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ABSTRACT

We study the effect on simple reservoir systems of non-proportionality between fluxes and
reservoir contents. In particular, we assume that the flux F out of a reservoir is related to the
reservoir content M by F/Fy, = (M/M,)*, where a may be greater than, equal to or less than
one. It is demonstrated that adjustment rates and equilibrium distributions are criticaily

dependent upon the value of the parameter @

A simple model of the global carbon cycle is used as an illustration. We show among other
things that, because of non-proportionalities in the fluxes between the ocean surface layer, the
atmosphere and the terrestrial system, the decay time of a man-made carbon emission into the
atmosphere is much longer than the turn-over time with respect to exchange with the deep ocean

layers.

1. Introduction

In the study of man’s impact on the environ-
mental cycles one frequently meets the question of
how rapidly a man-made excess of a compound in
a natural reservoir would decay. Similarly it may
be of interest to know how the amount of material
undergoing a certain natural process would be
affected if the amount of available material were
altered. A customary approach here is to assume
direct proportionality between fluxes and amounts.
If the amount of material available to undergo the
process increases, the amount processed is
assumed to grow in the same proportion. For a
wide class of natural processes, this is a very well-
motivated approach. Radioactive decay, many
forms of chemical decomposition and advective
transport are a few examples of processes that
increase in a rate proportional to the number of
molecules available.

However, it is also obvious that not all processes
follow this simple rule. In many cases, the increase
will be smaller than proportional, or perhaps even
none at all. For example, carbon is necessary to the
photosynthesis in the sea, but the life processes are
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much more limited by nitrogen and phosphorus. It
is therefore not likely that increased concentrations
of inorganic carbon in the marine environment
would enhance the production of organic matter.
On the other hand, there also exist processes in
nature where the corresponding flux would respond
to an increased pool of available substance with a
relatively much larger increase. The evaporation of
CO, from the ocean surface is a function of the
congcentration of inorganic carbon in the water. For
chemical reasons, the amount of inorganic carbon
in the water need only increase by 1% in order for
the evaporation to increase by nearly 10%.

The assumption of proportionality may be a
tempting first approximation whenever there are no
arguments either in favour or against. However,
when this simplification is done, certain funda-
mental properties of the cycle may be quite errone-
ously described. In the present paper, we shall
discuss two aspects of environmental cycles and
man’s impact on them that are sometimes over-
looked, since they depend critically on the occur-
rence of non-proportional fluxes in the cycle.

(i) Adjustment time. We shall define a time-scale
tentatively called adjustment time, which is a
measurement of the time required for the decay of a
perturbation of the reservoir content. It will be
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shown that the adjustment time is equal to the turn-
over time when proportionality is assumed between
contents and sinks, but in a general case it may be
quite different from the turn-over time of the
reservoir. For a discussion about the definition of
turn-over time and other related time scales,
reference is made to a paper by Bolin and Rodhe
(1973).

(ii) Equilibrium distribution. As long as all
fluxes between the reservoirs of a cycle increase in
proportion to the contents, it can be shown that an
excess will eventually distribute between the reser-
voirs in the same proportions as their respective
initial contents. When non-proportional fluxes
occur the shift to a new equilibrium can imply a
large change in the relative sizes of the reservoirs.

In the following section we consider the mathe-
matical background for (i) and (i) in a fairly
general way. Using a simplified model of the
carbon cycle as an illustration, we then demons-
trate that serious errors can arise from neglecting
these two effects.

2. Theory

Consider a compound in a well-mixed open
reservoir. In order to illustrate the ideas that were
mentioned qualitatively in the introduction, we first
want to formulate a simple model for how the flux
F of the compound out of the reservoir is related to
the content M of the reservoir. In the most general
case, the outflow is not only a function of the total
mass in the reservoir. It can also depend on the age
distribution of this material or on external
influences. A study of the flow of compounds
through reservoirs in geophysical systems under
such conditions has recently been presented by
Lewis and Nir (1978). In the present paper,
however, we assume that the formulation

F=F(M)

is always valid.
For a small (infinitesimal) change in M we have

dF = F'(M)dM (¢))

where it has been assumed that F(M) is differ-
entiable. In a small neighbourhood of (M, F, =
F(M)) we may write

F—Fy~F' (My) (M~ M) )
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This relation implies a proportionality between M
and F only in the special case when F,=
F' (My)- M. In order to derive from eq. (1) an
alternative simplified non-proportional expression
for F we introduce the function a(M) =
F'(M)- M/F so that

dF_ MdM 3
’F——a‘( )7 (

In some applications we have a(M) ~ a(M,) in
the interval of interest. Then

F M \ e®f0)
ol @
F 0 Mo

In the following calculations, which aim at giving
some simple illustrations of the implications of non-
proportionality between fluxes and reservoir con-
tent, we have chosen to work with eq. (4) rather
than the linearized eq. (2). The assumption about a
constant « excludes the possibility of describing
certain fundamental types of reservoir behaviour.
For example, as M increases the sink process may
shift character into another functional form. For
large values of M there may then be no further
growth of F and a would thus approach zero.

Most of our qualitative conclusions could have
been derived equally well by considering eq. (2).
Even if there may be reasons, based on physical or
chemical arguments, to claim that eq. (4) in some
situations is more realistic than eq. (2), our choice
of eq. (4) is somewhat arbitrary. The difference
from an assumption about proportionality is, how-
ever, substantial. In Fig. 1, which shows a hypo-
thetical relation between mass and flux, we have
tried to illustrate the nature of the different
assumptions discussed so far. Note that the
functions given by eqgs. (2) and (4) both have the
same slope as the real curve in the equilibrium
point (Mg, F,).

2.1. Adjustment time for a disturbed reservoir

Let us study a single reservoir with content M
connected with another reservoir with infinite
content (Fig. 2). The flux F, into the reservoir is
constant whereas the flux out of the reservoir is
related to the mass inside the reservoir by relation
(4). In the equilibrium state M has a value M, such
that F(M,) = F,, We now consider a situation
when there is an initial imbalance between M and F.
Such an imbalance may be the result of a more or
less sudden change in M or, alternatively, a similar
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Fig. 1. Graphical representation of a hypothetical
relation between the flux F out of a reservoir and its
content M. The thin lines and the dashed line show three
model relations discussed in the text.
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Fig. 2. Reservoir with content M connected with a
reservoir of “infinite” content. Fluxes defined in text.

change in F. Thus, suppose that M is initially given
a value M, which is different from the equilibrium
value M,. We want to investigate how fast M
readjusts to M, if the flux into the reservoir remains
constant and equal to F .

The differential equation describing the adjust-
ment process is given by

M _pf1-(2Y), M(t=0)=M, 5
e o(—(E)) t=0=M, ()

27

We non-dimensionalize the equation with the aid of
the equilibrium turn-over time of the system (7, =
M/Fy),
m=M/M,

t=1t/1,

and get

dm

—=1—-m% 6
dr ©

Instead of attempting to solve this equation
explicitly we rest content with studying the implied
adjustment rate. As a measure of this rate we take
the time scale T defined by
M-—M,

F—F,
where F = F,(M/My= is the flux out of the
reservoir at time ¢.

Jacquez (1972, pp. 69-71) formulated a more
general non-linear reservoir system and studied its
behaviour for small perturbations. The time scale
defined in (7) corresponds to the adjustment rate
coefficient in his equation (5-9) only in the special
case of small perturbations.

We wish to illustrate that the adjustment time
may change substantially in the course of the
adjustment process and to stress the difference
between adjustment time and turn-over time. We
therefore rewrite (7) and obtain

miz=0=m,

T= )

m—1

T=r1, =17 8
me—1

It is readily seen that

T &7, ifandonlyif a =1 ©)

The numerical values of the factor y = (m — 1)/
(m® — 1) for different values of m and « are given
in Table 1.

Table 1. Values of the ratio between the adjustment time scale T and the equilibrium turn-over time
1, for different values of the deviation mass m and the exponent «

\a
m 8 4 2

1 12 1/4 1/8
8 4.0 x 1077 1.7 x 1073 0.11 1 3.8 10.3 23.6
4 4.6 x 10~* 1.2 x 107 0.20 1 30 7.2 15.9
2 3.9 x 1073 6.7 x 1072 0.33 1 24 5.3 11.0
1 (0.125) 0.25) 0.5) 1) 2 4) 8)
1/2 0.50 0.53 0.67 1 1.7 3.1 6.0
1/4 0.75 0.75 0.80 1 1.5 2.6 4.7
1/8 0.88 0.88 0.89 1 1.4 2.2 3.8
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It is clearly seen from Table 1 that as the
adjustment proceeds, i.e. m approaches 1, the
adjustment rate changes. Form > 1 and ¢ > 1, as
well as for m < 1 and a < 1, the adjustment rate
decreases (i.e. y increases) as the adjustment
proceeds and the excess declines. Such a situation
is illustrated in Fig. 3. The opposite is true for the
situations when m > land a < 1 or m < 1 and
a > 1. It is only in the simple exponential case,
a = 1, that the adjustment rate remains constant
(and equal to t,).

M
4
M,
M \‘\V\_
Mot + ¥
i ! H
: ! d
) : i ¢
T{MJ) M)

Fig. 3. Ilustration of the definition given in eq. (7) of an
adjustment time scale 7. Note that in the general case
(@ +# 1) Tis not a constant but varies as the adjustment
proceeds. The situation illustrated in this figure corres-
ponds to a &value > 1.

The time for the mass to reach a specified
fraction of the equilibrium value is, in the general
case, not a unique function of T but depends also
on the value of & When the disturbance is small
(i.e. m =~ 1) we may expand the factor y according
to

m—1 1

y= ~— (10)
m*—1 a

which yields
T,

T~ 2 (11)
a

This relation could also be derived from eq. (5-9) in
Jacquez (1972). Table | indicates how well eq. (11)
approximates eq. (8). It is seen that, at least for
a 5 2, eq. (11) may be an acceptable approxi-
mation provided

dSmg2

We may conclude this section with the following
summary.

(i) For a reservoir with proportional (first-order)
sink process {a = 1) the adjustment is exponential
and the adjustment time equals the equilibrium
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turn-over time. This is a normal situation which
applies well to a number of geophysical and other
systems (cf. the introduction).

@) If @ > 1, i.e. the sink process is more
strongly dependent upon the mass of the reservoir,
the adjustment is faster than the turn-over time of
the undisturbed system. For large positive distur-
bances (m > 1) the adjustment rate is initially very
large, i.e. the adjustment time is very small. The
adjustment time increases very significantly as the
adjustment proceeds and approaches 7,/a as m
approaches 1. For large negative disturbances
(m < 1) the adjustment time is initially close to the
equilibrium turn-over time 7, During the adjust-
ment process the adjustment time decreases and
approaches 7,/a As an example of a reservoir with
a > 1 we may take a lake where the geometry of
the outlet is such that even a small increase in the
lake level—and amount of water in the lake—gives
rise to a large outflow. In hydrological terms this
situation may be expressed as the condition that the
exponent of the outflow rating curve is larger than
the exponent of the volume—depth curve (Jeng and
Yevdjevich, 1966). The adjustment time of the lake
is the time scale describing the return of the lake
level to its normal value after a period of rain. It is
not uncommon with lakes where this time scale is
several times shorter than the turn-over time of
water in the lake.

(i) If @ < 1, i.e. the sink process is less
dependent upon the mass of the reservoir, the
adjustment time is larger than the equilibrium turn-
over time. In this case the adjustment time shows
less drastic deviation from 7, /@ For positive
deviations (m > 1) the adjustment time decreases
as the adjustment proceeds, while for negative
deviation (m < 1) the opposite is true. As an
example of this situation, one may imagine a lake
with gently sloping shorelines but with a canyon-
formed outlet. In such a lake even a substantial
addition of water will give rise to only a small
increase of the outflow.

2.2. Equilibrium distributions

The series of transfers, by which one particular
atom is moved between the reservoirs in a cycle,
constitutes a random walk. We cannot predict the
way an individual atom will be transferred between
the various reservoirs in the future. However, the
random walk is governed by certain characteristics.
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To every reservoir there is a transit time distri-
bution function describing the probability for an
atom to remain in the reservoir for a given length of
time. The reservoir to which the atom is subse-
quently transferred is also in some cases random,
and can be described by a probability distribution.
The parameters describing these distributions are
closely related to the bulk properties of the cycle at
steady state, such as the inventories and the fluxes
between the reservoirs. For example, the relative
sizes of the reservoirs are the same as the fractions
of the total time that an average atom spends in
them, and the relative sizes of the fluxes out of a
reservoir determine the probability for an atom to
leave the reservoir via either of these fluxes.
Another observation of interest in this context is
the fact that the average transit time for an atom in
a reservoir, i.e. the first moment of the transit time
distribution function, is equal to the ratio of the
reservoir content to the sum of all the sinks, the
turn-over time (Eriksson, 1971; Bolin and Rodhe,
1973).

In order to understand the character of man’s
impact on a cycle, it is necessary to clarify whether
or not it will affect these characteristics of the
motion. If the human impact has no effects of this
kind, it follows that a finite man-made input will
eventually distribute between the reservoirs in the
same proportions as the matter that was originally
in the system. When the new equilibrium is
reached, all reservoirs and fluxes will in this case
have increased by the same fraction. Thus we have
a situation where proportional relations apply
between reservoir contents and effluxes. Converse-
ly it follows that when non-proportional fluxes
occur in a cycle, man-made inputs will exert an
effect on the characteristic parameters of the
random walk of the atoms. For example, the
fraction of the total time that an average atom
spends in a given reservoir may then change. From
a macroscopic viewpoint this means that the
relative sizes of the reservoirs will be altered. Also,
the turn-over time for a reservoir may have
changed when the new equilibrium is established. If
this occurs the average length of a stay of an atom
in the reservoir is not the same as before.

With these considerations as a background, we
shall formally investigate two simple questions.

(i) Consider the situation of Fig. 2. Suppose that
the flux F, is changed to a new constant value

Tellus 31 (1979), 3
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by the addition of a (man-made) flux F’. How
will the mass of the reservoir and its turn-over
time have changed when the new equilibrium is
established?

Two reservoirs with finite masses, which are
connected by non-linear fluxes, receive an
addition of a specified amount of mass. How
will the mass be distributed between the
reservoirs when equilibrium has been attained
and how will the fluxes have been affected?

(i)

In situation (i) let F' denote the constant
additional flux into the reservoir and M, the new
equilibrium value. It follows from the assumptions
made in Section 2.1 that

F, M) F,+F (12)

—_— _- +

] Mo 0

If F' < F, we may write

M.—M, F’

E 0 (13)
M, aF,

1t is readily seen that if @ < 1 (>1) the relative
increase of M is larger than-(smaller than) the
relative increase of F. It is a straightforward matter
to generalize this model to include more than one
box, cf. Section 3.2.

The turn-over time of the reservoir in the new
equilibrium condition, t,, is given by

14

This expression shows how the turn-over time, i.e.
the average residence time is affected by the
additional flux F'. It is only in the case @ = 1 that
the turn-over time remains unchanged. When
a > 1, the turn-over time will have decreased
(t, < 75). The reverse is true for ¢ < 1.

For the second question we consider two boxes,
as in Fig. 4, and assume that the system receives an
additional mass, which distributes such that fluxes
in both directions are equal. If the two increases

oy

Folpt)
L] M,
RRE)
Fig. 4. Two reservoirs connected by non-proportional
fluxes.
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AM,, and AM, are small, they can be shown to
satisfy the relation

AM, a, AM,
My, @ My
It follows that, if a, is different from a,, an addition
to the system will be partitioned between the two

reservoirs in a ratio different from the ratio of the
initial masses.

1s)

3. Applications to a simple model of the
global carbon cycle

In order to illustrate some of the ideas we put
forward in the previous sections, we will apply
them to a simple model of the global carbon cycle.
Our aim is neither to “explain the carbon cycle”
nor to suggest a new and improved model of this
cycle. Several of the already existing models take
into account the various physical and chemical
processes in a more realistic way than is done here.
The purpose is rather to demonstrate, qualitatively,
how the behaviour of models of this type depends
critically upon some basic characteristics of the
model.

Specifically, we address ourselves to the problem
of how models of the carbon cycle can be
employed to provide tentative answers to questions
such as the following.

(i) What will be the adjustment time of at-
mospheric CO, following a drastic reduction of
man-made emissions? In particular, why do
some computer models show a time scale for
decline of excess CO, considerably longer than
the turn-over time of carbon in the at-
mosphere?

(i) How will the man-made addition of CO,
eventually be distributed between the various
carbon reservoirs?

3.1. Adjustment time

Let us consider the four-box model of the carbon
cycle shown in Fig. 5. The terrestrial reservoir
includes the carbon in the living organisms as well
as in the humus layer. The surface layer of the
ocean corresponds to the mixed layer and extends
to a depth of some 100 m. In this first section we
shall assume that the deep ocean reservoir res-
ponds very slowly to changes in the other reser-
voirs and that it can be treated approximately as an
infinite reservoir. In view of the relatively large
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Fig. 5. Simplified model of the carbon cycle.

amount of carbon in the deep oceans—about ten
times as much as in the other three reservoirs
together—and the correspondingly long turn-over
time, this may be an acceptable approximation
when considering time scales of up to a few
hundred years. By treating the three other reser-
voirs as a “combined reservoir” we then have a
situation identical with that shown in Fig. 2 and we
may apply the equations derived in Section 2.1. In
order to do so we need to derive an effective &
value for the “combined reservoir” with respect to
its exchange with the deep ocean reservoir. This
requires that we specify the character of the fluxes
between the various reservoirs, even those occur-
ring inside the “combined reservoir”.

The following assumptions are made concerning
the relations between the fluxes and the reservoir
contents. These assumptions, although not quite
arbitrary, could certainly have been formulated
differently.

Fpe=F, (= constant) A
P,
Fyp=F,
* Mg,
F,, =F,
SA Mso
M, S (16)
F AS = F, M
AD
M, B
F.=F,
MT
Fo =F,
™ MTO J
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where Mg, M,, and M, are the equilibrium
values of the mass in the different reservoirs.

The coefficient B (>1) in the expression for Fg,
arises from the distribution of the carbon in the
surface layer reservoir between dissolved CO,,
H,CO,, HCO; and CO;~, and the chemical
equilibrium between these compounds (the buffer
factor). The numerical value of B¢ has been estim-
ated to be near 9 (Keeling, 1973).

Similarly B, (<1) is due to the fact that CO,
generally is not the limiting factor for vegetation
growth. This means that even a substantial increase
in M, may not produce a very large increase in
FAT‘

We use the following rough estimates of the
various fluxes and reservoir contents to give a
quantitative illustration of these and the following
relations. Mg, = 1000, M,, = 700, M., = 3000
(unit: 10'% g) and F, = 45, F, = 100, F, = 60 (unit:
10" g/yr). These figures are in broad agreement
with those given by Bolin et al. (1979) but should
not be taken to be very exact and well known.

The equilibrium turn-over times in the various
reservoirs are given by

N

Tog = ~Tyr

o Fy+ F,
M

Ta=—_x4yr L an
F,+F,
MTO

Toyr = ~50yr

oT Fz

Let us now consider the “combined reservoir”
consisting of the ocean surface layer, the at-
mosphere and the terrestrial system (cf. dashed box
in Fig. 5). The total mass of this reservoir is M =
Mg + M, + M and its equilibrium turn-over time
with respect to exchange with the deep ocean

M, 4700
Tp=—=—"—=100yr

18
Fy, 45 (18)

In order to apply eq. (6) to this system we must
determine an effective a for the “combined reser-
voir” (cf. Section 2.1), Thus we write the flux from
it to the deep layer of the ocean as

M @
F=F,|—
MO
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Since this flux is identical with F, we have

M M\
— =Fy|—
M S0 MO
If we consider time scales long enough for internal

readjustment to take place inside the “combined
reservoir” we have in addition

M\ 5 M
F, = ~ F, =
My, My,

M, \ 5 M
F,( A ) ze( L
MAO MTO

After eliminating M, and M, from eq. (20) with the
aid of eq. (21) we obtain

(Ms ) My M) )

—_— 1+ +

MSO MSO MSO

_M; M (ﬁ’_s)” .
MSO MSO MSO

My, [ Mg\ A48,
+ JR—

M S0 M SO
If Mg = My, (this seems to be a fair approximation
evenif M, > M,/ it follows that

a Mg, + M, + My,
Mgy + By Mg + By My,

Using the values 1000, 700 and 3000 for Mg, M,,
and M, respectively, 10 for f; and 0.2 for 8, we
get = 0.28. Applying this result to eq. (11) we get
a value of around 400 years for the adjustment
time of our system for reasonably small distur-
bances.

We recall at this point that the time scale
estimated here corresponds to the rate of adjust-
ment at a moment when equilibrium has been
established within the “combined reservoir”, but
when equilibration between this reservoir and the
deep sea is taking place. For the purpose of illus-
trating the whole transient process, more elaborate
numerical models should be preferred. Investi-
gations of this question have been made by Keeling
and Bacastow (1977), Revelle and Munk (1977)
and Siegenthaler and Oeschger (1978). Although
the adjustment rates implied by their models are
generally of the same order of magnitude as those

F, (20)

@n

(22

J/

23
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we have derived, differences in model structure
cause them to deviate considerably both from our
estimate and from one another. The results by
Siegenthaler and Oeschger deserve special com-
ment in this context. Studying the response to a
pulse input into the atmosphere, on the one hand
they explicitly distinguish between a very rapid
time scale of about 20 years for the equilibration
between the atmosphere and the mixed layer and,
on the other hand, a much longer time scale of
several hundred years for the process involving the
deep sea. This is a nice example of a situation when
the adjustment rate in the initial stage of a decline
may be a poor indicator of the time required to
reach a specified fraction of the new equilibrium
state.

In conclusion, it is seen that because of the
existence of non-proportional fluxes inside the
“combined” reservoir, its adjustment time is several
times larger than its equilibrium turn-over time.

The physical explanation for this situation is the
following. Because of the large value of f, the
increase of Mg need not be very large in order to
balance the exchange at the sea surface even if the
atmospheric content is substantially increased. This
tends to limit the rate of exchange of the surface
layer, and thereby also of the “combined reser-
voir” with the deep sea. The effect of the other non-
proportionality, that of the flux from the at-
mosphere to the terrestrial system, is similar. A
large value of B, would have implied a large
increase in the terrestrial carbon pool, thereby
decreasing the rate of adjustment with respect to
the deep sea. On the other hand a small value of §,,
as in the present model, tends to limit the amount
of excess carbon stored in the terrestrial reservoir,
thereby acting in the opposite way. Evidently, in
the present model the effect of the large f,-value
dominates the opposing effect of the small 8,-value.

3.2. Equilibrium distributions

Let us look at the second situation described in
Section 2.1, that of a closed system having received
an extra addition of mass during an unspecified
period of time. When applying it to the CO,
problem we use the same model as the one
described in Fig. 5. The only difference, compared
to the previous set of relations (eq. (16)), is that we
now consider the deep layers of the ocean as an
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explicit, finite, reservoir with a linear flux into the
surface layers equal to

Fy: M D/ My,
The governing system of equations for the equili-
brium distribution reads

MD
MDO

M,

MSO

249

N
—=
il
HE

(MA A My
M AO) MTO
with the constraint M =M, + M+ M, + M =
M, + AM.

With the numerical values of Mg, M, ¢ Moy, Bg
and B,, as given above, and with My, = 35,000
and AM = 6000 the new equilibrium distribution
would be as in Table 2. A total man-made contri-
bution of 6000 units (10* gC) is a large but
possible value. It corresponds roughly to the now
known accessible reserves of fossil carbon (Keeling
and Bacastow, 1977). It is seen that in this model
the major part of the fossil carbon will end up in the
deep layers of the ocean. Nevertheless the at-
mospheric content will remain at about 2.5 times its
present value. If the assumption had been made
that all fluxes were linear the increase in the
atmospheric content would have been only about
15%.

As described in a general way in Section 2.2, the
occurrence of non-proportional fluxes implies that
as the amount of carbon in the natural cycle
increases, the characteristic pattern of motion of
the atoms is affected. In eq. (14) an example was
given to show how the turn-over time of a reservoir
could change. Other examples are shown in Table
2. The altered circulation naturally affects all
carbon, and it is of interest to see how the
distribution of radiocarbon (**C) is changed. In
reality, the amount of radiocarbon in the system
has been dramatically enhanced by nuclear weapon
tests in the atmosphere. In columns 3, 4 and 5 of
Table 2 we have computed the equilibrium distri-
bution of radiocarbon as it would have been after
the input of 6000 units of “C-free fossil carbon if
no bomb tests had taken place. We see that
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Table 2. Carbon contents, fluxes, turn-over times and radiocarbon contents for the four-reservoir
model of Fig. 5, before and after an input of 6000-10" g fossil carbon. Radiocarbon contents were
computed neglecting fractionation. The mass unit for radiocarbon was chosen to give N, (before) = 700

Radiocarbon Turn-over

Carbon content, content, Relative change times,

10%g relative units in radiocarbon  years Fluxes, 10" g/yr

Before  After Before  After  content Before  After Before  After
Atmosphere 700 1,880 700 1,610 +130% 44 55 F, 60 73
Terrestrial 3,000 3,660 2,980 3,110 +4.4% 50 50 F,, 100 270

system

Surface layer 1,000 1,120 960 940 2.1% 6.9 35 Fg 45 50
Deep ocean 35000 39,100 30,800 29,800 —3.2% 780 780

because of the changing carbon circulation, about
3% of the radiocarbon content of the ocean is
removed to the atmosphere. Because of the less-
than-proportional increase in the photosynthesis,
only 10% of this is transferred into organic
compounds.

We see from Table 2 that although the carbon
content of the atmosphere increases nearly 2.5
times, there is only about a 15% reduction in the
ratio “C/C. It should be remembered that the
increase of sea-water carbon content of about 10%,
as illustrated in Table 2, would reduce the degree of
calcium carbonate saturation. We cannot exclude
the possibility that this reduction would initiate
carbonate dissolution over extensive ocean regions.
Parallel to the adjustment illustrated in Table 2
there would then be successive lowering of the
buffer factor f; and the long-term equilibrium
could exhibit a much smaller air-borne fraction
than indicated in Table 2.

On the other hand, if no carbonate dissolution
takes place, the assumption of a constant buffer
factor is certainly an overestimate of the ocean’s
capacity for carbon uptake. It can be shown that,
with an increased amount of carbon in the surface
layer, the buffer factor would increase. We may,
however, neglect this when our purpose is to
illustrate the effect of non-proportionality on the
equilibrium distribution.

4. Concluding remarks

We have shown by some simple calculations
how non-proportionality of fluxes between reser-
voirs affects adjustment times in and equilibrium
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distributions between such reservoirs. Our exam-
ples show that assumptions about proportionality
may lead to very different estimates of the values of
adjustment times and equilibrium distributions. The
application on a simple model of the global carbon
cycle has shown that the behaviour of this model is
critically dependent upon non-proportionalities of
the fluxes between the ocean surface layers, the
atmosphere and the terrestrial reservoir. In fact,
although the flux from the ocean surface layers to
the deep sea was assumed to be proportional to the
carbon content in the ocean surface layer, it was
shown that the same flux is far from proportional
to the content of the “combined reservoir” consist-
ing of the ocean surface layers, the atmosphere and
the terrestrial system together. One important
lesson to be learned from this is that one ought to
look very carefully for non-proportional exchange
processes not only between the reservoirs con-
sidered but also inside them.

We have used the carbon cycle to illustrate some
of the basic concepts introduced in this paper.
Naturally, we do not claim that such very simpli-
fied models of the carbon cycle, which we have
studied, contain the final answer to the very
complex question of how nature will distribute the
man-made CO, emissions between the major reser-
voirs. That question should be studied with the aid
of much more sophisticated models which take into
account more of our knowledge about the physical
and chemical processes involved (Keeling and
Bacastow, 1977; Revelle and Munk, 1977;
Qeschger et al, 1975; Bjérkstrom, 1979).
However, when using such complicated models it
may not always be easy to understand their basic
characteristics and to see how the overall
behaviour is dependent upon the parameters intro-
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duced. We therefore mean that such detailed studies
should be guided by rough estimates of the types
that we have presented. This will facilitate the
creation of a clear picture of the basic structure of
the model.

H. RODHE AND A. BIORKSTROM
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HEKOTOPBIE CJJEACTBUA HENPOINNOPLIMOHAJIBHOCTHU
MEXAY ITIOTOKAMH U KOHUEHTPALIMAMHU B ECTECTBEHHBIX PE3EPBYAPAX

Msbr uccnenyem 3ddekT HENMPONOPHAOHAIBLHOCTH
MEXIYy NOTOKAMH 4 KOHLEHTPAUMAMH IIDHMECH B
NPOCTHIX CHCTEMAX pe3epByapoB. B 4acTHOCTH, MBI
NnpearoiaraeM, 4To0 nNoTok F H3 pelepByapa CBA3aH
C COACPXAHHEM B HEM NPUMECH M COOTHOILEHHEM
F/Fy=(M/MyY, rne a moxer 6onblue, paBHO MK
MeHble enuHHubI. IlokaspiBaeTcs, 4YTO CKOPOCTH
NPHCHOCOGJIEHUA H paBHOBECHBIE pACTIPEHCICHHA
3aBHCAT KPHMTHYECKH OT BENHYMHBI HapaMerpa o.

B xauecTBE WLIIOCTPAaUHHM HCHONB3YETCs NpocTas
MozeNb UMKNa yriepoaa. Cpean mpoumMx pewued MBI
MOKA3BIBAEM, 4TO H3-3a HENPONMOPUHOHANBHOCTEH B
MOTOKaX MexAy NMOBEPXHOCTHBIMH CJIOAMH OKeaHa,
atMochepolt H CHCTeMOM KOHTHHEHTOB BpeMA
pacnaza yriaepoza, BHUTYILEHHOTO B aTMocthepy B
Tpouecce AEATELHOCTH YeNoBeka, MHOro Gombme
BpeMeHH 000poTa yrnepoaa HO OTHONIEHHIO K
o6MeHy ¢ ryiybOKMMH CIOAMH OKeaHa.
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