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LETTERS TO NATURE 

is fairly successful for a variety of iitjuids c e r «'.(ended pressure, 
compression and viscosity rang«s, and vidds ph^sicallv reason­
able prtCliaions. 

The empirical Vogel'Tammann-Fulchcr .VTF) equation, 
log 1} - A + B / ( T - Tc), Is an excellent npresen-ation for the 
temperaiure-dependeni viscosity data of glycerol over 12 orders 
of rni»gnin;de--, wh«rt T.j is roughly Ihc Kauiiiidnn tem­
perature- (at which the liquid and ci-ystal are isentfopic), A 
modi6ed form of the VTF equation, in whir.K r„ it a » u r m d to 
depend linearly on F, has been ysed to fit high-prejsure conduc-
tivity and Brillouiti scattering dau'* but does not dcjcribe 

variable-ieiT\pcr3tu:e. hijh-prcssure daia, ano the sir. ; 
nhi-' v-iicoiiiy piint for glycerol" suggests ihat Bf l i :;i(Jt-i 
dent of pressure. This suggests that the combined tnta ' 
temperature and pressure on glycerol arc ^uch thu sn 
crossing of T,, at any pressure, uould yield a constant lonhi 
ationai entropy change Funher data ire clearlv req.MrJ 
clarify this issue 

OUf viscojity data Following !h« assumption i h n the parameterj 
A and fl are constants"''", independent of both press'jre ard 
temperature, (hen the isothennil hig.*i-pfessure viscosity da;a 
can b« used with the VTF equation to calculate T^IP). Applying 
the amhirnt-pffisure result" that T ^ - T ^ i 5? K, wc yblain 
T^iP) as iho^^n in Fig. 4. This pjo; has several impomnt 
features. First, the resulting T,(P) arr nnnl.nrar 'j-iih f rescure 
and agree -with estimates from high-pressure rTieasuierr.enis of 
heat capacity and dielectric constant*'* Such nonlinearitv is not 
widely recognized but u i$ iheoreiically predicted*' and has been 
seen for other liquids". We do, however, find a linear relation­
ship between To j i i d \olume iinset to Fig, 4) 

Alternatively, one can assume that A and the ratio B,' 7̂  are 
coristant, m found for methanol over Q limited prciauie risngc". 
This leaves unaltered the nonlinear behaviour of "ot f ) , but .̂ ow 
\ - T, must increase 'rtiih pressure ir> agr<re o/ith exp^nrntnta! 
data. The nearly linear relationship between and volume u 
preserred. The key difierence between these two models is 
whether the tragility parameter B/T^ (ref. 20) is independent 
of pressure. This parameter is related to the rate of structural 
brenkdown in llie liquid at>0ve and is used for the 
classification of gliss-fonning liquids. But past studies have not 
addre«.««1 i n pressure dtpindenee. Evuluation of ilii> requires 
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•»••.••:). Recent change of Arctic tundra 
ecosystems from a net carbon 
dioxide sink to a source 
W«lt«i- C. © • e h o T t , S t e v « i i J, HMtJnga*, 

<S»orge V o u r f t b * , MKch«R Jenkins* 

G o o r s « Ri*cher»4 A Nancy GrulkeJ 

• Sy«t«mB Ecolc j , - Rcaearst. Qrouy airti r>parifT^eni ot l i i D l c | / . 

San OMgu State University, Saî  Di«|.?. California 92182. uSA 
t Statiwi* Air Pollution ft^search Center. Lnivflr^iiy rt Caiifiyn.g 
Hiversloe, California 92521, USA 

5 LSOA Forest Sen.'iw. 3200 Southwn: .iefe.fcn Way Cor\d;!,s 
Oregon 97331, tj^^ 

ARCTIC tundra hat beeo a net «ink for carbon dioxld.^ durloi 
historic aad r«c«nt gMlogictj t i iT.« '- ' , ai>d large amounts of 
Cirbon are stored in the soils of nonhern eciisvjiiems Many rcgi(.n« 
of the Arctic are naimer no* than ihey h<t« been in the pajt*"", 
an< this warming mty c«us« th« w l l ' i o cfiangc from t c«rbon 
dIoKldc sinl> to a i o « i « by lowering the nater l i b l e " " , thereby 
«cc«lereilng the rate of soil decomposition (CO, source)' ' ^ " 50 
that IhU dominiTM o«tr photosyofhcsls (COj »iiik). Here »« 
present data lodicating that (he tundia on the Nonh Slope af 
Alaska has Indeed b«come « source of carhon HMxidt to the 
atmosphere. This chans* coincides «ith recent warming In the 
Arctic, whether this Is due ro Increases in g.-eenhousegaicoacetitra-
lioni III ilir Kimosphere or to some other cause. Oar results sugg«>jt 
that tundra ecofystcms may eneri « positive feedback on aimoi-
pherlp curboo dioxidt and jr«enhoui< ».»rin(ng. 

' To n+̂ om cr/ffloo' 

The current, rcciniand future carbor, flux of terrestrial fcoi.w 
fffm< it controv.r- . :a | l"\ and ai pixsrni, ihc carbOr. buCgei COf-
not balance, implying uncerxairity as lo the current terres ric 
carbon flux. It itiay be th.it over tn* pan 30-40 ycirs ii.c 
terrestrial biosphere has been a net sink for ca rbon"" iirj« 
enough to account for the "nissini cerbon' injeaed Imo ih« 
atmosphere and not accounted for in oceanic uptake or atmos 
phenc storage'-^. Analyses by Tans i t a l } ' concludfd 
l.kelihood Ufa nci lerreMnal sink > îth high-laiiiude CO. sour.c! 
to the atmosphei: 

Northern •cosystems contain up m •i .^ i Ol (petagramsl o f f 
in fhe soil active layer and the upper levels of the permafroii 
or up to -60% of the -7^0 Ct C currently in the atmoipi.ut 
as COj (refs 1-4). .\rciic tundra ecosystems alone contain more 
than 50Gt C below ground as dead organic m^it^r !n i-.s 
historic and recent geological past, vites ofirarbon accumulati.m 
in tundra worldwide ha\e been -0,1-0.3 Gt C pc^vear-""- ' •', 
Tujjock tuiiUra is estimated to have accumula'.ed'cjrbon at the 
rate of 2 3 g C m - ' y r - " lOOJGt C per vear uorldwidel 
t i i n r l f S at (he ra te c l ^ C m ' ^ y i " ' , 0.0.1 G l C pe r VCar V, O r l J -

Wide'') to 40-120gm--yr" ' (refs 24. 
H i g h - l a t i t u d e ecosvstClTlS urc exf>p.-(ed l o (undergo i h c g r c « ( c ; : 

increases in surface :empfrature with a doubling of aimosphrr,: 
( .0- Surface temperature increases of 4 T in summer snH 
rr.uch as^i? \ in Winter ha\e been predicted for hi^h nonherr 
irtiitudes- - . providing the potential for iarge absolute and rek '̂ 
tive ^ncrcQsc! in icuprraiii^* In arctic regions. The imponsnc.' 
of permafrost, ,cc an j sno.̂  ;n :onirolling arctic ecosvM-,-
processes dkr, mBi;^* tr,. .vrctic pa.i.ojlutK jefUliiie ;o 
warming . 

Rr^io, , , ! ^ ^ T : T ^ r y ^ ,,:;,ce air tenip.r:.-,r*r - and pcrma-

fro t temperatures -' has been e.xperlenc.^ over , ra ic .AlasU 

Al? , . ' «mut%. In 
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luiroi^' ^^rcgional summer . a r m i . ^ . . ^ r -.nt P^M h, and "'u 
•.. îrs at Bdrr.Mv ;.,,o Prudhoe BQ>, rc^.c^iaciv ^e(.•r,s to 
reflected ;n their leirperai-re record^ • F,g ! . inc a r v '.i.it̂ -
i:.c (icnerai trend in global temperiiur, un.,r,-'"-^' Bf ' 
.••••^ugh the dirccion of the cinange ob^ened ot; t.he nonh slope 
o: .Mask. IS that predicted by genrrul crculacon models an.H 
c.m.atc le.uniiructions. the temperatdre rise canr.-, definite!', 
r-e i.-;cribcd (o greenhouse warming"'. 

Mrrr '..-e report mcssurei,ic;ui of Hhole.fros^-if m CO, iVj' 
mo.,>ured over icasans M95.^-!9.«..'. 19^:, i W i at fool i l l 
tal.t and along a lutitudinal irance-t in 199O f.um the .Arcf,-
O'cc.in ar Prudhoe Bay to Toohi Lale. Alaska fFiij •>) The 
11,1.-1 measurements (1983-1985.19g:i u . r . ni.cc t tVool iK 
L.Ke using a closed, CO, and long-term icmpetature-conirolled 
r.ull balance greenhouse chdmber .:CO-LT chanben svstet^'^' 
Dur,n^ ihc yjmmer of m o . w, made diurnal and seasonal 
ncH>.jr.ments of ecosyitem CO: fiu.r along a noi^h^south 
ir.nio.-r from the Arci.c Oct.'an dl Pfudr.oe tia\ 1.-: TonliL' Lake 
-UU Lr. to the south, usin^ a portaiMc ecosvsier. cuv:,.,e ard Ra<' 
euh>Hnff systenv • ^ " 

The repeated summer mtdsuremen.v of diurnal CO- flux ai 
Toohk Lake made between m i «nd i ndka „d a loss o' 
u j .no rn ihe tussock tundra 0'0.7;-. '.9 g C m"^ d a a b l e 11 
I >e aiiume a notninai active season of i:? davi these ann,* ! 
r-.c>..f f.O: emuA varied Irom 53 to T^fg C m"'- reflectine 
;ne .e..Mo-year variability ,n enMronmental conditions 
u u c \ i . u-e may have si.gtuiy underestimated CO; loss bv 

missing some periods ofcn.l .md pb^i reipir^tion 1- ta,h . r - i j 
and late autumn (S. A Zimov, pef.conal Communication 1 " 

i^iurndl and seasonal patterns of carbon flux w , - . ^nmini : ,d 
b> periods ol carbon loss to the atmosphere. For exam-le 
Happy Valley showi a seasonal ircre^se ,r the ;,te (,f los^ of 
ff^rhon ut 'nifht" (turn early season lo peak season. ThK incre^^e 
.5 presumably due to increasing soil temperature^ soil aeremop. 
and depth r f thaa. ov?r this period. P:ai. net ecos'.f^frr, carbon 
uptake also increiscs I'fom earlv :o nid-seaion h j , nn no d 
measured is the carbon balanr. positive, .ndio.'l dcs-c.T,j;u,inon 
and p.ani respiration always exceed phoiobvntheiii: .^ptal e RT 
inc diurnal period. By mid season, despite incfe.i<p> ;n midd v 
rates Of carbon uptake, carbon Icjs has increased no-* --'-̂  
has phctosyntheiic uptake, a.nd the ne: loss of carbon h'^ 
increased co:T,pa,cvJ ly eariy season rates The neasurene-i 
penod w j,s extended in 1991 to cover almost the ent,.re .no« . f - -
period, rfrt'.icing the exirupolaiion ,)ci.e5;ar\ r u (_ i j ynn 
lished datai. The rei-uits y jppon tho^e p;csenied h.-e V - -
co,;r,rm the carbon loss from ,pri,n, , n o . ,ncJi auiun-'-
ferre-up along the iransrcr measured. 

Net seasonal carhon lusi to the aimospiierr us , found 31 
sites measured. Carbon loss to the atmosphere dunng the l^i / 
season generally increased from nonh to south (Fis snd o-
the drier a.|.-.> wiihin a site (F;g. 2, Table 11. TTie site ciosesi tc 
he coast. Pfudhoe Bay Wet, w , , ,he wettest site measured 

Ui'-^'e .1. The southern tu»sock lunJra sites, lool ik Lake and 
Happy Valley, were bettor drained. i.nd had greater ihavi depihj 

' i i - - .81 ju.nmer lĵ f>e ihroug'. AugL.S' 
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ground stores of carbon ,n ar Jo bore, I Sre "and l"^', 
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eer . I ; j t i i 

eaiegoi j 



whereas ai longer iPiervdls, invasion b.v .ihruh snd tree specie.', 
may result in inorcsscd Hbove-^tround Linbun Murage, Other 
eompcnjinory |-,roi;c5}C> nn.!uUe cooling of the soil Surface (fol­
lowing increased insulation from drying ofthe soil surface i n i 
litiet Ol bl juidss :i ecu mil In I inn from cle\ Jied CO and,, or other 
climatic effectsi. Currenily iherc is no evidence that these com. 
pensatory processes are acting ci will act cuick!). Field anc 
laboratory cxperimenis indicate l i i t lcornostimuiationof phnto-
synthesis in the Arctic by elevated AtMiusplicrii. CO; iref. 36i 
l l is likely that global warming u, iil lead to signilicant outgassing 
of carbon from wei and iTioist tundra bcfote other procesne:-
lemtorporuic ihir; carbon intc arciii. aiej>,. Global warming 
could accelerate the rate of carbon less in arctic tundra ecosys 
Icms by increasing ihr f1(>prh nf ihw^, increasing soil drainage 
and aeration, and increasir.g rates of soil decomposition and 
plant ref.piraiior more than gross pr imjr\ f ioduLtni iv, 

Tlie recent climate patterns may be pan of the normal climate 
\ ariation or an early indication of greenhouse warminj! In either 
ease, it i* de^i iliut they have atlecied thr current carbon t1u:v 
from the arctic ecosystem, and that arctic and horea! forest 
eeoayjirmi eouid piccidc J >I.II,IIIJ pusi.i\e feedback on attnos' 
plieiic varbon dio.xide concentration. 
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The transient response of 
terrestrial carbon storage 
to a perturbed ciimate 
T. M. SmHh A H. H. Shugart 
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Charloitesviile. Vrrglnla 22903, USA 

M O D E L timuUttvn} tugg*^! ihut Ml e<;uillbrlum, global warmins 
driven by higher itmosphcric coacentrailoni of gretahouM gijes 
w i l l l * «d t o i o c r * f l S * d t a r r a s t r U I « « r b o o s t o r a g e ' - ^ , i m p l y ^ q g A 

B«t«tive feedback lNh»c«n the global vegetatlon/$oiI s>t(em «ad 
th< atmoipherlc CO, conc«n(ralioa. But changes in v«>ge(«tloa aad 
i«il t)p« that result in a aet release of CO, to the atraosphere 
(such as those causd by wildfires) could be more rapid ihtn 
changes that result In a net increase In terrestrial carbon storai^t 
(such as species immigration end soil formtticn), so thai lo its 
iraojicDt rcspoixr tuclimiite change,(he terrestrial vegetatioa/sott 
system c«uld be a net source of carboa (« (he atmosphere. Here 
» e t i *« t i»o g e n e r a l c i r c u U t i o n m o d e l s ' * to cs« lm« l« the ( r a n t i e o i 

response of the terrestrial surface to a step doubiiag of atmospheric 
COj. We find thai ^ecetation and soil changeK mulit prove ro i>« 
a sigolticaal source of COj io the first 50-100 years following a 
climate warming, iacreasing the atmospheric CO^ coacentratioa 
by up to a third oi (he present level. 

Several estimates have been made for the carbon resrnes of 
t he l e r r e s l r i o l i u r f 8 u - < ' * . T h e s e e s t l i i i a l r s are o b t a i n e d b y 

classifying the vegetation and soils, and then multiplying area 
e s t i m a t e s f o r each c l m s i f i r p r i n t i i - i> t rgor \ b y t h e c a r b o n c o n 

centraiion of soil and vegetation in research sites typxai of that 
category. Vegetation and soil classificaiio-is have aho been 
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related to climate variables and used in assessments of possible 
global ic'-ponses to climate changes''' ' , for example to estimate 
changes in potential terresirifil carbon storage. Such calculations 
presumably estimate a long-term equilibrium response to s 
cliiiiotc iJianjie in the case ofa 'greenhouse gas climate wartTi-
i:;g, l i l t long-term response of the terrestrial surlace is to store 
rr,or« carbon' *. 

Here wc extend the methodology used by Smith et a i ' tc 
estirnaie the transient terrestrial surfure response to a siep 
change in climate. In brief, the method of determining present 
and future carbon reserves was this. (1) Expected current global 
distributions of vegetation were mapped at a O.S' x 0,.^' i latitude 
and longitude I resolution using the Holdridge life-:on« 
cldiiifiLatirin' and a climate database of monthly precipitation 
and temperature'. (2) Esiimates of carbon storage per unit area 
for eieh Holdridge life zone- were derived for aby»r-ground 
biomass using data from Olsor, ei a / ' and for soil carbon from 
Post ei ol." '. The.'ie estimates W(?re applied to the map produc*d 
m step 1 to obtain global terrestrial-surface carbon pools', ' . ' i 
Simulations cf current ( I x COj) and 2 x COj climates from the 
general circulation models developed by the Goddard Institute 
for Space Studies' and the Geophysical Fluid Dynamics Labora-
toi ; ' ' were used to con,sifUCi Climate change schemes" i^) The 
climate database was altered according to the change; implied 
by lhe elimaie change schemes, and Mtps 1 and 2 ubcuc i*rie 
repeated to obtain estimates of carbon storage (presumably after 
a I o n s p e r i o d o f C i j u i l i b r a i i o n ) f o r t he a l l p r e r l c l i m a t e c o n d i t i o n : -

To obtain an estimate of the chanjc in source-sink relations 
between the terrestrial surface a.nd the atmosphere we 
developed a simple compartment model of icrrestrisi :arbc,n 
resenes (above-ground biomass and soils) and applied thi? 
model to the globally mapped vegetation Changes in respon^r 
10 the two climate-change schemes. The compartment model 
used i n lhi<; a n s l x t i s p a r a l k - U l h e a p p r o o c h u s e d In ^ . u n r i r . 
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