosion
and the source to the atmosphere from the ocean as sup-
plied by riverine carbon are concentrated at nearly opposite
ends of the Earth (Figures 3 and 4). It is this spatial decou-
pling which drives regional variations in atmospheric COs,.
Uptake of carbon on land is mostly located in the North-
ern Hemisphere. The continental erosion sink lowers atmo-
spheric CO; concentrations by 0.4 patm at the North Pole
relative to the South Pole (Figure 5b). Without any south-
ward oceanic transport of riverine carbon, sea-air fluxes of
riverine carbon would provide a mirror image to the river
discharge of carbon. Such is not the case because south-
ward transport of riverine carbon within the ocean creates a
large outflux in the Southern Ocean (Figure 4b). Thus result-
ing sea-air fluxes from our standard simulation cause atmo-
spheric CO; to be 0.1 patm higher at the South Pole relative
to the North Pole. For the labile simulation, that difference
is nearly zero; for the refractory simulation, the difference
is 0.2 patm. Overall the river carbon loop causes CO; con-
centrations at the North Pole to be 0.51+0.1 patm lower than
those at the South Pole.
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Figure 4. The predicted annual-mean fluxes of CO» from the atmosphere (molC m~2 yr~?!) for (a) the
coupled GEM-IPSL model with continental erosion and air-sea fluxes of oceanic and riverine carbon
(standard case) and (b) air-sea fluxes of riverine carbon only (standard case).

The river carbon loop drives zonal as well as meridional
vanability in atmospheric CO,. Figure 6a shows a map of
this variability for the standard case, with all grid points
shown as their CO; concentration minus that at South Pole.
The maximum difference reaches nearly 0.7 patm. Maxi-
mum relative concentrations of 0.1 patm are found in the
Southern Ocean near the Amundsen and Bellinghausen Seas,

where the ocean model simulates the greatest loss of riverine
carbon due to deep convection (see Figure 4b). Minimum
relative concentrations, about -0.6 patm, are found over the
largest land sink of CO, in Siberia (see Figure 4a). The
greatest zonal variability (0.4 patm) is found in the tropics,
between the Andes (a strong continental sink due to erosion)
and the equatorial Pacific ocean (a source of riverine car-
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Figure 5. Latitudinal variation of zonally averaged atmo-
spheric CO, concentrations at the surface as predicted by
the atmospheric model: (a) Contribution of the ocean alone
(solid) and of the ocean plus rivers for the standard simula-
tion (dash-dots), the labile simulation (dashes), and the re-
fractory simulation (dots); (b) the effect of river carbon loop
on atmospheric CO,, separated into components due to con-
tinental erosion (solid) and fluxes of riverine carbon across
the air-sea interface for the standard simulation (dash-dots),
the labile simulation (dashes), and the refractory simulation
(dots). The effect of the continental uptake is estimated by
using the regional distribution of continental erosion pre-
dicted by GEM as boundary conditions to the atmospheric
model. Figures 5a and 5b display differences between the
CO,, concentration at each grid cell minus that at South Pole.
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bon). This dipole is partially enhanced by the topography
of the Andes, which inhibits mixing of the eastward trade
winds. In Southeast Asia, the zonal mixing due to trade
winds is not limited by topography, and the resulting zonal
gradient is only 0.3 patm despite a stronger continental sink.

After adding the riverine carbon loop to the ocean-only
component, we predict a preindustrial North Pole—South
Pole gradient in atmospheric COz of -0.6+0.1 patm (Fig-
ure 5a, Table 1). Between 70 and 85% of this gradient is due
to the river carbon loop, i.e. uptake of atmospheric carbon
on land, transport of riverine carbon from land to sea, sub-
sequent southward oceanic transport of riverine carbon, and
loss back to the atmosphere. The remaining 15-30% is due
to the ocean-only component (i.e., sea-air fluxes of oceanic
carbon).

Sea-air fluxes of oceanic carbon are nearly symmetric.
Thus they do not create substantial assymetry in atmospheric
CO; between Northern and Southern Hemispheres. How-
ever, they do enhance regional variation of atmospheric CO»
(Figure 6b). The maximum difference relative to the South
Pole is 1.8 patm over the equatorial Pacific ocean where sub-
stantial oceanic carbon is lost to the atmosphere near the
equatorial divergence. The minimum relative difference, -
0.65 patm, is found over the North Pacific Ocean due to both
the river carbon loop and the ocean’s natural tendency to ab-
sorb carbon in that region. Thus maximum variability is 2.5
patm. The maximum zonal gradient is again between the
equatorial Pacific Ocean and the Andes. However, the inten-
sity of that dipole rises from 0.4 to 1.8 patm when the air-sea
fluxes of oceanic carbon are included.

4. Discussion

4.1. Uncertainties

Our simulated atmospheric CO; concentrations at Mauna-
Loa minus South Pole of -0.2+0.1 patm (Table 1) is much
less than the about -0.8+£0.2 patm estimated by linear ex-
trapolation from the atmospheric record [Keeling et al., 1989,
Taylor and Orr, 2000]. Can this difference be explained by
uncertainties or bias in our approach? One uncertainty is
that we neglected river input of nutrients. Riverine nutri-
ents are delivered mostly as organic matter at the rate of
0.048 Pg Nyr—! [Meybeck, 1993a]. They may stimulate
primary productivity by at most 0.3 Pg Cyr~!, assuming
a C/N ratio of 7.6 [Takahashi et al., 1985]. The resulting
impact on atmospheric CO depends on where nutrients are
made available for biological uptake, i.e. on the reactivity of
the organic matter. If this organic matter were labile, river
nutrients would be released mostly in the Northern Hemi-
sphere, where enhanced primary productivity would tend to
decrease concentrations of atmospheric CO,. However, if
this organic matter were refractory, a substantial portion of
riverine nutrients would be transported southward of the Po-
lar Front. In that region, biological activity is limited nei-
ther by phosphate nor by nitrate. Consequently, the effect of
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Figure 6. Annual mean distribution of atmospheric CO; (uatm) simulated by the TM2 model when forced
by (a) all components of the river carbon loop (standard run) and (b) the river carbon loop plus ocean-only

fluxes (preindustrial case).

this input on atmospheric CO2 would be small. Therefore
accounting for river discharge of nutrients would tend to re-
duce the difference between our two extreme scenarios and
would not significantly increase our predicted difference in
atmospheric CO» between Mauna Loa and South Pole.

A second uncertainty is our neglect of sedimentation of
particulate organic matter. Roughly, 0.1 Pg C yr—! is buried
in coastal-zone sediments [Smith and Hollibaugh, 1993].

According to some estimates, only a small fraction of the
coastal zone sediments may originate from the rivers [Jor-
gensen, 1983; Hedges and Keil, 1995]). Howeyver, the frac-
tion of riverine organic carbon sequestered in the sediments
may be underestimated in these studies because it may be
recycled in the coastal zone and thus lose its riverine char-
acteristics. An upper limit for the burial of riverine POC 1n
the coastal-zone sediments would be 0 1 PgCyr—!. Addi-
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tionally, some riverine organic matter may be trapped in the
deltaic systems. Although there are no global estimates for
this loss, studies show that only POC is likely to be lost in
river deltas [Milliman and Meade, 1983; Milliman, 1991].
Thus the maximum total loss of riverine carbon would be
the total input of riverine POC, that is 0.19 PgCyr~! (0.1
PgCyr~! in coastal zones and 0.09 PgCyr~! in the river
deltas). That total represents ~25% of the total river dis-
charge of carbon. Most of the area of coastal zones is located
in the Northern Hemisphere along with the land mass. Thus
sedimentation of organic matter maintains the sink of atmo-
spheric CO; due to continental erosion, but it may reduce
significantly southward carbon transport.

In summary, neither the river input of nutrients nor the
sedimentation of organic matter seem to explain the dis-
crepancy between the extrapolated difference of -0.8+0.2
patm between Mauna Loa and South Pole and our model
estimates. In our model, such a large difference would re-
quire a southward cross-equatorial transport of more than 1
Pg Cyr~1. That is substantially more than the 0.3 PgC yr !
estimated for the Atlantic Ocean [Keeling and Peng, 1995;
Brewer et al., 1989; Holfort et al., 1998]. Therefore trans-
port of oceanic and riverine carbon by the ocean does not ex-
plain most of the previously extrapolated preindustrial gra-
dient between Mauna Loa and South Pole. Nevertheless, the
data extrapolation assumes a linear relationship between this
gradient and the fossil fuel emissions back to the preindus-
trial times. Such could not be the case, especially if the con-
tinental biosphere has changed over time due, for instance,
to land use and CO, fertilization.

A third uncertainty is that the river discharge of carbon
used here has been estimated from empirical relations which
come from river observations. Thus they may include an an-
thropogenic contribution. However, the GEM relations used
to compute the discharge of inorganic carbon are based on
lithological and drainage parameters which have not been
affected by the human activities. Furthermore, the data used
to calibrate the empirical relations concern only small un-
polluted watersheds {Amiotte-Suchet and Probst, 1993]. For
organic carbon, uncertainties concerning the anthropogenic
component are larger. GEM riverine organic carbon esti-
mates include some anthropogenic component because they
are taken from rivers worldwide. However, riverine DOC
data sets are mostly from areas located away from indus-
trialized regions. Relations for riverine POC are based, as
much as possible, on data collected before the construction
of dams and reservoirs, such as the Aswan Dam on the Nile.
We thus assume that the river fluxes used in this study are
representative of the preindustrial situation.

Our estimates also rely on the extent to which our ocean
carbon-cycle model, atmospheric tracer transport model and
erosion model are realistic. Inadequacies in the simulation
of the ocean’s thermohaline circulation would affect carbon
transport estimates. Sarmiento et al. [2000] discuss the pro-
cesses controlling the preindustrial transport of carbon in

AUMONT ET AL.: ROLE OF RIVERS IN THE CARBON CYCLE

their comparison of three different ocean carbon-cycle mod-
els, including the model presented here. Strong similari-
ties in predicted interhemispheric transport of carbon by the
three diverse models suggest that if substantial problems ex-
ist, they must be systematic between all three models. This
possibility has been also raised by Stephens et al. [1999].
They suggest, after analyzing a limited number of atmo-
spheric observations, that ocean carbon-cycle models may
underestimate the southward transport of carbon and oxy-
gen. They propose possible explanations for such system-
atic failure of ocean models, including too much convection
in the Southern Ocean and too much upwelling through the
thermocline in the low latitudes. However, sensitivity tests
with our model (which differs from the other ocean general
circulation models in that it has very little convection in the
Southern Ocean and no upwelling of abyssal water in the
low latitudes) show little change in atmospheric CO> and
O3 (APO) when compared to other models [Aumont, 1998].
Further comparison with ocean models and other data sets
might help resolve this question. Atmospheric models also
have uncertainties, particularly concerning the rectifier ef-
fect [Law et al., 1996]. However, that uncertainty does not
affect our results. The rectifier effect is small for air-sea
fluxes because seasonal variability is much less than for the
terrestrial biosphere.

Finally, we have neglected in this study the potential effect
of hydrothermal sources and volcanos on atmospheric CO5.
In a sensitivity experiment mentioned previously, we have
estimated the maximum impact of hydrothermal activity on
the southward transport of carbon in the ocean. Its mag-
nitude is fairly small (less than 0.03 PgCyr—! across the
equator). The imbalance in COy fluxes due to this source
is ~0.05 PgCyr~! between both hemispheres. The atmo-
spheric model was driven by these fluxes to estimate their
effect on atmospheric CO; . The predicted north-south gra-
dient is about -0.03 patm. We have not performed a similar
sensitivity experiments for volcanos. According to GEM,
the maximum volcanic fluxes of CO, is 0.09 PgCyr~!. By
assuming crudely that ~75% of this carbon is released in the
Northern Hemisphere as the land mass distribution, the re-
sulting north-south gradient in atmospheric CO, should be
not more than 0.04 patm. Thus both processes add a rather
small uncertainty of less than +0.05 patm to our estimate of
the North-South gradient of atmospheric CO;. Furthermore,
these processes have an antagonist impact on atmospheric
CO;, and may partly compensate each other.

4.2. Implications

In this study, three component models have been used to
estimate the regional distribution of the net fluxes of carbon
between the atmosphere, land, and oceans. In this study,
we have linked carbon fluxes between an erosion model, an
ocean model, and an atmospheric model as a means to con-
strain interhemispheric transport and regional carbon bud-
gets. Southward interhemispheric ocean transport of car-
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Table 2. Global Fluxes of Natural Carbon to the Atmosphere as Predicted in the Standard Simulation 2

Latitude bands Sea-air Fluxes River Fluxes Land Uptake Total
90°N-20°N -0.67 0.16 -0.34 -0.85
20°N-20°S 1.40 0.15 -0.31 1.24
20°S-90°S -0.73 0.30 -0.05 -0.48

aGiven in Pg Cyr~ 1. Oceanic carbon fluxes correspond to the air-sea fluxes of CO; predicted by the ocean model
without the river input of carbon. River fluxes represent loss of riverine carbon from the ocean. Land uptake corre-
sponds to the continental uptake of carbon due to continental weathering of organic and inorganic carbon as predicted
by the GEM model. The total fluxes of CO- are not balanced (see text).

bon (0.25+0.1GtC yr—!) is responsible for almost all of the
asymmetry in air-sea fluxes fluxes between hemispheres (Ta-
ble 2). Furthermore, interhemispheric transport of carbon
and the north-south gradient of atmospheric CO; do not
show any clear relationship (Table 1). The latitudinal dis-
tribution of atmospheric sources and sinks is much more im-
portant in determining the north-south atmospheric CO; gra-
dient than is interhemispheric ocean transport. We conclude
that the atmosphere cannot be treated as two well-mixed
hemispheric boxes for studies of this nature.

Regional carbon budgets concerning the role of the terres-
trial biosphere have relied heavily on atmospheric transport
models. All such models driven by only fossil fuel emis-
sions predict north-south gradients that exceed the obser-
vations by roughly 1.5 patm during the 1980s [Law et al.,
1996). Accounting for the rectifier effect may even enhance
this difference [Denning et al., 1995]. The misfit between
the observations and the models is commonly explained by
the presence of a large sink of CO; in the land biosphere
of the Northern Hemisphere midlatitudes [Tans et al., 1990;
Ciais et al., 1995]. This sink has often been attributed to the
anthropogenic uptake, in particular to fertilization by COs.
These studies use database estimates of the air-sea fluxes of
CO,, which necessarily include the riverine component. Yet
these estimates show little asymmetry between hemispheres.
Unfortunately though, data is sparse and summer biased in
the Southern Ocean, where most of riverine carbon is lost
from the ocean to the atmosphere. More importantly, pre-
vious studies have never considered the contribution of the
land erosion sink to the north-south gradient of atmospheric
CO,. Here we have estimated that the land erosion sink to-
gether with the efflux of riverine carbon from the Southern
Ocean may be responsible for a north-south gradient of at-
mospheric CO2 of up to -0.6+0.1 patm from pole-to-pole.
Thus the river loop reduces the need for a missing carbon
sink in the Northern Hemisphere (Figure 7).

The location and magnitude of the missing sink remains
a matter of debate. Inverse atmospheric models represent a
powerful means to better constrain this sink, longitudinally
as well as latitudinally [Fan et al., 1998; Rayner et al., 1999;
Bousquet et al., 1999]. Such models use spatial variations
in atmospheric CO; to predict the regional distribution of

the sources and sinks of CO2. Fluxes associated with the
river carbon loop produce natural zonal variations of atmo-
spheric CO, that may exceed 0.5 patm. Zonal variations
of that magnitude results in predictions of large sources and
sinks of carbon by inverse atmospheric models. We advo-
cate that inverse modelers should test the sensitivity of their
solutions to a priori fluxes scenarios that include the river
carbon loop. Accounting for the river carbon loop may es-
pecially be critical for estimating the partitioning between
natural and anthropogenic carbon sinks.

5. Conclusions

The GEM erosion model and the IPSL global ocean carbon-
cycle model were coupled to study the impact of the river
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Figure 7. Zonally averaged distribution of atmospheric CO;
at the surface for the mean of observations from GLOB-
ALVIEW for the period 1985-1995 (solid) [Masarie and
Tans, 1995], the results from TM2 driven by fossil carbon
emissions (dashes), and TM2 with fossil emissions and the
river carbon loop (dots).
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carbon loop on the regional distribution of air-sea fluxes of
CO;. Our results indicate that the river carbon loop alters es-
timates of preindustrial air-sea fluxes and interhemispheric
transport of carbon both in the ocean and atmosphere. The
delivery of riverine carbon to the ocean increases the south-
ward transport of carbon across the equator from 0.1 to
0.35+0.1 PgCyr~!. This number is within the 0.3-0.6
PgCyr~! range deduced from both oceanographic and at-
mospheric observations [Broecker and Peng, 1992; Keeling
and Peng, 1995; Stephens et al., 1999]. Thus the river car-
bon loop appears to resolve the discrepancy between data-
based and model-based estimates of the ocean interhemi-
spheric transport of carbon.

Second, we estimated the regional variations of prein-
dustrial atmospheric CO2 by driving the atmospheric tracer
transport model TM2 with flux boundary conditions from
the coupled GEM-IPSL models. The river carbon loop com-
bined with the ocean interhemispheric transport of carbon
creates atmospheric CO» concentrations at South Pole which
exceed those at North Pole by 0.61+0.1 gatm. Furthermore,
this loop induces large zonal gradients of atmospheric CO,
in the tropics reaching values up to 0.4 patm between the
Andes and the central equatorial Pacific Ocean. However,
the river carbon loop explains only about 1/4 of the -0.8+0.2
patm difference between Mauna Loa and South Pole extrap-
olated linearly from measured atmospheric CO, time series
at the same stations.

The north-south gradient of atmospheric CO; created by
the natural river carbon loop may explain a large portion
of the difference between the observations and the gradi-
ent simulated by atmospheric models when only fossil fuel
emissions are accounted for. Thus there is less need to in-
voke a strong anthropogenic sink in the northern terrestrial
biosphere. To bring the modeled interhemispheric gradi-
ent closer to the observations and to close the carbon bud-
get, one thus needs a reduced midlatitude and high-latitude
sink of anthropogenic CO4, combined with a larger tropical
anthropogenic sink, both in the terrestrial biosphere. Such
regional pattern is consistent with direct measurements of
the effect of CO-, fertilization on various plants [Taylor and
Lloyd, 1992; Lloyd, 1999].
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