| Humaoms — oape  fokin rygomic  C A

R e N S

/[‘f' o of /,L/)’/gxnb\ﬁ- - m/viuaé S )
e @ng N A Fy (O,

/

o = k?“fwaf//(m«e _
Wﬁf /%N jw,& gropnds C o % m /-—;
/);nt ~ 1Jo W - Andinshry ol 2l o

Cocrramt s Co b dox v
ﬁm'/Q N uéwﬂfﬁ‘mwﬁ a

&5 GU /»ar\/

7361} Inchndey o Swedd /A(/ﬁﬁv\ dns. o
Commancl Mq\h\

Anwzs fove Ceo + Cog
—>

7!;; &MJ‘/\L“W

C02 }-J)\GM ;g /ﬁlAAW-%j‘ /.)G{?L 7130 — )0 ?M
(et das ol M%‘m\

10y Compoyisin  pec/] Hent- ety A co,
fyc)ﬁe IRvohry ~ L Gﬁc/yy /‘x&a‘*h\ @

gj, 1.1 ( hland <P Pelsen. ) %‘;ﬁg




eft.

%7&%%“‘/‘ -42 %F/Z/Irl«-(i’é‘m ? ofﬁc/‘-&//\a. ;
,]%(WM\ D‘/\‘/() N WM/%'M ~ lﬁ%

Wﬂﬂ,é o~
S O P (e
&\ \i’(z o %#—#‘WA tof J;ZL/L?&A’Z?M\LL LA/ o w\m\fr/lp
P S W\"Lﬂj/tx\%&y 5[7 iy — /?-% Reva /o Ao |
MEWS o AUesD \

1958 — w;;xrt& Fo  Chely  fecding @ 2
e R 25 fub s be d) 08 Ly yS P

_Wq/uww\ oy ) /]l?\uav;«\' — /&' b

ared o AN —% S ow-ea,ay,g C02 /\—Mh%w
@ %#»7»\7%44‘;.

Cobivnnens  peend) sinee Host Fie %«m!é

s _%W/ Hime Sty N ?@f‘oiuuzﬁﬂ‘

g soviod

mw/p C/’{L\/\O\S?Jﬁf e ? [ O%
o %u;o& jw //Koa&sf?f?%hkm




%\wwwj 7»60!1/&9 tas A b nden sy

57‘0\ g j W‘N\ obvw)a 7%

/JSH?’— Arer e |

i
ot ohsvatly (<. SPA)  eribdirhed }

%mifiwﬁ’\””” frn@ Kb plded

nson o reod s Re piert
D}'r/@ 5} Ja s i~ Gresnl and) d@ Py B

192pprl) i zéwoé&«/ N~
Jce
MWelt- 1w - ot 4)77440 il — i Sk B (02

%f?%aw bndmstneld  Auwd ~ 280 /aﬂaml

| Kﬂizg/{h m AM O /Ldo\ MWM A‘/m 1958 — —
<_0) W‘ﬂ;') 3IS P~
\



Maf 21 copyroen ?Ww?‘g el o~ A 1-C /al, D
C@ ow—}b (qmo atc mMWQB

ob sl O g dnisase

Iny ea sk /V; ﬁf },;/u ~ 7 PP @/_—
H o~ 1.5 /P;ﬁ/% /*l- /’b’ﬁf 40 /‘944

We Moo lvpwr /] He  ple A
Wﬁ:& AP Ny Arlgyrpj_ﬁtd_/m 002 £e
o J /«JM IJ‘/\'49 i@z ,e,( Vg

i A?W%(/Q Aessen /&oﬁc:ﬁxﬂ" - N

AA~

s St

5.5 C-H‘C/'\g/y e ission e

%4‘3 JAS"U}’Q/M j&—j Lo~ ‘é L@ /épM -
7'751 YM'HAM\ 90’\’}///)0%- Y ZILICTNN
ZJ
Fossa A Cm P gh b o A5 pelic
~ SV YV nc COQ, A aPmas r,&éu;x %

.QMV- Abprnt i dey St~ An 7%
;/Eg/oa-fP uv'ybov\ évna(é,LVL C7b)4'f Af JA/AMT




| dﬁm'@ NJ ‘%‘P cemansl 5 g5 GZ"C/%”,_
trpicel  defpyestocton 76 G1<C/lyy
LA [SSHon S

Tm S /Qw\{ boro  defesmasned - i7L£,

| (// Mf;?"a/?.& peant —_  Jo epmdane
: (Wh?/mﬁ . CO%

Vooco, s mied sy

edon =
Phylefertion {E Co_+ Hyo j» R mef
‘¢% o — CH,0, +0 ~ 1090
FACTIV S Te T Simasc e
AT }% \r}\ (//,‘\CFJEO,),,‘WQ C ARupmoAebire
ex W};— /}wv\?s e/!’kdk%‘%)
(

Oceon AA/)/))?JLQ CAnnoY é—e MAM/LQ .
W s+ A /‘NVQGU-UJ’Q . RaY €5k el

'J- 20 ét—c/@.y PR OUamSJ
/




X uﬁ-?gtﬂ en i 8 119/(/\. b & . W 3—8\
5t in Prinln- | A g iy P
&MWO\ bt NN ‘5)/ 2& W{La %\/ W Xpo&h:m %/)0\« Ej&?
,7-_1’1*\“% ) 94,«51‘ 1% ]Séf‘f 23 s agu‘mlﬁ«w
Novapn  AKawis i+ +H
LT T

- e fell Lo — s«
‘ Cﬂ«'c/gl/ J 1.¢ —0.5

Q'\/\A‘?’ Ave botam 2 1.4 &+ 1. § 6t /W\J

/M’Z}q)ﬂ > oo st emrort.
/M'\Mg % SMW&Q}\'WJ‘ 3
(1) CO Flyedhione . ploands  rand)
g }w Co. — /7‘»\uyfi/i& EparadaaT -0 s

! . n
| A~ o Frwo 5 a1 Maan la
(5) OWVH\&MV J@/tst 7/5»\)7"{ gzw " =

7 '/{ AR
SWL‘L E?%M' /ww\uﬁ W(Q ANR /v\sucQ?
ndiynsfineleQ

A
.
L oppp
(D rifrrgae:  foschibigainn - 2207
Gl s SOmaldi
errv N

| e Mends  A50 AT C W(M,\
‘7"24\4&/9\7‘70474*@4‘% e —— koW




d’/rj = T
AN AN Atn I p
o Mg 1.9 = 1.5 22.}7 2o C"QL‘%

7’31 QN o’ylfb;/bvv\'cﬂ vaWmLX /v:-
-0\’[[“/\/05 heaic co 2 Fo /5 e
74., 3/§(',O ﬁ]glfv\ %Ld;j &?\; /('MWLAS—L/I{& ,
7L,9u. { %’M”ﬁ 9 7179\2_ W&WM‘ML& (c j/,{;fj /
| I/&%?L(? ,
/ﬂw /WV'/‘C’Q\ b S % I T -
TR Y s, TR éy 1. ¢ W/
(sasn Fvé. 3
| Ojl'ﬂ.e./)/ aLTl\' m\—/é\L?—J’ Xa“ < JPD Q/ﬂ,ﬂf-}_p
ihs sediofioy vy Ssoed g oo
Trjcs. fodeies buine, | fhtuluc
Mothorne & o ftap g2 2p Nl
Helo corbovg — z&/m'mf C?Cd/-"—fﬁ W@%L‘éﬂ
T AP o Y e 3o (o fioss
d}f%mam‘g //a’{?f\/ sthedvipbori'c ot

/4’[% hirvwoie  pedrrin M — Camik
| “n U}M—H«‘@O 5 ellbaq' == j/{,g/ﬁct
ISPy I~ P 52 doo g ~ 0.3 0%

. Cmgj(?%o WAL DY ~ — 1 WA

t

TGf»Q W%Mjw};m-:t, —&26['(/ ~ oL, W/w.z 1 U 5 3 |




.5

aamiaals o e /7?9’8> s”%m@

:Z;\MUI:(JMQ ~ CO O%’M}/L%MC, COJ_
el 5 fr\, 5 gkt gowper.

Posdd 1o /wwr)sz AL'\P»\_[? [Aﬂ// WB )
Wb A i S p ﬁwr“ﬁ‘ L
F‘w& N A A/\/fﬁ/ut 7.7 ch//;u,.‘

An W%’&cf‘ M‘fﬁ “US /;quL

U -41hw/!/*7/?f\/7;’if — Mé 0.2 — 0.5
G C o
46 G G;"C“C/WXV - A/\mLOQ = us

L hresk—tvean. — — pn gored) fr—

PEYVETIY NN o/ r& .

oy Frdsilf Tl N = Smvasirn

i)
R@Lﬁk}’\ : WJW/% M/bv‘% I~ AR
En) hends pobr e ann
e U S . Lithe
25 ml
41”670 5 by -/fzw-a_ﬁ'ch mozwo\% i~ / ‘
absunct 757\1,0.»79 o j/\,ﬂ'\!bQ N xS .
j aﬂw/@wb (’02 o NA  becamu gz A ST O~




w06l / 3000

. 5 '
=10° | : .1500

= 3
10 -/ 600

g b 300

1 1 1 1 111l 1 Ll

6000 lllII-I- ] I [-IIIIII I._l'r___lv__rl"lllillr

-

Wien's law

Lo L L, 1

0.1 1.0
Wavelength

10 100
(um)

Figure 3.7 Blackbody radiation spectra as a function of
temperature (kelvin), over the entire range of tempera-
tures relevant to environmental studies. The values are

displayed here on a log-log graph, so that both the

wavelengthandintensity scales are greatly compressed
and cover many orders of magnitude. . -

Figure 3.8 The relative spectra of sunlight and Earth's
blackbody radiation (referred to as terrestrial radiation or
Earthglow). The spectral regions of the emissions are
seen to be quite distinct, with little overlap of spectra.
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FIGURE 2-2 Quelccaya ice cap is located in the southern Peruvian Andes at
an elevation of 5670 meters. This 50-meter ice cliff at the margin of the ice
cap, photographed in 1983, has disappeared as of August 1995 as the result
of increasing temperature (discussed in Chapter 6). This ice cap has annual
Jayers (about 0.75 meters each) dating back 1500 years. (Photograph cour-

tesy of Lonnie G. Thompson, Department of Geological Science and Byrd
Polar Research Center of The Ohio State University.)




Figure 1.3 An ice core from the
Antarctic glacier. The regions of
annual surface thawing and recrys-
tallization are clearly visible.
(Courtesy of Robert Delmas,
CNRS, France.)
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Industrial Carbon Emissions and Global Reservoir Changes

6 T T T =T T L T

—— Fossil carbon emissions

5F === Atmosphere Il
-« = Ocean
------ Net terrestrial biosphere: i
. 4 I (fossil carbon emissions — [atmosphere+ocean))
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1 =
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Figure 1.7: Fossil carbon emissions (based on statistics of fossil
fuel and cement production), and representative calculations of
global reservoir changes: atmosphere (deduced from direct
observations and ice core measurements), ocean (calculated with
the GFDL ocean carbon model), and net terrestrial biosphere
(calculated as remaining imbalance). The calculation implies that
the terrestrial biosphere represented a net source to the
atmosphere prior to 1940 (negative values) and a net sink since
about 1960.
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Table 1. Effect of various anthropogenic gases on the radia-
tive balance of air. Middle column: efficiency of radiative
forcing, expressed as a function of absorption per added
molecule, with CO, =1. Right-hand column: changes in
radiative forcing between 1765 and 1990 due to increasing
concentrations (Shine et al. 1990). The methane forcing
change also includes the indirect effect due to formation of
water vapor in the stratosphere

Gas Normalized Forcing change
forcing per added 1765-1990
molecule (Wm™)

CO, 1 1.50

CH, .21 0.56

N,O 206 0.10

CFC-11 12 400 0.062

CFC-12 15 800 0.14

Other CFCs 0.085

2.45
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SOUTH PACIFIC

NEW ZEALAND: GAS TAX Farmers reacted angrily
to a government proposal to tax the flatulence
emitted by their cattle and sheep in an etfort to
reduce the nation’s contribution to global warm-
ing. Last year New Zealand signed the Kyoto
Protocol, agreeing to reduce greenhouse gases.
Livestock emissions of methane and nitrous 0X-
ide, caused by the complex process of digesting
grass, account for more than half the country’s
greenhouse gases, and the government wants the
tax to help pay for research on the emissions. It
would cost the average farmer up to $300 a year.
Tom Lambie, the president of Federated Farm-
ers, told The New Zealand Herald that the tax
was unfair. “As far as I'm aware, we're the only
country in the world to impose a levy like this,” he
said. - (Reuters)

World Business Briefing, Page B2
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zonal mean lemperature at 10°g and are supplied by M.Gelman,
NOAA; the model results are the 10-70 mb layer at 8 to 16°S.
The zero s the mean for 1978 101992, (b) Tropospheric
temperatures are from satelljte observations ang are supplied by
J. Christy, Uniy of Alabama; the observationg and mode] resu]s
are essentially global, The zero is given by the meap for the 12
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CLIMATE CHANGE

Possibly Vast Greenhouse Gas
Sponge Ignites Controversy

As greenhouse warming experts try to pre- .

dict how much the world’s climate may heat
up in the next century, they keep bumping
up against a mystery: Where does much of
the carbon dioxide (CO,) pumped into the
air actually end up? Answering this question
could have huge ramifications for nations
that ratify the climate change treaty signed
in Kyoto, Japan, last December: Countries
shown to harbor substantial carbon “sinks”
could argue that an ability to soak up excess
CO, should offset

of the University of Leeds in the United
Kingdom (p. 439)—adds to the uncertainty.
Tt points to a carbon sink in tropical South
America so large that it is hard to reconcile
with the Sarmiento group’s results.
Especially worrisome, Schimel and oth-
ers say, is that groups opposed to the Kyoto
treaty will seize on the estimate to argue that
the United States doesn’t need to reduce its
emissions to comply with the accord.
“We're all really concerned that many peo-

A'snack ¢
for killer
" whales? *

photosynthesis. Figuring out what’s going
on—whether the extra CO, is spurring faster
tree growth, for example, or carbon is disap-
pearing into soils—is crucial to learning
whether reforestation and other actions might
help stave off warming (Seience, 24 July,
p. 504), “If you understcod the mechanism,
you'd be in a much better position to say
whether the sink will continue,” says biogeo-
chemist Richard Houghton of Woods Hole

Research Center in Massachusetts. :
To get at how much carbon the different
land masses are absorbing, Sarmiento and
his colleagues with the Carbon Modeling
Consortium (CMC), based at Princeton, used
an approach called inversion modeling. They
first gathered data on atmospheric CO, levels
taken from 1988 to 1992 at 63 ocean-
sampling stations. Next, they divided the
world into three regions—

Eurasia, North America, and

their emissions @
: 90 N
If those argu- e
ments prevail, it
60°N

appears that North
America may have
drawn the winning
ticket in the carbon
sink sweepstakes.
In what is shaping
up as one of the

most controversial 30°s
findings -yet to
emerge in the green-

-]

30 N

Latitude
(=]

the rest—then fed the CO,
data into two mathematical
models: one that estimates
how much carbon the oceans
absorb and release, and an-
aother that gauges how CO,
is spread across the globe by
wind currents. When they
fitted their models to the
data, they found that, sur-
prisingly, CO, levels dropped
off slightly from west to
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east across North America—
even though fossil fuel emis-
sions should boost levels in

issue of Science

the east, That meant there

presents evidence
that North America

Disappearing act. Contours show how predicted CO; levels (in parts per million) would
change if there were no terrestrial uptake in North America. Measured levels decline, rather
than increase, from west to east North America, however, implying a large carbon sink.

must be a big carbon sink in
North America.
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sops up a whopping ‘
1.7 petagrams of carbon a year—enough to
suck up every ton of carbon discharged an-
nually by fossil fuel burning in Canada and
the United States. The magnitude of the ap-
parent sink, says team member Jorge
Sarmiento of Princeton University, “is going
to be a lightning rod for all sorts of criticism.”
Indeed, critics have already thrown up a
fistful of red flags, attacking the study for
everything from its methodology to its im-
plications. “There’s a'huge amount of skep-
ticism about the result,” says ecologist
David Schimel of the National Center for
Atmospheric Research in Boulder, Col-
orado, who notes that at least one other
group has calculated a much smaller North
American sink. Moreover, a second paper in
this issue—by a group led by Oliver Phillips

1

ple will find it convenient to accept the re-
sult” Schimel says. At the same time, scien-
tists say this sort of calculation is a key step
toward honing our understanding of the
global carbon cycle. “The authors deserve a
lot of credit for sticking their necks out,”
says climate modeler Inez Fung of the Uni-
versity of California, Berkeley.

At the heart of the debate is a simple math
problem, resembling a chronic inability to
balance one’s checkbook, that has bedeviled
scientists for nearly 2 decades. The balance
sheet looks like this: Less than half of the
7.1 petagrams of carbon produced by human
activity each year stays in the atmosphere. Al-
though about 2 petagrams go into the oceans,
another 1.1 to 2.2 petagrams appear to vanish
into the land, likely taken up by plants during

. Straining belief among
other experts is the sink’s estimated magni-
tude—1.7 petagrams of carbon per year, plus
or minus 0.5 petagrams—roughly equaling
the continent’s fossil fuel carbon emissions of
1.6 petagrams. “It’s hard for me to know
where that much carbon could be accumulat-
ing in North America,” says Houghton, Data
from forest inventories suggest the US. sink
absorbs only 0.2 to 0.3 petagrams of carbon a
year. Sarmiento’s team suggests that the in-
ventories have missed a lot of forest regrowth
on abandoned farmland and formerly logged
forests in the east fertilized by CO; or nitro-
gen pollution, and that they fail to account for
carbon stored in soils and wetlands. But the
result also suggests that Eurasia’s immense
forests are taking up only a fifth as much car-
bon as U.S. forests. “Ecologically, it seems al-
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REPORTS

Changes in the Carbon Balance
of Tropical Forests: Evidence
from Long-Term Plots

Oliver L. Phillips,* Yadvinder Malhi,* Niro Higuchi,
William F. Laurance, Percy V. Nuiez, Rodolfo M. Vasquez,
Susan G. Laurance, Leandro V. Ferreira, Margaret Stern,
Sandra Brown, John Grace

may contain one or more floristically and
edaphically similar plots (/3). In the second
analysis, we estimated basal area change as a
function of calendar year and derived an es-
timate of regional net accumulated biomass
through time. Data for this approach were
derived for each site by first computing dif-
ferences between each successive census,
then by linear interpolation between succes-
sive censuses for years when measurements
were not taken, and finally for each year by
averaging change across all contributing

The role of the world's forests as a “sink” for atmospheric carbon dioxide is the
subject of active debate. Long-term monitoring of plots in mature humid
tropical forests concentrated in South America revealed that biomass gain by
tree growth exceeded losses from tree death in 38 of 50 Neotropical sites. These
forest plots have accumulated 0.71 ton, plus or minus 0.34 ton, of carbon per
hectare per year in recent decades. The data suggest that Neotropical forests
may be a significant carbon sink, reducing the rate of increase in atmospheric

carbon dioxide.

Tropical forests contain as much as 40% of
the C stored as terrestrial biomass (/) and
account for 30 to 50% of terrestrial produc-
tivity (2). Therefore, a small perturbation in
this biome could result in a significant change
in the global C cycle (3, 4). Recent microme-
teorological research suggests that there is a
net C sink in mature Amazonian forests (5,
6), but the ability to draw firm conclusions is
hampered by the limited spatial and temporal
extent of these measurements. Another ap-
proach, applying atmospheric transport mod-
els to measured global distributions of CO,,
O,, and their isotopes (7), has yielded con-
flicting results. We report a third approach to
explore the role of mature tropical forests in
the global C cycle, namely, the use of perma-
nent sample plots (PSPs). PSPs, established
by foresters and ecologists to monitor tree
growth and mortality, have the potential to
yield C accumulation estimates that are at
once both geographically extensive and of
high spatial and temporal resolution.

O. L. Phillips, School of Geography, University of
Leeds, Leeds, LS2 9JT, UK. Y. Malhi and J. Grace,
Institute of Ecology and Resource Management, Uni-
versity of Edinburgh, Edinburgh, EH9 3JU, UK. N.
Higuchi, Departamento de Silvicultura Tropical, Insti-
tuto Nacional de Pesquisas da Amazdnia, C.P. 478,
69011-970 Manaus, Amazenas, Brazil. W. F. Laurance,
S. G. Laurance, L. V. Ferreira, Biological Dynamics of
Forest Fragments Project, Instituto Nacional de Pes-
quisas da Amazonia, C.P. 478, 63011-970, Manaus,
Amazonas, Brazil. P, V. Niiiez, Umanchata 136, Biodi-
versidad Amazénica, Cusco, Peru. R. M. Vasquez, Mis-
souri Botanical Garden-Proyecto Flora del Perd, Apar-
tado 280, Iquitos, Peru, M. Stern, Institute of Econom-
ic Botany, New York Botanical Garden, Bronx, NY
10458, USA. S. Brown, Department of Natural Re-
sources and Environmental Sciences, University of
Ilinois, Urbana, IL 61801, USA.

*To whom carrespondence should be addressed. E-
mail: O.Phillips@geog.leeds.ac.uk (O.L.P}; YMalhi@ed.
acuk (Y.M.)
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We compiled data on basal area (cross-
sectional area of trees per unit ground area)
from mature tropical forest plots (8) that meet
appropriate a priori criteria (9). Basal area of
trees is a well-substantiated surrogate mea-
sure of total biomass in tropical forests (/0),
so changes due to tree growth and mortality
provide an effective measure of changes in
biomass. We tested for changes in mature
tropical forest biomass in each of four nested
regions: the humid tropics (153 plots), the
humid Neotropics (120 plots), the humid
lowland Neotropics (108 plots), and Amazo-
nia (97 plots) (//). These plots represent
more than 600,000 individual tree measure-
ments tropics-wide.

We conducted two analyses with the in-
formation available. For each region, we first
calculated the mean rate of change in tree
basal area across sites, based on the differ-
ence between the initial and final census at
each geographically distinct site (/2). Sites

plots. Measurement errors were corrected by
comparing multiple measurements of the
same tree over time (/4). Basal area values
were converted to aboveground biomass ¢s-
timates by using an allometric model devel-
oped for lowland forest in central Amazonia
and by using correction factors to account for
the biomass of lianas and small trees (/3).

Biomass has increased in mature forest
sites in the humid Neotropics (1.11 * 0.54 t
ha™! year™'; mean * 95% confidence inter-
vals), the humid lowland Neotropics (1.08 =
0.59 t ha™! year™), and in Amazonia (0.97 %
0.58 t ha=! year™") (16). The entire pantropi-
cal dataset also shows an increase in biomass
(0.77 £ 0.44 t ha™* year™), but the signal is
dominated by the Neotropical pattern, and
there has not been a significant change in
Paleotropical sites (tropical Africa, Asia,
Australia) (-0.18 %= 0.59 t ha™! year™) (/7).
In the Neotropics (tropical Central and South
America), the mean value of biomass change
has been positive for most years since wide-
spread PSP monitoring began (/8). In Ama-
zonia, where most inventories are located,
plots have on average gained biomass in most
years since at least the late 1970s (Fig. 1). By
1990, mature forest sites in all three nested
Neotropical regions had on average accumu-
lated substantial biomass (Fig. 2).

These results show that (i) there is con-
siderable spatial and temporal variability in
rates of biomass change, yet (ii) on average,

7 79 80 81 ‘g2 83 W4

Biomass change (t ha=? yr—1)
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Fig. 1. Annual aboveground biomass change in Amazonian forests, 1975-96. Mean (solid circles),
95% confidence intervals (dotted line), and S-year moving average (solid line) are shown.
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plots have gained biomass, and (iii) the in-
crease has been especially marked in lowland
Neotropical sites. There has been no statisti-
cally detectable change in biomass in African
and Asian plots, but our coverage of these
areas (18 sites) is sparser than in the Neotro-
pics (50 sites), so we concentrate our discus-
sion on the Neotropics, If the difference be-
tween Neotropical and Paleotropical forests
is genuine, it may reflect differing climatic
factors or perhaps greater human disturbance
in the more densely populated Paleotropics
(19).

Before extrapolating these results to the
biomass of Neotropical forests as a whole, it
is important to consider whether the PSPs
were representative of the broader region.

REPORTS

Neotropical forests are heterogencous (20),
and our dataset spans much of the natural
variation in Amazonian forests (2/). The
number of extra-Amazonian lowland and
montane samples also corresponds to the ap-
proximate coverage of cach region (22). Re-
cent debate (23) has centered on two potential
problems in monitoring: (i) research activity
having a negative impact on tree survivorship
and growth and (ii) plots becoming increas-
ingly subject to edge effects as surrounding
forest is fragmented (24). These effects
would increase mortality relative to growth,
thus causing a decline in measured bio-
mass—the opposite of our result. A further
possibility is that there could be a bias in the
PSPs compared to the surrounding forest, by
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Fig. 2. Cumulative aboveground net biomass change (tons per hectare per year) in humnid forests
in: (A) the Tropics since 1958; (B) the Paleotropics (tropical Africa, Asia, Australia) since 1958; (C)
the Neotropics (tropical Central and South America) since 1967; (D) the lowland Neotropics since
1971; (E) Amazonia since 1975, Annual mean (solid line) and 95% confidence interval (dotted line)
values are based on the cumulative changes in individual sites since the first year and are scaled
by a/b, where a = the cumulative time elapsed since the first year and b = the mean monitoring

period per site up to each year end.

systematic avoidance or underreporting of
forests that underwent natural catastrophic
disturbances or smaller scale disturbance due
to localized tree death. Although it is difficult
to quantify such a bias, there is little evidence
for it in our dataset (25), and the increase in
biomass is larger than can be accounted for
simply by the dynamics of a few large trees
(26).

Our results are therefore indicative of a
widespread increase in the biomass of surviv-
ing Neotropical forests over recent decades.
There are a number of mechanisms that may
explain this change: (i) a response to conti-
nental-scale cyclical climate change; (ii) re-
covery from widespread disturbance, either
natural or anthropogenic; (iii) enhanced for-
est productivity due to a secular change in
climate or increased nutrient availability.

Because Earth’s climate fluctuates, for-
est stocks of C might be responding to past
climatic events. The El Nifio-Southern Os-
cillation (ENSQO) may be one long-term
driver of cyclical changes in forest dynam-
ics (27). In El Nifio years, most of Amazo-
nia receives below-normal rainfall (28), but
our data show that Amazon forests gained
biomass before, during, and after the in-
tense 1982—83 ENSO (Fig. 1). It is possible
that regional forest biomass is recovering
from earlier greater disturbances, either
from drought or from the impacts of indig-
enous peoples who have experienced steep
population declines since the 16th century
(29). The biomass increase could also be a
response to recent anthropogenic global
change. There is some evidence for an in-
crease in temperate and tropical forest pro-
ductivity (30), and even mature ecosystems
may gain biomass if plant productivity is
stimulated (4). Candidate factors for nutri-
ent fertilization include increasing atmo-
spheric CO, (3/) and increased N and P
deposition from Saharan dust (32) and bio-
mass burning (33).

To estimate regional C sequestration
rates, we first converted aboveground bio-
mass into C stocks, using allometric data
obtained in central Amazonia (34). The in-
crease in biomass on Amazonian plots is
equivalent to a net uptake of 0.62 = 0.37tC
ha~! year. Multiplying this by the estimated
area of humid forest in lowland Amazonia
(22) produces a mature forest biomass C sink
of 0.44 = 0.26 Gt C year ', Similarly, the
estimated annual C sink in lowland Neotro-
pical humid forest is 0.52 * 028 Gt C; it is
0.62 = 0.30 Gt C for all mature humid neo-
tropical forests. Our method suggests a lower
C uptake rate than estimates from eddy co-
variance studies in Rondénia (1.0 t ha™! year™)
(2) and near Manaus (5.9 tha~! year™) (6). The
discrepancy may reflect the limited spatial and
temporal extent of eddy covariance measure-
ments, or else be indicative of significant in-
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creases in the necromass and soil pools (33),
which are not accounted for in our analysis.

Our results suggest that mature Neotropi-

cal forest biomass may account for ~40% of
the so-called “missing” terrestrial C sink
(36). Hence, intact forests may be helping to
buffer the rate of increase in atmospheric
CO,, thereby reducing the impacts of global
climate change. However, the C sink in ma-
ture forests appears vulnerable to several fac-
tors. There is likely to be an upper limit to the
biomass a forest stand can hold. Moreover,
deforestation, logging (37), increased frag-
mentation and edge-effect mortality (23, 24),
regional drying and warming (38), and pos-
sible intensification of El Nifio phenomena
(39) may limit and even reverse the sink
provided by mature forest. A dedicated large
network of permanent biomass plots could
provide vital insight into the future role of
tropical forests in the global C cycle.
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A Large Terrestrial Carbon Sink
in North America Implied by
Atmospheric and Oceanic Carbon
Dioxide Data and Models

S. Fan, M. Gloor, ], Mahlman, S. Pacala, ]. Sarmiento,
T. Takahashi, P. Tans

Atmospheric carbon dioxide increased at a rate of 2.8 petagrams of carbon per
year (Pg C year™ ") during 1988 to 1992 (1 Pg = 10" grams). Given estimates
of fossil carbon dioxide emissions, and net oceanic uptake, this implies a global
terrestrial uptake of 1.0 to 2.2 Pg C year™". The spatial distribution of the
terrestrial carbon dioxide uptake is estimated by means of the observed spatial
patterns of the greatly increased atmospheric carbon dioxide data set available
from 1988 onward, together with two atmospheric transport models, two
estimates of the sea-air flux, and an estimate of the spatial distribution of fossil
carbon dioxide emissions. North America is the best constrained continent, with
a mean uptake of 1.7 * 0.5 Pg C year™, mostly south of 51 degrees north.
Eurasia—North Africa is relatively weakly constrained, with a mean uptake of
0.1 % 0.6 Pg C year~ . The rest of the world's land surface is poorly constrained,
with a mean source of 0.2 * 0.9 Pg C year™". )

A number of carbon cycle studies conducted
in the last decade have indicated that the
oceans and terrestrial ecosystems in the
Northern Hemisphere absorb atmospheric
CO, at a rate of about 3 Pg C year™" ({-3).
Atmospheric CQ, concentrations in the
Northern Hemisphere are about 3 parts per
million (ppm, mole fraction in dry air) greater
than those in the Southern Hemisphere. Fos-
sil CO, is released predominantly at northern
latitudes (Table 1), which should result in a
north-to-south decrease of 4 to 5 ppm in the
concentration of atmospheric CO, (4). A

S. Fan and ). Sarmiento, Atmospheric and Oceanic
Sciences Program, Princeton University, Princeton, NJ
08544, USA. M. Gloor and S. Pacala, Department of
Ecology and Evolutionary Biology, Princeton Univer-
sity, Princeton, NJ 08542, USA. |, Mahlman, Geophysi-
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 Cbservato-
ry, Columbia University, Palisades, NY 10964, USA. P.
Tans, Climate Modeling and Diagnostics Laboratory,
NOAA, Boulder, CO 80303, USA.

*Correspondence should be addressed to the Carbon
Modeling Consortium, AOS Program, Princeton Uni-
versity, Princeton, NJ 08544, USA. E-mail: cme@
princeton.edu

Northerm Hemisphere sink is implied because
the observed gradient is smaller than this. The
original studies disagreed on whether the sink
was predominantly oceanic (/) or terrestrial
(2). Recent studies with atmospheric '*C/'*C
ratios () and oxygen concentrations (6) con-
cluded that the sink is caused primarily by
terrestrial biosphere uptake. Other studies
demonstrated increased activity of sufficient
magnitude by the terrestrial biosphere in
northern latitudes: a longer growing season
observed in satellite measurements of surface
color (7) and an increase over time of the
amplitude of the annual cycle of atmospheric
CO, concentrations caused by terrestrial veg-
etation (8).

The partitioning of the Northern Hemi-
sphere terrestrial CO, sources and sinks be-
tween Eurasia and North America may be
estimated by using the west-to-east gradient
of atmospheric CO, across the continents.
The west-east signal is much smaller and
more difficult to detect than the north-south
signal for two reasons. First, the CO, distri-
bution is smoothed more by the relatively
rapid zonal atmospheric transport than by the
slower meridional transport (weeks instead of
~1 year for interhemispheric exchange). Sec-
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ond, atmospheric sampling stations have tra-
ditionally been located primarily offshore,
away from the largest terrestrial signals to
avoid the complexities associated with conti-
nental atmospheric boundary layers, the diur-
nal character of photosynthesis, local fossil
fuel emissions, and topography (Fig. 1).

To provide improved estimates of net an-
nual terrestrial sources and sinks, we have
developed an inverse model. Let O(x) be the
annual-average spatial pattern of atmospheric
CO, caused by atmospheric transport acting
on the sea-air CO, flux, and F(x) and R(x) be
the corresponding annual-average spatial pat-
terns associated with fossil fuel emissions
and the seasonal rectification, respectively
(where x is the spatial coordinate vector).
Seasonal rectification results from the corre-
lation between the seasonality of vertical
mixing in the atmosphere and the seasonality
of photosynthesis and respiration in the land
biosphere, which causes gradients in the
annual mean CO, concentration even when
the terrestrial biosphere has no net annual
emissions (9). Assuming a terrestrial bio-
sphere with no net emissions, the expected
annual average spatial pattern of atmo-
spheric CO, is O(x) + F(x) + R(x). We use
the difference between this expected spatial
pattern and the observed annual average
concentrations of atmospheric CO, at sam-
pling stations [S(x,) for a station located at
x,] to estimate the magnitude and spatial
distribution of terrestrial uptake.

We divide the land surface into N regions
and let b(x) be the global spatial pattern of
atmospheric CO, caused by atmospheric

REPORTS

transport acting on a standard annual terres-
trial uptake of 1 Pg C within the i region.
Then, the total spatial pattern caused by non-
zero terrestrial uptake is

B(x)= D ab(x) (1)

i=1

where o, is the magnitude in Pg C year™' of
terrestrial uptake in the /™ region, and is
estimated by linear regression (10).

We used two separate atmospheric trans-
port models of the Geophysical Fluid Dy-
namics Laboratory (GFDL) to calculate the
expected spatial pattern of atmospheric
CO,. A previous model comparison study
showed significant differences in predic-
tions of the fossil CO, distribution and
rectification effect (). The use of two dif-
ferent models gives us some measure of the
sensitivity of the results to differences in
the transport model. The Global Chemical
Transport Model (GCTM) uses winds gen-
erated previously by an atmospheric gener-
al circulation model (//, 12). In contrast,
the SKYHI model ({2, 13) calculates tracer
transport at the same time it calculates the
winds and subgrid-scale mixing.

To calculate the O(x) function, we used
two different estimates of the global spa-
tiotemporal distribution of net sea-air CO,
flux. OBM is an annual mean sea-air flux
from a global ocean biogeochemistry mod-
el ({4). T97 is a seasonally resolved sea-air
flux field based on estimates from the more
than 2.1 million measurements of the sea-
air difference of CO, partial pressure

Latitude

90°S | , ,

[ {
180°  120°W  B0°W

(o}

0° 60°E 120°E 180
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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 tall tower
sites are shown as crosses. The thick horizontal lines divide the land surfaces into three regions where
terrestrial carbon uptake has been estimated: North America, Eurasia-North Africa, and Tropics and
Southern Hemisphere. The dotted contour lines show the difference between predicted surface CO,
concentrations (ppm) with estimated terrestrial uptake and with North American terrestrial uptake set
to zero (model results are shown for GCTM with the T97 sea-air fluxes).
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(pCO,) gathered over the last three decades
and interpolated by using annual mean
ocean currents from OBM (13, /6). Pacific
equatorial (10°N to 10°S) observations
made during El Nifio periods were exclud-
ed from the estimate. The data are normal-
ized to 1990. The total sea-air CO, flux is
larger in OBM than T97 (Table 1). A com-
parison of model simulations with observa-
tions of A'"C in the ocean favors the larger
uptake of OBM (/7).

The two atmospheric models and two pat-
terns of sea-air CO,, flux gave us four possible
combinations. To calculate in each case, we ran
the atmospheric model with the prescribed pat-
tern of sea-air flux for five annual cycles until
the annual average spatial distribution of atmo-
spheric CO, reached a steady state.

To calculate O(x), we used data on nation-
al fossil fuel consumption distributed with the
same spatial distribution as population densi-
ty (/8). Using this pattern of release at the
surface, we ran each atmospheric model to its
steady state as above.

Finally, to calculate R(x) and the b(x), a

North America (Pg C year-1)

L — o 1 2 3

Eurasia — North Africa (Pg C year-1)

Fig. 2. Inversion uncertainties for North 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 year™)
North America (>15°N) 16
Eurasia and North Africa (>24°N) 36
Tropics and Southern Hemisphere 0.7
Total 5.9

QOcean uptake
(Pg C year™")

197 0O8M

North Atlantic (>15°N) 0.55 0.51

North Pacific (>15°N) 0.29 0.70

Tropics and Southern 0.27 1.04
Hemisphere

Total 1.1 2.25

443



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 CO,
with a relatively straightforward extrapola-
tion of global satellite imagery (normalized
difference vegetation index or NDVI mea-
surements on a 1° grid). We calculated R(x)
by running each atmospheric 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 /™ region. This NPP was first
rescaled until the annual total was 1 Pg C.
Thus, the spatiotemporal distribution of es-
timated carbon sinks within each terrestrial
region is assumed to be proportional to the
distribution of NPP, but this assumption
has little impact on the results (see below).
The atmospheric CO,, data we used cover
the 1988 to 1992 period at a subset of 63
sampling stations (20) taken from the
GLOBALVIEW database (2/) compiled with
methods as described by Masarie and Tans
(22) (Fig. 1). Before 1988 there were fewer
sampling stations; a separate study indicates
that even with optimal placement, which the
present data set does not have, a minimum of
about 10 stations per region is necessary (o
obtain estimates with useful accuracy (23).
We first defined three regions, North
America north of 15°N, Eurasia—North Affi-
ca north of 24°N, and all other land to the
south (Fig. 1). Subsequently, North America
was separated into temperate and boreal
zones at approximately the evergreen—broad-
leaf ecotone (51°N). Additional divisions
lead to prohibitively large estimation errors. -

Table 2. Estimated terrestrial carbon uptake for 1988 to 1992. Positive
terrestrial carbon uptake is a flux out of the atmosphere. GCTM and SKYHI are
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[n particular, there are insufficient atmo-
spheric stations in the Southern Hemisphere
to separate Affica from South America.
North 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 models with sea-air
CO, flux data (Table 2). Most of the North
American terrestrial uptake (70 to 100%) is
estimated to be in the broadleaf region south
of S1°N. If the North American terrestrial
uptake were zero (that is, all of the Northern
Hemisphere’s net terrestrial uptake were in
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 from
North Pacific to North Atlantic of about 0.3
ppm.
We estimated standard deviations for the
estimates of terrestrial 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 America and Eurasia-North Af-
rica is more weakly constrained. However, the
terrestrial carbon sink in North America is suf-
ficiently large to be detected with the present
observational and model constraints.

None of these error 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 models (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 intermediate for Eurasian uptake.
Estimates of Eurasia—North African terrestri-
al uptake obtained with SKYHI are 0.71t00.9
Pg C year™' lower than those obtained with
GCTM. SKYHI has a more rapid vertical
mixing 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 in the
tropics and Southern Hemisphere, as evi-
denced by the large differences among the
estimates shown in Table 2. The wide range
of 2.0 Pg C year™! in these estimates is
caused by a combination of factors. Differ-
ences between OBM and T97 account for 1.3
Pg C year~' (Table 2). Differences between
SKYHI and GCTM account for 0.7 Pg C
year .

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 in boreal Eurasia
(0.6 + 0.4 Pg C year™") with a more uncer-
tain, but generally compensating source in
temperate Eurasia (—0.5 = 0.7Pg C year 1)
However, five-region inversions (with sepa-
rate temperate and boreal regions in both
North America and Eurasia-North Africa)
were unstable, with standard errors of esti-
mates as large as 1.4 Pg C year™'. The only
stable regions were temperate and boreal
North America and the union of temperate
and boreal Furasia—North Africa, for which
terrestrial uptake estimates and errors similar
to those in Table 2 were obtained.

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

the two atmospheric GCM models and T97 and OBM are the two air-sea flux
estimates used in the inversions (see text).

Terrestrial uptake (Pg C year™’)

SD of the Mean and Forest
Source region GCTM SKYHI estimate® summary SEf area
(Pg C year™) (Pg C year™?) (10° ha)
T97 OBM T97 0O8M
Three-region inversion
North America ] 1.6 1.7 1.7 1.7 +0.5 1.7x0.5 08
Eurasia and North Africa 0.5 0.5 —04 -0.2 +0.5 0107 1.2
Tropics and Southern Hemisphere 0.1 -11 0.8 —-0.5 +0.1 —02%x09 2.1
Total 2.2 1.1 22 1.1 - = .
Four-region inversion
North America
Boreal 0.4 -0.1 0.5 0.1 *0.3 02+04 ~0.4
Temperate 1.2 1.7 12 1.3 *0.4 14+05 ~0.4
Eurasia and North Africa 06 0.7 —0.4 0.0 +0.5 02=0.7 1.2
Trapics and Southern Hemisphere 0.0 -13 0.9 —-0.4 *0.1 —-02+09 2.1
Total 2.2 1.1 2.2 1.1 = = —

*The SD of the estimate was found by assuming that the Gaussian variance equals x*/q (g = 63) (10), and th

at data errors from different stations are independent. SDs of estimates

obtained with T97 include the sampling uncertainty for oceanic €O, exchange (15), but those abtained with OBM include no oceanic uncertainty. However, the contribution of T97
error to the total uncertainty is small. +This is the mean of the estimates from the four combinations of atmospheric and oceanic models. The SE Is VoZ+V?2, where o is the

SD from the adjacent column and V is the SD of the four estimates in the first four columns.
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with atmospheric measurements within or near
the continents. [f the North American uptake
were zero, the CO, mixing ratios over eastern
North America should increase by over 2 ppm
(Fig. 1), which would make that the best place
to detect a source or sink proportional to NPP.
Data are available from two extremely tall tow-
ers (>400 m) within this region (crosses in Fig.
1) for a period later than the 1988 to 1992
interval considered here. Analyzed with a com-
pletely different method, these data are consis-
tent with the existence of a large sink in North
America (24).

A detailed summary of the present data that
constrain the North American sink (Fig. 3) il-
lustrates how near the limit of detection the
signal is. The fit of the model to the observa-
tions in the optimal case is better than 0.5 ppm
at most locations in both the Pacific and Atlan-
tic. Zeroing out the North American sink lowers
the Pacific model predictions and raises the
Atlantic, thereby reversing the west-to-east gra-
dient from —0.3 to +0.3 ppm (Fig. 3; note
particularly that the Atlantic predictions go
from being relatively well centered around the
observations to having five stations well above
the observations). Zeroing out Eurasia raises the
model predictions in the Pacific and lowers
them in the Atlantic.

We tested the sensitivity of the solutions to
individual stations by removing stations one at

Fig. 3. Comparison of

Pacific Stations
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a time. In all cases the removal of a station had
an impact of =0.3 Pg C year™, with most
being near zero. The exclusion of Sable Island
(44°N60°W) from the data set (20) does have a
substantial impact on the inversion results. In-
cluding it in the GCTM-T97 and -OBM inver-
sions reduces the North American terrestrial
uptake by 0.4 to 0.5 Pg C year™! and shifts it to
Eurasia—North Affica.

The estimate of North American terrestrial
uptake was found to be insensitive to large
changes in the North Pacific uptake, and only
weakly related to the Southem Ocean (south of
54°S) uptake. In contrast, for an incremental
change in the temperate North Atlantic sink, the
estimate of North American terrestrial uptake
changes by ~1.5 times as much in the opposite
direction. However, the temperate North Atlan-
tic sink had to be increased by about a factor of
5, from 0.3 to 1.4 Pg C year!, to eliminate the
North American sink (23).

A large North American terrestrial uptake
was estimated consistently for a range of
spatiotemporal patterns assumed for the ter-
restrial uptake (26), because subcontinental
terrestrial signals are sufficiently smoothed at
most of the air-sampling stations (Fig. 1).

Suppose that our mean estimate of the
North American terrestrial carbon sink were
distributed uniformly over the forest region
south of 51°N (Table 2) (27); then, the per

Atlantic Stations

model-predicted atmo- 6
spheric CO, concentra- *

tions () with observa- - ISR SR

tions (1988—1992 av- +0

erage) (@) at Pacific § fesaammaie

and Atlantic sampling
locations between 10°
to 60°N. Model results
are shown for GCTM
with T97 sea-air fluxes,
and with North Ameri-

N American| uptake = 0

can terrestrial uptake
set to zero (that is, all
Northern Hemisphere
terrestrial uptake placed

CO, Concentration (ppm)

in Eurasia-North Afri- ﬁ.ﬁﬂ

ca), or Eurasia-North
African terrestrial up-
take set to zero (that is, ]
all  Northern
sphere terrestrial up-

Herni- D e e

take placed in North
America). Although the 10 20 30
Mace Head station (in
the Atlantic at 53.3°N)
is an outlier in all plots,

40 50 20 30 40 50 60
Latitude (° N)

it 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 (°N) 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), CS] (51.93, —131.02), GMI (13.43, 144.78), 1ZO (28.30,
—16.48), KEY (25.67, —80.20), KUM (19.52, —154.82), MHT (53.33, —9.90), MID (28.22, —177.37), RPB
(13.17, —59.43), SHM (52.72, 174.10), STP (50.00, —145.00), pocn15 (15.00, —160.00), pocn20 (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), scsn12 (12.00, 111.00), sesn15 (15.00, 113.00), sesn18

(18.00, 115.00), and scsn21 (21.00, 117.00).

unit area forest uptake would be 3 to 4 t C
ha=! year—!. This is in the uppermost range
of some independent measurements at local
sites (28, 29). A lower estimate on the order
of | Pg C year™! for the North American
terrestrial uptake, which is near the lower
error bound of 1 SD (Fig. 2), would be in
better agreement with the local measure-
ments. However, even our low estimate is
much larger than the 0.2 to 0.3 Pg C year !
uptake estimated on the basis of forest in-
ventory data for North American forests
(30, 31), which did not take full account of
carbon storage in soils, wetlands, and lakes
(32).

The terrestrial uptake in North America is at
least partly due to regrowth on abandoned
farmland and previously logged forests (30,
31). Numerous field and laboratory studies
have suggested that terrestrial uptake is current-
ly enhanced by anthropogenic nitrogen deposi-
tion [0.2 to 2.0 Pg C year ' globally, with
much of this in the Northern Hemisphere (33,
34)], CO, fertilization [0.5 to 2.0 Pg C year™!
globally, with most of this in the tropics (33)],
and global warming [mostly in the north tem-
perate zone (8, 35)]. On the other hand, warm-
ing might also have reduced terrestrial uptake
by enhancing decomposition (29, 36).

Although the inversion results indicate that
the North American terrestrial uptake is large
enough to be detected with current data and
model constraints, its magnitude remains uncer-
tain and its cause unknown. Thus, the immedi-
ate implication of our results is the need for
additional constraints of four kinds: (i) intensive
atmospheric sampling and ecological field stud-
ies to indentify the location and cause of North
American terrestrial CO, uptake; (ii) new atmo-
spheric measurements to constrain estimates for
Eurasia, South America, Africa, and Australia;
(iii) studies to better characterize oceanic CO,
uptake, particularly in the Southern Hemi-
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 (NAQ) 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 (NAOQ) is one of
the Northem Hemisphere’s major multiannual
climate fluctuations and typically is described

C. Appenzeller and T. F. Stocker, Climate and Environ-
mental Physics, University of Bern, Sidlerstrasse 5,
CH-3012 Bern, Switzerland, M. Anklin, Department of
Hydrology and Water Resources, University of Arizo-
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with an index based on the pressure difference
between Iceland and the Azores (). On mul-
tiannual time scales, vardations in the NAO
have a strong impact on North Atlantic and
European climate (2) and also on the recent
surface temperature warming 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
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