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Figure 10.20. (a) 21st-century atmospheric CO2 concentration as simulated by the 
11 C4MIP models for the SRES A2 emission scenario (red) compared with the stan-
dard atmospheric CO2 concentration used as a forcing for many IPCC AR4 climate 
models (black). The standard CO2 concentration values were calculated by the BERN-
CC model and are identical to those used in the TAR. For some IPCC-AR4 models, 
different carbon cycle models were used to convert carbon emissions to atmospheric 
concentrations. (b) Globally averaged surface temperature change (relative to 2000) 
simulated by the C4MIP models forced by CO2 emissions (red) compared to global 
warming simulated by the IPCC AR4 models forced by CO2 concentration (black). The 
C4MIP global temperature change has been corrected to account for the non-CO2 
radiative forcing used by the standard IPCC AR4 climate models. 
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ABSTRACT

Eleven coupled climate–carbon cycle models used a common protocol to study the coupling between
climate change and the carbon cycle. The models were forced by historical emissions and the Intergovern-
mental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES) A2 anthropogenic
emissions of CO2 for the 1850–2100 time period. For each model, two simulations were performed in order
to isolate the impact of climate change on the land and ocean carbon cycle, and therefore the climate
feedback on the atmospheric CO2 concentration growth rate. There was unanimous agreement among the
models that future climate change will reduce the efficiency of the earth system to absorb the anthropogenic
carbon perturbation. A larger fraction of anthropogenic CO2 will stay airborne if climate change is ac-
counted for. By the end of the twenty-first century, this additional CO2 varied between 20 and 200 ppm for
the two extreme models, the majority of the models lying between 50 and 100 ppm. The higher CO2 levels
led to an additional climate warming ranging between 0.1° and 1.5°C.

All models simulated a negative sensitivity for both the land and the ocean carbon cycle to future climate.
However, there was still a large uncertainty on the magnitude of these sensitivities. Eight models attributed
most of the changes to the land, while three attributed it to the ocean. Also, a majority of the models located
the reduction of land carbon uptake in the Tropics. However, the attribution of the land sensitivity to
changes in net primary productivity versus changes in respiration is still subject to debate; no consensus
emerged among the models.
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E-mail: pierre.friedlingstein@cea.fr
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Figure 10.20. (a) 21st-century atmospheric CO2 concentration as simulated by the 
11 C4MIP models for the SRES A2 emission scenario (red) compared with the stan-
dard atmospheric CO2 concentration used as a forcing for many IPCC AR4 climate 
models (black). The standard CO2 concentration values were calculated by the BERN-
CC model and are identical to those used in the TAR. For some IPCC-AR4 models, 
different carbon cycle models were used to convert carbon emissions to atmospheric 
concentrations. (b) Globally averaged surface temperature change (relative to 2000) 
simulated by the C4MIP models forced by CO2 emissions (red) compared to global 
warming simulated by the IPCC AR4 models forced by CO2 concentration (black). The 
C4MIP global temperature change has been corrected to account for the non-CO2 
radiative forcing used by the standard IPCC AR4 climate models. 
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ABSTRACT

Eleven coupled climate–carbon cycle models used a common protocol to study the coupling between
climate change and the carbon cycle. The models were forced by historical emissions and the Intergovern-
mental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES) A2 anthropogenic
emissions of CO2 for the 1850–2100 time period. For each model, two simulations were performed in order
to isolate the impact of climate change on the land and ocean carbon cycle, and therefore the climate
feedback on the atmospheric CO2 concentration growth rate. There was unanimous agreement among the
models that future climate change will reduce the efficiency of the earth system to absorb the anthropogenic
carbon perturbation. A larger fraction of anthropogenic CO2 will stay airborne if climate change is ac-
counted for. By the end of the twenty-first century, this additional CO2 varied between 20 and 200 ppm for
the two extreme models, the majority of the models lying between 50 and 100 ppm. The higher CO2 levels
led to an additional climate warming ranging between 0.1° and 1.5°C.

All models simulated a negative sensitivity for both the land and the ocean carbon cycle to future climate.
However, there was still a large uncertainty on the magnitude of these sensitivities. Eight models attributed
most of the changes to the land, while three attributed it to the ocean. Also, a majority of the models located
the reduction of land carbon uptake in the Tropics. However, the attribution of the land sensitivity to
changes in net primary productivity versus changes in respiration is still subject to debate; no consensus
emerged among the models.

Corresponding author address: Pierre Friedlingstein, Institut Pierre-Simon Laplace/Laboratoire des Sciences du Climat et de
l’Environnement, CEA-Saclay, L’Orme des Merisiers, 91191 Gif-sur-Yvette, France.
E-mail: pierre.friedlingstein@cea.fr
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Emission 
scenarios

respectively. Combining e and f into the carbon intensity of GDP
(h ! F/G ! ef ), the Kaya identity can also be written as

F ! P!G
P"!F

G" ! Pgh. [3]

Defining the proportional growth rate of a quantity X(t) as
r(X) ! X"1dX/dt (with units [time]"1), the counterpart of the
Kaya identity for proportional growth rates is

r#F$ ! r#P$ " r# g$ " r#e$ " r# f $ [4]

! r#P$ " r# g$ " r#h$,

which is an exact, not linearized, result.
The world can be disaggregated into regions (distinguished by a

subscript i) with emission Fi, population Pi, GDP Gi, energy
consumption Ei, and regional intensities gi ! Gi/Pi, ei ! Ei/Gi, fi !
Fi/Ei, and hi ! Fi/Gi ! e i fi. Writing a Kaya identity for each region,
the global emission F can be expressed by summation over regions
as:

F ! #
i

Fi ! #
i

Pi gi ei fi ! #
i

Pi gi hi, [5]

and regional contributions to the proportional growth rate in
global emissions, r(F), are

r#F$ ! #
i

!Fi

F"r#Fi$. [6]

This analysis uses nine noncontiguous regions that span the
globe and cluster nations by their emissions and economic
profiles. The regions comprise four individual nations (U.S.,
China, Japan, and India, identified separately because of their
significance as emitters); the European Union (EU); the nations
of the Former Soviet Union (FSU); and three regions spanning
the rest of the world, consisting respectively of developed (D1),
developing (D2), and least-developed (D3) countries, excluding
countries in other regions.

GDP is defined and measured by using either market exchange
rates (MER) or purchasing power parity (PPP), respectively de-
noted as GM and GP. The PPP definition gives more weight to
developing economies. Consequently, wealth disparities are greater
when measured by GM than GP, and the growth rate of GP is greater
than that of GM [supporting information (SI) Fig. 6].

Our measure of Ei is ‘‘commercial’’ primary energy, including
(i) fossil fuels, (ii) nuclear, and (iii) renewables (hydro, solar,
wind, geothermal, and biomass) when used to generate electric-
ity. Total primary energy additionally includes (iv) other energy
from renewables, mainly as heat from biomass. Contribution iv
can be large in developing regions, but it is not included in Ei
except in the U.S., where it makes a small (%4%) contribution
(SI Text, Primary Energy).

Results
Global Emissions. A sharp acceleration in global emissions oc-
curred in the early 2000s (Fig. 1 Lower). This trend is evident in
two data sets (Materials and Methods): from U.S. Department of
Energy Energy Information Administration (EIA) data, the
proportional growth rate in global emissions [r(F) ! (1/F)dF/dt]
was 1.1% y"1 for the period 1990–1999 inclusive, whereas for
2000–2004, the same growth rate was 3.2%. From U.S. Depart-
ment of Energy Carbon Dioxide Information and Analysis
Center (CDIAC) data, growth rates were 1.0% y"1 through the
1990s and 3.3% y"1 for 2000–2005. The small difference arises
mainly from differences in estimated emissions from China for
1996–2002 (Materials and Methods).

Fig. 1 compares observed global emissions (including all terms
in Eq. 1) with six Intergovernmental Panel on Climate Change
(IPCC) emissions scenarios (8) and also with stabilization tra-
jectories describing emissions pathways for stabilization of at-
mospheric CO2 at 450 and 650 ppm (10–12). Observed emissions
were at the upper edge of the envelope of IPCC emissions
scenarios. The actual emissions trajectory since 2000 was close
to the highest-emission scenario in the envelope, A1FI. More
importantly, the emissions growth rate since 2000 exceeded that
for the A1FI scenario. Emissions since 2000 were also far above
the mean stabilization trajectories for both 450 and 650 ppm.

A breakdown of emissions among sources shows that solid,
liquid, and gas fuels contributed (for 2000–2004) &35%, 36%,
and 20%, respectively, to global emissions (Eq. 1). However, this
distribution varied strongly among regions: solid (mainly coal)
fuels made up a larger and more rapidly growing share of
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Fig. 1. Observed global CO2 emissions including all terms in Eq. 1, from both
the EIA (1980–2004) and global CDIAC (1751–2005) data, compared with
emissions scenarios (8) and stabilization trajectories (10–12). EIA emissions
data are normalized to same mean as CDIAC data for 1990–1999, to account
for omission of FCement in EIA data (see Materials and Methods). The 2004 and
2005 points in the CDIAC data set are provisional. The six IPCC scenarios (8) are
spline fits to projections (initialized with observations for 1990) of possible
future emissions for four scenario families, A1, A2, B1, and B2, which empha-
size globalized vs. regionalized development on the A,B axis and economic
growth vs. environmental stewardship on the 1,2 axis. Three variants of the A1
(globalized, economically oriented) scenario lead to different emissions tra-
jectories: A1FI (intensive dependence on fossil fuels), A1T (alternative tech-
nologies largely replace fossil fuels), and A1B (balanced energy supply be-
tween fossil fuels and alternatives). The stabilization trajectories are spline fits
approximating the average from two models (11, 12), which give similar
results. They include uncertainty because the emissions pathway to a given
stabilization target is not unique.
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CO2 emissions from fossil-fuel burning and industrial processes
have been accelerating at a global scale, with their growth rate
increasing from 1.1% y!1 for 1990–1999 to >3% y!1 for 2000–
2004. The emissions growth rate since 2000 was greater than for
the most fossil-fuel intensive of the Intergovernmental Panel on
Climate Change emissions scenarios developed in the late 1990s.
Global emissions growth since 2000 was driven by a cessation or
reversal of earlier declining trends in the energy intensity of gross
domestic product (GDP) (energy/GDP) and the carbon intensity of
energy (emissions/energy), coupled with continuing increases in
population and per-capita GDP. Nearly constant or slightly increas-
ing trends in the carbon intensity of energy have been recently
observed in both developed and developing regions. No region is
decarbonizing its energy supply. The growth rate in emissions is
strongest in rapidly developing economies, particularly China.
Together, the developing and least-developed economies (forming
80% of the world’s population) accounted for 73% of global
emissions growth in 2004 but only 41% of global emissions and
only 23% of global cumulative emissions since the mid-18th cen-
tury. The results have implications for global equity.

carbon intensity of economy ! carbon intensity of energy ! emissions
scenarios ! fossil fuels ! Kaya identity

A tmospheric CO2 presently contributes !63% of the gaseous
radiative forcing responsible for anthropogenic climate

change (1). The mean global atmospheric CO2 concentration has
increased from 280 ppm in the 1700s to 380 ppm in 2005, at a
progressively faster rate each decade (2, 3).‡‡ This growth is
governed by the global budget of atmospheric CO2 (4), which
includes two major anthropogenic forcing fluxes: (i) CO2 emis-
sions from fossil-fuel combustion and industrial processes and
(ii) the CO2 flux from land-use change, mainly land clearing. A
survey of trends in the atmospheric CO2 budget (3) shows these
two fluxes were, respectively, 7.9 gigatonnes of carbon (GtC) y"1

and 1.5 GtC y"1 in 2005 with the former growing rapidly over
recent years, and the latter remaining nearly steady.

This paper is focused on CO2 emissions from fossil-fuel
combustion and industrial processes, the dominant anthropo-
genic forcing flux. We undertake a regionalized analysis of
trends in emissions and their demographic, economic, and
technological drivers, using the Kaya identity (defined below)
and annual time-series data on national emissions, population,
energy consumption, and gross domestic product (GDP). Un-
derstanding the observed magnitudes and patterns of the factors
influencing global CO2 emissions is a prerequisite for the
prediction of future climate and earth system changes and for
human governance of climate change and the earth system.
Although the needs for both understanding and governance have
been emerging for decades (as demonstrated by the United
Nations Framework Convention on Climate Change in 1992 and
the Kyoto Protocol in 1997), it is now becoming widely perceived
that climate change is an urgent challenge requiring globally

concerted action, that a broad portfolio of mitigation measures
is required (5, 6), and that mitigation is not only feasible but
highly desirable on economic as well as social and ecological
grounds (7).

The global CO2 emission flux from fossil fuel combustion and
industrial processes (F) includes contributions from seven
sources: national-level combustion of solid, liquid, and gaseous
fuels; f laring of gas from wells and industrial processes; cement
production; oxidation of nonfuel hydrocarbons; and fuel from
‘‘international bunkers’’ used for shipping and air transport
(separated because it is often not included in national invento-
ries). Hence

F ! FSolid
!35%

# FLiquid
!36%

# FGas
!20%

# FFlare
$1%

# FCement
!3%

,# FNonFuelHC
$1%

# FBunkers
!4%

, [1]

where the fractional contribution of each source to the total F
for 2000–2004 is indicated.

The Kaya identity§§ (8, 9) expresses the global F as a product
of four driving factors:

F ! P"G
P#"E

G#"F
E# ! Pgef, [2]

where P is global population, G is world GDP or gross world
product, E is global primary energy consumption, g % G/P is the
per-capita world GDP, e % E/G is the energy intensity of world
GDP, and f % F/E is the carbon intensity of energy. Upper- and
lowercase symbols distinguish extensive and intensive variables,
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CT 
Europe 
system

TM5 2-way nested transport
glb6x4, eur3x2, eur1x1, 25/34 levels

ECMWF 3-hourly meteo



NVBM, 6/11/09

CT 
Europe 
system

Observed CO2
17 European continuous sites (1 obs per day)

19 European flask sites (~1 obs per week)
>23,000 European observations

>60,000 total observations
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Resultaten van 7 jaar 
“Carbon Tracking”

De Europese koolstofbalans

Interjaarlijkse variabiliteit

De rol van het klimaat

Isotopen
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Results

Total:
+1473 TgC/
yr (release)

+40

+1636

-305

+92

(D)-203

(C)

(C)

(D)

mean of  2001-2007

natural fluxes only!
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Interannual Variability
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June-July-August 2003 June-July-August 2005

1st guess:          +271 TgC/yr -109 TgC/yr kgC/m2/yr

Carbon anomaly relative to 2001-2007 mean

optimized:          +233 TgC/yr -574 TgC/yr
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NAO

+ -

Positive Phase:
‣Stronger Azores H
‣Stronger Iceland L
‣High P gradient
‣More westerly storms
‣Moisture goes North

Negative Phase:
‣Weaker Azores H
‣Weaker Iceland L
‣Low P gradient
‣Fewer westerly storms
‣Moisture goes South
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NAO

NAO index 1995-2008
bars = March-April-May avg

source: Dr J. Hurrell (NCAR)

Carbon cycle, climate, and tracer transport links with NAO 
partly established. Soil moisture effect also expected (but not 
analyzed yet?)

2005
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Forward simulations with CO2 and 13CO2 in TM5
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• Atmospheric CO2 is well simulated 
by the optimized CarbonTracker 
fluxes 

Forward simulations with CO2 and 13CO2 in TM5
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• Atmospheric CO2 is well simulated 
by the optimized CarbonTracker 
fluxes 

•Downward trend of δ13C is 
overestimated, possible culprits:

Forward simulations with CO2 and 13CO2 in TM5
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Forward simulations with CO2 and 13CO2 in TM5

14

• Atmospheric CO2 is well simulated 
by the optimized CarbonTracker 
fluxes 

• Downward trend of δ13C is 
overestimated, possible culprits:

• Lack of biospheric CO2 uptake 
(1 Pg/y), hence an overestimate 
of other fluxes

• Underestimate of ocean/land 
carbon residence time (25%)

Phd work of Ivar van der Velde
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Samenvatting

Belangrijke vragen in de koolstofcyclus 
zijn vooralsnog onbeantwoord

MAQ ontwikkelt een pionier systeem voor 
“integrated monitoring”

De koppeling met weer, klimaat, en de 
land-atmosfeer grens is erg sterk 

Er zijn leuke mogelijkheden voor 
studenten om mee te werken!
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Meer Info
http://www.carbontracker.eu
htpp://carbontracker.noaa.gov
http://maq.wur.nl

CarbonTracker
MAQ + Wouter + Peters

http://www.carbontracker.eu
http://www.carbontracker.eu
http://maq.wur.nl
http://maq.wur.nl
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Where does all the 
carbon go?
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India
Canada

Japan
5%

UK
8%

China
8%

EU
18%

USSR
19%

USA
37%

(1) Burning of fossil fuels 
76 ppm
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Indonesia
Australia

Canada
Argentina

5%

Brazil
9%

USSR
12% China

17%

USA
20%

Others
27%

(2) Changes in land-use (deforestation)

24 ppm
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CO2 emissions from fossil-fuel burning and industrial processes
have been accelerating at a global scale, with their growth rate
increasing from 1.1% y!1 for 1990–1999 to >3% y!1 for 2000–
2004. The emissions growth rate since 2000 was greater than for
the most fossil-fuel intensive of the Intergovernmental Panel on
Climate Change emissions scenarios developed in the late 1990s.
Global emissions growth since 2000 was driven by a cessation or
reversal of earlier declining trends in the energy intensity of gross
domestic product (GDP) (energy/GDP) and the carbon intensity of
energy (emissions/energy), coupled with continuing increases in
population and per-capita GDP. Nearly constant or slightly increas-
ing trends in the carbon intensity of energy have been recently
observed in both developed and developing regions. No region is
decarbonizing its energy supply. The growth rate in emissions is
strongest in rapidly developing economies, particularly China.
Together, the developing and least-developed economies (forming
80% of the world’s population) accounted for 73% of global
emissions growth in 2004 but only 41% of global emissions and
only 23% of global cumulative emissions since the mid-18th cen-
tury. The results have implications for global equity.

carbon intensity of economy ! carbon intensity of energy ! emissions
scenarios ! fossil fuels ! Kaya identity

A tmospheric CO2 presently contributes !63% of the gaseous
radiative forcing responsible for anthropogenic climate

change (1). The mean global atmospheric CO2 concentration has
increased from 280 ppm in the 1700s to 380 ppm in 2005, at a
progressively faster rate each decade (2, 3).‡‡ This growth is
governed by the global budget of atmospheric CO2 (4), which
includes two major anthropogenic forcing fluxes: (i) CO2 emis-
sions from fossil-fuel combustion and industrial processes and
(ii) the CO2 flux from land-use change, mainly land clearing. A
survey of trends in the atmospheric CO2 budget (3) shows these
two fluxes were, respectively, 7.9 gigatonnes of carbon (GtC) y"1

and 1.5 GtC y"1 in 2005 with the former growing rapidly over
recent years, and the latter remaining nearly steady.

This paper is focused on CO2 emissions from fossil-fuel
combustion and industrial processes, the dominant anthropo-
genic forcing flux. We undertake a regionalized analysis of
trends in emissions and their demographic, economic, and
technological drivers, using the Kaya identity (defined below)
and annual time-series data on national emissions, population,
energy consumption, and gross domestic product (GDP). Un-
derstanding the observed magnitudes and patterns of the factors
influencing global CO2 emissions is a prerequisite for the
prediction of future climate and earth system changes and for
human governance of climate change and the earth system.
Although the needs for both understanding and governance have
been emerging for decades (as demonstrated by the United
Nations Framework Convention on Climate Change in 1992 and
the Kyoto Protocol in 1997), it is now becoming widely perceived
that climate change is an urgent challenge requiring globally

concerted action, that a broad portfolio of mitigation measures
is required (5, 6), and that mitigation is not only feasible but
highly desirable on economic as well as social and ecological
grounds (7).

The global CO2 emission flux from fossil fuel combustion and
industrial processes (F) includes contributions from seven
sources: national-level combustion of solid, liquid, and gaseous
fuels; f laring of gas from wells and industrial processes; cement
production; oxidation of nonfuel hydrocarbons; and fuel from
‘‘international bunkers’’ used for shipping and air transport
(separated because it is often not included in national invento-
ries). Hence

F ! FSolid
!35%

# FLiquid
!36%

# FGas
!20%

# FFlare
$1%

# FCement
!3%

,# FNonFuelHC
$1%

# FBunkers
!4%

, [1]

where the fractional contribution of each source to the total F
for 2000–2004 is indicated.

The Kaya identity§§ (8, 9) expresses the global F as a product
of four driving factors:

F ! P"G
P#"E

G#"F
E# ! Pgef, [2]

where P is global population, G is world GDP or gross world
product, E is global primary energy consumption, g % G/P is the
per-capita world GDP, e % E/G is the energy intensity of world
GDP, and f % F/E is the carbon intensity of energy. Upper- and
lowercase symbols distinguish extensive and intensive variables,
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emissions in developing regions (the sum of China, India, D2,
and D3) than in developed regions (U.S., EU, Japan, and D1),
and the FSU region had a much stronger reliance on gas than the
world average (SI Fig. 7).

To diagnose drivers of trends in global emissions, Fig. 2
superimposes time series for 1980–2004 of the Kaya factors F, P,
g, e, f, and h ! ef (Eqs. 2 and 3). Fig. 2 Left and Right, respectively,
use the MER and PPP forms of GDP (GM and GP) to calculate
intensities. All quantities are normalized to 1 in the year 1990 to
show the relative contributions of changes in Kaya factors to
changes in emissions. Table 1 gives recent (2004) values without
normalization.

In Fig. 2 Left (MER-based), the Kaya identity is F ! PgMeMf !
PgMhM (with gM ! GM/P, eM ! E/GM, and hM ! F/GM). The
increase in the growth rate of F after 2000 is clear. Before 2000,
F increased as a result of increases in both P and gM at roughly
equal rates, offset by a decrease in eM, with f declining very
slowly. Therefore, hM ! eMf declined slightly more quickly than
eM. After 2000, the increases in P and gM continued at about their
pre-2000 rates, but eM and f (and therefore hM) ceased to
decrease, leading to a substantial increase in the growth rate of
F. In fact, both eM and f have increased since 2002. Similar trends
are evident in Fig. 2 Right (PPP-based), using the Kaya identity
F ! PgP ePf ! PgP hP, (with gP ! GP/P, eP ! E/GP, and hP ! F/GP).
The long-term (since 1980) rate of increase of gP and the rates

of decrease of eP and hP were all larger than for their counter-
parts gM, eM, and hM, associated with the higher global growth
rate of GP than of GM (SI Fig. 6). There was a change in the
trajectory of eP after 2000, similar to that for eM but superim-
posed on a larger long-term rate of decrease. Hence, Fig. 2 Left
and Right both identify the driver of the increase in the growth
rate of global emissions after 2000 as a combination of reduc-
tions or reversals in long-term decreasing trends in the global
carbon intensity of energy ( f ) and energy intensity of GDP (e).

Regional Emissions. The regional distribution of emissions (Fig. 3)
is similar to that of (commercial) primary energy consumption
(Ei) but very different from that of population (Pi), with Fi and
Ei weighted toward developed regions and Pi toward developing
regions. Drivers of regional emissions are shown in Fig. 4 by
plotting the normalized factors in the nine regional Kaya iden-
tities, using GDP (PPP). Equivalent plots with GDP (MER) are
nearly identical (SI Fig. 8).

In the developed regions (U.S., Europe, Japan, and D1), Fi
increased from 1980 to 2004 as a result of relatively rapid
growth in mean income (gi) and slow growth in population (Pi),
offset in most regions by decreases in the energy intensity of
GDP (ei). Declines in ei indicate a progressive decoupling in most
developed regions between energy use and GDP growth. The
carbon intensity of energy ( fi) remained nearly steady.

1980 1985 1990 1995 2000 2005

0.8

1.0

1.2

1.4
F
P
gM = GM/P

eM = E/GM

f = F/E
hM = F/GM

1980 1985 1990 1995 2000 2005

F
P
gP = GP/P

eP = E/GP

f = F/E
hP = F/GP

Fig. 2. Factors in the Kaya identity, F ! Pgef ! Pgh, as global averages. All quantities are normalized to 1 at 1990. Intensities are calculated by using GM (Left)
and GP (Right). In both Left and Right, the black line (F) is the product of the red (P), orange (g), green (e), and light blue ( f) lines (Eq. 2) or equivalently of the
red (P), orange (g), and dark blue (h) lines (Eq. 3). Because h ! ef, the dark blue line is the product of the green and light blue lines. Sources are as in Table 1.

Table 1. Values of extensive and intensive variables in 2004

Fi ,
MtC/y

Pi,
million Ei, EJ/y

GMi,
G$/y GPi, G$/y

gPi !
GPi/Pi,
k$/y

ePi !
Ei/GPi,
MJ/$

fi ! Fi/Ei,
gC/MJ

hPi !
Fi/GPi,
gC/$

Fi/Pi,
tC/y Ei/Pi, kW

U.S. 1,617 295 95.4 9,768 7,453 25.23 12.80 16.95 217.0 5.47 10.24
EU 1,119 437 70.8 10,479 7,623 17.45 9.29 15.81 146.8 2.56 5.14
Japan 344 128 21.4 4,036 2,412 18.85 8.89 16.05 142.7 2.69 5.31
D1 578 150 37.3 3,283 2,553 17.06 14.63 15.47 226.3 3.86 7.91
FSU 696 285 42.8 726 1,423 4.99 30.08 16.25 488.7 2.44 4.76
China 1,306 1,293 57.5 1,734 5,518 4.27 10.43 22.70 236.6 1.01 1.41
India 304 1,087 14.6 777 2,130 1.96 6.86 20.77 142.5 0.28 0.43
D2 1,375 2,020 80.9 4,280 7,044 3.49 11.49 16.99 195.2 0.68 1.27
D3 37 656 2.2 255 609 0.93 3.66 16.78 61.4 0.06 0.11
World 7,376 6,351 423.1 35,338 36,765 5.79 11.51 17.43 200.6 1.16 2.11

All dollar amounts ($) are in constant-price (2000) U.S. dollars. Data sources: EIA (Fi , Ei), UNSD (Pi, GMi), and WEO (GPi).
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respectively. Combining e and f into the carbon intensity of GDP
(h ! F/G ! ef ), the Kaya identity can also be written as

F ! P!G
P"!F

G" ! Pgh. [3]

Defining the proportional growth rate of a quantity X(t) as
r(X) ! X"1dX/dt (with units [time]"1), the counterpart of the
Kaya identity for proportional growth rates is

r#F$ ! r#P$ " r# g$ " r#e$ " r# f $ [4]

! r#P$ " r# g$ " r#h$,

which is an exact, not linearized, result.
The world can be disaggregated into regions (distinguished by a

subscript i) with emission Fi, population Pi, GDP Gi, energy
consumption Ei, and regional intensities gi ! Gi/Pi, ei ! Ei/Gi, fi !
Fi/Ei, and hi ! Fi/Gi ! e i fi. Writing a Kaya identity for each region,
the global emission F can be expressed by summation over regions
as:

F ! #
i

Fi ! #
i

Pi gi ei fi ! #
i

Pi gi hi, [5]

and regional contributions to the proportional growth rate in
global emissions, r(F), are

r#F$ ! #
i

!Fi

F"r#Fi$. [6]

This analysis uses nine noncontiguous regions that span the
globe and cluster nations by their emissions and economic
profiles. The regions comprise four individual nations (U.S.,
China, Japan, and India, identified separately because of their
significance as emitters); the European Union (EU); the nations
of the Former Soviet Union (FSU); and three regions spanning
the rest of the world, consisting respectively of developed (D1),
developing (D2), and least-developed (D3) countries, excluding
countries in other regions.

GDP is defined and measured by using either market exchange
rates (MER) or purchasing power parity (PPP), respectively de-
noted as GM and GP. The PPP definition gives more weight to
developing economies. Consequently, wealth disparities are greater
when measured by GM than GP, and the growth rate of GP is greater
than that of GM [supporting information (SI) Fig. 6].

Our measure of Ei is ‘‘commercial’’ primary energy, including
(i) fossil fuels, (ii) nuclear, and (iii) renewables (hydro, solar,
wind, geothermal, and biomass) when used to generate electric-
ity. Total primary energy additionally includes (iv) other energy
from renewables, mainly as heat from biomass. Contribution iv
can be large in developing regions, but it is not included in Ei
except in the U.S., where it makes a small (%4%) contribution
(SI Text, Primary Energy).

Results
Global Emissions. A sharp acceleration in global emissions oc-
curred in the early 2000s (Fig. 1 Lower). This trend is evident in
two data sets (Materials and Methods): from U.S. Department of
Energy Energy Information Administration (EIA) data, the
proportional growth rate in global emissions [r(F) ! (1/F)dF/dt]
was 1.1% y"1 for the period 1990–1999 inclusive, whereas for
2000–2004, the same growth rate was 3.2%. From U.S. Depart-
ment of Energy Carbon Dioxide Information and Analysis
Center (CDIAC) data, growth rates were 1.0% y"1 through the
1990s and 3.3% y"1 for 2000–2005. The small difference arises
mainly from differences in estimated emissions from China for
1996–2002 (Materials and Methods).

Fig. 1 compares observed global emissions (including all terms
in Eq. 1) with six Intergovernmental Panel on Climate Change
(IPCC) emissions scenarios (8) and also with stabilization tra-
jectories describing emissions pathways for stabilization of at-
mospheric CO2 at 450 and 650 ppm (10–12). Observed emissions
were at the upper edge of the envelope of IPCC emissions
scenarios. The actual emissions trajectory since 2000 was close
to the highest-emission scenario in the envelope, A1FI. More
importantly, the emissions growth rate since 2000 exceeded that
for the A1FI scenario. Emissions since 2000 were also far above
the mean stabilization trajectories for both 450 and 650 ppm.

A breakdown of emissions among sources shows that solid,
liquid, and gas fuels contributed (for 2000–2004) &35%, 36%,
and 20%, respectively, to global emissions (Eq. 1). However, this
distribution varied strongly among regions: solid (mainly coal)
fuels made up a larger and more rapidly growing share of
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Fig. 1. Observed global CO2 emissions including all terms in Eq. 1, from both
the EIA (1980–2004) and global CDIAC (1751–2005) data, compared with
emissions scenarios (8) and stabilization trajectories (10–12). EIA emissions
data are normalized to same mean as CDIAC data for 1990–1999, to account
for omission of FCement in EIA data (see Materials and Methods). The 2004 and
2005 points in the CDIAC data set are provisional. The six IPCC scenarios (8) are
spline fits to projections (initialized with observations for 1990) of possible
future emissions for four scenario families, A1, A2, B1, and B2, which empha-
size globalized vs. regionalized development on the A,B axis and economic
growth vs. environmental stewardship on the 1,2 axis. Three variants of the A1
(globalized, economically oriented) scenario lead to different emissions tra-
jectories: A1FI (intensive dependence on fossil fuels), A1T (alternative tech-
nologies largely replace fossil fuels), and A1B (balanced energy supply be-
tween fossil fuels and alternatives). The stabilization trajectories are spline fits
approximating the average from two models (11, 12), which give similar
results. They include uncertainty because the emissions pathway to a given
stabilization target is not unique.
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Atmosphere

sinks estimate a proportional trend in the AF during the 21st
century of 0.41 ! 0.23% y"1 (mean ! standard deviation across
11 models) under a Special Report on Emission Scenarios
(SRES) A2 scenario (13). However, over the 1959–2006 time
period, 9 of the 11 models estimate a decrease in AF, and the
mean proportional trend is "0.27 ! 0.36% y"1 (11 models).
These results suggest that the observed carbon-cycle feedbacks
occur faster than expected by our current understanding of the
processes driving the sinks.

The increase in the AF implies that carbon emissions have
grown faster than CO2 sinks on the land and oceans. Because the
land and oceans are both mosaics of regions that are gaining and
regions that are losing carbon, this trend could result from any
or all of three scenarios: sink regions could have weakened,
either absolutely or relative to growing emissions; source regions
could have intensified; or sink regions could have transitioned to
sources.

Whereas both land and ocean sinks continue to accumulate
carbon on average at #5.0 ! 0.6 PgC y"1 since 2000, large
regional sinks have been weakening. In the Southern Ocean, the
poleward displacement and intensification of westerly winds
caused by human activities has enhanced the ventilation of
carbon-rich waters normally isolated from the atmosphere at
least since 1980, and contributed nearly half of the decrease in
the ocean CO2 uptake fraction estimated by the model (Fig. 2C;
ref. 11). On land, a number of major droughts in midlatitude
regions in 2002–2005 have contributed to the weakening of the
growth rate of terrestrial carbon sinks in these regions (14–17).

Attribution of Factors Driving the Atmospheric CO2 Growth Rate. The
growth rate of atmospheric CO2 depends on three classes of
factors: global economic activity (generated from the use of
fossil fuels and land-use change), the carbon intensity of the
economy, and the functioning of unmanaged carbon sources and
sinks on land and in oceans. Since 2000, a growing global
economy, an increase in the carbon emissions required to
produce each unit of economic activity, and a decreasing effi-
ciency of carbon sinks on land and in oceans have combined to
produce the most rapid 7-year increase in atmospheric CO2 since
the beginning of continuous atmospheric monitoring in 1959.
This is also the most rapid increase since the beginning of the
industrial revolution (18).

We estimate that 35 ! 16% of the increase in atmospheric CO2
growth rate between 1970–1999 and 2000–2006 was caused by
the decrease in the efficiency of the land and ocean sinks in
removing anthropogenic CO2 (18 ! 15%) and by the increase in
carbon intensity of the global economy (17 ! 6%). The remain-
ing 65 ! 16% was due to the increase in the global economy (see
Methods).

Many of the existing scenarios for the 21st century assume
continued economic growth (9), although none assume the
long-term maintenance of the growth rates that have character-
ized China and India over the last decade. The overwhelming
majority of the existing scenarios project sustained decreases in
the carbon intensity of the global energy system. The recent

A

B

Fig. 1. Fossil-fuel intensity of the GWP from 1970 to 2006 (A) and the CO2

budget from 1959 to 2006 (B). Fossil-fuel intensity uses GWP data based on
market exchange rates, expressed in U.S. dollars (referenced to 1990, with
inflation removed). (B Upper) CO2 emissions to the atmosphere (sources) as
the sum of fossil fuel combustion, land-use change, and other emissions,
which are primarily from cement production. (Lower) The fate of the emitted
CO2, including the increase in atmospheric CO2 plus the sinks of CO2 on land
and in the ocean. Flux is in Pg y"1 carbon (left axis) and Pg y"1 CO2 (right axis).

A

B

C

Fig. 2. Fraction of the total emissions (FFoss $ FLUC) that remains in the
atmosphere (A), the land biosphere (B), and the ocean (C).
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