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The biogeochemical cycling of carbon between its sources anCt sinks 
determines the rate of increase in atmspheric O32 concentrations. The 
&sewed increase in a w e r i c  032 content is less than the estimated 
release from fossil  fuel consumption anl deforestation. 
can be explained by interactions between the atrrrosphere and other global 
carbon resemoirs such as  the oceans, ard the terrestrial biosphere 
including soils. 

Over the las t  ten years, resear& on glabdl carbon cycle processes has 
significantly impmed  our 
Concentrations. Nevertheless, key Uncertainties remain that must  be 
resolved before atnmspheric 032 concentrations can be predicted w i t h  
sufficient accuracy t o  predict O32-2limate interactions and t o  determine the 
effects of increasinq a2 concentrations anl climate change on vegetation 
ami renewable resaurces. 

Results fman studies of past fluctuations i n  atmospheric 092 ani climate 
suggest t h a t  current carbon cycle d e l s  that mphasize humin d i s t u h n  
my  be doing so a t  the e>rpense of natural feedback components inv01vir-q both 
terrestrial axxi mine systems. 
atimspheric a2 fluctuations over the last 200 years, the contribution of 
nonfossil carbon smrces cannot be sat isfactor i ly  estimated. 

UdoubbdLy, the oceans have been the lIlost important sinks for cO2 produced 
by man. 
ccwplex and, therefore, credible estimates of 032 uptake can pmbably only 
ccpne fmw mathematical mcdels. Unfortunately, one- ani ional 
ocean d e l s  do nut allow for enou#~ 032 up tah  t o  accurately account for  
) a c r ~ n  releases. than was historically the case. cmplex V ' io& mcdels, 
while currently being developed, m y  make better use of exist- tracer data 
than do 0 - d  

This discrepancy 

of the increase in atmspheric cO2 

c=es 

~?ecause of current uncertainties in 

F!ut, the physical, chemical, and biological processes of oceans are 

RWS, they proctuce higher concentrations of atmspheric 

mdels and w i l l  also incorpomte climate 
a mre realistic view of ocean dynamics and C32 

of current m~dels t o  estimte a m m y  oceanic 
of the key uncertainties in predictions of 

increases a r ~  climate responses mer the next 100 t o  200 
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In describing the various cD2 exchanges between the atnrosphere and 
terrestrial systems, it is apparent t ha t  estimates of the net  release of 
carf3on to the a-ere frum deforestation are incmpatible w i t h  ocean- 
model c02-uptake. M e n m r e ,  the estimated loss rate terrestrial organic 
carbon frum biota and soils (0.03 t o  0.1%) is so d l  cconpared t o  the t o t a l  
IMSS of orqanic carbon t h a t  these losses are largely undetectable and can 

y frnm xrodels. only be estimated l I&recu 
frcxn inadequately described deforestation rates, forest m n  stock 
estimates, ard docuxmt& land-use changes. 
pmblem of how terrestrial emqs&ms respord t o  changes in c l k t e .  
they release or store &n? 
annual variabi l i ty  an3 uncertainty in measuring aQnspheric 032 levels, a 
a rbon  cycle model s h a d  reprduce the contemporary 032 record &le 
balancing past fluctuations fram fossil fuels w i t h  terrestrial and ocean 
caponents. 
cause of this uncertainty, it is apparent that carbon cycle models must take 
care of existing omissions by includmq l q e  geologically act ive pools of 
liv- a x i  dead material in vegetation and soils and subfossil carbon pools. 
Apprwches must be adopted that mphasize both data and model hpmementS, 
keying in on critical uncertainties, and addressing areas where no easy 
solutions exist o r  where -ledge is needed. 
must  be developed that allcrw for enaugh absorption of e n  from the 
atmosphere t o  account for past fossil  fuel burning and coIltemporary 
atrrrospheric sources. 

of the uncertainQ results 

Will 

. .  

In addition, there is the 

Besides pmviding allowances f o r  natural 

This is not the case. W e  there a r e  suggestions as t o  the 

Finally, mean 032 mcdels 

of a-ic O2 concentration a t  Mama Loa obsenrato~~ have 
shown a steady increase since 1958 (BacastcxJ ard Keeling, 1981; an3 Gammon 
et  al., 1985). These fhimgs led to an awareness of the need to urderstand 
patterns d processes of the global carbon cycle because of the 
implications for future climatic wafining resulting from potential  fossil 
fuel burrung. 

minq the  past decade, significant progress has been lMde in measuring and 
UTderStanding the glcbal caTj3on cycle and in developing methcds for 
projecting charyes in the atzqheric  concentration. Major 
studies have estimated the sizes  of carbon reserv0i.1~ (Fig. 1) , examined the 
CQnpOnents of the ocean carbon cycle, estimated the fluxes between the 
terrestridl biosphere ami the a-, and integrated camponents of the 
carbon cycle into glabdl nrodels. 
independent, but has been stimulated by developen& i n  the others. 
Although sane of the esthtes of the magnitudes of the fluxes and 
reservoirs have beoame mre refined over the l a s t  decade, the uncertainties 

progress in each study has not been 

are still high (Tables 1 and 2). 

?he size of the ab-cqheric carbon reservoir has been quantified since 1958 
when Mirq started continuous measurements of a m e r i c  
Observatory. 

a t  M ~ U M  b a  
As of 1980, the a-ere contained 712 pS (1 Pg = 1015 g )  of 
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czabon (~acastcw and ~ a i n g ,  1981). ~lthcugh an u p x d  trend in 
abms@xriic c02 is evident f r a m  rrreaflupments a t  all sites over recent 
decades, the observed increase accounts for only about 58% ( w i t h  a range of 
30 t o  80%) of m2 released by fossil fuel burning (nabalka, 1985). 
this reason, a better und- * of long-term atnnspheric cD2 trends and 
the role of the cceans and terrestrial biosphere has been sought. 

For 

The long-term record of a-eric C O ~  concentrations is not well known. 
Meamnmmts of atxns@heric 03? levels before 1958 were usuallv rather 
inaccurate, because samples w e r e  not collect& with adequate consideration 
of sampling methods ard locations. 

Measurenwts of atrrrospheric concentrations of 
30,000 years back in t k  by the analysis of aFr trapped in polar ice 
(&has e t  al., 1980; an3 N e f t e l  et al., 1982) . The mean COnCentratiOn 
during the Holocene was about 270 ppmv. Measurements have recently been 
exterded t o  the period 1750 to 1960 ( N e f t e l  et al., 1985). The values 
determu-& ' for samples fram the 1950s agree w e l l  W i t h  the MauM Loa data, 
while estimated concentrations d u r h g  1750 t o  1800 are about 280 ppmv. 

have been extended about 

THE OCEANS 

&cause the global ocean is a major carbon storage reservoir, the ocean 
the atmospleric a)2 cancentration. &I plays a major ru le  in detenmmq 

understanding of processes that regulate ocean-atnrosphere exdnxqe of carbon 
has developed over the past 20 years. specificdlly, it was feud that ocean 
vert ical  gradients of dissolved inoqanic cartx)II (DIC) anl alkalinity are 
crucial to atmospheric a2 cancentration, ami that the 
of the surface ocean de- * the rate of uptake of 032 by t h e  surface 
ocean. However, high precision measurements of these propertip.: were not 
introduced u n t i l  the -Ea program in 1973 to 1978. 
foundation for a series of advances elucidating the role of ocean chemist_ry 
ard cirailation in carbon cycling (Broecker a r d  1982). Results of 
systematic of isotope tracers such z 4 C ,  3H, 3He, and 8%r 
dur- the 
improved ocean models that use these tracers meafluced a t  different times t o  
parameterize models of the chemical ard m i x i n g  processes (E&oe&er et  al., 
198%). 

Models of the ocean-a-ere system have been very useful tools  in c a b n  
cycle reseafifi. These models evolve ard impmve as * of the 
o c e a n - a w e r e ,  dynamic system increases as new field data are acquu-ed. 
Rre simplest model is the two-bax model consistirq of a well-mixed surface 
layer arrl a well-mixed deep ocean (Craig, 1957; B o l h  and Eriksson, 1959; 
and Keel-, 1973); however, because of its simplicity, this model is too 
unrealistic t o  be used for quantitative projections (Bacastow and 
gjorkstnmn, 1981; and B o l h  et al., 1983). 

, .  

chemistry 

These data became the 

and TKl expditions have led to the developmmt of 
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A major impmVement in ocean modeling w a s  the  developmnt of the box- 
diffusion d e l ,  which describes the world ocean in t e m ~  of a we l l -mix& 
surface layer (75 m) and a deep sea reservoir w i t h  eddy diffusion ver t ical  
transfer (Oeschger et al., 1975). 
&el by adding biological cycling, upwelling, and deep water formation, and 
by haeasing the eddy diffusivity in the  thermccline. 
this model did not show a significant irx=reaSe in ocean CO2 uptake as 
ccpnpared w i t h  the simpler boxdffusion mcdel. Siegenthaler (1983) extended 
the boxdiffusion m c d d  t o  include the role of in- 'ate ami deep water 
formation a t  high latimes. 
model is estimated to be 47% of fossi l  fuel release when model parameters 
are calibrated w i t h  b0mb-l4c data. Broecker et  al. (198%) developed a 
lateral transport model of the  glca#l oceans, us- the distribution of 
banb-produced radiocarbon in the ocea~ls as abserved during the GMISECS and 
TTO prograxrs.  mi,^ model reproctuces a reasomble global tritium 
distribution in the ocean (Eimxker et al., 1986) , but it can only take up 
35% of the fossil fuel released in the perid 1958 to 1980 (Peng, 1986), 
w h i c h  is not significantly more than predictions by box-diffusion models. 

To better represent ocean dynamics, two approaches have been pursued 
recently t o  develop more detailed ional models. Firs t ,  a 
general circulation model (GCM) of the ocean developed on the basis of 
dynanucal principles (Hasselmann, 1982) has been used for  a f i r s t  simulation 
of the transfer of caTj3on and 14C ( M a i e r - R e k ,  1984). More b p m m e n t  is 
necessaq, haweves, both t o  ascertain t h a t  the ocean circulation models 
describe the ccean adequately ard t o  include biologicdl processes. 
Bolin et  al. (1983) have approached the prob~em by worm badwxds fram 
data t o  obtain parameters for a l.2-bax mcdel of the oceans. 
validation of the mcdel w i t h  f i e ld  data have Shawn that hpm-t in the 
spatial resolution of the model is needed. At this tk, it is not knm 
haw rrmch more a2 uptake w i l l  be acccxnrted for  by these three-dimensional 
models. 

Feng et al. (1983) further imprwed this 

H a w e v e r ,  results of 

AII u p p r  limit for  uptake by this type of 

Second, 

A- a t  

Recent data have indicated that other oc~an processes, such as s e s m a l  
variation and biological pump, must be considered in 
exchange between the ocean and atmosphere. 
distribution of 
abserved, and strong latitudinal variations w i t h  season have been discovered 
(T- ' et al., 1986). 
biogenic material i n  the ocean also play important roles. Studies have been 
direct& a t  determining the role of biologicdl pmpinq, particularly in the 
mayor upell ing areas of the Antarctic Ocean (Knox and McELroy, 1984; 
!%n'niento and Toggweiler, 1984; anl S i q e n t h d e r  aryl W e n k ,  1984). 

the 
Seasona l  variations of the 

sources ani sinks in the globdl oeans have been 

Production, deccwposition, and dissolution of 

In predictions of future a-eric ~0~ cmaa t ra t ions ,  it is cammonly 
assumd that the generdl circulation of the oceans w i l l  not change. 
H o w e v e r ,  the ice core cD2 recoLd Mcates  that the atnrospheric CO2 
COIlcentration increased abcort 80 p p v  a t  the end of last glacidl period 
( N e f t e l  et  al., 1982; Stauffer et al., 1984; and Barnola et al., 1983), 
which could be the result of an ocean cirai la t ion change (Broecker et  al., 
198%; and Broecker and peng, 1986). R e s u l t s  of sane mcdel eXpe.ri.mntS 
indicate that the possible implications for  the  global carbon cycle m y  be 
significant (Bolin, 1981; and Broecker, 1981). 
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&cause storage in terrestridl oryanic m a t t e r  may be responsible for part of 
the excess cD2 unaccounted for in the a w e r e ,  there have been several 
attempts t o  estimate the storage of carbon in  the world's terrestrial 
-stems. 
Fq C (Bolh,  1986; and Hougfiton et al. , 1985) . 
believed t o  be 1400 f 200 pg c (sc~esinger,  1977; and post e t  al., 1982) 
Estktes of the amount of carbon in terrestrial biota range f m  4 2 1  t o  827 
Fq C (Olson e t  al., 1983; and Hoqhton et al., 1985). The differen- among 
estimates are due to methodological differences in (1) classifying 
emsystems into types, (2 )  detenmmng areas of each type, and (3) 
determmnq c a r h n  stocks of each type (see Houghton et a l . ,  1985; and B o l h  
e t  al., 1986) . 

Most of these estimates fall w i t h i n  the range of 1200 t o  1600 
The soil e n  p o l  is 

. .  
. .  

The net  flux of carbOn between the abzsphere and terrestrial ecosystems has 

measurement have been developed. One approach, deconvolution, has ken the 
u s e  of global models in conjunction w i t h  atmispheric, oceanographic, and 
w r i n g  o r  iceere data to d&ce the texrestridl-atmsphere exchange 
rate. 
data tqether w i t h  consideration of the resultant changes in &n stored 
in vegetation and soil. 

. .  
been impossible t o  measure directl y, but several methods of IndIECt 

A second approach, reconstruction, has been t o  use lard-use change 

To umierstard the historic terrestrial carbOn flux, Peng et  al. (1983), Peng 
and F'reyer (1986), and Erranuel et al. (1984) mined ocean models a d  the 
13C tree-ring records assembled by F'reyer ard Belacy (1983) and m y e r  
(1986). The results of these deconvolution approacfies differ dramatically 
fman each other, as well as from the pattern inferred from histor ical  
reconstruction (Tmbalka et  al., 1985) . Furthermore, these models must  
assume a pre-historical a w e r i c  a2 concentration of aTcplnd 240 p~anv t o  
achieve even partial consistency w i t h  the mum ~m data. T h i s  value is 
substantially lmer than the current estkte of 280 ppmv ( N e f t e l  e t  al., 

mere are mny techni~dl pr~blens associated w i t h  using tree-ring 1% data 
as a Surrogate for  direct a.traospheric measurements. 
a-ic measurements of historid 1 3 ~  and 0 3 ~  levels are n m  becaminq 
available frum ice-core analyses. on the ocean mcdels used, 
deconvolUtion of pcO2 record gives a cumulative terrestrial release of about 
90 to 150 Fg C as of 1980, of which mre than 50% was released before 1900 
(Siegenthaler and oeschger, 1987). 

1985). 

Hawever, direct 

studies us- the historical -ion approach have analyzed net 
carbon released t o  the atmqhere from l a rd  clearing for specific regions of 
the earth (Detwiler e t  al., 1985; Mo1ofs)Cy et al., 1984; H-tm et al., 
1985; and Melfilo et al., in press).  
terrestrial 

The net flux of carbon from the 
to the atmosphere from land-use is estimated t o  fall  
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w i t h i n  the range of 0.9 to 2.9 pg C in 1980 (Houghton e t  al.,  1985; Detwiler 
et al., 1985; and Melillo et  al.. , in press),  dlmost a l l  of which is from the 
trupics. However, two important processes w e r e  not considered in these 
analyses: (1) increases in carbon storage w i t h i n  existing forests and forest  
expansion into woodlands  and grasslands in the northern hemisphere due t o  
f i r e  suppression, ard (2)  gradual degradation and the associated reduction 
of carbon stocks of vegetation and s o i l  fman losgiq, harvest- of fuel 
wood, deliberate burning, and grazing in tropical open forests. 

Four studies have a t t e q t d  to estimate the ne t  biot ic  flux based on 
land-use history since 1860 (Welle and Munk, 1977; Moore et  a l . ,  1981; 
Haughton et al., 1983; and Richards et al., 1983) . In particular, Houghton 
et al .  (1983) built upon the work of Moore et al. (1981) and developed a 
d e l  that reconstructs yearly changes of carbon in terrestrial ecosystems 
froan 1860 to 1980. ?hat model considers ten gecgrawc regions w i t h  up t o  
14 types of ecosystems, including agroecosysterrs. 
carbon release t o  the atnosphere is significantly different than that 
arrived a t  by deconvolution. Whether or  not closer a m t  between 
estimates f m  deconvolution and historical reconstruction can be achieved 
by further refinements of techniques and data is unknm.  

The predicted pattern of 

Thus, there are qreat uncertainties in the mt of flux frcan the 
terrestrial biosphere to the atmsphere (Table 1). 
estimates of 0.9 to 2.9 pg C-yr-1 are 1- than same earlier estimates, 
they are still inccgnpatible with estimated ocean &el 032 uptake. 

Although current 

Because terrestrial ecOSyStentS do nut mix o r  a&ange caTj3on directly,  as do 
different volumes of inter-mkhg ccean water, spatial heterogeneity is an 
important consideration in aggregating the mny s i t e s p e c i f i c  measurements 
of emqztem carbon dynaxrucs into global models w i t h  appropriate dyxmncs. 
Recent work has a- t o  harporate spatial detail into analyses. 
Several glabal maps of contemporary terrestrial a t  0.5" latitude 
by 0.5" longitude resolution have been construct& (Marnews, 1983; and 
Olson et al., 1983). 
reconstruction of larrd-use based on tabular data by camtry has not  been 
de- . 
vegetation and larrd-use, although, so far, only for  selected areas (Tucker 
et al., 1985; and Woodwell et al., 1986). sensing has been used to 
classify current vegetation cover over laxye areas (Tbcker et  al.,  1985; and 
TcxJnshend et  al., 1986), relate seasonal phenology observed by satellite t o  
a-eric a32 collcentration (lkker et dl., 1985) , and mnitor changes in 
proctuctivity ( W a r r i c k  et al., 1986). 

Variations in atrmspheric 032 levels a m t a m  * infomation a b u t  interactions 
between the a.tnrospherr? and other carbon reservoirs. 
seasonal cycle varies from place t o  place on the surface of the earth. 
particular, there is a s t m q  latitudinal pattern, w i t h  an amplitude that is 
very d l  a t  the South Pole but that increases northward to a maximum a t  
Pt. Barraw, Alaska (Harris and Bodhaine, 1983; and Gammon et al.,  1985). 
'Ihese oscil lations are laryely due to seasonal patterns of terrestrial 
vegetation growth and derxnnposition. 

The relationship between these maps and the 

Satellite imagexy also has been used for assessing current 

?he amplitude of the 
In 
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Recent rwsuemncs made at several Northexn H e m i s p h e r e  locations shm 
significant growth rates in the amplitude of the seasonal cycle. A t  Maw 
Ua, the mean rate of increase w a s  0.66% yr-I fm 1958 to 1981, resulting 
in a nearly 1 p (from 5.5 to 6.4 p) hzrease in the cO2 seasonality over 

amplitude indicates increased plant activity, but not necessarily increased 
net carbon storage. 
insufficient to explain the 

this h w .  K e e l -  (1983) suggested that an a 2  Seasonal 

seasonality of the grcwing fcssil fuel use is 
(Fearman and Hyson, 1980). 

Modeling terrestrial fluxes is being directed at using the information of 
a2 geographical distribution sources and sinks represented in  the seasonal 
cycle (m, 1986; and F'ung et al., 1983). 
a q e r i c  
e a r t h ' s  surface, it is possible t o  deterrmne ' the sensitivity of global c02 
dist r ibut ion to various asslrmptions about m2 sources and sinks. 

U s i n g  a three-dimens ional 
to advect 032 with specified souz~3es and sinks of 032 at the 

The W e  discuss ion is only an outline of the volminms research that has 
gone into globdl a2 reseafih in recent years. Major questions remain. 
However, the -ledge of major factors affecting the cabon cycle has 
ixbcreased aver the last decade (Tables 1 and 2)  and will help in direct- 
future efforts tawards critical researd.1 areas. 
methodologies should inrreaSe the spatial and temporal resolution and the 
accuracies of estimates. 
mathematicdl models will integrate this infomtion into a ccanprehensive 
picture of the global cD2 cycle. 

To conclude, several significant impmvarrents in the * of the 
carbon cycle over the l a s t  ten years can ke listed: 

New meafllltement 

continued increases in sophistication of 

1. 

2. 

3. 

4. 

A better picture of 3H and I4C distributions in the glabal ocean 
through c;MlsEcs ami Tm data has increased the UndeLStandlRg * 

the ocean has transferred these tracers, which have great relevance to 
anthrupgenic cazt)on distribution in the ocean. 

of haw 

?here is an increasing data base of cartan cycle-related gas tracers 
(su~h as m, 8%, ani 3 9 ~ )  in the ocean, 
IEaSuring techniques. 

Rre importanCe of high-latitude deep-water formation pmcesses in 
-11- a-ic a 2  levels has been recognized. Based on 
wtcmp-bxdiffusion mdel, a maximum of 43% of fossi l  fuel CO2 t a k n  
up by the ocean could be attributed t o  deep water formation 
(Siegenthaler, 1983). 

Realization has emerged of the role of biologicdl punping in 
controlling a-eric CO2 concentrations. 
geochemical mdel of glabdl ocean, the ccoltent of the a e -  
is- by 6.7% for eat31 10% that the oclean content of limiting 
nutrient is reduced in the absence of other effects (Broecker and 
Feng, 1986). 

to impmvea 

Based on an 11-box 



5. 

6. 

7 .  

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Based on GEESEE ard T113 chemical data, the Redfield r a t io  (P:N:C:02) 
has  been revised fmm 1:16:106:138 to 1:16:140:172, thus hpnving the 
u r d e r s w  of the effects of biogenic fluxes on caT13on cycle. 

Ice-core cD2 data have guided the development of new ideas on the role 
of paleoocean in the history of atmxpheric cD2 changes and in 
the contribution of the terrestrial biosphere t o  the increase in 

ppmr during the last glacial  period to 280 p n v  in the present 
h teqlacial  period before human -. 
abmspheric 0 0 ~ .  me atmospheric concentration irx=reased fram 200 

~ased on ice-core co2 data ar~l 1 4 ~  variations in the ocean a s  recorded 
in forarrrs in deep sea sediments, w e  learned that the mixing rate and 
the pattern of ocean CFrCulation d u r i q  the last glacial  period w a s  
very different fm the current ocean operation. The relationships 
between ocean operation and atnrospheric 002 changes in the past 
provide important guidelines for p d c t i x q  the future a.tmospheric c02 
variation due t o  climate changes. 

The concept of different d e s  of ocean operation being caused by past 
climate changes has been proposed, though nut yet confirmed. 

Developmt of an outcrop bxdi f fus ion  ocean model (Siegenthaler, 
1983) has placed an qper l i m i t  on 
fossil fuel release. 

uptake amxlnting t o  47% of the 

seasonality has  significant effects on la t i  tudindl distribution of 

suuuner mnths a x l d  change t o  a w e a k  a32 sink o r  even became a weak 
co;! source, especially in the high latitude regions. 

T i m  history of the terrestrial contribution to atmspheric 032 
~ ~ D Z E ~ S  since 1800 w a s  obtained using tree-ring I3C records, and ice- 
core 1 3 ~  d p2 recoxds. 

E s t i m a t e s  of terrestrial bicaMss have been refined fram 1000 to 1855 
Pg C to 421 to 827 pg C and those of soil cabon from 700 t o  2200 Rj C 
to 1400 2 200 p4 C. 

Oceanic 032 SCXlrCeS ard sinks. A Oceanic CO2 Sink during the 

M a p  detailing spatial distribution of carbon pools have 
been develop& for geographicdl analysis and Ccanparison with tatxrlar 
data on land-use. 

Historical reconstruction based on tabular data has redud initial 
estimates of land-clearing flux fman 20 p4 C-yr-l to 0.9 to 2.9 
Rg C-yr-l. 
differs f m  deconvolution results. 

Ihe historical pattern of flux derived fram M a r  data 

River fluxes of carbon t o  coastdl zones have been estimated t o  average 
1 to 2 ps c-yr-1. 

13 



16. The seasonal pattern of atxlospneric CD2 has ken analyzed a t  many 
latitudes for  correspondence w i t h  short term terrestrial sources and 
sinks of a2 and it has k e n  q e s t e d  that an m i n g  a 2  seasonal 
amplitude indicates inmeas& plant activity,  but not necessarily 
irx=reased net carbon storage (Keel-, 1983). 

The major uncertainties remaining stem f m  an inadequate -ledge of the 
follaJing processes: 

1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Rates of ver t ical  a n i  horizontal m k h g  in the ocean. 

Rates of upelling and its spatial distribution in the ocean. 

Rates of deep water formation in the N o r t h  A t l a n t i c  and in the 
Antarctic. 

of 0 3 ~  equilibrium between atmospheric and Oceanic 0 2  in the 
source regions of deep water formation before it sinks and is 
transported in the deep ocean. 

W i r d  speed dependence of CD1 exchange rates across the sea-air 
interface ard the spatial d-Lstribution of these rates. 

N e t  biogenic carbon flux frnm the surface productive layer t o  the d e p  
ocean. 

T h e  sensit ivity of marine prirrrary produdion t o  changes of nutrient 
availabil i ty in the surface waters. 

Short term changes (decades) of alkalinity, aryl t h u s  the buffering 
factor of sea water due to an increasing amxlIlt of DIC. 

Effects of increashq DIC due to h m t e  dissolution fo r  a long t e r m  
perspective (centuries) on CarfSoMte &anistry in the ocean. 

E f f e c t s  of seasonal variations in the z o m l  distribution of Oceanic 
CO2 sauces and sinks on global 032 uptake. 

E f f e c t s  of c l b t e  dnnqes on ocean cirar la t ion and the caTf3on cycle. 

Fertilization and the increase of bimass and oryanic matter in soils 
in terrestrial ecosystesrrs frcan increasing atmspheric cO2 
cancentrations and, possibly, deposition of nutrients emitted from 
anthrapogenic saun=es. 

E.=nhanced rate of decay of organic mtter in soils, particularly during 
the process of forest exploitation and conversion of natural 
vqeta t ion  t o  cultivation. 

14 



14. Wuyhq rate of o@c mtter in the sediments of estuaries and 
coastal oceans. 

U n c e s t a h t y  in the lard-use flux fram lack of information concerning 
the pre-1860 s t a d i r q  stocks of caTj3on, the rates of lard clearing and 
abamiormnt, the rate of biamass recovery after disturtwX=e, and the 
deqee  of decrease in carbon stocks due t o  disturbance. 

Effects of climate charqe on distribution, dyMmics, and storage 
capacity of terrestrial -, particularly 
andtundrasystems. 

15. 

16. 
rich boreal 

17. Effects of c l h t e  change on the terrestrial hydrological cycle, which 
affects both the rates of carbon storage in organic soils and the flux 
of carbon atxi nutrients to the estuary anl coastdl  ocean^, thereby 
altering the rate of sediment f omtion. 
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