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A Large Terrestrial Carbon Sink 
in North America Implied by 

Atmospheric and Oceanic Carbon 
Dioxide Data and Models 

%. Fan, M. Gloor, 8 .  Mahlman, S. Pacala, 1. Sarmiento, 
T. Takahashi, P. Tans 

Atmospheric carbon dioxide increased at  a rate o f  2.8 petagrams of carbon per 
year (Pg C yearp1) during 1988 t o  1992 (1 Pg = 1015 grams). Given estimates 
o f  fossil carbon dioxide emissions, and net oceanic uptake, this implies a global 
terrestrial uptake o f  1.0 t o  2.2 Pg C year l. The spatial distribution o f  the  
terrestrial carbon dioxide uptake is estimated by  means o f  the  observed spatial 
patterns o f  the  greatly increased atmospheric carbon dioxide data set available 
f r om 1988 onward, together w i t h  t w o  atmospheric transport models, t w o  
estimates o f  the  sea-air flux, and an estimate o f  the  spatial distribution o f  fossil 
carbon dioxide emissions. Nor th  America is the best constrained continent, w i t h  
a mean uptake of 1.7 I 0.5 Pg C yearp1, most ly south o f  51 degrees north. 
Eurasia-North Africa is relatively weakly constrained, w i t h  a mean uptake of 
0.1 = 0.6 Pg C yearp1. The rest o f  the  world's land surface is poorly constrained, 
w i t h  a mean source o f  0.2 I 0.9 Pg C yearp1. 

A numbcr of  carboil cycle studies conducted 
in thc last dscadc haxe indicated that the 
oceans and t s ~ ~ c s t r i a l  ecobystelns in the 
Northcm Hcmispherc abborh atmobl)heric 
CO, at a rate of  about 3 Pg C yearp '  (1-3). 
.Atmospheric CO, collcclltratiolls in thc 
I \ol theri~ Hemisphere arc about 3 parts psr 
million ( p p n ~ .  inolc fraction in dry air)  greater 
than thosc in thc Souther11 Hemibphere. Fos- 
sil C 0 2  is releabed predominantly at northsm 
latitudes (Table I ) .  which bhould rcbult in a 
north-to-south dccreasc of  4 to 5 ppm in the 
coilcclltratioll of  atmobpheric CO1 (4). A 

S. Fan and J. Sarmiento, Atmospheric and Oceanic 
Sciences Program, Princeton University, Princeton, NJ  
08544,  USA. M.  Cloor and S. Pacala, Department o f  
Ecology and Evolutionary Biology, Princeton Univer- 
sity, Princeton, NJ 08542,  USA. J. Mahlman, Ceophysi- 
cal Fluid Dynamics Laboratory-National Oceanic and 
Atmospheric Administration (NOAA), Princeton Uni-  
versity, Post Office Box 308, Princeton, NJ  08542,  
USA. T. Takahashi, Lamont-Doherty Earth Observato- 

Northern Hemibphere sink is implied becaube 
the obserhed gradie~lt is smaller than thib. The 
original s t ~ ~ d i e s  (libagreed on xvhether the bi111< 
was ~~redorn ina~l t l>  oceanic ( I )  or terrebtrial 
(2) .  Recent btudies \vith atmospheric '3C:"C 
ratios (5) and oxygcn concentrations ( 6 )  con- 
cluded that thc sinl< is caubcd primarily by 
terrebtrial biobphere uptake. Other s t ~ ~ d i e s  
demonstrated iilcrcascd activity of sufilcicnt 
magnihldc by thc tcrrcbtrial biobphere in 
northcrn latitudeb: a longer groxving beahon 
o b ~ r \ . e d  ill batellite measurements of  burface 
color ( 7 )  and an increabe over tilnc of  thc 
ainplitudc of thc alnlual cyclc of  atmobpheric 
CO, co~lce~l t ra t io~ls  caubed by terrebtrial heg- 
etation (8). 

Thc partitioning of  thc Korthern Hemi- 
sphcrc terrestrial CO, sources and silllts be- 
t\+ccn Eurabia and I\orth .America may be 
estimated by using the \vest-to-eabt gradient 
of  atmobpheric CO, acrobs the continents. 
Tile \vest-cast siqnal is much smallcr and 

ry. Columbia University, p a l i s a d e s , . ~ ~  10964, USA. P. illore difficult to detect tllall the nort~l.sout~l 
Tans, Climate Modeling and Diagnostics Laboratory, 
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big~lal for t\vo reasons. First, the C 0 2  distri- 
bution is smootl~cd morc by thc rclativcly 
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rapid zonal atmobpheric tranbport than by the 
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princeton.edu - I year for intcrhcmisphcric cxchangc). Sec- 
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ond. atmosphcric sampling stations hahe tra- 
ditionally been located primarily offshore. 
an.ay from the largest terrestrial bignals to 
ahoid thc complexities associated with conti- 
nental atmospheric b o ~ m d a q  layerb, the diur- 
nal character of photobgnthesib. local fobbil 
fuel emisbions. and topography (Fig. I ) .  

To pro\.idc improvcd cstimatcs of nct an- 
nual tcrrcstrial sources and binlts. \ye ha\.c 
dcvclopcd an invcrsc modcl. Let O(x) be the 
annual-aherage spatial pattern of atmobpheric 
CO, caused by atnosphcric transport acting 
on thc sea-air C 0 2  flux, and F (x )  and R(x) bc 
the co~~csponding annual-ah crage bpatial pat- 
tclns associated with fossil file1 cmibbions 
and the seasonal rectification. rcspectivcly 
(\vhere x ib thc spatial coordinate hector). 
Seabonal rectification results from the c o l ~ c -  
lation bct~vecn the seasonality of hertical 
mixing in thc atmospherc and the seasonality 
of photosynthebib and rebpiration in the land 
biosphere, \+hich came5 gradients in the 
annual mean CO, concentration e\.en when 
the tcrrcbtrial biosphcrc ha5 no net annual 
e ln i~s ions  (9). Assuming a terrestrial bio- 
sphere n.ith no net cmissionb, the expected 
annual avcragc spatial pattern of atmo- 
spheric CO, is O(x)  + F(x)  + R(x). \Ye ube 
the difference bet\vecn thib expected spatial 
pattcrn and the observed annual avcragc 
concelltrations of atmospheric C 0 2  at sam- 
pling stations [S(x,j for a station located at 
x,] to estimate thc magnititdc and spatial 
distribution of tcrrcbtrial uptake. 

\Ye di\.idc the land burfacc into :\;rcgionb 
and let hr(x) be the global bpatial pattern of 
atmobpheric CO, caubed by atmospheric 

transport acting on a standard annual tents- 
trial uptake of 1 Pg C \vithin the i"' region. 
Then. the total spatial pattern caubed by non- 
zero tel~cstrial uptake is 

\vhcre a,  is the magnitude in Pg C > e a r '  of 
terrestrial uptake in the i'l' region. and is 
ebtimated b> linear rcgrebsion (10). 

\Yc used t\vo separate atmospheric trans- 
port models of thc Geophysical Fluid Dy- 
namicb Laboratory IGFDL) to calculate the 
expected bpatial pattern of atmobpheric 
CO,. r\ previous model comparison study 
sho\+cd significant diffcrcnces in predic- 
tions of the fobsil C 0 2  distribution and 
rectification effect ( 4 ) .  The use of tn.o dif- 
fercnt nlodcls giheb ub bonlc meaburc of the 
senbiti\.ity of the results to differenceb in 
the tranbport model. The Global Chemical 
Transport htlodcl (GCThl)  uses \vinds gcn- 
crated previously by an atmospheric gencr- 
a1 circulatio~l ~ n o d c l  (11 ,  12) .  In contrast, 
the SKYHI model (12, 13)  calculates tracer 
transport at the bame time it calculateb the 
\vinds and hubgrid-scale mixing. 

To calculatc the O(x) function. \vc used 
t\vo diffcrcnt csti~nates of thc global spa- 
tiotcmporal dibtribution of net bea-air CO, 
iluu. OBb1 is an annual mean sea-air ilux 
from a global ocean biogcocl~eruistry mod- 
el ( I  4).  T97 is a beabonall> rcsolh ed sea-air 
flux field bascd on cstimatcb from the marc 
than 2.1 lnillion mcasurcmcnts of the sea- 
air difference of CO, partial pressure 

Longitude 

Fig. 1. A map of the atmospheric CO, sampling network. Sites are shown as solid diamonds. (The 
Globalview labels for the Northern Hemisphere stations are given in the legend of  Fig. 3). The tal l  tower 
sites are shown as crosses. The thick horizontal lines divide the land surfaces into three regions where 
terrestrial carbon uptake has been estimated: Nor th America, Eurasia-North Africa, and Tropics and 
Southern Hemisphere. The dotted contour lines show the difference between predicted surface CO, 
concentrations (ppm) wi th  estimated terrestrial uptake and w i th  North American terrestrial uptake set 
t o  zero (model results are shown for GCTM wi th the T97 sea-air fluxes). 

(pCO,) gathered over thc labt thrcc decades 
and interpolated by using annual mean 
ocean c~ r ren tb  from OBM (1-5. 16  j. Pacific 
equatorial ( 10"N to 10's) observations 
made during El Kifio periods wcrc cxclud- 
ed fro111 the ebtimatc. The data arc normal- 
ized to 1990. The total sea-air CO, flux ib 
larger in OBM than T97 (Table 1).  A com- 
parison of modcl sin1~1lations \vith obscrva- 
tioils of 1 I 4 C  in the ocean favors the larger 
uptalte of OBb1 ( I  7) .  

Thc hvo atn~osphe~ic models and two pat- 
tclns of sea-air CO, flux gave us four possible 
combinations. To calculate in each case, \ve ran 
the atnlobpheric model n.ith the prescribed pat- 
t a n  of sea-air flux for five annual cycles until 
the annual avcragc spatial distribution of atmo- 
spheric CO, reached a steady btate. 

To calculate O(xj, \ve used data on nation- 
al fossil fuel conbulnption dibtributed \vith the 
bame spatial distribution as population denhi- 
ty (18). Ubing this pattern of releabe at the 
surface. n.c ran each atmosphcric model to its 
btcady state as above. 

Finally. to calculate R(x) and the l ~ ~ ( x ) .  a 

L 

2 1  - -- 

2  1 
A 

0 1 2 3  
Eurasia - North Africa (Pg C year-1) 

Fig. 2. Inversion uncertainties for  Nor th  Amer- 
ican terrestrial uptake versus Eurasia-North Af- 
rican terrestrial uptake. Ellipses of  1, 2, and 3 
SDs are shown. 

Table 1. Regional distribution of fossil CO, emis- 
sions and sea-air fluxes for 1990. T97 and OBM 
are two  different air-sea flux estimates (see text). 

Fossil emissions 
Region (Pg C y e a r  ') 

North America (>15"N) 1.6 
Eurasia and North Africa (>24"N) 3.6 
Tropics and Southern Hemisphere 0.7 

Total 5.9 

Ocean uptake 
(Pg C year-') 

T97 OBM 

North Atlantic (>15"N) 0.55 0.51 
North Pacific (> I  5'N) 0.29 0.70 
Tropics and Southern 0.27 1.04 

Hemisphere 
Total 1.11 2.25 
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model of the terrestrial biosphere is re- 
quired. We chose the Carnegie-Ames-Stan- 
ford Approach (CASA) model (19) ,  be- 
cause it predicts ecosystem fluxes of C 0 2  
with a relatively straightforward extrapola- 
tion of global satellite imagery (normalized 
difference vegetation index or NDVI mea- 
surements on a l o  grid). We calculated R(x) 
by running each atmospl~eric model with 
surface fluxes from a version of the CASA 
model (again until a steady state spatial 
pattern was achieved). To calculate b,(x), 
we ran the atmospheric model with no 
sources or sinks of CO, except net primary 
production (NPP) from the CASA model in 
only the it" region. This NPP was first 
rescaled until the allnual total was 1 Pg C. 
Thus, the spatiotemporal distributio~l of es- 
timated carbon sinks within each terrestrial 
region is assumed to be proportional to the 
distribution of NPP, but this assumption 
has little i~npact on the results (see below). 

The atnlospheric CO, data we used cover 
the 1988 to 1992 period at a subset of 63 
sampling stations (20) taken from the 
GLOBALVIEW database (21) compiled with 
methods as described by Masarie and Tans 
(22) (Fig. 1). Before 1988 there were fewer 
sanlpling stations: a separate study indicates 
that even with optimal placement, which the 
present data set does not have, a mi~limum of 
about 10 stations per region is necessary to 
obtain estimates with useful accuracy (23). 

We first defined three regions. North 
America north of 15"N, Eurasia-North Afri- 
ca north of 24"N. and all other land to the 
south (Fig. I). Subsequently, North Alnerica 
was separated into temperate and boreal 
zones at approxirnately the evergreen-broad- 
leaf ecotone (5l0N). Additional divisions 
lead to prohibitively large estimation errors. 

In particular, there are insufficient atmo- 
spheric stations i11 the Southern Hemisphere 
to separate Africa from Soutl~ America. 

Nol-th America is constrained by the at- 
mospheric observations on three sides of the 
continent (Fig. 1): a large North American 
terrestrial uptake is estimated in all four com- 
binations of atmospheric lnodels with sea-air 
CO, flux data (Table 2). Most of the North 
America11 terrestrial uptake (70 to 100%) is 
estimated to be in the broadleaf region south 
of 51"N. If the North American terrestrial 
uptake were zero (that is, all of the Northelm 
Hemisphere's net terrestrial uptake were i11 

Eurasia), the models would predict an aver- 
age increase of atmospheric CO, of more 
than 0.3 ppm from stations located between 
10°N and 60°N in the North Pacific to those 
in the North Atlantic. A North American 
terrestrial sink is implied by the data because 
the observed gradient shows a decrease fronl 
North Pacific to North Atlantic of about 0.3 
PPm. 

We estinlated standard deviatio~ls for the 
estilnates of tel-reshial uptake by propagating 
independent, identically distributed Gaussian 
station errors (Table 2). The ellipses in Fig. 2 
suggest that the total Northern Hemisphere sink 
is well constrained. and that the partitioning 
between North ,knerica and Emasia-North Af- 
lica is more weakly constrained. However, the 
terrestrial carbon sink in Nolth America is suf- 
ficiently large to be detected with the present 
observational and model constraints. 

None of these enor estimates include sys- 
tematic errors such as differences between 
GCTM and SKYHI and between T97 and 
OBM. We use the differences between esti- 
mates from the four nlodels (Table 2) as an 
admittedly limited assessment of the magni- 
tude of systematic errors. The range of esti- 

mates produced by the differences between 
the models is small for North American up- 
take and intel~nediate for Eurasian uptake. 
Estimates of Eurasia-North African tenestri- 
a1 uptake obtained with SKYHI are 0.7 to 0.9 
Pg C yearp' lower than those obtained with 
GCTM. SKYHI has a more rapid vertical 
nlixing than GCTM and predicts lower fossil 
CO, at stations in the mid-latitude Northern 
Hemisphere, which implies a lower terrestrial 
uptake in the region. 

The systematic errors are especially large 
for estimates of the terrestrial uptake i11 the 
tropics and Sout11e111 Hemisphere, as evi- 
denced by the large differences among the 
estimates shown in Table 2. The wide range 
of 2.0 Pg C yearp' i11 these estilnates is 
caused by a combination of factors. Differ- 
ences between OBM and T97 account for 1.3 
Pg C yearp' (Table 2). Differences between 
SKYHI and GCTM account for 0.7 Pg C 
yearp' .  

An alternative four-region inversion, with 
only one region in North America but two in 
Eurasia-North Africa, yields marginal evi- 
dence of a weak uptake i11 boreal Eurasia 
(0.6 2 0.4 Pg C yearp') with a nlore uncer- 
tain, but generally colnpensating source in 
temperate Eurasia (-0.5 5 0.7 Pg C yearp'). 
However, five-region inversions (with sepa- 
rate temperate and boreal regions in both 
North Anlerica and Eurasia-North Aftica) 
were unstable, with standard errors of esti- 
nlates as large as 1.4 Pg C yearp' .  The only 
stable regions were temperate and boreal 
North Anlerica and the union of temperate 
and boreal Eurasia-North Africa. for which 
terrestrial uptake estimates aud errors similar 
to those in Table 2 were obtained. 

Detection of the terrestrial CO, uptake i11 
North America and in Eurasia can be improved 

Table 2. Estimated terrestrial carbon uptake for 1988 t o  1992. Positive the t w o  atmospheric CCM models and T97 and OBM are t he  t w o  air-sea flux 
terrestrial carbon uptake is a flux out  o f  t he  atmosphere. CCTM and SKYHl are estimates used in t he  inversions (see text) .  

Source region 

Terrestrial uptake (Pg C yearr1) 
SD of  the Mean and Forest 

CCTM SKYHI estimate" summary SE+ area 
(Pg C year l )  (Pg C yearr1) (lo9 ha) 

T9 7 OBM T97 OBM 

Nor th  America 
Eurasia and Nor th  Africa 
Tropics and Southern Hemisphere 

Total  

No r th  America 
Boreal 
Temperate 

Eurasia and Nor th  Africa 
Tropics and Southern Hemisphere 

Total  

Three-region inversion 
1.7 1.7 

-0.4 -0.2 
0.9 -0.5 
2.2 1.1 

Four-region inversion 

'The SD o f  the estimate was found by assuming that  the Gaussian variance equals x2/q (q = 63) ( lo ) ,  and that  data errors f rom different stations are independent. SDs of estimates 
obtained w i th  T97 include the sampling uncertainty for oceanic CO, exchange (75), but  those obtained w i th  OEM include no oceanic uncertainty. However, t e t r i b u t i o n  o f  T97 
error t o  the to ta l  uncertainty is small, +This is the mean of the estimates f rom the four combinations of atmospheric and oceanic models. The S E  is \u2+v2,  where n is the 
SD f rom the adjacent column and V is the SD of the four estimates in  the f irst four columns. 

444 16 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org 



R E P O R T S  

with atmospheric nleasurelnents within or near a time. In all cases the removal of a station had 
the continents. If the North American uptake an inlpact of 5 0 . 3  Pg C yearp', with   no st 
n ere zero. the CO, mixing ratios over eastern being near zero. The exclusion of Sable Island 
Nolth Anlelica should increase by over 2 ppln (44ON6OC\V) from the data set (20) does have a 
(Fig. 1 ), n hic11 would make that the best place 
to detect a source or sink propoltional to NPP. 
Data are a\ ailable fkom +,\YO extremely tall tom- 
ers ( N O 0  111) 1~it11in this region (crosses in Fig. 
1) for a period later than the 1988 to 1992 
intend considered here. Analyzed with a com- 
pletely different metl~od, these data are consis- 
tent with the existence of a large sink in North 
Anlerica (24). 

substantial i~npact on the inversioll results. In- 
cluding it in the GCTM-T97 and -0BM inver- 
sions reduces the North American terrestrial 
uptake by 0.4 to 0.5 Pg C yearp' and shifts it to 
Eurasia-North Afiica. 

The estilnate of North ,knelican tel~estrial 
uptake was found to be insensiti~e to large 
changes in the Nolth Pacific uptake, and only 
weakly related to the Southem Ocean (south of 

A detailed sununal? of the present data that 54"s) uptalte. In contrast. for an incremental 
collstrain the North ,knelican sink (Fig. 3) il- change in the ternperate North Atlantic sink. the 
lustrates how near the linlit of detection the estinlate of North America11 terrestrial uptalte 
signal is. The fit of the model to the observa- changes by - 1.5 ti~nes as mnuc11 in the opposite 
tions in the optimal case is better than 0.5 ppnl direction. However, the tenlperate North Atlan- 
at nlost locations in both the Pacific and Atlan- tic sink had to be increased by about a factor of 
tic. Zeroing out the North American sink lowers 5, ftom 0.3 to 1.4 Pg C yearp', to elinlinate the 
the Pacific model predictions and raises the North A~nerican sink (25). 
Atlantic, thereby re~.ersing the west-to-east gra- A large North American terrestrial uptake 
diem from -0.3 to +0.3 ppnl (Fig. 3: uote was estinlated collsistently for a range of 
palticularly that the Atlantic predictions go spatiotemporal patterns assu~ned for the ter- 
fko111 being relati~ely well centered around the restrial uptake (26), because subconti~lental 
obser\-ations to having five stations \?ell above terrestrial signals are sufficiently smoothed at 
the obsen~ations), Zeroing out Eurasia raises the nlost of the air-sampling stations (Fig. 1 ). 
model predictions in the Pacific and lowers Suppose that our mean estimate of the 
them in the Atlantic. North Alnerica~l terrestrial carbon sink were 

\4:e tested the sensitivity of the solutiolls to distributed unifo~mly over the forest region 
individual stations by remol-ing stations one at south of 5 1 "N (Table 2) (2  7); then, the per 

can terrestrial uptake 8 ' 1 
set t o  zero (that is, all 
Northern Hemls~here 8 - 

Fig. 3. Comparison of Paciflc Statlons Atlantlc Statlons 
model-predicted atmo- 6 
spherlc CO, concentra- N Amencan uptake = 0 
tlons (n) wlth observa- 
tions (1988-1992 av- 
erage) (*) at Paclfic 

I q 
- 

and Atlantic sampllng - - * *  01 
- 

locations between 10" 3 L 
+ ; 

g J * f g -  1 *+ 
to 60°N Model results n 

terrestrial uptake placed 
in Eurasia-North Afri- 
ca), or Eurasia-North 
African terrestrial up- 
take set t o  zero (that is, 
all Northern Hemi- 

are shown for CCTM 6 _ S - 
with T97 sea-alr fluxes, 5 
and with North Ameri- , 

Eurasian uptake = 0 

m e  9 

sphere terrestrial up- 
1 ' take placed in North I I I I 

America). Although the 10 20 30 40 50 20 30 40 50 60 
Mace Head station (in 
the Atlantic at 53.3"N) Latitude (ON) 

is an outlier in all plots, 
i t  has Little impact on the inversion estimates because predictions at this station are affected only 
slightly by zeroing North American or Eurasian uptake. Data are shown for the following locations, with 
their latitude (ON) and longitude (a negative sign indicates "W and a positive sign indicates "E) in 
parentheses: AVI (17.75, 64 .75) ,  AZR (38.75, -27.08) BME (32.37, -64.65), BMW (32.27. -64.88), 
CBA (55.20, -162.72), CMO (45.48, 123.97) ,  CSJ (51.93, 131 .02 ) ,  CMI (13.43, 144.78), IZO (28.30, 
-16.48), KEY (25.67, 8 0 . 2 0 ) ,  KUM (19.52, 154 .82 ) ,  MHT (53.33, 9 . 9 0 ) ,  MID (28.22, -177.37), RPB 
(13.17, 59 .43 ) ,  SHM (52.72, 174.10), STP (50.00, -145.00), pocnl5 (15.00, -160.00), pocn2O (20.00, 
- 158.00), pocn25 (25.00, - 154.00), pocn30 (30.00, - 148.00), pocn35 (35.00, - 143.00), pocn40 
(40.00, - 138.00), pocn45 (45.00, - 131.00), scsnl2 (1 2.00, 11 1.00), scsnl5 (1 5.00, 113.00), scsnl8 
(18.00, 115.00), and scsn2l (21.00, 117.00). 

unit area forest uptake would be 3 to 4 t C 
hap '  yearp' .  This 1s in the uppennost range 
of so~ne  i~ldependent measurements at local 
sites (28. 29). A lower estimate 011 the order 
of 1 Pg C yearp' for the North American 
terrestrial uptake, which is near the lower 
emor bound of 1 SD (Fig. 2),  would be in 
better agreement with the local measure- 
ments. However. even our low estinlate is 
much larger than the 0.2 to 0.3 Pg C year-' 
uptake estilnated on the basis of forest in- 
ventory data for North A~nerican forests 
(30, 31 ), which did not take full account of 
carbon storage in soils, wetlands, and lakes 
(32). 

The terrestrial uptake in North Amelica is at 
least partly due to regrowth on abandoned 
falmland and previously logged forests (30, 
31). Nulnerous field and laboratory studies 
have suggested that teweshial uptalte is cuwent- 
ly enhanced by a~ltlxopogenic nitrogen deposi- 
tion [0.2 to 2.0 Pg C yearp' globally, with 
much of this in the Northern Hemispl~ere (33. 
34)]. CO, fertilization [O.5 to 2.0 Pg C year-' 
globally. with inost of this in the tropics (33)], 
and global walu~iag [mostly in the no1tl1 tem- 
perate zone (8.  333. On the other hand, walnl- 
ing might also have reduced te~~estrial uptalte 
by enhancing deconlposition (29, 36). 

Although the in\-ersion results indicate that 
the North American te~sestrial uptake is large 
enough to be detected with cuwent data and 
  nod el constraints. its magnitude re~nains uncer- 
tain and its cause unl<nown. Thus, the inunedi- 
ate i~nplication of our results is the need for 
additional constraints of four kinds: (i) inteasive 
atn~ospheric sanlpli~lg and ecological field stud- 
ies to indentify the locatioll and cause of North 
America11 terrestrial CO, uptake: (ii) new ahno- 
spheric measurements to cons&ain estimates for 
Eurasia, South America, Africa, and Australia; 
(iii) stt~dies to better characterize oceanic CO, 
uptake; particularly in the Southern Herni- 
sphere; and (iv) reduced uncertainty in atmo- 
spheric transport modeling. 
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North Atlantic Oscillation 
Dynamics Recorded in 
Greenland Ice Cores 
C. Appenzeller," T. F. Stocker, M. Anklin 

Carefully selected ice core data from Greenland can be used to  reconstruct an 
annual proxy North Atlantic oscillation (NAO) index. This index for the past 350 
years indicates that the NAO is an intermittent climate oscillation with temporally 
active (coherent) and passive (incoherent) phases. No indication for a single, 
persistent, multiannual NAO frequency is found. In active phases, most of the 
energy is located in the frequency band with periods less than about 15 years. In 
addition, variability on time scales of 80 to  90 years has been observed since the 
mid-19th century. 

The North Atlantic oscillation (NAO) is one of 
the Northell1 Hemisphere's major multiammal 
climate fluctuations and typically is described 
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with an index based on the pressure difference 
between Iceland and the Azores (1). On mul- 
tiannual time scales. variations in the NAO 
have a strong impact on North Atlantic and 
European climate (2) and also on the recent 
surface temperature wanning trend in the 
Northern Hemisphere (3). In recent decades the 
winter index remained predominantly in a pos- 
itive state; and there is evidence that during this 
period the variability might have increased (4). 
Analysis of various NAO indices (5) showed 

446 16 OCTC IBER 1998 VOL 282 SCIENCE www.sciencemag.org 




