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In recent decades, the intensity of global atmo�
spheric convection has accelerated faster than climate
warming; it is possible to judge this process from indi�
rect data. Increasing ocean salinity contrasts provide
evidence that evaporation has intensified [1]; sea sur�
face wind velocities and wave heights have increased
[2]. The CO2 gas exchange between the atmosphere
and ocean must also simultaneously increase. The
dynamics of this greenhouse gas are extremely impor�
tant for climate theory [3]. Monthly measurements of
atmospheric CO2 concentration have been published
since 1958 [4], but directly measuring its fluxes from
the atmosphere to the ocean and back is hardly possi�
ble. We show they can be reconstructed from 14C iso�
tope concentration data. In the past century, two pro�
cesses influenced the atmospheric 14C concentration
in opposite directions: burning fossil fuels and testing
nuclear weapons in the atmosphere. Our task in this
article is to compare the gas exchange theory with
measurements of radiocarbon content in the atmo�
sphere, which then allows assessing the gas exchange
quantitatively.

Radiocarbon is constantly formed in the Earth
atmosphere under the influence of cosmic radiation; it
then decays with the half�life T14 = 5830 years. In the
form of CO2 together with stable isotopes, it partici�
pates in all biochemical processes and also in gas
exchange with ocean waters. Until 1880, its atmo�
spheric concentrations had been almost constant,
changing with small variations of the cosmic neutron
flux. Burning fossil fuels, which do not contain 14C,

lowers its relative content in the atmosphere. This
phenomenon is called the Suess effect; Suess noted
this fact in 1955 [5]. As a result of nuclear weapon tests
in the atmosphere, the atmospheric 14C concentration
sharply increased because of the reaction of neutrons
with atmospheric nitrogen. In 1958, Academician
A.D. Sakharov indicated negative biological conse�
quences of the global radiocarbon increase originating
from nuclear tests [6]. His article played an important
role in concluding the atmospheric test ban treaty,
which came into force in October 1965. By this time,
the natural radiocarbon background was exceeded
twice. A rapid falling of atmospheric 14C concentra�
tion then followed. Sakharov’s conclusion about the
long�term impact of radiocarbon on the biota did not
adequately consider the role of the atmosphere�ocean
gas exchange, whose parameters were unknown in the
1950s. Nevertheless, it would be fair to call the impact
of nuclear explosions on radiocarbon the Sakharov
effect.

We let M denote the carbon mass in the atmo�
sphere. Its value is known with rather high precision
from CO2 concentration measurements [4]. In this
article, we use units of PgC = 1012 kg of carbon for it.
The transition coefficient from parts per million
(ppm) is equal to 2.1334 PgC/ppm.

There are several carbon reservoirs in the ocean and
on dry land with different masses Mi, different 14C
concentrations, and different intensities of gas
exchange with atmosphere. On dry land, there is car�
bon of biomass and of fossil fuels; in the ocean, there
is carbon in the form of dissolved CO2, carbon of
organic substances, calcites, and depositions of meth�
ane hydrates. The carbon isotope contents of biomass
and ocean sediments differ. A significant part of dis�
solved CO2 is sunk into the ocean depths by the Great
Conveyor and is then transferred over long distances
before being released to the atmosphere with a lowered
radiocarbon concentration. Unfortunately, there is no
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well�justified assessment for the water mass flux of the
Conveyor, and there is hence no reasonable estimate
for carbon mass carried by it. Other masses and fluxes
are known from rough expert estimates [3]. At this
stage, we provide a general theoretical consideration
for multiple reservoirs interacting with the atmo�
sphere, neglecting the slow interchange between
them.

We let Bi(t) denote carbon fluxes from the atmo�
sphere into the ith reservoir, Ui(t) denote return fluxes
to the atmosphere, and R(t) denote carbon release to
the atmosphere from burning fossil fuels (they all have
the dimension PgC/year). For R(t) we use known data
from 1960 to 2010 with an exactness of about 8% [7];
we regard the other masses and fluxes as unknown
functions. Then we have (the dot denotes the time
derivative)

(1)

We let C(t) denote the radiocarbon flux generated
by cosmic radiation. In addition to the carbon fluxes
Ui, Bi, R, and C(t), we also introduce the functions

(2)

Physically, they are relaxation parameters, which are
inverse relaxation times.

Radiocarbon is involved in all these fluxes. We let
N(t) = k(t)M(t) and Ni(t) = ki(t)Mi(t) denote the
respective radiocarbon masses in the atmosphere and
the other reservoirs. For the relative atmospheric δ14C

concentration  – 1, there are detailed sets of

data for the years 1958–1995 [8–10] and also later
measurements for high levels of the atmosphere [11].
The data for the oceanic 14C concentration ki(t) are
less representative and, moreover, depend significantly
on the place of measurement and the analyzed sub�
stance (corals, for example).

The analysis of radiocarbon fluxes becomes com�
plicated because of isotope fractionation: the denser a
medium is, the smaller the radiocarbon fraction trans�
ferred into it compared with its atmospheric fraction.
The 14C fractionation coefficient for transition from
the atmosphere to the ocean waters is equal to f =
0.955 ± 0.005 [12]; the other coefficients fi are close to
it. The full set of radiocarbon equations is then

(3)
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Here, λ =  is the 14C decay constant. The sum of

all these equations reduces to a description with only
radiocarbon generation and decay. We then transform
Eqs. (1)–(3) for relative 14C concentrations:

(4)

If the time dependences for all relaxation func�
tions (2) are known, then this system of linear equations
can be solved in general. But in this study, we must
reconstruct the relaxation and carbon flux parameters
for the contemporary climate from experimental data.
We therefore introduce some simplifications; they are
not necessary but are sufficient for this task.

Apparently, the surface ocean water and land biom�
ass reservoirs can be combined because the average
time of carbon retention in trees and bogs is of the
same order as relaxation times of ocean surface gas
exchange (50–80 years). The characteristic times for
radiocarbon generation and decay are much larger (of
the order 103.5 years), as is the time of the Great Con�
veyor cycle [13, 14]. As is confirmed by results, on a
time span of 60 years, we can neglect these slow pro�
cesses compared with the ocean�atmosphere gas
exchange:

Here, the first carbon reservoir is that of dry land bio�
mass and CO2 dissolved in surface waters, and the sec�
ond is deep waters of the Conveyor. A simplified sys�
tem of the equations remains:

(5)

In view of the absence of other reservoirs, we omit the
subscript 1 on the functions u and b in what follows.
Equations (5) represent a linear system; its degree can
be reduced by the substitution

(6)

In the case where both the “external” functions u(t)
and b(t) are known, we can easily solve this nonlinear
equation numerically with the obvious initial condi�
tion. To find the functions k(t) and k1(t) we can use
analytic solutions of any of Eqs. (5), the first, for
example:

(7)
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In these equations, one of the solutions k(t) averaged
over seasonal fluctuations is known experimentally
with sufficient accuracy, the function r(t) is also known
with an acceptable accuracy, and the second solution
k1(t) is known not to differ much from the first one. We
must check if Eqs. (5) agree with the experimental
data. Then we find functions u(t) and b(t), optimally
corresponding to experimental data, finely it will give
us possibility to calculate the carbon flux U(t) from the
ocean to atmosphere.

A solution of this problem is complicated by an
accidental circumstance that the 14C equilibrium
instant t0 was passed during the period after atmo�

spheric tests. At this instant we have k(t0) =  and

(8)

This equation includes only known functions of
time and allows finding the equilibrium instant with
sufficient accuracy: t0 = 1990.9 ± 1.6 (corresponding
to the fourth week of November 1990; see Fig. 1). Inci�
dentally, this result is independent of the fractionation
coefficient f. One can see at the same figure that it is pos�
sible to calculate the first derivative of the function G(t)

with a reasonable accuracy: G1 =  = (4.7 ± 0.3) ×

10–4 yr–2. Then an expansion of the Eq. (7) on powers
of t – t0 gives a possibility to find the value of relaxation
parameter at the equilibrium instant:

(9)

The maximal contribution to the u(t0) error is due to
8% uncertainty of R(t) the carbon release to the atmo�
sphere from burning fossil fuels.

For periods of time far from the equilibrium instant t0

it is possible to find more exact estimates of u(t). We
model them as a third�degree polynomial and select
coefficients to minimize the difference between the
calculated k(t) and observations (see Fig. 2). The opti�
mum was found with the following approximations:

(10)

These results are independent on value of the 14C frac�
tionation coefficient f. Its influence of on calculations
of the atmospheric content k(t) is also weak. But the
ocean 14C concentration k1(t) strongly depends on the
product fb0.
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The fluxes U(t) and B(t) corresponding to these
relaxation parameters turn out to be much more pow�
erful than the intensity R(t) of burning fossil fuels and

also the derivatives of atmospheric carbon mass 

(Fig. 3). During the recent decades, they have
increased similarly to the ocean salinity contrast [1]
and to the ocean surface wind velocities [2]. In addi�
tion to evaporation intensification due to the surface
temperature increase, another cause for the gas
exchange acceleration could be the rapid decrease of
the Arctic Ocean ice sheet. All these processes prede�
termine a strengthening of weather anomalies.

One more comment: in the relaxation theory of cli�
mate [15], we used constant relaxation times for the
contemporary climate. It would be desirable to take a
possibility of an accelerating relaxation into account.

The suggested solution of the radiocarbon problem
opens some new research directions. The experimen�
tal data on radiocarbon concentration are not com�
pletely studied in this work. First, the contemporary
14C measurements reveal considerable seasonal varia�
tions. Amplitudes have significantly decreased since
1965, and one can see that deviations from the general
decrease in concentration occur approximately in an
antiphase in the northern and southern hemispheres.
Since Eqs. (1)–(5) were derived for arbitrary carbon
fluxes we can now separate seasonal oscillations from
season averaged general trends. It seems to be natural
that 14C fluctuations are connected with seasonal
oscillations of the general atmospheric CO2 concen�
tration:

(11)
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Fig. 1. Calculations of the equilibrium instant t0: the con�
tinuous curves are graphs of Eq. (8) with radiocarbon con�
centration k(t) for northern (the curve 1) and southern
(curve 2) hemispheres. The dotted curves represent the
same graphs with the function r(t) increased or decreased
by 8%. The Gaussian curve (shaded) is the probability dis�
tribution for the equilibrium instant.
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Here, ω = 2π/yr is the Earth orbit frequency; the
amplitude of carbon mass oscillations actually has
trend close to zero and Ms = 6 ± 0.2 PgC. Similarly let

we present atmospheric 14C concentrations 

(12)

(12a)

and its flux from the ocean as

(13)

Since equations and solutions for season averaged
functions k(t) and U(t) became known we can use
them to find theoretical dependence for seasonal
oscillations. The results are the following.

(1) The phase α of carbon mass oscillations and two
phases β for 14C oscillations in the North and South
hemispheres were found from observations and are
shown at Fig. 4.

(2) Phases of carbon fluxes were found theoreti�
cally to be retarded about a quarter of year in respect to

radiocarbon concentration phase: γ = β – ; they are

also shown at the Fig. 4 for both hemispheres.

(3) Amplitude of radiocarbon seasonal oscillations
should decrease theoretically as

(14)
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Fig. 2. Change of the radiocarbon concentration according to data [8–11] and solutions of Eqs. (7) and (8) with the functions
u(t) and b(t) given by (9). We direct attention to the seasonal deviations of atmospheric concentration in the northern and south�
ern hemispheres, which seem to be in opposite phases. The stars mark the times of the largest tests of nuclear weapons and their
power. 
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Fig. 3. Time dependences of carbon fluxes.  is the

changes of atmospheric carbon concentration (curve 1),
R(t) is the flux from burning fossil fuels (curve 2), and U(t)
is the flux from the ocean surface to the atmosphere (curve 3).
The thickness of the curves corresponds to the error in
reconstructing them, and the error in the magnitude of U(t0)
is shown in particular. The curve of the back flux B(t) = U(t) +
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The last dependence occurs to be close to observations
by its magnitude and trend. Further studying of such
amplitude and phase relations for different locations
could give additional information on the carbon cycle
dynamics.

Second, Eqs. (5) open possibilities for calculating
the Suess effect on 14C in atmosphere and ocean from
1880 to a moment before nuclear tests. Data for atmo�
spheric carbon mass M(t) should be modeled in
advance, assuming that the intensity R(t) of fossil fuel
burning was close to zero before the industrial era.
Similar calculations are also possible for the stable iso�
tope 13C. Its average concentration is equal to 1.1%,
but the concentration in fossil fuels differs consider�
ably from the atmospheric concentration, thus also
causing the Suess effect. But its observations are less

informative compared with radiocarbon data because
the nuclear tests did not influence its atmospheric
content.

Third, the historical data on 14C used for radiocar�
bon dating reveals appreciable deviations from a linear
time scale. These deviations are usually interpreted as
a consequence of variations of the cosmic radiation,
enigmatically connected with the solar activity. On the
other hand, it appears from that work that the radio�
carbon atmospheric concentration on a thousand�
year time scale is connected with the Great Conveyor
intensity, which in turn influenced the Pleistocene cli�
mate. From this standpoint, studying the Late Dryas
period (14 to 10 thousand years ago) would be highly
interesting because it is accessible for both radiocar�
bon and climatic analysis.
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Fig. 4. Seasonal oscillations phases for CO2 and 14CO2.
Months of a year are shown as a clock table. Angle α cor�
responds to oscillation maximums for general atmospheric
CO2, angles β are for oscillation maximums of 14C con�
centrations in the North and South hemispheres, and
angles γ are for U(t) fluxes maximum.


