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The growth rate of atmospheric carbon dioxide (CO2), the largest
human contributor to human-induced climate change, is increasing
rapidly. Three processes contribute to this rapid increase. Two of
these processes concern emissions. Recent growth of the world
economy combined with an increase in its carbon intensity have led
to rapid growth in fossil fuel CO2 emissions since 2000: comparing
the 1990s with 2000–2006, the emissions growth rate increased
from 1.3% to 3.3% y�1. The third process is indicated by increasing
evidence (P � 0.89) for a long-term (50-year) increase in the
airborne fraction (AF) of CO2 emissions, implying a decline in the
efficiency of CO2 sinks on land and oceans in absorbing anthro-
pogenic emissions. Since 2000, the contributions of these three
factors to the increase in the atmospheric CO2 growth rate have
been �65 � 16% from increasing global economic activity, 17 � 6%
from the increasing carbon intensity of the global economy, and
18 � 15% from the increase in AF. An increasing AF is consistent
with results of climate–carbon cycle models, but the magnitude of
the observed signal appears larger than that estimated by models.
All of these changes characterize a carbon cycle that is generating
stronger-than-expected and sooner-than-expected climate forcing.

airborne fraction � anthropogenic carbon emissions � carbon–climate
feedback � terrestrial and ocean carbon emissions � vulnerabilities of the
carbon cycle

The rate of change of atmospheric CO2 reflects the balance
between anthropogenic carbon emissions and the dynamics

of a number of terrestrial and ocean processes that remove or
emit CO2 (1, 2). The long-term evolution of this balance will
determine to a large extent the speed and magnitude of human-
induced climate change and the mitigation requirements to
stabilize atmospheric CO2 concentrations at any given level.

In recent years, components of the global carbon balance have
changed substantially with major increases in anthropogenic
emissions (3) and changes in land and ocean sink fluxes due to
climate variability and change (4).

In this article, we report a number of changes in the global
carbon cycle, particularly since 2000, with major implications for
current and future growth of atmospheric CO2. To quantify the
importance of these changes, we update and analyze datasets on
CO2 emissions from fossil fuel combustion and cement produc-
tion (FFoss), CO2 emissions from land use change (FLUC), the
carbon intensity of global economic activity, and estimated
trends in the CO2 balance of the oceans and of ecosystems on
land.

We also quantify the relative importance of key processes
responsible for the observed acceleration in atmospheric CO2
concentrations. This attribution provides insights into key lever-
age points for management of the carbon cycle and also indicates

the present significance of carbon–climate feedbacks associated
with the long-term dynamics of natural CO2 sinks and sources.

Results and Discussion
Growth in Atmospheric CO2. Global average atmospheric CO2 rose
from 280 ppm at the start of the industrial revolution (�1,750)
to 381 ppm in 2006. The present concentration is the highest
during the last 650,000 years (5, 6) and probably during the last
20 million years (7). The growth rate of global average atmo-
spheric CO2 for 2000–2006 was 1.93 ppm y�1 [or 4.1 petagrams
of carbon (PgC) y�1, Table 1]. This rate is the highest since the
beginning of continuous monitoring in 1959 and is a significant
increase over growth rates in earlier decades: the average growth
rates for the 1980s and the 1990s were 1.58 and 1.49 ppm y�1,
respectively (Fig. 1).

CO2 Emissions. From 1850 to 2006, fossil fuel and cement emis-
sions released a cumulative total of �330 PgC to the atmosphere
(1 PgC � 1 petagram or 109 metric tons of carbon). An additional
158 PgC came from land-use-change emissions, largely defores-
tation and wood harvest (see Methods for data sources and
uncertainties).

Fossil fuel and cement emissions (FFoss) increased from 7.0
PgC y�1 in 2000 to 8.4 PgC y�1 in 2006, 35% above emissions in
1990. The average FFoss for 2000–2006 was 7.6 � 0.4 PgC y�1

(Table 1). The average proportional growth rate of FFoss
k

increased from 1.3% y�1 for 1990–1999 to 3.3% y�1 for 2000–
2006 (Fig. 1B).

Model-based estimates of emissions from land-use change
(FLUC) remained approximately constant from 1959 to 2006,
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averaging 1.5 � 0.5 PgC y�1. These estimates were based on rates
of change in areas of land cultivated, harvested, or reforested
(see Methods). From 1959 to 1980, �30% of emissions from
land-use change originated in the extratropics. This extratropical
contribution decreased after 1980, reaching zero by 2000. The
remaining land-use emissions originated largely from defores-
tation in tropical America and Asia, with a smaller contribution
from tropical Africa. From 2000 to 2006, land-use emissions
from tropical Asia rose significantly to 0.6 PgC y�1, whereas
emissions from the American tropics decreased from �0.9 PgC
y�1 in 1990 to 0.6 PgC y�1 in 2006. The emissions from these two
regions are now similar in magnitude for the first time since the
1950s. Emissions from tropical Africa have remained constant at
�0.2 PgC y�1 for the last 25 years.

From 2000 to 2006, the average total anthropogenic CO2
emission (FFoss � FLUC) was 9.1 PgC y�1, rising from 8.4 PgC y�1

in 2000 to 9.9 PgC y�1 in 2006, with an annual rate of increase
of 2.9% y�1 compared with an average rate of increase of 0.7%
y�1 for the period of the 1990s (Table 1).

Carbon Intensity of the Global Economy. The carbon intensity of
gross world product (GWP), defined as the ratio FFoss/GWP,
provides a measure of the CO2 emissions required to produce a
unit of economic activity at a global scale. In the 3 decades before
2000, the carbon intensity of GWPl declined from 0.35 kilograms
of carbon (kgC)/dollar in 1970 to 0.24 kgC/dollar in 2000. This
trend represents a decrease (improvement) of �1.3% per year.
Since 2000, however, the carbon intensity of GWP stopped
decreasing and has increased (deteriorated) at �0.3% per year
(Fig. 1A and Table 1) (3).

Continuous improvements in the carbon intensity of the world
economy are postulated in practically all scenarios for future
emissions (8). The effect of these projected improvements is to
hold the rate of global emissions growth below the rate of global
economic growth. The recent combination of rapidly increasing
emissions and deteriorating carbon intensity of GWP amplifies
the challenge of stabilizing atmospheric CO2 (9).

Natural Sinks and CO2 Airborne Fraction (AF). The annual increment
in atmospheric CO2 is substantially smaller than the increment
in anthropogenic emissions, because natural sinks on land and in
the ocean remove part of the anthropogenic CO2. The relative
efficiency of these sinks can be measured by the annual AF, the
ratio of the atmospheric CO2 increase in a given year to that
year’s total emissions (FFoss � FLUC). AF is a function of the
biological and physical processes governing land–atmosphere
and ocean–atmosphere CO2 exchanges, as well as the trajectory
of anthropogenic CO2 emissions. The AF has a large interannual
variability and has ranged from 0.0 to 0.8 since 1959 (Fig. 2A).
This variability is mainly due to the responses of natural sinks,
particularly land sinks (Fig. 1B), to interannual climate variabil-
ity (e.g., from El Niño/Southern Oscillation) and volcanic erup-
tions (10). Of the average 9.1 PgC y�1 of total anthropogenic
emissions (FFoss � FLUC) from 2000 to 2006, the AF was 0.45;
almost half of the anthropogenic emissions remained in the
atmosphere, and the rest were absorbed by land and ocean sinks.
To partition the fluxes between these two sinks, we estimated the
annual ocean uptake for 1959–2006 with an ocean general-
circulation model coupled to a biogeochemical model, forced by
observed climate and CO2 concentration (11). The model re-
produces the observed mean sink of 2.2 � 0.4 PgC y�1 for the
1990s (12). We calculated net land exchange (excluding emis-
sions from land-use change) as the residual. On the basis of this
partitioning, the ocean sink accounted for 0.24 of total anthro-
pogenic emissions from 2000 to 2006, and the land sinks ac-
counted for the remaining 0.30.

Changes in the long-term efficiency of the natural sinks in
removing atmospheric CO2, as measured by the ratio of sinks to
emissions, are indicated by the proportional trend in the AF
[(1/AF)dAF/dt]. Over the period 1959–2006, this was �0.25 �
0.21% y�1 (mean � standard deviation of estimate), with
significance P � 0.89 for a trend �0 [Table 1 and Fig. 2 A; see
Methods and supporting information (SI) Text for computational
and statistical details]. Although the significance of this trend is
lower than the conventional criterion of P � 0.95, the observed
AF trend is sufficiently significant to justify reflecting it in the
attribution of recent changes in the growth rate of atmo-
spheric CO2.

Climate models that include a representation of carbon cycle

lThe GWP data used throughout this paper are based on market exchange rates (MER). In
ref. 3, we show that our main conclusions, particularly the reversal of the trend in Fig. 1A,
are evident using either the MER or purchasing power parity definition for GWP.

Table 1. Summary of means and proportional trends of the global carbon budget for various time periods

Global carbon budget

Mean
Proportional
trend, % y�1

1959–2006 1970–1999 1990–1999 2000–2006 1959–2006

Economy, kgC/U.S. dollars
Carbon intensity 0.29* 0.30 0.26 0.24 �1.18†

Sources, PgC y�1

Fossil Fuel (FFoss) 5.3 5.6 6.5 7.6 2.12
Land Use Change (FLUC) 1.5 1.5 1.6 1.5 0.21
Total (FFoss � FLUC) 6.7 7.0 8.0 9.1 1.71

Sinks, PgC y�1

Atmosphere 2.9 3.1 3.2 4.1 1.89
Ocean 1.9 2.0 2.2 2.2 1.25
Land 1.9 2.0 2.7 2.8 1.87

Distribution of annual emissions
Atmosphere‡ 0.43 0.44 0.39 0.45 0.25 � 0.21§

Ocean 0.28 0.28 0.27 0.24 �0.42
Land 0.29 0.28 0.34 0.30 0.06

*The proportional trend for a quantity X(t) is �X��1�dX/dt�, where angle brackets denote an average over the indicated period.
†Data available from 1970 only.
‡This is the airborne fraction.
§This value (mean � standard deviation) of the proportional trend in AF was determined from the noise-reduced (monthly) series for
AF (see Methods and SI Text). All other proportional trend estimates were derived from the annual series.
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