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ABSTRACT

Intra-ring differences of the *C/!2C ratio in tree rings are found to be very large in four Dutch
trees. In some cases differences were measured over 4, §'>C. Even the '3C/"2C ratio averaged
over entire rings sometimes still exhibits abrupt jumps of over 1% in 6'*C from year to year.
Significant correlations of 4'>C in tree rings with yearly average temperature and precipitation
are found. Responses of the atmosphere to a '°C labelled input of CO, are calculated in 3§ box
perturbation model, consisting of an atmosphere, a biosphere, an oceanic mixed layer and a leak
of the perturbation to the deep seas. The average ’C record obtained from the four trees is
interpreted in terms of past biospheric growth and shrinkage by using the 3} box model.

1. Introduction

A major problem with predictions of the future
rise of CO, levels due to fossil fuel combustion is
that the geochemical models used for these pre-
dictions can be validated with only a limited
number of recent atmospheric CO, data. Another
check on the models can be obtained from '3C/2C
and '*C/C ratios and tree rings provide a very long
time series of these. If they can be shown to reflect
the corresponding global average ratios of the
atmosphere during the time of formation of the
ring, the timespan covered by experimental data
will be greatly expanded.

In particular *C/2C ratios could be used
instead of (non-existent) historic CO, concen-
tration data. A change in the amount of carbon
stored in the long-lived land biota and soil organics
produces both a CO, and a '*C/!2C signal in the
atmosphere because the carbon locked up in
organic matter (to be further called the biota
reservoir) is depleted in ’C relative to the atmo-
sphere. At present the largest uncertainties in the
modelling of the global carbon cycle seem to be
related to the behavior of the biota reservoir
(Revelle and Munk, 1977; Woodwell et al., 1978).
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The study of past 3C/2C ratios is of special
importance in this respect.

Recently several investigators have used '*C/'*C
in tree rings in trying to establish an atmospheric
history of this ratio, typically extending back about
one century from the present (Farmer and Baxter,
1974; Freyer and Wiesberg, 1974; Galimov, 1976;
Rebello and Wagener, 1976; Stuiver, 1977;
Wilson, 1978; Freyer, 1979). From the results
obtained so far it is not very clear how to extract
the atmospheric trend.

This finding is not surprising since there are
many factors that can interfere with the tree’s
recording of the atmospheric carbon isotopic
composition. First of all there is the problem of
cyclic enrichment; that is, plants taking up CO,
that is derived in part from their own respiratory
processes and is, therefore, isotopically light
(Wickman, 1952). Evidence exists that this effect
rapidly becomes smaller at greater tree height and
that it is smaller at locations not conducive to
vertical air stability (Keeling, 1961). Apart from
this problem there can be an effect on the actual
fractionation from climatic factors such as temper-
ature and precipitation. If this influence could be
quantified we would have a tree palaeo-
thermometer and rain -indicator, irrespective of
whether the effect stems from a direct termperature
dependence of the molecular kinetics of photo-

Tellus 32 (1980), 3



PAST ATMOSPHERIC CO, LEVELS AND THE !*C/'2C RATIOS IN TREE RINGS

synthesis or from some other climatic influence
acting through the physical condition of the tree. In
the latter case the calibration of the thermometer
would probably be of less general validity than in
case a direct molecular kinetic effect would be
operative. Finally, trees are sampling CO, from the
lower portion of the atmosphere which has a
variable §'°C and CO, content. As the rate of CO,
uptake by the tree is far from constant, this alone
will already result in some variability of the §'*C
values produced by the tree.

We report here another attempt at recon-
structing the atmospheric '*C/"2C ratio from tree
rings, with special emphasis on the variations in
0BC that can be found within a single tree.
Correlations of d'3C with climatic factors will be
calculated. Finally the interpretation of an atmo-
spheric record, once it exists, will be treated in
terms of changes in the volume of the global
biomass.

2. The data

2.1. Sample selection and preparation

The trees from which samples were taken are
from the province of Drenthe, The Netherlands
(Table 1). All were mature, high rise trees that had
been felled by a severe storm in November 1972. A
40-50 cm thick slice was taken from the lower
portion of the stem of each tree, about 0.5 m above
the ground. No samples were cut from the
innermost 20 rings, as a precaution against the
cyclic enrichment effect mentioned.

First, the chronology of the tree rings was
established beyond reasonable doubt. In each tree a
comparison of ring patterns of four radial direc-
tions showed that no rings were partially missing.
Neither could any evidence of double rings be
found. The average ring patterns of the trees
correlated well with each other and also with the

Table 1. Description of trees
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oak chronology of the northern Netherlands. This
chronology was established by Brongers (1973)
and relates the Dutch oaks to the West German
master chronology of E. Hollstein (1965).

Small samples about 80 mg each were cut from
individual rings and from different parts within the
same ring. From one oak (Quercus rubra L.) and
from the beech, samples were taken exclusively
from the latewood portions of the rings. This was
done easily in this case because of the large width
of the rings. Most samples were given a chemical
pretreatment before total combustion and subse-
quent measurement on a M86 Varian MAT mass
spectrometer. A total of about 600 §13C deter-
minations have been performed, not counting
duplicate measurements. From the distribution of
differences between duplicate measurements of the
same sample, the standard deviation of a single
analysis caused by the mass spectrometer is
estimated at 0.08%. In the same manner the
standard deviation for the entire procedure of
pretreatment, combustion and measurement is
estimated to be 0.11%. We checked that no
correlation existed of ¢'*C both with the weight
loss by pretreatment and with the yield of com-
bustion, both varying a few percent, probably
because of imperfect drying.

As to the chemical pretreatment of the samples
prior to combustion, the following procedures have
been applied.

(1) No pretreatment, i.e. combustion to CO, of
whole wood.

(2) Treatment with successive 4% hydrochloric
acid (80°C, 24 h), 4% sodium hydroxide
(80°C, 24 h), and 4% hydrochloric acid
solutions (80°C, several hours), each step
separated by thorough washing with
demineralized water. This treatment is rou-
tinely applied to most organic samples in the
Groningen laboratory (AAA treatment).

Species Location

Red oak (quercus rubra L.)

Sleen (52°45'N, 6°45’ E), border of

small patch of open forest

Common oak (quercus robur L.)
Common oak
Beech (Fagus sylvatica L.)

Sleen, along road through pastures
Norg (53°4'N, 6°27'E), forest border
Sleen, inside small patch of open forest
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(3) Preparation of alpha cellulose, successively
obtained by extraction with a 2:1 mixture of
benzene—ethanol during several hours, rinsing
with ethanol, bleaching by a NaClO, solution
and acetic acid (Green, 1963), followed by
treatment with 4% NaOH (80°C, 24 h) and
4% HCI solution (80°C, several hours). The
last three steps again are separated by washing
with demineralized water.

2.2. Influence of pretreatment on results

Results obtained from the same samples without
pretreatment and with the AAA treatment correlate
very well (Figs. 1, 2). The direction in which the
samples were taken from the tree slab is shown
schematically in the figures. The cellulose fraction
of the wood also correlates well with the AAA-
treated wood, but is consistently about 1 %, heavier
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Fig. 1. Quercus rubra L. A comparison of ¢“C
measurements of whole wood and the same wood after
chemical pretreatment. The direction in which the
samples have been taken from the tree has been depicted
by a heavy line. Heavy dots, untreated wood, open
circles, wood treated with a sequence of hot acid, alkali
and acid (AAA pretreatment).
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Fig.3. Quercus robur L. (Sleen). A comparison of
results from one ring divided into 8 samples for pure
alpha cellulose and AAA pretreated wood. Heavy dots,
AAA pretreatment; open circles, alpha cellulose.
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(Fig. 3). We see that the pretreatment procedure
chosen has no influence on the patterns that can be
observed, although the absolute differences result-
ing from varying pretreatments can be consider-
able. If not specifically mentioned, all further values
reported have been obtained from AAA-treated
wood. This was mainly a measure of precaution as
C measurements on the same wood indicated that
there had been a slight radial movement of material
from other years of growth, which apparently could
be removed by the treatments described (Tans et
al., 1978).

2.3. Patterns within a single tree

Quercus rubra, a fast-growing oak, has been
treated first because of the large width of its rings.
Some correlation, though not satisfactory, is shown
for samples taken from different radial directions
(Fig. 4). The largest difference observed within a
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Fig. 2. Quercus rubra L. A comparison of results from
whole wood and pretreated wood. Heavy dots, untreated
wood; open circles, AAA pretreatment.
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Fig. 4. Quercus rubra L. 8"*C of samples (AAA) in two
opposite radial directions. Heavy dots, west side of tree;
open circles, east side.
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Fig. 5. Quercus rubra L. A comparison of corresponding

samples (AAA) separated by a distance of 40 cm in the

vertical direction. Heavy dots. upper side of tree slab: open circles. lower side.
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Fig. 6. Quercus rubra L. A detailed picture of §'>C variations in the vertical direction. AAA pretreated samples. If
the sampling follows the fibre very closely, the variation almost disappears.

single year is 4.4%. Within the same radial
direction, however, there is a high correlation
between samples taken at a vertical distance of
about 40 ¢m from the top and the bottom of the
slab (Fig. 5). However, there is still a discrepancy
within a single year of up to 1.3 %.. At this point we
decided to map the §3C patterns of this tree in
three dimensions. To proceed, a single ring was
sampled in the vertical direction at intervals of 5
cm. The 6'*C values can be seen to fluctuate by up
to 0.8 % (Fig. 6), but close following of the wood
fibers reduced this figure to 0.2 %.. The fibers were
not laid down exactly vertically but as if the tree
had responded to a torsional stress. This explains
the limited correlation in Fig. 5: each individual
fiber appears to have its own 8'3C identity.

As all samples from this tree were taken
exclusively from latewood, these findings have a
bearing on the current discussion about the isotopic
difference between earlywood and latewood and
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the climatic information that could be extracted
from whole tree rings or from the earlywood or
latewood portions exclusively (see, for further
references, Wigley et al., 1978). It thus seems that
the same chemical components taken exclusively
from the latewood portion of a single ring still do
not yield the same climatic information along the
circumference of that ring.

A closer look at one single ring in the circum-
ferential direction reveals a very irregular pattern.
The largest difference within the ring of 1938, for
instance, is 4.2 %, for 1939 even 4.9 % (Fig. 7). An
excellent correlation, however, exists between the
circumferential patterns of consecutive years, still
clearly persisting to a ring 7 years older. All these
large intra-ring %, variations could not be related to
intra-ring differences of ring width, that ranged up
to a factor of 2, although in a more gradual
manner.

For a different tree, Quercus robur L., a tree with
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Fig. 7. Quercus rubra L. A comparison of two con-
secutive rings in the circumferential direction. AAA
pretreated samples. Heavy dots, 1939; open circles,
1938.

markedly narrower rings, similar results have been
obtained. This time the cellulose fractions were
prepared from samples to 2 consecutive years. The
2 years correlate well, but within a single year
samples differ up to 2 %.

To explain the intra-ring variations in §"3C, it
might be interesting to look into the possibility that
the cause is to be found in the roots and in the
branch system. The different roots might be subject
to different microregimes of water and nutrient
supply, influencing 6'*C in the bundle of fibers
originating in the roots. Also some branches may
experience more radiant heating than others.
Another tempting idea would be that there is some
translocation of dissolved CO, (CO, or HCOj3)
through the roots from the soil to the leaves in
varying amounts.

2.4. 83C values for entire rings

It will be clear from the above results that
BC/12C ratios determined from one spot on a tree
ring (by taking a core sample) and intended to
characterize the '*C fractionation of such a ring
might be highly insignificant. It is therefore
necessary to scrutinize '3C data—and possibly
other isotopes as well—on tree rings on this point.
Nevertheless, we might still try to assign a
meaningful §3C value to specific rings. The close
resemblance between patterns of consecutive rings
and the isotopic identity of individual vertical fibers
suggests that only those isotopic values are
meaningful, or better, reproducible, that are
averaged along the circumference. In order to test
this idea, a total of 12—-16 samples were cut from
different points along the circumference of one ring
and thoroughly mixed before pretreatment and
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Fig. 8. Quercus rubra L. 6*C of circumferential aver-
age (AAA) samples that have been taken at a vertical
distance of 40 cm. Heavy dots, upper side of the tree
slab; open circles, lower side.

combustion. The same procedure was followed for
the same ring, but 40 cm lower in the slab. This
procedure was applied to a number of rings (Fig.
8). A second test was performed by mixing the
odd-numbered samples apart from the even-num-
bered. The difference between the odd and the even
average samples ranges from 0 to 0.5%, the
average difference being 0.2 %.. The distribution of
discrepancies between corresponding samples, ob-
served from both tests, does not differ significantly
from a normal distribution, so that we can assume
the 6'*C values for entire rings, thus obtained, to be
normally distributed around their “true” values
with an estimated standard deviation of 0.25 %.

2.5. A 6VC trend or a tree thermometer?

Now that we are able to assign reproducible
J0'3C values to individual tree rings, it is interesting
to intercompare the four trees and look for a §'3C
trend and for the climatic information that they
might contain. The final whole-ring §'3C values are
presented in Fig. 9. They represent values for
ring-averaged samples.

As has been mentioned in the introduction, the
0"3C values of tree rings depend, in general, on a
number of factors: the isotopic composition of the
surrounding CO,, the time of the year photo-
synthesis takes place, certain climatic factors and
most probably a number of other factors that we
will group together as the “potential for growth”. A
very coarse scheme of causal relationships is shown
in Fig. 10. The CO, content of the atmosphere
shows considerable variation not only on a very
local basis but also on the mesoscale of the large
synoptic weather patterns, due to the activity of
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Fig. 9. 6VC of circumferential average (AAA) samples taken from four different trees in Drenthe, The Netherlands.
Heavy dots, Quercus rubra; open circles, Q. robur (Norg); crosses, Q. robur (Sleen); triangles, Fagus sylvatica. The

estimated (one sigma) error of the §'3C values is 0.25%.
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Fig. 10. Simple scheme of causal relationships that have
synthesis.

land plants. The air masses ‘“‘remember” the
vegetation of regions they have passed by their
changed CO, content and “C/'C ratio. Spit-
tlehouse and Ripley (1976) found a variation of up
to 7 p.p.m. in the daily minimum CO, concen-
tration in summer that they could relate to the
varying distance air masses had traveled over land
just before reaching their measuring site. As this
variation is caused by the activity of the land plants
the corresponding J'*C variation should be up to
0.4 %..

As to the climatic factors, we consider only those
that are most important for plant growth, viz.
temperature and precipitation. It is evident that the
temperature can have a direct net effect on
fractionation. Precipitation can act on molecular
kinetics through its effect on water stress of the
tree. This will result, among things, in more or less
stomatal closure and evaporative cooling of the
leaves. Finally, the potential for growth represents
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a bearing on carbon isotope fractionation during photo-

the integrating effect that prior seasons have on the
physical well-being of the tree. The influence on the
tree growth of climatic factors prior to the growing
season has been described in detail by Fritts
(1976). This influence is clearly shown by our trees
when autocorrelation functions are calculated from
the ring-width curves. The ring widths are found to
exhibit simple Markov persistence, with lag-one
serial correlation coefficients ranging from 0.50 to
0.85. This general physical state of the tree can
have an influence on 4"3C, if, for instance, growth
starts earlier and is more vigorous in spring, or
through different concentrations of growth regu-
lating substances, which may shift the rate limiting
step in photosynthesis and hence the fractionation.
This effect on fractionation, however, will be of a
local and transitory nature. It is possibly related to
ring width.

In searching for a trend or for periodicities in a
time series, in a manner that presupposes nothing
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as to the nature of the non-randomness, power
spectrum analysis is very helpful (Mitchell et al,
1966). The spectrum gives a measure of the
contribution of each wavelength to the total
variance present in the time series. The climatic
data used in this paper are seasonal mean tem-
peratures and precipitation data from 1835 to the
present from De Bilt, the Netherlands (Labrijn,
1945), at a distance of about 100 km from the
location of the trees. The observed ring widths have
been converted into an index (Svenonius and
Olausson, 1975) that removes the age trend, as the
rings of each tree become, on the average, narrower
as the tree grows in size and circumference. After
the lag-one serial correlation was determined for
the ring-width sequences, no frequency component
of any tree was found to differ in a significant way
from the null continuum for red noise, the
“redness” being determined for each tree by its own
lag-one serial correlation. As to the climatic data,
no trend or periodicity could be shown to differ
significantly from the null continuum for white
noise. Unfortunately it was not possibie to compute
the autocorrelation and the power spectrum of the
J0'3C sequences of the trees because of lack of a
sufficient number of data points and the inhomo-
geneous character of the time series. The 4'3C
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values should have been spaced at regular intervals,
preferably of | year.

In a controlled laboratory study of the effect of
temperature and precipitation on isotope fraction-
ation, one would try to keep all other factors
constant. With freely growing trees this obviously
cannot be done. We can try, however, to approxi-
mate the ideal experiment by correlating only first
differences, that is, by matching the change in a
climatic factor with the change in 6'*C from the
previous values in the time series. In this way we
keep the influence of the group of factors that has
been called “potential for growth” as small as
possible. If their influence is real, they will probably
tend to mask a more direct relationship of climate
with isotope fractionation. They will increase the
total variance of 6'3C while their association with
climatic factors may either be positive or negative
and may differ with time. The first difference
correlation of §'3C with temperature, precipitation
and ring-width index has been calculated for each
tree separately, and also for the weighted average
of the trees. In Table 2 some coefficients are listed
for the weighted average, both of direct correla-
tions and of first difference correlations. The level
of significance or, in other words, the chance that
the same correlation coefficient (or better) is found

Table 2. Zero order correlations between 6'3C, ring width and climate

Direct correlation

Correlations of first difference

Level of Level of
3C-ring-width year Coefficient significance Coefficient  significance
T-ppt  winter 0.48 <10~ AT-Appt 0.46 <10~

spring —0.09 not sign. —0.06 not sign.
summer —-0.36 10— —0.35 10~
autumn 0.06 not sign. —0.01 not sign.
all year 0.13 not sign. 0.05 not sign.
O¥C-T  winter —0.06 not sign. ASVC-AT 0.15 10%
spring 0.25 1 % 0.42 <107
summer 0.39 <1l % 0.46 <104
autumn 0.23 1 % 0.19 5%
all year 0.27 <1% 0.48 <10~*
8-ppt  winter —0-18 <5% AdV-C-Appt  —0-30 1%
spring —-0-07 not sign. —0-11 not sign.
summer —0-26 <1% —~0-48 <10
autumn —0-01 not sign. —0.-09 not sign.
all year —0-24 1% —0-46 <107¢
SBC-ring-width year ~ —0-09 not sign. ASVC-Aring  —0.30 1,
T-ring-width year 0-07 not sign. AT-Aring 0-04 not sign.
ppt-ring-width year 0-14 1% Appt-Aring 0-19 1%,
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Fig. 11. Estimated second-order regressions of 4'°C on temperature, precipitation and ring width. The regressions
have been derived from first differences. A weighted average of the regressions of the four trees is also presented,
together with the weighted average of the regressions derived from direct correlations. The error bars correspond to

one sigma confidence intervals.

in a sample taken from a normal bivariate
population with zero correlation, has also been
given. For 8'C the correlations and levels of
significance are much better for a matching of first
differences than for a comparison of direct values,
as had been expected.

We cannot calculate the (linear) regressions of
O1C on ring width and on the climatic variables
from the variances and convariances found, be-
cause these variables are not independent. Their
(zero order) correlations are also shown in Table 2.
It is seen that it makes no difference whether we
match direct values of temperature and preci-
pitation or whether we take first differences, as
neither temperature nor precipitation shows a
memory effect. We have to determine the corre-
lation between two variables while the other
variables are held constant. This is defined as
partial correlation and the techniques for calcu-
lation have been taken from Kendall and Stuart
(1967).

The partial correlations and regressions of §'°C
on ring width, yearly average temperature and total
yearly precipitation have been calculated. The
estimated regressions and their 68% (one sigma)
confidence intervals are shown in Fig. 11. The
resemblance between the trees is a clear indication
that with 6'°C we indeed have a palaco-
thermometer of some general validity. This is more
nearly true where only two of the trees are of the
same species and they have been growing in
different environments. However, it is equally
obvious that we also have to some degree a palaco
rain gauge, so that we cannot distinguish between
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the two without invoking the help of other
techniques. Both effects are, on the average, of
equal magnitude, while the dependence on ring
width results to §°C variations that are an order of
magnitude smaller. The fact that §*3C in tree rings
can be independently and almost equally in-
fluenced by temperature and precipitation has been
overlooked by most authors searching for a tree
palaeothermometer (e.g. Pearman et al, 1976;
Wilson and Grinsted, 1977).

Returning to a determination of atmospheric
613C from tree rings, we first normalize all §!°C
ring values to a standard yearly average temper-
ature, precipitation and ring width by using the
estimated regressions (Fig. -11). In this way the
variance of first differences is reduced by a little
more than 50%. The estimated standard deviation
for whole-ring 4'*C values (0.25%) accounts
for 60% of the variance still remaining, while
another 20% is due to the dip in 1866 and the peak
in 1912 alone (Fig. 14). Thus we cannot expect to
be able to smooth the §'3C record much further.

A relation of §'*C with the sapwood—heartwood
transition cannot be found in the curves. For the
American oak (Quercus rubra L.) and the beech
(Fagus sylvatica L.) the transition took place in the
rings of 1962-1964, while in both native oaks
(Quercus robur L.) the transition was located
around 1950.

The extraordinary 6'3C values in 1866 and 1912
we cannot explain at present. They are not
coincident with exceptional occurrences in either
the climatic temperature and precipitation record,
or in the ring-width sequences.
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3. The interpretation of an atmospheric
13C trend

A 0"3C trend in time exclusively caused by fossil
fuels should resemble an exponential. Such a trend
cannot be discerned in the climate-normalized tree
ring 613C data of Fig. 14. We will now try to better
quantify our expectation: to actually calculate it for
a simple physical model. The equations defining
our model are perturbation equations (Tans, 1979)
that describe isotopic exchange between four
reservoirs, the atmosphere, the biosphere, the ocean
mixed layer and the deep seas. The isotopic
exchange is coupled to the exchange of total carbon.
These equations are for total carbon:

d
= =kt kg, + >1: 740 + 150

% n, =kyn, — kln, — ksn,

and for the isotopic ratio:

N,

0

d
—‘ r,= _kleorb + k;Naora

mo' m

d
Ny, —; ro =k Npory — (k3 + k)N, 1, + kIN,

‘ea(k:Rnonl - k:RmoCnm) + %: 7!(’)[Ryi - Rl0]

+ yb(t)[Rbo - Rno]

d .
Nmo’d_trm = k;NIOrI_ (k: + ks)Nmorm

+ el(k;R Ionl = k:Rmocnm)

The symbols used are defined as follows:

a,b,m atmosphere, biosphere, mixed layer
(suffix) 0 initial value of variable suffixed
N,i=a,b,m amount of carbon in reservoir i

n; perturbation of the above amount
R; 13C/(12C + 13C) ratio in reservoir i

7 _ perturbation of the above ratio

ky, k, transfer from biosphere to atmo-
sphere and vice versa

ky k, transfer from atmosphere to mixed
layer and vice versa

kg transfer from mixed layer to deep

sca
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¢ buffer factor (taken as 10)

Kt BC transfer, corresponding to k,

a¥1+¢ k}/k,, kinetic isotope fractionation
factor

Vi industrial sources; i = coal, oil, gas,
cement

Vb net increase or decrease of total

global biomass

Admittedly this model is physically very simple.
Its use will primarily be to investigate the problems
that will have to be solved if we want to reconstruct
the atmospheric CO, history from a '’C/'2C time
series with any model. The choice of constants
closely resembles that of Keeling (1973a) and
Qeschger et al. (1975).

The isotopic exchange reactions are treated
without approximation in the limit of small pertur-
bations. This is necessary in the case of carbon 13
because fractionation effects are of the same
magnitude as the isotopic signal of the input, which
itself is the result of isotopic fractionation during
photosynthesis.

The flux from the atmosphere to the biosphere
and vice versa is taken as constant and inde-
pendent of the atmospheric CO, concentration and
as a consequence this exchange only shows up in
diluting the isotopic signal in the atmosphere. A
decrease or increase in the global biomass can be
treated as an extra input to the atmosphere just like
the fossil fuels, but with a positive or negative sign
respectively and with an isotopic ratio repre-
sentative of terrestrial plants.

Results are shown in Fig. 12. They are not very
sensitive to varying k, and k;. A problem in
calculating the expected §'*C decrease is that it can
be sensitive to our choice of ¢,, the Kkinetic
fractionation associated with air—sea transfer,
which is essentially unknown. This sensitivity
increases when the air and the sea are further
removed from equilibrium with each other as is the
case when the mixed layer exchanges rapidly with
the deeper waters (curves 3, 4 versus 1, 2 in Fig.
12). In our calculations we have varied ¢; an
arbitrary + 8% around the value — 14 %.. The latter
value is commonly found when absorbing CO, into
concentrated alkaline solutions. However, this .
value may not at all apply to the atmosphere—ocean
system where we have movement of dissolved
CO, instead of the CO}~ ions in the alkaline
case. Furthermore, a significant fraction of the gas
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1 L 1 L L 1 L L L i
1880 1900 1920 1940 1960 1980

YEAR
Fig. 12. Calculated effect of fossil fuel combustion on
0"°C changes of atmospheric .CO,. Values assigned to
variables as in Table 3 except when mentioned otherwise.
Curve l: ky=4yr'ande;=—6%;2:k,=fyr'and g,
=—22%;3:kg=4tyr'and g5=—6%; 4: ky =4 yr!
and &, = —22%.

exchange in the real world may take place through
air bubbles being swept into the sea surface at
higher windspeeds (Kanwisher, 1963), with little or
no isotopic fractionation.

More insight into the response characteristics of
this model of CO, and '*C/'?C exchange will be
gained by calculating the response to a spike input
(Fig. 13) of labeled CO,, starting at ¢t = 0.

The disturbance of total carbon equilibrates fast
with the disturbance of the mixed layer but is only
relatively slowly removed from the atmosphere
(Fig. 13, curves la, 3a) due to the buffer factor,
which prevents the ocean surface from taking up
much CO,. Kinetic isotope effects do not play a
role when the atmosphere is in equilibrium with the
sea surface as should be expected (Fig. 13, curves
1, 2) but they can be very important in the case of a
fast turnover of the mixed layer (Fig. 13, curves 3,
4). 1t is interesting to note that in the case of k;
(mixed layer to deep sea transfer) = 1/2 yr~! and ¢,
(kinetic air to sea fractionation) = —22%c the
original §'*C disturbance changes sign after about
10 years due to the fact that in this case the sea
surface takes up the 2C component of the added
carbon much faster than the '*C component.

On a 100-year time scale the total CO, content
of the atmosphere acts more or less like an
integrating filter for CO, inputs and losses while the
isotopic ratio signal is removed from the atmo-
sphere an order of magnitude more rapidly. In
principle both the total CO, content and the
3C/2C ratio of the atmosphere could be used to
reconstruct a history of biospheric gains and losses.
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Fig. 13. Calculated response to a spike input at ¢t = 0
with R, = 0.976. Solid lines: &}* broken lines: n,.
Values assigned to variables as in Table 3 except when
mentioned otherwise. Curve 1: k; = & yr~! and ¢, =
—6%:2: ky=vyyr'and g, = —22%; 3: ky=4yr'and
g, = —6%; 4 ky=4yr " and g; = —22%; 5: k, = g
yrl, kg = 4 yr~! and ¢, = —14%:; 6: k, = 4 yr! and
ks =4 yr~! and &, = —14%. Curve la: k; = § yr~'; 3a:
kg=4yr !

But the “C/')C ratio is more sensitive to fast
transients and can be used only for periods of
steady input to (or loss from) the atmosphere if
model variables like £, and k, have been established
to a fair accuracy on the basis of independent data.
Furthermore, the '*C/'2C ratio of the atmosphere
when the entire carbon exchange system is at
steady state (R,,) has to be very well known,
because a constant atmospheric '*C/*?C ratio does
not imply the absence of net biospheric gains or
losses. Depending on the real value of R,, the
atmospheric CO, content could in such a case be
either increasing or decreasing at an almost steady
rate.

4. The inverse problem

The actual reconstruction of the past atmo-
spheric CO, concentration from an atmospheric
BC/12C record on the assumption that the vari-
ations have been caused, apart from fossil fuel
combustion, by biospheric changes is an example
of an inverse problem: the output is known and the
input that caused it has to be determined. The
procedure consists of three steps: the inference of a
continuous record of past atmospheric *C/'2C
ratios from a source of data such as tree rings, the
choice of parameters of a global carbon exchange
model and the actual solution of the equations that
describe the inverse problem.
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Fig. 14. $C of tree rings normalized to an average yearly temperature of 9 °C, a total precipitation of 700 mm/yr
and a standard ring thickness. Symbols are the same as in Fig. 9. The *C values of each tree have been expressed as
deviations from their own individual average (left scaie). The heavy full curve is a smoothed cubic spline fit through
the data, where each tree has been given equal weight. It can be though to represent the atmosphere (right scale) when
the isotopic composition of atmospheric CO, is known in 1977 (Keeling et al., 1979).

4.1. Past atmospheric 3C/"*C variations

The tree rings that have been measured to date
still show much divergence and we do not yet have
enough criteria to make a judgment on their
validity and representativeness. For the purpose of
this article we will take the line drawn through the
date of our four trees (Fig. 14) as representing the
atmospheric '3C/'*C history. However, it should be
stressed that we do not claim that the real history
actually did follow our curve. We will try to
determine what conclusions can or cannot be
drawn from such an isotopic time record. The
curve of Fig. 14 has been obtained by fitting a
smoothed cubic spline through the data (Reinsch,
1967) while giving equal weight to all trees. The
0"3C decrease between 1956 and 1978 has been
determined to be —0.55 + 0.13 %, by actual direct
atmospheric measurements (Keeling et al., 1979).
The fitted curve was forced to reproduce this
decrease by assigning a low 6'C value with a high
weight to 1979.

4.2. Equations for the inverse problem

Again the model of Section 3 will be employed.
The choice of parameters is given in Table 3. They
have been chosen such that the time response of the
model will closely resemble the box diffusion model
of Oeschger et al. (1975) for a characteristic
frequency of 1/30 y~L.

In a linear box model the course in time of all the
boxes is uniquely determined from the initial

Table 3. Model parameters to reconstruct a history
of biota growth and shrinkage and atmospheric
CO, levels from *C/"*C data

Parameter Preferred value

Ny 615-6 gigaton C

Nio/Noo 1-2

Npo/Ny 25

kit T-7yr

k! 6-5yr

k! 60 yr

¢ 10

R,/R, 0-976 (coal)
0-974 (oil)
0-960 (gas)
1-000 (cement)

R, /R, 0-975

R, /R, 0-9935

R isotopic ratiq of PDB standard

from Keeling (1973b) and
Rotty (1973)

Fossil fuel input

conditions and the input function. Conversely if the
initial conditions of the system and the time
behaviour of one box is known, the input can be
derived in a unique way in case the input is known
to be confined to one box.

If the isotopic composition of the input is known,
then also the isotopic ratios in all boxes are
uniquely determined. Conversely if both the con-
centration and the isotopic ratio of one box are
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known, then the input and its isotopic composition
can be uniquely derived. But if only the time record
of the isotopic ratio of one box is known, the input
can still be reconstructed in a unique way by
making an assumption on the isotopic ratio of the
input. This is tantamount to reconstructing historic
CO, levels since they follow directly from the input
once that has been established.

The above remarks can be read from the
equations for the inverse problem that are given
below. They are identical to those of Section 3
except that R, is now to be regarded as the
independent variable whereas the source function
has become a dependent variable. For the isotopic
case with R,, the atmospheric isotopic ratio, as the
independent variable they are:

0 1 kKt

d
Ny—ry, |+ 0 k 0

dt
Nyo—r 0 0 kI+k
mo dt m 4 5
Source* k% + k3
X Nyt = k3 Nyora +
Neyo'm k%
d
Nuo _d_t Ta &
+ 0 + 0
0 &,

X (k3R oy — k3 RinoCMem)

where the isotopic input is defined as:

source” =3 y(D[R,i — Ryol + 7,()[ Ry — Ryl
i

The notation has been kept the same as in Section
3. As these equations are formulated directly in
terms of isotopic ratios R, they are particularly well
suited for the solution of this type of inverse
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problem where no concentrations but only ratios
are known initially. These equations can be Laplace
transformed and the 3 x 3 matrix inverted. After
back transformation to the time domain, we have
to obtain the solution in a reiterative manner
because of the terms with ¢, and ¢, which require a
knowledge of n, and n_,. The starting point is to set
n, and n_, equal to zero and obtain isotopic source
terms which lead to chemical source terms if we
assume values (R, — R,,) and (R; — R,,) for the
isotopic ratio of the source terms. The first
approximation to n, and n,, is then calculated from
the chemical source terms. Now the next approxi-
mation to the isotopic source is obtained from the
inverse equations with the first approximation to n,
and n,, inserted in them and so on. This procedure
has been tested to be rapidly converging.

4.3. Results and discussion

The input from the biosphere to the atmosphere
between 1855-1977 is obtained from our 6'3C
curve by subtracting the (known) amount of fossil
fuels from the total source function as calculated.
Under varying assumptions the most persistent
features (Fig. 15) are a net release of carbon from
the biosphere during the last part of the nineteenth
century and the first half of this century, changing
to a net uptake around 1950 which comes to a halt
in very recent years. This general behavior could
already have been more or less guessed from the
tree ring curve (Fig. 14) which is especially true for
the sharp rise and fall of §'*C between 1950 and
1980.

But how sensitive are the results to the
assumptions that we have to make? Our equations
have been formulated in terms of perturbations
from steady-state values and if we consider
perturbations for the atmosphere we have to also
consider them for the other reservoirs in contact
with the atmosphere: the biosphere and the ocean
mixed layer. We have to prescribe initial values (for
1855, when the calculation starts) to the 6'3C
perturbation from steady state of the biosphere and
the mixed layer. These initial values result from
previous interactions that we do not know. In this
respect we could think of changes in the storage of
carbon by plants and their fractionation due to
historic climatic variations such as the little ice age.

In this connection an inconsistency can be noted
in our equations because the isotopic labeling of the
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Fig. 15a. Release of carbon (in gigaton/yr, left scale)
from the biota to the atmosphere and atmospheric CO,
levels (in p.p.m.v., right scale) as calculated from §'*C of
tree ring curve (Fig. 14). Sensitivity to assumptions on
initial (1855) values of r, and r,,. Curve 1: ry, = +0.5%,

Por = 0% 201y, = 0%, 70y, = 0%c; 30 1y, = —0.5%0, 1y
= 0%. Broken line: r,, = +0.5%, r, = -0.5%. All
curves n,, = 0, n,, =0, &; = —14 % and preferred values

of Table 3. (Subscript I for initial value.)
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Fig. 15b. Sensitivity to assumptions on initial (1855)
values of N,. Curve I: n,, = 10* GT; 2: n,, =0 GT; 3:
ny = —10° GT. All curves r,, = r,, = 0, &, = —14%
and preferred values of Table 3.

source has always been assumed to be constant.
However, a change of this labeling by 0.5 % is not
of much consequence since our calculation of the
source would be affected to only 3% (~0.5%/
18 %c). On the other hand, the atmospheric *C/'*C
ratio will be appreciably affected by its exchange
with the biota. If we assume the biota to have a
below steady state !>C/'2C value, this exchange will
also tend to lower the atmospheric ratio. Our
calculated source has to counter this tendency since
the atmospheric *C/'2C has already been fixed by
the observations. As the source term is only the
small difference between two large fluxes of carbon
entering and leaving the biota, it can be affected to
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Fig. I5c. Sensitivity to assumptions on the location of
floating tree-ring curve with respect to zero perturbation
level (steady state) of atmosphere. Curve 1: tree-ring
average (TRA) equals r, = 0; 2: TRA —0.2% equals r,
= 0; 3: TRA + 0.2% equals r, = 0. Sensitivity to
assumptions on kinetic fractionation during air to sea
transfer. Curve a: 6, = —6%; & = —22%. All curves:
initial values set to O and preferred values of Table 3.

a fair amount by our assumption on the initial
value of ry (r,,). In Fig. 15a we assumed r, to vary
+0.5% and the resulting differences in the com-
puted source functions are shown, together with the
historic CO, levels that go with them. The
calculated input difference levels off with an e-fold
time approximately equal to the average assumed
age (60 yr) of the biota. As the §'>C perturbations
of the mixed layer are short lived, the mixed layer
initial condition does not have much influence on
the results (Fig. 15a, broken line).

Very different curves of the historic CO, level
(Fig. 15b) are found to be consistent with our §'3C
curve depending on the assumed initial pertur-
bation of the atmosphere, +45 p.p.m. CO,. A zero
perturbation has always been assumed to corres-
pond to a level of 290 p.p.m. The effect of a
different initial (and unknown!) CO, level on the
inferred CO, level of later years dies out only very
slowly with a decay time approximately equal to
the decay time of a total CO, perturbation of the
atmosphere (Fig. 13).

A crucial assumption in interpreting tree ring
d"3C records is how they relate to the deviation of
O"C of the atmosphere from its steady-state value.
Each tree ring curve is displaced by a certain
amount from the atmospheric curve it is intended
to represent. The displacement can be different for
each tree and we hope that it is at least (on the
average) constant in time. Any curve from tree
rings that extends into the second part of the
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twentieth century can be fixed to directly measured
atmospheric ’C/!2C ratios. In our case the average
of the trees would then be located at 1 = —6.65 %o
However, it would be purely accidenta! if this
number were the actual atmospheric steady-state
value. Therefore, whether we assign absolute or
relative numbers to a tree ring derived curve does
not help us in establishing how far from steady
state each curve actually is because we do not
know where the atmosphere is at present with
respect to steady state.

In Fig. 15c we show the result of shifting the
assumed atmospheric steady state + 0.2 % from the
average of the trees. The computed input from the
biota to the atmosphere between 1840 and 1940
totals 55 + 45 gigatons of carbon for these cases.
The reason being that a constant nonsteady state
0'3C value can be maintained only by a continuous
source or drain of labeled CO, and results therefore
in considerable differences in CO, level.

The effect of varying the kinetic air to sea
isotopic fractionation factor, represented by ¢,, has
also been shown in Fig. 15¢ (broken lines). The
effect is larger the further the system is removed
from steady state (mostly during fast transients).

Up to this point no use has been made of direct
atmospheric CO, measurements during the latter
part of the nineteenth century (Callendar, 1958)
and at Mauna Loa Observatory (Keeling et al.,
1976). If we could be confident that our §13C curve
tracked the atmosphere accurately, these direct
CO, data would constitute a powerful tool to
determine steady-state values of both the atmo-
spheric CO, concentration and its '’C/"*C ratio.
The average CO, slope between 1890 and 1970
would give us the steady-state '*C/'2C ratio (Fig.
15¢) and taking other values for the steady-state
CO, concentration would shift the entire CO, curve
parallel up and down until it fits with the Mauna
Loa observations. It is to be remembered at this
point that our calculations deal only with pertur-
bations.

The behavior of our §'3C curve can in no way be
made to fit the observed CO, record at Mauna Loa.
This inconsistency is caused by the enormous jump
in 6'3C values during the late fifties of one tree, Q.
rubra. However, deleting this tree from the record
would not be a very scientific procedure since we
would then be selecting results instead of samples.
Once we have decided that certain samples are the
proper ones to analyze, we are allowed to delete
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them afterwards only in case we can prove that the
results are invalid either on the basis of experi-
mental mistakes or because an as yet unknown
mechanism is discovered which renders them
invalid.

5. Conclusions

The assessment of small changes with time in a
diverse and not well-defined reservoir of carbon as
the earth biosphere, including soil organics, is an
immensely complex task. Yet its importance for the
global carbon cycle in general and future atmo-
spheric CO, burdens in particular is obvious. It
therefore seems to be a fortuitous circumstance
that nature provides for a well-defined and very
well-mixed reservoir, the atmosphere, in which she
performs the integration for us.

However, the sampling instruments that we have
at our disposal for historic *C/'2C ratios and CO,
levels, trees, are complicated organisms that are not
dedicated to this task. It may still take a large effort
before we understand how trees as atmospheric
samplers change their calibration. More
specifically, they apparently can produce values
that differ up to 5 per mil in 4'*C in neigh-
boring spots in the same ring. The fractionation
averaged over an entire ring can display sudden
year-to-year jumps exceeding 1 per mil in §“C
that do not seem to be related to ring thickness,
climatic variables or growth phenomena like the
heartwood—sapwood transition. Similar but smaller
and more gradual changes in fractionation will in
almost all cases go unnoticed and be mistaken for
an atmospheric '>C/"2C trend. Therefore, at the
present state of knowledge about isotopic fraction-
ation in tree rings the only way to guard against
such apparent changes in fractionation seems to be
to average a very large number of trees. When we
know more about the causes of these variations in
fractionation it might be possible to select species
and sites where the fractionation is much less
variable.

When it comes to interpreting the record that has
been obtained in terms of historic CO, levels, our
calculations show that the average of the trees
should be obtained to great precision, in the vicinity
of 0.1% in §C. Part of this precision could be
obtained by reducing the variance displayed by
individual trees by an optimal use of correlations
that in many cases will exist with climatic (and
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other) variables. Related to the requirement of
precision is that the record should be as homo-
geneous as possible. In other words, great attention
has to be given that no shifts of the “calibration”
enter the record when trees are combined that span
different time periods.

It is very important that a very long record be
obtained so as to reduce the influence of our
uncertainty about the initial conditions. Typically
the record would have to start 100 years before the
period we are interested in.
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YPOBHHM CO, B INPOIIJIOM U OTHOHMEHHUE '3C/'’C B KOJIbIIAX JEPEBBEB

Hailineno, 4To pasnuuyde B OTHowreHusax '3C/12C
OYEHb BEJIMKM MeXiy KONbUAMH Ui YeThipeX
FO/UTAHACKHX IepeBbeB. B  HEKOTOpBIX Chydasx
npesbitana 4%, naa 5'3C. Jaxe OTHOWCHHA
13C/12C, ocpeaHeHHblE NO BCEM KOJbLAM, BCE elle
NpOABIIANK pe3KAE CKAYKM CBBILIE 1%, B cOnEepXaHHH
S3C ot roma x romy. HailimeHsl 3HaYMTENbHbIE
XOppensaLuy BesHuHabl 6'3C B xoabLax ¢ TOOMYHO
OCPCIHEHHBIMH TeMIIEPATYPO’ M ocankami. Peakuus
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armocdepsr Ha BBOA CO,, noMeveHHbI '3C, BHIMH-
cnanach LA MOZeNH BO3Myluewdmit u3 34 Gokcos,
cocToAllei U3 armochepsl, Guochepsr, nepeMellaH-
HOTO CNIOSl OKeaHa H OTBOAA BO3MYILIECHUA B rilyGokne
CNOH OKeaHa. BpemenHoit pan koHueHTpaumit 13C,
OCpefHEeHHbI MO 4 IdepebiM, HHTEPNPETHPYETCR C
NMOMOILBIO HAIBAHHON MOIENH B TEPMHHAX POCTa M
yMeHblueHHA GRocheps! B NPOLUIOM.



