
HAL Id: hal-02923786
https://hal.archives-ouvertes.fr/hal-02923786

Submitted on 28 Oct 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Partitioning of ocean and land uptake of CO 2 as
inferred by δ 13 C measurements from the NOAA

Climate Monitoring and Diagnostics Laboratory Global
Air Sampling Network

Philippe Ciais, Pieter Tans, James W. C. White, Michael Trolier, Roger
Francey, Joe Berry, David Randall, Piers Sellers, James Collatz, David Schimel

To cite this version:
Philippe Ciais, Pieter Tans, James W. C. White, Michael Trolier, Roger Francey, et al.. Partitioning
of ocean and land uptake of CO 2 as inferred by δ 13 C measurements from the NOAA Climate Mon-
itoring and Diagnostics Laboratory Global Air Sampling Network. Journal of Geophysical Research,
American Geophysical Union, 1995, 100 (D3), pp.5051-5069. 10.1029/94JD02847. hal-02923786

https://hal.archives-ouvertes.fr/hal-02923786
https://hal.archives-ouvertes.fr


JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. D3, PAGES 5051-5070, MARCH 20, 1995 
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by measurements from the NOAA Climate Monitoring 
and Diagnostics Laboratory Global Air Sampling Network 

Philippe Ciais, •,2,3 Pieter P. Tans, 2 James W. C. White, TM Michael Trolier, 

Roger J. Francey, 5 Joe A. Berry, 6 David R. Randall, 7 

Piers J. Sellers, 8 James G. Collatz,8 and David S. SchimeP 
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Abstract. Using •13C measurements in atmospheric CO 2 from a cooperative global air 
sampling network, we determined the partitioning of the net uptake of CO2 between 
ocean and land as a function of latitude and time. The majority of •13C measurements 
were made at the Institute of Arctic and Alpine Research (INSTAAR) of the 
University of Colorado. The network included 40 sites in 1992 and constitutes the most 
extensive data set available. We perform an inverse deconvolution of both CO2 and 
•13C observations, using a two-dimensional model of atmospheric transport. New 
features of the method include a detailed calculation of the isotopic disequilibrium of 
the terrestrial biosphere from global runs of the CENTURY soil model. Also, the 
discrimination against •3C by plant photosynthesis, as a function of latitude and time, 
is calculated from global runs of the SiB biosphere model. Uncertainty due to the 
longitudinal structure of the data, which is not represented by the model, is studied 
through a bootstrap analysis by adding and omitting measurement sites. The resulting 
error estimates for our inferred sources and sinks are of the order of 1 GTC (1 GTC = 
10 •5 gC). Such error bars do not reflect potential systematic errors arising from our 
estimates of the isotopic disequilibria between the atmosphere and the oceans and 
biosphere, which are estimated in a separate sensitivity analysis. With respect to global 
totals for 1992 we found that 3.1 GTC of carbon dissolved into the ocean and that 1.5 

GTC were sequestered by land ecosystems. Northern hemisphere ocean gyres north of 
15øN absorbed 2.7 GTC. The equatorial oceans between 10øS and 10øN were a net 
source to the atmosphere of 0.9 GTC. We obtained a sink of 1.6 GTC in southern 
ocean gyres south of 20øS, although the deconvolution is poorly constrained by sparse 
data coverage at high southern latitudes. The seasonal uptake of CO2 in northern gyres 
appears to be correlated with a bloom of phytoplankton in surface waters. On land, 
northern temperate and boreal ecosystems between 35øN and 65øN were found to be a 
major sink of CO2 in 1992, as large as 3.5 GTC. Northern tropical ecosystems 
(equator-30øN) appear to be a net source to the atmosphere of 2 GTC which could 
reflect biomass burning. A small sink, 0.3 GTC, was inferred for southern tropical 
ecosystems (30øS-equator). 

1. Introduction 

Over the past two centuries, anthropogenic emissions of 

C02 by fossil fuel burning, changes in land use, and biomass 
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burning have increased the concentration of this gas in the 

atmosphere by approximately 80 ppm. However, this in- 

creased CO2 burden represents only about 50% of the 
cumulative loading due to fossil fuels alone. This demon- 

strates that strong natural sinks are currently absorbing 

atmospheric CO2 at the surface of the Earth. Both the 

oceans and the terrestrial ecosystems can absorb CO2 and 

store large quantities of carbon on this timescale. The ocean 

dissolves CO2 through air-sea exchange processes and 

stores it in deep waters. Terrestrial ecosystems can store 

carbon if plant photosynthesis exceeds the release to the 

atmosphere by respiration. The long-term storage of carbon 

in an ecosystem requires mechanisms causing net ecosystem 

production (NEP) to be positive. Any favorable change in 

the availability of resources to plants such as CO2, water, 

and nutrients may temporarily enhance NEP, but the long- 

term implications of such changes are not easy to estimate. 

Thus far, it has been hard to assess whether the global 

terrestrial biosphere has acted as a net source or as a net sink 
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of atmospheric CO2. Whether anthropogenic carbon dioxide 
ends up being stored in the biosphere on land, or in the 
oceans, has important implications for future levels of atmo- 

spheric CO2. Storage predominantly in the ocean would be 
much "safer" for humanity because, in that case, CO2 is not 

likely to reenter the atmosphere soon. Carbon stored in the 
wood and soils of terrestrial ecosystems is likely to be more 

temporary and also more vulnerable to continued human 
intervention as well as to global climate change. 

Modeling the net uptake of atmospheric CO2 by the world 
ocean is difficult because one has to fully account for 

physical circulation, chemistry, and biological processes 
[Maier-Reimer and Hasselmann, 1987]. Modeling the role of 

terrestrial ecosystems in the carbon cycle may be even more 

complex, given the current lack of information on different 
key mechanisms that interact on various scales in time and 
space, [e.g., Norby et al., 1992; Reynolds et al., 1992]. For 
both the ocean and the biosphere on land, the annual net 

uptake that models must estimate represents only a few 
percent of the one-way gross fluxes involved of CO2 be- 
tween the reservoirs of carbon. 

Potentially, the isotope ratio •3C/•2C of atmospheric CO2 
makes it possible to determine the global partitioning of CO2 
between ocean and land. This is because plant photosynthe- 

sis discriminates against •3C, whereas the dissolution of CO2 
in the ocean proceeds with only a small fractionation. As a 
result, plant tissues are isotopically depleted in •3C com- 
pared to the atmosphere, and a global net storage in ecosys- 
tems translates into an isotopic enrichment of the atmo- 

sphere. One of the major difficulties arising in the use of •3C 
to study the global carbon budget is that the imprint on the 
atmosphere is very small. For example, variation of 
--•0.025%o (see note on conventions below) in the annual 

mean atmospheric /313C corresponds to a global net terres- 
trial transfer of--• 1 GTC. This small change is comparable to 

the analytical precision (+_0.03%o) for the /313C measure- 
ments made at the Institute of Arctic and Alpine Research 

(INSTAAR) and used in this study (M. Trotier et at., 

manuscript in preparation, 1994). As we are confronted with 
the detection of a small signal, it is helpful to have a large 

number of •13C measurements in the atmosphere to maxi- 
mize the constraints on our diagnosis of carbon sinks. 

We describe in this paper a new inverse isotopic method 
for calculating the intensity and the ocean/land partitioning 

of the CO2 fluxes as a function of latitude and time. The 
inverse calculation is based on measurements of the mixing 

ratio and/i•3C of CO2 in air samples from around the globe, 
provided by the Cooperative Air Sampling Network oper- 
ated by the Carbon Cycle Group of the National Oceanic and 
Atmospheric Administration/Climate Monitoring and Diag- 
nostics Laboratory (NOAA/CMDL). Measurements of/i•3C 
in atmospheric CO2 from the NOAA/CMDL samples began 
in 1990 as a joint program between INSTAAR at the Uni- 
versity of Colorado and NOAA/CMDL. Gaps in this new 
/313C data set at high southern latitudes are filled in by 
measurements from CSIRO (Australia). The inversion is 

performed using a two-dimensional zonally averaged model 
of atmospheric transport [Tans et al., 1989]. Results are the 
surface net fluxes of CO2 and 13CO2, which are decomposed 
into fossil fuel emissions, net terrestrial exchange, and net 

ocean exchange. The partitioning of CO2 between land and 
ocean is inferred as a function of latitude and time for the 

period 1990-1992. Special attention is accorded in the dis- 

cussion of the results for the year 1992, during which •13C 
data were obtained for considerably more sites. 

Notes on conventions. In this paper, sinks correspond to 

a negative net flux of carbon (CO2 is removed from the 
atmosphere) and sources to a positive net flux (CO2 is 
released to the atmosphere). The total intensity of a sink 
denotes the net flux of carbon integrated over the whole area 

where the flux is negative (e.g., the northern ocean sink is 
2.7 GTC). In the discussion we also split net fluxes by broad 
latitude bands. The extension of a sink does not necessarily 

coincide with the (arbitrary) limit of a broad latitude band, so 

that the value proposed for a sink per latitude band differs 
from the total intensity of this sink (e.g., the northern oceans 

between 30øN and 90øN sequestered 1.4 GTC). 

Isotopic ratios are expressed in per mille (%o), defined as 

• 13C = 1000 x 
(13C/12C) 13C/12C) sample- ( standard 

(13C/12C) standard 

All isotopic values in this work are given relative to the 
standard PDB-CO2. 

2. Global Network of Observations 

A detailed presentation of the NOAA/CMDL network 
data set will be given elsewhere both for/i 13C (M. Trotier et 
at., manuscript in preparation, 1994) and for CO2 mixing 
ratio [Conway et al., 1994]. Air samples in 2.5 L Pyrex glass 
flasks are currently collected in pairs approximately weekly 
at each site and shipped to Boulder for analysis. Each flask 
is analyzed by a nondispersive IR absorption technique for 
CO2 (analytical precision 0.05 ppm) and by isotope-ratio 
mass spectrometry for/313C (analytical precision 0.03%0). A 
measurement is rejected if the members of a pair differ by 
more than 0.5 ppm in CO2 mixing ratio, or 0.09%0 in/i•3C. 

The mixing ratio of atmospheric CO2 is now measured 
routinely at almost all land sites of the network as well as 
aboard three ships in the Pacific (Figure 1 and Table 1). The 
monitoring of /313C was started in 1990 at six land sites 
(SMO, CHR, KUM, MLO, NWR, BRW) and aboard two 

ships in the Pacific (Table 1 and Figure 1). It was extended in 
January 1991 to site TAP and in January 1992 to 19 additional 
land sites and one additional ship in the South China Sea (not 

used in this study). The sampling program has focused on the 
northern hemisphere, and no /i•3C analyses were made on 
air samples collected south of 40øS. The inverse calculation 
of the global carbon budget requires that the field of obser- 
vations be defined everywhere in latitude. Therefore we 
added to our/i•3C data set SPO and CGO, which have been 
measured independently by CSIRO since 1984 [Francey, 
1985; Francey et al., 1990, 1994]. The groups measuring 
/i•3C at the University of Colorado and CSIRO have sepa- 
rate sampling programs, and the collection of air samples, 
the experimental designs (with potentially important differ- 
ences, for example with respect to sample drying), and the 
calibration procedures are entirely independent. Common 
sampling at BRW and MLO makes it possible to intercom- 
pare the/i•3C data sets (Figure 2). Despite the fact that the 
air is collected at different intervals, the overall agreement is 

quite satisfactory. We applied the same curve-fitting tech- 
nique [Thoning et al., 1989] to both/i•3C data sets (low-pass 
filtered in the time domain as detailed in section 3.1) and 

found that the discrepancy did not exceed 0.1%o at any time 
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Figure 1. NOAA Climate Monitoring and Diagnostics Laboratory Cooperative Air Sampling Network in 
1992. Solid circles are sites measuring CO2; open circles are sites measuring •3C and 6•aO. CSIRO 
(Commonwealth Scientific and Industrial Organisation) independently measures CO2, •13C, and •180 at 
sites we have labeled CGO, SPO, MLO and BRW. 

of the period 1990-1992. Consequently, we merged •13C 
observations for 1992 at SPO and CGO from CSIRO with the 

NOAA/CMDL measurement sites without any adjustment. 

3. Inverse Isotopic Model 

3.1. Interpolation of Data 

To perform the inverse calculation of the fields of CO• and 
•13C observations, we constructed a grid of the observations 
at regular intervals in time and latitude. This grid of obser- 

vations corresponds to the grid of the two-dimensional 

model (see section 3.2) with 20 intervals of equal area in 

latitude and a time increment of 14 days. First, we smoothed 

the time series of flask data according to the curve fitting 

methods in use at NOAA/CMDL [Thoning et al., 1989]. 

Specifically, the time series for each site was fit to a curve 

consisting of a polynomial trend and a sum of annual 

harmonics. (Flasks collected on ship tracks were regrouped 

into time series representing a latitude band of 5 ø and 

processed exactly as land site time series.) The interannual 

and short-term variability of the data was reintroduced to the 

fitted curve by calculating the residuals from the fit, then 

applying a low-pass filter in the time domain to these 

residuals, then adding the filtered residuals to the fitted 

curve. To filter the residuals in the time domain, we use a 

low-pass convolution filter with a full width at half maximum 

of 40 days for CO• and 75 days for •3C. The •3C data are 
smoothed more because their signal-to-noise ratio is lower. 

Finally, we digitized the smoothed time series of the flask 

data at a 14-day increment. 

We then interpolated these smoothed, biweekly time 

series of CO• and •3C onto the model's spatial grid. To do 
so, we constructed a latitudinal fit of all available land and 

shipboard sites every 14 days. The latitudinal fit technique is 

described in detail by Tans et al. [1989]. In this work we 

added a small improvement by giving a greater weight in the 

fit to sites where a larger number of good sample pairs are 

collected. Currently, •3C and CO2 are weighted separately. 
The use of correlated weighting schemes for both species did 
not affect the results of the inversion. Time intervals where 

gaps exist in the original flask measurements were not 

included in the corresponding latitudinal fit. High-elevation 

sites (MLO, NWR, IZO) were not included in the latitudinal 

fit for CO2. 
One may anticipate that the shape of the latitudinal fit of 

the •3C data has an important impact on the ocean/land 
partitioning that is finally inferred from the inverse calcula- 

tion. The sensitivity of the model to the initial fit of the 

observations is examined later, using a bootstrap analysis of 
the data. In the standard run we constrained the latitudinal fit 

with the largest number of sites available, independently for 

CO2 and •3C. 

3.2. Inverse Model Features 

The latitudinal distribution of the surface fluxes of CO2 

and •3CO2 was inferred every 14 days from the grid of 
observations, using a two-dimensional model of atmospheric 

transport developed by Plumb and Mahlman [1987]. In this 

study, the model was run in an inverse mode, using a 

predictor-corrector algorithm. No interannual variability in 

the atmospheric transport was included. The grid of the 

model has 20 equal-area latitude bands (each band is 25 x 

106 km 2 and has a specified ocean/land ratio) and 10 levels in 
the vertical. The time step of the model is -8 hours, but the 

output is written every 14 days (the time increment of the 

filtered observations). The tracer •3CO2 was treated as a 
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Table 1. Atmospheric CO2 Measurements at Network Land Sites 

Code Site Latitude Longitude Elevation 

SPO south pole 89o59 ' S 24ø48'W 2810 
CGO Cape Grim 40ø41 'S 144ø41 'E 94 
S35 shipboard 35øS •35øS • 175øE 0 
S30 shipboard 30øS •30øS • 180øW 0 
S25 shipboard 25øS •25øS • 180øW 0 
S20 shipboard 20øS •20øS • 180øW 0 
S15 shipboard 15øS • 15øS • 175øW 0 
SMO Samoa Island 14ø15'S 170ø34'W 30 

S 10 shipboard 10øS • 10øS • 170øW 0 
ASC Ascension Island 7ø55'S 14ø25'W 54 

S05 shipboard 5øS •5øS • 165øW 0 
SEY Seychelles Island 4ø40'S 55ø10'E 3 
S00 shipboard 0øN •0øN • 162øW 0 
CHR Christmas Island 2ø00'N 157ø19'W 3 

N05 shipboard 5øN •5øN • 160øW 0 
N 10 shipboard 10øN • 10øN • 155øW 0 
RPB Barbados 13ø10'N 59ø26'W 3 

N 15 shipboard 15øN • 15øN 150øW 0 
GMI Guam Island 13ø26'N 144ø47'E 2 

KUM Cape Kumukahi 19ø31 'N 154ø49'W 3 
MLO Mauna Loa 19ø32'N 155ø35'W 3399 

N20 shipboard 20øN •20øN • 145øW 0 
KEY Key Biscayne 24ø40'N 80ø12'W 3 
N25 shipboard 25øN •25øN • 140øW 0 
MID Midway Island 28ø13'N 177ø22'W 4 
IZO Tenerife Island 28ø18'N 16ø29'W 2300 

N30 shipboard 30øN •30øN • 135øW 0 
BME Bermuda (East) 32ø22'N 64ø39'W 30 

B MW Bermuda (West) 32 ø 16'N 65ø53 'W 30 

QPC Qinghai Province 36ø16'N 100ø55'E 3810 
NWR Niwot Ridge 40ø03'N 105ø38'W 3749 
TAP Taeoahn Peninsula 36ø44'N 126ø08'E 20 

CMO Cape Meares 45ø29'N 124ø00'W 30 
SHM Shemya Island 52ø43'N 174ø06'E 40 
MHT Mace Head 53ø26'N 9ø44'W 5 

CBA Cold Bay 55ø12'N 162ø43'W 25 
BRW Point Barrow 71ø19'N 156ø36'W 11 

MBC Mould Bay 76ø14'N 119ø20'W 15 
ALT Alert 82ø27'N 62ø3 I'W 210 

separate species from total CO2 (12CO2 plus 13CO2). The 
accuracy of our calculations of the surface fluxes depends 

obviously on the quality of the transport model. The largest- 
scale aspects of the model transport have been validated 

using the tracers 85Kr and F-11. The vertical mixing in the 
lowest two layers of the model may have been underesti- 

mated in the original version [Plumb and Mahlman, 1987]. In 

this study we have set 8 m 2 s -1 as the lowest possible value 
for the vertical diffusivity in the lowest layer and likewise 6 

m 2 s -1 as the lowest value for the next vertical layer (A. 
Plumb, personal communication, 1989). This modification 

improves the agreement between the simulated vertical 

structure of the CO2 seasonality and the aircraft observa- 
tions. A few other minor modifications in the transport have 
also been made. 

4. Description of the Isotopic Method 
-1 

The model outputs are the net surface fluxes, in GTC yr 

(1 GTC - 1015 gC), of CO: and 13CO: deduced from the 
biweekly interpolated observations, as functions of latitude 

(x) and time (t). The net surface flux of CO: is referred to as 
S(x, t) and the flux of 13CO: as 13S(x, t). The inverse 
calculation derives S(x, t) using only CO2 mixing ratio data, 
whereas 13S(x, t) requires both mixing ratio and isotopic 

data. The decomposition of S and 13S into fossil fuel 

emissions (Sf and 13Sf), net terrestrial exchange (St, and 
13Sb) , and net ocean exchange (So and 13S o) is expressed by 
(1) and (2). The fossil fuel component is examined in section 

4.1, the terrestrial term in section 4.2, and the ocean term in 
section 4.3. 

s = sa + so + So 

13 S --. 13Sf + 13Sb + 13S o (2) 

4.1. Fossil Fuels 

Emissions of fossil CO2 in the atmosphere (Sf) are pre- 
scribed in the model from monthly fuel consumption data of 
industrialized countries [Marland et al., 1985; Rotty, 1986; 

Andres et al., 1993]. The estimated accuracy of the Sf is 
approximately 10%, which makes it the best known flux in 

the global carbon cycle. For 1990, 1991, and 1992 we used 

fossil emissions of 6.00, 6.07, and 6.10 GTC, respectively. 

Emissions of fossil 13CO2 (13Sf) in the atmosphere are 
expressed as follows: 

13Sf: Rfmf (3) 

We prescribed in the model the 13C/12C ratio of fossil fuels 

(Rf) according to Andres et al. [1993]. Each different source 
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Figure 2. Comparison of •13C measurements on ai r samples independently collected and analyzed by 
the Institute of Arctic and Alpine Research, University of Colorado (pluses) and CSIRO (diamonds). The 
curve is a fit to the data of the same type that we used in the deconvolution for every site. 

of fossil CO2 is treated separately (oil, coal, natural gas, 
flaring and cement production). The •3C/12C composition of 
oil, related to the region of production, ranges from -30%o 

to -26%o; flaring products average around -40%0. The 

13C/12C composition of CO2 from the burning of natural gas 
(-44%0) integrates both biogenic and thermogenic natural 

gas. Fossil CO2 released by cement factofids (0%o) and coal 

burning (-24.1%o) bears an isotopic signature largely inde- 

pendent of its geographical origin. The mean value of Rf in 
the period 1990-1992 is -28.4%0 [Andres et al., 1993], 

significantly lighter than the commonly used value of 
-27.4%0 [Tans, 1981]. 

4.2. Terrestrial 13C Exchange 

Locally, the net flux of 13C between the atmosphere and 
the terrestrial biosphere is the sum of two one-way fluxes, 

the photosynthetic uptake and the respiratory release. Plant 

photosynthesis stores carbon from today's atmosphere, but 

respiration releases carbon that has been locked up for some 

period of time in plant tissues and s0il organic matter. 
Because the average $13C of the atmosphere has been 
decreasing since the industrial revolution, "old" biospheric 
carbon that is respired today is enriched in 13C compared to 
carbon that is incorporated into the biosphere today, de- 
pending on its residence time in the terrestrial biosphere. 
Therefore even if the sum of biosphedc uptake and release of 
CO2 is near zero, the sum of the 13C fluxes associated with 
photosynthesis and respiration is positive to the atmosphere. 

We call this net isotopic enrichment of the atmosphere the 

"respiration isotopic disequilibrium." The CO2 respired by 
plants (from aboveground material and roots) bears the same 

13C/12C ratio as recent photosynthates, so the fraction of 
COe that is cycled rapidly between atmosphere and plants 
has no impact on the annual mean atmospheric/513C. "Old- 
er" CO•, respired by soil heterotrophic processes, is not in 
isotopic equilibrium with the atmosphere. This latter flux we 

define as Sresp; it is nearly equal to the uptake (Svh) 
associated with net primary productivity (NPP), integrated 

over a full year. The net exchange of CO• and 13CO• 
between the atmosphere and the terrestrial biosphere is 
given by 

S b = --Sph q- Sresp (4) 

13S b - - 13Sph q- 13Sresp-- --OtphSphR a q- OtbaSrespR b (5) 

where aph is the fractionation associated with plant photo- 
synthesis (see section 4.2.3; the tissues of C3 plant are 

depleted by about 17%o relative to the atmosphere and those 

of C-4 plants by about 4%0); and aOa is the (negligible) 
fractionation associated with the respiration of CO2 by 
heterotrophic processes (a0a = 1). 

4.2.1. Soil respiration disequilibrium. We rewrite (4) 
and (5) in order to make the isotopic disequilibrium of soil 

respiration appear explicitly, analogous to the air-sea ex- 

change isotopic disequilibrium [Tans 1980]. We define R t, ' ae 
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Figure 3. Turnover of soil carbon as a function of latitude 
from global runs of the CENTURY soil model. Detrital and 
microbial soil carbon turns over in less than 10 years. Slow 
soil carbon turns over in about 100 years and passive soil 
carbon (right axis) in more than 1000 years. 

as the 13C/12C ratio of the atmosphere that would be in 
isotopic equilibrium with the biosphere [Enting et al., 1993, 
1994; Tans et al., 1993]. 

R abe R O = (6) 
OZ ph 

Replacing (4) and (6) into (5) we obtain 

13S b = OtphSbR + OtphSresp(R b - Ra) (7) a ae 

The heterotrophic respiration of CO2 by soils is then parti- 

tioned into Npools, pools of soil carbon with different turn- 
over times (•i). Each pool accounts for a fraction (xi) of the 
total respiration flux: 

Npools 

Sresp-- Z iSresp with iSresp-- xiSresp (8) 
i=1 

Each pool of soil carbon retains an isotopic signature that 

reflects the isotopic composition of atmospheric CO2 when it 
was originally photosynthesized. It is released to the atmo- 

sphere with a •3C/•2C ratio iRb which is the isotopic ratio ae, 

of the atmosphere at the time of photosynthesis, multiplied 

by 

iRb = Ra(t - zi) (9) ae 

Replacing (8) and (9) into (7) we obtain 

Npool 

13Sb = aphSbRa + aphSresp E xi[Ra(t - •'i) - Ra(t)] 
i=1 

= 13Sbe q + 13Sbdis (10) 

Formally, (10) separates the net flux of 13C between the 
atmosphere and the terrestrial biosphere into an "isoequi- 

librium" flux (13Sbeq), which has the same isotopic signature 
as recent photosynthates and is proportional to the net flux 

from the biosphere, and an isodisequilibrium flux (13Sbdis) 
which differs from zero because the CO2 respired by soil 

bears an isotopic signature lagged by r i relative to recent 
photosynthates. 

A further complication arises in forest ecosystems where 

we also have to account for the residence time of carbon in 

the aboveground biota prior to its delivery to the soil pool. 
We assume that metabolic material (leaves, stems) com- 

prises 70% of the litterfall, whereas structural material 
(fallen branches, logs) comprises 30% [O'Neill and De 

Angelis, 1981]. A turnover time of 50 years for forest 

structural carbon and 1 year for metabolic carbon yields an 

average turnover time of 16 years in the aboveground biota 

which adds to the turnover time in soils. Considering the 

nonlinear decrease in atmospheric 8•3C since 1900 [Leuen- 
berger et al., 1992; R. J. Francey, personal communication, 
1994], this makes the 8•3C of litter in forests 0.12%o higher 
than today's atmosphere. 

It is now well established that soil organic matter is 

comprised of fractions with multiple turnover times [Harri- 
son et al., 1993; Parton et al., 1987; $chimel, 1986]. The 

CENTURY ecosystem model [$chimel et al., 1994] uses 

four separate pools of carbon corresponding to detrital, 
microbial, slow, and passive carbon, respectively, in soils. 

Detrital and microbial pools consist of metabolic and struc- 

tural carbon compounds rapidly decomposed and recycled 

to the atmosphere in less than 10 years. The slow carbon 

pool consists of more resistant compounds, with a high lignin 
content, that turn over in 10 to 100 years2 The passive carbon 

pool turns over in more than 1000 years. $chimel et al. [1994] 
demonstrated that the turnover time of each pool is con- 

trolled by temperature and soil texture (Figure 3). 
On the basis of the turnover time of carbon in soils and the 

residence time of carbon in the aboveground biota, we 

deduced the 813C of soil-respired CO2 by using the record of 
atmospheric 8•3C from measurements over the last decades 
[Keeling et al., 1989a] and by using ice-core data for earlier 

times [Leuenberger et al., 1992]. An additional complication 

in determining the exact 8•3C of litter arises from the fact 
that plants build their tissues during the growing season, 
when 8•3C in the atmosphere is generally highest. We 
overcome this problem by replacing in equation (9) the 

latitudinal value of R a as deduced from the 1992 observa- 
tions, but weighted according to the seasonal flux of NPP 

[Fung et al., 1987]. Historical changes in the latitudinal 

gradient of 8•3C in the atmosphere have been neglected. 
Figure 4 shows our estimate of •13Cae of CO 2 respired by 
each soil carbon pool, accounting for all the complications 
outlined above. 

Finally, we obtained the disequilibrium flux by using the 

total heterotrophic respiration flux (Sresp) from Fung et al. 
[ 1987] and the photosynthetic fractionation %,h as detailed in 
4.2.3. The soil respiration is distributed (fractions x i) among 
the different pools of soil carbon according to $chimel et al. 

[1994]. Table 2 below shows that the fractions xi do not 
exhibit large differences among the world biomes. 

In summary, fast soil carbon (detrital and microbial pools) 

makes up about 80% of the heterotrophic soil respiration but 
has a small isodisequilibrium (less than +0.5%0). Slow soll 
carbon makes up about 20% of the heterotrophic respiration 
and can be up to + 1%o in disequilibrium. Passive soil carbon 

bears the isotopic signature of preindustrial photosynthates 

(disequilibrium equal to + 1.5%o), but its contribution to the 

heterotrophic respiration is negligible. Generally, the dis- 
equilibrium of soil carbon increases with latitude in both 

hemispheres. In forest ecosystems the aging of structural 
plant tissues in the aboveground biota adds an additional 
disequilibrium to all pools of soil carbon of approximately 
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Figure 4. Disequilibrium of carbon respired by soils as a 
function of latitude compared to &]3C of the atmosphere in 
]992. The &]3C disequilibrium of soil carbon is calculated 
from the specific turnover time of carbon 
aboveground biota for forest ecosystems. •he &]•C of pho- 
tosynthates is obtained by applying the discrimination by 
plants to the &]•C of the atmosphere duri• the •rowi• 
S•ASOB. 

-7.0 

-7.5 

25 

c• 15 
O O 

,_ 

._ O_ 

E• 

'5• 10 

5 

-- ,0 

Figure 5. 

x x ,,,/'" 
. 

/ 

x 
x 

•. 

SiB model (199,3) 

Lloyd el. al. (1994) 
i i 

-0.5 0.0 0.5 .0 

sine of Iotitude 

Discrimination against 13C by plant photosyn- 
thesis (A) as a function of latitude. Values at high-latitude 
areas with no plants are extrapolated. The thick continuous 
line is the annual mean A inferred from global runs of the SiB 
model. In the two-dimensional inverse model, 12 different 

monthly maps of A are used; the thin line plots the average 
"growing season" A, mean from June to August. The dashed 
line is the annual mean A obtained independently by Lloyd 
and Farquhar [1994]. 

0.12%•. Moreover, as the 13C in plant tissues reflects the 
atmospheric 513C during the growing season, a difference of 
about 0.2%• relative to the annual mean atmosphere has to be 

considered at high northern latitudes. The sensitivity of the 

model to the respiration isodisequilibrium is examined in 
section 5.1.1. 

4.2.2. Biospheric destruction disequilibrium. The de- 

struction of standing biomass in the tropics releases to the 

atmosphere carbon that has been stored in plant tissues for 

several years. Assuming that wood represents 60% of the 

aboveground biomass in tropical forests and that the average 

turnover time of carbon in the wood of tropical trees (rwt) is 
50 years, we obtain a disequilibrium of approximately 0.7%• 

[after Leuenberger et al. 1992] for CO2 released by burning 

or deforestation in tropical forests. We assume that CO2 
released by the frequent burning of tropical savannas is in 

isotopic equilibrium with the atmosphere. The biospheric 

destruction disequilibrium is expressed using (11). 

13Sdes dis = aphSdes(Ra(t -- rwt ) -- R.) (11) 

In (11) the flux of CO2 to the atmosphere due to biomass 

destruction in the tropics (S0e•) is taken from the global 
estimates of Houghton et al. [1987]. Note that we have not 

prescribed the gross biomass destruction in our deconvolu- 

tion; the net biomass destruction (forest burning minus 

regrowth) is a component of the total biospheric flux which 

is an output of the deconvolution. Provided that S&s does 

not exceed 2-3 GTC (Sresp is --30 GTC in the northern 
hemisphere [Schlesinger, 1992]), the biospheric destruction 

disequilibrium in the tropics is about 10 times smaller that 

Table 2. Distribution of Total Heterotrophic Respiration 
Among Different Pools of Soil Carbon (Fraction of Total 

Flu x S r½sp) 

Detrital Microbial Slow Passive 

Grasslands 0.50 0.30 0.20 <0.004 

F ore st s 0.35 0.35 0.30 <0.004 

the respiration disequilibrium at northern middle and high 

latitudes. Equation (11) should therefore be considered as a 

correction to the disequilibrium expressed by (10). 

4.2.3. Discrimination against •3C by plant photosynthesis. 
The assimilation of carbon by plants discriminates against 

13C because of the enzymatic preference for •2C during the 
carboxylation reaction and because 13CO2 diffuses more 
slowly than 12CO2 into the stomatal cavity. The discrimina- 
tion associated with the C-4 photosynthesis pathway is about 

4%, relative to the atmosphere [Farquhar et al., 1989]. 

According to Farquhar et al. [1982, 1988] the discrimination 

(A) associated with photosynthesis by C-3 plants is described 

by 

Ci 

A = 4.4 + (27.5 - 4.4) Ca (12) 
where C, is the concentration of CO2 in the atmosphere, and 
Ci is the CO2 concentration in the stomatal cavity. The 

photosynthetic fractionation factor (aph) is given by 

O•ph-- 1 (13) 
1000 

We derived monthly zonal averages of aph using the 
values of C i calculated by the global biosphere model SiB 
[Sellers et al., 1986, 1988]. The SiB model is currently 

coupled with a general circulation model of the atmosphere 

and it fully accounts in a mechanistic manner for the 

interaction of plants with climate on a global scale, both for 

water and carbon [Sellers et al., 1992]. The value of C i is 
calculated from the carbon fluxes and stomatal opening at 

each time step of the model according to the algorithms 

developed by Collatz et al. [1991]. The SiB model has 11 

different biomes, including three types of C-4 dominated 

biomes in the subtropics. We assigned to C-4 dominated 

biomes (mostly subtropical grasslands) an overall discrimi- 

nation of 15%, to account for patches of C-3 shrubs and trees. 

Figure 5 plots the annual mean zonally averaged discrimina- 

tion by plants as inferred from the SiB model. Larger 

discriminations, in the range 19-22%,, occur in temperate 
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-5 where Fao (Foa) is one-way flux of CO2 from (to) the 
atmosphere; Ro is •3C/•2C ratio of ocean-dissolved inor- 

-6 ganic carbon (DIC); a ao is atmosphere • ocean fraction- 
ation of •3CO2 (kinetic); and aoa is ocean • atmosphere 

-7 fractionation of •3CO2 (equilibrium and kinetic). Substitut- 
ing (14) into (15) and defining R•e tO be the •3C/•2C isotope 

-8 ratio of the atmosphere in isotopic equilibrium with the 
ocean, 

-9 

a oaRo 
-10 R•e - , (16) 

1.0 Ot ao 

Figure 6. Ocean disequilibrium as a function of latitude. 
Dashed line is the $ •3C of the (hypothetical) atmosphere that 
would be in isotopic equilibrium with the ocean. The con- 
tinuous line is the $•3C of the actual annual mean atmo- 

sphere in 1992 from the network observations. If the •i•3C of 
the atmosphere in equilibrium with the ocean lies above the 
•i•3C of the actual atmosphere, there is an outgassing of 
•3CO 2 from the ocean, resulting into a net isotopic enrich- 
ment of the atmosphere. 

regions of both hemispheres. Lower discriminations are 

encountered in tropical regions corresponding to C-4 grass- 
lands. The "growing season" discrimination (mean from 

June to August) is more relevant, because it corresponds to 

the period of assimilation of CO2 by plants. In temperate and 
boreal ecosystems where the assimilation is strongly sea- 

sonal, the growing season discrimination is on average lower 

than the annual mean by about 1%o (Figure 5). 

Parallel to the SiB model, we have used another field of 

global isotope discrimination where Ci is derived in an 
empirical manner from a worldwide regression of physiolog- 

ical data [Farquhar et al., 1993; Lloyd and Farquhar, 1994]. 

The largest discrepancy between SiB and Lloyd and Farqu- 

har [1994] is found in regions where C-4 plants dominate 

(Figure 5). Especially at around 35øS, Lloyd and Farquhar 

[1994] find a zonally averaged discrimination of 10%o, 

whereas SiB predicts 18%o. In C-3 dominated biomes, the 

SiB discrimination is systematically larger than Lloyd and 

Farquhar [ 1994] (Figure 5), which may be due to the fact that 

the mesophyll resistance of plants is neglected in SiB (ap- 

proximating pCO2 in the chloroplast by pCO2 in the stoma- 
tal cavity). However, during the growing season, both esti- 

mates differ by 2-3%ø only. As an example, in temperate 

forests the discrimination estimated by Lloyd and Farquhar 

[1994] is 16-17%o and the value from SiB is 19-20%o. Both 

models predict a slight increase in the discrimination of C-3 

plants when going from low to high latitudes, a pattern 

observed by K6rner et al. [1991] for plants growing at high 

altitude but not for lowland plants. The sensitivity of the 

inverse model to the discrimination by plants is examined in 
section 5.1.2. 

4.3. Ocean •3C Exchange 

In a manner similar to (4) and (5) for the biosphere we 

express the net CO2 and •3CO2 fluxes between atmosphere 
and ocean using the notations of Tans et al. [1993]. 

S O = -Fao + Foa (14) 

13S o = --a aoFaoRa -I-- a oaFoaRo (15) 

we obtain 

13S o = OtaoSoR a + OtaoFoa(R•e- Ra)= 13Soe q + 13Sodis (17) 

Similar to (10) for the biosphere, (17) separates the air-sea 

exchange of •3C into an "equilibrium" flux (•3So½ q) associ- 
ated with a net transfer of carbon and a flux (13Sodis) 
associated with the isotopic disequilibrium. The flux 13Soe q 
bears practically the same isotopic signature as the atmo- 

sphere because the fractionation a ao associated with disso- 

lution of CO2 in the ocean is very small (2%ø). The flux 

13Sodis is proportional to the disequilibrium between the 
atmosphere and the ocean (R o _ R a ) Figure 6 plots R a ae ß 

and the zonally averaged values of R o ae, as defined in (16), 
and shows that the ocean disequilibrium is approximately 

2-3%ø. Physically, R•e differs from R a because the atmo- 
sphere mixes •3CO2 much faster than it can be transferred 
from the ocean by air-sea exchange processes. The disequi- 

librium flux 13Sodis is controlled by the temperature depen- 
dence of the fractionation factor a oa and by the field of R o in 
the ocean. From Figure 6 it can be seen that 13Sodis is 
positive to the atmosphere (atmospheric enrichment) from 

the equator up to approximately 60 ø of latitude and negative 

beyond (atmosphere depletion). 

To obtain the isotopic disequilibrium flux 13Sodis , we 
modeled the one-way flux of CO2 at the ocean surface (Foa) 
as the product of an air-sea gas transfer coefficient (which 

depends on seasonally varying wind speeds [Tans et al., 

1990]), and global measurements of ApCO2 from Takahashi 

et al. [1986]. The total one-way flux F oa obtained in this 
manner is equal to 85 GTC yr -1 . We used the parameteriza- 
tion of Otoa derived by Tans et al. [1993] from separate 
laboratory determinations of the •3C fractionation among 
HCO•-, CO32-, and atmospheric CO2, respectively [Lesniak 
and Sakai, 1989; Mook et al., 1974]. This is expressed by 

(18) and (19). 

Eoa 

aoa = 1 + (18) 
1000 

where 

E oa = k 0 + k•(T + k2)T 2 (19) 

T is the sea surface temperature in degrees Celsius; k0 = 

-10.66; k• = +0.1196; and k 2 = -3.095 x 10 -4. 
We estimated the zonally averaged distribution of R o in 

the world ocean from measurements on ship cruises com- 

piled by Tans et al. [1993]. The data are from Geochemical 

Ocean Sections Study [1987], Kroopnick [1980, 1985], and 

Quay et al. [1992]. Considering the progressive invasion of 

the ocean by isotopically depleted CO2 [Quay et al., 1992], 
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one must be careful in merging R o measurements of water 
samples collected in different years. We inferred the distri- 

bution of R o for the period 1990-1992 from the distribution 
in 1980 adjusted by a decreasing trend of -0.01%o yr -i. 
Another complication concerns the seasonal variations in R o 
controlled by marine biological activity, the rate of upwelling 

of nutrient-rich, 13C depleted deep waters, and to a lesser 
extent by air-sea exchange (a very slow process). We 

derived a rough order of magnitude value of the summer 

enrichment in 13C of surface waters due to phytoplankton 
productivity alone as follows' Removing from 55% of the 

world surface waters (1000 GTC with an average winter •i 
of + 1.5%o) a fraction 75% of the global new production (15 

GTC with an average •il3C of -20%o) [Berger et al., 1989; 
Tans et al., 1993], we obtain a summer R o value of about 
2%o, thus enriched by 0.5%o compared to the winter. How- 

ever, in this study we assumed that the slow kinetics of the 

air-sea exchange of 13CO2 prevents such a seasonal signal in 
R o from entering the atmosphere. The disequilibrium flux 
was therefore prescribed by using the annual mean values of 

R o. The sensitivity of the inverse model to the ocean 
isotopic disequilibrium is discussed in section 5.1.2. 

4.3. Partitioning CO2 Between Ocean and Land 
Ecosystems 

To infer the partitioning of CO2 between ocean and land, 

we want to calculate the fluxes So and So in the set of 

equations (1) and (2). Replacing 13Sf using (3), and 13S 0 and 
13S o with (10) and (17), in the set of equations (1) and (2) 
yields a simple linear system (20) for So and S 0, which we 
can solve for each latitude and time. 

aaoRa aphRa/t [Sbj 

s - sf ) = 13 (20) 13S- SfRf- 13Sbdis- 13Sdefdis- Sodis 

The solutions are 

S b = 

OtaogaS q- (gf- Otaoga)S f- 13S q- 138bdis q- 13Sodis q- 138defdis 

(aao -- aph)Ra 
(21) 

So --- 

aphRaS + (gf- aphga)S f-- 138 + 138bdis + 13Sodis + 138defdis 

(a ao -- aeh)Ra 
(22) 

Note that So and So are functions of the surface fluxes (S and 
13S) derived from the inverse atmospheric transport model 
and depend only on a limited set of parameters: the fraction- 

ation factors aph and aao and the isotopic disequilibria S odis, 
Sbdis , and Sdefdis. The sensitivity of the model to the 
discrimination by plants and to the disequilibria is examined 

in the next section. We did not investigate in detail the 

sensitivity to the fossil fuel terms, which are supposed to be 

accurate to 10%. Our approach requires no "missing sink" 

to balance the global carbon budget as it inverts the obser- 

vations directly. The sum of S O and So always equals the 
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Figure 7. Latitudinal ocean/land partitioning of the 
sources and sinks of CO2 versus latitude in the standard run 
of the deconvolution. Units are GTC yr -1 per latitude band 
of the model (20 bands total). The continuous line is the net 

flux of CO2 after removal of fossil fuels. The dashed line is 
the net flux of CO2 exchanged with the oceans. The dashed- 
dotted line is the net flux exchanged with land ecosystems. 
The sum of ocean and land fluxes equals the total net flux of 
CO 2 ß 

total net flux S, which is inferred from the inversion of the 

CO2 mixing ratio data alone. If, for example, the •il3C data 
"force" the model to overestimate the flux into the ocean at 

a given latitude, it will be at the expense of the flux into the 

terrestrial biosphere. 

5. Results and Sensitivity Study 

In the standard run of the model, all sites available are 

used to constrain the inversion, all disequilibria are pre- 

scribed as detailed above, and the discrimination of 13C by 
plants is from the SiB model. The model is initialized in a 

5-year run using 813C data measured by CSIRO since 1985 at 
SPO, CGO, MLO, and BRW [Francey et al., 1990] and the 

corresponding CO2 data at these sites from NOAA/CMDL 
[Conway et al., 1994]. Figure 7 plots the annual mean 

latitudinal pattern of the CO2 sources and sinks. Units for 
net fluxes in Figure 7 are GTC yr --1 per latitude band of the 
model. Figure 8 plots the seasonality in the tropics. Figure 9 

plots the seasonality in the northern hemisphere and Figure 

10 for the Arctic. We first examine the sensitivity of the 
model in section 5.1 in order to estimate errors associated 

with the ocean/land partitioning. We then discuss the latitu~ 

dinal patterns in section 6.1, the seasonality in section 6.2, 

and the global patterns in section 6.3. 

5.1. Sensitivity Study 

5.1.1. Sensitivity to the biospheric disequilibria. We 

compared the standard run with a run in which the bio- 

spheric disequilibrium is set to zero (experiment 1). Figure 

11 plots the latitudinal pattern of the CO2 sources and sinks 
in this experiment. Experiment 1 underscores the impor- 

tance of the biospheric disequilibrium in forest ecosystems. 

Compared to the run with no disequilibrium, the standard 

run has a smaller terrestrial uptake in the northern hemi- 

sphere as well as in the southern tropics. In the northern 

hemisphere this is because both the turnover of soil carbon 

is long (Figure 3) and the release of CO2 from the soils is 
important during the summer [Fung et al., 1987]. On land 
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about 30%, we derived errors for the inferred ocean/land 

partitioning (Table 3). 

5.1.2. Sensitivity to the discrimination by plants. We 

compared in experiment 2 the standard run of the model 

(discrimination from the SiB model) with a run where we use 

the discriminations of Lloyd and Farquhar [1994]. The 

results of experiment 2 are plotted in Figure 12. The discrim- 

ination of Lloyd and Farquhar [1994] yields a significant 

source of CO2 on land between 40øS and 30øS (about 1 GTC 4 Iotitudes from 11.5 to I 17.5 I 
6-• larger than when the SiB discrimination is used), a pattern 
g,o 2 

o • due to the large proportion of C-4 assumed by Lloyd and 

•' • o Farquhar [1994] for this latitude band. Our present knowl- 

• •-2 - edge of the carbon fluxes associated to biospheric destruc- -4 i', , , • ........... • ........ tion does not validate this terrestrial source in the southern i i i i i • i i i 

199• 4992 1993 hemisphere, although we must note that our measurement 

Figure 8. Seasonal ocean/land partitioning of the sources 
and sinks in the tropics for the standard run of the decon- 
volution; same legend as in Figure 7. The absence of 
structure in the land/ocean partitioning for years 1990 and 
1991 is due to the lack of data to constrain the inversion. 

this results in a northern hemisphere terrestrial sink in the 

standard run which is lower by 0.7 GTC compared to the run 
with no disequilibrium (Figure 11). At the same time, the 

biospheric disequilibrium makes the net ocean uptake stron- 
ger by 0.7 GTC in the northern hemisphere. Figure 11 shows 

that the ocean gyres are a small sink of CO2 between 40øN 
and 60øN, whereas their uptake would be zero with no 

biospheric disequilibrium. In the tropics the disequilibrium 
occurs because of the residence time of carbon in the 

aboveground biota (tree wood). On land this results in a 

smaller sink of CO2 in the southern tropics (0.5 GTC less 
than with no disequilibrium) and into a larger source in the 
northern tropics (by 0.25 GTC). In the ocean this results in a 

weaker equatorial source (0.4 GTC less than with no dis- 

equilibrium). The biomass destruction disequilibrium in the 

tropics has almost no influence in the partitioning of CO2 
inferred by the model (it reduces the total terrestrial uptake 
in the southern tropics by less than 0.1 GTC). Assuming that 
our estimate of the biospheric disequilibrium is accurate to 

sites in this latitude band are distant from the continents. 

The discrimination of Lloyd and Farquhar [ 1994] makes the 

terrestrial source in the northern tropics larger by about 0.9 

GTC than when we use the SiB value. Finally, the uptake on 

land in the band 30øN to 60øN is stronger by 0.8 GTC when 

using Lloyd and Farquhar [1994] compared to SiB. In this 

case, the ocean becomes a net source of CO2 to the 
atmosphere between 40øN and 50øN. 

It is difficult to model the discrimination by plants at the 

ecosystem level, and hence on a global scale, with precision 
better than 1-2%o. The results of experiment 2 show that the 

strength of the northern terrestrial sink ranges from 4 GTC to 
4.6 GTC for two different modeled discriminations. Further- 

more, as the discrimination by plants is strongly related to 

carbon assimilation and water stress, it may vary from year 
to year. Changes in the value of discrimination due to the 

interannual variability of climate (induced by the Pinatubo 

eruption in 1991 or the ENSO anomaly in 1991-1992) may 

impact the 8•3C in the atmosphere. Assuming the disequi- 
libria to be more or less constant from one year to the next, 
such fluctuations in the discrimination add a small uncer- 

tainty in the estimate of the global mean partitioning of CO2 
between ocean and land. This effect should be small, be- 

cause the time series of 8 •3C in the atmosphere do not show 
year-to-year changes in the amplitude of the seasonal cycle 

of •3C larger than a few hundredths per mille [Keeling et 

10 

'•, õ .5 

•= 0 
o_ 

•h• -5 
0 c•_ 

-lO 

199o 

i i i i i i i i i , i I i i i i i i i , i i i I i , i i i i i i i I i 1 
latitudes from 44.4 •o 5•.I 

i• ,. ,..... x //- ...., •.. /"• • 
- -.__z-:<-', -'/-, -•- '--•' r - - - ->' ' ' : ..... 
'x. .,." "',. .'X- - .x //1 X ,, x T - / 

ß 

i i i i i i i i i I i I i i i i i i i i i i i J i i i i i i i i i i i 

1991 1992 199.3 

10 
Iotitudes from 53.1 to 64.2 

1990 1991 1992 1993 

Figure 9. Same as Figure 8 but for northern middle and high latitudes. 
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Figure 10. Same as Figure 8 but for the Arctic. 

al., 1989a], which could correspond with year-to-year 

changes in the discrimination of 0.5-1%o. 

We make a very coarse estimate of the uncertainty asso- 

ciated with the discrimination. Based on the experimental 

measurement of /il3C in a large number of plant species 
[Troughton, 1972; Krrner et al., 1991] it is reasonable to take 

for the discrimination of C-3 ecosystems a 1 tr error of 1%o. 

This is supported by the fact that SiB (growing season) and 

Lloyd and Farquhar [1994] are within a range of 2-3%0 for 

C-3 ecosystems. Because the differences between SiB and 

Lloyd and Farquhar [1994] demonstrate that a large uncer- 

tainty in the estimate of the zonally averaged discrimination 

is due to the proportion of C-4 plants, we assumed a 1 tr error 

on the discrimination of 3%0 at latitudes corresponding to 

tropical grasslands. Table 4 presents the corresponding 

uncertainty in the ocean/land partitioning as inferred by the 
inverse model. We note that the error on the estimate of the 

discrimination has a limited impact on the inferred partitioning. 

5.1.3. Sensitivity to the ocean disequilibrium. We com- 

pared the standard run of the model with a run in which the 

ocean disequilibrium is set to zero (experiment 3). The 

results of experiment 3 as a function of latitude are plotted in 

Figure 13. The ocean disequilibrium has a large influence on 

the partitioning of the CO2 inferred by the model between 
latitudes 30øS and 30øN. Assuming no ocean disequilibrium, 

the model infers an oceanic source at equatorial and south- 

ern tropical latitudes and enhances the terrestrial uptake in 

the tropics. This is because the ocean disequilibrium, posi- 
tive at latitudes lower than 60 ø, tends to increase the/il3C in 
the atmosphere, which in turn reduces the strength of the 

terrestrial uptake inferred by the model. (At high latitudes, 
north of 60øN, the ocean disequilibrium is negative and the 
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Figure 11. Latitudinal ocean/land partitioning of the 
sources and sinks of CO2 versus latitude. Comparison of the 
standard run (thin lines) with a run where the biosphere 
isotopic disequilibrium is set to zero (thick lines). 

situation is reversed.) At northern midlatitudes this effect is 

diminished by the smaller area of ocean. Figure 13 shows 

that the ocean disequilibrium does not greatly affect the 

inferred terrestrial sink in the northern hemisphere. In the 

southern ocean, Figure 13 shows that the partitioning of CO2 

calculated by the model is fairly sensitive to the ocean 

disequilibrium. An underestimate of the ocean disequilib- 

rium (air-sea gas transfer coefficient or 13C/12C of dissolved 
inorganic carbon (DIC) in surface waters) would then con- 

tribute to the (unrealistic) terrestrial sink inferred at around 

50øS, to be discussed in section 6.1.1. Assuming that the 

uncertainty in our estimate of the ocean disequilibrium is 
about 30%, we derived errors (Table 5) for the inferred 

ocean/land partitioning. 

5.1.4. Sensitivity to the isotopic composition of fossil fuels. 

We compared the standard run of the model with a run in 
which the t•13C of fossil fuels is set to -27%0 instead 

of-28.4%0 (experiment 4). The results of experiment 4 

plotted in Figure 14 show that this parameter of the model 
has only a small impact on the inferred land/ocean partition- 

ing. Using -27%0 instead of -28.4%0 reduces the northern 

hemisphere terrestrial uptake by 0.3 GTC. 

5.2. Sensitivity of the Inverse Method to the Selection 
of Measurement Sites 

5.2.1. Increasing the number of measurement sites from 
1990 to 1992. We conducted a sensitivity test (experiment 

5) in which only the sites measured in 1990 were used in 1992 

to infer the global carbon budget. When all 1992 sites were 

used, we found that the net terrestrial sink in the northern 

hemisphere (30ø-60øN) was stronger by 1.5 GTC. The phas- 

ing of the ocean and terrestrial uptake for experiment 5 is 

plotted in Figure 15 for those latitudes. In the standard run, 

the terrestrial uptake of CO2 in summer is much larger than 
in experiment 5. We also found that in the standard run, the 

seasonal ocean uptake occurs 1 or 2 months sooner and is 

very rapid in the spring, underscoring its possible connection 

with a bloom in phytoplankton productivity. Figure 15 

illustrates that significant differences in the patterns of the 

inferred CO2 fluxes arise from the introduction of more sites 
in the inversion, which underscores the importance of the 

density of measurements in this type of study. Changes in 

the partitioning of CO2 from 1991 to 1992, especially in the 

Table 3. Errors Associated With Uncertainty in Estimate 

of Biospheric Disequilibrium 

30øS - Equator- 
Latitude 90øS-30øS Equator 30øN 30øN-90øN 

Error (GTC yr- l) -- 0.1 <0.1 0.2 
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Figure 12. Latitudinal ocean/land partitioning of the 
sources and sinks of CO2 versus latitude. Units are GTC 
yr -• per latitude band of the model (20 bands total). Com- 
parison of the partitioning between ocean and land for two 
different scenariosof the discrimination against •3C by plant 
photosynthesis (Figure 6). The thick line is for the discrim- 
ination from Lloyd and Farquhar [ 1994]. The thin line is for 
the discrimination of the SiB model (standard run). 

northern hemisphere, are largely the result of adding more 

sites in the inversion rather than true interannual variability 

of the carbon cycle (see Figures 8 and 9). A simple correc- 

tion for this bias is proposed in section 6.3. 

5.2.2. Bootstrap analysis and longitudinal variability. 

We performed a bootstrap analysis on the sites used to 

constrain the inversion. The bootstrap technique selects 

sites at random among the 38 available in the 1992 data set to 

construct the meridional gradient of/5•3C in the atmosphere. 
One site can be picked multiple times by the bootstrap 

sampling, in which case the position of each clone is slightly 

offset in latitude. Latitudinal curves fitted to each bootstrap 

selection of sites were then digitized onto the model grid, 

and the inverse deconvolution applied to them. In the 

southern hemisphere where few sites are available, the 

bootstrap selection was forced to pick SPO, CGO, and SMO 
at least once to enable the construction of the full meridional 

gradient. At high northern latitudes the bootstrap was forced 

to pick CBA or BRW or ALT at least once. Site TAP clearly 

bears the isotopic signature of fossil fuel (3.5 to 4.5 ppm 

higher in CO2 and 0.25%ø lower in/5•3C than other sites at 
similar latitudes) because of its proximity to an industrialized 

area. We allowed TAP in the bootstrap selection although its 

weight was decreased. With bootstrap selections containing 

TAP, the model can explore configurations corresponding to 

longitudes where the air is significantly influenced by fossil 

fuels (Europe, North America). We ran 20 different boot- 

strap inversions, which makes it possible to estimate a l•r 
standard deviation of the net ocean and terrestrial sources 

and sinks of CO2 by broad latitude bands. A bootstrap 
selection picks the same set of sites for both •3C and CO2. 
This is necessary because we do not want to assign the/5•3C 

Table 4. Errors Associated With Uncertainty in Estimate 
of Discrimination 

30øS - Equator- 
Latitude 90øS-30øS Equator 30øN 30øN-90øN 

Error (GTC yr - ]) <0.1 0.1 0.1 0.2 
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Figure 13. Latitudinal ocean/land partitioning of the 
sources and sinks of CO2 versus latitude. Units are GTC 
yr -• per latitude band of the model (20 bands total). Com- 
parison of a run where the ocean isotopic disequilibrium is 
set to zero (thick lines) with the standard run (thin lines). 
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of one site to the CO2 concentration of another site at the 

same latitude. Table 6 gives errors estimated from the 

bootstrap analysis for the surface flux of CO2 (S), the surface 

flux of •3CO2 (•3S), and for the ocean/land partitioning. The 
variance in the partitioning between land and oceans is due 

to variance in both S and •3S. The variance of the partition- 
ing is not a simple sum of the variances of S and •3S because 
the deviations of S and •3S for any individual bootstrap 
selection are highly correlated. 

6. Results and Discussion 

6.1. Latitudinal Patterns 

6.1.1. Southern Ocean. Figure 7 shows a large sink of 

CO2 between 30øS and 60øS which must be in the southern 

ocean. At high southern latitudes the CO2 inversion is 
constrained by six sites, but the /5•3C inversion is con- 
strained only by CGO and SPO (Figure 1). The interpolated 

meridional gradient of/5•3C is arbitrarily assumed to be flat 
between CGO and SPO, which biases the determination of 

the CO2 partitioning between ocean and land. This may 
cause the appearance of the unrealistically large terrestrial 

sink south of CGO in Figure 7. Recent shipboard measure- 

ments of/5•3C in both the surface ocean and the atmosphere 
(R. J. Francey and H. Beggs, personal communication, 1994) 

suggest that there is a trough in atmospheric /5•3C around 
55øS, which would diminish the terrestrial sink that we 

obtain at high southern latitudes. In addition, a wrong 

estimate of the ocean disequilibrium at high southern lati- 

Table 5. Errors Associated With Uncertainty in Estimate 
of Ocean Disequilibrium 

30øS - Equator- 
Latitude 90øS-30øS Equator 30øN 30øN-90øN 

Error (GTC yr -]) 0.4 0.4 0.4 <0.1 

Two different types of errors are folded into this table: the 
uncertainty of the •513C values of dissolved inorganic carbon (DIC) 
in surface waters due to the sparseness of the measurement and the 
uncertainty of the equilibrium isotopic fractionation factor between 
atmospheric CO 2 and DIC. The uncertainty of the latter quantity is 
as large as 0.2%0 [Tans et al., 1993] and dominates the error on the 
global scale, which could be as large as 1 GTC. 
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tudes, where few measurements of R o are available, could 
also contribute to the unrealistic terrestrial nature of the CO2 

sink south to 40øS. Finally, it is important to note that the 
terrestrial sink at 50øS is correlated to the nearby terrestrial 

source inferred at around 30øS. In the inverse model, an 

incorrect estimate of •3S at any one latitude always has an 
effect on inferred sources and sinks in neighboring latitudes. 

To avoid the problems caused by the artificial terrestrial sink 

at 50øS, we estimate the total partitioning in the entire zone 

south of 20øS, for which we obtain an uptake of 1.6 ___ 1 GTC 
into the ocean and -0.2 - 1 GTC on land. 

6.1.2. Equatorial and tropical regions: Ocean. Figure 7 

shows that the ocean is a net source of CO2 to the atmo- 
sphere in the equatorial regions between 10øS and 10øN. This 

release is largely due to the outgassing of waters supersatu- 

rated in CO2 which upwell in the tropical Atlantic and Pacific 
Oceans [Andrie et al., 1986; Feely et al., 1994]. In 1992 our 

model calculations suggest a net source of 0.9 - 1.3 GTC for 

the equatorial oceans, which is at the lower end of previous 

estimates. As an example, Heinzann and Keeling [1989] 
calculated a net equatorial ocean source of 1.3 GTC (their 

ocean source FEQ U and uniform ocean sink Fuos between 
12øS and 12øN). Tans et al. [ 1990] calculated a net equatorial 
ocean source of 1.3 GTC between 15øN and 15øS, based on 

measurements of pCO2 in surface waters with an air-sea gas 
exchange consistent with the global ocean •4C inventory. In 
1992 the equatorial ocean source inferred by our model is 

displaced to the north of the equator, whereas the existing 

ApCO2 data sets suggest that the maximum should be at the 
equator or shifted slightly to the south. It is possible that an 

anomalous pattern of equatorial upwelling prevailed during 

1992 [Francey et al., 1994]. As relatively few sites are 
available to constrain the inversion in the band 10øS-10øN 

(Table 1), this hypothesis remains to be confirmed. 

However, 1992 was an anomalous year with respect to 

global temperature and the E1 Nifio Southern Oscillation 

(ENSO) phenomenon (discussion in section 6.3). The low 

estimate we obtain for 1992, compared to the other estimates 

of the equatorial ocean source averaged over longer terms, 

may suggest that the upwelling in the tropical oceans was 

reduced by the weak ENSO which developed in 1991-1992. 

Land: Figure 7 shows that land ecosystems are a weak 

sink of atmospheric CO2 in the southern tropics (-0.3 - 1.0 
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Figure 14. Latitudinal ocean/land partitioning of the 
sources and sinks of CO2 versus latitude. Comparison of a 
run (thick lines) where •il3C of fossil fuels is set to -27%0 
with the standard run (thin lines) where •il3C of fossil fuels 
is -28.4%0. 
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Figure 15. Seasonal ocean/land partitioning of the sources 
and sinks at northern temperate latitudes. Comparison of the 
standard run with a run where fewer sites are used to 

constrain the deconvolution in 1992. The thin lines are for a 

run where only the sites available in 1990 have been used for 
1992. 

GTC) but an important source in the northern tropics (2.0 --- 

1.3 GTC). The sink in the southern tropics is likely contrib- 

uted by rain forest ecosystems, mostly in Amazonia and 

Southeast Asia, and integrates both the net release of CO2 to 
the atmosphere due to deforestation and the net ecosystem 

production (NEP) of undisturbed and regrowing forests. If the 

existence of a weak terrestrial sink in the southern tropics is 

confirmed by further measurements, it suggests two possibili- 

ties. One possibility is that equatorial forests between 20øS and 

the equator are currently fertilized in such a manner that their 

NEP compensates entirely a local deforestation of about 0.85 

GTC yr -• [Houghton et al., 1987]. Mechanisms that could 
bring about such a fertilization have not been identified with 

certainty, although some physiologists think it is likely that the 

fixation of anthropogenic nitrogen and higher temperatures 

could enable a CO2 fertilization effect [Gifford, 1994]. Another 
possibility is that the destruction of forests in the southern 

tropics has been overestimated. This idea has been supported 

by recent analyses for Latin America [Houghton et al., 1991; 

Skole and Tucker, 1993] which underscore the uptake of 

carbon by recovering forests on land abandoned by shifting 

agriculture and also suggests reduced clearing rates based on 

satellite analyses. 

The northern tropics terrestrial source inferred by our 

model is 2.0 _ 1.3 GTC in 1992. Houghton et al. [1987] 

estimate the deforestation in the northern tropics at 0.9 

GTC, which leaves ---1.1 GTC of our inferred source unex- 

plained in 1992. The intensity of the northern tropics source 

inferred by the model depends on the discrimination pre- 

scribed for plants (section 5.2). However, a smaller terres- 

trial source would require 0ø-30øN ecosystems to discrimi- 

nate more than our estimated 17%o by several per mille, an 

unlikely possibility because of the abundance of C-4 plants 

(in African savannas) in this latitude band. Another possible 

bias of our diagnosis is the overrepresentation of the Pacific 

in the NOAA/CMDL network for the northern tropics. 

Alternatively, if the intrahemispheric transport between the 

low and the temperate latitudes of the northern hemisphere 

is weaker in the model than in the real world, the model 

would infer a source of CO2 at low latitudes that is too large. 

This is because the excess CO2 from fossil fuel burning 
would be transported to those latitudes in the real world but 
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Table 6. Error Estimates (in GTC yr -•) Associated With Longitudinal Variability of 
Data Derived From Bootstrap Analysis 

Latitude 90øS-30øS 30øS-Equator Equator-30øN 30øN-90øN Global 

S 0.5 0.6 0.6 0.5 0.2 

13S x 90 ..- 0.6 0.6 0.6 0.2 

Partitioning ß ß ß 0.4 0.7 0.5 0.3 

Uncertainties in the flux of 13CO2 (13S) have been multiplied by 90 and expressed as a flux of total 
carbon in GTC yr -1 (the natural abundance of 13C is •-1.11%). No error estimate is given at high 
southern latitudes for 13S and the ocean/land partitioning because SPO and CGO were always included 
in the bootstrap site selections, in the absence of isotopic data from other high-latitude southern sites. 

not in the model. This possibility will be resolved when more 

detailed calibrations of the transport via new tracers, such as 

SF6, become available. 
Recent studies agree that the burning of savannas causes a 

huge seasonal release of CO2 to the atmosphere, up to 1.6 
GTC every year [Andreae, 1991; Crutzen and Andreae, 

1990; Houghton, 1991], about 3 times as much carbon as the 

release by forest burning in the tropics [Hao et al., 1988, 

1990]. It is not certain whether such a huge seasonal release 

drives a net annual release because it is followed by rapid 

regrowth. In the analysis of Houghton et al. [1991] the 

burning of savannas is assumed to be entirely compensated 

by regrowth and thus results in no net release of carbon to 

the atmosphere. This balance may not be exact in each year. 

In view of the uncertainties in assessing the exact regrowth 

of savannas every year, the unexplained terrestrial release of 

1.1 GTC for 1992 in the north tropics could partly be due to 

burning that is only partially compensated by regrowth. In 

addition, the weak ENSO episode of the first half of 1992 

could have enhanced the release of CO2 by tropical ecosys- 
tems, as proposed by Keeling et al. [ 1989a], who found a larger 

release on land associated with the ENSO episodes of the 

1980s based on CO2 and $13C data. The link between ENSO 
events and biospheric CO2 fluxes is not clearly understood but 
might be due to factors such as fires, or changes in NPP or 

respiration. Keeling et al. [1989a] have suggested that the 

weaker Asian monsoon generally associated with ENSO epi- 

sodes may significantly reduce the NPP in the tropics. How- 

ever Keeling et al. [1989a] kept the fractionation by plants (apn) 
constant in their analysis, whereas Otph could be different in 
ENSO years due to disturbed climate. This may have a 

relatively large effect on atmospheric •il3C measurements, as 
was shown in section 5.1.2. 

6.1.3. Temperate and boreal regions: Ocean. Figure 7 

shows that there is a major sink of CO2 in the ocean of -2.7 
_+ 1.1 GTC, almost uniformly distributed between 15øN and 

the Arctic. The strength of this sink is 2.3 GTC larger than 

the northern gyres sink calculated by Tans et al. [1990] for 

the non-ENSO years of the 1980s. The spatial patterns of the 

ocean sink inferred by the model can be compared to pCO 2 
measurements in surface waters, though the physics of 

air-sea exchange also influences the net flux of CO2 at the 
air-sea interface. Measurements from Inoue et al. [1993] and 

Takahashi et al. [1986] suggest that the midlatitude Pacific 

gyres cannot be a very large sink of atmospheric CO2. North 

Atlantic pCO 2 data reveal a deep trough between 50øN and 
60øN. Tropical Atlantic data show large differences between 

the western and the eastern gyre regions, where the outgas- 

sing of water in upwelling regions is partly counteracted by 

a strong phytoplankton productivity [Copin-Montegut and 

Avril, 1993]. The NOAA/CMDL network contains 5 sites 

measured for CO2 and •13C in the northern Atlantic Ocean 
(BME, BMW, IZO, MHT, ICE) and 12 sites in the northern 

Pacific Ocean (GMI, MLO, KUM, SHM, MID, CBA, CMO, 

5 ship sites). To check whether the standard model run was 

biased in favor of the Pacific gyres, we performed an 

experiment including only the Atlantic sites in this latitude 

band. This inversion yielded an ocean uptake in the northern 

gyres comparable to the standard run. 

Land: Figure 7 shows that there is a major sink of CO2 in 

the land biosphere between 30 ø and 60øN. This terrestrial 

sink, likely located in temperate deciduous and subboreal 

conifer forests, is -3.5 -+ 0.9 GTC in 1992, with a maximum 

net uptake at around 50øN. The cause of this sink is not 

known. The northern hemisphere terrestrial sink inferred in 
this study is at the upper limit of current estimates. For 

example, Tans et al. [1990] require a terrestrial sink ranging 

from 2.7 _+ 0.7 GTC to balance the carbon budget of the 

1980s, although an enhanced terrestrial sink may have 

operated in the 1990s. 

The potential sink on land in the northern hemisphere has 

also been addressed by process-based ecological models. 
The ideal model would have to consider the influence on 

plants and soils of changes in the availability of CO2, water, 
and nutrients. For example, it is generally accepted that 

higher CO2 concentration in the atmosphere enhances pho- 
tosynthesis at the leaf level, but recent studies [K6rner and 

Arnone, 1993; Norby et al., 1992] have pointed out that 

higher CO2 may also cause a reallocation of photosynthates 
to fine root tissues that are ultimately decomposed at the end 

of the growing season with no net storage of carbon. Until 

such mechanisms are fully understood and included in 

models, it is very difficult to model the NEP with the desired 

accuracy (smaller than 10% of the one-way fluxes). An 

alternative approach to estimate the terrestrial sink is to use 

forestry data. However, uncertainties arise in estimating the 

fate of carbon in soils of logged forests as well as the fate of 

wood products such as paper and plywood [Harmon et al., 

1990]. Recent compilations of forestry data [Kauppi et al., 

1992; Kohlmaier et al., 1993; Sampson et al., 1993; Hough- 

ton, 1993; $edjo, 1992] estimate a sink of 0.7-1.2 GTC in 

forests of the northern hemisphere, which is ---2 GTC smaller 

than that found in this study. An attractive method to 

evaluate this sink is the direct appraisal of NEP by contin- 

uous CO2 flux measurement [Wofsy et al., 1993], but the 

extrapolation of such results to very large areas remains 

problematic. 

6.1.4. Arctic regions (north of 65ø). Figure 7 shows that 

in 1992 the ecosystems north of 60øN were a net source of 1 

GTC, and the flux into the Arctic Ocean was -0.4 -+ 1.0 
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GTC. Although surface temperatures have been increasing 

in the Arctic for the past 30 years [Bradley et al., 1993], there 

is limited evidence for a net terrestrial release of CO2 by 
local ecosystems. Tans et al. [1990] hypothesized an Arctic 
terrestrial source of 0.4 to 0.7 GTC in order to balance the 

global carbon budget of the 1980s. Recent flux measure- 

ments in the area of BRW suggest that Arctic tundra could 

be a source of 0.3 GTC [Oechel et al., 1993]. Indeed, the 

carbon balance of Arctic peatlands appears to be very 

sensitive to climate change. An increase in temperature or a 

decrease in stored water may enhance the release of CO2 by 
soils and lakes [Billings et al., 1982, 1983; Klinig et al., 1991] 

and turn Arctic biomes into a net source of CO2. Given the 
large amount of carbon presently stored in Arctic soils, this 

mechanism may have important implications for future CO2 
levels [Webb and Overpeck, 1993]. However, there is prob- 

ably a bias in our model due to the location of our measure- 

ment sites. North of 60øN the sites measured for •il3c (BRW, 
CBA, MBC, ALT) are maritime sites reached by polluted 

continental air masses (low •i13C, high CO2) transported 
from lower latitudes [Conway and Steele, 1989; Halter and 

Harris, 1983; Halter et al., 1985]. 

Tans et al. [1989] concluded that the two-dimensional 

model misallocates CO2 sources/sinks between the Arctic 
and the midlatitudes when it is constrained by maritime air 

data alone. Constraining the •i13C inversion with maritime 
data alone may thus overestimate both the uptake of CO2 at 
temperate latitudes and the release of CO 2 by Arctic lands, 
especially during the winter when polluted air is frequently 

captured in the polar boundary layer. 

6.2. Seasonal Patterns 

6.2.1. Tropical and equatorial regions. Figure 8 shows 

the seasonality of the CO2 fluxes in the tropics. In the 

northern tropics, there is a net terrestrial release of CO2 to 
the atmosphere from December to July. In the southern 

tropics, there is a net terrestrial uptake from December to 

July. Figure 8 shows that in our model the seasonality of the 

CO2 fluxes in the tropics is largely driven by the biosphere 

on land. The seasonal terrestrial source in the tropics corre- 

sponds approximately to the dry season and may be linked to 

the burning of savannas (mostly in Africa) during the dry 
season. From the inverse model we estimate the release in 

the northern tropics during the dry season at 1.3 _ 0.7 GTC, 

at the upper limit of the range given by Crutzen and Andreae 

[1990] and Andreae [1991] for savanna fires alone (0.3-1.7 

GTC). The phasing of the terrestrial CO2 emissions in the 
tropics is in agreement with the observed occurrence of 

African savanna fires [Cahoon et al., 1992]. Fire activity 

diminishes in northern tropical Africa by May, when Figure 

8 shows the start of a decrease in terrestrial CO2 emissions. 
6.2.2. Northern hemisphere seasonality on land. Figures 

9 and 10 plot the seasonal partitioning of CO2 at middle and 
high northern latitudes. Figure 9 shows that the biosphere on 

land dominates the seasonal exchange of CO2. During the 
growing season the uptake by plants is more pronounced at 

50øN than at 60øN (Figure 9). From October to May, there is 

a net release of CO2 by the ecosystems which increases 
northward from about zero at 50øN, to 1.8 GTC at 60øN, up 

to 2.6 GTC at 70øN. This pattern could be partly caused by 

the misallocation by the two-dimensional model discussed 

earlier. Although the inversion technique makes it possible 

to separate the biosphere on land from the ocean, it does not 

allow us to distinguish between photosynthesis and respira- 

tion in net terrestrial exchange. At low latitudes it is plausi- 

ble that photosynthesis is still maintained during the winter 

but it seems unlikely that it can compensate respiration to 

yield a net flux close to zero, as indicated by Figure 9. 

Emissions of CO may play a role in this feature. Although a 

full CO correction [Enting and Mansbridge, 1991] is beyond 

the scope of this paper, the assumption that 5% of fossil fuel 

carbon is initially released as CO would result in an enhance- 

ment of the winter terrestrial release in the temperate zone of 

approximately 0.3 GTC. Another possibility (see section 

6.1.2) would be that the model transports excess fossil fuel 

CO 2 away from these regions too slowly during the winter. 
Figure 9 shows that the onset of net CO2 uptake by plants 

occurs in early June. There is no change in the phasing of 

this event with increasing latitude, as observed by Conway 

et al. [1988] from the CO 2 data alone. Another interesting 
feature is the brief release of CO2 by the biosphere on land 
that precedes the growing-season uptake north of 50øN. 

Possibly, this release of 1 GTC over 4 months is associated 

with enhanced respiration by roots and soils due to a rise of 

temperature in spring, as suggested by modeling studies 

[Bonan, 1991; C. Waelbroeck, personal communication, 

1994] and observations for high-latitude ecosystems [Coyne 

and Kelley, 1978]. 

6.2.3. Northern hemisphere seasonality in the ocean. 

Figure 9 also displays the seasonality of the ocean fluxes in 

the northern hemisphere. The phasing of the ocean fluxes is 

controlled by the physics of air-sea gas transfer and by 

phytoplankton productivity. Figure 9 shows that the ocean 

absorbs CO2 during the spring and summer. Of particular 

interest is the quick drawdown of CO2 between April and 
May, which leads by about 2 months the maximum uptake 

on land (Figure 9). The inverse calculation produces this 

pattern because the 1992 data set contains several maritime 

sites (SHM, MHT, CBA) in areas where the ocean produc- 

tivity increases abruptly during the spring [Feldman et al., 
1989]. 

The difference in pCO 2 between atmosphere and ocean 
(ApCO2) can be independently derived as an output of the 

model from the inferred ocean flux So. Using the piston 
velocity field of Erickson [1993], we obtain in that manner 

realistic annual mean ApCO 2 everywhere in the ocean, 

which provides a good check of the validity of our calcula- 

tions. The rapid spring rise in the ocean uptake followed by 

a slow recovery to winter conditions matches the observed 

seasonal trends of pCO 2 in North Atlantic surface waters 
[Smith et al., 1991; Watson et al., 1991; Takahashi, 1986]. 

However, during the spring we obtain pCO 2 values in 

northern gyres of the order of 200 ppm, which is much too 

low. This suggests that the model may overestimate the 

spring uptake or that the piston velocity is not correctly 
estimated. 

6.2.4. Seasonality in Arctic regions (north of 65ø). The 

seasonality in the Arctic is plotted in Figure 10. The uptake 

of CO2 is entirely terrestrial and lasts only from May to 

August. The pronounced drawdown of CO2 obtained in May 
is reasonable considering that when the upper soil thaws, 

Arctic plants are able to sustain photosynthesis even under 

low light and cold temperatures [Tieszen, 1978]. We at- 

tempted to derive a rough estimate of the summer uptake by 

plants north of 65øN (14 x 106 km 2 total) as follows: We first 
extrapolated a tundra uptake of 120 gCO 2 m -2 from May to 
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Table 7. Annual Mean Sources and Sinks for Broad 

Latitude Bands (Positive Numbers, Sources to the 
Atmosphere) 

90øS - Equator- 30øN - 65øN - 
Equator 30øN 65øN 90øN Global 

1992 total -2.2 1.6 -4.5 +0.6 -4.6 

Land -0.9 2.0 -3.5 + 1.0 - 1.4 

Ocean - 1.3 -0.4 - 1.0 -0.4 -3.1 

Error -+ 1.0 _ 1.3 -+0.9 -+ 1.0 +_ 1.1 

1991 total -2.5 1.2 -3.6 +0.7 -4.2 

Land -1.1 0.9 -2.7 +1.1 -1.8 

Ocean -1.4 0.3 -0.9 -0.4 -2.4 

1990 total - 1.4 +0.8 -3.3 +0.7 -3.2 

Land -0.2 + 1.6 -4.9 + 1.3 -2.2 

Ocean - 1.2 -0.8 + 1.6 -0.6 - 1.0 

The errors apply both to ocean and to land net fluxes; they are 
derived from the bootstrap analysis (Table 6) and from the uncer- 
tainty in the estimates of the disequilibria and discrimination (Tables 
3, 4, 5). Errors have not been estimated for 1990 and 1991, though 
they will be larger than for 1992, because fewer sites were measured 
for/513C in the earlier years. 

September [Whiting et al., 1992] to a total tundra surface 
area of 7 x 106 km 2 and obtained 0.2 GTC. We then 

extrapolated an uptake of 960 gCO2 m -2 [Bonan, 1991] from 
May to September to the remaining 7 x 106 km 2 of boreal 
forests and obtained 1.8 GTC. Altogether, this yields a total 

summer uptake of 2 GTC north of 65øN, in good agreement 
with our derived value of 2.3 -+ 0.5 GTC. The model results 

are not so good in winter where the release of CO2 that we 
found (3 -+ 0.9 GTC) may be overestimated (see section 

6.1.4.). 

6.3. Global Totals 

In this section we examine the global ocean/land partition- 
ing inferred from the inverse model for the period 1990-1992. 

Estimated CO2 land and ocean fluxes, integrated over broad 
latitude bands, are given in Table 7. These values represent 

a CO2 flux budget, not a carbon storage budget. Our isotopic 

method is diagnostic of where and when CO2 is exchanged 
with the land or the ocean, but it does not reveal the ultimate 

reservoir of storage. Every year, about 0.4 GTC of the 

carbon absorbed on land is transported by rivers and could 

end up being stored in the ocean [Sarmiento and $undquist, 

1992]. Also, there is no correction to the budgets in Table 7 

to account for the production of CO2 by oxidation of CO in 
the troposphere, 

There are two components to the estimated errors in Table 

7. First, there are errors derived from the bootstrap analysis. 

These errors are primarily random in character, although the 

location of the sampling sites, which overrepresent the 

oceans, can introduce systematic errors into the deconvolu- 

tion. Second, there are errors arising from uncertainties in 

our estimates of plant discrimination and the biospheric and 

oceanic isotopic disequilibria. These latter errors tend to be 

systematic rather than random; if, for example, our estimate 

of the air-sea isotopic disequilibrium were off by 0.2%o, our 

partitioning of carbon sinks between oceans and land would 

change by ---1 GTC globally, with errors of the same sign in 
all latitude bands. 

The values in Table 7 do not represent the true interannual 

variability of the ocean/land partitioning during 1990-1992, 

because of the effects on our deconvolution of the change in 

the number of sites measured for •13C from 1990 to 1992. 

Recent climate anomalies induced by the Pinatubo eruption 

in June 1991 and the ENSO event developing in 1991-1992 

certainly have perturbed the transfer of CO2 between the 
atmosphere, the ocean, and the land biota. Dutton and 

Christy [ 1992] showed that the first half of 1992 was warmer 

than 1990 and 1991, at least partially because of the 1991- 

1992 ENSO episode. However, the second half of 1992 was 

colder, possibly because of scattering by the aerosols emit- 

ted from the Pinatubo eruption. In the annual mean temper- 

ature, cooling predominated and 1992 was the coldest year 

since 1986 [Halpert et al., 1993]. To correct the results in 

Table 7 for the changing site densities, we have applied a 

"site density correction," the difference between the 1992 

inversion results with all sites (standard run) and the 1992 

inversion results with the 1990 sites only (experiment 5), to 

the 1990 and 1991 data. (A site density correction is not 

needed for the CO2 fluxes because they are inferred from the 

CO2 data alone, and the number of sites measured for CO2 
is nearly the same from 1990 to 1992.) The results for 1990 

should be regarded with particular caution, because the band 

30ø-65øN was constrained for b•3C only by NWR, a high- 
elevation site in the Colorado Rocky Mountains. The cor- 

rected CO2 fluxes are shown in Table 8. The main effect of 
the site density correction is to reduce the terrestrial uptake 

and to enhance the ocean uptake in the band 30ø-65øN by 0.7 

GTC. The site density correction also reduces the terrestrial 

release in the Arctic by 0.3 GTC. 

Table 7 shows that the global sink of CO2 increased from 
3.0 GTC in 1990 to 4.5 GTC in 1992 [see Conway et al., 

1994]. The largest change between 1991 and 1992 occurred in 

the band 30ø-65øN, where the net sink of CO2 increased by 
0.9 GTC. Our deconvolution results suggest that this in- 

crease took place on land. We cannot determine whether this 

is due to enhanced photosynthesis or to lowered respiration 

in northern temperate ecosystems. Generally, the NPP of 

temperate ecosystems is more sensitive to precipitation than 

to temperature [Dai and Fung, 1993]. The respiration in 

boreal and cold-deciduous forests responds primarily to 

temperature [Dai and Fung, 1993; D6rr and Munnich, 1987] 

and could be very important in the interannual variability. 

The Pinatubo aerosols induced a cooling in the northern 

hemisphere of 0.5ø-0.7øC in 1992 [Dutton and Christy, 1992]. 

Assuming that respiration is doubled for a rise in tempera- 

ture of 10øC [Raich and Schlesinger, 1992], such a cooling 

would decrease the respiration in deciduous and boreal 

forests, which is typically ---30 GTC, by 4% [Schlesinger, 

Table 8. Annual Mean Sources and Sinks in 1990 and 

1991 for Broad Latitude Bands, Corrected for Number of 
Sites Used to Constrain Inversion 

90øS - Equator- 30øN - 65øN - 
Equator 30øN 65øN 90øN Global 

1991 total -2.5 1.2 -3.6 +0.7 -4.2 

Corrected 

Land -1.3 0.8 -2.0 +0.8 -1.7 

Ocean -1.2 0.4 -1.6 -0.1 -2.5 

1990 total - 1.4 +0.8 -3.3 +0.7 -3.2 

Corrected 

Land -0.4 + 1.5 -4.2 + 1.0 -2.1 

Ocean -1.0 -0.7 +0.9 -0.3 -1.1 
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Table 9. Comparison of Global CO 2 Budgets of 1980s 
With Inverse Deconvolution for 1992 [after Tans et al., 
1994] 

90øS - 16øS Equatorial 16øN-90øN Global 

Keeling et al 
land -0.1 +0.3 -0.6 -0.5 

ocean - 1.1 + 1.1 -2.3 -2.3 

fossil +0.2 +0.2 +4.8 +5.2 

Tans et al. 

land -0.1 +0.5 -2.3 -1.9 

ocean - 1.1 + 1.3 -0.6 -0.4 

fossil +0.2 +0.2 +4.9 +5.3 

This work 

land -0.2 +0.8 -2.2 -1.5 

ocean -1.4 +0.7 -2.4 -3.1 

fossil +0.2 +0.3 +5.6 +6.1 

We use the standard case scenario of Keeling et al. [ 1989b] for the 
year 1984, with a global deforestation of 1.8 GTC yr -1. We use 
scenario 7 of Tans et al. [1990] for 1981-1988 with a global 
deforestation of 1 GTC yr -1 . The sums do not add up exactly due to 
rounding errors. "Land" denotes the sum of all fluxes on land, 
including the deforestation in the studies of Keeling et al. [1989b] 
and Tans et al. [1990]. 

1992]. This would enhance the annual net terrestrial uptake 

by ---1.2 GTC. The ongoing monitoring of/513C at all the 
NOAA/CMDL sites should bring more insights into such 

interannual patterns. 

Finally, in Table 9 we compare our results (for 1992) with 

the global CO2 budgets for the 1980s established by Keeling 
et al. [1989b] and Tans et al. [1990]. In the southern 

hemisphere and in equatorial regions, our results compare 

well both with Keeling et al. [1989b] and Tans et al. [1990]. 

In the northern hemisphere the region of the so-called 

"missing sink," we infer an ocean sink close to the value 

proposed by Keeling et al. [1989b] but also a terrestrial sink 

close to the value proposed by Tans et al. [1990]. Between 

the mid-1980s and 1992, substantial changes in the global 

carbon cycle include an increase in fossil fuel emissions by 

0.7 GTC yr -1 and an increase in the global sink of CO2 
(ocean plus land) of 1.5 GTC, mostly located in the northern 

hemisphere (a model-independent feature). 

7. Conclusions 

We describe in this paper a new isotopic method based on 
the inverse deconvolution of the observed distributions of 

CO2 and •j13C in the atmosphere. We use a new data set of 
/•13C measurements from NOAA/CMDL and the University 
of Colorado, with sample coverage expanding from 1990 to 

1992 to include 25 sites and three ship tracks. Additional 

•3C data at high southern latitudes come from the Austra- 
lian group at CSIRO. The isotopic method determines the 

net partitioning of CO2 between the ocean and the terrestrial 
ecosystems as a function of latitude and time. Besides the 

ocean isotopic disequilibrium, 2 factors of importance in the 

•3C of the atmosphere are treated in detail. First, the 
isotopic disequilibrium on land is inferred from a recent 

global estimate of the turnover time of carbon in soils and 

aboveground biota. Second, the global discrimination by 

plants is estimated from two independent physiological 

models. Both factors impact the inferred uptake on land for 

the northern hemisphere by about 1 GTC each. The large 

number of measurement sites allows a bootstrap analysis of 

the inversion, providing an estimate of the error of our 

two-dimensional calculations partially accounting for the 

longitudinal variability of the data. 

Our results suggest that there is a major sink of -3.5 _ 1.0 

GTC in temperate and boreal forests and a major ocean sink 
of -2.7 _ 1.1 GTC from 15 ø to 90øN. We find that the Arctic 

ecosystems north of 65øN are a net source of CO2 of 1.0 - 
1.0 GTC, but this conclusion could be biased by the maritime 

characteristics of all our Arctic sites. The northern tropics 

are a net terrestrial source of CO2 of 2.0 -+ 1.3 GTC, whereas 
the southern tropics are only a weak terrestrial sink of -0.3 

- 1.0 GTC. The equatorial oceans account for an annual 

release of 0.9 - 1.3 GTC. The seasonality of the CO2 
exchange in the tropics shows a large terrestrial release in 

the dry season, possibly linked to savannah fires. The 

seasonality at northern midlatitudes displays a rapid ocean 

uptake in spring that we attribute to a bloom of phytoplank- 

ton productivity. 

In conclusion, the simple and inexpensive two-dimen- 

sional inverse isotopic model that we present in this study, 

used in conjunction with an extensive set of atmospheric 

/513C measurements, partitions CO2 fluxes between ocean 
and land with some realism. This model complements the 

global mean partitioning provided by one-dimensional box 

diffusion isotopic models but also makes it possible to 

explore the latitudinal structure and the seasonality of the 

sources and sinks. A larger number of measurement sites is 

crucial in accurately determining the structure of the carbon 

cycle. The next step in the utilization of atmospheric/313C as 
a constraint on the partitioning of CO2 will be a full three- 
dimensional analysis, which is currently under way. 
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