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Abstract—The global carbon budget includes inorganic and organic constituents. The rates of fossil fuel com-
bustion and inorganic carbon accumulation in the atmosphere and the ocean are known. The organic constitu-
ents include changes in the abundance of organic matter in ocean and land areas. Proceeding from changesin
CO, content and O,/N, concentration ratio in the atmosphere and the known stoichiometric proportions of oxy-

gen binding at organic matter decomposition, changes in the masses of organic substances were quantified in
terrestrial and marine environments. The resulting values of organic constituents of the carbon budget are con-
sistent with independent estimates based on the data on anthropogenic land cultivation and the concentration

ratio Y4C/*2C in the dissolved organic carbon of the ocean. We took into account an increase with time in the
rate of concentration changes of dissolved inorganic carbon in the ocean inferred from '3C/!2C measurements.
Profiles were constructed for changes in CO, partial pressure and 8'3C through the atmosphere-ocean bound-
ary, which correspond to the obtained values of the total carbon uptake by the ocean in inorganic and organic

forms.

INTRODUCTION

The investigation of the atmospheric CO, budget is
among the mgjor problems of global changes. Since
1958, the rate of carbon accumulation in the atmo-
sphere has been documented in many regions of the
Earth’'s surface [1-4]. The main source of increasesin
atmospheric carbon dioxide is the combustion of fossil
fuel. Variationsin therate of carbon discharge from this
source are well known from the beginning of theindus-
trial era[1]. It istraditionally believed that the oceanic
reservoir of dissolved inorganic carbon is the main
absorber of excess atmospheric carbon [2]. According
to ice core data [3, 4], the atmosphere—-ocean physico-
chemical system has been in equilibrium through the
past several thousand years. The anthropogenic distur-
bance of atmospheric carbon dioxide is many times
higher than any occasional fluctuations of the equilib-
rium preindustrial state[3, 4]. Owing to the tendency of
the atmosphere—ocean system to the equilibrium state,
the rate of atmospheric carbon uptake by the inorganic
oceanic system should increase proportionally to the
departure of atmospheric CO, concentration from the
preindustrial equilibrium level [5]. The rate of inor-
ganic carbon accumulation in the ocean was deter-
mined from the data on changes in 3C/*?C between
1970 and 1990 [2] and corresponds to the average rate
up to 1980. Up to now, the increment in atmospheric
CO, content increased by approximately 30% in com-

parison with 1980. The increase in the rate of carbon
uptake by the inorganic ocean system should be the
same.

Many details of the organic constituent of the car-
bon budget are till not fully understood both in terres-
trial and marine areas [5-11]. New data on changesin
the atmospheric O,/N, ratio [6] contribute substantially
to the solution of this problem. The requirement of the
closeness of the global carbon and oxygen budgets
defines two equations with two unknown constituents
of these budgets: changes in organic matter contentsin
terrestrial and marine environments (next section). Tak-
ing into account differences in the available estimates
of carbon uptake by the ocean in inorganic form [6-8],
we can solve the eguations of carbon and oxygen bud-
gets astwo separate dependencies of therates of change
in organic matter contents in terrestrial and marine
environments on the rate of carbon uptake by the ocean
in inorganic form.

In any case, it is hardly possible to correlate all
diverse pieces of evidence without accounting for the
compensating response of marine biota dightly dis-
turbed by the anthropogenic activity to an increase in
the concentration of atmospheric carbon dioxide. This
response occurs in accordance with negative feedback
and tends to decrease the gain in the concentration of
atmospheric carbon dioxide through its transformation
into dissolved organic carbon. On the other hand, ter-
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restrial biota is significantly disturbed by anthropo-
genic activity and could lose its compensation capacity
and begin functioning in accordance with positive feed-
back enhancing atmospheric disturbances together with
fossil fuel combustion.

An independent method for the determination of the
total absorption of atmospheric carbon by the ocean is
the measurement of carbon flux through the ocean-
atmosphere boundary. This method requires no knowl-
edge of the internal ocean structure nor information on
the presence and changes in the masses of dissolved
inorganic carbon (DIC) and dissolved organic carbon
(DOC). However, in order to determine the flux of car-
bon uptake by the ocean using this method, it is neces-
sary to know precisely changesin CO, partial pressure
on a microscopic scale near the interface boundary.
Modern measurement techniques rely on data on the
differences of CO, partial pressure on a macroscopic
scalein the atmosphere and the mixed ocean layer. This
results in the loss of some information on possible
extrema of CO, concentration on a microscopic scae
and CO, uptake by phytoplankton organisms near the
interface boundary.

The use of various methods for the determination of
carbon uptake by the ocean hasresulted in significantly
diverging estimates of the gross flux of atmospheric
carbon uptake [12-15]. In this work, we determined
time- and ocean surface-averaged profiles of 2CO, and

18C/*2C changes at microscopic distances from the
interface boundary. Taking into account these changes,
we demonstrated that the three methods currently
employed for the assessment of the total uptake flux of
atmospheric carbon to the ocean (the use of data on
changes in CO, concentration and O,/N,, in the atmo-
sphere, see the next section; the use of data on changes
in3C/*2CinDIC[2, 7] and *C/**Cin DOC [5]; and the
measurement of CO, flux through the ocean—atmo-
sphere interface boundary, see the third section)
resulted in the same gross carbon uptake fluxes by the
ocean.

GLOBAL CARBON BUDGET FROM THE DATA
ON CO, AND O,/N, CHANGES
IN THE ATMOSPHERE

Global changesin carbon mass in the biosphere are
related either to organic matter oxidation from the com-
bustion of fossil fuel and deforestation or to the synthe-
sis of additional masses of organic matter by terrestrial
and marine biota. These processes are accompanied by
opposite changes in the mass of atmospheric oxygen.
The molecular stoichiometric ratios O,/CO, from the
synthesis and decomposition of organic matter should
be equal in a steady-state environment. The reciprocal
value CO,/0O, is known as the respiratory ratio and is
reliably estimated for the majority of biochemical pro-
cesses in the biosphere.
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During the decomposition or synthesis of organic
matter in terrestridl and marine systems, the main
changes in oxygen content occur in the atmosphere,
because oxygen solubility in the ocean is low and the
oxygen abundance of the ocean istwo orders of magni-
tude lower than that of the atmosphere. The amount of
oxygen in the atmosphere is higher than that of carbon
by afactor of 1000. Thus, an increase in CO, concen-
tration of 30% is accompanied by a decrease in oxygen
concentration of about 0.05%. New techniques of
O,/N, measurement in the atmosphere [6] alow
changesin oxygen concentration to be determined with
sufficient accuracy.

The equations of the closing of the global carbon
and oxygen budgets (mass conservation laws) can be
written as

fetac+bc+sc =0, sc=sc+s¢ (1)
and

fotao+bo+so =0, So=S+S, ()

where the subscripts C and O refer to carbon and oxy-
gen, respectively, and the symbols of budget constitu-
ents correspond to the global rates of changes in the
amount of matter infossil fuel dueto itscombustion (f),
atmosphere (a), terrestrial biota (b), and ocean (s
organic matter and s- inorganic matter). Sources appear
in Egs. (1) and (2) with the minus sign and sinks, with
the plussign. Fossil fuel combustion and organic matter
decomposition (sources of atmospheric carbon) are
accompanied by oxygen binding (sinks of atmospheric
oxygen). Because of this, al the terms of Eq. (2) have
opposite signs in comparison with the respective terms
of Eq. ().

The term a5 of EQ. (2) can be calculated from
changesin the atmospheric O,/N, ratio [6]. Other terms
are calculated from given dimensionless stoichiometric
proportionsa = O,/CO,. Fossil fuel combustion givesa
valueof o = a; = 1.38[6]. The synthesis of organic sub-
stances by marine biota occurs at the Redfield ratio,

o =a, =1.30[16, 17]. The synthesis of long-lived ter-

restrial organic substances (mainly wood) occursat a =
0, = 1.10[6]. Thus, Eq. (2) transformsinto

a + 4+
_affC%-_f_ja_abbC_as sc = 0, (3

which takesinto account the fact that the carbon uptake
by the ocean in inorganic form does not result in a
change in the concentration of atmospheric oxygen,

o = 0[6]. The atmospheric component in Eq. (3) is
written as a,(0;fo/f), which transforms the measure-
ment units of the rate of oxygen concentration changes,
a, and f,, into the units of the rate of carbon concentra-
tion changes, f.
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Fig. 1. Dependence of the rates of mass changes of organic
carbon in oceanic (SE) and land (bc) areas on the rate of

mass changes of inorganic carbon in the ocean (sc) accord-
ing to Egs. 5 and 6.

The rates of fossil fuel combustion averaged over
1991-1994, f; corresponding oxygen uptake, f,; car-
bon accumulation, a.; decrease in the atmospheric oxy-
gen content, a,; and the values of stoichiometric coef-
ficizr;tls, a [6, 16, 17], were estimated by Keeling et al.
[6]

fc = (=5.9+0.3) Gt Clyr,
fo = (57 = 3) per meg,
ac = (22x0.2) Gt Clyr,
ao = (—42+6) per meg,
o; = 1.38+0.04[6], a, = 1.10+0.05[6],

“)

a. = 1.30+0.03 [16, 17].

The dimension “per meg” refers to a change in the rel-
ative difference of the concentration of atmospheric
oxygen (O, — O,.0)/O0,,c Multiplied by 10, where O, ¢
is the standard initial concentration of oxygen in the
atmosphere [6]. All the uncertaintiesin Eq. (4) are stan-
dard deviations. Therelative errorsin the valuesf and a
are about 10%. The relative errorsin the stoichiometric

1 There is inconsistency in [6] between the f- and fy values
reported in the diagram and the text. We used the data from the
diagram, because only these values are consistent with the condi-
tion of budget closeness and the solutions of Eg. (1) provided in
[6] at s:: = 0 for the uptake by marine (s; = 1.7 Gt Clyr) and ter-
restrial (bc = 2 Gt Clyr) biota. The use of values from the dia-
gram was approved by M. Heimann, one of the authors of [6].
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coefficients are no higher than 5%. Substitution of
Eg. (4) into Egs. (1) and (3) and the solution of these

equations with respect to s¢. and b yield the following
relationships:

Se = —9.4 Gt Cly + 555,
be = 13 Gt Cly —6.55c.

&)

Similar to Eq. 4, the relative errors of al valuesin
Eq. (5) are about 10%. Figure 1 shows agraphical solu-
tion of Eq. (5).

Equation 3 establishes a direct connection between
the rates of change in the masses of organic carbon in

terrestrial (b.) and marine environments (s¢), which

could be a so obtained through eliminating the value s;
from Eq. (5),

be = 2.0 Gt Clyr —1.2s¢. (6)

Note that the possibility of solving Egs. (1) and (3)
with respect to the organic contributions of terrestrial

(be) and marine areas (s¢) depends on the reliable dif-
ference between the stoichiometric coefficientsfor land

(a,) and ocean areas (a;) (see Eq. (4)). If these coeffi-
cients were identical, the determinant of the system of

equations with respect to the unknowns b and s;

would be zero with any given inorganic componentsin
Egs. (1) and (3). In such a case, the two equations ((1)
and (3)) would determine only the sum of the organic
components of the budget and should be identical; i.e.,
the data on oxygen concentration measurement would
not provide any additional information on the carbon
budget components. If the synthesis and decomposition
of organic substances occurred similarly in land and
ocean areas, changes in CO, and O, concentrations in
the atmosphere would obviously have no bearing onthe
problem of whether organic substances are efficiently
transported from terrestrial to marine environments or
whether this flux of synthesis and decomposition of
organic matter is closed within particular land aress.

The marine biota is slightly disturbed by anthropo-
genic activity. Taking into account the existence of the
preindustrial stable equilibrium state of the global envi-
ronment, it can be stated that this biota cannot emit car-
bon into the atmosphere and respond to an anthropo-
genic impact in accordance with a positive feedback.
Because of this, the region left of point A in Fig. 1,

where s¢ < 0, is forbidden (Eq. (6)). This also means
that the terrestrial biota cannot consume carbon at arate
higher than 2 Gt C/yr. In particul ar, the estimates of the
rate of carbon uptake by terrestrial environments of
3.5 Gt Cl/yr [10] are in conflict with the mass conserva-
tion law (Egs. (1), (2)).
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If thereis no change in the mass of organic matter in
the ocean, which corresponds to point A in Fig. 1, we
obtain aresultidentical tothat of Kedlingetal. [6] (Fig. 2).
This result is unsatisfactory for two reasons. First, it
corresponds to carbon uptake by the terrestrial biota at
arateof 2 Gt C/yr, whichisin conflict with the estimate
of changesin carbon content in usable (cultivated) land
territories, according to which the terrestrial biota of
these territories emits carbon at a rate of 1.6 Gt Clyr
[4, 9]. Conseguently, there must be acompensating car-
bon sink on uncultivated territories with an intensity of
3.6 Gt Clyr. There is no feasible candidate among ter-
restrial ecosystems for such asink [9-11]. Second, the
averagerate of carbon uptake by the ocean, 1.7 Gt Clyr,
which was estimated for 1991-1994, is lower than
2.0Gt Clyr, which was obtained by the method of
13C/*?C measurement in the earlier period of 1970—
1990 [2, 7]. If the ocean uptake rate increased propor-
tionally to an increase in atmospheric CO, concentration
relative to the preindustrial equilibrium concentration, this
rate should have attained avalue of 2.6 Gt Clyr [5] (table).

If we accept a rate estimate of 1.1 Gt Clyr for the
resulting decrease in the mass of organic carbon in ter-
restrial areas (mass reduction in the tropical zone at a
rate of 1.6 Gt Clyr [4, 9] and increment in the boreal
forest zone at 0.5 Gt Clyr [4, 9]), which corresponds to
point B (Fig. 1), the values sz = 2.6 and sz = 2.2 Gt
Clyr can be obtained for the rates of carbon uptake by
the ocean in organic and inorganic forms, respectively.
These values are consistent within errors with indepen-
dent estimates based on '*C/'2C [5] and *C/">C mea-
surements [2] accounting for the growth of the rates
with time[5] (Fig. 2, table).

The main source of error in the value of carbon

uptake rate by marine biota, s, which is calculated

from “C/'2C ratios, is the uncertainty in the total mass
of DOC in the ocean. The rate of carbon uptake by
marine biota is proportional to the mass of DOC [5].
The universally accepted estimate for the mass of DOC
is700 Gt C[3, 18]. This mass correspondsto a present-

day valueof s =2.3Gt Clyr. Therate sc = 2.6 Gt Clyr

corresponds to a DOC mass of 790 Gt C, which is
within the uncertainty limits of the traditional estimates
of thisvalue[3, 18].

Furthermore, avaue of s; = 2.6 Gt C/yr [5] can be

accepted as atrue estimate for the carbon uptake ratein
inorganic form accounting for its increase with time,
which is shown by point C in Fig. 1. In such a case, we
obtain a decrease in the mass of terrestrial organic car-
bon at arate of b, = -3.8 Gt C/yr and an increase in the

mass of marine organic carbon at arate of s. = 4.9 Gt

Clyr. The former value is consistent with the previous
estimates of the reduction of terrestrial organic carbon
resources [19, 20]. The latter value corresponds to a
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Fig. 2. Reduction of O, concentration as a function of an
increase in CO, concentration in the atmosphere; the vol-
ume is ppm for dry air and O, iStheinitial fixed O, con-
centration in the atmosphere.

The vectors and their projections on the (CO,) axis connect

values corresponding to July 1991 and July 1994; a is the
vector of observations in the atmosphere, and other vectors
are calculated from the known rates of emission (absorp-
tion) of carbon from therelation 1 ppm = 2.1 Gt C and the

dopeR=a"!= CO,/0, (respiration ratio): f refersto fossil
fuel, Ry = 1/1.4 [6]; b, terrestrial biota, R, = 1/1.1 [6]; S,

inorganic carbon of the ocean, Ry = 1/0 [6]; and ", marine

biota, R;' = 1/1.3 (Redfield ratio [16, 17]). The closing of
the vector diagram (sum of al vectorsis zero) corresponds
to the balance of carbon and oxygen. The vectors s, and by
were calculated [6] with a zero marine biota response

(s; =0). Thevectorss™ and s* were cal culated at agiven

resulting rate of carbon uptake by terrestrial biota (table).
The balances of projections on the CO, and O, axes are

shown in the lower and right linear diagrams, respectively.

DOC mass of 1500 Gt C, which is near the upper
boundary of estimates for this value [21-23].

OCEAN ABSORPTION FLUX
OF ATMOSPHERIC CARBON
THROUGH THE WATER-AIR INTERFACE

The net flux of atmospheric VC isotope uptake, VF,
through the water—air interface boundary is the differ-
ence of the grossVCO, flux from the atmosphere to the
ocean, 'G,, which isproportional to VCO, concentration
in the atmosphere near the boundary, and the opposite
gross VCO, flux from the ocean to the atmosphere, VG,
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Global carbon budget, Gt Clyr*
Sowrce | 1og0 tops (| Measrements | o 1giioS | 19911994 | jogitee

1. Fossil fuel, cement -55+05 —-5.9+05[6, g -5.9+05([6]

2. Atmosphere 3302 22+0.3[6, 8] 2.2+0.3[6]

3. Ocean (inorganic) 20+08 20+08 26+10[2,57 1.7+1.0[6, 8]*** 22+ 1.0%***
19701990 [2, 7]

4. Organic carbon 02+05 20+ 1.0[6, 8]*** 1.5+ 0.5%***

@=-10)+@+@O)

4a Ocean 0 14+ 06[5] 23+1.0[5 0 2.6+ 1.0%***
1955-1986

4b Land 02+05 20+ 1.0%** -1.1+09[4]

(4b) = (4) - (4a)

4b, Tropica zone -1.6+1.0 -1.6+£1.0[4] -1.6+£1.0[4]

4h, Boreal zone 05+05 05+ 0.5[4] 05+0.5[4]

4b; Residua 13+15 31+15 0

(4b3) = (4b) — (4by) —(4by)

* All data are average rates of carbon emission for the specified time period. The rates are positive for sources and negative for sinks.
Similar to [4, 6, 8], al the errors (standard deviations multiplied by 1.645) correspond to a confidence level of 90%.

** Recalculated assuming alinear increase in the rate proportional to the increment of CO, concentration in the atmosphere relative to

the equilibrium preindustrial value[5].

*** Calculated from Fig. 1 at zero carbon absorption by marine biota, (4a) = 0 [6].
**** Calculated from Fig. 1 at given rates of carbon absorption by terrestrial biota, 4b, + 4b,, on condition of the closeness of carbon budget

in terrestrial environments, (4bg) = 0.

which is proportiona to YCO, concentration in the
ocean near the boundary [12]. The net flux of YCO,
uptake is proportional to the difference of the concen-
tration of YCO, dissolved in water directly below the
interface boundary in equilibrium with atmospheric
concentration and the minimum concentration,
[VCO, ],y iN the microscopic water layer below the
interface boundary, where the distribution of carbon
dioxide is controlled by molecular diffusion,
VF = K([VCOZ]S_[VCOZ] min)- (7

The flux YF is usually measured as the rate of VC
mass absorption per year and the unit area of oceanic
surface and has the dimension g C m=2 yr-!. The values
[CO,] are measured in molar concentration units for
dry air, n,, mol/m?; [CO,] =n./n,in ppm, wheren_isthe
molar carbon concentration in mol C/m?. The coeffi-
cient K = vp,(U./U,), where p, istheair density in g/m?;
M, =29 g¢/mol isthe molecular weight of air; 1, = 12 g/mol
isthe molecular weight of carbon; and v isthe coefficient
having the dimension of velocity (m/yr) and defining
the velocity of CO, molecule movement through the
water—air interface boundary. The concentrations[CO,]
are usually determined from the partial pressure of CO,
in the atmosphere, [CO,] = d,,(PCO,),, and the mixed
upper layer of the ocean, [CO,lui, = 0y (PCO,)y,
where o, is the CO, solubility (ratio of equilibrium

GEOCHEMISTRY INTERNATIONAL

CO, molar concentrationsin water and air) in the mixed
layer and (pCO,), and (pCO,),, are the CO, partia
pressures in the atmosphere above the interface bound-
ary and in the air volume in equilibrium with water
from the mixed layer. The values pCO, are measured in
atmospheric pressure units, p,, and coincide in the
atmosphere with the above-defined concentrations
[COZ]! pCOZ = pc/pa = nc/na’ pa = naRT! and pc = ncRT1
where Ris the gas constant, T is the absolute tempera-
ture of air, and p, is the CO, partial pressure. The
dimension of pCO, is the same as that of [CO,], i.e,,
ppm. Then, the net absorption flux of atmospheric car-
bon by the ocean is written as [14, 24]

'F = Kdoy{(p’CO,),—(P'CO)} - (8)

Robertson and Watson [24] noted that Eg. (8) con-
tained a small error in comparison with Eq. (7) related
to the temperature dependence of o, and the existence
of a temperature difference between the microscopic
surface film and the mixed layer.

However, Eq. (8) can differ from Eq. (7) more sig-
nificantly, because the thickness of the near-surface
layer of molecular CO, diffusion is comparable with
the size of phytoplankton cells, about 50 um, and CO,
consumption by phytoplankton cells can significantly
impoverish thiszonein CO, relative to the bulk concen-
trationinthe mixed layer. The use of Eq. (8) also results
in a significant contradiction of estimates obtained by

Vol. 40 No.5 2002
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other methodsfor the flux of atmospheric carbon uptake
by the ocean, which are based on measurements of thedis-
tribution of theratio *R=13C/CinDIC[2, 7].

With an accuracy of 0.1%, the coefficient K in Egs. (7)
and (8) and solubility a,, in Eq. (8) areidentical for 1°C
and >C [25]. In the preindustrial era, the ocean wasin
chemical equilibrium with the atmosphere, and the par-
tial pressures (pCO,), in the atmosphere and the mixed
ocean layer were equal. Let usintroduce the differences
between partial pressures and its equilibrium value,

A(pCO,); = (pCO,); — (PCO,),,

and takeinto account thefollowing relation for the rates
of change in carbon isotope masses, 1*M and M in the
ocean with time:

i =aml,

disy, _ d 13 12 _ 1Bodw
a M= gl R°M) = "Ry

di

12
+
Mdt

M R,

13R = lSM/lZM .

The right subscripts are used to denote the atmo-
sphere (a), ocean (s), and mixed ocean layer (ml). The
subscript 0 denotes preindustrial values, and right
superscripts + and —, values related to organic and inor-
ganic oceanic carbon, respectively. The value of prein-
dustrial gross equilibrium carbon flux from the atmo-
sphere into the ocean is G = Gy = G, =
(S§/S)Ka M, =74 Gt Clyr [3, 4], where S and S, are
the total areas of the ocean and the Earth, respectively.
The present-day value of G, is higher by 30%, G, =
92 Gt Clyr [3, 4]. Constructing dimensionless ratios
from G, and denoting the masses of DOC and DIC in

the ocean as M and My, respectively, we get the fol-
lowing relations equivalent to Eq. (8) for two carbon
isotopes, 1>C and '*C (see Appendix):

Ms/Gqy + Me/G,
= A(pCO,)./(PCO) o —A(PCO,) y/ (PCO,),
0.03+[0.02] = 0.25-0.22+0.10.

©)

05 aMs/Gy + M3:/G,

+00 Me/Gy + MIBIG, = AS,— A5, (10

0.40-15+[-0.3] -0.06 = —1.14 + 0.50%o.
Here, we use the following designations

5 =58C = 13R/13RB_ 1:
Oia = §;—0, X=dx/dt,

where ¥Ry is 3C/2C for the PDB standard [26]. All
values for which uncertainties are not shown have stan-
dard deviations no higher than 15%. Numerals below
the respective dimensionless terms in the formulas are
the measured values of these quantities. Numerals in
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brackets are the values of carbon uptake by marine
biota obtained from the results of Gorshkov [5] (table).
The first term of EQ. (9) was determined in [2, 7]. The
second term of Eq. (9) was obtained by Gorshkov [5].
Thefirst term on the right-hand side of Eq. (9) isknown
from the measurements of CO, content in ice cores[3,
4]. The last term on the right-hand side of Eq. (9) is
known with very poor accuracy from the data on the
CO, partia pressure difference between the atmo-
sphere and the mixed layer averaged over the whole
ocean area [12-14]. This difference has opposite signs
in polar and equatorial waters. Some controversial
issues related to the use of Egs. (8) and (9) were dis-
cussed in [12-14, 24].

The first two terms of Eq. (10) were determined in
[2, 7], the third term was cal culated using our previous
results[5], and the fourth term was al so estimated by us

and is small compared with the other values. (85 ~ &; ~
0.02%o yr[2]. According to [2], a change in **C mass
occurred in 14% of the DIC mass. Assuming that 3C
changed in 20% of the DOC mass, we obtain the above
estimate for the last term on the left-hand side of
Eqg. (10)). The values on the right-hand side of Eg. (10)
were determined from the data of [2, 4, 7, 27, 28].

Within the error of the last term of Eq. (9), the two
sides of the equality are consistent with each other both
at azero value of the second term and at its value shown
in brackets. However, the nonzero magnitude of the
second term increases the difference between the left-
hand and right-hand sides of Eq. (9).

The left-hand and right-hand sides of Eq. (10) for
13C differ by about a factor of 2 even at the zero value
of the third term, which takes into account the response
of marine biota. This difference is higher than the
experimental errorsof all the quantities. Accounting for
the zero value of the third term increases the difference
between the right-hand and left-hand sides of Eqg. (10).

This discrepancy could be explained by the incor-
rect use of pCO, values in the mixed ocean layer in
Egs. (7) and (8) for microscopic distances from the
interface boundary. This was also noted in [24]. The
discrepancy can be eliminated by supposing the exist-
ence of a small minimum in the pCO, profile and a
maximum in the 3'*C profile at microscopic distances
of about 50 pm from the water—air interface boundary,
which correspond to the size of phytoplankton cells.
These extrema must result from the activity of marine
biota, which forms aresulting sink of atmospheric CO,
into the dissolved organic carbon of the ocean [5], and
from the effect of 3C discrimination at the absorption
of inorganic carbon by phytoplankton cells [25, 29]. In
Egs. (9) and (10), the equality of right-hand and left-
hand sides is restored if we assume that
A(pCO,)/(pCO,), = 0.20 in the near-surface minimum
as compared with the observed value (0.22) in the
mixed layer [12-14], and Ad"*C, = +0.5%o in the near-
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Fig. 3. Profiles of changesin CO, concentrations and 3'C
at the transition from the atmosphere to ocean depth.

surface maximum as compared with —0.5%. in the
mixed layer [28] (Fig. 3).

The formation of such extrema could be attained if
a mere 5% of oceanic gross primary production were
due to phytoplankton in direct contact with the inter-
face boundary. This does not contradict the measured
distribution of phytoplankton biomasswith depthin the
euphotic ocean layer [30, 31]. These extrema must be
manifested after averaging the primary ocean produc-
tivity over seasonal changes and global ocean area,
which is difficult to achieve at direct measurements of
productivity. Because of this, the methods that are used
for the determination of carbon uptake by the ocean
from measurements of the difference of partial pres-
sures in the atmosphere and the upper mixed layer of
the ocean (which ignore the influence of marine biota
and changesin the real CO, profile at microscopic dis-
tances from the interface boundary) result in large
errors and an underestimation of the total oceanic sink
of carbon by several orders of magnitude.

CONCLUSIONS

The global carbon budget was never obtained in a
closed form with an adequate degree of reliability [4].
Theinfluence of terrestrial and marine biotaon the CO,
concentration in the atmosphere remained unknown [4,
6]. Ignoring theinfluence of marine biotaresultedinthe
appearance of a “missing carbon sink” problem [2-4].
It was shown that the cultivation of land territoriesisan
extensive carbon source for the atmosphere because of
the excess of the decomposition of organic matter over
its synthesis (primary production) [4, 11]. Less assimi-
lated territories, which are represented mainly by the
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boreal forests of Russia and Canada, are, according to
direct estimates, capable of absorbing ho more than one
third of carbon emitted in habituated (cultivated) areas
[4, 6,9, 10].

Fossil fuel is burnt mainly in the northern hemi-
sphere. Thisresultsin aconcentration gradient in atmo-
spheric carbon dioxide between the two hemispheres.
The observed gradient is lower than that predicted by
the models of interhemispheric mixing in the atmo-
sphere and ocean [6]. This contradiction is eliminated
in [6, 10] by the assumption of the existence of addi-
tiona biotic carbon sinks in the northern hemisphere.
These sinks are assigned to unknown terrestrial regions,
whose absorption capacity is twice as high as the car-
bon emission in habituated (cultivated) territories [10].
However, there is no indication of specific terrestrial
ecosystemsthat could be responsiblefor such aconsid-
erable value of atmospheric carbon uptake [11]. Thus,
the extent of interhemispheric mixing is probably
higher than that predicted by the models of [6, 10].

In general, marine biota is much less disturbed by
anthropogenic activity than terrestrial biota. The reli-
ably known stability of the global environment in the
past millennia, when the anthropogenic impact was
weak, means that the marine biota together with the
undisturbed terrestrial biota of the past contributed
comparably to the stabilization of the global environ-
ment [3, 4]. The cultivation of terrestrial biota could
only decrease its compensation capacity of environ-
mental disturbances. The present-day response of
marine biota to the increase in the concentration of
atmospheric CO, cannot be much lower than that of ter-
restrial biota, which is strongly distorted by anthropo-
genic activity. Thisis supported by our studies.

Our study demonstrated the consistency of recent
CO, and O, measurement in the atmosphere with the
value of carbon uptake by the ocean in organic and
inorganic forms obtained from 3C/*C [2, 7] and
14C/*2C values [5]. The carbon uptake is twice as high
as the estimated total carbon discharge by terrestrial
biota (emission in cultivated areas minus uptake in
boreal forests). The total ocean uptake of atmospheric
carbon (abiotic owing to the tendency toward physico-
chemical equilibrium and biotic owing to the response
of marine biota) increases proportionally to the depar-
ture of the atmospheric CO, concentration from the
equilibrium preindustrial level. Now, it has attained a
value comparable with carbon discharge due to fossil
fuel combustion. Accounting for the influence of
marine biota closes the global carbon budget and
resolves the dilemma of the “missing carbon sink.”

The traditional estimates of carbon flux on the basis
of measurements of the difference of CO, partial pres-
sures and 8'3C in the atmosphere and the surface mixed
oceanic layer do not account for the biotic changes in
the profiles of CO, and 3'*C in the microscopic near-
surface layer. Thisresultsin contradictions between the
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changes in the concentration of dissolved organic and
inorganic carbon in the ocean calculated from mea
sured BC/"2C and *C/"2C values. Accounting for car-
bon absorption by marine biota reveals small extrema
of pCO, and &'*C at microscopic distances from the
interface boundary comparable with the size of phy-
toplankton cells. The existence of these extrema, which
are difficult to detect, eliminates the contradictions
between the results obtained by various techniques for
the determination of atmospheric carbon uptake by the
ocean. The necessary magnitudes of the extrema are
attained if 5% of oceanic gross primary production is
produced by phytoplankton cellsin direct contact with
the interface boundary. This is consistent with the
observed distribution of the phytoplankton biomass
with depth in the euphotic layer of the ocean.

ACKNOWLEDGMENTS

The author thanks K.Ya. Kondrat'ev, K.S. Losev,
and S.G. Sherman for discussion of the results of this
study. The work of A.M. Makar’ eva was supported by
the Russian Foundation for Basic Research (project
no. 00-1596610).

APPENDIX

The rate of 'C and *C mass changes in the ocean
depths must be equal to the net flux of these isotopes
from the atmosphere to the ocean (or vice versa)
through the interface boundary (Eqg. (8)). This yields
the following relations:

d Vv - Vv +
a( Ms + Ms)
v v Al
_ o, 0P, (p'CO)nT AP
- a0 v v '
(P CO,)a0 (P CO)mid]
VGao = SsKO(ml(pVCOz)aOa (A2)

where "M and "M, are the masses of theisotope“C in
DIC and DOC, respectively; (VpCO,), and (VpCO,),, are
the YCO, partial pressures in the atmosphere and the
mixed ocean layer, respectively; ("pCO,).0 = "PCODmo
arethe equilibrium preindustrial values of these param-
eters; VG, is the equilibrium gross flux of carbon iso-
topesfrom the atmosphere to the ocean (and back); S, is
the ocean surface area (interface boundary); K is the
coefficient of CO, passage through the interface bound-
ary; and a,, is the CO, solubility in the upper mixed
layer.

In order to derive Eqg. (10) for '*C, let us introduce
the following designations:

A( pVCOZ)k = (pVCOZ)k —( pVCOZ)kO, k = a ml, (A3)
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_(13C/12C)k L R _Dlsq]
=L kg Rry=O=D (A4)
(130/12(:) . B [12ij
Ady = O — O, (A5)

where the subscript 0 denotes the equilibrium value and
(BC/3Cp) istheisotope ratio in the PDB standard.

Omitting the index v = 12 for the main isotope !*C,
we obtain for an equilibrium state

(PCO;,) 40 = (PCO,) 1 = (PCO,),, (A6)

(p13C02)mI0 .
Equations (A6) and (A7) yield for the equilibrium

0, values (Eq. (A4))
6a0 = 6m|0- (A8)

Using the notation of Eq. (A3), Eq. (A1) for themain
isotope can be presented in the form of Eq. (9):

= ot A(pCO,), A(PCO,)y
Ms + Ms)/G, = - .
(Ms*Me)/Gao = Tpc0,), ~ (pCO,),
Using designations (A3)—(A5) and Egs. (A6) and

(A8) for the right-hand side of Eg. (A1) for the isotope
13C, we have the following relation:

A(pCO,)
(pCOy,), 0

( plscoz) a0

(A7)

(A9)

GaoRs[(1+ 800+ 83) L +
O
(A10)
A(PCO,) 1
(PCO,), O O

Omitting terms that are quadratic in increments of
Egs. (A3) and (A5), relation (A10) becomes

— (14 3o+ A8y) HL+

[l
GaO RB %ﬂéa - A6mI
(A11)

A(pCO,), A(pCO,),,
+(1+6a0)[ (PCO,), A(p )qé

(pCO,), (pCO,),
The left-hand side of Eq. (A1) for 13C iswritten as

4R {1+ )M +(1+355)M
dt (A12)

= Rg{ (1+ 8;)Mg + (1+5;)Ms + M35 + M55}

Expressing the latter term of Eq. (A11) through the
left-hand side of Eg. (A9) and equaling (Al1l) and
(A12), we obtain Eq. (10).
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