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feature of this system is entirely consistent with purification
below the eutectic; homogeneous nucleation of p-CNB in the
drops will be inhibited by their decreasing size, and continued
transfer of m-CNB from drops to crystals will take the liquid
phase through the eutectic into the p-CNB side of the phase
diagram.

To test this mechanism, emulsions having a m/p composition
90: 10 were crystallized at temperatures of 30, 28, 24 and 22 °C
and the emulsion droplet composition measured as a function
of time (Fig. 3). At 24 and 22 °C the liquid phase does not
have the eutectic composition (62.9%), but rather a composition
richer in p-CNB, with respective crystal purities (Table 1) of
98.2 and 93.6% m-CNB.

Finally we took an emulsion of composition 60.9% m-CNB
and crystallized it (with m-CNB seeds) at 15 °C, where we would
expect a mixture of pure p-CNB and eutectic to crystallize. Con-
trary to this expectation, we obtained a final crystal purity of
65.5% m-CNB and a final liquid phase composition of 55.3% m-
CNB. Thus enrichment of m-CNB was achieved on the p-CNB

side of the eutectic, confirming that bypassing the eutectic is a
real possibility in this emulsion system.

It is our belief that including a specific crystallization inhibitor
for the unwanted component of the mixture (p-CNB here)
would offer further enhancement of the separation by stabil-
izing the emulsion against crystallization at still lower tempera-
tures. O
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OBSERVATIONS of atmospheric CO, concentrations at Mauna Loa,
Hawaii, and at the South Pole over the past four decades show
an approximate proportionality between the rising atmospheric
concentrations and industrial CO, emissions'. This proportional-
ity, which is most apparent during the first 20 years of the records,
was disturbed in the 1980s by a disproportionately high rate of
rise of atmospheric CO,, followed after 1988 by a pronounced
slowing down of the growth rate. To probe the causes of these
changes, we examine here the changes expected from the variations
in the rates of industrial CO, emissions over this time”, and also
from influences of climate such as El Nifio events. We use the
BC/'*C ratio of atmospheric CO, to distinguish the effects of
interannual variations in biospheric and oceanic sources and sinks
of carbon. We propose that the recent disproportionate rise and
fall in CO, growth rate were caused mainly by interannual varia-
tions in global air temperature (which altered both the terrestrial
biospheric and the oceanic carbon sinks), and possibly also by
precipitation. We suggest that the anomalous climate-induced rise
in CO, was partially masked by a slowing down in the growth rate
of fossil-fuel combustion, and that the latter then exaggerated the
subsequent climate-induced fall.

An unexpected slowing in the rate of rise of atmospheric CO,
appeared recently in measurements of CO, made at Mauna Loa
Observatory, Hawaii and the South Pole (Fig. 1a). To study this
and other interannual changes, both short-term and decadal, we
have seasonally adjusted both records and then averaged them
(Fig. 1b). The solid curve in the same panel depicts cumulative
industrial emissions of CO, (mainly from the combustion of
fossil fuels®) and shows the near proportionality of these emis-
sions with the observed atmospheric CO, concentration increase.
The fraction of cumulative emissions has been set to agree with
the observed increase in atmospheric CO, between 1959 and
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1979, a 20-year baseline period when industrial emissions grew
at a nearly constant rate of 4.0% per year, leading to the expecta-
tion that a nearly constant fraction of these emissions should
remain airborne (sce p. 89 of ref. 3). By subtracting this curve
of industrial emissions from the CO, record in Fig. 15, dispro-
portionate variations become clearly discernable (Fig. 1¢).

To investigate the causes of these disproportionate variations,
we first consider the expected influence of changes in the growth
rate of industrial CO, emissions. To compute this influence, we
have used a carbon-cycle model' which predicts the expected
direct responses of the global terrestrial-biospheric and oceanic
carbon reservoirs to industrial CQO, emissions. The model
accounts for changes in reservoir response directly related to
the build-up of atmospheric CO,, but not for the influence of
environmental factors related to climatic variability.

With the model adjusted so that the observed fraction of
industrial emissions over the 20-year baseline period remains
airborne (55.9%), and provided that observed short-term fluc-
tuations are disregarded, the predicted anomaly (Fig. 1¢, dashed
curve) fulfils the expectation of a constant airborne-fraction
during the baseline period by having remained near zero, as
did the observed anomaly. After 1980, however, the predicted
anomaly fell steadily in response to an abrupt decrease in the
growth rate of industrial emissions to an average of 1.7%
(discernible in Fig. 15 as a decrease in upward curvature of
the industrial trend after 1979). Changes after 1980 in the
reported annual growth rate of industrial emissions” (data
available to the end of 1991; 1% growth rate assumed for
1992 and 1993) are seen in Fig. lc¢ to have had little effect
on the steadiness of the predicted downward trend. At the
same time, the observed anomaly tends to rise, and, in spite
of a steep decline after 1991, has remained above the model-
predicted anomaly ever since.

The marked discrepancy between the predicted and observed
anomalies on the decadal timescale after 1980, and differences
throughout the record on shorter timescales, may be related to
climate forcing involving air temperature', because anomalous
variations in CO, and in temperature have tended to occur
coherently, as suggested by comparing Fig. 2¢ with Fig. 25.
Many of these coherent anomalies are associated with El Nifio
events (arrows in Fig. 2a), but they also occur on the decadal
timescale (solid curves) as previously noted by Keeling et al.
(see p. 211 of ref. 1), and confirmed by a rigorous analysis of
coherence®. On the decadal timescale a negative correlation of
CO, with globally averaged precipitation over land is also sug-
gested (Fig. 2¢, note inverted plot).
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Fluctuations in CO, associated with El Nifio events have
lagged those in temperature, as expected (see p. 211 of ref. 1) if
the rate of change in CO, concentration were directly influenced
by the temperature. In contrast, the decadal variations in tem-
perature, and possibly in precipitation, almost directly correlate
with the CO, concentration itself. If these decadal correlations
are significant, it seems evident that the onset of a climate
change, such as a warming trend, has a measurable influence on
the atmospheric CO, concentration, but that if the climate
change is sustained, its further influence gradually weakens. Pos-
sible reasons for this weakening influence may involve time
delays between coupled processes of uptake and release of car-
bon, for example between perturbations in photosynthesis and
respiration of plant communities.

a 35

To add further to our understanding of the possible causes of
these anomalous changes in CO,, we have compared variations
in the concentration of atmospheric CO, with variations in the
'3C/12C isotopic ratio of this gas in air collected at both Mauna
Loa Observatory and the South Pole (Fig. 3@ and b). By taking
into account isotopic fractionation of carbon in the major
pathways of the global carbon cycle, we have attempted to dis-
tinguish the contributions to the atmospheric CO, anomaly
caused separately by gas exchanges with the terrestrial biosphere
and with the oceans'”. This calculation, which has been called
a “double deconvolution'”, is not without uncertainty, because
the isotopic fractionation factors and ratios involved in the
pathways and reservoirs of the carbon cycle are not accurately
known, and the signal associated with El Nifio events is relatively
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FIG 1 Time trend in the concentration of atmospheric CO,, ‘g 35 |
in parts per million by volume (p.p.m.), compared to emis- e E
sions of CO, from fossil-fuel combustion. a, The concentra- g ¥op
tions of CO, at Mauna Loa Observatory, Hawaii (20° N, S sk
156° W) and at the South Pole through November 1994. O
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monthly data points are shown as dots, and connected 310
approximately by a smooth curve (see p. 167 of ref. 1). b,
The average of the above records (dots connected by a
smooth curve as in a for the South Pole) after seasonal
adjustment of monthly averages at both stations, compared
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to a curve (solid line, labelled ‘industrial trend’) of a fixed
fraction (55.9%) of the cumulative industrial emissions of
CO, from fossil fuel combustion and cement production®.
This fraction was chosen to bring exact agreement between
the observations and cumulative industrial emissions
between 1 January 1959 and 1 January 1979, and is
almost the same fraction as realized over the entire record.
¢, Observed CO, anomaly obtained by subtracting the
industrial emissions curve in b from the monthly CO, data.
The solid curve is a spline fit™*” to the monthly data with
a standard error, o, of 0.096 p.p.m., selected to emphasize
the fluctuating character of the record on the timescale
of El Nino events (large-scale, coherent climate anomalies
associated with a collapse of the trade winds over the Pac-
ific ocean'®'®). The dashed curve depicts a predicted CO,
anomaly, in which it is assumed that variability in atmos- 315
pheric CO, is caused solely by industrial CO, emissions
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modified by the direct responses of the global terrestrial
biospheric and the oceanic carbon reservoirs to these
emissions, neglecting any effect of climate factors. The pre-
diction is based on a carbon-cycle model®, in which the
oceanic carbon reservoir is assumed to transport carbon 2.5
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by vertical diffusion at a rate that reproduces the observed
uptake of radiocarbon, and the terrestrial biosphere is
assumed to respond to higher CO, concentrations by more
rapid plant growth. A global growth factor was set to 0.114
so that a constant fraction (55.9%) of industrial CO, emis-
sions is predicted to remain in the atmosphere between
1959 and 1979.
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weak. Nevertheless, the results of double deconvolution suggest
an explanation for the observed anomalies in CO, concentration
which we believe to be qualitatively correct.

As shown in Fig. 3¢ and d, the inferred separate biospheric
and oceanic fluxes contributing to the CO, anomaly, since 1978
when our isotopic record began, have tended to oppose each
other, with increases in biospheric sources and anomalous oce-
anic sinks occurring at times of rising CO, anomaly (Fig. 2a)
and the reverse occurring at times of falling CO, anomaly'. The
period of sharply falling anomaly after mid-year 1991 is an
exception, in which for slightly over a year, sinks are indicated
for both fluxes®, perhaps a rare event in light of our analysis of
El Nifio events.

Disregarding short-term interannual fluctuations, the anomal-
ous oceanic flux, in the 12.5 years of isotopic record before June
1991, was a source of 3.0 Gt C, consistent with significant warm-
ing of surface water which occurred during this period (see p.
204 of ref. 1). The overall negative biospheric flux of 1.2 Gt C,
for the same period only partially offsets this oceanic source. In
contrast, for approximately the next two years (June 1991 to
September 1993) the anomalous oceanic flux was negligible while
the biospheric flux represented a strong sink of 3.0 Gt C.

Taking note of the short-term fluctuations in global CO, ano-
maly plotted in Fig. 2a, one sees successively higher minima in
1979, 1982, 1986 and 1990 in advance of El Nifio events. After
the minimum in 1990, the rise was brief, however, being cut
short in mid-year 1991 by a steep decline. Is the Pinatubo vol-
canic eruption’ of June 1991 implicated in this dramatic down-

ward anomaly? A search for a connection between this event
and the carbon cycle is complicated by weak El Nifio conditions
which were present during both 1992 and 1993 in the tropical
Pacific®. Our double-deconvolution calculation suggests that the
oceans typically are a larger sink for atmospheric CO, during
El Nifio events than otherwise'®, whereas the terrestrial bio-
sphere is the reverse. The inferred anomalous oceanic sink of
0.6 Gt C immediately after the Pinatubo eruption (Fig. 3d),
although weak and soon cancelled by a weak source in 1993, is
consistent with this explanation. The biosphere, however, unlike
other recent El Nifio events, was also a sink as noted above.

Cooling produced by volcanic aerosols from the eruption
might explain this unusual biospheric sink, especially if the sink
preceding it in 1989 and 1990 was mainly a recovery from a
biospheric source during the El Nifio event that began in 1987.
The magnitude of the post-1991 cooling trend, shown in Fig.
2b, although less precipitous than the fall in the CO, anomaly,
was greatest during the northern summer months (see short-
dashed portion of curve in Fig. 2b). This cooling, if it was accom-
panied by increased precipitation at appropriate locations in the
Northern Hemisphere, may have appreciably enhanced plant
growth (see p. 167 of ref. 10) or reduced the release of CO, by
soil respiration and wildfires.

Perhaps, however, the Pinatubo eruption was only incidental
to a declining CO, anomaly. The unusually warm temperatures
preceding the eruption may have caused an increase in photo-
synthesis and hence in net biospheric uptake of CO, over the
whole period of falling CO, anomaly after 1988. A substantial
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FIG 2 Comparison of the interannual variability of anomalies
in atmospheric CO,, surface air temperature and atmospheric
precipitation. a, Monthly CO, anomalies as shown previously
in Fig. 1c except that the previously solid curve is now shown
as a dashed curve, and the data extend only through May
1994. The new solid curve represents a spline fit (o=
0.129 p.p.m.) to emphasize decadal timescale variability. Vert-
ical arrows indicate times of El Nifio events®2°. A vertical line,
also shown in b, indicates the time of the main eruption of Mt
Pinatubo’. b, A similar plot of global land and oceanic near-
surface air temperature variability (o is 0.121 and 0.230 °C for
dashed and solid curves, respectively). The monthly data, to
and including 1993, are from refs 21-24 and P. D. Jones, -3
personal communication). ¢, Plot of percentage deviations from -4
the mean in global precipitation over land to 1989, reproduced -5
from Fig. 17 of Eischeid et al.%® inverted to emphasize a nega-
tive correlation of precipitation with CO, on the decadal time-
scale. The dashed line connects annual averages shown as
dots. The solid line, from the original figure, is a smoothed
representation to indicate long-timescale variations.
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atmospheric CO, from 1977 through early 1994, shown = r
together with time plots of interannual exchanges of atmos- % Ter i
pheric CO, by the oceans and terrestrial biosphere. The < 2.7 |
exchanges are inferred from these isotopic data in combina- ©
tion with the atmospheric CO, data shown in Fig. 1a. a, The s 7
reduced isotopic ratio, §**C at Mauna Loa Observatory and sk ]
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solid curve, which follows the interannual trend as closely as -7.9 1~ B
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curve, in which shorter-term interannual variations are sup-

pressed by decreasing the squared second derivative of the g ST+ i
fitting function?®. Inset, similar trends at Baring Head, New o L.l
Zealand (41° S, 175° E) from data measured in our laboratory %, ~°|[ 7

(dashed line) and at Cape Grim, Tasmania (41° S, 145° E) as -7.5
reported by Francey et al.*® (solid line). These trends show a r
lesser-amplitude EI Nifio signal, as discussed in the text. The I
o values of these curves (0.042 and 0.029 %, respectively) 7.3k
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same. ¢, Time trend in the exchange of CO, by the terrestrial
biosphere with the atmosphere, determined by a double
deconvolution and shown as a solid curve, in Gt C yr~* (where c
Gt C denotes 10 kg of carbon). The calculation of CO, solu- T T T T T T T T T T T T I
bility in sea water assumes constant temperature (also in Fig. r Terrestrial biospheric exchange T
3d). The exchanges are not adjusted to sum to zero over the s 51 -
full record (as in ref. 1, Figs 55 and 56) and thus their aver- =
ages over the full record reflect the oceanic vertical diffusion 4
rate assumed in the double deconvolution®. Vertical lines
separate periods of persistent positive and negative fluxes
whose intergrated fluxes are shown numerically in GtC,
directly above or below the curve. They are defined by the
zero crossings in d. Flux rates are shown at the bottom of
the panel in Gt Cyr * with estimates of their statistical error
expressed as 2o (95% confidence level). d, Residual (anom-
alous) exchange of CO, by the oceans, determined by the
double deconvolution after allowing for oceanic absorption -4
of CO, predicted in response to industriat CO, emissions and .
the isotopic disequilibrium attending that response. The -8B Fluxrates B

. . . . N - per year: 1.3 -22 2.6 -2.1 2.0 -
periods of integration, shown by vertical lines, define alterna- F +20 érror 1.4 £11  +08 £0.6 £0.4 £0.3 £
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warm and cold phases of El Nifio events. The statistical error 1876 1s80 1982 1984 1986 1988 1990 1992 1994
analysis was performed by carrying out a second double Year
deconvolution, assuming the stiffer dashed curve of Fig. 3b
in place of the solid curve. The difference in Gt C over each d
interval of integration, found by comparing the two double 8 U A L [ R T
deconvolutions, was taken as the basis for scaling the statist- Anomalous oceanic exchange 7
ical error in flux to the error in the trend in §*°C, the latter 6 8
being approximated by a straight-line fit to the data of the r 4 -
interval. Because the flux is proportional to the slope, the
error in flux is proportional to the error in the slope. Computed
errors in 8"3C contribute equally and oppositely to the
biospheric and oceanic fluxes, because these sum to the
flux obtained by the better-constrained single deconvolution
calculation (see p. 202, equation 6.6 of ref. 1) based only on
concentration data which we assume to contribute no error.
This statistical analysis does not address unidentified sys-
tematic biases in the data.
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increase in the amplitude of the seasonal oscillation of atmos-
pheric CO, from 1989 through 1993 (we calculate an 8% increase
at Mauna Loa, Hawaii, compare Fig. la) suggests this possibil-
ity. Or perhaps cooling related to the Pinatubo eruption and
antecedent warming both contributed to a biospheric sink after
1989.

Changes in human land use, especially deforestation, have
added further emissions of CO, to the air in recent years, and
may partially account for the rising CO, anomaly after 1979.
This is difficult to prove, however, because little information
exists to establish annual rates of CO, emissions from land-use
change''. Even the global average emission rate since 1979 is
poorly known, as indicated by a wide range of estimates'” (0.4—
2.6 Gt Cyr™"). It is not likely, however, that a substantial part
of the shift from an upward to a downward-tending anomaly
after 1988 was due to land-use changes. The decrease in CO,
emission rate required to explain the shift is too large, being
approximately 1.4 Gt C yr ' after taking into account that oce-
anic CO, exchange must partially offset biospheric exchange, as
it does with respect to industrial emissions. Some decrease in
deforestation may have occurred about this time'>'*, but almost
surely not a decrease approaching 1.4 GtCyr™', a change
greater than half of the upper limit of the global emission rate
from land-use change, quoted above. Therefore, the shift is more
likely to reflect mainly natural causes, most evident in the
correlation of CO, anomalies with temperature, seen in Fig. 2a
and b.

In summary, the slowing down of the rate of rise of atmos-
pheric CO, from 1989 to 1993, seen in our data and confirmed
by other measurements®'”, is partially explained (about 30%
according to Fig. 1¢) by the reduction in growth rate of industrial
CO, emissions that occurred after 1979. We further propose that
warming of surface water in advance of this slowdown caused
an anomalous rise in atmospheric CO,, accentuating the subse-
quent slowdown, while the terrestrial biosphere, perhaps by
sequestering carbon in a delayed response to the same warming,
caused most of the slowdown itself.

In contradiction to some of our findings, Francey et al.'® have
recently suggested that isotopic data for atmospheric CO, from
Cape Grim, Tasmania (41° S) and elsewhere do not show an E]
Nifio signal. For the 1983 El Nifio event their data in this respect
clearly disagree with our data at Mauna Loa and the South
Pole', but the comparison is not rigorous because we lack data
for the vicinity of Cape Grim. For the 1987 event, however, we
have data for Baring Head, New Zealand, a station at nearly
the same latitude as Cape Grim, and they have data for the
South Pole'’. Our New Zealand data show an El Nifio signal
that is a little more than half as strong as we find for the South
Pole and Mauna Loa averaged. This weaker signal agrees well
with a signal which we find in their Cape Grim data after sea-
sonal adjustment (Fig. 3b inset), a signal which, however, was
reduced in their analysis by smoothing (their Fig. la).

Furthermore, their data for the South Pole show a signal
similar to ours for the 1987 event, although they did not include
these data in the computation of sources and sinks of CO,. On
the basis of the near agreement of our and their data sets at
both latitudes, it seems plausible that El Nifo isotopic signals
are generally weaker in the middle of the Southern Hemisphere
than elsewhere, perhaps a consequence of isotopic air-sea
exchange. (We find no corresponding diminution in the concen-
tration signal in the middle of the Southern Hemisphere.) Thus,
Francey et al. may have reached a conclusion contrary to ours
by focusing on their isotopic data for a single station (Cape
Grim) where the El Nifio signal may be weaker. Thus, we believe
that our isotopic data are correct in inferring opposing global
oceanic and terrestrial El Nifio CO, signals, although these may
have been exaggerated by our not taking into account isotopic
data in the middle of the Southern Hemisphere.

We point out, in closing, that the unprecedented steep decline
in the atmospheric CO, anomaly ended late in 1993 (see Fig.
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1¢). Neither the onset nor the termination was predictable.
Environmental factors appear to have imposed larger changes
on the rate of rise of atmospheric CO, than did changes in
fossil fuel combustion rates, suggesting uncertainty in projecting
future increases in atmospheric CO; solely on the basis of antici-
pated rates of industrial activity. O
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