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carbon cycle is typically considered to be the fluvial export of total
organic carbon (TOC) and dissolved inorganic carbon (DIC) to the
ocean (0.4–0.8 and 0.4 Gt C yr21, respectively)9. These fluxes are
small components of the global C cycle, but they are significant
compared to the net oceanic uptake of anthropogenic CO2 (ref. 10).
Aquatic carbon exports from terrestrial ecosystems, however, are
not limited to fluvial discharge. Early measurements in the Amazon
suggested that global CO2 efflux (fluvial export plus respiration)
from the world’s rivers could be on the order of a gigatonne of
carbon per year (Gt C yr21) (ref. 11). Recent measurements of
mostly temperate rivers lead to estimates of global river-to-atmosphere fluxes of ,0.3 Gt C yr21, with evasion nearly equivalent to
riverine TOC or DIC export12. Evasion from streams has been
estimated to average 25–50% and 28–70% of the net annual carbon
accumulation for tundra13 and for peatlands14, respectively. Hope
et al. 14 cautioned that direct measurements of land–atmosphere
CO2 gas exchange that ignore water-borne fluxes might significantly
overestimate terrestrial carbon accumulation.
The emphasis on export to the oceans and on individual streams
does not, however, fully consider the spatial extent of a river
network at regional scales. We evaluated the evasion of CO2 from
the fluvial environments of a 1.77 million km2 quadrant of the lowgradient central Amazon basin (Fig. 1). Newly available remote
sensing data sets for this quadrant have made it possible to quantify
seasonal water coverage for representative low and high water
periods. Combined with extensive measurements of dissolved
CO2 across the region we were able to compute the water-to-air
fluxes of CO2 for each environment.
We partitioned the quadrant into hydrographic environments—
the Amazon mainstem channel, the mainstem floodplain, tributaries (channels and floodplains over 100 m in width, as constrained
by the pixel dimensions of JERS-1 radar mosaics), and streams
(channels and riparian zones less than 100 m in width). As computed from the radar mosaics, the flooded area of the mainstem and
tributaries rose from 79,000 km2 (about 4% of the quadrant area) in
October 1995 to 290,000 km2 (16% of the quadrant area) by May–
June 1996. The low (21,000 km2) and high water (51,000 km2) areas
estimated for streams were comparable to the area of the mainstem
floodplain and greater than the area of the mainstem channel itself.

.............................................................................................................................................................................

Terrestrial ecosystems in the humid tropics play a potentially
important but presently ambiguous role in the global carbon
cycle. Whereas global estimates of atmospheric CO2 exchange
indicate that the tropics are near equilibrium or are a source with
respect to carbon1,2, ground-based estimates indicate that the
amount of carbon that is being absorbed by mature rainforests is
similar to or greater than that being released by tropical deforestation3,4 (about 1.6 Gt C yr21). Estimates of the magnitude of
carbon sequestration are uncertain, however, depending on
whether they are derived from measurements of gas fluxes
above forests5,6 or of biomass accumulation in vegetation and
soils3,7. It is also possible that methodological errors may overestimate rates of carbon uptake or that other loss processes have
yet to be identified3. Here we demonstrate that outgassing
(evasion) of CO2 from rivers and wetlands of the central Amazon
basin constitutes an important carbon loss process, equal to 1.2 6
0.3 Mg C ha21 yr21 . This carbon probably originates from
organic matter transported from upland and flooded forests,
which is then respired and outgassed downstream. Extrapolated
across the entire basin, this flux—at 0.5 Gt C yr21—is an order of
magnitude greater than fluvial export of organic carbon to the
ocean8. From these findings, we suggest that the overall carbon
budget of rainforests, summed across terrestrial and aquatic
environments, appears closer to being in balance than would
be inferred from studies of uplands alone3,5–6.
The major biogeochemical role of river systems in the global
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Figure 1 Flooded area of the central Amazon basin at high water, as mapped from the
Japanese Earth Resources Satellite radar data (May–June 1996). The flooded area is
shown as light areas in dark inset (the study quadrant). Underlying the inundation image is
a digital river network (derived from the Digital Chart of the World, the GTOPO30 digital
elevation model and ancillary cartographic information). Major tributaries are labelled:
Negro (Ng), Japurá (Jp), Içá (Ic), Solimões (Sol, the Amazon mainstem exiting Peru), Jutaı́
(Jt), Juruá (Jr), Purus (Pr), Madeira (Md), and Tapajós (Tp).
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Figure 2 Spatially integrated annual sequences of surface water area for hydrographic
environments as determined from JERS-1 radar data and multi-year hydrographic
records. Hydrographic environments are divided into: the Amazon mainstem channel
(MC); the mainstem floodplain (MF); the channels and floodplains of tributaries over 100 m
wide (T); and the streams and riparian zones less than 100 m wide (S). Shaded regions
represent 67% confidence intervals determined by Monte Carlo error propagation of both
measurement uncertainties and interannual variability in river stage data.
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Scaling to river stage height records and integrating over all subbasins by hydrographic environment yielded the monthly extent of
inundation for a typical year (Fig. 2). Tributaries south of the
Amazon mainstem typically reached peak stage in April or May,
whereas those to the north peaked in June or July. The result is that
the region was most flooded in May (350,000 km2 inundated, or
20% of the quadrant), with an annual mean flooded area of
250,000 km2.
River and floodplain waters of the central Amazon basin maintain partial pressures of dissolved CO2 (p CO2) that are supersaturated with respect to the atmosphere (Fig. 3). These concentrations
track the hydrograph, increasing with rising water (to over 12,000
microatmospheres, matm, in some tributaries) and decreasing with
falling water. Average values over the year were 4,350 ^ 1,900 matm
for all mainstem samples and 5,000 ^ 3,300 matm across the mouths
of all major tributaries (compared to a mean of 3,200 matm
calculated for 47 large rivers from around the world12). The p CO2
ranged from 2,950 matm to over 44,000 matm on the mainstem
floodplain, averaging 14,100 ^ 10,200 matm upstream to 6,300 ^
4,200 matm downstream.
High partial pressures of CO2 translate to large gas evasion fluxes
from water to atmosphere. By combining the areal extent of flooding and the distributions of pCO2 with a simple but widely used gas
evasion model, we observed a pronounced seasonality in evasion,
corresponding to both the elevated water levels and the increased
CO2 concentrations (Fig. 4). Integrating over the year, the surface
waters of the central Amazon basin (the 1.77 million km2 quadrant)
export 210 ^ 60 Tg C yr21 to the atmosphere. This corresponds to a
flux of 8.3 ^ 2.4 Mg C ha21 yr21 over the annual mean flooded area
of the central basin, or 1.2 ^ 0.3 Mg C ha21 yr21 over the entire
quadrant.
Extrapolating across Amazonia, the total basin evasion is about
470 Tg C yr21. That is, the waters of the Amazon export about 13
times more carbon by CO2 evasion to the atmosphere than by
the export of total organic carbon (36 Tg C yr21) or of DIC
(35 Tg C yr21) to the ocean8. Sub-basins within our study area
exported 4 to 15 times more carbon by evasion than by discharge,
suggesting that these findings may extend to other humid tropical
river systems that drain weathered soils (and thus have lowalkalinity waters). These results are in contrast to findings from
temperate river systems, where lower drainage density, higheralkalinity waters and cooler temperatures lead to lower percentages
of DIC being exported by evasion12,15.
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Figure 3 Seasonal distributions of carbon dioxide dissolved in rivers of the central Amazon
basin. a, A ten-year time-series station on the mainstem Amazon near Manaus (Man, by
the confluence of the Negro and Solimões) offers a high-resolution image of seasonality.
b, Annual profiles for major tributaries derived from thirteen expeditions to observation
stations at the mouth of each tributary (identified in Fig. 1) describe robust patterns of
spatial heterogeneity.

The large evasion raises an important ecological question: what
are the carbon sources that support such a flux? We evaluated
potential terrestrial and aquatic sources of CO2 , both as CO2 and as
organic carbon that could be subsequently respired16. Although the
following estimates have considerable uncertainty because of large
temporal and spatial variability in the attributes of the respective
environments, they do indicate the relative importance of the
pathways leading to evasion. The partial pressure of CO2 in the
soil atmosphere is very high (15,000 matm at the surface to
65,000 matm with depth at forest and pasture sites in the eastern
Amazon17), resulting from root respiration and the decomposition
of organic matter. Dissolution of this CO2 and its subsequent export
to streams (using a typical water through-flow rate of 1.25 m yr21;
ref. 18) is about 25% of the evasion. Dissolved organic carbon
(DOC) concentrations in groundwater vary from 100 mM draining
clay-rich oxisols to over 3,000 mM in groundwater draining sandrich spodosols19. Assuming that oxisols predominate, groundwater
DOC flux (computed as the product of the through-flow rate and
DOC concentrations) is about 15% of the evasion. Litterfall, either
directly into water or via entrainment by rising waters (estimated by
applying litterfall rates for flooded forests20 to the rivers and for
upland forests21 to the streams), is about 35% of the evasion. Root
respiration and decomposition from floating and emergent macrophytes, which can fix atmospheric CO2 directly and return some of
that production to water, is about 25% of the evasion (computed
from annual net production20 and the area of habitat from a
classification of the JERS-1 images). Organic matter and CO2
derived from the algal (phytoplankton and periphyton) and submerged macrophyte production/respiration cycles are strictly
aquatic, and thus cannot be considered as potential sources.
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CO2 distributions
The seasonal and spatial distributions of p CO2 within each hydrographic region were
described from over 1,800 samples taken on 13 expeditions at different water stages
throughout a 2,000 km reach of the central Amazon mainstem, tributary, and floodplain
waters8,22,27. A ten-year time series22 at the Marchantaria mainstem station gave a
statistically robust picture of seasonal trends in p CO2 (Fig. 3a). The standard deviation
ranged from 16% to 37% of mean monthly values. Annual profiles for each tributary were
similarly constructed, with assumed standard deviations of 40% for each month. For
regions not directly sampled, profiles were used from the nearest neighbour with data,
with assumed uncertainties of 80%. Floodplain measurements exhibited no obvious
seasonal trends but a pronounced gradient from higher concentrations upriver to
intermediate and then lower concentrations downriver. Hence we aggregated results by
up-, mid-, and downriver sections.

Gas evasion

Figure 4 Spatially integrated sequences of monthly carbon dioxide evasion for the
respective hydrographic environments (identified in Fig. 2). Lines represent the best
estimate of long-term means, whereas shaded regions represent the 67% confidence
interval for the range of values likely in a particular year. The upper confidence limit for
streams, hidden from view, extends nearly to the upper limit for the mainstem floodplain.

In total, the estimate of carbon nominally available for evasion is
consistent with the computed evasion. Of this amount, roughly
80% is of terrestrial upland and near-channel origin and about 20%
is aquatic. Furthermore, approximately 75% originates as organic
matter that would have to be respired in transit. This possibility is
supported by previous work showing that DIC turnover time due to
in situ respiration is 10–14 days for the large rivers of the Amazon22.
Hence we hypothesize that evasion is driven primarily by in-stream
respiration of organic carbon fixed originally on land and along
river margins and mobilized into flowing waters. If true, linkages
between land and water would be stronger than traditionally
thought, with river corridors representing a significant downstream
translocation of carbon originally fixed by the forest.
Assuming that the fluxes computed for the Amazon are representative of fluvial environments of lowland humid tropical forests
in general, surface water CO2 evasion in the tropics may help to
explain an anomaly in the current balance of the global carbon cycle.
Estimates that the tropics are a net carbon sink are not consistent
with recent calculations from global inverse modelling, which imply
that the tropics are at least in balance with the atmosphere if not a
net source1,2. Extrapolating over the global area covered by humid
tropical forests3 with our estimate of areal evasion rates for the
Amazon basin yields a flux of roughly 0.9 Gt C yr21 (three times
larger than previous estimates of global evasion12). A return flux
from water to the atmosphere of this magnitude comes closer to
reconciling independent carbon budgets for the tropics.
A

Methods
Areal coverage of surface waters and flooding regime
Data from the Japanese Earth Resources Satellite-1 (JERS-1) L-band synthetic aperture
radar were used to estimate the areal coverage and inundation status of rivers and
floodplains over 100 m in width. Data were compiled into mosaics for periods of high
water (May–June 1996) and low water (October 1995)23. For each mosaic, the study area
was classified into either flooded or non-flooded areas based on radar backscatter
intensities as delineated by image segmentation24, and was divided into 25 tributary subbasins from the river network (Fig. 1). The uncertainty of the procedure was estimated
using high-resolution airborne, digital videography25 to be ^5% at high water and
^10–15% at low water. To account for river corridors less than 100 m in width, we
computed an area density function by extending a geometric series relating stream length
and width to stream order from the river network for the whole basin (Fig. 1), and applied
it to the study area. Mean monthly stage data from multiyear hydrographic records within
each tributary sub-basin18 were used to estimate tributary flooding sequences by assuming
a temporal correspondence between stage height and areal extent of inundation. For five
sub-basins without gauging records, the normalized hydrograph for the nearest neighbour
with similar climatology was used. The temporal sequence of inundation within the
mainstem and its floodplain was computed from multi-year monthly composite Scanning
Multichannel Microwave Radiometer (SMMR) data26.
NATURE | VOL 416 | 11 APRIL 2002 | www.nature.com

We computed evasion from the gas transfer model, F ¼ KðCs ÿ C o Þ, where F is the evasive
flux, C s is the surface water concentration, C o is the atmospheric equilibrium, and K is the
exchange coefficient. We determined K from direct measurements of O2 and 222Rn
accumulation in free-floating chambers on the mainstem (K ¼ 2:3 ^ 0:9 m d21 ) and
primary tributaries (K ¼ 1:2 ^ 0:5 m d21 ) and of CO2 and CH4 accumulation on the
floodplain (K ¼ 0:65 ^ 0:25 m d21 )28. Chambers have been criticized on the basis that
they may inhibit wind shear and alter the near-surface turbulence, but we assume that in
the generally low wind environments of the Amazon and with the internal turbulence of
large rivers of considerable flow velocity (1–3 m s21) this model yields a reasonable, if
conservative, approximation of K. These values are comparable to values derived
elsewhere not only with chambers but also with purposeful injections of inert gases,
calculations with surface renewal models, and eddy covariance techniques12,29,30.
To extrapolate to the entire Amazon basin (to compare to total fluvial export), we
needed to estimate evasion for the 4.3 million km2 of the Amazon basin outside our central
quadrant, for which we do not have data. This region includes not only rainforest but also
drier regions of savanna and Andean headwaters, and lacks the downstream extent of the
large tributaries and mainstem. It includes, however, extensive wetlands of Bolivia and the
northern and eastern Amazon, which could be large sources. We assumed, probably
conservatively, that the areal evasion flux outside the quadrant is half that of inside.

Uncertainty analysis
Overall 67% confidence intervals of calculated values (given as ^ standard error) were
determined by Monte Carlo bootstrapping error propagation of both random
measurement uncertainties and interannual variability of primary variables. Variability in
stage height was simulated to show considerable covariation between hydrographic
regions and also within a given year for a region, and variability in p CO2 was set to covary to
a lesser degree. All other variability was assumed to be spatially and temporally
independent. Black lines in Figs 2, 3a and 4 are thus the best estimate of long-term means,
whereas shaded regions represent the range in which values for an individual month might
fall 67% of the time. Systematic differences in any chosen parameter, such as K, would
proportionally shift our estimates of both means and confidence limits. As in any
propagation of random uncertainty, integrated or summed values exhibit lower relative
uncertainty than their individual components.
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Projected down to the surface of the Earth’s core, we found
these variations to be small below the Pacific Ocean, and large at
polar latitudes and in a region centred below southern Africa.
The flow pattern at the surface of the core that we calculate to
account for these changes is characterized by a westward flow
concentrated in retrograde polar vortices and an asymmetric ring
where prograde vortices are correlated with highs (and retrograde vortices with lows) in the historical (400-year average)
magnetic field4,5. This pattern is analogous to those seen in a large
class of numerical dynamo simulations6, except for its longitudinal asymmetry. If this asymmetric state was reached often in the
past, it might account for several persistent patterns observed in
the palaeomagnetic field7–10. We postulate that it might also be a
state in which the geodynamo operates before reversing.
Thanks to the recent launch of the Danish Oersted satellite3
(inclination 96.58, altitude 638–849 km), 20 years after the 1979/80
US Magsat2 analogous mission (978, 325–550 km), two data sets at
two different epochs are now available that can be used to construct
high-degree spherical harmonic models of the geomagnetic field.
(Degree 1 is the dipole field; the larger the degree, the smaller the
length scale.) Taking advantage of this opportunity and relying on
models11 well suited for that purpose, we compute and investigate
the changes that have occurred in the geomagnetic field between
1980 and 2000, focusing on the large to medium scales (that is, up to

Acknowledgements
We thank E. Mayorga, S. Denning, M. Gastil, D. Montgomery, R. Victoria, A. Krusche,
A. Devol, P. Quay and J. Hedges for technical assistance and discussions, B. Forsberg and
T. Pimental for fieldwork, and the Global Rain Forest Mapping Project of the National
Space Development Agency of Japan for providing the JERS-1 radar data. This work was
supported by the US NSF and NASA EOS and LBA projects, and by the Brazilian FAPESP
programme.

Competing interests statement
The authors declare that they have no competing financial interests.

Correspondence and requests for materials should be addressed to J.E.R.
(e-mail: jrichey@u.washington.edu).

..............................................................

Small-scale structure of the
geodynamo inferred from Oersted
and Magsat satellite data
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The ‘geodynamo’ in the Earth’s liquid outer core produces a
magnetic field that dominates the large and medium length scales
of the magnetic field observed at the Earth’s surface1,2. Here we
use data from the currently operating Danish Oersted3 satellite,
and from the US Magsat2 satellite that operated in 1979/80, to
identify and interpret variations in the magnetic field over the
past 20 years, down to length scales previously inaccessible.
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Figure 1 Spectra of the Oersted and Magsat models11, of their error, of their difference,
and of how well flows predict this difference. The spectrum of a model is constructed by
plotting the contribution of each degree n of the spherical harmonic expansion to the
average kB 2l of the predicted field B over the Earth’s surface1,2. Errors in the Oersted and
Magsat models are computed by analysing differences between models based on various
data subsets11. Note the well-known2 knee within the Oersted and Magsat spectra,
showing that the main field probably dominates the signal for degrees less than 13,
whereas the crustal field dominates for degrees larger than 15. A similar knee is seen
around degree 15, in the Oersted–Magsat spectrum of the difference between the
Oersted and Magsat fields. This knee, and the flat section of the spectrum beyond it,
reveals disagreements between the high-degree signal sensed by Oersted and Magsat at
a level slightly less than that of the crustal signal itself12. Up to degree 13, however, the
Oersted–Magsat spectrum is well above the level (dotted line) defined by both that flat
section and the crustal spectrum (the contribution of which is believed to be weaker at low
degrees than at high degrees2). It is also well above the error level. It thus cannot be
attributed to noise or a crustal source. By contrast, it can be explained by core surface
flows, as is illustrated by the spectrum of the misfit between the predicted and the
observed Oersted minus Magsat field difference. This misfit is at a level comparable to
that of the errors in the models and of crustal contributions, but relaxed at the largest
degrees to account for ‘truncation errors’17. For reference, the spectrum of the lessresolved field variations5 between 1970 and 1990 is also shown.
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