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The g ro w th  rate o f  a tm osp h eric  carbon d io x id e  (CO2 ), th e  largest 
hum an con trib utor to  hu m an -in du ced  c lim ate  ch a n g e , is increasing  
rapidly. T hree p ro cesses  con trib u te  to  th is  rapid in crease. T w o  o f  
th e se  p ro cesses  concern  em iss io n s . R ecent g ro w th  o f  th e  w orld  
e c o n o m y  com b in ed  w ith  an in crease in its carbon in te n sity  h a v e  led  
to  rapid g ro w th  in fo ss il fu e l CO2  em iss io n s  sin ce  2000: com paring  
th e  1990s w ith  2 0 0 0 -2 0 0 6 , th e  em iss io n s  g r o w th  rate increased  
from  1.3%  to  3.3%  y - 1 . The third process is in d icated  b y  increasing  
e v id e n c e  (P =  0 .89) for a lon g-term  (50-year) in crease in th e  
a irborne fraction  (AF) o f  CO2  em iss io n s , im plying a d eclin e  in th e  
e ffic ien cy  o f  CO2  sinks o n  land and  o c e a n s  in ab sorb in g  a n th ro­
p o g en ic  em iss io n s . Since 200 0 , th e  con trib u tion s o f  th e s e  th ree  
factors to  th e  in crease in th e  a tm osp h eric  CO2  g r o w th  rate h av e  
b een  = 6 5  ±  16% from  increasing g lo b a l eco n o m ic  activ ity , 17 ± 6 %  
from  th e  increasing carbon in te n s ity  o f  th e  g lo b a l e co n o m y , and  
18 ±  15% from  th e  in crease  in AF. An increasing AF is co n sis te n t  
w ith  resu lts o f  c lim a te -ca rb o n  cycle m o d e ls , b u t th e  m a g n itu d e  o f  
th e  o b ser v ed  sign al a p p ears larger than  th a t  e s tim a te d  by m od e ls. 
All o f  th e se  c h a n g e s  ch aracterize a carbon cycle th a t  is g en era tin g  
stro n g er -th a n -ex p ec ted  and  so o n er -th a n -ex p ec ted  clim ate forcing.

a irb o rn e  frac tion  | a n th ro p o g e n ic  carbon  em issions | c a rb o n -c lim a te  
feed b ack  | te rre s tria l an d  ocean  carbon  em issions | vu lnerab ilities  o f th e  
carbon  cycle

The ra te  o f change of atm ospheric C 0 2 reflec ts the balance 
betw een an thropogenic carbon em issions and  the dynamics 

of a num ber o f te rrestria l and ocean processes th a t rem ove or 
em it C O 2 (1, 2). T he long-term  evolution of this balance will 
determ ine to  a large extent the speed  and m agnitude o f hum an- 
induced clim ate change and the m itigation requirem ents to 
stabilize atm ospheric C 0 2 concentrations at any given level.

In  recen t years, com ponents o f the global carbon balance have 
changed substantially  w ith m ajor increases in an thropogenic 
emissions (3) and changes in land and ocean sink fluxes due to 
clim ate variability and change (4).

In  this article, we rep o rt a num ber o f changes in the global 
carbon cycle, particularly  since 2000, w ith m ajor im plications for 
cu rren t and fu ture  grow th of atm ospheric C 0 2. T o quantify  the 
im portance o f these changes, we upda te  and  analyze datasets on 
C 0 2 emissions from  fossil fuel com bustion and cem ent p roduc­
tion (F-poss), C 0 2 emissions from  land  use change ( F l u c ) ,  the 
carbon in tensity  o f global econom ic activity, and  estim ated 
trends in the C 0 2 balance o f the oceans and  o f ecosystem s on 
land.

W e also quantify  the relative im portance of key processes 
responsible for the observed  acceleration  in atm ospheric C 0 2 
concentrations. T his a ttribu tion  provides insights in to  key lever­
age points for m anagem ent o f the carbon cycle and  also indicates

the p resen t significance of carbon -c lim ate  feedbacks associated 
w ith the long-term  dynamics o f n a tu ra l C 0 2 sinks and sources.

Results and  Discussion
Growth in Atm ospheric C 02. G lobal average atm ospheric C 0 2 rose 
from  280 ppm  a t the s ta rt o f the industria l revolution (= 1,750) 
to  381 ppm  in 2006. T he p resen t concen tra tion  is the highest 
during the last 650,000 years (5, 6) and  probably during the last 
20 m illion years (7). T he grow th ra te  o f global average a tm o­
spheric C 0 2 for 2000-2006 was 1.93 ppm  y_1 [or 4.1 petagram s 
o f carbon (PgC) y -1 , T able 1]. This ra te  is the highest since the 
beginning of continuous m onitoring  in 1959 and is a significant 
increase over grow th rates in earlie r decades: the average grow th 
rates for the 1980s and the 1990s w ere 1.58 and 1.49 ppm  y -1 , 
respectively (Fig. 1).

CO2 Emissions. From  1850 to  2006, fossil fuel and cem ent em is­
sions released  a cum ulative to ta l o f =330  PgC to the atm osphere 
( 1 PgC =  1 petag ram  o r IO9 m etric tons o f carbon ). A n  additional 
158 PgC cam e from  land-use-change em issions, largely defores­
ta tion  and w ood harvest (see M ethods for da ta  sources and 
uncertain ties).

Fossil fuel and cem ent emissions ( F FoSs) increased from  7.0 
PgC y-1 in 2000 to  8.4 PgC y_1 in 2006, 35%  above emissions in 
1990. T he average F Poss for 2000-2006 was 7.6 ±  0.4 PgC y_1 
(Table 1). T he average p ropo rtiona l grow th rate  o f F Possk 
increased from  1.3% y_1 for 1990-1999 to  3.3%  y_1 for 2000 - 
2006 (Fig. IB ).

M odel-based estim ates o f emissions from  land-use change 
( F l u c ) rem ained  approxim ately constan t from  1959 to  2006,
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Table 1. Summary o f m eans and proportional trends o f the global carbon budget for various time periods

P ro p o rtio n a l
M ea n  t r e n d ,  %  y ~ 1

G lobal c a rb o n  b u d g e t 1 9 5 9 -2 0 0 6 1 9 7 0 -1 9 9 9 1 9 9 0 -1 9 9 9 2 0 0 0 -2 0 0 6 1 9 5 9 -2 0 0 6

E conom y, kgC/U.S. d o lla rs
C arb o n  in te n s ity 0 .29* 0 .30 0 .26 0 .24 -1 .1 8 *

Sources, P g C y ~ 1
Fossil Fuel (/"Foss) 5.3 5.6 6.5 7.6 2.12
L and Use C h a n g e  (Fluc) 1.5 1.5 1.6 1.5 0.21
T o ta l (Fposs + Fluc) 6.7 7.0 8.0 9.1 1.71

Sinks, PgC y ~ 1
A tm o s p h e re 2.9 3.1 3.2 4.1 1.89
O cea n 1.9 2.0 2.2 2.2 1.25
Land 1.9 2.0 2.7 2.8 1.87

D is tr ib u tio n  o f a n n u a l em issions
A tm o sp h e re* 0.43 0 .4 4 0 .39 0.45 0 .25  ±  0.215
O cea n 0 .28 0 .28 0.27 0 .24 - 0 .4 2
Land 0 .29 0 .28 0 .34 0 .30 0 .06

*The p ro p o rtio n a l t re n d  fo r a q u a n tity  X (t)  is (X u'(c/X /dt), w h e re  an g le  b rackets  d e n o te  a n  a v e rag e  over th e  ind icated  period . 
tD a ta  availab le  from  1970 only.
*This is th e  a irb o rn e  fraction .
sThis va lue  (m ean  ±  s tan d a rd  dev ia tion ) o f th e  p ro p o rtio n a l tre n d  in AF w as d e te rm in e d  from  th e  no ise-reduced  (m onthly) series fo r 
AF (see M e th o ds  a n d  SI Text). All o th e r  p ro p o rtio n a l tre n d  e stim ates  w e re  derived  from  th e  a n n u a l series.

averaging 1.5 ±  0.5 P gC y-1 . These estim ates w ere based on rates 
o f change in areas o f land  cultivated, harvested , o r reforested  
(see M ethods). F rom  1959 to  1980, = 3 0 %  of em issions from  
land-use change orig inated  in the extratropics. This ex tratropical 
con tribu tion  decreased a fter 1980, reaching zero by 2000. The 
rem aining land-use emissions o rig inated  largely from  defores­
ta tion  in trop ical A m erica and A sia, w ith a sm aller contribu tion  
from  trop ical A frica. From  2000 to  2006, land-use emissions 
from  trop ical A sia rose significantly to  0.6 PgC y-1 , w hereas 
emissions from  the A m erican  tropics decreased  from  > 0 .9  PgC 
y_1 in 1990 to  0.6 PgC y_1 in 2006. T he emissions from  these two 
regions are now sim ilar in m agnitude for the first tim e since the 
1950s. Em issions from  trop ical A frica have rem ained  constan t at 
= 0 .2  PgC y_1 for the last 25 years.

F rom  2000 to  2006, the average to ta l anthropogenic  C 0 2 
em ission (FPoss +  F l u c )  was 9.1 P gC y-1 , rising from  8.4 PgC y_1 
in 2000 to  9.9 PgC y_1 in 2006, w ith an annual ra te  o f increase 
of 2.9% y_1 com pared  w ith an average ra te  o f increase o f 0.7% 
y_1 for the period  o f the 1990s (Table 1).

Carbon Intensity o f th e  Global Economy. T he carbon intensity  o f 
gross w orld p roduc t (G W P), defined as the ra tio  F fOSs/G W P, 
provides a m easure o f the C 0 2 emissions requ ired  to  produce a 
u n it o f econom ic activity a t a global scale. In  the 3 decades before 
2000, the carbon intensity  of G W P1 declined from  0.35 kilogram s 
o f carbon (kgC )/dollar in 1970 to 0.24 kgC /dollar in 2000. This 
trend  represen ts a decrease (im provem ent) o f = 1 .3%  p e r year. 
Since 2000, how ever, the carbon in tensity  o f G W P stopped  
decreasing and has increased (deterio ra ted ) a t = 0 .3%  p e r year 
(Fig. L4 and  Table 1) (3).

C ontinuous im provem ents in the carbon intensity  o f the w orld 
econom y are postu la ted  in practically  all scenarios for fu ture 
emissions (8). The effect o f these p ro jec ted  im provem ents is to 
hold  the ra te  o f global emissions grow th below the rate o f global 
econom ic grow th. The recen t com bination o f rapidly increasing 
emissions and  deterio ra ting  carbon intensity  o f G W P amplifies 
the challenge of stabilizing atm ospheric C 0 2 (9).

'The 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. 1 A, 
are evident using either the MER or purchasing power parity definition for GWP.

Natural Sinks and C 02 Airborne Fraction (AF). The annual increm ent 
in atm ospheric C 0 2 is substantially  sm aller than  the increm ent 
in an thropogenic em issions, because n a tu ra l sinks on land  and in 
the ocean rem ove p a rt o f the anthropogenic C 0 2. T he relative 
efficiency o f these sinks can be m easured  by the annual A F , the 
ratio  o f the atm ospheric C 0 2 increase in a given year to th a t 
year’s to ta l emissions (FPoss +  F l u c ) -  A F is a function  o f the 
biological and physical processes governing land-a tm osphere  
and o cean -atm osphere  C 0 2 exchanges, as well as the tra jectory  
o f anthropogenic  C 0 2 em issions. T he A F  has a large in terannual 
variability and  has ranged  from  0.0 to  0.8 since 1959 (Fig. 2A ). 
This variability is m ainly due to  the responses o f n a tu ra l sinks, 
particularly  land  sinks (Fig. IF ) , to  in terannual clim ate variab il­
ity (e.g., from  E l N iño /S outhern  O scillation) and volcanic e ru p ­
tions (10). O f the average 9.1 PgC y-1 o f to ta l anthropogenic 
em issions (Fposs +  F l u c )  from  2000 to  2006, the A F  was 0.45; 
alm ost ha lf o f the anthropogenic  emissions rem ained  in the 
a tm osphere , and the rest w ere absorbed by land  and ocean sinks. 
To partition  the fluxes betw een these two sinks, we estim ated  the 
annual ocean up take  for 1959-2006 w ith an ocean general- 
circulation m odel coupled  to  a biogeochem ical m odel, forced by 
observed clim ate and C 0 2 concen tra tion  (11). T he m odel r e ­
produces the observed  m ean  sink o f 2.2 ±  0.4 PgC y-1 for the 
1990s (12). W e calculated  n e t land exchange (excluding em is­
sions from  land-use change) as the residual. O n the basis o f this 
partition ing , the ocean sink accounted  for 0.24 of to ta l an th ro ­
pogenic emissions from  2000 to 2006, and the land  sinks ac­
coun ted  for the rem aining 0.30.

C hanges in the long-term  efficiency o f the n a tu ra l sinks in 
rem oving atm ospheric C 0 2, as m easured  by the ra tio  o f sinks to  
em issions, are indicated  by the p ropo rtiona l trend  in the A F 
[(l/A F)dA F/dfj. O ver the p e riod  1959-2006, this was +0.25 ±  
0.21% y-1 (m ean ±  standard  deviation of estim ate), w ith 
significance P  = 0.89 for a trend  > 0  [Table 1 and Fig. 2A ;  see 
M ethods and  supporting  inform ation  (SI) Text for com puta tional 
and  statistical details]. A lthough  the significance of this trend  is 
low er than  the conventional criterion  o f P  = 0.95, the observed 
A F  trend  is sufficiently significant to  justify reflecting  it in the 
a ttribu tion  o f recen t changes in the grow th ra te  o f a tm o­
spheric co2.

C lim ate m odels th a t include a rep resen ta tion  o f carbon cycle
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Fig. 1. Fossil-fuel in tensity  o f th e  GWP from  1970 to  2006 (A ) an d  th e  CO2 

b u d g e t from  1959 to  2006 (ß). Fossil-fuel in tensity  uses GWP d a ta  b ased  on  
m ark e t exchange  ra tes, expressed  in U.S. dollars (re feren ced  to  1990, w ith  
in flation  rem oved). (B U pper) CO2 em issions to  th e  a tm o sp h ere  (sources) as 
th e  sum o f fossil fue l com bustion , land-use ch an g e , an d  o th e r  em issions, 
w hich a re  prim arily from  cem en t p ro d u c tio n . (Low er) The fa te  o f th e  e m itte d  
CO2 , including th e  increase in a tm ospheric  CO2 plus th e  sinks o f CO2 on  land 
an d  in th e  o cean . Flux is in P g y ~ ' carbon  (left axis) a n d  P g y ~ ' CO2 (righ t axis).

sinks estim ate a p ropo rtional tren d  in the A F  during the 21st 
cen tu ry  o f 0.41 ±  0.23%  y-1 (m ean ±  stan d ard  deviation across 
11 m odels) u n d e r a Special R ep o rt on Em ission Scenarios 
(SR E S) A 2 scenario  (13). H ow ever, over the 1959-2006 tim e 
period , 9 o f the 11 m odels estim ate a decrease in A F, and  the 
m ean p ropo rtional tren d  is —0.27 ±  0.36%  y_1 (11 m odels). 
These results suggest th a t the observed  carbon-cycle feedbacks 
occur faster than  expected  by our cu rren t understand ing  o f the 
processes driving the sinks.

T he increase in the A F  im plies th a t carbon emissions have 
grown faster than  CCE sinks on the land  and  oceans. Because the 
land  and oceans are both  m osaics o f regions th a t are gaining and 
regions th a t are losing carbon, this trend  could result from  any 
or all o f th ree scenarios: sink regions could have w eakened, 
e ither absolutely o r relative to  grow ing em issions; source regions 
could have intensified; o r sink regions could  have transitioned  to 
sources.

W hereas both  land  and ocean sinks continue to  accum ulate 
carbon on average a t = 5 .0  ±  0.6 PgC y_1 since 2000, large 
regional sinks have been  w eakening. In the S outhern  O cean, the 
polew ard displacem ent and  intensification o f w esterly w inds 
caused by hum an activities has enhanced  the ventilation  of 
carbon-rich w aters norm ally iso lated  from  the atm osphere at 
least since 1980, and  con tribu ted  nearly  half o f the decrease in 
the ocean C O 2 up take  fraction  estim ated  by the m odel (Fig. 2C; 
ref. 11). O n land, a num ber o f m ajor droughts in m idlatitude 
regions in 2002-2005 have con tribu ted  to  the w eakening of the 
grow th ra te  o f te rrestria l carbon sinks in these regions (14-17).
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Fig. 2. Fraction o f  th e  to ta l  em issions (Ffoss +  fi_uc) th a t  rem ains in th e  
a tm o sp h ere  (A), th e  land b io sp h ere  (B), an d  th e  o cean  (C).

Attribution of Factors Driving th e  Atm ospheric C 02 Growth Rate. The
grow th ra te  o f atm ospheric C O 2 depends on th ree classes o f 
factors: global econom ic activity (generated  from  the use of 
fossil fuels and land-use change), the carbon in tensity  o f the 
econom y, and the functioning o f unm anaged  carbon sources and 
sinks on land  and in oceans. Since 2000, a grow ing global 
econom y, an increase in the carbon emissions requ ired  to 
produce each u n it o f econom ic activity, and  a decreasing effi­
ciency o f carbon sinks on land  and in oceans have com bined to  
produce the m ost rap id  7-year increase in atm ospheric C 0 2 since 
the beginning o f continuous atm ospheric m onito ring  in 1959. 
This is also the m ost rap id  increase since the beginning o f the 
industrial revolution (18).

W e estim ate th a t 35 ±  16% o f the increase in atm ospheric C O 2 

grow th rate  betw een 1970-1999 and 2000-2006 was caused by 
the decrease in the efficiency of the land  and  ocean sinks in 
rem oving an thropogenic C O 2 (18 ±  15%) and  by the increase in 
carbon intensity  o f the global econom y (17 ±  6% ). T he rem ain ­
ing 65 ±  16% was due to  the increase in the global econom y (see 
M ethods).

M any o f the existing scenarios fo r the 21st cen tu ry  assume 
con tinued  econom ic grow th (9), although none assum e the 
long-term  m aintenance o f the grow th rates th a t have charac te r­
ized C hina and India over the last decade. The overw helm ing 
m ajority  o f the existing scenarios p ro jec t sustained  decreases in 
the carbon intensity  o f the global energy system. T he recen t
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acceleration  o f em issions is a consequence o f m any factors, 
including an overall surge in energy dem and and  production  of 
electricity from  coal, increased energy p e r  capita, and po p u la­
tion grow th (3, 19).

T he rap id  grow th in the atm ospheric C O 2 grow th ra te  since 
2000 is caused by increasing C O 2 emissions (associated in tu rn  
w ith accelerating  global econom ic grow th and  an increasing 
carbon in tensity  o f the global econom y) and also an increase in 
the A F  of C O 2  em issions. T ogether, these effects characterize a 
carbon cycle th a t is generating  stronger-than-expected  clim ate 
forcing sooner than  expected.

M ethods
Original data to com plete the global carbon budget are generated 
by multiple agencies and research groups around the world and are 
c o lla te d  annua lly  by th e  G lo b a l C arbon  P ro je c t (www. 
globalcarbonproject.org). D ata  are available for the period of 1850— 
2006 and can be downloaded from www.globalcarbonproject.org/ 
carbontrends.

A tm ospheric C 02 Concentration. W e use m onthly and annual-m ean 
atm ospheric C O 2  concen tra tion  analyzed and com piled by the 
N ational O ceanic and A tm ospheric A dm inistra tion  (N O A A ) 
E arth  System R esearch  L abo ra to ry  in C olorado (www.esrl. 
noaa.gov/gm d/ccgg/trends) and published by the C arbon D iox­
ide In fo rm ation  Analysis C en te r (C D IA C ) along o th e r historical 
da ta  based on ice core analyses (http://cdiac.ornl.gov/trends/co2/ 
con ten ts.h tm ). F rom  1959 to  1980, da ta  cam e from  the M auna 
L oa observatory  (Hawaii, U .S.) and  since 1980 rep resen t a 
globally averaged C 0 2 concen tra tion  using w eighted observa­
tions from  m any laboratories.

Carbon Emissions from Fossil Fuel. C arbon em issions from  fossil 
fuel com bustion  w ere based on country-level energy data , plus 
estim ates on the global consum ption  o f coal, oil, and n a tu ra l gas, 
by using standard  conversions to  C O 2 em ission (20, 21). E m is­
sions from  the calcining o f lim estone to  produce cem ent add 
= 3 .8%  to global C O 2  em issions. F rom  1950 to 2004, we used  the 
energy statistics published by the U n ited  N ations (U .N .) D e ­
p a rtm en t for E conom ic and Social In fo rm ation  and Policy 
A nalysis (22). E nergy statistics are com piled  from  annual ques­
tionnaires d istribu ted  by the U .N . S tatistical Office and  supple­
m en ted  by official na tional statistical publications. F o r the years 
2005 and 2006, da ta  from  the B ritish P etro leum  Statistical Review  
o f  World Energy (23) w ere used. Statistics on cem ent p roduction  
are com piled by the U.S. D ep artm en t o f In te rio r’s G eological 
Survey. C arbon dioxide emissions from  fossil fuels and cem ent 
since 1751 are archived and distribu ted  by the C D IA C  (24).

Carbon Emissions from Land-Use Change. Em issions due to land  use 
change (e.g., harvesting of fo rest products and  clearing for 
agriculture ) include the ne t flux o f carbon betw een the terrestria l 
b iosphere and  the atm osphere resulting from  deliberate changes 
in land  cover and  land  use (25, 26). G lobal net-carbon  fluxes 
from  changes in land  use w ere estim ated  w ith a bookkeeping 
m odel to  track  the carbon in living vegeta tion , dead  p lan t 
m aterial, w ood products, and  soils for each hecta re  o f land 
cultivated, harvested , o r reforested . W e used  the carbon em is­
sions for the period  o f 1959-2000 (25), calculated  the emissions 
for the period  2000-2005, and  revised the estim ates for the 1990s 
(which changed from  2.1 PgC y-1 to  1.6 PgC y- 1 ) by using the 
up d a ted  and revised da ta  on land-use change from  the U .N . 
F ood  and A griculture O rganization  G lobal F orest R esource 
A ssessm ent (26). D ata  for 2006 are no t available, bu t it has been 
assum ed to  be the sam e as in the period  1990-2005. H istorical 
da ta  from  1850 are archived and  d istribu ted  by the C D IA C  (27).

Carbon Intensity o f th e  Global Economy. The carbon in tensity  o f the 
global econom y is calculated  as Fposs/GWP. This m easure is the 
p roduc t o f the energy consum ed p e r dollar o f econom ic activity 
(the energy intensity  o f the econom y) and the carbon em itted  p e r 
u n it o f energy (the carbon intensity  o f the energy). The G W P is 
the to ta l gross na tional p roduc t o f all o f the countries in the 
w orld, i.e., the to ta l w orld gross dom estic p roduct. T he data  are 
collected and analyzed by the U n ited  N ations Statistics D ivision. 
The data  are based on m arket exchange rates expressed in U.S. 
dollars and referenced  to  1990, w ith in fla tion  rem oved.

Trend in AF. W e used  th ree tim e series to  determ ine the tren d  in 
the A F , A F  =  (dCa/dt)/(FPoss +  F l u c ) ,  w here d C Jd t  is the 
grow th ra te  o f atm ospheric C O 2 (C0, PgC y _1). T he first “ an ­
nual” A F  series used  the annual m ean  da ta  as described above. 
The second  “m onthly” series was constructed  from  m onthly 
atm ospheric C O 2 da ta , w ith rem oval from  d C Jd t o f the regularly 
repeating  annual cycle in global C 0 2 caused mainly by the spring 
vegeta tion  flush in the N orthern  H em isphere. T he th ird  “noise- 
reduced” series was ano ther m onthly series in w hich a filtering 
m ethod  was used  to  reduce noise by rem oving the com ponen t o f 
d C Jd t co rre la ted  w ith E l N iño events and  volcanic activity. 
M ethodologies for constructing  the second  and  th ird  series are 
given in S I Text.

T he trend  in A F  was estim ated  by fitting a first-o rder au to re ­
gressive (1) m odel to  the m onthly A F data  as in ref. 12. The 
statistical significance of the trend  was estim ated  from  a 1,000- 
m em ber M onte C arlo ensem ble sim ulation, which had  sim ilar 
noise p roperties as the A F  data . Finally, the standard  deviation 
o f the trends from  the 1,000-m em ber sim ulation was calculated  
to  provide the uncerta in ty  in the result.

T he th ree tim e series y ielded nearly  identical p ropo rtional 
trends in A F , w ith values o f 0.24 ±  0.33% y-1 (P = 0.76) for the 
annual se r ie s ,0.24 ±  0.34% y-1 (P = 0.79) fo r th e  m onthly series, 
and 0.25 ±  0.21%  y-1 (P = 0.89) for the noise-reduced  series. 
The significance o f the results increases betw een the annual and 
the m onthly series because o f the larger num ber o f independen t 
data , as w ell as betw een the m onthly and  noise-reduced  series 
because of the rem oval o f n a tu ra l variability, w hich does no t 
show any trends. W e used  the results w ith the highest signifi­
cance, those from  the noise-reduced  data.

Data Uncertainty. The uncerta in ty  in the sources and sinks o f C O 2 

w ere estim ated  as follows:

• A n  uncerta in ty  o f 5%  was assigned to em issions from  fossil 
fuel and cem ent, w hich takes in to  account erro rs in the 
reporting  o f energy statistics and in the conversion from  
energy consum ption to  C 0 2 emissions.

• A n  uncerta in ty  o f ±0.5 PgC y_1 was assigned to  land-use 
change. This uncerta in ty  is revised downwards from  previous 
assessm ents (28) because ou r land-use estim ates calculated 
w ith the revised F ood  and  A griculture O rganization  G lobal 
F orest A ssessm ent (26) are now consisten t w ith th ree inde­
p en d en t estim ates based  of satellite da ta  and  terrestria l m od­
els (29-31). Em issions from  land-use change rem ain  as the 
m ost uncerta in  of all quantities requ ired  to  close the global 
carbon budget.

• A n  uncerta in ty  of ±0.04 PgC y_1 was estim ated  for the C 
accum ulation  in the atm osphere on the basis o f the standard  
deviation o f the observations. This uncerta in ty  is low because 
o f the high quality  o f atm ospheric C 0 2 m easurem ents and 
because o f the fast-m ixing tim e scale o f the atm osphere , which 
allows for an estim ation o f a global m ean  value w ith relatively 
few sites.

• A n  uncerta in ty  o f ±0 .4  PgC y_1 was assigned to  the ocean C 0 2 
sink on the basis o f the convergence of the estim ates for the

4 of 5 j www.pnas.org/cgi/doi/10.1073/pnas.0702737104 Canadell e ta / .

http://www.globalcarbonproject.org/
http://www.esrl
http://cdiac.ornl.gov/trends/co2/
http://www.pnas.org/cgi/doi/10.1073/pnas.0702737104


1990s by bo th  the m odel used  here  and estim ates based on 
oceanic and atm ospheric observations (32-34), as in ref. 12.

• A n uncerta in ty  o f ± 0 .7  PgC y-1 was assigned to  the land sink 
from  a quadratic sum of the uncerta in ty  in the o th er com po­
nents o f the C O 2 budget. N ote  th a t the uncerta in ty  o f the land 
plus ocean sinks (± 0 .6  PgC y-1 ) is sm aller than  th e ir com bined 
uncertain ties because it is based on the quadratic sum of the 
uncertain ties in the em issions and atm ospheric C O 2  grow th 
rate.

• The uncertainty in A F is 9%, which is based on the quadratic sum 
of the uncertainties in dC Jd t and of the to ta l emissions. The 
trend in annual A F of 0.25% y-1 exceeds the uncertainty in the 
annual A F after 36 years, for a to tal time series o f 48 years.

Attribution of Factors Driving th e  Atm ospheric C 02 Growth Rate. We
estim ated  the im pact o f the change in tra jec to ry  o f carbon 
intensity  betw een 1970-1999 and 2000-2006 by projecting  the 
trend  in carbon in tensity  during 1970-1999 (-0 .0 0 3 8  kgC/U.S. 
dollar p e r year) to the la te r period. T he p ro jec ted  carbon 
intensity  o f 0.229 kgC/U.S. dollar is low er than  the observed 
value of 0.242 in 2000-2006. The difference o f 0.0129 ±  0.0045 
kgC/U.S. dollar includes an uncerta in ty  o f ±  1 standard  deviation 
estim ated  from  fitting a first-o rder autoregressive ( 1 ) m odel and 
com puting a 1,000-m em ber sim ulation, as for the A F , bu t 
applied to  the departu re  of the 2000-2006 carbon intensity  from  
the ex trapo la ted  trend . T he P  value o f this tim e series exceeds 
0.99. T o calculate C O 2 em issions, we m ultiplied this p ro jec ted  
intensity  by the G W P for 2000-2006 of $31.4 trillion (including

an estim ated  uncerta in ty  on G W P of = 5 % ) to  ob tain  an excess 
em ission in 2000-2006 of 0.405 ±  0.143 PgC y~h Finally, we used 
the observed A F  o f 0.45 (including its 9% uncertain ty) to 
estim ate the excess atm ospheric C 0 2 grow th ra te  in 2000-2006 
o f 0.182 ±  0.066 PgC y _1. This contribu tion  corresponds to  17 ±  
6% o f the observed  increase in the CCU grow th ra te  betw een 
1970-1999 and 2000-2006, which was 1.047 P g C y “ 1.

W e estim ated  the im pact o f the increase in A F  by m ultiplying 
the tren d  in A F  (0.25 ±  0.21%  v 1) by the tim e in terval betw een 
1970-1999 and 2000-2006 (18.5 years) and  then  by the to ta l 
an thropogenic emissions (F-poss +  F l u c ) during 2000-2006 (9.1 
PgC y_1). This p roduc t o f 0.19 ±  0.16 PgC y_1 is the excess CCF 
grow th rate  due to  the increase in A F. I t corresponds to  18 ±  
15% o f the increase in atm ospheric C O 2 grow th ra te  betw een the 
two tim e periods [(0.19 PgC y_1)/( 1.047 PgC y x)].

W e th a n k  P . F r ie d l in g s te in  fo r  d iscu ss io n s , th e  C 4 M IP  c o m m u n ity  fo r  
acce ss  to  th e ir  m o d e l re s u lts , H . K h e sh g i fo r  h e lp in g  to  re c o n c ile  th e  C  
e m iss io n s  f ro m  fossil fu e l c o m b u s t io n  fo r  th e  y e a r  2005 , a n d  C. E n r ig h t 
fo r  h e lp in g  w ith  o c e a n  m o d e l u p d a te s . W e  ack n o w le d g e  th e  s u p p o r t  o f 
th e  C o m m o n w e a lth  S c ien tific  a n d  In d u s tr ia l  R e s e a rc h  O rg a n is a tio n  a n d  
th e  A u s tra lia n  G re e n h o u s e  O ffice  to  th e  G lo b a l C a rb o n  P ro je c t  I n te r ­
n a tio n a l P ro je c t  O ffice  in  C a n b e r ra ,  A u s tra lia  (J .G .C . a n d  M .R .R .) ,  th e  
E u r o p e a n  U n io n - fu n d e d  C a rb o E u ro p e  in te g ra te d  p ro je c t  (P .C .) , G eo - 
la n d - in te g ra te d  G lo b a l M o n ito r in g  fo r  E n v iro n m e n t a n d  S e c u rity  (P .C .) , 
th e  E u r o p e a n  U n io n - fu n d e d  C a rb o O c e a n s  (E .T .B .) , a n d  th e  U .K . Q u e s t 
P ro je c t  (E .T .B .) . T h is  a r tic le  is th e  r e s u lt  o f  a  co lla b o ra tiv e  e f fo r t  
o rg a n iz e d  by  th e  G lo b a l C a rb o n  P ro je c t  o f  th e  E a r th  S ystem  S cience  
P a r tn e rs h ip  a n d  is a  c o n tr ib u tio n  to  th e  G lo b a l C a rb o n  P ro je c t  A n n u a l 
B u d g e t U p d a te  activ ity .
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