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On October 27* and 28*, a Ewing Symposium dealing with the contemporary 

carbon cycle was held at Lamont-Doherty Earth Observatory. The central theme was 

understanding the now welldocumented large net uptake of C02 by the terrestrial 

biosphere. Why and where? As emphasized by Martin Heimann, any deconvolution of 

the E-W zonal components of terrestrial uptake fiom atmospheric C02 distributions is 

subject to very large uncertainties. Hence help is required from other sources. If, for 

example, the geographic pattern of COz fluxes into and out of the ocean could be pinned 

down and hence become a known rather than an unknown in these deconvolutions, the 

problem could be better constrained. Help will also come from the APO tracer proposed 

by Keeling et al. [ 1 WS] and from bottom up studies such as Carbon America [Tans, 

19961, COBRA [Wofsy et a1.,1998] and EUROSEBERBIAN CARBONFLUX [Heimann, 

. 

20001. 

Taro Takahashi, in whose honor the meeting was held, presented a summary of 

700,000 surface water seasonal C02 partial pressure measurements taken throughout the 

world oceans. He normalized these results by presenting them as differences fiom the 

atmospheric partial pressures and interpolated spatially using a 2-D diffusion-advection 

transport model [Takahashi et al., 1995; Takahashi et al., 19971. He then calculated air- 

sea CO, fluxes based on the NCEP 40-year mean wind field and Wanninkhof s wind 

velocity dependencies for air-sea C02 exchange. I say ‘dependencies’ because the global 

uptake of C& depends strongly on the choice of the exponent goverxiing this 

dependence. Based on the earlier square dependence [ WunninkhoJ 19921, Takahashi 

obtained 2.4 Gton C per year (over the period 1957 to 2000). However, if he used the 

new cubic dependence [ Wanninkhof and McGillis, 19991, he obtained 4.2 Gtons C per 

year. Tan, made no attempt to correct for the skin-temperature effect or for ocean-land- 

river-ocean natural carbon cycle. While these corrections are not important in connection 

with global deconvolutions focused on the geographic distribution of terrestrial sinks, 

they are necessary if estimates of the magnitude of uptake of fossil he1 C02 by the ocean 

2 



are to be made. Were these corrections made, Takahashi’s uptake estimates would have 

to be increased by perhaps 0.6 f 0.3 Gtons C/year. 

I 

I 
In this regard the choice of the wind velocity dependence of air-sea C02 exchange 

~ 

makes the greatest difference at high latitudes where the winds are strongest and the air- 

sea ApCO2s are the largest. This is particularly important for the northern Atlantic where 

C02 uptake by the ocean and by the adjacent lands are not distinguishable in 

deconvolutions, for, to the extent that the northern Atlantic Ocean takes up C@, storage 

on the North American continent must be correspondingly reduced. 

Rik Wanninkhof defended his new-found cubic dependence by showing 

micrometeorologic C@ fluxes obtained by Wanninkhof and McGilZis [ 19991. Key to the 

distinction between the square and cubic dependence were measurements at the highest 

wind velocity encountered (i.e., -16 dsec). In both cases, the’absolute values were 

djusted so that the bomb 14C inventory constraint was met. Pieter Tans vigorously 

criticized the cubic dependence challenging the validity of the measurements at high 

wind speed. He also presented ‘back-of-the-envelope’ calculations which suggest that the 

13C budget could not be balanced using the cubic dependence. While there was no 

resolution of this difference in opinion, clearly one of the highest priorities in ocean 

research must be to obtain gas exchange rates at high wind speeds (i.e., >12 d s e c ) .  

Another puzzle regarding ocean C02 is the finding by C.D. Keeling using joint 
13 12 atmospheric C@ and C/ C results that during El Niiio episodes in the 1980s, there are 

large compensating uptakes of C02 by the terrestrial biota and releases of C@ by the sea. 

The cause for this compensation is not understood. Roger Francey, who has led a 

campaign to cross-calibrate both atmospheric C02 and 13C measurements carried out in 

various labs, made a case that the anticoupling in the 1980s is an artifact of faulty 13C 

measurements. He showed fiom his own corrected 13C data set that the early large El 

Niiio-related interannual fluctuations in ocean uptake likely did not happen and that over 

the two decades of 13C measurements (except for 1991/92), the C02 interannual 



variability is predominantly terrestrial (in agreement with the low variability obtained in 

recent ocean model runs. Martin Heimann presented the latest results of C.D. Keeling, 

who due to illness was forced to cancel his trip to this symposium. Martin showed that 

for the most recent El Niiio, the pattern was more consistent with Francey’s view. 

However, he assured us that Keeling remains confident of the antiphasing of ocean and 

land uptake obtained for earlier times is basically correct. 

Joe Beny pointed out that these double deconvolutions are also sensitive to the 

13C fiactionation assumed for the terrestrial biosphere. He presented a strategy for 

determining what fiaction of our planet’s terrestrial photosynthesis was carried out by C- 

4 plants and concluded that it represented about 20 percent of the total. He also pointed 

out that, as c-4 plants are concentrated in the tropics, their 13c signal is initially carried 

high into the troposphere by the atmospheric ‘elevator’ over the equatorial region. This 

complicates 13C budgeting. 

Nicky Gruber presented a preliminary deconvolutions of ocean chemistry data 

aimed at separating the pre-anthropogenic fluxes fiom those associated with excess C02 

fiom fossil fuel burning. His preliminary estimate of Ocean uptake of anthropogenic C02 

is 1.6 Gtons C per year and his estimate of the total (i.e., natural plus anthropogenic) 

uptake by the North Atlantic agrees well with the ApCOz-based estimate made by 

Takahashi [ 19991 using the square dependence of C02 exchange rate on wind speed. 

However, he finds a much smaller cross-equatorial transport of C02 than proposed by 

Broecker and Peng [ 19921 and does not find the large influx of C02 fiom the Southern 

Ocean proposed by Keefing et af. [ 19891. 

Based on 02M2 measurements in air over the Southern Ocean, Mike Bender made 

a case for interannual variability in marine productivity in this region. 

Mike also presented hot-off-the-mass-spectrometer measurements of 02 to Ar ratios and 

0 anomalies in 0 2  for a traverse of surface water samples collected along a New 17 

Zealand to Antarctica traverse. 
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Dan Schrag presented detailed radiocarbon reconstructions based on 

measurements on annually layered corals fiom the tropical Pacific (Galapagos, Nauru, 

Hawaii, and Raratonga). The fact that mixing with deeper water and C02 exchange with 

the atmosphere have decadal time constants allows interannual 14C excursions due to 

lateral mixing to be isolated. These reflect the east to west sloshing of surface water in 

response to El Niiio-La Nina cycles and changes in the competition between thermocline 

waters of northern and southern origin. Indeed, extremely interesting signals from these 
- processes appear in the coral records. Of course, the sensitivity of this approach is greatly 

enhanced by the presence of bomb-test radiocarbon. Dan showed how the radiocarbon 

data can be used to test ocean circulation models, and how such comparisons can 

improve their skill. These improvements are crucial for making an accurate prediction of 

carbon uptake by the oceans. 

Without saying so in so many words, both Jorge Sadento and Steve Pacala 

appear to have backed away from the strong conclusion by Fan et al. that storage of 

carbon in the north temperate region was dominantly in North America. Reinforcing 

Martin Heimann’s warnings, Jorge showed that by varying the assumptions made in the 

deconvolution, a wide range of results could be obtained. Steve Pacala presented a 

detailed accounting of terrestrial carbon storage in continental USA and concluded that 

the annual average lies between 0.4 and 0.8 Gtons C. He also made an impressive case 

based on an analysis of measurements made in Michigan’s second growth forests that 

there had been no significant growth enhancement attributable to either excess C02 or 

fixed nitrogen. Rather, the changes in above ground biomass could be entirely accounted 

for simply by the regrowth of trees on lands where agriculture had been abandoned. If 

this conclusion stands the test of time, it places a firm upper limit on the extent to which 

terrestrial biomass will increase. Once these second growth forests have reached 

maturity, Pacala predicts that there will be no M e r  increase in biomass. 
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Steve Wofsy showed the results of recent C02 traverses and altitude profiles 

obtained fiom using a dedicated aircraft. His strategy is to use this data to extend over 

much larger areas the results obtained h m  a limited number of micrometeorology 

towers.. He also presented a summary of 10 years of continuous eddy flux measurements 

at Harvard Forest. The long-term (7-year) average of NEE (uptake of 2 Mg Chdyr) 

converges to the long-term averages of ecological measures of carbon uptake (above- and 

below-ground woody increment, 1.1 MgC/Ha/yr, soil organic matter increment, 

O.3MgC/ha/yry increase in necromass, 0.4 MgC/ha/yr). Lower respiration in dry years 

was compensated by higher respiration in wet years, with little apparent effect on long- 

term trends. Deviations from the mean in any one year had significant carry-over to the 

next. Analysis of data on tree growth and mortality showed that the species composition 

and age structure of the trees was a major determinant of long-term carbon uptake. The 

most important climatic factor affecting carbon storage was the length of the growing 

season. The stand composition and age at Harvard Forest promise continued uptake of 

carbon, at slowly declining rates, until the major trees of current assemblage reach the 

end of their life cycle. 

Dave Schimel presented results of global vegetation models designed to account 

for interannual variability in the rise in CO, concentration. In his models, he gave highest 

weight to rainfall in the tropics and to temperature in temperate regions. Only if he 

included Iagged and delayed effects could he adequately reproduce the observations. 

I 

Inez Fung made the point that due to the lack of C02 data aloft in the tropospliere, 

the vertical mixing in models is not well constrained. But she also pointed out that new 

measurements of the seasonal cycles of sF6 allowed the seasonality of interhemispheric 

transport by models to be tested. So, one gap filled and one yet to go. Her latest 

calculations suggest a near-neutral north-south C02 gradient in the pre-industrial 

atmosphere. This near-neutrality comes fiom the cancellation of the effects of air-sea gas 

exchange and the (uncertain) rectifier effect. In the east-west, the conveyor transport of 
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carbon in the oceans and the rectifier yield an atmospheric C02 concentration that is 

lower, by 0.3-0.5 ppmv, over the N. Atlantic than the N. Pacific. 

The east-west gradlent can be expressed as the sum of the contributions: 

Obs = FF + PI ocean + rectifier + Ocean uptake + land uptake 

(-0.5) = (0.35) + (-0.3) + (-0.250 + (-0.5) + land uptake. 

That C02 concentrations are lower over the Atlantic than the Pacific may be due mainly .. 
to ocean exchange pmesses. The east-west atmospheric C& gradient may not be a 

strong constraint on the North American-Eurasian partitioning of the northern hemisphere 

land sink. 

Eric Kasischke summarized his attempts to estimate the toll on biomass by fire in 

boreal forests. During 1998, a high fire year, he estimates that between 250 and 400 Tg of 

carbon were released fiomboreal forests. He pointed out that a very important 

contributor to biomass loss is the thick organic mats on the forest floor. In some fires, this 

entire layer is consumed. He also pointed out that the fiequency of fires will likely 

change as the result of the ongoing global waming. Finally, he showed that fire perturbs 

the climb in atmosphere methane content. 

In the find talk, Kevin Griffm stressed the important role of plant respiration in 

the global carbon balance. He described experiments aimed at elucidating the response of 

respiration rates to C02 and temperature carried out on a 100-year-old Oak forest near 

West Point in New York State, on Red Beech h New Zealand, and on Cottonwoods in 

Biosphere 2. 

Due to a scheduling conflict, Ralph Keeling could not attend the Tarofest. In 

order to compensate, we invited Ralph to visit as LDEO’s fall 2000 Climate Center 

visiting scientist. He presented his ten-year-long record of atmospheric 02 and C02 for a 

traverse of stations up the Pacific fiom Antarctica to Ellesmere Island in the Canadian 

Arctic. Taken at face value, this record indicates.that the ocean uptake has averaged 1.6 f 
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0.5 GtC/yr. and t&estrial uptake 1.5 f 0.6 GtC/yr. But, Raiph made a case that due to 

warming, the ocean may have been expelling 02 over the last decade. A preliminary 

correction for this release increases the ocean uptake to about 2.2 GtC/yr. and 

correspondingly reduces the magnitude of terrestrial uptake. Finally, Ralph showed, 

based on a new composite property he calls OPO (which eliminates the impact of 

biological cycling on both COz and a), that oceanic upwelling is very likely centered at 

the Antarctic Convergence rather than at the equator. In this regard, most ocean models 

have it wrong. 

Over dl, these lectures were very exciting - not a dud in the bunch. A set of 

abstracts is being assembled and will be available on the web. 
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The Ewing Symposium in Honor of Taro Takahashi: 
The Controversial Aspects of the Contemporary Carbon Cycle 

Thursday, Qctober 26: Ocean Carbon CycZe 
THREE ASPECTS ARE TO BE CONSIDERED: 
1) The preindustrial texture of surface water pC0a 
2) Interannual variability 
3) Strategies to document and predict the net uptake of fossil fuel C02 

TIME 

(ABSENT) 

850  to 950 

9so to 1o:so 

SPEAKER TALKTITLE 

Morning Session 

Charles David Keelins The Distribution of Excess of Cog 
SIOIUCSD Between the Ocean and Terrestrial 

Biosphere. 

Taro Takahashi: Climatological Distribution of Surface 
L+DEOfColumbia University Water pCOg and Net Sea-Air Flux 

Estimated f h m  It 

Roger F'rancey: 
CSIRO k n w s .  Reseamh 

Atmospheric SrsC Constraints on the 
Ocean Contribution to COz Interannual 
Variability 

10:30 to 1&45 COFFEE BREAK 

1045 to If:% Mike Bender: Preliminary Attempts to Understand 
Princeton Univemity Interannual Variability in the 

Southern Ocean 

Response of the Air-Sea Balance of 
Carbon to Nutrient Depletion 

11:S5 to 1226 Jorge S d e n t o :  
Princeton University 

Location: Lamont Hall, Lamont-Doherty Earth Observatory Campus 
Dates: October 26 and 27,2000 



The Ewing Symposium in Honor of Taro Takahashk 
The Controversial Aspects of the Contemporary Carbon Cycle 

Thursday, October 26: Ocean Carbon Cycle 
THREE ASPECTS ARE TO BE CONSIDERED: 
4) The preindustrial texture of d a c e  water p C 0 ~ .  
6) Interannual variability 
6) Strategies to document and predict the net uptake of fossil fuel C02 

TIME 

200 to 245 

245 to 3:so 

3:45 to 4:30 

SPEAKER TALK TITLE 

Afternoon Session 

Nicolas Gruber: 
UCLA 

Air-Sea Flux of Pm-Industrial and 
Anthropogenic COz fi.om an Inversion 
of Ocean Carbon Data 

The Effect of Strongly Non-Linear 
Relationships of Gas Transfer and 
Windspeed on COe- Fluxes 

Rib Wanninkhofi 
AOMUNOAA 

3:30 to 3:45 COFFEE BREXK 

Dan Schrag 
Harvard University 

Temporal Variability of Radiocarbon in 
the Tropical Pacific 

Location: Lamont Hall, Lamont-Doherty Earth Observatory Campus 
Dates: October 26 and 27,2000 



The Ewing Symposium in Honor of Taro Takahashi: 
The Controversial Aspects of the Contemporary Carbon Cycle 

Friday, October 27: Terrestrial Carbon Cycle 

THE FOCUS SHOULD BE ON THREE ASPECTS OF THE PROBLEMS 
1) The interhemispheric gradients of COS 02, and Isc (Le., rectification, pre-anthropogenic 

gradients, ...I 
2) Factors influencing changes in t&e inventory of terrestrial carbon (regrowth, deforestation, 

COS and fixed N fertilization, temperature dependence of respiration, fire). 
3) The role of forest fires 

TIME 

830 to 916 

9:16 to 1O:OO 

1O:OO to 10:46 

11:OO to 11:45 

11:46 to 12:50 

SPEAKER TATAXTITLE 

Morning Session 

Martin Heimann: 
Max-Planck-Institut, Jena 

Top-Down and Bottom-Up Approaches 
to Estimate Continental Seahi? Carbon 
Balances 

Inez Funs 
University of Berkeky 

N-S, E-W and Vertical Gradients of 
Atmospheric COS Now and Then 

Steve Wofsy: 
Harvanl University 

COS Sequestration by Terrestrial 
Ecosystems: Piecing Together the Big 
Picture From Ecological, Tower Flux, 
Aircrafi, and Space-Borne 
Observations 

10:46 to 1I:OO COFFEE BREAK 

Dave Schimei: 
Max-Planck-Instituct, Jena the Earth System 

Steve Pacala. 
Princeton University 

Coupled Climate-Carbon Variability in 

Convergence of Estimates for the US 
Carbon Sink f h m  Inventories of 
Ecosystems and Inversions of 
Atmospheric Data 

Location: Lamont Hall, Lamont-Doherty Earth Observatory Campus 
Dates: October 26 and 27,2000 



The Ewing Symposium in Honor of Taro Takahashi: 
The Controversial Aspects of the Contemporary Carbon Cycle 

Friday, October 27: Terrestrial Carbon Cycle 

THE FOCUS SHOULD BE ON THREE ASPECTS OF THE PROBLEMS 
1) The interhemispheric gradients of COz, 0% and 1% (i.e., rectification, pre-anthropogenic 

2) Factors influencing changes in the inventory of terrestrial carbon (regrowth, deforestation, 

3) The role of forest fires 

gradients, ...I 

COz, and fixed N fertilization, temperature dependence of respiration, fire). 

TIME 

2 0 0  to 2 4 5  

245 to s:30 

3:45 to 4:16 

4 1 6  to 4 4 6  

SPEAKER TALK TITLE 

Afternoon Session 

Joe Berry: 
Carnegie Institrction 

Pieter Tans: 
CMDUNOM in North America 

The Role of C-4 Plants 

Evidence for a Very Large Sink of COz 

3:30 to 3:45 COFFEE BREAK 

Kevin Griffin: 
LDEO/CoZumbia University Terrestrial Carbon CycZe 

Respiration, CLimate Change and the 

Eric Kasischke: The Role of Fire 
University of Maryland 

Location: Lamont Hall, Lamont-Doherty Earth Observatory Campus 
Dates: October 26 and 27,2000 









Distribution of Surface Water pC02 and the Net Sea-Air CO, Hux 
Over the Global Oceans 

Taro Takahashi 
Lamont-Doherty Earth Observatory of Columbia University 

Palisades, NY 10964 

Since the International Geophysical Year of 1956-58, U. S. and international 
investigators have made a large number of pC02 measurements in surface waters using 
the air-water equilibration method during various times of the seasons. Based on about . 
700,000 measurements of surface water pC02 over the global oceans, the climatological 
distribution of pC02 for the period 1957-2000 has been calculated for non-El Nino 
conditions with a spatial resolution of 4" x 5' for the reference year 1995. 

The database for this study has been constructed as follows. First, since the pC02 
in surface waters of the equatorial Pacific is subjected to large changes during El Nino 
periods, the observations made in the equatorial Pacific between 10% and 10"s during El 

- Nino events have been excluded from the data set. Thus, the results shown in this study 
represent the climatological distributions under non-El Nino conditions. Secondly, since 
the measurements were made in different years, during which the atmospheric p C 0 2  was 
increasing, they were corrected to a single reference year (arbitrarily chosen to be 1995) 
on the basis of the following observations. Surface waters in subtropical gyres mix with 
subsurface waters vertically at slow rates due to the presence of strong stratification at the 
base of the mixed layer. This results in a long contact time of surface waters with the 
atmosphere to exchange C02. Accordingly, the pC02 in these warm waters follows the 
increasing trend of atmospheric C02 as demonstrated by Inoue et al. (1995) axid Feely et 
al. (1999): The sea-air pC02 difference (ApC02) measured in a given year remains 
unchanged in the reference year. On the other hand, since surface waters in high latitude 
regions are replaced partially with upwelling deep waters by winter convection, their C02 
properties tend to remain unchanged from year to year reflecting those of deep waters, in 
which the effect of increased atmospheric C02 is diluted to undetectable levels. Hence, 
the ApCOz measured in a given year should increase as atmospheric 6 0 2  increases with 
progressing years, and it must be corrected to the reference year using the atmospheric 
C02 record. These adjusted values are binned into a total of 750,000 pixels [= (72 pixels 
along the longitude) x (41 along the latitude) x (365 days)], which represent the global 4' 
x So grid for each day in a single virtual calendar year. Since pC02 measurements have 
been made only sparsely each year, it is necessary to pool the data collected over 40 years 
into a single reference year in order to have sufficient spatial and seasonal coverage over 
the global oceans. The interannual variability of surface water pC02 is assumed to be 
negligible over the global oceans except in the equatorial Pacific. 

On the basis of the database thus assembled, mean monthly global distributions of 
ApC02 have been constructed using an interpolation method based on a lateral 2- 
dimensional advection-diffusion transport equation (Takahashi et al., 1995; Takahashi et 
al., 1997). The equation yields ApC02 values for 4" x 5" pixels where no observations 
exist, while it satisfies the observed values explicitly. The effects of vertical mixing and 
sea-air C02 flux are considered inherently imbedded in the observed data. Therefore, the 
short-term behavior of surface water properties may be approximated using the lateral 
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transport model without vertical mixing and gas exchange terms. For advective transport, 
the mean monthly surface flow field of Toggweiler et al. (1989) is used and, for diffusive 
transport, a constant value of 2000 m2/sec. The equation has been solved iteratively 
using a finitedifference algorithm. Typically, Several thousand iterations are necessary 
before solutions are converged. Although the solutions give daily distributions, monthly 
mean distributions have been computed and used for flwr calculations. 

Apt202 values thus obtained, with two different formulations for wind speed dependence 
of the sea-air gas transfer coefficient proposed by Wanninkhof (1992) (W-92 hereafter) 
and Wanninkhof and McGillis (1999) (W & Ma-99 hereafter). The former shows that 
the gas transfer coefficient depends on the square of the wind speed. The latter represents 
the results obtained using the shipboard eddyconelation method over the North Atlantic 
Ocean, and shows that the coefficient depends on the cube of the wind speed. For wind 
speed distributions over the global oceans, two data sets have been used: Esbensen and 
Kushnir (1981) (E & K-81) and NCEP 40-year mean. The results are summarized in 
Table-1 below. The combination of the E & K-81 wind speeds with the W-92 
formulation for wind speed dependence of gas transfer coefficient yie1ds.m ocean uptake 
flux of 1.94 PgUyr. The NCEP wind data show much faster wind speeds than E & K- 
81 over the Indian Ocean sector of the Southern Ocean and over the equatorial and 
subtropical Indian Ocean. Thus, the greater ocean uptake flux of 2.45 Pg-C/yr for the 
NCEP winds with W-92 is primarily attributable to the higher wind speeds over the 
Southern Ocean, where the surface ocean water is undersaturated with respect to 
atmospheric C02. The cubic wind speed dependence of the gas transfer coefficient 
proposed by W & McG-99 dramatically increases the ocean uptake flux over the northern 
and southern subpolar oceans where high wind speeds prevail, and gives a global flux of 
4.21 PgUyr that is twice as large as the flux estimated using the W-92 gas transfer 
coefficient and the E & K-81 wind distribution. Thus, the method for estimating the net 
sea-air C a  on the basis of the sea-air pC& difference suffers from our incomplete 
understanding of the wind speed dependence of the transfer coefficient. For the flux 
estimates, the effect of surface skin temperature on water 6 0 2  and the contributions of 
rivers have been neglected. The magnitude of the uncertainties in the global flux has 
been estimated to be about 0.5 PgUyr for the surface skin t e m p e m  effect and about 
0.2 Pg-C/yr for the contribution of rivers (Sarmiento and Sundquist, 1992). 

Table -1 Climatological sea-air C02 flux estimated for the global oceans for the 
reference year 1995 using different formulations for the wind speed dependence of the 
gas transfer coefficient and the wind speed distributions. 

CO2 Gas Transfer Wind Speed Distribution Estimated Uptake Flux 
Coefficients 

The net sea-air C02 flux in each pixel has been computed using the monthly mean 

for the World Oceans (Pg-C/year) 

W-92* E&K-81 -1.94 
W-92" NCEP - 40 Yr. Mean -2.45 
W & MCG-99** NCEP - 40 Yr. Mean -4.21 
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* W-92 : Wanninkhof (1992): k (cm/hr) = 0.39 U2 (S~/660)-'~ , 
where k = gas transfer piston velocity, U = wind speed (m/se~)~  
Sc = Schmidt number. 

** W & Ma-99:  Wanninkhof and McGillis (1999): 
k (c&) = (1.09 U - 0.333 U2 + 0.078 U3)(Sd660y1n 
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Atmospheric 613C constraints on the ocean contribution to COz interannual variability. 
R J Francey, CSIRO Atmospheric Research, Aspendale, Victoria, AUSTRALIA 3195 

Abstract 
Le Qu6r6 et al. (2000) compare estimates over two decades of the global interannual variability (IAV) in air-sea CO, flux 
from atmospheric and oceanic methods. The Ocean methods involve ocean GCM modelling of air-sea C02 partial 
pressure difference (ApCOZ), also ApC02 observations in the East Pacific, from which is calculated air-sea flux. The 
atmospheric methods interpret measurements of St% of atmospheric C02  as net terrestrial flux; the unexplained portion 
of the COZ IAV is then attributed to air-sea flux. 

Two laboratories, SI0 (Keeling et al., 1995) and CSIRO (Francey et al., 1995) have atmospheric 6I3C records over the 
last two decades, each from a small number of globally distributed sites. The implied IAV in air-sea flux from the two 
laboratories is very different, particularly in the 1980s. Both atmospheric studies, and a reanalysis of the CSIRO results 
by Rayner et al. (1999), give significantly larger IAV in air-sea flux than indicated by the oceanic methods. 

CSIRO maintains two relatively independent 613c sampling programs at Cape  rim, the long-running in situ extraction 
of C02 from air (CIA, 3-5 per month) and whole air collections in 0.5 litre glass flasks (CGA, - 6 per month) for 
subsequent extraction and automated analysis at CSIRO. Significant differences develop between these records, in all 
cases related to significant modifications of hardware or method. The CIA C02 is measured relative to a single pure CO, 
standard (HC453) with St% within 1% of ambient air values. The same C02 standard has been used since 1976. The 
CGA COi is measured relative to HC453, but expressed relative to bracketing whole air standards in high-pressure 
cylinders. The most serious systematic error detected in the CIA record is associated with events that alter anomalous 
mixing of sample and reference CO, within the source region of the mass spectrometer. The CGA method is relatively 
insensitive to this effect, except where it influences the assignment of isotopic ratios to the air standards. Careful 
consideration of these two effects provides a revised 20-year Cape Grim record. If it is assumed that the the pre-la91 SI0 
program much more susceptible to sample-reference C02 mixing than CSIRO (H. Meijer, pers. Comm..), and the new 
CU/CMDL program was initially subject to uncerm 'nty in assignment of isotopic ratios to air standards, as was the case 
with CSIRO's CGA, a consistent Southern Hemisphere 6°C record, in agreement with the revised CSIRO record, is 
plausible. 

On timescales long compared to the interhemispheric mixing time of 6-12 months, IAV in the Cape Grim CO, record is 
practically indistinguishable from global average values. The same is expected for 6I3C, with the exception that 
atmospheric I3C and "C signals exchange at different rates into the surface reservoirs. With relative response functions 
obtained from a carbon cycle box model (Trudinger, 2000), the Cape Grim 6I3C record is used to predict terrestrial IAV. 
This is compared to terrestrial IAV obtained by subtracting atmospheric accumulation (Cape Grim CO, growth rate, 
Beardsmore et al.. pers. comm.) and air-sea flux IAV (Le Qu6r6 et al., 2000) from the fossil fuel (and cement) industrial 
emissions. 

There is now excellent agreement between the global IAV from oceanic and atmospheric methods, except in 1991/92 that 
may contain remnant caiibration errors at the time of mass spectrometer changeover, but may also be influenced by the 
Pinatubo eruption. This result contradicts earlier atmospheric results using Cape Grim data. The reasons for this relate to 
the calibration errors, to inconsistent selection and smoothing of C02  and 613C data in the previous work and to 
inadequate allowance for the different I3C and 'k respnse times on interannual timescales. The agreement between 
oceanic and atmospheric estimates of ocean IAV implies that net terrestrial exchange is the dominant influence. 

Francey RJ., P.P. Tans, C.E. Allison, LG. Enting, J.W.C. White, and M. Trolier (1995). Changes in the oceanic and 

Keeling, C.D., T.P. Whorf, M. Wahlen, and J. van der Plicht (1995). Interannual extremes in the rate of rise of 

Le Quirt5 C., J. C. Orr, P. Monfray, 0. Aumont and 0. Madec (2000). Interannual variability of the oceanic sink of 

Rayner, P.J., 1.G Enting., R.J. Francey, and R.L Langenfelds (1999). Reconstructing the recent carbon cycle from 

Trudinger, C.M. (2000). The carbon cycle over the last lo00 years inferred from inversion of ice core data Ph.D. 
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terrestrial carbon uptake since 1982. Nature 373,326-330. 

atmospheric carbon dioxide since 1980. Nature 375,666-670. 

COz from 1979 through 1997. Global Biogeochem Cycles in press. 

trace gas observations. Tellus, SlB, 213-232. 
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Interannual variabil?y of net production in the Southern Ocean and i ts  implications for 
interannual variability in Southern Ocean COz uptake: preliminary results 

Michael Bender 
Department of Geosciences 

Princeton University 
Princeton, NJ 08540 

We summarize preliminary results from mixed layer tracers, atmospheric O n 2  studies, 
and modeling studies, and use these results to make a preliminary assessment of the magnitude 
of interannual variability in COz uptake by the Southern Ocean. 

The U. S. JGOFS program occupied a line roughly along 170 ' W to the ice edge (at 65' 
S) in December, 1997, and measured hydrographic properties in addition to biological rate 
processes. North of the Polar Front, there is a small supersaturation of 0 2 ,  which is almost 
certainly due partly or entirely to bubble injection. South of the Polar Front, there is a larger 
supersaturation (about 6 %), which certainly has a large biological component. A line close to 
the dateline was occupied in December, 1999, by the MIS cruise, and S. O'Hara collected 
samples on which we measured the triple isotope composition of 0 2  and the oz/Ar ratio. The 
latter property reflects biological 0 2  supersaturation, since the solubility properties of 0 2  are 
nearly identical to those of (inert) Ar. The biological 0 2  supersaturation measured on this cruise 
was at or very slightly below saturation north of the Polar Front (6 1 * S), and slightly positive 
(about 0.5% supersaturation) south of the Polar Front. These results suggest the absence of net 
production north of the Polar Front along 180' in late Dec., 1999, and much lower productivities 
south of the Polar Front than suggested by 0 2  data in Dec., 1997. 

Atmospheric O n 2  data from 3 sites around the Southern Ocean (Syowa, Cape Grim, 
and Amsterdam) show quite regular seasonal variations from one year to the next. However, 
there are small variations in seasonal amplitude, of order 15 per meg, that could indicate 
interannual variability in net production during the growing season (which produces 0 2  and 
causes the spring/summer increase) or ventilation (which is responsible for falling Oz/Nz 
in fall and winter). Studies done by M. Gloor (personal communication) using an atmospheric 
tracer transport model, based on "real" (analyzed) winds, suggest that changes in the amplitude 
of o z / N 2  variations are not caused primarily by changes in atmospheric circulation. They are 
also not coherent among the three sites, ruling out the possibility that they reflect basin-scale 
changes in production. They are thus due to more regional variations in production or 
ventilation, aliasing of the O f l 2  record by synoptic scale transport influences, or (in part) 
experimental error associated with transient variations in standardization of the measurements. 

We assume that the maximum coherent variation in atmospheric O n 2  around the 
Southern Ocean is 10 per meg, and make a back of the envelope calculation of the implied 
variation in C02 sequestration. If the variation is due to a change in production, there would be 
an accompanying change in mixed layer C02 drawdown and hence in sea surface p C 0 2 .  Such a 
change would imply a rather large change in Southern Ocean COz sequestration, of order 0.5 Gt 
C. If the variation in O n 2  is due to a change in 0 2  ventilation, there would be a comparable 
change in C02 ventilation. The C02 change scales to the 0 2  change by the ratio of wintertime 
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Cod02 disequilibrium between the mixed layer and the atmosphere. In this case, estimating 
C02 data from Takahashi’s maps, the interannual variability of C02 uptake is estimated to be 
smaller, of order 0.15 Gt C. Both these numbers should be regarded as upper limits, because 
they assume coherent hemisphere - scale changes in the seasonal amplitude of O n 2  variations 
that remain to be documented. Furthermore, we emphasize the extremely preliminary nature of 
the calculations. Our work does, however, demonstrate the link between the seasonal amplitude 
of 0 2 / N 2  variations and Ocean carbon uptake, and illustrates a means by which this link can be 
investigated and qunatified. 
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Response of the Air-Sea Balance of Carbon to Nutrient Depletion 

J. L Sarmiento, A. Gnanadesikan, R. Slater 

AOS Program, Princeton University, Sayre Hall, Forrestal Campus, P.O. Box CN710, 
Princeton, NJ 08544-07 10 

Previous research with both box models and the GFDL ocean general circulation 
model indicate that there is a high sensitivity of atmospheric carbon dioxide to the 
efficiency of biological uptake of carbon in the surface ocean. Furthermore, the 
sensitivity to high latitude biological uptake, particularly in the Southem Ocean (e.g., 
Sarmiento and Tope i l e r ,  1984; Knox and McElroy, 1984; Siegenthaler and Wenk, 
1984; Sarmiento and Orr, 199 1 ; Sarmiento and Orr, 199 1) has been shown to be much 
greater than the sensitivity to low latitude biological uptake (Orr and Sanniento, 1992; 
Sarmiento and Orr, 1991). However, in a new study using the HAMOCC2 ocean general 
circulation model, Archer et al. [ 20001 unexpectedly found that the global depletion of 
surface nutrients by the biological pump gave an atmospheric pC@ drop of less than 50 
ppm, where box models predict a reduction of 130 ppm. They attribute this difference in 
behavior to the influence of strong mixing in the HAMOCC2 model versus the box 
model. Two specific points that they make are: 

(1) Higher mixing, particularly vertical, reduces the influence of the high latitude 
ocean and increases that of the low latitude ocean. They argue that this occurs because 
high vertical mixing strengthens the link between the low latitude surface ocean and the 
bulk of the waters that occupy the abyss. They support their hypothesis with a sensitivity 
study using a simplified Ocean model of the solubility pump. 

(2) The switch from high to low latitude predominance causes a large reduction in 
the overall sensitivity of atmospheric pC@ to the biological pump. This is given as the 
reason for why the HAMOCC2 model gives a much smaller response to nutrient 
depletion than the box model. 

We examine the influence of mixing on the response to biological pump 
perturbations in a new ocean general circulation model that includes the biological pump. 
We vary the mixing in such a way as to preserve the shape of the thermocline. The 
model study of Gnanadesikan [ 19991 demonstrates how this can be done by modifving 
the vertical mixing Kv, an increase of which deepens the thermocline; in concert with 
lateral isopycnal thickness mixing K, an increase of which shallows the thermocline. 
The results of our study are summarized in the attached table. Both the high and low 
mixing simulations have approximately the same thermocline depth and rate of North 
Atlantic Deep Water formation. However, as discussed by Gnanadesikan [ 19991 the high 
mixing model has most of the return flow of deep water occurring by upwelling through 
the main thermocline, which is controlled by Kv. Conversely, the return flow in the low 
mixing case occurs by upwelling in the Southern Ocean, which is controlled by &. 

The results of our simulations lead us to opposite conclusions from those of 
Archer et al., 2000: 

MA-2 



(1) Higher mixing leads to a greater predominance of the high latitudes and a 
reduction in the influence of the low latitudes. The reason this occurs in our model is 
because increased vertical mixing reduces the initially high stratification in the Southern 
Ocean and leads to an initiation of convective overturning. The Southern Ocean 
therefore remains dominant in determining the response to changes in the biological 
Pump. 

(2) The increased sensitivity of the high latitudes that results fiom increased 
mixing causes an increase in the overall sensitivity of atmospheric pC02 to the biological 
pump, not the decrease that Archer et al. [ 20001 propose. 

We conclude that the oceanic response is more complex than suggested by the analysis of 
Archer et al. [ 20001. In particular, the role of Southern Ocean stratification and 
convective overturning in determining the response of the ocem to changes in mixing 
introduces an additional element of complexity that leads, in our particular case, to 
opposite conclusions. On the other hand, we do agree with Archer et al. [ 20001 in 
finding that the sensitivity of our ocean general circulation model to the biological pump 
is less than that of the box models, around 90 ppm versus 130 ppm. However, our 
response is almost twice as large as that of HAMOCC2 model (40 ppm). 

Results of simulations with the Princeton Ocean Biogeochemistry Model using a 
modified circulation model that includes isopycnal thickness mixing. 

Low mixing Highmixing I 
Model 

vertical mixing (K"Cm2/S) 0.15 0.6 

Years to Equilibrium 2500 1500 

Region of Nutrient Depletion 

Horizontal mixing (KI m2/s) lo00 2000 

. Reduction in Atmospheric CO2 after nutrient depletion bpm) 

North Atlantic (3OoN-8O0N) 15.0 11.8 
North Pacific (3OoN-67"N) 3.7 3.9 
Tropics (1 8"S-lS"N) 4.4 3.2 
S. Hemisphere (9O"S-3O0S) 63 79 

TOTAL 86 96 I 

Archer, D., G. Eshel, A. Winguth, W. Broecker, R. Pierrehumbert, M. Tobis, and R. 
Jacob, Atmospheric pC02 sensitivity to the biological pump in the ocean, Global 
Biogeochem. Cycles, in press, 2000. 

Gnanadesikan, A,, A simple predictive model for the structure of the oceanic pycnocline, 
Science, 283,2077-2079,1999. 

Knox, F., and M. McElroy, Changes in atmospheric C02, influence of marine biota at 
high latitudes, Journal of Geophysical Research, 89,46294637,1984. 

MA-2 
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Net Air-Sea Fluxes of Natural and Anthropogenic COZfiom an Inversion of Ocean Inorganic 
Carbon Observations 

N. Gruber(l), M. Gloor(2), and J.L. Sarmiento(3) 

(1) Department of Atmospheric Sciences & IGPP, UCLA, Los Angeles, CA 
(2) Max Planck Institute for Biogeosciences, Jena, Germany 

(3) AOS Program, Princeton University, Princeton, NJ 

The large number of dissolved inorganic carbon @IC) observations obtained by JGOFS on 
the WOCE hydrographic survey provide us with an outstanding snapshot of the ocean carbon 
distribution. A technique has been developed to separate the anthropogenic carbon component 
from the pre-industrial component of the DIC [Gruber et al., 19961 and this has been applied to data 
from both the Atlantic and Indian Oceans [Gruber, 1998; Sabine et al., 19991. We make use of 

these results together with some preliminary results from the Pacific Ocean Feely et al., 19991 in 
order to estimate the pre-industrial and anthropogenic air-sea flux of carbon dioxide. We employ 
an ocean inverse model approach to establish the relationship between interior concentrations and 
surface fluxes [Gloor et al., subm; Gruber et al., subm.]. This relationship is obtained using an 
ocean circulation model analogous to similar approaches used in analyzing atmospheric carbon 
dioxide observations. The resulting pre-industrial air-sea fluxes of C02 reveal the expected pattern 
of COZ uptake by the oceans in the high latitudes and release back into the atmosphere in the low 
latitudes. By contrast, the air-sea flux of anthropogenic C02 is found to be into the ocean 
everywhere, totaling about 1.6 Pg C/yr (preliminary estimate). In the North Atlantic, the total air- 
sea fluxes (i.e. pre-industrial and anthropogenic) agree well with the flux estimates of Takahashi et 
al. [ 19991 on the basis of the u2 relationship of Wanninkhof [ 19921. As the fluxes estimated by 
this inverse method are independent of partial pressure differences and gas exchange coefficients, 
this technique could provide, in principle, a means to estimate the gas exchange coefficient given 

knowledge of the partial pressure difference. Unfortunately, present uncertainties in the inversion 
results stemming from known model transport biases make such estimates rather uncertain. 
However, as models of Ocean circuIation will improve over time, such inversion methods will 
become increasingly valuable. The inversion results do not show a large cross-equatorial 
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southward carbon transport in the Atlantic such as has been proposed by Keeling et al. [1989] and 

Braecker and Peng [ 19921; the transport obtained by the inversion is only between about 0.2 and 
0.4 Pg C/yr. Neither does it show a large efflux of carbon dioxide from the Southern Ocean, such 
as would be required by Keeling et al. [ 19891. 

.- 
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The Effect of Strongly Non-linear Relationships between Gas Transfer and Wind 
Speed on CO, Fluxes * 

Rik Wanninkhof 
Atlantic Oceanographic & Meteorological Laboratory 

National Oceanic 8z Atmospheric Administration 
Miami, Fl33149 

Air-sea gas fluxes of CO, are determined by the partial pressure difference of CO, 
between air and sea, *pCO, (the thermodynamic drivingforce) and the gas transfer 
velocity, k (the kinetic driving force) according to: 

F= k s qC0, 

where s is the solubility of CO, in seawater. In the attempt to estimate global air-sea CO, 
fluxes a significant emphasis has been placed on improving the spatial and temporal 
coverage of @O, (Takahashi et al., 1997; 1999). However, limited knowledge of the 
gas transfer velocity is often a limiting factor in constraining the fluxes. It is often 
parameterized with wind speed but there is no consensus on the functional relationship 
(Liss and Merlivat, 1986; Nightingale, 2o00, Wanninkhof and McGillis, 1999, 
Wanninkhof, 1992). Significant biases in air-sea gas fluxes can occur from a variety of 
factors including incorrect parameterizations, inability to capture high frequency wind 
effects, and biases in wind speed. In particular, fluxes derived from concave non-linear 
dependencies of gas exchange with winds will be very susceptible to these errors. In these 
relationships a disproportionate amount of the CO, flux occurs during episodic events 
such as storms and this puts a premium on capturing these events in order to accurately 
assess the annual fluxes. 

The parameterization of gas exchange that fulfills the global bomb-I4C constraint is in 
favor with modelers of the global ocean carbon cycle, in part because these models are 
often calibrated to the observed oceanic bomb “C inventory. The fit through a single 
point is, of course, not unique such that additional constraints or a priori knowledge must 
be used to constrain the relationships. The quadratic relationship of Wanninkhof (1992) is 
based on the general shape of the gas exchange relationships obtained in wind tunnels. 
The more recent cubic relationship of Wanninkhof and McGillis (1999) is strongly non- 
linear. It is in accord micrometeorological co-variance flux measurements in the North 
Atlantic for winds > 4 m l s  (McGillis, 2001). Both relationships obey the ’% constraint 
but the i n f e d  annual global CO, uptake differs significantly (Table 1). 

For the estimate of annual global, CO, uptake by Takahashi et al. (1999), monthly 
averaged winds are used and the wind speed is assumed to follow a Rayleigh distribution 
function (Table 1). Using actual wind statistics based on the 6-hour NCEP wind 
reanalysis products rather then the monthly wind changes the uptake from 3.2 to 2.6 Pg-C 
yr-’ ( 1 Pg = 10’’ g) for the strongly non-linear cubic relationship. Regionally there are 
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even greater differences for parameterizations using either a quadratic or cubic 
relationship uable 1). 

For strongly non-linear relationships accurate assessment of the environmental forcing 
becomes critical. For the commonly used parameterizations with wind speed the accuracy 
of these products are important. As illustration a commonly quoted uncertainty of 1 m/s is 
applied as a bias which changes the global uptake by 0.4 Pg-C yr' for the quadratic and 
0.8 Pg-C yr-' for the cubic dependence. 

It is widely recognized that wind is not the only factor influence air-sea gas transfer but in 
most cases it appears to be the controlling factor. Remotely sensed parameters such as 
radar backscatter or inferred wave slope might offer better predictive capacity but these 
parameters are often the same as used to determine winds over the ocean. The issue of 
parameterization, averaging, and biases raised above will be pertinent for 
parameterizations using these other remotely sensed variables as well. The biases caused 
by use of averaged winds can (and should) be minimized with current global coverage 
from satellites and re-analyses products on daily timescales. 

Liss, P.S., and L. Merlivat, Air-sea gas exchange rates: Introduction and synthesis, in The 
Role of Air-Sea Exchange in Geochemical Cycling, edited by P. Buat-Menard, pp. 
113-129, Reidel, Boston, 1986. 

McGillis, W.R., J.B. Edson, J.E. Hare, and C. W. Fairall, Direct Covariance Air-Sea CO, 
fluxes., J. Geophys. Res., (in revision)., 2001. 

Nightingale, P.D., G. Malin, C.S. Law, A.J. Watson, P.S. Liss, M.I. Liddicoat, J. Boutin, 
and R.C. Upstill-Goddard, In situ evaluation of air-sea gas exchange parameterizations 
using novel conservative and volatile tracers, Global Biogeochem. Cycles, 14,373- 
387,2000. 

Takahashi, T., R.A. Feely, R. Weiss, R. Wanninkhof, D.W. Chipman, S.C. Sutherland, 
and T.T. Takahashi, Global air-sea flux of CO,: An estimate based on measurements of 
sea-air pC0, difference, Proc. Natl. Acad. Sci. USA, 94,8292-8299,1997. 

Olafsson, C. Sabine, and S.C. Sutherland, Net sea-air CO, flux over the global oceans: 
An improved estimate based on the sea-air pC0, difference., in Proceedings of the 2nd 
International Symposium on CO, in the Oceans ,, edited by Y. Nojiri, pp. 9-15, Center 
for Global Environmental Research, NEST, Tsukuba, JAPAN, January 18-23,1999., 

Takahashi, T., R.H. Wanninkhof, R.A. Feely, R.F. Weiss, D.W. Chipman, N. Bates, J. 

" 1999. 
Wanninkhof, R., Relationship between gas exchange and wind speed over the ocean., J. 

Wanninkhof, R., and W.M. McGillis, A cubic relationship between gas transfer and wind 
Geophys. Res., 97,7373-7381,1992. 

speed, Geophys. Res. Let., 26,1889-1893,1999, 
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Table 1 
Air-sea CO, flux estimates using the *pCO, of Takahashi et al. (1999) 

Global Nux Eq. Pacific N.Atl (S0.N) 
(15 *S-l5*N) 

(10” gr c p-’) (10’’ gr c v-’) (10” gr c 
‘Actual winds, u2 -2.1 0.46 -0.39 
Actual winds, u’ -2.6 0.27 -0.43 

bRayleigh winds, u2 -2.2 0.53 -0.49 
Rayleigh winds, u’ -3.3 0.43 -0.53 

‘Actual winds, (u+l)’ -2.5 0.64 -0.49 
Actual winds, (u+l)’ -3.4 0.44 -0.73 

a: using the “actual” wind distribution from 6-hour NCEP =-analysis wind products 
b: using monthly averaged winds and assuming the winds in every pixel follow a 

c: applying a 1 m / s  bias to the (actual) winds. 
Rayleigh distribution. 
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Evolution of Bomb-Radiocarbon in the Thermocline of the Tropical Pacific 

D. P. Schrag 
T.P. Guilderson 

Department of Earth and Planetary Sciences 
Harvard University 

Cambridge, MA 02138 

We have generated multiple coral A"C records at approximately monthly 
resolution from five islands in the tropical Pacific Ocean. The eastern Pacific is 
characterized by records from Urvina Bay and Wenman islands in the 
Galapagos. Two records, one from Nauru Island and the other from 
Guadalcanal, characterize the western Pacific. The north Pacific is characterized 
by a record from Hawaii, and the south Pacific by a record from Raratonga. At 
all locations, pre-bomb values range between -80 and -50 per mil with 
approximately +10 to +20 per mil seasonal and interannual variability. All 
records show the ocean response to the invasion of bombradiocarbon, although 
the timing of the peak and the magnitude of the peak vary systematically about 
the ocean basin. Subtropical sites peak earliest, between 1970 and 1975, with 
maximum values between +150 and +2OO per mil. In the eastern Pacific, the peak 
occurs in the late 1980s at a value of approximately +80 per mil. The peak at the 
western Pacific sites is intermediate between the subtropical and eastern tropical 
sites. All records show significant interannual variability during the bomb era. 
The most pronounced variability is associated with changes in the strength of 
tropical upwelling and the tradewinds associated with El Niiio. This conclusion 
was reached 10 years earlier by Taro Takahashi in an unpublished report using 
sparse time series measurements of radiocarbon from flask samples. The general 
timing of the peaks at different locations can best be explained by the delay in 
transport of water from subduction in the subtropics to the upwelling region in 
the eastern tropics. The western Pacific sites can best be explained as a mixture 
of subtropical and eastern tropical sources. This conclusion was also reached by 
Takahashi. Now that the data have been collected, and the age models have 
been carefully assigned using high-precision Sr/Ca measurements for 
paleothennometry, the data set is ready for analysis using ocean circulation 
models. The data reveal that the water that upwells in the eastern tropics must 
include a substantial (i.e., -30%) component of water from intermediate depths 
that did not originate in the subduction zones in the subtropics. More detailed 
study is necessary to describe in more detail exactly how and where mixing 
occurs in the upwelling system, although sheer produced by,the tropical 
undercurrent is likely to be of central importance. These data are essential for 
understanding the oceanic carbon cycle as they will provide on of h e  best 
constraints on the shallow circulation in the tropical Pacific. With better models 
of Pacific circulation, we will be able to better describe the carbon and nutrient 
cycles and their evolution in response to anthropogenic forcing. 

. 

12 



Top-Down and Bottom-Up Approaches to Estimate 
Continental Scale Carbon Balances 

Martin Heimann 
Max-Planck-Institute for Biogeochemistry 

Jena, Germany 

Topdown estimates of regional (continental scale) carbon balances are obtained by 
inverse modeling of the atmospheric transport of C02. In this approach, using an 
atmospheric transport model, the spatio-temporal concentration response (so-called 
base functions) from specified unit sources of predefined source regions are 
computed. These responses are then linearly scaled to optimally match the 
concentration measurements at the monitoring stations. Additional constraints, such 
as global budgets based on 0 2  or 13c measurements typical1 are also included in the 
calculation. This approach is limited because the current atmospheric measurement 
network consists only of about 100 stations, while the surface sources clearly exhibit 
many more degrees of freedom. This makes the inverse modeling approach a highly 
underdetermined problem, i.e. there exist many source-sink configurations that are 
compatible with the atmospheric observations. Using a high-resolution inversion with 
the model of Kaminski et al., (1999) we demonstrate e.g. that a solution can be 
found, in which a 2GtC yr-' sink is placed over Europe, and which accurately matches 
all observations from the entire GLOBALVIEW (1998) dataset for every month of the 
year. Traditionally, because of computing constraints, the inversion problem is 
addressed using a setup of only a limited number of base functions (20-30 regions). 
However, it can be shown that in this case the predefined spatial and temporal 
structure of the source-sink pattern within the base function regions is crucial for the 
outcome of the inversion. We have shown (Kaminski et al., 2000, in press) that 
agglomerating the some regions to large areas (i.e. the tradition& approach) prior to 
the inversion may yield drastically different results as compared to performing the 
inversion first on the high resolution grid and averaging afterwards to the coarse grid 
regions. Based on this experience, currently available inferences on continental and 
intra-continental scale source-sink estimates from atmospheric observations include 
possible biases, which can not be assessed by the coarse region inversion alone, and 
which are usually not reported. The only relatively tnrstworthy results from 
atmospheric inversions are the very coarse meridional breakdown of sources and 
sinks. A limited recent intercomparison of inversions was conducted for the IPCC 
Third Assessment Report (Prentice et al., 2001, Heimann, 2000). For the time period 
of 1980-89, the 8 models included in the study reveal the classical northern 
hemisphere sink (north of 30"N) ranging between -1.4 to -2.5 GtC 
(30°S-300N) net carbon source ranging between 0.0 to +1.2 GtC yr- . Differences in 
the breakdown between land and ocean within these coarse latitude belts are even 
larger: Terrestrial north of 30"N: -1.4 to -2.3 GtC yr-', terrestrial between 3O0S-30"N: 
-LO to +1.5 GtC yr-'. 

Bottom-up approaches to estimate regional scale carbon balances proceed by means 
of geographically explicit process-based models. Thereby the major perturbation 
factors of the terrestrial carbon cycle have to be realistically prescribed and their 
effects modelled changes in atmospheric C02 concentration, variations in climate and 
changes in land-use. A recent study with several terrestrial carbon models based on 

, and a tropical r" 
i 
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newly developed data sets of these forcing factors (McGuire et al., 2000) shows a 
smaller modelled terrestrial sink (-1.3 to -0.3 GtC yr-') on land in the northern 
hemisphere than inferred from the topdown approaches. Globally, this calculation 
yields a land-use flux (M.6 to +1.0 GtC yr-') for the 1980's which is smaller than the 
classical estimates of Houghton (1999). Possiby this discrepancy is caused by 
unavailable information on pasture areas in the landuse area data base. On the other 
hand, some of the models exhibit a rather realistic modeled variability of both the 
observed interannual net carbon exchanges and of the observed changes of the 
seasonal cycle amplitude in the northern hemisphere. On the continental and sub- 
continental scale, however, inter-model differences of the modeled carbon balance are 
at least as large as the range of topdown estimates. 

In order to improve the consistency between top-down and bottom-up approaches the 
observational database over the continents has to be improved. Recent projects, a.0. 
Carbon America (Tans, 1996), COBRA (Wofsy et al., 1998), EUROSIBERIAN 
CARBONFLUX (Heimann, 2000) attempt to monitor the atmospheric concentration 
within the lower troposphere over the continents by aircraft. Potentially these 
measurements will deliver important additional constraints on continental scale 
inversions. The interpretation of the measurements necessitates the use of combined 
atmospheric transport models, covering the global and the meso scale in a nested set- 
up. A newly measured tracer, Atmospheric Potential Oxygen (APO, Keeling et al., 
1998) shows great promise to help in the validation of the modelleii transport over the 
continents. Apart from a small contribution from fossil fuel this tracer has no sources 
or sinks over the continent and its seasonal signal is primarily caused by the seasonaly 
cycle of marine productivity. Simulation studies show how the seasonal signal of 
APO in the northern hemisphere is diluted towards the interior of the continents. This 
dilution corresponds closely with the flushing time of continental air in the lower 
troposphere which in term determines the magnitude of the continental rectifier effect. 
Because of this, measurements of AFQ within these new continental observation 
programs should receive a high priority. 

GLOBALVIEW-C02 Cooperative Atmospheric Data Integration Project - Carbon 
Dioxide. CD-ROM, NOMCMDL, Boulder, Colorado. [Also available on Internet 
via anonymous FIT to ftp.cmdl.noaa.gov, Path: ccgkoUGLOBALVIEW], 1998. 

Heimann, M., 2000: Eurosiberain Carbonflux (ENV4-C"97-0491), Annual Report 
1999,74 pp., European Union. (Available from the project website: http://www.bgc- 
jena.mpg.de/-martin.heimann/eurosib). 

Heimann, M., 2000: Atmospheric Inversion Calculations Performed for IPCC Third 
Assesment Report Chapter 3 (The Carbon Cycle and Atmospheric COz), Technical 
Reports - Max-Planck-Institute fur Biogeochemie No. 2. 

Houghton, R. A., The annual net flux of carbon to the atmosphere from changes in land 
use 1850-1990, Tellus, 51B, 298-313,1999. 

Kaminski, T., M. Heimann, and R. Giering, A coarse grid three-dimensional global 
inverse model of the atmospheric transport - 2. Inversion of the transport of C02 in 
the 1980s, Journal of Geophysical Research-Atmospheres, 104 (D15), 18555-18581, 
1999. 
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Atmospheric C02 Gradients: Then and Now 

Inez Fung 
University of California, Berkeley 

Berkeley, CA 94720-4767 
inez @ atmos.berkeley.edu 

The inference of regional C02 sources and sinks relies on the information contained in 
the north-south and east-west gradients of C02 in the atmosphere. A typical procedure 
used in inversion studies is to "pre-subtract" C02 distributions from known sourcedsinks, 
and solve for the unknown regional sourcedsinks from the residual atmospheric C02 
distribution. 

Several remarks about the atmospheric 3D models used in inversion studies: 

(1) The GO2 distribution in the atmosphere is three-dimensional. The routine 
measurement and hence availability of only surface concentrations in remote marine 
locations do not pin down the 3D C02 distribution, especially in the vertical. The vertical 
mixing of C02 by boundary layer processes and convective processes vary spatially and 
temporally. These turbuIent processes deliver C02 from the source regions to the fast 
winds aloft, and subsequently mix some of the C02 down to the surface at remote 
locations. The magnitudes of the surface C02 gradients are very sensitive to the degree 
of vertical mixing. The vertical and horizontal extent of clouds is an ongoing research 
issue in GCM's. At present, there are very few large-scale upper-tropospheric 
measurements of C02 (or other tracers) to assess the realism of vertical mixing. 

(2) TransCom2 was an intercomparison of 3D GCMs or tracer models to simulate 
the atmospheric distribution of SF6, a trace species with known aseasonal source in the 
industrial northern hemisphere. The ability of the models to simulate the seasonal 
variations of SF6 at Antarctica provides some confidence in the seasonality of 
interhemispheric transport. 

In this study, we calculate the pre-industrial COS gradients due to atmosphere-ocean and 
atmosphere-land exchanges using the GISS-UCB tracer transport model. 

Pre-industrial Atmosphere-Ocean Exchanve: 

Preindustrial air-sea fluxes were calculated from the DIC distributions provided by Scott 
Doney in his simulations using the NCAR Community Ocean Model (NCOM) with a 
carbon cycle. The simulated meridional and vertical variations in DIC resemble that 
observed in JGOFS. Like other Ocean GCM's, NCOM simulates the conveyor belt 
transport of carbon: export of carbon out of the North Atlantic and import into the North 
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Pacific, with nearly zero net transport across the equator. 

The gas exchange associated with the preindustrial DIC distribution results in a zonally 
averaged difference of -0.4 ppmv (NH minus SH) in atmospheric C02 between the 
northern and southern hemispheres. The southward export of carbon from the North 
Atlantic and the northward import of carbon into the North Pacific leads to atmospheric 
C02 concentrations that are lower in the N. Atlantic than in the N. Pacific. Our 
preliminary calculation with the atmospheric tracer transport model suggests that the 
atmospheric C02 averaged over the 30-50N segment of 4OW is 0.3 ppmv lower than the 
C02 of the corresponding segment of 150W, i.e. C02 concentrations are lower over the N 
Atlantic than the N Pacific. 

&-industrial Atmosphere-biosphere Exchange: 

Steady state C02 fluxes due to photosynthesis and respiration are simulated by the 
terrestrial biogeochemistry model CASA, and used as forcing to the atmospheric tracer 
transport model. 

The annually averaged surface concentrations, especially in the northern hemisphere, are 
positive because of the "rectifier" effect" - the surface fluxes are mixed into varying 
volumes of air through the year. In our calculation, the rectifier yields a north-south 
gradient of -2 ppmv in the zonal mean, and -1 ppmv along HOW. We note that model 
estimates of the "rectifier" effect are dependent on the vertical resolution of the models, 
especially in the boundary layer, and so its magnitude is rather uncertain. We include a 
factor "f' to the estimated gradients to indicate this uncertainty. The pattern of the annual 
"rectifier" is similar to the amplitude of the C02 seasonal cycle, and is greatest along the 
expanse of boreal forest across North America and Eurasia. This yields a C02 difference 
that is 0.25f ppmv lower along the 30-50N segment of 4OW than 150W. 

Anthrow genic uerturbations: 

Fossil fuel emission of 6.5 PgC/y yields a north-south hemispheric difference of 5 ppmv, 
and a N Atlantic (40W, averaged between 30-5ON) and N Pacific (150W, averaged 
between 30-5ON) difference of M.35 ppmv. 

NCOM estimates a fossil fuel uptake of -2.0 PgC/yr by the Ocean in 1990. Like the 
Takahashi ApCO2 compilations, the uptake is mainly in the southern oceans and in the 
North Atlantic. This yields a north-south atmospheric C02 gradient of 0.6 ppmv and a N 
Atlantic- N Pacific difference of -0.5 ppmv. 
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summarv: 

Our calculations suggest a near-neutral north-south C02 gradient in the pre-industrial 
atmosphere. This near-neutrality comes from the cancellation of the effects of air-sea gas 
exchange and the (uncertain) rectifier effect. In the east-west, the conveyor transport of 
carbon in the oceans and the recticier yield an atmospheric C02 concentration that is 
lower, by 0.3-0.5 ppmv, over the N Atlantic than the N Pacific. 

The east-west gradient can be expressed as the sum of the contributions: 
Obs = FF 
(-0.5) = (0.35) + (-0.3) + (-0.250 + (-0.5) + land uptake 

+ PI ocean + rectifier + ocean uptake + land uptake 

That COz concentrations are lower over the Atlantic than the Pacific may be due mainly 
to ocean exchange processes. The east-west atmospheric C02 gradient may not be a 
strong constraint on the North American-Eurasian partitioning of the northern hemisphere 
land sink. 
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Characterizing climate effects on the terrestrial carbon cycle: 
longer time scales and larger spatial scales 

Steven C. Wofsy*, Carol C. Barford, J. W. Munger, B. C. Daube, M. L. Goulden, L. 
Hutyra, and E. Hammond-Pyle, Harvard University 

Paper delivered to the Tarofest Symposium honoring Taro Takahashi on his 7dh birthhy 
Climatic variations excite responses from the terrestrial carbon cycle on time scales 
ranging from months (seasonal drought) to decades and centuries. Climate changes are 
typically coherent over hundreds or thousands of kilometen, and thus the responses of 
terrestrial ecosystems are manifest in inter-annual changes and long-term trends in global 
COz concentrations. 

We present a discussion of how long-term (decadal) responses to climate emerge from 
hourly data, using -10 years of continuous observations of hourly eddy covariance 
fluxes and associated ecological and environmental parameters at Harvard Forest. This 
set of data (almost I d  hours) can very accurately define the decadal means of ecosystem 
properties resolved at any suitable time interval (monthly, seasonal, annual): Net and 
Gross Ecosystem Exchange (NEE and GEE) of COz, total respiration (R), incident 
sunlight (PAR), net radiation, soil and air temperatures, precipitation, etc. Emergent 
properties, such’as seasonal anomalies and annual trends, appear as small persistent 
offsets from mean behavior. The uniformity and statistical weight of Harvard Forest data 
are sufficient to determine these offsets accurately. 

The long-term (7-year) average of NEE (uptake of 2 Mg C/ha/yr) converges to the long- 
term averages of ecological measures of carbon uptake (Above- and Below- Ground 
Woody Increment, 1.1 MgC/ha/yr, soil organic matter increment, 0.3MgC/ha/yr, increase 
in nmmass,  0.4 MgC/ha/yr). This test strongly supports the accuracy of hourly 
measurements of eddy covariance fluxes and application to ecosystem carbon budgets. 

Seasonal and annual sums of NEE were much more variable than annual increments in 
woody biomass and necromass. We analyzed deviances on these time scales to show that 
the response of heterotrophic respiration to drought accounted for much of the seasonal 
and annual variance of NEE. Lower R in dry years was compensated by higher R in wet 
years, with little apparent effect on long term trends. Deviations from mean R in one year 
had significant carry-over to themext. For example, more litter is carried through the 
winter if fall weather is dry, giving rise to excess R the following spring. These shorter- 
time scale variations reflect climatic anomalies with large spatial coherence (e.g. ENSO) 
and thus might be expected to yield a global signal in C02 concentrations. But much of 
the inter-annual variance in C02 flux reflects the dynamics of relatively short-lived (1-3 
year) carbon pools, and is thus unrelated to the factors regulating long-term sequestration 
of carbon. Explanations of factors regulating long-term trends must be sought elsewhere. 

Analysis of data on tree growth and mortality showed that the species composition and 
age structure of the trees was a major determinant of long-term carbon uptake. The most 
important climatic factor affecting carbon storage was the length of the growing season, 
possibly the second most significant factor. The stand composition and age at Harvard 
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Forest promise continued uptake of carbon, at slowly declining rates, until the major trees 
of the current assemblage reach the end of their life cycle. 
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Climate Modes and Carbon Responses 

David S. Schimel 
Max-Planck-Institute of Biogeochemistry, Jena, Germany 

National Center for Atmospheric Research,' Boulder, CO, USA 

Today's ecosystem model predictions of response to changing climate vary in 

magnitude and even sign, depending on the processes included and their 
representation. A number of qualitative questions remain about ecosystem 
sensitivity. Have temperature effects on respiration dominated over 

photosynthesis? How has carbon storage responded to precipitation? What roles 
have disturbances such as forest harvest, natural and human biomass burning 

played? What role have indirect ecosystem responses to climate played (nutrient 

cycles, phenology and population dynamics)? The atmospheric record contains 
answers to these'questions, but they are difficult to retrieve from global 

observations. The atmosphere is an inherently global constraint on ecosystem 

observations, which are inherently local samples of a highly heterogeneous 
system: achieving even limited consistency would be a major advance. 

We began to look at ecosystem processes via the atmospheric record using an 
inverse process model that links temperature anomalies to C02 growth rate 

anomalies. The model is a simplification of the global Century ecosystem model 
and including very simple carbon and nitrogen cycles, inverted against data to 
retrieve optimal parameter values using constrained optimization. The 
constraints are simply the global ranges for the parameters in Century, with the 

assumption made that the global means must lie within those ranges. The model 

is fit using global temperature, but most of the temperature signal is in the region 

35-65 N. The model fits quite well, and model versions with both C and N 

responses to temperature fit much better than models without a nitrogen cycle. 
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Model results show significant delayed effects (via the modeled nitrogen cycle), 
demonstrating the indirect effects (lagged effects) are evident even in the global 
atmospheric record. Lagged effects were particularly important in fitting the 
high growth rates in the late 198Os, and the low growth rates of CO2 in the early 

1990s. 

We adopted a spatial-temporal regression approach, expanding our analysis to 
incorporate spatial patterns in climate, and adding tropical rainfall. We 

hypothesized, a dominant effect of temperature in the mid-to-high latitudes and 
of rainfall (or drought) in the tropics. We compiled time series for 7 regions 
(Northern and Southern North America and Eurasia, Tropical America, Africa 
and Australasia), considering temperature in the Northern boxes and rainfall in 

the tropical regions. We evaluated a full model, but four terms were sigxuficant, 
North American Northern T and African rainfall. In addition, the 1-year lagged 
effects of temperature were significant for Northern North America and for 
Southern North America, again supporting the conclusion that the atmosphere 
records both direct and delayed effects of climate on ecosystems. Global 

aggregated regressions fail: COz appears to respond to anomalies with 
characteristic length scales of 500-1O00 km. Northern Hemisphere temperature 
and tropical rainfall enter successful models, both statistical and inverse. Lagged 
(indirect) effects, intrinsically biological processes, enter successful models, again 
using both statistical and inverse process models. Why doesn't Eurasia enter the 
statistical models? An EOF analysis of temperature in Eurasia shows a dipole 
between Eastern and Western Russia, with anticorrelated temperatures. 
Multiple carbon dioxide signals from the East and West may cancel before being 
observed by the sampling network, which is still dominated by oceanic 

observing sites. 
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These studies show @at our current observing system can detect some, but not 

all of the variability in global ecosystem response. It does appear to detect 
signals from biological processes within ecosystems and not just the immediate 

responses to physical forcing. We conclude that a successful carbon observing 
system will need to observe carbon flux anomalies on the spatial scale of climate 

anomalies, and that carbon research needs to be increasingly coordinated with 
climate research on seasonal-to-interannual time scales. 

Figure 1. Regions used in the spatial-temporal regression analysis. 
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Figure 2. Observed and modeled interannual variability of carbon dioxide growth rate. The model 
includes terms for Northern North America, Africa and lagged effects. Lagged effects dominate in 1987 
and 1992, just as indirect effects dominated the k-model result for those periods. This suggests the large 
excursions in growth rate that bracket 1990 had both immediate and longer term ecosystem causes. 
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The U.S. Carbon Sink: IdentiBing Causes, Quantifjing Fluxes, 
and Projecting the Future. 

BY STEVE PACALA 
Princeton University, Princeton, N J 08544 

Here we examine the cause, size and future of the U.S. carbon sink. The U.S. carbon sink 
has been attributed to changes in land use and the enhancement of plant growth by COz 
fertilization, N deposition and climate change. To estimate the relative contribution of 
land use and growth enhancement in forest ecosystems, we use forest inventory data from 
five states spanning a latitudinal gradient in the eastern U.S. Land use is the dominant 
factor governing the rate of carbon accumulation in forests in these states, with growth 
enhancement contributing far less than previously reported. The estimated fraction of 
aboveground net ecosystem production due to growth enhancement is 2.0 +/- 4.4%, with 
the remainder due to land use. 

To estimate the size of the U.S. carbon sink we compare a comprehensive land-based 
analysis of the carbon sink in the coterminous U.S. with a suite of atmospheric inverse 
estimates. Land- and atmosphere-based estimates broadly agree, but with a much 
narrower range of uncertainty for the land-based estimates. For the 1980s, the sink is 
between 113 and 2B PgC y -I, and is split approximately evenly between forest and non- 
forest sectors. The nonforest sink is caused by fire suppression on non-forested lands, 
sediment burial in reservoirs, alluvium and colluvium, and agricultural practices. 

To forecast the fum of the US. carbon sink, we used the Ecosystem Demography 
Model (ED). We first modeled carbon sources and sinks from 1700-1990, and then 
projected patterns to 2100. Our projections indicate that the land-use portion of the US 
carbon sink will decrease in the future, with a half-life of approximately 50 years, as U.S. 
ecosystems gradually equilibrate with current patterns of natural and anthropogenic 
disturbance. 
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Where in the atmosphere is the COz fromC4 photosynthesis? 
Chris Still, ' Miquel Ribas-Carbo,2 Jim Collatz? Ruth d e F r i e ~ , ~  Inez Fung,' 

and Joe Berry4 

'University of California, Berkeley, Berkeley, CA 94720-4767 
2NASA'~ Goddard Space Flight Center, Greenbelt, MD 2077 1 

Department of Geography, University of Maryland, College Park, MD 20742 
Department of Plant Biology, Carnegie Institution of Washington, Stanford, CA 94305 

Carbon isotope discrimination by C4 plants is small and quite different from that of C3 
plants. Analysis of the co-variation of C02 concentration and 6% of C02 in air sampled 
from continental sites can be used to calculate the fractional contribution of C3 and C4 
plants to net C02 exchange in ecosystems containing mixtures of C3 and C4 plants. Lloyd 
and Farquhar, (Oecologia 99:210-215) estimate that C4 accounts for 21% of global gross 
primary production (GPP). Nevertheless, Bakwin et al. (Global Biogeochem. Cycles 
12555-562) show that none of the sampling stations from the global network give a clear 
indication of a contribution of C4 plants to seasonal variation in atmospheric C02 
concentration. The apparent failure to detect the C4 component of the biosphere is 
important for two reasons. First, one needs to know the discrimination associated with 
net terrestrial uptake to distinguish ocedand uptake. This is sensitive to the fractional 
contribution from C4 plants, and begs the question, "is the current estimate of terrestrial 
fractionation adequate?" Second, the strong isotopic difference associated with C02 
exchslge by C4 ecosystems provides a natural tracer for the mixing of C02 from these 
terrestrial ecosystems into the global atmosphere. C4 plants are most abundant in bands 
flanking equatorial rainforests, and the mixing of this tracer in the atmosphere may 
provide additional insight regarding the sensitivity of the present sampling network to the 
tropical carbon cycle. 

The work we present: (a) uses remote sensing and a global climatology to construct a 
map of the distribution of C4 plants - accounting for sub-grid-scale heterogeneity of 
ecosystems; (b) uses a terrestrial biosphere model to generate maps of the location and 
seasonal variation of net C02 exchange by C3 and C4 ecosystems, and (c) uses an 
atmospheric tracer-transport model to analyze the fate of C02 from C4 ecosystems in the 
global atmosphere. Our study estimates that C4 ecosystems cover about 14% of the land 
area and account for 20 % of the GPP of the terrestrial biosphere. Carbon isotope 
discrimination by the terrestrial biosphere is estimated as 15 per mille. C4 productivity is 
strongly seasonal - principally associated with the alternation of wet and dry seasons in 
the subtropics. Deep convection associated with the wet season mixes air from the 
surface (where it is effected by C02 exchange with C4 ecosystems) into the upper 
troposphere. Once deeply dispersed, the air containing the C4 signature mixes rather 
uniformly in both henkpheres. 

Our analysis confirms the observation that C4 plants have a minimal influence on the C02 
concentration of air in the marine boundary layer, and it indicates that the impact of C4 
photosynthesis should be more prominent in the upper troposphere. Some measurements 
taken over Japan (T. Nakazawa et al. Tellus 45B:257-74) lend support to this hypothesis 
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but more measurements are needed. The wider implication of this study is that much of 
the COz exchange between the atmosphere and the tropical. portion of the terrestrial 
biosphere may not be seen in the marine boundary layer. Consequently, the present flask 
sampling net work provides little or no constraint on possible sources or sinks for C02 in 
the topics. It is possible, therefore, that the northem-temperate-forest-sink is significantly 
smaller than hypothesized. 
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Consequences for the Global Carbon Budget of an Air-Sea Gas Exchange Relationship 

Having a Cubic Dependence on Wind Speed. 

Pieter Tans 
CMDL/NOM, Boulder, CO 80303-3328 

Wanninkhof and McGillis proposed, based on eddy covariance measurements of the CO, flux by 
Edson and McGillis over the North Atlantic Ocean during GASlX98, that the gas transfer 
coefficient depends, on average, on wind speed to the third power. Such a relationship is hard to 

reconde with the CO, and isotopic budget of the atmosphere, because of the balance between &h 
and low latitudes. zzlgh latitudes tend to have hgher wind speeds, lower delta-pC0, and because of 
their low temperatures they cause depletion of 13C/',C of atmospheric CO,. The converse applies to 

low latitudes. A cubic air-sea gas exchange coefficient, as opposed to a quadratic proposed by 
Wanninkhof in 1992, will emphasize the &h latitudes more strongly, at the expense of low 

latitudes. Based on the observed delta-pC0, climatology by Takahashi et aL, the cubic predicts a 

global ocean sink of 2.6-3.2 GtC/yr. Given the known fossil fuel emissions and the measured rate'of 
CO, increase in the atmosphere, this leaves little room for a global net uptake by land ecosystems. 

At the same time, the observed small  rate of decrease of SI3C of atmospheric CO, demands that the 
atmosphere is being isotopically enriched to offset the known isotopic forcing of fossil fuel burning, 
which should deplete 13C/12C of atmospheric CO,. 

There are three mechanisms that can enrich the atmosphere: 

1) Net global uptake by land ecosystems, 

2) Pure isotopic exchange with either the oceans or 
3) Theland. 

Both of the latter will lead to enrichment of the atmosphere because those reservoirs will lag the 

atmospheric decrease of 13C/"C which is being caused by fossil fuel emissions. Mechanism 1) does 
not contribute because there is no net land uptake when the cubic is applied. Mechanism 2) is 

significantly weaker with the cubic because of the larger emphasis on exchange at high latitudes. 
That leaves Mechanism 3).To close the atmospheric "C budget, the average age of the respiratory 
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flux would have to be vary large, one hundred years or more, which would imply thak the total 

terrestrial biomass (iicluding soil organic matter) would have to be 5000 GtC or more. That is not in 

the cards. Alternatively, the globally averaged isotopic fractionation by land plants would have to be 

increasing by about 0.3%o/decade. There is no evidence for that, and no plausible mechanism has 

been proposed. 
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A Large Carbon Sink in North America? 

Pieter Tans 

CMDL/NOAA, Boulder, CO 80303-3328 

Fan et al. postulated in late 1998 that most of the terrestrial carbon sink at temperate latitudes in the 

northern hemisphere is located in North America, based on atmospheric C02 observations, two 

transport models, and two prescribed versions of CO, uptake by the oceans. Let's take' a closer look 

at the atmospheric data. The average CO, concentration at 6 stations in the North Atlantic basin is 

0.3-0.45 ppm lower than at 11 stations in the North Pacific basin. Based on CO and SF6 data, and 

known emission ratios of fossil fuel burning, we have at the same stations a recent fossil he1 

component that is higher in the North Atlantic than in the North Pacific by 0.3-0.4 ppm. The 

question is to what extent these srgnals are generated by "local" sources/sinks in the ocean basins 

themselves, versus the continents fuaher upwind. Work is ongoing to try to separate these 

influences: both the CO, and isotopic budgets have to be met. Uptake on the land would enrich 

atmospheric '%/"C probably more strongly than isotopic exchange with the oceans. 13C/'2C over 

the North Atlantic is enriched relative to the Pacific by about 0.01 5%0 on average. Also, back- 

trajectories of individual samples are available, and are being used to quantify the influence of the 

"local" Oceans on CO, ind isotopic variance. 
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Respirrrtion, climate Change and the Terrestrial Carbon Cycle 

Kevin L. Griffin 
Lamont-Doherty Earth Observatory of Columbia University 

Palisades, NY 10964-8000 

Perhaps as much as 60 GT C are released to the atmosphere annually by autotrophic respiration. 
Given the magnitude of this flux, a change of only a few percent in the annual rate of respiration 
by plants could equal the missing carbon sink. Despite its impohce  to the global carbon cycle, 
our understanding of the regulation of respiration is limited, and as a result, so is our ability to 
predict plant responses to climate change. Working in a 100-year-old oak forest in NY, we 
found the short-term temperature response of leaf respiration is species dependent, as is the 
ultimate effect on leaf carbon balance. The two oak species measured having typically more 
pronounced responses than red maple. Furthermore the temperature response is sensitive to soil 
moisture availability, with dryer soils moderating the short-term temperature response. These 
results are obtained by manipulating small portions of individual leaves but theoretical 
considerations and a limited experimental literature suggest the respiratory response to 
temperature may be stronger if whole plant or ecosystems temperatures are manipulated. We 
test this hypothesis at Biosphere 2 by changing the nighttime temperature of an entire model 
ecosystem containing 70 Cottonwood trees. Confirming our hypothesis, we found leaf 
respiration responded more strongly to a 10°C change in the ecosystem air temperature than it 
did to a similar change applied only to a portion of individual leaves. On an ecosystem basis, 
leaf respiration accounted for 796, stem respiration accounted for 3% and soil respiration 
accounted for 90% of the total flux which averaged 5.4 p o l  m” 6’ when the air temperature was 
15°C. Ecosystem manipulations of temperature with large trees can only be done with a facility 
such as Biosphere 2 and our results demonstrate some of the unique aspects of such a system. 
Plant respiration is also known to be sensitive to the atmospheric CO, partial pressure. After 6 
years of growth in elevated CO, we found Nothofagus j b c a  (red beech) trees had lower 
respiration rates than their ambient CO, grown counter parts. Interestingly, this resulted in an 
increase in carbon use efficiency (the ratio of photosynthetic carbon gain to respiratory carbon 
loss) with depth in the canopy, suggesting trees may be able to maintain more leaves in the lower 
canopy at elevated CO,. The interactive effects of temperature and CO, were examined at 
Biosphere 2. The temperature response of leaf respiration was more pronounced at 800 
compared to 400 ppmv CO, but much less pronounced at 1200 ppmv. Although only .nighttime 
temperatures were manipulated, strong photosynthetic responses were observed on the days 
following the nighttime treatments. Each time nighttime temperature was increased the next 
days carbon gain was also increased suggesting a link between carbon gain and loss that is 
responding to a common cellular signal, presumably carbohydrate concentrations. Again these 
unique experimental findings demonstrate the potential usefulness of Biosphere 2 as plant 
growth facility for studying ecosystem responses to climate change. In conclusion I suggest that 
the single largest increment in our understanding of the role of terrestrial plants in the global 
carbon cycle will come through a more thorough understanding of autotrophic respiration. 



Fire and Carbon Cycle Dynamics in the Boreal Forest - 
Will the Boreal Forest Remain a Net Carbon Sink in a Changing Climate? 

Eric S. Kasischke 
Department of Geography, University of Maryland, College Park, MD 20742 

Fires burn between 2 and 20 million hectares of land in the boreal forest annually, 
depending upon seasonal moisture and temperature conditions. Data from the North American , 
fire management agencies shows that 20% of the fire seasons in the boreal region are episodic 
with large areas burned (average = 6 million ha yr-'). The remaining years experience a much 
lower level of activity (25% of the fire levels during episodic years) (Murphy et al. 2000). Ere 
records for the Russian boreal forest are known to underestimate the level of fire activity in this 
region (Conard and Ivanova 1998). However, analysis of a limited amount of satellite imagery 
shows that Russia experiences the same episodic fire years that occur in North America (Cahoon 
et al. 1994; Kasischke et al. 1999). Based on these data, it is felt that at a global scale, an average 
of 9 million ha burns annually, with 15 to 20 million ha burning during episodic years. However, 
this total is likely to increase as the temperatures at high northern latitudes continue to increase 
(Stocks et al. 1998). 

A commonly held belief is that fires in the boreal forest result in no net change in 
atmospheric c&n because the gases released in during biomass burning are re-accumulated 
through photosynthesis as the forest recovers during succession (Seiler and Crutzen 1980). 
However, boreakforests differ from other ecosystems where fire is an important source of 
atmospheric carbon (e.g., savannas, tropical forests) in that they contain deep organic soils that 
burn. For example, Kasischke et al. (2OOOa) has shown that fires in black spruce forests of 
Alaska consume between 15 and 100% of the organic soil layer, releasing between 10 to 80 t C 
ha-' burned. Since these deep organic soils are several 100s to loooS of years old (Harden et al. 
2000), their burning repments net release of terrestrial carbon to the atmosphere. 

million in North America. It is estimated these fires released between 247 and 398 Tg of carbon 
into the atmosphere. Based upon our current understanding, it is estimated that 132 Tg C yr-' are 
released through biomass burning in the boreal forest. 

Analysis of NOAA CMDL flask data shows that anomalies appeared in both the CH4 
(Dlugokencky et al. 2000) and CO (wotawa et al. 2000) records during 1998 that are clearly 
correlated with the high levels of trace gas emissions from the boreal forest fires in 1998. It is 
estimated that these fires released 887 to 1267 Tg of C02,109 to 176 Tg of CO, and 3.6 to 5.6 
Tg of C& (Kasischke et al. in preparation). 

forest soils. Harden et al. (2OOO) showed that long-term carbon storage in different boreal forest 
types was regulated by the amount of carbon consumed during fire. In addition, organic soils 
serve as an insulator of the ground layer. Removal of organic soil by fire therefore causes in a 
profound increase in soil temperature (Kasischke et al. 2000b), which in turn increases soil 
respiration (O'Neill2000) and causes a further release of terrestrial carbon to the atmosphere 
(Richter et al. 2000). While it has been recognized that warm years may result in some boreal 
forest types to shift from a net carbon sink to a net carbon source (Goulden et al. 1998), it is not 
widely recognized that fires have the potential to significantly amplify this temperature-driven 
soil respiration response. 

1998 was a high fire year in the boreal forest, with 13.1 million ha in Russia and 4.5 

Fires play an extremely important role in regulating the amount of carbon stored in boreal 
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Atmospheric Constraints on the Uptake of CO2 by the Oceans and by LQnd Bwta 

Ralph F. Keeling 
Andrew C. Manning* 

Scripps Institution of Oceanography 
La Jolla, CA 92093-0244 

*Now at 
Max-Planck-Institut fuer Biogeochemie 

Postfach 100164, D-07701 Jena, Germany 

We report changes in abundance of atmospheric 0 2  over the past decade, detected as 
changes in oz/N2 ratio. In principle, the 02 change can be used to distinguish rates of C02 
uptake by the land and the Oceans globally. According to our observations, the atmospheric 
O n 2  ratio decreased at an average rate of 15.9V0.8 per meglyr between July 1991 and July 
1999, which corresponds to a global 02 decrease of 5.9V0.3H1014 mol Wyr, assuming no 
change occurred in the atmospheric N2. As noted in a recent study by Battle et al(2000), the 0 2  
loss rate varies considerably from year to year, with the variations closely correlated with the 
changes in the growth rate of atmospheric C@. This correlation indicates that the short-term 
variations in C& growth rate are mostly caused by variations in land biomass. Our study 
extends these correlations through the large 199718 El Nino event and yields a slightly lower 
global 02 loss rate than inferred by Battle et al. 

mollyr, which quires  that the oceans and land plants together released around 1.5H1014 0 2  
mol@ to account for the observed 0 2  loss rate. If the Ocean source was negligible, then 
balancing the 92 budget qu i res  a land C02 sink of 1.7V0.6 Pg C/yr, and balancing the C02 
budget requires an Oceanic sink of 1.5V0.41 Pg C/yr. These estimates allow for uncertainty in 
fossil-fuel burning, in the land photosynthetic 02:C ratio, and in the atmospheric 0 2  and C02 
trends. The land sink incorporates all exchanges, including those that result from land-use 
change. 

past decade. Levitus et al(2000) report that the upper 3OOm of the Oceans have warmed at a rate 
of around 1.4H1022 J/yr since the early 199Os, and that the oceans as a whole have warmed by 
l.lH1022 J/yr since the mid 1980s. Regardless of what caused the warming, it was likely 
associated with a net release of 0 2  from the Ocean as a result of temperature-induced solubility 
changes in dissolved 0 2 ,  and as a result of changes Ocean biological carbon cycling caused by 
warming-induced stratification of the upper ocean. Based on the upper-ocean response to 
seasonal and steady-state warming, and based on climate-warming scenario of Sarmiento et al. 
(1998), we show that the combined thermal and biological 0 2  outgassing typically scales at a 
ratio of 3 to 6 nmof 0 2  per Joule of warming. If a similar ratio applies to the recent upper 3OOm 
warming trend, then the associated Oceanic 02 release amounts to 0.4 to 0.8H1014 mol Oiyr. 
Allowing for this Oceanic 0 2  release requires revising downward the land carbon sink by 0.5 to 
0.9 Pg C/yr and revising upwards the Ocean carbon sink by the same amount. Ocean warming 

The average annual 0 2  loss due to fossil-fuel burning over the 1991-1999 was 7.4H1Ol4 

It=s very possible, however, that the Oceans were a significant net source of 02 over the 

35 



also induces N2 outgassing, although the required correction is 0.1 Pg CYyr or smaller. 

APO = 02 + l.lC@, which is largely invariant to land photosynthesis and respiration due to 
compensating effects on @ and C02, but which is strongly influenced by oceanic exchanges of 
these gases. A previous examination of this gradient by Stephens et al(lW8) using Scripps data 
through 1996, showed a large discrepancy with model simulations, with the models predicting a 
maximum in APO at low latitudes which was not observed, and the observations showing a 
maximum APO at middle or high latitudes in the Southern Hemisphere which was not duplicated 
in the models. Stephens et al tentatively interpreted this discrepancy as indicating that the ocean 
models upwelled too much deep water at low latitudes and not enough at the Antarctic 
divergence. Here we show that additional APO observations obtained since 19% reinforce the 
patterns detected in Stephens et al, including the southern Hemisphere maximum. We also 
show, based on global correlations between potential temperature and an oceanic tracer OPO 
(which is a conservative oceanic analogue for APO) that the gradients in APO should largely 
reflect patterns of air-sea heat exchange. The southern hemisphere APO maximum is consistent 
with the pattern of air-sea heat exchange that results form cold water sinking in the Northern 
Hemisphere as part of North Atlantic Deep Water, followed by upwelling and conversion to 
warmer water in the Southern Hemisphere. 

We also report observations of the interhemispheric gradient in the atmospheric tracer 
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A Ewing Symposium on the contemporary carbon cycle 
Wallace S. Broecker 
Lamont-Doherty Eartb Obmbny, Columbia University, Palisades, New Yo&, USA 

On October 27 and 28,2000, a Ewing Symposium dealing with 
the contempomy carbon cycle was held at Lamont-Doherty Earth 
Observatory, The central theme was understanding the now well- 
documented large net uptake of CO, by the terrestrial biosphere 
with focus on “why and where.” As emphasized by Martin 
Heimann, any deconvohtion of the E-W mnal components of 
ten-esttial uptake fmm atmospheric C02 distriiutions is subject to 
vey large uncertainties. Hence additional information is required 
h m  other sources. If, for example, the geographic pattern of C02 
fluxes into and out of the ocean could be pinned down and hence 
become a known rather than an unknown in these deconvolutions, 
the problem could be better constrained. Help will also come from 
global mass balance tracers such as the apparent potential oxygen 
(APO) tracer proposed by Stephens et tal. [1998] and h m  bottom 
up studies of terrestrial CO, sources and sinks such as Carbon 
America [Tans et al., 19961, CO2 Budget and Rectification Air- 
borne Study (COBRA) [Gerbig et nL, 20011 and EUROSJBER- 
IAN CARBONFLUX [Heimm, 20001. 
Taro Takahashi presented a summary of 700,000 surface water 

seasonal C02 partial presmre measurements taken throughout the 
world oceans. He normalized these results by presenting them as 
differences h m  the atmospheric partial pressures and interpolated 
spatially using a two-dimensional (2-D) diffision-advection trans- 
port model [Takaiur;rhi et al., 199519971. He then calculated air- 
sea CO, fluxes based on the National Centers for Environmental 
Prediction (NCEP) 40-year mean wind field and Wanninkhofs 
wind velocity dependencies for air-sea C02 exchange. I say 
“dependencies” because the global uptake of C02 depends 
strongly on the choice of the exponent governing this dependence. 
On the basis of the earlier square dependence [WunninAAof, 19921, 
Takabashi obtained 2.4 Gt C yr-’ (over the period 1957-2000). 
However, if he used the new cubic dependence [WaninRhofand 
McGillis, 19991, he obtained an upper limit of 4.2 Gt C yr-’. 
Takahashi made no attempt to correct for the skin temperature 
effect or for ocean-land-river-ocean natural carbon cycle. While 
these corrections are not important in connection with global 
deconvolutions focused on the geographic distribution of terrestrial 
sinks, they are neceSSiKy if estimata of the magnitude of uptake of 
fossil he1 CO, by the ocean are to be made. Were these c o d o n s  
made, Takahashi’s uptake estimates would have to be increased by 
perhaps 0.6 f 0.3 Gt C yr”. 

In this regard, the choice of the wind velocity dependence of air- 
sea CO, exchange makes the greatest difference at high latitudes 
where the winds are strongest and the air-sea ApCO2 are the 
largest. This is particularly important for the northern Atlantic 
where C02 uptake by the ocean and by the adjacent lands are not 
distinguishable in deconvolutions, for to the extent that the north- 
ern Atlantic Ocean takes up C02, storage on the North American 
continent must be correspondingly reduced 

Rik Wanninkhof defended his newfound cubic dependence by 
showing micrometeorologic CO, fluxes obtained by Wunninkhof 
and McGiIIlis [ 19991. Key to the distinction between the square and 
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cubic dependence were measurements at the highest wind velocity 
encountered (it., -16 m s-I). In both cases, the absolute values 
were adjusted so that the bomb “C inventory constraint was met. 
Pieter Tans vigorously criticized the cubic dependence, challenging 
the validity of the measurements at high wind speed. (Note that 
Pieter showed that his gradient-based measurements at low wind 
speed were much higher than those obtained by eddy correlation. 
His group did not do any measurements at high wind speed). He 
also presented “back-of-theenvelope” calculations which suggest 
that the 13C budget could not be baland using the cubic depend- 
ence. While there was no resolution of this difference in opinion, 
clearly one of the highest priorities in ocean research must be to 
obtain gas exchange rates at high wind speeds (Le., >12 m s-’). 

Another puzzle regarding ocean C O 2  is the finding by C. D. 
Keeling, using joint atmospheric C02 and ”C/’*C results, that 
during El Niiio episodes in the 198Os, there are large Compensating 
uptakes of C02 by the terrestrial biota and releases of C02 by the 
sea The cause for this cornpation is not understood. Roger 
Francey, who has led a campaign to cross calibrate both atmos- 
pheric CO, and I3C measurements carried out in various labora- 
tories, made a case that the anticoupling in the 1980s is an artifact 
of faulty I3C measurements. He showed fmm his own corrected 
”C data set that the early large El Niiio-related interannual 
fluctuations in ocean uptake likely did not happen and that over 
the two decades of I3c measurements (except for 1991 - 1992), the 
CO, interannual variability is predominantly terrestrial (in agree- 
ment with the low variability obtained in recent ocean model nms). 
Martin Heimann presented the latest results of C. D. Keeling. 
Heimann showed that for the most recent El Niiio the pattern was 
more consistent with Francey’s view. However, he assured us that 
Keeling remains confident of the antiphasing of ocean and land 
uptake obtained for earlier times is basically correct. 
Joe Berry pointed out that these double deumvolutions arc also 

sensitive to the I3C fractionation assumed for the terrestrial bio- 
sphere. He presented a strategy for determining what fraction of 
our planet’s terratrial photosynthesis was carried out by c4 plants 
and concluded that it represented -200/0 of the total. He also 
yinted out that as C-4 plants are concentrated in the tropics, their 
’C signal is initially carried high into the troposphere by the 

atmos heric “elevator” over the equatorial region. This compli- 
cates ‘C budgeting. 

Nicky Gruber presented a preliminary deconvolutions of ocean 
chemistry data aimed at separating the preanthropogenic fluxes 
from those associated with excess C02 from fossil fuel burning. 
His prelii’ estimate of ocean uptake of anthropogenic CO, is 
1.6 Gt C 7, and his estimate of the total (i.e., natural plus 
anthropogenic) uptake by the North Atlantic agrees well with the 
ApCOz-based estimate made by TaRahmhi [1999] using the 
square dependence of C02 exchange rate on wind speed. However, 
he finds a much smaller Cross-equatorial transport of C02 than 
proposed by Bmecker and Peng, [ 19921 and does not find the large 
influx of C@ from the Southern Ocean proposed by Keeling et al. 
[1989]. 

On the basis of O& measurements in air over the Southern 
Ocean, Mike Bender made a case for interannual variability in 
marine productivity in this region. Bender also presented hot-off- 
the-mass-spectrometer measurements of 02 to Ar ratios and ”0 
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anomalies in 0 2  for a traverse of surface water samples collected 
along a New Zealand to Antarctica traverse. 

Dan Schrag presented detailed radiocarbon reconstructions based 
on measurements on annually layered corals from the tropical 
Pacific (Galapagos, Nauru, Hawaii, and Raratonga). The fact that 
mixing with deeper water and C02 exchange with the atmosphere 
have decadal time constants allows interannual I4C excursions due 
to lateral mixing to be isolated. These reflect the east to west 
sloshing of surface water in response to El N 5 o - b  Niiia cycles 
and changes in the competition between thermocline waters of 
northern and southern origin. Indeed, extremely interesting signals 
from these processes appear in the coral records. Of course, the 
sensitivity of this approach is greatly enhanced by the presence of 
bomb test radiocarbon. Dan showed how the radiocarbon data can 
be used to test ocean circulation models and how such comparisons 
can improve their skill. These improvements are crucial for making 
an accurate prediction of carbon uptake by the oceans. 

Jorge Siumiento presented new global deconvolutions of the 
atmosphere's CO, dismiution which demonstrated that the range 
of possibility regarding the longitudinal distribution of the net 
uptake by the Northem Hemisphere's ternstrial biota was quite 
large, thus reinforcing Martin Heimann's warnings. Jorge Sar- 
miento backed away f h m  the firm conclusion by Fan et al. that 
storage of carbon in the north temperate region was dominantly in 
North America admitting that the range of possibility was vety 
broad. Reinforcing Martin Heimann's warnings, Jorge showed 
that by varying the assumptions made in the deconvolution, a 
wide range of results could be obtain& Steve Pacala presented a 
detailed sccounting of texrestrial carbon storage in continental 
United States and concluded that the aunual average lies between 
0.4 and 0.8 Gt C. He also made an impressive case based on an 
analysis of measurements made in Michigan's second growth 
forests that there had been no significant growth enhancement 
attributable to either excess CO, or fixed nitrogen. Rather, the 
changes in aboveground biomass could be entirely accounted for 
simply by the regrowth of trees on lands where agriculture had 
been abandoned. If this umchion stands the test of time, it 
places a firm upper limit on the extent to which terrestrial 
biomass will increase. Once these second growth forests have 
reached maturity, Pacala predicts that there will be no fbrther 
increase in biomass. 

Steve W o w  showed the results of recent CO, traverses and 
altitude profiles obtained from using a dedicated airnaft His 
strategy is to use this data to extend the results obtained from tt 
limited number of micrometeorology towers over much larger 
areas. He also presented a summary of 10 years of continuous 
eddy flux meamremen& at Harvard Forest The long-term (7-year) 
average of net ecosystem CO, exchange (NEE) (uptake of 2 Mg C 
ha-' yr-') converges to the long-term averages of eco~ogica~ 
measures of carbon uptake (aboveground and belowground woody 
increment, 1.1 Mg C ha-' yr-'; soil organic matter increment, 0.3 
Mg C ba-' yr-'; and increase in necromass, 0.4 Mg C ha-' yr-I). 
Lower respiration in dry years was competwted by higher respi- 
ration in wet years, with little apparent effect on long-term trends. 
Deviations h m  the mean in any 1 year had significant carryover 
to the next. Analysis of data on tree growth and mortality showed 
that the species composition and age structure of the trees were a 
major determinant of long-term carbon uptake. The most important 
climatic factor affecting carbon storage was the length of the 
growing season. The stand composition and age at Harvard Forest 
promise continued uptake of carbon, at slowly declining rates, until 
the major trees of current assemblage reach the end of their life 
cycle. 

Dave Schimel presented results of global vegetation models 
designed to account for interannual variability in the rise in C02 
concentration. In his models he gave highest weight to rainfall in 
the tropics and to temperahue in temperate regions. Only if he 

included lagged and delayed effects could he adequately reproduce 
the observations. 

Inez Fung &de the point that owing to the lack of C02 data 
aloe in the troposphere, the vertical mixing in models is not well 
constrained, However, she also pointed out that new measurements 
of the seasonal cycles of SF6 allowed the seasonality of interhemi- 
spheric transport by models to be tested. So one gap filled, and one 
yet to go. Her latest calculations suggest a near-neutral north-south 
CO, gradient in the preindustrial atmosphere. This near neutrality 
comes h m  the cancellation of the effects of air-sea gas exchange 
and the (uncertain) rectifier effect In the east-west the umveyor 
transport of carbon in the oceans and the rectifier yield an 
atmospheric C02 concentration that is lower, by 0.3-0.5 ppmv, 
over the North Atlantic than the North Pacific. 

The east-west gradient can be expressed as the sum of the 
Contributions: 

Obs = FF +PI ocean +rectifier+ ocean uptake 
+ land uptake(-0.5) 

= (0.35) + (-0.3) + (-0.25f) + (-0.5) + land uptake, 

where FF is fossil fuel source and PI ocean is preindustrial ocean. 
That CO, concentrations are lower over the Atlantic than the 
Pacific may be due mainly to ocean exchange processes. The east- 
west atmospheric C02 gradient may not be a strong constraint on 
the North American-Eurasian partitioning of the Northem Hemi- 
sphere land sink. 

Eric Kasischke summanzed ' his attempts to estimate the toll on 
biomass by fire in boreal forests. Duxing 1998, a high fue year, he 
estimates that between 250 and 400 Tg of carbon were released 
from boreal forests. He pointed out that a very important conmi 
utor to biomass loss is the thick organic mats on the forest floor. In 
some fires this entire layer is consum& He also pointed out that 
the fresuency of fires will likely change as the result of the ongoing 
global warming. Finally, he showed that fire perturbs the climb m 
atmosphere methane content. 

In the final talk, Kevin Griffin strased the important role of 
plant respiration in the global carbon balance. He described ex@- 
ments aimed at elucidating the response of respiration rates to C02 
and temperature canied out on a 1Wyear4d oak forest near West 
Point in New Yo& State, on red beech in New Zealand, and on 
cottonwoods in Biosphere 2. 

In a postsymposium lecture, Ralph Keeling presented his 10- 
year-long record of atmospheric 4 and CO, for a travexse of 
stations up the Pacific h m  Antarctica to Ellesmexe Island m the 
Canadian Arctic. Taken at face value, this record indicates that the 
ocean uptake has avmged 1.6 f 0.5 Gt C yr-', and terrestrial 
uptake has averaged 1.5 f 0.6 Gt C yr-'. However, Keeling made a 
case that owing to warming the ocean may have been expelhg O, 
over the last decade. A preliminary correction for this release 
increases the ocean uptake to -2.2 Gt C yr-' and correspondingly 
reduces the magnitude of terrestrial uptake. Finally, Keeling 
showed, on the basis a new composite property he calls APO 
(which eliminates the impact of biological cycling on both C02 
and O,), that oceanic upwelling of relevance for global biogeo- 
chemistry on longer timescales is very likely centered at the 
Antarctic Convergence rather than at the equator. In this regard, 
most ocean models have it wrong. 

Over all, these lectures were very exciting-not a dud in the 
bunch. A set of abstracts has been assembled and is available in an 
Lamont-Doherty Earth Observatory (LDEO) report. 
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