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CONCLUDING SESSION- Chairman, Prof. B. Bolin
Consists of a round table discussion

- IX INTRODUCTION
Following the establishment of the World Climate Programme by Eighth
Meteorological Congress, the WMO Project on Research and Monitoring of Atmospheric
Carbon Dioxide was incorporated into the World Climate Research Programme. The
Executive Committee at its thirty-first session (June 1979) recognized the potential
threat to future climate posed by increasing amounts of atmospheric C02 and agreed
with the Commission for Atmospheric Sciences proposal that a conference be held on the
subject in 1981. Subsequently, a joint WMO/UNEP/ICSU Meeting of Experts on the
Assessment of tfiE!Role of\:02 on Cllmafif··variaHons ana-fneu Impact-fV~llcrch,
Austria, November 1980) agreed that a WMO/UNEP/ICSU Scientific Conference on
Analysis and Interpretation of Atmospheric C02 Data should be convened. The IAMAP
considered this Conference would be of direct interest to a few of its commissions
and has kindly offered to collaborate in the arrangements.
The purpose of the Conference served as an open-forum at which scientists
closely involved with the analysis of C02 measurements presented reports on their
recent research and, at a round-table discussion, expressed their views on future
developments. The Conference focussed on time/space scale factors that affect
atmospheric C02. The Conference programme consisted of a number of sessions to
discuss the following topics based on both invited papers by leading researchers
and contributed papers from other participants. These were:
-

Introduction to the Interpretation of Atmospheric C02 Data
Northern Polar and Middle Latitude Atmospheric C02 Data Analysis
Tropical and Southern Hemisphere Atmospheric C02 Data Analysis
Atmospheric Transport and Sources and Sinks of C02
Isotopic and Long-term History of C02 System
Use of Models in the Interpretation of Atmospheric C02 Data

The International Programme Committee established for the Conference consisted
of Prof. H. Oeschger (Chairman), Dr. K. Hanson and Dr. C.D. Keeling and we must
convey our thanks to them for so ably arranging the scientific programme.
Additionally, all of us must express our sincere appreciation to our hosts, the
University of Bern, for its kind and generous hospitality and for their many other
contributions to the overall success of the Conference. Special thanks are
extended to the Local Organizing Committee under the leadership of Prof. H. Oeschger.
It should be noted that not all authors have found it possible to submit their
papers for publication in this volume. However, with the Conference being the first
international forum dealing solely with analysis and interpretation of atmospheric
co2 data, it was considered that the publication would still be very useful. Finally,
on behalf of WMO,UNEP and ICSU I would like to express my appreciatibn to all participants for their positive contributions.

4~?m

Prof. B.R. Doos
(Director, Joint Planning Staff)

--,

- xr. WMO/UNEP/ICSU SCIENTIFIC CONFERENCE ON ANALYSIS AND
INTERPRETATION OF ATMOSPHERIC C02 DATA (Bern, 14-18 September 1981)
Programme Summar.y (Tentative)*
Monday, 14 September 1981
09:00-10:00

Opening of the Conference

~~~~~~~~~~----=~Address~by-Dr~B~R~Dou~s,---WM0/l:JNEP{I€-Sl::J-Representat-ive·~~~~-~

Introductory remarks by Prof. H. Oeschger and Dr. C,D. Keeling of
the International Programme Committee
10:00-12:30

Session I

Introduction to the Interpretation of Atmospheric C02
Data
Chairman: Prof. H. Oeschger

14:00-17:30

Session II

Northern Polar and Middle Latitude Atmospheric C02 Data
Analysis
Chairman: Dr. G.I. Pearman

Tuesday, 15 September 1981
09:00-12:30

Session II

continued
Chairman: Prof. M. Stuiver

14:00-17:30

Session III

Tropical and Southern Hemisphere Atmospheric C02 Data
Analysis
Chairman:1Dr. L. Machta

Wednesday, 16 September 1981
09:00-12:30

Session IV

Atmospheric Transport and Sources and Sinks of C02
Chairman: Dr. C.D. Keeling

14:00-17:30

Session IV

continued
Chairman: Dr. W.W. Kellogg

Thursday, 17 September 1981
09:00-12:30

Session V

Isotopic and Long-term History of C02 System
Chairman: Prof. K. MUnnich

14:00-17:30

Session VI

Use of Models in the Interpretation of Atmospheric C02
Data
Chairman: Prof. G. Lambert

* Social activities provisionally planned may cause the programme to be adjusted

XII
Friday, 18 September 1981
09:00-17:00

Concluding Session
Chairman: Prof. B. Bolin
A round table discussion to sum up the main results of the
Conference will be held. The Session Chairmen are expected to make
introductory statements followed by an open discussion.

17:00

Closing of the Conference
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INTRODUCTION TO THE INTERPRETATION
OF

ATMOSPHERIC C0 2 DATA
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REJORT OF MEETING OF EXPERTS ON INSTRUMENTS, STANDARDS
AND
MEASURING PROCEDURES FOR C0 (Geneva,B-11 September,l981)
2
by
------------------------------------~6.-MaGn~a·----------------------------------

NOAA,Washington D.C. USA

The discussions and subsequent recommendations of the meeting will be presented
verbally to the participants.
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(Reference I - 2)

MODELS FOR OCEAN UPTAKE OF FOSSIL FUEL C02
W.S. Broecker and Tsung Hung Peng
Institut der Umweltphysik im Neuenheimer Feld 366
Heidelberg, Federal Republic of Germany

Abstract
The thrust of this paper will be to show what range of values for the airsea distribution coefficient are possible using a variety of ocean models. Also,
it will be shown that the mean age of fossil fuel C02 molecules and total amount
of C02 generated provide a useful characterization of any fossil fuel use scenario
and permit a_rapid estimate of the atmospheric fraction to be made from nomographs.
Finally, we will show that the important characteristic of the ocean to be
determined is the relationship between effective equilibration volume and
penetration time.

----·----~-
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MODELLING THE TERRESTRIAL COMPONENT OF THE GLOBAL CARBON CYCLE
by
B. Moore
University of New Hampshire, Durham, USA

No abstract or manuscript available at time of publication.
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SESSION II
NORTHERN POLAR AND MIDDLE LATITUDE
ATMOSPHERIC co DATA ANALYSIS
2

------~

------

-~---
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PRELIMINARY RESULTS AND INTERPRETATION OF THE NOAA C0 FLASK PROGRAMME
2
by
W.D. Komhyr
NOAA, Boulder, USA
and
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - b . Maeh~a--------------------------------

NOAA, Washington,D.C., USA

No abstract or manuscript available at time of publication.
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0N THE VARIABILITY OF ATMOSPHERIC CARBON DIOXIDE
CONCENTRATION AT BARROW, ALASKA DURING WINTER
by
Bradley Halter
Cooperative Institute for Research in Environmental Science
University of Colorado, Boulder, Colorado, U.S.A.
and
Joyce M. Harris
National Oc~anic and Atmospheric Administration
Air Resources Laboratories, GMCC

----------------------------------~B~o~ul~d~e~r, Colorado,,~U~.S~.A~·~------------------------------

INTRODUCTION
Continuous measurements of near-surface atmospheric carbon dioxide concentration are
made at Barrow, Alaska as part of a network of four baseline sampling stations operated
by the Geophysical Monitoring for Climatic Change program of the U.S. National Oceanic and
Atmo~pheric Administration. The Barrow monitoring program has been described by Peterson
et a1. (1981).
An interpretation of the Barrow C0 2 record is important for determining baseline values
which can be used for studying the relation between changes in C0 2 concentration and climatic change. This interpretation can also provide an understanding of sources and sinks
of C0 2 needed for models of C0 2 exchange.
Short-term C02 variability at Barrow can be grouped into three major classes--large
variability of up to 12 ppm from the average during summer, moderate variability of up to
3 ppm during winter, and the nearly steady C02 levels of April and May.
The causes of the summer variability have been discussed by Halter and Peterson (1980),
and Peterson et al. (1981) have provided a treatment of the winter variability. This report
provides additional information on the winter variability.
ANALYTICAL METHOD
From the record of hourly averages of C0 2 concentration at Barrow, one month of data
from each of three successive years was selected to study the winter variability. The
Barrow C0 2 record is described elsewhere (Peterson et al., 1981). Data from January of
1977,1978 and 1979 were originally chosen to represent typical winter conditions. Because
of frequent room air contamination of the January 1978 data caused by a small leak in the
C0 2 analyzer system, data from February 1978 were substituted. The analyzer stip charts
wereexamined to identify hours contaminated by local anthropogenic C0 2 • Periods of con-taminateddata were corrected by interpolation between uncontaminated periods.
A cubic spline least squares best fit curve to the data, with knots at the beginning
of each month, was computed for each of the three years being studied. This was done to
provide a representation of "average" C0 2 concentrations of a smoothed annual cycle for comparison with observed values.
Periods with average C0 2 concentration deviating from the spline values by 1 or more
ppm for at least 12 consecutive hours were selected for examination.
Transport of warm or cold air masses to Barrow was noted as the movement of isotherm
patterns on National Meteorological Center (NMC) constant pressure charts. Time crosssections of vertical temperature profiles obtained from Barrow rawinsonde data were plotted
to show this information for each of the three months being considered.

-14As a second method of determining air mass history, 5-day back trajectories were computed with the ARL trajectory model (Heffter et al., 1975) and extended backward in time
to as many as 15 days before arrival at Barrow. The ARL model uses NMC grid winds for the
300-2000 m. atmospheric layer above the earth 1 s surface. The trajectory extensions, on the
other hand, were manually constructed using 850mb. geostrophic winds (700 mb. winds in the
case of flow over hi gh-mountains-)-.-'fhe-tra-j-ectori-es-sholrl-d-not-tre-taken-a:;-the-exact-p-ath-s·-----_6f air parcels but should be regarded as approximations. Wind data are available only at
12 hour intervals and are sparse over the Arctfc. The manually constructed trajectories
assume the not entirely realistic case of geostrophic flow in a horizontal plane. Position
errors may increase with back trajectories of longer duration. However, it seems reasonable that, taken together, the trajectories and temperature patterns can provide useful information.
Res-u-1 ts

-------------------------------------------------

Fifteen periods of departure of C02 concentration from spline values according to the
aforementioned criteria were found. These cases are indicated by letters on the graphs
of C02 hourly averages shown in Figs. 1-3. Although three of these cases, I, J, and 0
were interrupted by brief periods when the observed-spline difference in C02 concentration
was less than 1 ppm, each was judged to be a single event on the basis of temperature pattern and trajectory data. The cubic spline is shown as the smooth, solid curve. Tables 1
and 2 summar.i ze information about tempera tu re anoma 1i es and trajectories associated with
below-spline and above-spline C02 cases, respectively. Details of the temperature patterns
are shown in the time cross-sections of Figs. 1-3, and the trajectories, marked with the
corresponding letter for each case, are shown in Figs. 4-8.
As indicated in Table 1, the cases of negative departure of C02 concentration had
temperatures above the average for that particular month. The trajectories for all these
cases (Figs. 4-6) indicate air arriving from mid-latitudes. Except for Case H, the travel
time to Barrow was 8 days or less.
In contrast, for the cases of positive departure of C02 concentration (Table 2) except
Case C, there was a deep layer of cold air above Barrow. In case C, the below average
temperatures were confined to the lowest atmospheric layer. The trajectories (Figs. 7 and
8) indicate that the air had spent at least 12 to 15 days moving about the Arctic or Subarctic before arriving at Barrow.
(l'able 1)
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Discussion
As Tables 1 and 2 indicate, low C0 2 concentrations were associated with air from midlatitudes, while high C0 2 concentrations were found in Arctic air. These results augment
those of a study by Peterson et al. (1980), in which C0 2 variability during winter was examined using 5-day back trajectories. Lower C0 2 concentrations were found with trajectories
from the south than from the north. For Cases J and K, common to both studies, the extended trajectories and temperature analysis (Figs. 2, 5, and 6) support the conclusion that
the low C0 2 concentrations were associated with warm air arriving from mid-latitudes.
With regard to the events of high C0 2 concentration with northerly trajectories found
by the Peterson study, the 5-day back trajectories were not long enough to distinguish
between air of Arctic origin and "over the Arctic" transport from mid-latitude anthropogenic source regions on the opposite side of the globe from Bi~row. Our Case G is an
event of high C0 2 concentration common to both studies. The temperature analysis (Fig. 1)
indicates that, like the other cases of high C0 2 concentration listed in Table 2, this
event involved an outbreak of cold air at Barrow. The 5-day trajectory indicates an air
parcel origin at about 80°N on the Scandinavian side of the Arctic. The extended trajectory (marked "G" in Fig. 8) indicates that, instead of coming directly up from northern
Europe or Scandinavia, the air mass made a circular path about the Arctic for at least 12
days before arrival at Barrow. The evidence of cold temperatures and Arctic or Subarctic
trajectories of at least 12-15 days for this and the other cases of high C0 2 concentration
in Table 2 suggests an Arctic source, rather than a mid-latitude souce, of the observed
high C02 concentrations. The one case of "over the Arctic" transport from a mid-latitude
anthropogenic source area, Case E (Figs. 1 and 4), shows that air from just off the U.S.
Northeast coast was associated with an event of low C02 concentration at Barrow.
Although we are concerned with changes in C02 concentration at the surface, we have
used trajectories developed from winds aloft. However, changes aloft may not be readily
·transmitted to the surface through mixing and diffusion, and surface transport may not be
the same as aloft. This appears likely because the Arctic is an area where mixing in the
planetary boundary layer (PBL) can be restricted by thermal stability. Vowinckel and
Orvig (1967), through a study of rawinsonde data at stations along the shores of the Arctic
Ocean and on the Arctic Ocean pack ice, found frequent and intense surface based inversions
during winter in the area along and to the north of the Alaskan Arctic coast. Some details
of this stable structure and its time variation are demonstrated by the time cross-sections
of the vertical temperature profile in Figs. 1-3. For the months considered in this study,
intrusion of warm air into the Alaskan Arctic was centered from 900 to 800 mb. and caused
the stablest conditions in the PBL. During cold air outbreaks, the thermal structure was
not as stable, with the 1000-700 mb. layer being nearly isothermal. The difference in

-16-
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Time cross sections of vertical temperature ( C) profiles at Barrow (top)
and hourly averages of C02 concentration in the Scripps 1959 Index Scale
(bottom), showing study cases for January 1977, February 1978, and January 1979.
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Figs. 4-6. Air mass trajectories for negative C02 anomaly cases A, E, F; H, K, M;
and J, L. N. Letters on the trajectories
are spaced at one-day intervals.

Figs. 7 and 8. Air mass trajectories for
positive C02 anomaly cases B, D, I and
C, G, 0.

-18stability between these two conditions may be reflected in the time-response of surface C02.
In the cases of cold air outbreak in this study, the response of C02 concentration was essentially immediate. In some cases of warm air intrusion aloft such as E and F, however,
the minimum C02 concentration followed the maximum temperature aloft by about a day. In
Case E, the same trajectory prevailed throughout the one day lag period. This suggests
that the warm air aloft and C02 minimum, although a day apart, were related, and that the
stability of the PBL retarded the mixing down to the surface of air associated with the
temperature maximum a1oft.
A related factor which should be examined is the variation of C02 in the vertical.
Marked variations of C02 concentration found during aircraft sampling within 1000 km. of
Barrow (Ke11ey and Gosink, 1979) may contribute to the time variations seen in the surface
C0 2 concentration.
Summary and Conclusions
Our results indicate that the variability in C0 2 concentration during winter at
Barrow is related to the latitudinal C0 2 gradient and changes in large scale atmospheric
flow patterns. This is in contrast to the summer va ri abi 1ity, when 1oca 1 and region a1
sources and sinks of C0 2 are important. During winter, the high C0 2 concentrations in air
having a relatively long history north of about 60°N suggests a C0 2 source in this area.
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ANALYSIS OF C02 IVIEASUREMENTS FROM COLD BAY AND BARROW, ALASKA
by
James T. Peterson
Geophysical Monitoring for Climatic Change
Air Resources Laboratories/NOAA
_______Bo.ulde-~.-CoJ.o.~ado_80.3.Q3,________________
I.

Introduction

Under the direction of the United States NOAA/Geophysical Monitoring for Climatic
Change (GMCC) program, C02 measurements are made at two sites in Alaska: Pt. Barrow (7l 0 N,
156°W) and Cold Bay (55°N, 163°W). Pt. Barrow is the northernmost location in the United
States, situated on the coast of the Arctic Ocean. GMCC maintains one of its four baseline
observatories there. Cold Bay is a small village at the end of the Alaskan Peninsula adjacent to the Aleutian chain of islands. Personnel of the U.S. National Weather Service
there obtain flask samples of C02.
Cold Bay and Barrow measurements are made as part of the recently expanded GMCC C02
program in which flask samples are obtained at 20 locations across the globe. This C02
program was designed to record data on the global C02 budget. To begin analysis of these
data we selected the Cold Bay, Alaska, data record for closer examination. The observers
at Cold Bay have one of the better sampling records in the GMCC network. A pair of 0.5 1
flasks are almost always filled twice a week as scheduled, and comparisons between most
show small differences. Also, Cold Bay is relatively close (about 2000 km) to one of the
GMCC observatories (Barrow) where C02 is monitored continuously.
This analysis is based on measurement data from 1979. The Cold Bay record began in
August 1978 but was initially spotty. The continuous Barrow data through 1979 were previously prepared for analysis [1]. Because of the abbreviated available data set, this
analysis was a preliminary investigation to explore techniques and identify areas for further study. The resu1ts should not be definitively interpreted.
The analyses herein are divided into two parts. The Cold Bay flask data are presented for internal consistency and for the form of the annual cycle. In addition, these
data are compared to those of the continuously operating analyzer at Barrow.
II.

Cold Bay Flask Measurements

A pair of glass flasks was exposed (for subsequent analysis for C02 at Boulder,
Colorado) on 99 occasions during 1978. For only one pair were both flasks unusable (e.g.,
due to broken flasks); for three sets, one flask was unusuable. The distribution of the
C02 concentration differences for the remaining 95 flask pairs is presented in Figure 1.
Discarding the occurrences of very large differences (possibly due to flask leaks), more
than 80% of the pairs had differences of less than 1.0 ppm. The distribution of flask
pair differences from Barrow is given in Figure 2 for comparison to the Cold Bay data.
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Figure 1. Histogram of C02 concentration
differences (ppm) between flasks of pairs
from Cold Bay, Alaska, 1979.
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Figure 2. As in Figure 1, except for Barrow,
Alaska.

The Cold Bay C02 measurements are subject to contamination from local sources and/or
sinks, as are the data from nearly every measurement location on land. Human activity is
present to the northeast and southeast of the observation site and low vegetation (up to
1-m height) grows throughout the surrounding countryside. Consequently, a data
selection scheme was applied to the total Cold Bay record to remove erroneous data. The
record contains some spurious points of large differences between flasks of a pair as well
as some large outlying values. The scheme used is the author's personal choice for this
specific application. First, if C02 concentrations between flasks of a pair differed by
0.75 ppm or less, the average of the two was used. For differences greater than 0.75 ppm,
the lower value of the two was used. If the C02 measurement from only one flask of a pair
was valid, that point was deleted from the record. Second, the remaining data were plotted
and six obvious outliers were subjectively deleted. Finally, a least-squares cubic spline
curve was computed along with the standard deviation (sd) of the residuals about the curve
and then another five outliers more than ±2 sd from the spline were deleted. The open
squares of Figure 3 are the resulting data set. The cubic spline was recomputed; it is the
central curve of Figure 3. The ±2 sd of the residuals about the spline are also plotted.
The flasks are analyzed in Boulder against gas standards of C02-in-air. Thus, the data are
given in mole fractions.
To study visually the Cold Bay record for the effects of local contamination, C02
concentrations were plotted as a function of the corresponding surface wind direction.
Figures 4a and 4b illustrate these pollution roses for the complete and selected data sets,
respectively. Similar plots stratifying the data by season (not presented) did not show
appreciably different results. On the basis of local topography, the best quality data
should be obtained when wind flow is from west through north. The Bering Sea lies about
10 km from the site in this quadrant. Comparison of Figures 4a and 4b indicates that all
high outliers occurred with wind from the southern half of the compass. Frosty Peak (about
2000-m elevation) lies 15 km southwest. Most human activity occurs north-northeast of the
measurement site, but no evidence for this is seen in the data. The positive and negative
selected C02 residuals (Figure 4b) do not show any apparent bias by wind direction. Therefore, although the residuals of the selected data set are clustered in the prevailing
northwest and southeast directions, no directions exhibit markedly positive or negative
values indicative of significant local sources and/or sinks.
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COLD BAY C02 FLASK DATA
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Figure 3. Results of C02 measurements (ppm mole fractions) obtained from flask samples at
Cold Bay, Alaska, 1979. The central curve is a least-squares cubic spline best-fit to the
data. The outer curves are ±2 standard deviations of the residuals about the spline curve.
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The annual cycle of C02 variability at Cold Bay is similar to that measured at other
Northern Hemisphere high latitude locations (e.g., Barrow and Scandinavia). As given by
the spline, the annual maximum occurred on May 4 at 343.8 ppm followed by a minimum of
327.3 ppm on August 21. This amplitude of 16.5 ppm can be compared to that measured at
Barrow. For 1979, a spline fit to daily average C02 data (presented in section III below)
yields an annual cycle amplitude of 16.4 ppm, essentially identical to that at Cold Bay.
For the full Barrow record, however, the 1973-1979 average was 15.2 ppm [1]. Since the
summertime drawdown is primarily due to photosynthetic uptake by the biosphere, comparison
of the Barrow and Cold Bay annual amplitudes ought to yield valuable information on the
influence of the biosphere on the global C02 budget. Schnell and Harris [2] more fully
address this question in their paper in this volume.
III.

Cold Bay-Barrow Comparison

t--be expressed in mole fractions. Although the Cold Bay data are so obtained, the Barrow
program in 1979 used reference gases with nitrogen as the carrier gas. Thus, the original
data were biased by the so-called "pressure broadening correction" and were expressed in
the Scripps 1959 adjusted index scale, which is not an absolute scale. GMCC also collects
flask samples at Barrow for analysis at Boulder, in a manner identical to that of the Cold
Bay flasks. To correct the Barrow analyzer record to mole fractions, we compared the
Barrow flask values to the corresponding analyzer concentrations to obtain the average
difference between the two scales. Daily average C02 concentrations of the corrected
Barrow analyzer record are plotted on Figure 5, The data were subjected to the same rigorous selection method used by Peterson et al. [1] to delete locally-contaminated values from
the complete record. Also included on Figure 5 are the cubic spline best-fit curve and the
associated ±2 sd intervals computed from the residuals about the spline.

-------'fo-compa-re-the-eo-1-ct-Bay-na~s-k-an-d-Ba-rrow-conti"mmus-a·n-a-lyzer-data-both-re-cords-mus

BRW C0 2 CONTINUOUS DATA

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
MONTH 1979
Figure 5. Selected daily average C02 values (ppm mole fractions) obtained from continuous
measurements at Barrow, Alaska, 1979. The central curve is a least-squares cubic spline
best-fit to the data. The outer curves are ±2 standard deviations of the residuals about
the spline curve.
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records shows quite similar uncertainty intervals as indicated by the standard deviations.
The sd for Barrow and Cold Bay are 1.0 and 1.1 ppm, respectively. This somewhat surprising
result reflects the high quality of the Cold Bay measurements and the large amount of background variability in the Barrow C02 record.
To further compare the Cold Bay and Barrow data, the respective spline curves are
superimposed in Figure 6 along with a band indicating uncertainty associated with each
spline best-fit curve. From a purely statistical viewpoint, a 95% confidence interval
about the mean of a normal distribution of n independent data points is given by ±1.96sd;,rn:
For this preliminary report we have not pursued the statistical independence of each data
point on Figures 3 and 5 to enable a formal determination of each confidence interval or
the principle of applying this confidence interval concept to our spline fit of the data.
However, as an indicator of the uncertainty about each sp1ine curve we plotted the band as
±1 sd in Figure 6.

fZ21 BRW CONTINUOUS
~ CBA. FLASKS

H+---~--~--~----~--~--~---r--~--·-.---~--~---+
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DO::
MONTH 1979
Figure 6. Barrow and Cold Bay, Alaska, best-fit spline curves to the 1979 measurements.
The bands about each curve are ±1 standard deviation of the residuals about the spline
curves.
Several factors are evident from comparison of the overlain Cold Bay and Barrow
spline curves and associated uncertainty. First, for most of the year the spline curves lie
within the uncertainty of each other. Second, the Barrow record has its n1aximum later (in
the spring) and minimum slightly earlier (in the summer) than at Cold Bay and consequently
has a greater rate of decrease during July. Finally, the one extended period where the
curves are distinctly different is during October, when the Cold Bay concentrations significantly exceed those at Barrow.
Herein, we are unable to determine if the October difference is the rule or exception, since we are considering only one year of data. During October photosynthetic uptake
of C02 by plants has generally ceased over the mid and high northern latitudes and biologic
decay releases C02 to the atmosphere. Thus, since Cold Bay is closer in latitude to the
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large biomass of the temperate forests, the greater Cold Bay C02 values may just reflect an
earlier response to this natural phenomenon. To determine the validity of this argument we
need to expand our information on the biological C02 sources and the diffusion of their
released C02 over the Northern Hemisphere. In contrast, there is evidence that October
1979 was meteorologically anomalous. The mean 700-mb height contours for the month are
presented in Figure 7 [3]. Although the general pressure pattern over the Barrow-Cold Bay
region was not anomalous, the intensity and southward center of the Siberian and Aleutian
lows was. This, in conjunction with greater than normal 700-mb heights across the Pacific
and into Asia between 20° and 30°N latitude led to strong midlatitude westerlies. At the
same time wind flow was slow and varied in direction over the Arctic Basin. At the surface,
92% of the October 1979 Barrow hourly wind observations showed north through southeast
section directions versus 72% for the 1973 to 1979 average [4]. A possible interpretation
of the C02 record in this meteorological context is that the enhanced, southerly-displaced
westerlies led to greater than normal exposure of Cold Bay to higher-C02 Asian air and, at
---~the-s-ame-t-i-me-,1-es-s-er-tha n-norma-1-ex-pes-ure-o-f-Ba-rrew-to-s-ueh-a-i--r--c c - - - - - - - - - -

Figure 7.

October 1979 mean 700-mb height contours (dam) [3].

The final effort in our Cold Bay-Barrow CO comparison was to link measurements at
the two sites via air trajectories. The working h§pothesis was that air moving from Cold
Bay to Barrow during the summer half-year ought to decrease in CO because the Bering and
Chuckchi Seas have low co 2 partial pressures, causing air-to-sea ~0? exchange. Thus, given
accurate CO? measurements at both sites in absolute units along witn identification of air
flow from one to the other, the magnitude of the ocean co 2 uptake could be calculated.
For this exercise we calculated airflow trajectories arriving at Barrow every six
hours during 1979, using the method of Hefter et al. [5]. The calculations were based on
constant level wind flow averaged through the atmospheric layer 200-3000 m above ground
level. This height interval was selected to approximate the boundary layer but to exclude
near-surface effects.
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Several practical problems complicated application of the air trajectories described above. First, the accuracy of the trajectories can be questioned for this region of
sparse upper air data and for airflow over land with uneven terrain. Second, the trajectories need to pass from the vicinity of Cold Bay to Barrow and persist for more than a
day to minimize transient effects. Fewer than 25 such cases occurred during the year.
Third, a reliable CO flask measurement must be available for Cold Bay near the time the
air trajectory was ifi its vicinity. Fourth, the C0 2 record at Barrow should be steady for
some six hours centered on the trajectory arrival tTme. This criterion was employed to
minimize the liklihood of influence by local C0 2 sources or sinks near Barrow and to allow
for the imprecise nature of the trajectories. Finally, the surface wind flow at Cold Bay
and Barrow should have direction similar to the trajectory movement at the times of the
trajectory passage. At Barrow low level temperature inversions often decouple the surface
windflow from that aloft.
--------~rh-e-n~rr~-s-a-H-af-app-lyi-n-g--a-l-l-ttre-s-e-cri-teri-a-i-s-th-a-t-ve-ry-few-ca-s-es-were-a-v-a-i-1=--

able for study. In fact, from July through early November, that period when the Chuckchi
Sea is not frozen, only one good case was available. On November 5 the Cold Bay CO concentration was 341.7 ppm. Just less than two days later at Barrow C0 7 averaged 340?9 ppm.
The difference of 0.8 ppm is just significant, given an accuracy of aoout + 0.4 ppm associated with each measurement. The sign of the change agrees with our original hypothesis.
However, a number of cases like this would be needed to develop sufficient statistical evidence to quantify ocean uptake of CO between Cold Bay and Barrow. In summary, the practical difficulties associated with lin~ing long distance CO flask measurements via air trajectories may preclude what appeared in principle to be a2promising experimental approach.
IV.
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Introduction

A recommendation of working group I of the Study of Critical Environmental Problems
(SCEP, 1970, p. 55) that there "be developed a station net with sufficiently high accuracy
and resolution to determine the global trend and to analyze the partitioning of C0 2 uptake
between the ocean and the biosphere." Global annual increase may be obtained directly by
the mean of annual mean C0 2 increases for globally distributed locations. Estimation of the
partitioning of C0 2 into the ocean and into the biosphere on a global basis must utilize
models of atmospheric transport having some parameterization for oceanic C0 2 uptake and
output and/or biospheric C0 2 uptake and output. The input data to such models must be the
oscillating C0 2 concentrations caused by global scale uptakes and outputs by the oceans and
biosphere.
For a global model of partitioning of the atmospheric C0 2 uptake by the oceans and
biosphere, smooth fluctuations representing global scales are needed rather than highly
detailed short-term fluctuations which would. require microscale measurements to explain.
However, data obtained can be expected to contain such fluctuations. These variations will
produce uncertainty in the estimates of interest. The effect of sampling strategy (i.e.,
number of globally distributed stations, frequency of sampling) on variance in estimates is
the concern of this paper.
This paper evaluates how effectively C0 2 data obtained from less than continous flask
sampling can be used to provide estimates for global annual C0 2 increase and to provide
input to models which can give global partitioning of the C0 2 uptake from the atmosphere
into the biosphere and oceans. The input data for this analysis are the C0 2 concentrations
obtained by analysis at the GMCC laboratory in Boulder, Colorado of 500 ml flask samples
obtained at 7 locations (Table 1) during 3 years (1977-1979). Although these stations
are less than global longitudinally they provide data for initial evaluation of the data
which will later be followed by analysis of the more than 20 location network which have
only recently come into operation.
A model was constructed to evaluate the C0 2 flask data because of the following
features:
1.

Certain sets of data contained gaps. Sampling had not taken place because of such
uncontrollable events as airline strikes andprolonged periods of windlessness
which concentrated local pollutants.

-28Table 1
C0 2 flask Sampling locations (Komhyr et al. (1981))

Symbol

Station

SilO

American Samoa, South Pacific

u:s.

SPO

Amundsen Scott (SOuth Pole)

Antarctica

Country

KUH

Cape Ku:nu!.;ahi, Hawaii

KEY

Key Biscayne, Florida

u.s.
u.s.

1\LO

Mauna toa. Ha't:ai i

u.s.

Lat./long.

Territory

14°1~'5,

l70°34'W

89°59'5, 24°4B'W

Elevation
(meters)

Cooperating Agency

Site Type

30

(GHCC Station)

Island rocky promontory

2810

(GfiCC Station)

Ice and snow covered plateau

l9°3l'N, 154°49'W

3397

NIIR_ _ _
_______
w,_·w_ot_Ridge, Color_a_do_ _ _ _u_.s_.______
4o_•o_J_'H__::_l0_:_5._J_B•_w_ __:3:_:_7_:49_

(GHCC site)

Island seashore

NOAA, Sea-Air Interaction laboratory

Coastal i !> 1and seashore

(GHCC Station)

Barren, volcanic mountain
slope

INSTAAR, Univ. of

'Alpine mountain

tolorado---------~-

BRW

2.

Point Barrow, Alaska

u.s.

11

(GMCC station)

------------

Arctic coastal seashore

2.

The samples were collected at different rates. For example, at GMCC air-sampling
stations, flask samples were obtained at a once-per-week rate to compare with
continuous analyzer results whereas at other locations, volunteers sampled at
rates from once each 3-4 days to once each 10 days.

3.

Time of day for sampling is not the same for each location. (Although the time of
sampling during the day differed from one station to the next, it did remain
constant at each station.)

4.

With the exception of Cape Kumukahi and Mauna Loa, sampling locations were separated by thousands of kilometers and were in differing climatic and meteorological
regimes.

Variance of Flask Data About an Annual Oscillation

An analysis of continuous C0 2 analyzer data at Mauna Loa and Pt. Barrow (Gillette and
Steele, 1981) showed that samples obtained within a few minutes of each other were correlated, i.e., were not independent. Thus in the analysis the mean of C0 2 concentrations for
pairs was used rather than individual values. Another result of the above analysis of
continuous data showed that individual minute mean values, when separated by two to three
days, may be fitted with a function of time, f(t), which is a polynomial of degree 5 or
less. The residuals of this fit are white noise. Thus, after fitting the flask pair means
with polynomials of degree 5 or less, we tested the residuals for white noise, using a
Kolmogoroff-Smirnoff 5% test of the integrated spectrum (Box and Jenkins, 1976). Furthermore we examined the residuals in probability plots for normality. For polynomial fits of
degree 4 the residuals were tested as being independent and normally distributed.
As shown by Gillette and Steele (1981) the value of the residual variance a 2 of minute
mean C0 2 values from an in-situ continuous C0 2 analyzer about a polynomial fit, f(t), is

=

a2

hr

(1)

+a2.

m1n

2 r is the variance of hourly mean C0 values about f(t) and a 2 .
where ah
is the variance of
2
m1n
minute mean values about hour mean C0 2 values. Since flask-obtained C0 2 values are roughly

the same as minute mean values and since each flask takes about one minute to fill, we can
expect a similar relationship for flask variance.
a2

flask

=

a2 + a2

error

(2)

Thus where a 2
is error variance due to problems of handling flasks, laboratory errors,
error
etc. The following table shows a~lask' as computed from the 1978 selected flask data, a~r

-29and cr2 .

as computed from the 1978 continuous data and cr2
which is obtained by taking
error
the difference a~lask - a2 •
m~n

location

a2

a2

a2.

a2

Mauna Loa
Pt. Barrow

0.88
4.85

0.69
3.5

0.07
0.04

0.12
1.31

flask

m1.n

hr

error

(1959 Scripps Institution of Oceanography Scale)
--------~F<rr-b-ath-ro-c1it:i-ous-.--t-tre-e~rrc:rr-varrarrce-:ts-a-fra~ctron-o~f-the-to~t-a-l--va-r±anee~;-mos~t-o-f--

this total variance is due to variation on time scales of one hour or longer.
3.

A Model of C0 2 Concentrations for a Given Location

We wrote a model of the C0 2 concentration at a given location as determined by the
means of flask samples taken within a few minutes of each other and obtained regularly over
the year with at least two days separation:
(3)
[ C02 ] k l.J
· · = l.lk + Ak ~· + fk l.J
. . + c.k l.J
..
where [C0 2 ]k .. is the concentration of C0 2 during year k at station i for time j within the
year.
l.J

l.lk is the global mean C0 2 concentration for year k
Aki is the deviation from !Jk of the C0 2 concentration yearly mean at location i
during year k
fkij is a function of day of year {j) which is a polynomial of degree 5 or less
and ekij is a normally distributed random variable.
c.k .. all have means of zero.
~J

The variables fkij' Aki' and

Values of ekm. were assumed to be independent of
J

c.k .. , itro, since they represent random noise at individual stations i and m
~J

'

located thousands of km apart.
4.

Application of the model to two functions of C0 2 data means

Two estimates of interest to climate and carbon cycle modelers are the global annual
increase of carbon dioxide concentrations, and the variation of C0 2 concentration throughout
the year which reflects the actions of sources and sinks of atmospheric C0 2 . These estimates are analyzed in light of the model and flask data for 3 years at 7 locations.
(a)

Global annual increase of atmospheric C0 2 •
The quantity ~

for
k-1
the
and

= !Jk

- l.lk_

is estimated by forming the annual C0 2 concentration means
1
years k and k-1 of all locations, pooling the means into global means for years k and
and finding the difference. The variance of the estimate is calculated by subtracting
individual values for years 2 and 1 from their global annual means, squaring, summing
then dividing the mean by the number of observations.

i.e.,

where averaging occurs over time and space.

This may be rewritten as.
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Var (Z\)
N = number of flask pairs per year at each station,

where

A= number of locations,

al
a2

1
F__:::_NA_[

+ 2

is the variance of the A2 i - A1 i terms

A
.L
i = 1

A-1
.L
i = 1

N
2
.L
(£2-ij--=---f_UjJ
j = 1
A
N
.L
.L (f1 .. f1mj + f2 .. f2mj
1J
1J
m = i+1 J = 1

-2

flij f2kj)]

(5)

and where ai and a~ are the global means of residual (ckij) variances ailask for years
1 and 2.

ailask is defined in (2) for all the locations during year 1

and year 2.

An additional implicit assumption in equation (4) is that residuals ck 1.. of the polynomial fit are not correlated with the function of time,
J
i.e.,
Since sampling rates were different at different locations, the overall sampling rate
used was given by Snedecor and Cochran (1967) as

N=

1
(A-1)

A
( .L n.

i=1

1

-

A
.L n~
1
i=1
)
A
.L n.
1
i=1

(6)

where n.1 is the sampling . rate (per year) at location i.
Equation (4) was evaluated by fitting polynomial functions to flask data for the
locations given in table 1 and computing the polynomial functions fk .. and residuals ck ..
1J

1J

[which were tested for independence and normality by the Kolmogoroff-Smirnoff integrated
spectrum white noise test (Box and Jenkins, 1976) and by examination of the probability
plots of the residuals]. The values for fkij were used to compute
as in equation (5),

a;

and values of residual variance were calculated for each location and year from which a mean
variance for all locations for a year was formed by averaging. The variance of the annual
C0 2 difference mean Var (Z\) was given by Snedocor and Cochran (1967) as the between-location
mean sq~are, divided by the total number of observations. The value of
was found as
A[Var (~) - (a;+ ai +a~) /NA].

al

Values for the terms of equation (4) are given below for data of 1977-78 and 1978-79
for the seven locations listed in table 1.

-31a2

Year

Var (.(;.)

77-78

0.09

A
0.49

78-79

0.14

0.83

a2 + a2

a2

1

F

2

N

A

.36

4.52

33

7

.66

5.93

36

7

(1959 Scripps Institution of Oceanography Scale)

The two-year mean of estimated parameters above ~as used to plot a graph of standard
deviation of the annual global C0 2 increase (Var (X))~ (fig. 1) as a function of number of
samples per year N and number of sampling locations A. As N and A become large, the assumptions of lack of serial correlation and spatial correlation are violated and the calculation
-------u=n=-aerestimatest:Iie stanaara-deviation oftne glooal annual-increase. A---s-is seen, tne most-~
advantageous region of the plot for optimizing results is in the bending region where increases of both A and N lead to decreases in standard deviation of X. Since it can be
argued that it is cheaper to sample at a slightly higher rate than to establish new sampling
locations, the optimal sampling region may be slightly above the bend (circled in fig. 1).
The values of N and A for the GMCC flask sampling network fall slightly above this circled
area of the plot. The advantages for this will be discussed later.
(b)

Variation.of mean C0 2 concentrations throughout the year

To investigate the pattern of mean concentration throughout the year, the standard
deviation about the fitted smooth concentration should be small in comparison with the
difference of the minimum to the maximum C0 2 concentration during the year. By calling the
difference of the maximum and minimum values of the fitted function fk .. the annual range,
~J

RNG, and specifying the variance about the smooth fitted function fk .. the above condition
may be written
~J
(7)

where e is a fraction, and where n' is the number of parameters estimated (in this case 5).
Examination of the data revealed an apparent correlation between RNGkm and crkm.
first-order linear regression model was fitted to the data:

=

A
(8)

A1 + A2 RNGkm

Values for A1, A2 and the correlation coefficient, r, are given below.
Year

A1

A2

r

1977

0.236

0.154

0.98

1978

0.7

0.115

0.59

1979

0.45

0.178

0.91

MEAN

0.46

0.143

The mean values for A1 and A2 were used in eq. (8) to solve for N, the number of
evenly spaced samples taken during the year for arbitrary values of E. The results are
shown in figure 2 where a weekly sampling rate is plotted vs. AMP. The figure shows that
a value of E of < 0.03 is obtainable for AMP > 3 for sampling rates of about twice per week.
5.

Discussion and Conclusion

The principal objectives of C0 2 flask sampling are to obtain reliable detail on fluctuation of mean concentrations through the year as well as to obtain annual C0 2 increases

-32Serial Correllation

Figure 1. Standard deviation of global annual C0 2 increase .ii, as a function of number o.f
equally spaced flask samples obtained per year, N, and number of globally distributed flask
sampling locations, A. Dot indicates present position of GMCC flask monitoring network.

Figure 2. Fraction e (ratio of standard deviation of the estimated smooth annual C0 2 variation to annual range) as a function of number of equally spaced flask air samples obtained
per week, N, and range of the annual cycle, RNG.

-33with small confidence intervals. It would seem however, from the above analysis that the
two objectives do not allow exactly the same sampling strategy. The optimization of the
annual C0 2 increase would require more sampling locations and a lower sampling rate for
the same effort spent than would a strategy that minimizes the variance about monthly or
sub-monthly means for individual locations. A compromise strategy is required which provides for acceptably small variances about a smooth annual fluctuation while providing
sufficient number of sampling locations to provide a small variance of the global annual
increase estimate. A compromise sampling strategy for a program to economically provide
estimates of both annual C0 2 global increase and details of mean C0 2 values during the year
at several stations is to sample at a rate of about twice per week, equally spaced in time,
at as many stations as can be economically sampled in locations globally separated, far from
local sources and sinks and representative of all climatic types. This strategy (adoped
previous to this analysis) is being followed in the ~resent GMCC flask samRli~g network~~·----Acknowledgments
The authors are pleased to acknowledge Ms. Ginger Caldwell for several helpful discussions.
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The significance of the global increase i_n atmospheric CO in relation to the problem of
climatic change and the importance of the ocean in the C0 2 cycle led to a Canadian government
research program to monitor atmospheri:c C02 beginning in T969 at Ocean Weather Station P.
Initially, this program was established as a cooperative program of the C02 groups at the
Canadian Institute of Ocean Sciences (lOS) and the Scripps tnstitution of Oceanography (SIO),
U.SaA. This IOS/SIO joint time sedes has run from 1969 to 1981, when the Canadian weathership
program was terminated. In 1971, when analysis facilities became available at the Marine
Carbon Research Centre (MCRC) of 1·os, a concurrent Canadian time-series was begun at Station P
and an intercalibration program established between lOS and SIO. As a result of the 1974
Stockholm Conference, two additional Canadian sites were established in 1975 by the Canadian
Atmospheric Environment Service (AES) at Alert, N.W.To in the high Arctic and at Sable Island
N.S. off the Canadian Atlantic coast. Flask samples collected at the latter sites are also
analyzed at MCRC. At present, all Canadian C02 data are being archived at MCRC which will
publish the C0 2 flask data jointly with AES. _MCRC plans to continue intercalibrations with
the WMO Central Laboratory for COz at SIO and to take responsibility for future adjustments
of the time-series data caused by scale changes. Although limited time-series based on
continuous measurements at Station Pare availab~e, this paper deals with flask samples onlyo
In
in 1978
achieve
between
taneous

anticipation of the termination of the weathership program in May, 1981, MCRC began
some components of a C02 replacement program for the North Pacific Ocean in order to
some intercal ibration of time-serieso These are: (1) A ship-of-opportunity program
Nagoya, Japan and Richmond, BaC., Canada over the North Pacific Ocean, with simulcollection of air-sea co 2 and oceanographic parameters, (2) A 1 ighthouse sampling
progra~ on the west coast of British Columbia at Kains Island, Cape Sto James on the Queen
Charlotte Islands, and at Amphitrite Point on the west coast of Vancouver Island, and (3) A
co 2-ocean climate program on CSS Parizeau of lOS at a frequency of four to six cruises a year
between Victoria, B.Ca and Station P. These will be described in future papers. The
locations of Canadian C02 stations are shown in Figure la
Description of the sampling sites and procedures

(1) Ocean weather station P {50°N 145°W) is in NaE. Pacific Ocean, 1460 km west of the
northern end of Vancouver Island, BaC. lt was occupied alternately by two Canadian weatherships, the CCGS Quadra and CCGS Vancouver under the Ministry of Transport, each for a duration
of 6 weekso Air sampling was carried out by trained personnel according to the instructions
in a Manua1 1 , stressing precautions, mainly to avoid contamination from the ship's smoke or
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Figure 2 (a), (b) and (c). Time-series plots
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the operator's own breath. Sampling was done between 12:00 and 16:00 local time in
duplicates using 1.8L glass flasks as described in Wong et al.2
The sampling sites on the
weatherships were mainly on the bridge 15 m above sea level or on the radiosonde balloon
deck 10 m above sea level. Sampling of air, facing into oncoming winds, was performed only
when the wind speed was in excess of 5 knots. The winds at Station Pare predominantely from
the west with southwest winds in the summer. The air over Station P is mainly marine in
character, away from local influences of continental vegetationor industrial point sources.
(2) Sable Island, Nova Scotia (44°N 60°W) is the dry summit (elevation 0 to 10 m) of a sea
ridge located 160 km east of the Nova Scotia mainland. Shoals having a depth of less than
10 m extend nearly 1.5 km offshore. The island is approximately 25 km long and has a
maximum width of 1 km. A large salt water pond occupies much of the area, the remainder
consisting of sand beaches and dunes and sparse grass areas. Access to the island is
strictly controlled and except for 1 imited scientific parties, the island is occupied only
------------oy-rne sti3rfiD~ne upper air station operatea-6y AES. Duplicate pairs of 1 .BL flask
samples are obtained twice weekly normally between 12:00 and 16:00 local time. Samples are
always obtained at least 300 m from the station at a height of 2 m using a similar procedure
to that at Station P.
(3) Alert, North West Territories (82.5°N 62.3°W) is located on the north eastern tip of
Ellesmere-lsland within 800 km of the North Pole. lt is the site of an AES upper air station
with weekly collection of duplicate pairs of 1 .8L flask samples by trained AES personnel.
Sampling procedure is the same as that used at Station P except during calm wind conditions
when special precautions are taken to avoid contamination. Sampling height is 2 m above
ground and normally occurs between 10:00 and 14:00 local time. The sampling site is located
at a height of 140 m above sea level, approximately 3 km southwest of the station at a
distance of 6 km from the ocean shore. The tundra site is snow covered nearly three-quarters
of the year and has a sparse covering of Arctic vegetation during the summer. Winds are
predominately from the northwest with a high proportion of calm conditions, particularly
during the winter.
Results
The monthly and yearly averages of atmospheric CO& concentrations at Ocean Weather Station
P, Sable Island and Alert are given in Table 1, 2 an 3 respectively. Time-series plots of
these monthly averages are shown in Figure 2(a), (b) and (c) respectively. The co data are
2
expressed in ppm (parts per mill ion by volume, WM0-1974 scale) and no filtering has
been
applied to the original data.
TABLE 1
MONTHLY AND YEARLY AVERAGES OF ATMOSPHERIC C0

AT OCEAN WEATHER STATION P (50°N 145°W)
2
(in ppmv, WM0-1974 scale)

MONTH
01
02
03
04
05
06
07
08
09
10
11
12
Year] y
Average

1973

327.00
323.97
328.36
329.67
331.52

(

(

1974

1975

1976

1977

1978

1979

1980

330.79
331.91
333.09
334.62
335.70
333.28
328.00

332.63
334.40
334.48
335.48
335.72
331 .30
326.86
323.99
328.24
329.31
332.12
332.95

333.20
333.63
334.49
337.43
336.88
333.96
329.43
322.04
323.91
327.08
330.22
332.48

332.92
334.26
336.11
336.79
338.23
335.96
330.55
326.61
327.53
331.71
336.84
335.54

336.27
337.19
338.36
340.45
340.01
337.65
333.97
327.82
327.92
332.02
331 .81
337.64

337.17
338.11
338.62
340.03
340.81
337.99
331.79
328.16
328.75
333.45
335.61
337.46

337.94
339.07
340.22
341.81
342.42
340.07
334.70
333.02
331.76
336.26
337. I 0
339.52

331 .46

331.23

333.59

335.09

335.66

337.82

-38TABLE 2
MONTHLY AND YEARLY AVERAGES OF ATMOSPHERIC C0 2 AT SABLE ISLAND (44°N 60 1 W)
(in ppmv, WM0-1974 scale)
MONTH
01
02
03
04
05
06
07
08
09
10
ll
12
Yearly
Average

1975

336.97
335.59
333.47
331. 13
328.74

1976
1977
(335o21 )>~336.98
336.85 336.81
336.10 338.47
336.01 336.01
(334. 8) """336. 45
(331.8)>'<>'<331.41
(326.8P'"330.l3

1978
337.79
339.59
341.07
341.39
339o25
334.52
327.93

1979
339.95
338.73
339.46
(339.09) 1<
338o72
336.72
330.57

1980
341.09
340.99
340.86
342.97
340.64
337.18
332.81

3J-9-.B-l-3-3D-.-56------326-.-2-0--32-7-.-2-8--32-9-.~-l--

328.65
332.81
333.57
(332.61)

323.82
329.63
331.52
334.84
(331.43)

326.68
332.93
334.95
336.17
333.96

327o23
332.77
338.23
338.42
335.37

325.97
328.79
337.87
338.64
(335. 15)

329.64
336.92
(339.8)>b'<
(341.4)>'<>'<
(337 .80)

TABLE 3
MONTHLY AND YEARLY AVERAGES OF ATMOSPHERIC C0 2 AT ALERT (82.5°N 62.3 1 W)
(in ppmv, WMD-1974 scale)
MONTH
Ol
02
03
04
05
06
07
08
09
10
ll
12
Yearly
Average

*

327.91
324.35
332.79
339.42
(331.12)

Interpolation

1976
335.00
335.89
337.07
(337.29)1<
337.51
335.04
329.15
322.99
322.97
327.82
330.84
336.90
(331 • 54)

**

1977
335.44
336.40
338.48
338.25
339.12
337.35
330o 16
325.46
325o59
329.94
333.43
339.24
334.07

1978
344.40
344.65
341.25
340.27
339.89
343.41
332.86
326o72
328.47
332.27
335.47
337.60
337.27

1979
341.79
339.38
340.98
340.36
341.70
341.59
333.47
327.70
328.46
332.51
334.14
338.02
336.68

1980
34Do25
341.46
342.35
342.06
342o7l
341.93
338.54
333.99
331.44
(335.30)>'<
339.16
342o80
(339.33)

1981
345.49
345.76

Estimation from trend

Discussion
The C0 2 data in this paper are expressed in the WM0-1974 mole fraction scale with a
pressure broadening correction calculated using the equations derived by Keeling et al. 4 •
Since i"t can be assumed that the URAS 2T analyzer used at MCRC will have a different pressure
broadening correction than that derived from Keeling's equations, the reported C02 concentrations are in error by a yet undetermined amount. Since the Canadian data appear generally
to fit other reported global data, it is probable that error is less than ±2 ppm.
The problem of quality control or screening of atmospheric C0 2 measurements is difficult
with a possibiltty of damaging, more than improving, the data seta Since a final solution of
this problem has not been achieved, all data have been used as measured in the preparation of
this paper. As a result, certain measurements that deviate significantly from the trend
affect the calculated averages. In a future enlarged paper, now in preparation, some form
of quality control will be used to screen the datao

_l
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(a) Yearl~ averages: Yearly averages of atmospheric COz concentration are plotted as timeseries in Figure 3, for the three Canadian stations and for Barrow, Alaskao Data for Barrow
were extracted from GMCC Summary Report No. 8 3• Where monthly averages were missing, an
interpolated value was obtained l:ly a trend line interpolation.
No north-south trend can be inferred from· these data particularly since absolute
calibrations of the Canadian and Barrow data are not yet available. A leveling off of
atmospheric co 2 at Stati:on P occurred tn 19.75 and 1976, also shown in Barrow data indicating
a large scale pf:lenomenon. The Station P levelling off coincided with lower sea surface
temperature in 1975 and 1976 at Station P relative to a 1950-1980 mean as shown in Wong5o
(b) Seasonal amplitude: The seasonal amp! i"tude from the winter-spring maximum to the summer
mtnimum ts about 12 ppm.at Station P and 14 ppm at both Sable Island, Alert and Barrow,
Alaska. Data from Barrow have been extracted from the monthly__ay_e_r__a_g_e_s_o_f_c_oo_t_Louou.s_ _ __
measurements reported in the GMCC Summary Report No. 83. There are considerable year-toyear variations in the amp] itudes s-ummarized in Table 4. Although there is some consistency
in the pattern of large and small amp! itudes among the reported stations, there are marked
exceptions.
TABLE 4
SEASONAL AMPLITUDES OF ATMOSPHERIC C0 2 AT STATION P, SABLE ISLAND, ALERT AND BARROW, ALASKA
YEAR

STATION P

1975
1976
1977
1978
1979
1980

11.7
15.4
11.6
12.6
12.7
9.4
-·-

Average

12.2

SABLE ISLAND
17 .o
11.8
15.2
14.0
13.7
14.3

ALERT
14.5
13.7
17.9
14. I
10.9
14.2

BARROW 2 ALASKA
14.9
15. I
12.5
12.4
14.3
13.8

ATM, C0 2 (in ppmv, WM0-74 scale)
340
ALERT

BARR0\·1, ALASKA

ISLAND

335

STN P

330

Figure 3. Yearly averages of atmospheric co
concentrations for Canadian stations at Ocean2
Weather Station P (~), Sable Island (x),
Alert (•) and u.s. Station at Barrow, Alaska
(•).
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Beginning of the spring decline in atmospheric COz concentration caused by seasonal
uptake of COz by vegetation in the Northern Hemisphere occurs earlier at Sable Island
(March-April) than at Station P (April-May). The decline begins even later (May-June) at
Alert. Since the summer minimum occurs during the August to September period at all three
stations, the slope of the decline ts greatest at Alert and least at Sable Island. At
Stati'on P onset of the plankton bloom starts in May after formation of the summer thermocline.
The late start of the decline at Alert is probably a delay caused by the distance from the
onset of biological uptake in more southerly latitudes. The small local vegatative uptake
normally begins in July at Alert.
The pattern of increasing concentrations appears to be different at Station P than at
the other two sites. At Station P there is norma 11 y a rapid increase from the summer
minimum until November or December followed by a more gradual increase to a well-defined
maximum in April or May. At Sab~e Island and Alert, the steep autumn gradient continues until
December or January followed by oscillations at near maximum values. Whereas at Station P
there appears to be a well-defined period for maximum concentration that occurs in Apr!l
or May, at Sab-le Island and partkularly at Alert maximum or near maximum concentrations can
occur from December to June.
(c) Year-to-year changes of monthly C0 2 averages: The year-to-year changes of the monthly
averages of COz concentration are plotted in Figure 4 (~). (b) and (c) for the three Canadian
stations. These data are summarized in Tal:ile 5. Data for Barrow, Alaska extracted from the
GMCC Summary Report 3 are also tabulated for comparison.
TABLE 5
YEAR-TO-YEAR CHANGES OF MONTHLY COz AVERAGES OBSERVED AT
CANADIAN STATIONS AND AT BARROW, ALASKA
(values in ppm year -1, WM0-1974 scale}
STATION

l'.C0 2

L'.C0 2

L'.C0 2

l'.av.

LIC0 2

79-78

80-79

75-80

76-75

77-76

78-77

Station P
Sable ls1.
Alert

-0.23
(+0.28)
(-1.45)

2.36
3.01

1.50
1.40
3.21

0.57
-0.02
0.68

2.16
2.58
2. 73

1.27
1.34
1.39

Average
Barrow

(-0.47)
-0.29

2.04
1.83

0.41
0.49

2.49

1.33

__!_:1§_
2.36
0.79

co 2

L'.C0 2

The year-to-year changes of C0 2 monthly averages (Figure 4a, 4b- and 4c) show considerable
variability, ranging from -5 ppm to +13 ppm. The fluctuations are less for Station P than
for Sable Island and Alert. The magnitude of the changes, -0.23 ppm to 2.49 ppm is within the
range observed by Keeli'ng et al.4 and Peterson et al.6, both at Mauna Loa Observatory, i.e.
fluctuations of less than 0.5 ppm to more than 2 ppm. The average annual C0 2 increase at
the three Canadian stations amounts to 1.3 ppm year -1 for 1975-1980, compared to 1.14 ppm
year -l for 1969-1974 at Mauna Loa Observatory reported by Keeling et az.4 and 0.9 ppm
year -1 by Peters-on et al, 5 ,
With the exception of the 1977-76 difference reported at Barrow, the data are consistent.
Two prominant minima in yearly changes of COz averages at the Canadian stations, -0.47 and
0.41 ppm year -l respectively, versus the considerably higher averages of 2 to 2.5 ppm
year - 1 for the other periods. With the single exception mentioned above the pattern of low
and hi.gh changes occurred simultaneously at all the tabulated stations. Thus, such changes
are a large-scale phenomenon.
Conclusion
{1) Time-series data of the concentration of atmospheric ~02 is presented for three Canadian
locations, Ocean Weather Station P in N.E. Pacific Ocean, Sable Island, N.S. and Alert, N.W.T.
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Figure 4 (a), (b} and (c}. The year•to-year changes of the monthly averages of C02 concentratlions for the Canadian
stations at Ocean Weather Station P, Sable Island and Alert, respectively.
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-42The latest values 335.66 ppm (1979) and 337.82 (1980) at Station P, 335.15 (1979) and 337.80
(1980) at Sable Island and 336.68 (1979) and 339.33 (1980) at Alert appear reasonably
consistent with the global pattern.
(2) The increase in CO concentration averaged for the three stations from 1975 to 1980
is 1.33 ppm year -l
\fell below average increases occurred in the periods 1975-76 and 197879.
(3) A levelling off of atmospheric C0 2 increase for two consecutive years, 1975 and 1976
was observed at Ocean Weather Stati"on P, correlated with lower sea surface temperature in
those years at Station P.
(4) The seasonal amplitude between winter and summer concentrations ts about 12 ppm at
____ Siat.Lan_f_aruLLLp_flm_at_S_ab_Le_t_s_LaruLi!nd AI ert ._____Ib_e_r__e__Ls__ a_ph_ase s b i ft of about aruLmont_h_____~
per station i'n the onset of the decl i'ne to summer minimum, beginning earliest at Sable Island
and latest at Alert. Ending of the C0 2 program at Stati'on P because of the termination of
the weatherships should be noted. The data from Station P have been of consistently high
quality and constitute the third longest time-series at a fixed location.
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A ship-of-opportunity program to sample air and sea water samples for C0 2 was initiated
in September 28, 1978 by the Marine Carbon Research Centre with the cooperation of the Montreal
Shipping Company. A car-carrier, Canada Maru (re-named Canada Ace from February, 1980 on) made
a round-trip between Nagoya, Japan and Richmond, B.C., Canada crossing over the North Pacific
Ocean in 23 days, including 2 days stopover in port. The cruise track during the period
September, 1978 to July, 1980 covered an oceanic span between 1400E and 1300W, and .between
270N and 54oN. The summer track followed approximately the Great Circle Route along the more
northern latitudes, Because of heavy storms in the subarctic waters, the winter track was in
the 30oN range. The sampling positions were shown in Figure 1. The co 2 data from this program
provide extensive geographical coverage in the Northern waters of the Pacific. However, the
time coverage for a fixed position in the ocean is difficult to achieveo Another sampling
program of the Marine Carbon Research Centre provided the time coverage at Ocean Weather
Station P (sooN, 145°W) on board two Canadian weatherships, the CCGS Quadra and CCGS
Vancouver.· The Station P time-series was terminwted in May, 1981. However, there has been
enough overlap in sampling time of the two programs since 1978 to permit an assessment of the
effectiveness of the ship-of-opportunity sampling approach, calibrated against the Station P
time-series with over 11 years of COz observations.
Experimental Procedures
Air samples were collected in l.BL Pyrex glass flasks, each fitted with a 6mm bore high
vaccum stopcock and a 14/35 inner standard taper joint, lubricated with 11 Apiezon-N 11 hydrocarbon
grease. _The flasks were evacuated with a high vacuum system using liquid nitrogen trap, stored
in the dark inside a moulded plastic box and well-protected from breakage as described in a
Manual of COz sampling.I The lapse in time between sampling and later shore-laboratory analysis
is between two to twelve months. The sampling was done by trained personnel at the bridge height
of about 15m, above water. Typically, two samples were collected at each station position at
14:00 local time while underway using procedures to minimize contaminations as described in
this Manua1. 1
Analysis of marine air for C0 2 content was performed at the Marine Carbon Research
Centre at the Institute of Ocean Sciences. The analytical system, an improved version of
Keeling et aL 2 and Wong et aZ. 3, consisted of a URAS-2T infrared gas analyzer, a Toepler
pump gas transferring system, stainless steel plumbing, automated solenoid control valves,
data logging device and strip-chart recording, and temperature stabilization by enclosing the
analyzer inside a plexiglass box with thermostatic control and fan at 40±0.5 °C. The analyzer
was a non-dispersive infrared type (NDIR), with the measurements made relative to COz in N2
standards, stored in stainless steel cylinders. The standards in use at the Marine Carbon
Research Centre were calibrated regularly against the WMO-co 2 Central Laboratory at the
Scripps Institution of Oceanography.
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-45Results and Discussions
Effects of local changes on marine air COz contents. For large-scale observations over oceanic
areas, especially 5y the ship-of-opportuni'ty approach, the operation requires sampling both in
different geographical locations and in different time of the day. The first question is how
representative is a single observation over a certain area within a given time period? For
coastal forest and Sierra Nevada forest (Keeling 4, 5 ), diurnal changes of 60 ppmo were observed.
For Mauna Loa Observatory at 3400m above sea level, an average of I ppm and a summer diurnal
fluctuation of up to 5 ppm were observed by Keeling et alo 6 • For ocean waters, observations
were made on board CCGS Quadra for cruise 73-006 with records of air co 2 , surface sea water
pC02, air and sea water temperatures, salinity and wind speed, as shown in Figure 2. Daily
fluctuations were within 10 ppm with difference between maximum and minimum as high as 30 ppm.
These marine fluctuations did not appear to correlate well with changes in wind speed, sea and
air temperatures of salinity in a clearcut manner.
Biological production in surface ocean waters leads to C02 invasion from the atmosphere
estimated to be 0.5 ~moleC0 2 cm- 2 day- 1 in a coastal inlet as in Johnson et al. 7 • A co 2
signature of the order of 10 ppm would be produced by such flux in a 10 m layer of marine air
over the sea surface. In a diurnal cycle, photosynthesis by algae in surface waters usually
exhibits a maximum at 11-12 hours in the morning with a light-inhibited plateau of less
intensive production in the afternoon as shown by Marra 8 • An atmospheric co 2 minimum in the
near sea-surface· air, generated by intensive photosynthetic uptake during the daylight period,
could be seen from days 14, 15 and 16 of Figure 2. Other factors, such as warming of the
surface waters by solar radiation and local upwelling and vertical circulation cells could
mask the situation.
Effects of geographical locations on marine air COz contents. The variability of atmospheric
C02 contents in air samples collected on the Canada Maru for the cruise 28/9/1978-7/10/1978 is
shown in Figure 3. The track covered an approximately Great Circle route from Japan through
Bering Sea to Richmond, B.C. in a West-East direction. A difference of 10 ppm in C0 2 was observed. lt is not possible to pinpoint the cause of the W-E variability yet before a complete
analysis of the data is made. The W-E drop is not typical of the ship-of-opportunity observations. Situations of a W-E rise and of a almost level C02 contents across the Pacific were
also observed. A combination of oceanic temperature change and oceanic productivity change
could be part of an explanation of the regional differences as indicated in the station P work
on air-sea pC02 time series in Wong9.
The movement of air masses with different co 2 contents may explain the variability too,
especially in a coastal area. Figure 4, shows the co 2 contents of air samples collected at
Kains Island and at Ocean Weather Station P. Kains Island is the location for a lighthouse
time-series of C02 in the northern tip of Vancouver Island with exposure to onshore winds from
the Pacific Ocean. The fluctuation at Station P is about 2 ppm (C0 2 index-scale) while at
Kains Island, it is about 14 ppm within a period of 3 weeks. During periods with onshore west
winds, the C02 contents in air samples at Kains Island coincided exactly with those collected
at Ocean Weather Station P (sooN, 1450W), almost 1500 km from the North American continent.
The COz content of about 325 ppm in October 1978 appeared to be quite typical of the oceanic
regime between the west coast of Canada and Station P, as indicated by Figures 3 and 4.
Higher values at Kains Island when the winds were NNE and SW might be due to invasion of air
masses from the north or subarctic waters while the low value with SE winds suggested C02 of a
coastal air mass of a more southerly origino However, detailed circulation analysis and
additional 13cf12c data would be required to confirm the speculation.
Seasonal variability of atmospheric C02 over the North Pacific Ocean. Table 1 shows the
monthly averages of atmospheric C02 of air samples collected on the Canada Maruo Figure 5
shows the seasonal variability of atmospheric C0 2 over the tracks of Canada Maru for all sampling
positions as in Figure 1. The spread of the data does not appear to be out of place with timeseries data at Ocean Weather Station Po The line through the average C0 2 values agrees well
with that at Ocean Station Po The peak and trough of the annual cycle are in phase. The lack
of data from the ship-of-opportunity program in the crucial month of August 1979 hampers
comparison of seasonal amplitudes. However, the sides of the trough fit almost exactly for
the two sets of datao The annual plateau for the months of March-May is at a level of about
340 ppm in 1979 and 344 ppm in 1980. The August 1980 dip in C02 is 2 ppm lower than that at
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TABLE
MONTHLY AVERAGES OF ATMOSPHERIC C0 2 OVER NORTH PACIFIC OCEAN
(ppm, WM0-74-Scale)
MONTH
01
02
03
04
05
06
07
08
09
10
11
12
Yearly Average

329.29
333.43
333.89
336.66

1979
337.41
339.60
339.42
340.15
341.20
338.06
332.63
333.97
330.61
334.06
336.17
338.96

(333.32)

336.85

1980
339.52
340.26
341.89
343.25
343.22
340.69
335.44

(340.61)

Station P. This may be due to the samples in the more productive ocean waters in the subarctic
areas in Bering Sea covered by the track of the Canada Maru, The average rate of atmospheric
C02 increase based on Table 1 data is 2.03 ppm yr-1.
Conclusions
A ship-of-opportunity approach appears to be a viable alternative to fixed position time
series for atmospheric C02 over the ocean.
Four aspects were considered:
(1) Local changes in oceanic condition, especially biological production, may lead to diurnal
fluctuations of the order of 10 ppm C02 in the atmospheric .co 2 content.
(2) Oceanwide variability across the Pacific Ocean was observed to be of the order of 10 ppm.
(3) Seasonal changes as obtained from ship-of-opportunity approach should be compat.ible
with fixed position time-series over the ocean.
(4) The average annual rate of atmospheric C0 2 increase over the North Pacific Ocean is
approximately 2 ppm yr-1.
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SEASONAL AND LARGE-SCALE VARIABILITIES OF ATMOSPHERIC C02 OVER THE OCEAN
C.S. Wong
Marine Carbon Research Centre
Institute of Ocean Sciences
Sidney, B.C., Canada

Abstract
Atmospheric C02 over the ocean is affected by a large number of factors of
different scales of influence: hemispheric exchange of atmospheric constituents,
E-W atmos~heric circulation and mixing of fossil fuel input and forest-affected
air, larg~-scale oceanic warming and cooling seasonally, and biological removal of
C01 and regeneration, as well as oceanographic processes such as upwelling and
advective supply.
These factors will be discussed and illustrated by Canadian data at Ocean
Weather Station P (500N 1450W) where two Canadian weatherships, the C.S.S. Quadra
and C.S.S. Vancouver were utilized to provide time-series measurements of
atmospheric C02 and other supporting C02 and oceanic parameters. Further
discussions will be based on atmospheric C02 data and oceanographic data collected
on transacts between Tokyo and Vancouver, B.C., Canada across the Pacific Ocean on
the Canada Maru as a ship-of-opportunity. Highlights will be on the seasonal
cycles of atmospheric C02 in relation to large-scale temperature changes across the
Pacific and seasonal changes in oceanic productivity.
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VARIATIONS IN CONCENTRATION OF
CARBON DIOXIDE IN THE ATMOSPHERE OVER JAPAN
M. Tanaka, T. Nakazawa and S. Aoki
Upper Atmosphere Research Laboratory
Tohoku University, Sendai, Japan

Abstract
An atmospheric carbon dioxide monitoring program has been initiated in 1978
at Upper Atmosphere Research Laboratory of the Tohoku University, Japan. The
following three types of measurements have been continued so far:
(i) continuous measurement at a ground station in a suburb of Sendai;
(ii) analysis of discrete air samples collected by light aircraft on
flights at various levels from 30 to 3000 m over the
Sendai Plain at regular intervals at least once a month;
(iii) analysis of discrete air samples collected simultaneously by
commercial jet aircraft on flights over Japan islands and at
flight levels covering the upper troposphere and, occasionally,
the lower stratosphere.
All measurements were made with Hitachi-Horiba infrared gas analyzer with
a relative accuracy of better than 0.1 ppmv. The absolute values of C02
concentration are still somewhat uncertain but will be determined by comparing our
primary reference gas to the Scripps standard in the near future. In addition to
a lot of surface data, more than 1000 flask samples were analyzed to date. These
data seem to indicate the essential features of variations in concentration of
carbon dioxide in middle latitudes. An average annual increase of C02
concentration during the period 1979-1980 is estimated to be 1.5 ppmv/year.
Yearly average values of the concentration decrease with increasing height above
the ground, rapidly in the lowest layer of the troposphere and rather slightly in
the layer above it, showing that the ground acts as a crabon dioxide source in
this latitude zone. The range of seasonal variations decreases markedly with
elevation. The maximum occurs in early May and the minimum in early August at
low levels. The phase shift of the seasonal variations between the lowermost and
the uppermost parts of the troposphere is about one month. These features are
closely similar to those reported by Bolin & Bisho'f (1970) for high latitudes.
Relations between irregular variations in C02 concentration and characteristic
features of weather systems are also noted.
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co 2 AND RADON-222 AS TRACERS FOR ATMOSPHERIC TRANSPORT
by
H. Dorr, B. Kromer, I. Levin, K.O. Munnich, H.-J. Volpp
Institut fur Umweltphysik, University of Heidelberg
D-6900 Heidelberg,

F.R.G.

1. Introduction
It has been stated previously
2 ] that a detailed knowledge of the global carbon
cycle is a prerequisite in predicting the impact of man made co releases on future cli2
mate. In this context the quantitative study of carbon exchange between biosphere and
atmosphere is of great importance. Data so far have been obtained by balancing the mass
transfer of organic matter between the two reservoirs [12 ].
The present -report indicates another way to obtain information on the co fluxes from
2
the soil (decomposition of organic matter by microorganisms and root respiration) and the
vegetation to the atmosphere, and from the atmosphere t.o the vegetation by photosynthesis.
The source strength of co release from the soil can be estimated by direct measurement of
co 2 profiles in the soil. 2 It will be discussed to what extent diurnal variations of the
atmospheric co concentration measured in the source/sink region, in a still easily
2
accessible height above ground, can yield information on the co fluxes.
2
Since the diurnal co variations depend on both, the varying strength of the source/
2
sink as well as on the lntensity of transport (mixing) one needs knowledge of the momentary values of the vertical diffusion in the atmosphere (atmospheric dispersion), as well
as on the molecular diffusion in the soil. To this end the parallel use of a second trace4
namely radon-222 is helpful. The radioactive noble gas Rn-222 (3.8 days halflife) is produced in the soil by the decay of Radium-226 (halflife 1600 years) , a trace component of
all soils. After diffusion from the soil air into the atmosphere Rn takes part in atmospheric transport in the same way as does carbon dioxide. Two independent methods to
determine the virtually constant radon flux .from the soil are discussed namely by evaluation of concentration profiles in the soil and by measurement of the Rn pile up in air
masses during their travel over the continent.
The estimated Rn flux is then used to tentatively calibrate the
the variation of atmospheric concentration.

co2 flux derived from

2. Experimental techniques
Soil co concentration profiles are obtained by sampling soil air in evacuated 50 ml
2
glas flasks and by measuring it with a non-despersive infrared analyzer (= NDIR; URAS 1,
[ 1 ]) • The radon samples are taken in the same way in 1000 ml glas flasks. The Rn activity is measured in a slow pulse ionization chamber [ 1•7,15 ].
The atmospheric co concentration is recorded continuously with a NDIR (Ultramat 3). The
2
atmospheric Rn-222 concentration is measured indirectly via the shortlived decay products
Po-218, Pb-214 and Bi-214 (half lives 3 - 27 min) [13]. These decay products, being
attached to aerosol particles, are sampled continuously on a fibre filter (Whatman 41) and
a-counted in situ with a surface barrier detector system. The data is being recorded with
a Rockwell AIM 65 mi~ocomputer.

-563. Determination of

co 2

and Rn source strengths from soil profiles.

Figure la shows a typical summer co depth profile in a sandy soil. The concentration
2
increases steeply, but reaches a constant value of about 4700 ppm at a depth of less than
one meter already (see [ 5, 6 ]}. From the near surface slope the soil co flux density
2
released to the atmosphere can be calculated. It should be noted, however, that this figtire does of course not. include the co -respired by those parts of the plant cover which
2
are situated above ground.
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Figure 1 :
Simultaneous co - (Fig. la) and radon-222 (Fig. lb) profiles in a sandy soil near Heidel2
berg (Sandhausen) taken in July 1981. co concentration increases strongly with depth to
2
a constant value of about 4700 ppm at < 1 m depth. The dotted line indicates the best
fit through the measured values. The Rn concentration profile is fitted by an exponential function assuming zero concentration at the soil surface. The best fit yields a
scale height
= 1.78 meters and a radioactive equilibrium value c CO of 506 dpm/liter
at great depth.

z

The radon profile (Fig. lb) taken simultaneously looks somewhat different and increases
more slowly with depth. In fact, assuming a homogeneous distribution of radium-226 in the
soil, constant yield in the release of radon from the individual soil grains, and constant
molecular diffusion in the soil air represented by the diffusion constant D, one finds the
radon concentration to follow an exponential profile ( see
[ 8]).
c(z) = c CO (1-exp(-z/z))

z

In this relation c
is the radioactive equilibrium value at great depth,
=~ is the
scale height, T = S.5 days is the radioactive meru1 life of Rn-222, D = D /k is the diffusion constant of radon in the soil air. D is independent of the soil ~orosity £ (representing the average cross section available for diffusive transport) which, however,
enters the flux density released to the atmosphere (see [ 6]).
The diffusion coefficient D for Rn in air
tuosity) due to the fact that ~n the soil the
and moreover, that the bottlenecks on the way
other) are usually blocked by capillary water
k = 3/2, z can be calculated to be
z =VD

0

·T/k

is reduced by the factor k (so called toravailable diffusion cross section varies,
(where individual grains nearly touch each
(see [ 5, 6]). Assuming an average value for

2
178 cm; (D (Rn) = 0.1 cm /sec, T = 5,5 d)
0

This result is in surprisingly good agreement with the observed profiles (Fig. 1b) and
suggests that the transport in the unsaturated zone is really due to molecular diffusion.
This allows the easy calculation of the Radon- and co -flux densities from the concen2
tration profiles by Fick's law.
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Annual variation of co flux from the soil
2
(decomposition of organic matter and root
respiration) derived from measured co con2
centration profiles (Fig. la) in a loamy
sand near Heidelberg (Nussloch) [5].
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The same is true for the co flux from the soil, but contrary to radon the co concen.,2
2
tration profiles vary with season and so does the CO release to the atmosphere. The co
2
depends on plant activity (root respiration) and on tfie content of organic matter in the
soil. Both, the respiration and the decomposition of organic matter are primarily controlled by soil temperature. This leads to an annual variation of the co flux from the
2
so~l (Fig. 2).
Measurements near Heidelberg gave an ~verage co flux of
12 mmoles co ;
2
2
(m • hour)
with a maximum of ~out 20 mmoles /(m • hour) in June and July and a
minimum value of ¥out 3 mmoles/ (m • hour) or less in winter. The average radon flux is
about 4000 dpm/(m • hour) without seasonal variations.
4. Progressive radon-222 loading of an air mass travelling over the continent
It is obvious that all variability in co and radon concentrations observed in the pla2
netary boundary layer is due to the respect~ve
fluxes originating from the ground. In
the case of radon there are evidently two major contributions to this: the diurnal variations are produced by pile-up of radon released rather close to the measuring site (< 10
to 100 km) and will be discussed in the next section. The other type of variation is due to
air mass changes [10,18]
and originates from the fact that the radon exhalation rates
from the ocean and from the continent are different by two orders of magnitude (the release from the continent is about 150 times larger) . The atmospheric Rn concentration at
a site not too far from the coast therefore depends on the pathway of air mass.

Figure 3
Atmospheric Rn-222 concentration record on
.·the North Sea Research Platform (FPN) near
Helgoland in August 1980 together with the
simultaneously measured wind vectors: the
length of the vectors indicate the velocity
(see scale) the wind direction is always towards the central line. Wind from north (e.g.
from Aug. 8-10 or from Aug. 21-26) is correlated with low Rn concentrations. Wind from
south brings continental air to the FPN with
high Rn concentrations.
Included is also the parallel Rn-222· record
from Aug. 21-28 at Heidelberg (HD) (notice
the different ordinate scale) the radon
loading on the way from the North Sea to
3
Heidelberg amounts to about 150 dpm/m •
Fig. 3 shows a typical record of Rn concentration at a North Sea Research Platform close

-58to the island of Helgoland in August 1980 together with the momentary wind vector. Normally the wind direction at the platform is either almost north or south. Wind from north
usually carries maritime air to the platform and wind from south continental air. The
different origin of the air can be identified clearly from the Rn concentration record.
The period August, 14-18, with weak winds from south (long residence time over continent)
showing high Rn concentrations at the platform is followed by a period of very low Rn concentration caused by strong winds from NW. Figure 3 further shows the Rn concentration
measured in Heidelberg during the same period. The Rn pile-up in the air mass on its way
from the North Sea
t~ Heidelberg (about 400 km over land) manifests itself in t~e
difference of about 150 dpm/m between the daily minimum concentrations (about 160 dpm/m )
in Heidelberg and the one on the platform. From this increase and from the travel time
of the air mass from the North Sea to Heidelberg we can estimate the average soil radon
exhala~ion rate along that pathway.
The calculation leads to a flux between 3700 and 7400.
------dpm/-(-m-•-hour-)-. _ __!_L_This-has_to_be_comp_ar_e_d_wi:th_~p_o_t__y_al:ue_s__d_erived from soil :grofiles
around Heidelberg ranging from 3000 to 6000 dpm/ (m • hour)1 with an assumed average of 4000.
Another example for the radon concentration increase of an air mass passing over the
continent is shown by the Heidelberg radon record of September 1980 (see Fig. 4).
The weather charts demonstrate the meteorological situation: On September 15 a high over
Spain and a low over the Baltic produce a marked west flow. Five days later the high
Figure 4 :
Atmospheric Rn-222 and CO concentration
variations in Heidelberg 1Hn) in September
1980: Air masses coming from west (see
weather chart from Sept. 15) travelling
about 30 hours over northern France have low
3
"background" concentrations: "' 350 dpm/m
·(= minima of tlie diurnal variations) whereas air masses coming from the south west
(see weather chart from Sept. 20\ travelling
about 7 days ·over Spain and southern France
show significantly higher "bac~ground" concentrations of about 800 dpm/m • co back2
ground concentrations·are not signiflcantly
influenced by the long range continental
transfer.
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)The radon concentration is ten!atively assumed to decrease like exp(-z/z) with height z.
Assuming a fixed scale height z along the air trajectory then means an increase ~c in
ground level concentration to correspond to an increase in standing crop S = z • ~c. An
increase ~c during the travel time ~t therefore must be caused by an average exhalation
j

=

(~c/~t)•

3

z

A concentration increase ~c = 150 dpm/m during a travel time ~~ = 20 hours with a scale
height z = 500 meters then means a flux density j = 3700 dpm/(m •hour) being released
from the ground. Assuming z = 1000 meters doubles this value. It should be mentioned that
the measured radon profiles[16] over southwestern Germany seem to be fitted reasonably
well by an exponential function with
in the range quoted.Since ~ =YD•T ff and 1/T -f=
1/T + 1/T'there must exists an additional removal channel beyond radioacflve decay et
(namely flushing by oceanic air). One obtains a partial residence time T' due to flushing
between 1-2 days and· infinity.

z

-59covered a large area and has travelled towards Rumania via Italy. The westerly flow has
changed
to a southerly one and brings air-masses from the Mediterranean via Central
France. The travel time over the continent increased from about 30 hours (September 16)
to about 7 days (September 20) and therefore the background Rn concentration (daily radon
minimum) is about
twice
the previous one. That this rise of the daily radon minimum is not due to insufficient vertical mixing (see next section) is shown by the co re2
cord where a significant change is absent.
5. Diurnal variations - vertical transport
In addition to the long term change in "background" radon concentration due to long
range transport as discussed in the preceding section, Fig. 4 also shows strong diurnal
variations in the Rn as well as the co concentration. At a site like Heidelberg (more
2
than 400 km distance from the ocean) such short term variations of co and Rn can only
2
be due to changes in vertical mixing (assuming reasonably homogeneous distribution of the
ground source, as well as constancy with time). The latter assumption is certainly not
correct for co : In the vegetation period the co flux changes sign during the day and
2
2
photosynthesis should cause minimum co concentraEion in the
afternoon while at night
2
time soil and plant respiration under absence of assimilation lead to an increase of co
2
concentration near the ground •
Nevertheless, however, against expectation
the CO and radon record, re6pectively, show such a high degree of parallelism that the
diurnat change in sign of the co flux cannot be the main cause for the observed variation
2
in atmospheric CO concentration.
Now look to the atmospheric mixing parameters : especially during clear nights infrared
outward radiation from the ground builds up an inversion layer which prevents vertical
mixing of soil born gases into the atmosphere. On the other hand, increasing solar radiation after sunrise destroys the nocturnal inversions, and decreasing atmospheric stability may lead to strong atmospheric mixing and correspondingly to a concentration decrease near the ground at daytime an~ as in the case of soil born radon having a rather
constant exhalation rate, short time concentration variations are only due to atmospheric
stability variations (remember that radon concentration generally decreases with altitude,
see footnote preceding page) •
Rn-222.
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Atmospheric Rn-222 and co concentration variations in Heidelberg, August 1980. The strong2
ly correlated concentration variations (see also Fig. 6) .are due to changing atmospheric
stability. The absence of a long range influence in background radon concentration allows
an estimate of the nocturnal co flux from the ground.
2
Figure 6 :
Correlation of hourly means of Rn-222 and CO concentration during night and morning (Hei2
delberg, August 21-23, 19BO;see Fig. 5). The slopes of the regression during concentration
increase and decrease, resp., are insignificantly different. Their average ,
3
(400dpm Rn/m)/(50 ppm co )is used to estimate the total co respiration.
2
2

~Figure

-60During night (absence of photosynthesis) soil and plant respiration should also be constant. This situation offers the chance to estimate the total co respiration flux (soil
2 variations and caliand plant cover) from parallel recordsof co and radon concentrat~on
2
bration by the known radon flux (see section 3 and 4) : A good linear correlation of the
mean hourly concentrations during three nights in August 1980 (with rather constant
weather conditions, see section 4 and Fig. 5 ) is shown in Fig. 6.
Any concentration increase attributed to atmospheric inversion pile-up of two different
tracers (Rn and co ) released together from the ground should occur in the same proport{og)
4
asdo their respect~verelease
flux densities. A regression of (50 ppm co )/(400 dpm.Rn/ml
2
or 2.1 tnmol-C0:;/400 dpm ~(slope of :the regression line in Fig. 6) then means a co 2 flux
density of 21 mmol
/{m •hour) to be accompanied by an assumed best estimate of tlie rei:do:n
2
flux of 4000 dEm/(m •liour) (comp~a=r~e~s~e~c~t=i=o=n~s~3~an==d~4~)~·--------------------------------------------

z0

This r2spiration value is higher than the one derived from soil CO profiles (about 12
mmoles/(m •hour) in August) as it should be since it includes the contribution of plants
above the soil surface. It is presumably too early to derive a quantitative estimate on
the rt:~lative importance of the two individual contributions to the total respiration flux
from the present data , since there is still considerable uncertainty in the exact value of
the co 2 /Rn regression factors like the one in Fig. 6 as well as in the absolute value of
the average radon flux density from the soil. The ratio 21:12 found in this specific case
is, however, a reasonable value [14].
It should further be noted that the regression obtained from the concentration increase
during the night is not significantly different from the one obtained from the decrease in
the following morning although the slight difference indicates a faster drawdown-for CO
2
due to photosynthesis,_thah for radon. The insignificance of this effect indicates that the
large co variations observed are primarily due to varying atmospheric stability and not to
2
plant assimilation, the effect of which is obviously not so easy to detect 16 meters above
ground in an unforested area. Note: When plants assimilate they presumably need not to
worry much about co supply!
2
Nevertheless, a presumable consequence of strong assimilation during daytime is visible
in Fig. 7. This diagram shows the minimum atmospheric co concentration observed during
2
each day (usually in the afternoon) in summer 1980 together with the seasonally varying
average co concentration in 1 to 3 kilometer altitude (solid line) after Bolin and Bischof
2
[3], adjusted to 1980 after Keeling [9]. Note that the majority of points (primarily those
on clear days) fall below this line by about 10 ppm. We explain this drop in co concen2
tration near ground level to be due to the strong assimilation flux, and to non-zero internal mixing resistance of the atmosphere,which, being considerably reduced by atmospheric
lability due to radiation heating, is still not neglegible. In order to obtain a quantitative estimate of this effect we use a very simplified model with a uniform and time independent vertical diffusion constant D in the atmosphere. The problem of the concentration
response to a sinusoidal assimilation/respiration flux variation then becomes mathematically identical with the diurnal or seasonal penetration of heat wave into the soil [4]. Basically the same approach has been used by Bolin and Bischof [3] for the discussion of the
seasonal variations of co at different altitude levels in the atmosphere. As a first step
2
we assume the vertical co flux at ground level to vary like s cos w t where s is the am1
1
1
2
plitude of this diurnal ground wave with w = (2n)/(86400 sec). Time zero is arbitrarily
1
chosen at noon. The concentration variation due to the varying vertical flux is then
1)

·c (z,t) = s ·R •exp(-z/z )• cos(w t-(n/4))
1
1
1 1
1
with R =1/w , where w =~= 2.7 cm/sec= 2.33 km/day, and 1 =1'2D/w~ = 5~0 ~eters. The
1
1
1
numerical va1ues apply for an assumed vertical diffusion constant of D = 1•10 cm /sec.

z

::) Note a technical point in the radon measurement, namely that during very strong inversions the radon daughters will come to near equilibrium in the air sampled. This raises
the efficiency of radon detection by air filtering [13]. This effect is indicated in
Fig. 5 by stretshing the ordinate scale for high Rn concentrations.
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Figure 7 :
Daily minimum CO concentrations (hourly
means) at Heidelterg during the vegetation
period of 1980. The solid line indicates the
seasonally varying average co concentration
2
at 1 to 3 km altitude (solid Iine) after
Bolin and Bischof [3], adjusted to 1980 after
Keeling [9]. Note that the majority of points,
(primarily those on clear days) fall below
this line by about 10 ppm. This is attributed
to the assimilation sink (see text) .
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_ _ _ _ _ _ _ _ _ _ __::==~~===-===::=~=---~~~--~-~-~~~~~With a given s the concentration deviation to be observed near ground level can now be
1
calculated. A slight complication arises,~ however, from the asymmetry of the diurnal co
2
flux variatlon. Looking at the idealized flux variation diagram of Monteith [14] it
appears that on a clear summer day the integral over the momentary net co removal by assi2
milation (the area above the zero flux line) is about 1.8 times the one oeing given back
by respiration during night (the area below the zero flux line). This means net production
of plant material during summer. In order to treat this diurnal imbalance correctly one has
to indroduce a much slower (i.e. a seasonal) flux cycle since the system presumably will
be nearly balanced on the annual scale. For instance from the identical heat flux problem
[4] we know that these irdividual Fourier terms will be just superimposed. Note, that the
seasonal co flux wave leads to the Bolin and Bischof approach. There, however, the value
2
of the diffusion constant is expected to be larger, and the larger horizontal extension of
the area to be considered will further lead to a smaller average source/sink intensity
since the ocean surface has to be taken into account as well. Nevertheless, it is still
true that the diurnal and seasonal effects superimpose without complication. Therefore, if
we think we ~1ow the seasonal concentration variation, we just have to add the (symmetricaU
concentration variation from eq. (1) to the proper seasonal value of the atmospheric concentration.
A three term Fourier approximation to the idealized co flux variation curve by Monteith
2
[14], namely s + s •cos(w t) + s •cos(2w t) with s = 0.2, s = 1.0, s = -0.3, fits this
1
2
2
1
1
1
curve nicely. °Using a clear day net ass1milation flux densiey peak vafue of about 65
2
mmoles co /(m •hour) _deduced from observed data reported in the same reference yields to2
gether with the above equation a maximum co · concentration deficit in the afternoon of
2
about 13 ppm. This is in r5a,so:!able agreement with Fig. 7. Increasing the vertical diffusion constant to D = 2•10 cm /sec. would reduce the predicted co concentration deficit
2
to about 9 ppm. The co concentration prediction does of course noe apply to the night
2
time situation when, due to increasing atmospheric stability, D is being reduced by orders
of magnitude. The cross influence, however, of this fact on the day time CO? minimum is
presumably rather moderate. A different point is whether the solid line in Fig. 7 really
gives the correct reference value. Extrapolating the concentration curves given by Bolin
and Bischof [3] to zero altitude would bring the solid line in Fig. 7 a few permill down,
while background continental pollution by fossil co which, based on C-14 and C-13 data, is
2
estimated to be 10 to 20 ppm [17] on the yearly average, would presumably bring it back to
the original position shown in Fig. 7.· This reduction of the fossil fuel effect in CO
concentration is due to a smaller fossil fuel source in summer [11] and also due to better
atmospheric mixing.
8. Conclusion
Although the data presented is still of preliminary nature, and so is their evaluation
it seems as if the simultaneous collection of co and radon data, resp., were in fact a
2
powerful tool in studying the CO? system at cont1nental
stations where the co concentra2
tion is strikingly influenced by~natural sources and sinks. The various different contributions may in fact be disentangled safely as soon as there exists enough reliable data.We
further suggest that simultaneous radon sampling might also be sucessfully used as a monitor of continental influence when co concentration measurements by aircraft are made.
2
Sampling by charcoal traps provides a rather simple technique for this purpose.
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R. Zumbrunn, H.J. Friedli, A. Neftel and D. Rauber
Physics Institute, University of Bern, Switzerland

1. Introduction
Several years ago we started the construction of an IR-laserspectrometer
(IRLS) (1,2) to analyse C02 on small samples, either air from small ice
cubes or samples of ambient air. Since 1979 we calfurate our analyser with
three C02 in air standard gases (321.06 ppm, 342.03 ppm and 384.99 ppm,
based on 1974 manometric calibration (WMO provisional scale)), prepared at
the Scripps Institution of Oceanography, La Jolla, USA. All measurements
reported here are based on these standards. The IRSL is designed for discrete sample measurements.
During the summer of 1980 we started a measuring programm at the Jungfraujoch to investigate whether this location could serve as a baseline station
for C02 measurements and to check the longterm stability of our detection
system. Approximately on one day each month we measured the diurnal time
series by taking two samples every two hours.
Recently we started a new program to measure vertical C02 concentration profiles up to 8000 meters a.s.l .. The sample collection was done from a small
aircraft. Until now we had two successful flights. Twenty more flights are
scheduled for the next year. The scope of this program is to evaluated the
seasonal variations of the vertical C02 profile and to distinguish be·tween
local effects in space and time and large scale seasonal variations.
Parallel to these air sampling programs we developed a new technique to
determine the C02 concentration in the air bubbles of 1 cc ice samples
(2,3).
2. Measuring system
Fig. 1 schematically represents our IRLS. A quasi continuous tunable diode
laser, cooled by a closed cycle cooler to 20 K, emits in the wave number
range 2300 to 2380 cm-1. The beam of light passes an optical system, consisting of two focusing lenses, a double absorption cell and a monochromator before it strikes the PbSe detector. The light is cropped. The detector
signal is amplified with the usual lock-in technique and displayed with an
x(t) plotter. The monochromator is used to select a specific mode and to

-66IR LASERSPECTROMETER
FIGURE I

CLOSED
CYCLE
COOLER

PLOTTER

C02 IN AIR STANDARDS

COOLTRAP
T: 193 K
'CRACKER' FOR C02 IN ICE MEASUREMENTS

suppress most of the light originating from spontaneous emission. The absorption cell is divided in two compartments in line: a 0.5 cm cell, which
we fill in a two hours rhythm with pure C02 to measure the non vanishing
total absorption signal (remaining part of the spontaneous emission) and a
15 cm cell for the samples. This arrangement enables to avoid too much C02
exposure of the sample cell.
The intensity I of the beam of light passing an absorption cell with a
length 1, containing a gas with pressure p and C02 concentration c, is attenuated following an exponential law:
I = I 0 •exp(-a(v,p,T) ·c·p·l)

a(v,p,T)

absorption coefficient

V

frequency

T

temperature

Io

beam intensity with zero absorption

For a measurement , we tune the laser several times continuously over an
absorption line of the l2c l6o2 molecule, e.g. the R(l6) line of the QQOQ7
00°1 fundamental vibration-rotation transition and determine the minimum

-67intensity, corresponding to the maximum of the absorption coefficient of the
selected line. For all measurements the same absorption line at the peak
center v 0 is used, the absorption coefficient a(v 0 ,p,T) then depends only
on p and T. The absorption coefficient is calibrated as a function of pressure and temperature using the standard gases with known C02 concentrations.
The linearity of the absorption signal between 321 ppm and 385 ppm is within
the precision of the system (2). The measurement of the unknown C02 concentration of a sample is always in between two measurements of one of the
standard gases. In addition we tune over the absorption line while the
sample cell is evacuated to determine the laser intensity I 0 for zero absorption. The absorption coefficient used to figure out the C02 concentration is obtained by linear interpolation between the values calculated from
the standard gas measurements. In this way variations of~he amnient temperature are considered. Each sample is measured at least twice. The reproducibility of a sample measurement is 0.25 %. With a temperature stabilised
cell it should be possible to improve the precision by about a factor of
two.
We are using clean 70 ml glass flasks, one end with greased stopcocks, as
sample containers.At the Jungfraujoch we open always two flasks simultaneously agains.t the wind without breathing. At the same time we register
different meteorological parameters, i.e. temperature, wind speed and
humidity. Normally the samples are measured the next day. If this is not
possible, we store them in a dark room to avoid C02 production by photolysis
of the grease.
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-683. Results
a) Jungfraujoch
Since May 1980 we measured nine diurnal time series. We could not find
reproducible variations as typical features of industrial pollution or
influences of photosynthesis on a regional scale (see Fig. 2). This is a
indication, that the Jungfraujoch could serve as a baseline station. Fig. 3
represents a typical diurnal time serie • Remarkable is the small scattering,
shown also by a symbol indicating the highest, median and lowest C02 concentration (mean value of two samples) . To relate our data to the world
----~w±d-e-eez-netwcr-k,-we-rnad-e-a-ecmpa-r-:i:-scn-wi-t:-h-t:-he-ee2-r-eee-r-cl.-f-r-em-t:-l'le-Wea--t-her~-

ship P station, which is located in the Northern Pacific on a similar
latitude as the Jungfraujoch. Fig. 4 shows the available Weathership P data
together with our data. The difference in the altitude could affect the
amplitude of the seasonal variation. Our data and those from Weathership P
show a similar behaviour. The data of two days show slightly lower values.
With the available information we cannot give any explanations.

b) Light aircraft measurements
By cotirtesyof the Swiss Military Department we have the opportunity to
collect samples on several flights with a Pilatus Porter aircraft during
the next year. We already had two missions and collected about twenty
samples on each flight between 1000 meters and 8000 meters. The flasks are
filled with ambient air through a flexible teflon tube mounted on a wing of
the aircraft. No exhaust gases from the motor are observed. Simultaneous to
the flights we measured diurnal time series at the Jungfraujoch. For comparison these values are indicated by a symbol in Fig. 5 too and show a good
agreement. The maximum height which can be reached by the Pilatus Porter is
about 8000 meters. For the next year one flight per month and three times
several flights a day are planned. We would like to measure the seasonal
variations in different heights(4) and see how far the local influences are
determining.

4. Conclusions
The IRLS proves to be a well suited system for C02 analysis on small flasks
samples. The actual p~ecision of a single measurement of the system is
0.25 %. Though our observation time covered only 3 % of the total time, the
C02 data from the Jungfraujoch reveal the similar seasonal variation as the
Weathership P data. There is no evidence against using the Jungfraujoch as
a baseline station; it performs the requirements for such a station given by
the WMO (5). To determine the background co 2 concentration a continuous
monitoring station with higher precision is necessary. Such a system is
going to be installed by the EMPA (Eidgenossische Materialprlifungsanstalt),
but we do not know, whether the precision and the calibration of the
system is sufficient.

-69JUNGFRAUJOCH

1980

OCTOBER 22/23

340t---------------------------------------------------~-----------------

- 6 • C < T <0. 2"c

---8-

c

-=--. --:·-;; ---.--~

-~-

--=---:---=---- ------------------:-------:----:--- i.- --o

~

c

t 330

•

N

•

•

•

--------------~e--1--~-ND-~~E

:

•

•

•

•

--#

·_,~ _I,_-----

0

I

...

1

...,
G)

" '

t ///

~ ~

\I

I

1/

320t-------------_____________~__

tourists

c

::0

rr;

__:___
snowfall

air,plane

12.00

16.00
october 22

24.00
I
october 23

12.00

06.00

lime

C02 CONCENTRATION AT JUNGFRAUJOCH
COtfl>ilRED UHU UC•THCRSHIP ~DATA Cl<llU 1411)

350

I

346

••••••••••••••••••••••••••••••••••••••••••••oooouoooooooo0••••••••••••••••••4•••••••••oooooooooo••Oo+••••••••••o••••••oooo .. oeooo••••••••••••••••••••••••••

346

j·

!

·············································································1·······················,··································................. .

344

c
[PPNJ

342
340
336
336
334
332

.I

~-~--~::: :::~

i

l

r~r~:::_:::::~::::-_

:

!

330i-J~F~~M~A~M~J"J~A'·~s~o~nN~D~~F~~M-.A"M~J~7
J-.A~S~O".,N~D
1980
DIURNAL TIME SERIES AT JUNGFRAUJOCH:

so•J.

OF THE
MEASUREMENTS

~

HIGHEST\
MEDIAN
LOWEST

19BI
WHEATHERSHIP P:
0 MONTHLY AVERAGES

C02 CONCENTRATION
/"'- EXTRAPOLATED FROM 19?.0

-70The two successful flights showed interesting C02 concentrations with different C02 gradients above and below 2300 meters a.s.l .. Local effects
influences the C02 concentrations at lower elevations.
The present set of data does not allow to give a detailed interpretation in
terms of atmospheric mixing. It was the scope of this paper to present the
IRLS and its possibility to analyse C02 concentrations in sampled air.
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INTERPRETATION OF ATNOSPHERIC C02 MEASUREHENTS
AT H. CIMONE (ITALY) RELATED TO WIND DATA
by
Luigi CIATTAGLIA
Italian Meteorological Service, Rome.

1. Introduction

The Italian Meteorological Service participates in WMO program on BAPMoN operating
four "regional stations" and one "baseline station" at M. Cimone, 2165 m.s.l., Lat.
44° 11' N, Long. 10° 42 1 E, which perhaps could be classified·more correctly as
--------''-'·conti:nental-station·''-.-At-thi"S'tTt'ation, si tua tea~t~top of-tnenigliest pea!{Qf
Northern Apennines, continuous measurements of atmospheric co have been carried out
2
since June 1978; details on apparatus and techniques used are reported by CIATTAGLIA
et al. (1981).
2. Prevailing winds
Fig. 1 to fig. 3 refer to hourly wind data (from standard meteorological observation)
reported as frequencies for the intenaities : calm, 1-3, 4-8, 9-15, >15 m/s. The entire
year 1980, fig. 1, is also divided into warm period, fig. 2 (June to September), and
cold period, r'ig. 3 (January to May and October to December).
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-72The prevailing winds Sl•l ~:cd NE appear quite evident but the NE is only evident in the
cold period. Most of the intensities are situated in the range 4-8 and 9-15 m/s but it is
not unusual to measure up to 50 m/s. Calms are reported at the bottom. Comparison of 1980
wind data with previous years shows no significant differencies, so representativeness of
this anemological scheme shouldn't be affected by the sample.
3.

Behaviour of C0 2 dat~ in reference to wind.
The only preliminary selection of co data adopted is the rejection of ones affected
2
by local influences like the switching on of power generators or other technical reasons
depending on the apparatus (URAS 2T), or from sampling line. Hourly data obtained by an
integrator are considered together with the record of a strip chart recorder.
No criterion of representativeness of "baseline" conditions has been applied up to
----~now-;-a-f-t-e-r-al-1-i-t-seems-<'lui-t-e-unl-ikeJ.-y-t-ha-t-'-'-s-tead:y-cond.i-t-ions!_!__similar_t_o_the_one=------

used at 11auna Loa, PALES and KEELING (1965) or in New Zealand, LOv/E et al. (1979), or at
Point Barrow, PETERSON at al. (1980), could apply to H. Cimone records.
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-73Fluctuations of daily mean values in fig. 4 in the range 4-5 days are mostly
·related to synoptic situations; local experience suggests this dependence without any
doubt.
J

~1.~;;n

I.S
lS

110

ta

...

.~1

:u

t.t
l.t

2s

t2

In fig. 5 a seasonal trend is clearly identi
fiable (max. in ~mrch-April, min. in Augustdiffering 13.5 ppm). Annual mean value of
1980 may be evaluated in 334.0 ppm (mean
st. dev. 2.2). Previous value for 1979 is
332.6. The only available data of preceding
period in Italy is 320.7 for 1965, reported
by DE }~IO et al. (1970) by grab sample
measurements.
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---------:fn-ord·er--t·o-emphaSl.'1letne Cl.lTferent night/day behaviour in the warr.1 period (,June to
September) in respect to the remaining cold period (when snow usuelly covers the ground)
the C0 hourly values are averaged in tab. 1a and tab. 1b and reported for each hour (THG),
2
wind intensity 0-3 m/s.
00
329.3

01
329.2

02
329.2

03
328.9

12
324.8

13
324.3

14
324.2

15
324.4

16
324.6

00
336.2

01
335-9

02
335.8

03
336.2

04
336-3

12
336.5

13
336.0

14
336.3

15
336.4

04
329.1

06
328.4

o8

10
325.8

11
325.2

22
18
20
21
17
19
325-7 326.2 328.3 328.4 329.3 329.3
tab. 1a, warm period, averaged hourly values.

23
329.1

05
328.7

06
335-9

07
328.5

327-7

os

09
327-1

10
336.3

11
336.1

22
18
20
21
17
19
335.6 335-9 336.2 336.1 336.1 336.4
tab. 1b, cold period, averaged hourly values.

23
336.4

05
336.6

07
336.2

336.4

09
336.1

16
336.2

As was expected only during the warm period the effect of vegetation (only grass above
1650 rn.s.l.) produces a nght-~,'"J.Y ~,ifference (5.1 ppm between 21-22 and 14 TMGhrhich rises
up to 13-15 ppm in particular conditions; on the contrary, tab. 1b, in the cold period
the night-day dif~erence is only 1 ppm.
Let us examine now a table showing some details about v1ind direction/intensity and
C0 concentrations.
2
degrees
m/.s 00
1-3 334.4

30
334.5

60
334.6

90
334.7

120
333.8

150
335-0

4-8 336.9

335.9

337.8

338.5

337.4

337-9
338.1

337-9

9-15 338.6

335-3
336.3
338.5

338.6

338.0

>15 341.5

339-7

337-3

180
210
240
270
333.0 333-5 332.2 332.6
335.4 332.7 332.6 334.2
335.2 334.2 333.8 334.6

300
330
332-9 333.0
334.0 333-7
334.6 334.7

332.1

332.5

335.6

335.0 335-9

335.6

calm 331.5
tab. 2,

co2

annual mean values referred
to wind direction/intensity.
Tab. 2 shows CO mean values referred to 12 groups of directions and 5 classes of intensity (calm, 1-3, ~-8, 9-15, 15 m/s). High values are obtained when wind comes from 1st
and 3rd quadrant, the greater wind intensity \oe have the greater C0 2 concentration results.

-74At least a qualitative and quite rough evaluation of in·fluence of v1ind direction/intensity
on C0 2 concentration is attempted in fige;. 6a and 6b
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fig. 6a, January to June, i'lind direction/
intensity and CO~ concentration
shifting from monthly mean.
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-75Here , for each month , the distribution of case number N in the given direction/intensity class of winds is represented by solid lines. Then , inside the two resulting main directions (NE and SW) , is calculated the number of cases b. for \vhich co hourly values dif2
fer to co2 monthly mean by a quantity~ one standard deviation • These case number~ expressed in percentage respect to total number N of winds in the same class and reported as~%,
are represented by dashed lines (only when/.6.%/1J:50). Areas obtained are shaded when .6% is
positive , that is when the majority of hourly values exceed co monthly mean of a quantity
2
equivalent to a standard deviation or more •
Fig.6 outlines in this way a fundamental behaviour : NE winds are associated to hip;h
CO?vnlues E< 1 irl this happens mainly in the cold season , SW winds don't seem to carry air
with high C02 concentration • July and August are the only exceptions but it is quite obvious that the mixing action by SW yields a raise in local C0 concentration otherwise lowe2
red by vegetation which acts as a sink in the summer •
4. Conclusion.
The annual mean (334.0 ppm) of C0 at H.Cimone confirms the continuous increase of the
2
measured concentration (+ 1.4 ppm respect
to 1979). Behaviour of measurements suggests that
C02 high values associated with NE (actually NE is the N-S component shifted by the Alps)
are a consequence of meridional transport of carbon dioxide in the global cycle or/and
consequence of man made changes in the atmosphere composition due to the long distance travelled by the air over N~rth Europe •
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G. A. Herbert, T. B. Harris
Geophysical Monitoring for Climatic Change
NOAA, Boulder, Colorado 80303, USA
J. F. S. Chin
Mauna Loa Observatory, GMCC
NOAA, Hilo, Hawaii, 96720, USA

Abstract
During June 1980, the Hawaii Mesoscale Energy and Climate Project (HAMEC) field
program was conducted in the vicinity of the island of Hawaii. The objective of the
program was to use the NOAA P3 aircraft to measure meteorological variables upwind and
downwind of the island to provide data to evaluate mesoscale models of airflow and
cloud physics. One specific objective was to obtain flask samples upwind of the island
to confirm that the co 2 values observed at the Mauna Loa Observatory (MLO) are representative of the free air at comparable altitudes. On two days, carbon dioxide flasks
were exposed aboard the aircraft at the altitude of the observatory and immediately
above the trade inversion. Flask pairs, of reasonable agreement, were obtained on both
occasions. During the same period the sampling conditions at MLO were free of obvious
local contamination. The average difference between the aircraft measurements at the
altitude of the observatory and the continuous co 2 record from the observatory over the
same period of time was 0.8 mole fraction in ppm. Differences in the individual measurements are discussed with respect to prevailing meteorological conditions.
Introduction
Mauna Loa Observatory (MLO), located at an altitude of 3.4 km on the north slope
of Mauna Loa Volcano, on the island of Hawaii, is part of the u.s. Baseline station
network (Barrow, Alaska; ~1auna Loa, Hawaii; American Samoa; and South Pole). The
purpose of the observations made at these sites is to monitor trace materials in the
atmosphere that may affect climate. At all stations the interpretation of the measurements in terms of global scale changes requires the measurement of other constituents
such as the aersols, meteorological conditions such as the wind and trajectories, and
detailed analysis to isolate possible local contamination (Keeling et al. [4]; Miller
and Chin [9]; Bodhaine et al. [1]). Thus, when the opportunity to measure a climatically significent variable such as carbon dioxide in the free atmosphere, away from
local sources and sinks, became available it was exercised. The Hawaii Mesoscale
Energy and Climate Project (HAMEC) provided such an oppportunity. (Nolt, et al.
[11]).

-80The primary objective of HAMEC was to measure both initialization and validation
of the dependent variables explicitly predicted by the mesoscale warm rain model of
Nickerson and Magaziner [10]. In particular, the NOAA P3 aircraft was equiped with
instrumentation to measure the microphysical properties of tropical clouds, to determine
radiometrically interface temperatures and measure the distribution of wind, temperature
and humidity. At times that soundings were made to measure the vertical profile of
meteorological variables, flask samples were exposed for subsequent analysis for CO?.
Plans called for samples to be taken at l/2 km levels, three above and three below the
level of MLO. Unfortunately, tests conducted at the beginning of the program showed
that the sampling manifold leaked when the cabin was pressurized. Although the leak
was subsequently repaired, samples were obtained only when the cabin was unpressurized
(below 3.5 km altitude). Both soundings were made to the northeast of the island of
Hawaii, in the early morning.

3o"N

Figure 1.
Analysis of the 700 mb level
(3.2 km.) wind field at 1200
G.M.T. (0200 HST) on June 19 and
22, 1980. The island of Hawaii is
located at approximately 20°N and
155°W. Each fu~l wind barb is 10
knots (5.2 m s- ).
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Meteorological Conditions

A preliminary streamline analysis (Figure 1) for the 700-mb level (3.2 km height)
illustrates the general wind field at about the height of MLO (3.4 km). The June 19
map shows the island of Hawaii to be located at the northern edge of the equatorial
easterlies. Further north the winds are light and variable. The wind field at 20°N
latitude is not well defined on June. Two regions of anticyclonic flow are indicated
on the map, one near the Hawaiian islands and the other to the east. While it may not
be as certain for the June 22 sounding as on the 19th, the aircraft soundings conducted
about 280 km northeast of Hila are generally in an area that is free from island influence.
On both days, and for the six hour period before the CO? samples were taken, the
Hila temperature sounding (Figure 2) showed considerable un1formity in the lowest 6 km.
Dropsondes were released in the vicinity of the a~rborne CO samQles, a distance of
about 250 km northeast of Hilo, and 5 to 6 hours after the ~ilo sounding. A temperature
inversion at a height of 2 km clearly separates a mid-tropospheric transition layer
from the moist marine boundary layer. For the most part a second, though weak, stable
layer, at a height of 5.5 km on 19 June and 4.3 km on 22 June, marks the top of the
transition layer from easterly winds to westerly winds. The uniformity in the soundings
over the distances and times involved indicates that mid-tropospheric conditions were
reasonably steady during the period of the comparison. The relatively light trade winds

Temperature and Wind Profiles

19 June 1980

_J_/··----~
>(J
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0
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Figure 2.
Wind, temperature and dew
point temperature soundings plotted
as a function of pressure. The
dropsonde originated at an altitude
of 6 km.

• Hila Rawinsonde
1100 GMT
Dropsonde 20" 30.6' N. 153" W, 1404 GMT

~

Temperature and Wind Profiles

~

22 June 1980

Hilo Rawinsonde
1100 GMT
Dropsonde
20" 37' N, 152" 59' W. 1540 GMT

-82measured by the Hilo rawindsonde in comparison to the dropsondes, reflects the influence
of island and its nighttime outflow as described by Lavoie [7]. The other obvious
discrepancy is in the dew point temperature profile above the trade inversion. The dew
point temperature measured at MLO and by the P-3 aircraft are in excellent agreement
with those of the dropsonde. An explanation of the relatively cold dew point temperatures reported for the Hilo sounding is not available at this time. Aircraft and
dropsonde data were obtained from Dias et al. [2].
The wind direction, speed and the concentration of Aitken nuclei at MLO have
proven very useful in the past for determining the presence of contamination or identifying peculiarities in the local wind field (Keeling et al. [4] and Bodhaine et al.
[1]). The hourly mean resultant winds and Aitken nuclei counts for the 9-hour period
begining at 1200 GMT (0200 LST) are listed in Table 1. A description of the measurement
progr~~ is found in the GMCC summary reports (e.g., Herbert [3]).
On June 19 a steady
6 m s , southeasterly wind Qrevailed throughout the observation Qeriod. DownsloR=e_____
winds in excess of a few meters per second probably reflect the combination of a
gradient wind and redirection of the mid-tropospheric easterlies by the islan9 of
Hawaii. The Aitken nuclei concentration ranged between 260 and 370 nuclei cm 3 with
little hour-to-hour variability, clearly "background" conditions at MLO (Bodhaine et
al._~l]).
The wind conditions on June 22 were somewhat different with very light (1.5
m s ) but steady southeasterly winds through the fir~t four hours of the period,
shifting at sunrise to a steady but weak (about 2 m s ) northwesterly wind for the
remainder of the period. Because the Aitken nuclei count remains relatively constant
and representative of background conditions, this sampling period is considered to be
representative of mid-tropospheric conditions regardless of the relatively light winds.
The venting of gases from the main caldera of the Mauna Loa Volcano or rift zones
on its eastern slope have contaminated the southerly winds in the past (Pales and
Keeling [12]; Miller and Chin [9], Bodhaine et al. [1]). In such situations the continuous records of co 2 and Aitken Nuclei showed short period increases of a highly
intermittent nature. The C0 7 traces recorded during the period of the intercomparison
were examined and found to be free of the variations that typically accompany volcanic
venting. Based on the steadiness of the wind, Aitken nuclei and co 2 concentration at
MLO it seems reasonable to conclude that the conditions on both mornings
are typical of
background situations.

TABLE 1.

Hourly Average Wind and Aitken Nuclei measurements at the Mauna
Loa Observatory.
19 June 1980
Resultant
Wind
Direction Speed

(GMT)

( deg)

(m s -l)

Aitken
Nuclei
(cm - 3)

1200
1300
1400
1500
1600
1700
1800
1900
2000

160
150
150
160
150
130
120
080
120

6.1
6.8
6.2
3.2
4.1
5.7
6.0
5.7
6.2

370
280
260
265
270
270
275
280
290

Hour

Resultant
Direction
(deg)
170
170
150
160
200
320
330
330
330

22 June 1980
Wind
Speed
(m s- 1)

Aitken
Nuclei
(cm- 3)

1.5
1.7
1.3
1.8
0.5
0.3
1.7
2.4
2.7

290
280
280
300
335
315
300
275
270
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Results

Samples of atmospheric CO taken aboard the aircraft were analysed in Boulder
using the system of Komhyr et ~1. [5]. Flasks exposed at the altitude of MLO and below
were accomplished with the aircraft cabin unpressurized. The values listed in Table 2
are the average of the two flasks exposed in succession at the levels indicated. The
difference between each pair is denoted by delta. The second part of Table 2 contains
a listing of the hourly average C0 2 concentrations measured continuously at MLO for the
five hour period centered on the time of the aircraft samples. The values have been
corrected for altitude. Hour-to-hour variations are small indicating a consistency
with other data presented earlier.
One-half liter capacity sampling flasks were attached to the first impactor port
on the isokinetic aer9sol sampling system (Parungo et al. [13]). The flow rate was
approximately 20 min- . The flasks were OQened for aQQroximatel~ 3 min. allowing 60 1
-------toflow through.
The agreement between the flask samples at 3.4 and 2.7 km on June 19 is excellent.
The height of the marine inversion is 2 km so both samples are clearly in the dry,
easterly mid-tropospheric flow. The agreement indicates the absence of a significant
gradient in the lower levels. The larger difference between the two flask at 2.7 km
(0.8 compared to 0.1 at 3.4 km) may be caused by larger variability in the ambient co
concentration at lower altitude. On June 22 the average value and the disagreement 2
between the flasks are larger and increase markedly at the height of the trade inversion.
The top of the inversion is 0.2 to 0.4 km higher on June 22 than on the 19th (Figure
2). Thus we attribute the larger values measured at 2.1 and 2.7 km to be in or partly
in the marine layer. With the arrival of air from below the trade inversion in the

TABLE 2.

Measured values of the C0 concentration from flask samples taken
on the aircraft and hourly2 - averaged continuous measurements
from MLO. On 19 June, at the time of sampling, the aircraft
was located at 19° 30' N and 155° 31' w. On 22 June the sampling
was performed at 20° 24' N and 153° 0' W. MLO is at 19° 32' N
and 155° 35' W. ~ delineates the difference between the flasks.

TIME

SOURCE

ALT.

(GMT)

(km)

19 June 1980
1430
P3 Aircraft
1452
P3 Aircraft

3.4
2.7

1300
1400
1500
1600
1700
22 June
1610
1620
1630
1500
1600
1700
1800
1900

MLO
MLO
MLO
MLO
MLO
1980

MLO
MLO
MLO
MLO
MLO

(continuous)
(continuous)
(continuous)
(continuous)
(continuous)
P3 Aircraft
P3 Aircraft
P3 Aircraft
(continuous)
(continuous)
(continuous)
(continuous)
(continuous)

C02 MOLE - FRACTION
FLASK PAIR or
Hourly
AND DIFF.
AVERAGE
(PPM
344.2
344.2

~
~

0.1
0.8
345.5
345.5
345.3
345.5
345.0

3.4
3.4
3.4
3.4
3.4
3.4
2.7
2.1
3.4
3.4
3.4
3.4
3.4

345.4
346.3
347.8

~
~
~

0.9
4.4
7.0
345.0
345.0
345.1
345.2
345.2
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morning at MLO the continuously-measured CO? concentrations have been observed to
increase (Keeling et al. [4]). When the average of the early morning continuous co 2
measurement from MLO is compared to the flask sample at the same level the difference
is -1.3 ppm on June 19 (the flask values being less than the continuous). On June 22
the difference is +0.3. The relatively large difference on J.une 19 may indicate that
the C0 2 concentrations observed at MLO during strong downslope situations represent a
level T to 2 km above the observatory. In this particular situation this would
correspond to the level of the stable layer observed at 5.2 km. Unfortunately it was
not possible to sample above 3.5 km, as was planned, for such data would have proven
very useful in the interpretation of these results.
In conclusion, on two mornings during the HAMEC project all the meteorological
criteria were satisfied for making comparitive co 2 measurement at MLO and by aircraft
upwind of the islands. The most important condit1on was a steady flow regime in the
------"m.ui_,._d=--t"'-'r-"-oROSQhere with a well develoRed trade inversion. Considering the average
difference between the flasks was 0.5 ppm and that flask values are being compared to
continuous measurements with a difference of about 0.4 ppm (Komhyr [7]), the results
of both flights show reasonably good agreement. Under such conditions the continuous
measurements from MLO are representative of the middle troposphere.
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THE GLOBAL DISTRIBUTION OF ATMOSPHERIC CARBON DIOXIDE:
ASPECTS OF OBSERVATIONS AND MODELLING

---------------------------bc:y:-::---------------------G.I. Pearman, P. Hyson and P.J. Fraser
Division of Atmospheric Physics, CSIRO
Aspendale, 3195, Australia

1.

Introduction

During the past few years, the number of laboratories undertaking background carbon
dioxide (C0 2 ) observations has increased considerably as a result of wider recognition of a
potential co 2 -climate problem. Because of the relatively rapid mixing of the global atmosphere, the rising atmospheric co 2 content can be well represented on timescales of greater
than a few years, by observations taken at a single well chosen observatory. Allowing for
the vagaries of local influences on observatory measurements and on the continuity of such
projects on decadal timescales it has been widely accepted that several observatories are
required.
However the recent expansion of stations has been justified by the argument that greater
spatial resolution of measurement will contribute to our understanding of the regional
behaviour of co 2 , in particular the regionality of atmospheric-surface exchanges. Despite
this, there has been surprisingly little attention given to the frequency and precision of
measurement required to achieve these goals.
In the present paper we make some preliminary attempts to assess the magnitude of
atmospheric co 2 variations in space and time, that might be expected in relation to specific
surface exchanges of co 2 . The exchanges are established to approximate actual geophysical
processes, although in principle, as an illustration of the measurement requirements,it is
not essential that the exchanges are particularly realistic. A more detailed presentation
of these results is in preparation.
This objective is pursued using a two dimensional global atmospheric diffusion simulation .model developed for the purpose. The model has been described elsewhere and used to
investigate the atmospheric distribution of halocarbons and co variations in time and
2
space (10, 11, 14).
2.

The Atmospheric Model

Briefly, the model consists of 20 compartments representing equal mass zonal columns of
the global atmosphere (Figure 1). These columns are subdivided into four levels representing 200 mb thick layers of the troposphere and a further four levels representing 50 mb
layers of the stratosphere. Transport is simulated in the troposphere by advection and
anisotropic as well as isotropic diffusion.
In the present version of the model stratospheric transport is simulated by isotropic diffusion only.
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Figure 1
Schematic representation of the global atmospheric diffusion
simulation model coupled to a surface ocean layer.
The approach has been to test the performance of the model using the dis~ribution of
the chemically inert compound CC1 3F, making adjustments to the horizontal diffusivity
coefficients to obtain good agreement between simulation and observations. We assume that
the model can then adequately represent the mixing of other gases such as co 2 . During the
early development of the model (10) the horizontal eddy diffusivities originally from data
of Hidalgo and Crutzen (9) were increased in the near-equatorial region by a factor of 4-5
and at higher latitudes by lesser amounts. A further small increase (10-20%) in the
equatorial values has been made in light of the most recent ccl F observational data (6,15).
3

3.

Simulating Atmospheric-Ocean Exchange

The exchange of CO across the air-sea interface is simulated in the model using a gas
transfer relationship tor light winds (4), adjusted for strong wind situations (5, 11 for
complete details). The relationship incorporates the friction velocity as a parameter
which varies in the model with season and latitude. Gross air to sea and sea to air fluxes
are related via the gas transfer relationship to the partial pressure of co in the atmos2
phere and ocean respectively. The ocean partial pressure is a function of alkalinity (held
constant in these simulations), temperature and total carbon (Eco ). Temperatures are
2
varied as a function of season and latitude.
The meridional distribution of ~CO was chosen such that the partial pressures generated
were in general agreement with those o~served by Keeling (12) and Takahashi (17). Once this
pattern was established, the ~co 2 at all latitude bands was adjusted slightly (within the
range of uncertainties of the observations) so that the model accumulated fossil fuel co
2
at a realistic rate. Because the model in this form has no deep ocean, it is necessary
when simulating time scales of more than a few years, to constantly adjust the carbon in the
mixed layer boxes as determined by the required rate of atmospheric increase.
The
latter was assumed to be well represented by the trend obtained from a one dimensional model
of the complete carbon cycle (13) .
The incorporation of this ocean-atmosphere interaction allows one to commence consideration of seasonality induced by the ocean temperature and stress variations together with
the mean meridional gradients and their associated co fluxes.
In the present version of
2
the model we have continued to use the biological fluxes estimated previously (14),
recognising that with the introduction of ocean seasonality, annual cycles of atmospheric
co concentration will now be slightly underestimated.
2
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Long-term Variations of Atmospheric-Ocean Exchange

The net exchange of C02 between the atmosphere and ocean depends primarily on the
temperature of the water. Thus in equatorial areas the oceans act as a net source of co ·
2
and at high latitudes as a net sink. The concept of a net flux of co between the
2
equatorial and polar oceans was discussed by Bolin and Keeling (3). They associated a
generally higher C0 concentration in the atmosphere at low latitudes, to the efflux of CO
2
from the warm waters. However, one might expect that the strength of such net exchanges 2
will depend on the growing levels of co in the atmosphere.
2
Figure 2 shows how the present model describes the evolution of the annual average
meridional distribution of co concentration over the past 80 years. The features are as
2
follows. Earlier this century, high latitude northern hemispheric co concentrations are
2
modelled to have been ~lppmv below high latitude southern hemispheric concentrations. This
results from the covariance of interhemispheric mass flux above and below about 400 mb and
the annual variation of co concentration in the northern hemisphere at each level (14).
2
Low latitude concentrations are modelled as being 1-2 ppmv above high latitude concentrations
as a result of the net exchanges of co into the atmosphere at low latitudes and uptake by
2
the oceans at high latitudes.
With the gradual increase in fossil fuel co release, primarily at mid to high latitudes
2
of the northern hemisphere, concentrations of co at those latitudes increased more rapidly
2
compared with other regions of the globe. The late 1950's saw the introduction of the
first high precision measurements of background C0 concentrations and the first annual
2
mean interhemispheric gradient (shown in Figure 2) was determined (3). The gross features
in concentration distribution, due to fossil fuel co release and ocean exchange, are
2
comparable in both the model and observational data.
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Model simulation of the meridional distribution of annual mean
co 2 concentration in the lower troposphere (900 mb) with respect to the
South Pole concentration. The latter are listed together with
the net co 2 fluxes associated with these concentration differences
in Table 1. • represent the annual mean concentration estimated
for the period 1957-1962 by Bolin and Keeling (3). Shading represents
the 1978-79 annual mean concentrations (7). Dotted line is the 1980
simulation with a net equatorial carbon loss and northern hemisphere
temperate uptake.

-90By the late 1970's, the model indicates a substantial annual mean concentration
difference of ~s ppmv between high latitudes of the northern and southern hemispheres.
Such a steep interhemispheric gradient is not indicated by the most recent observations.
Despite the difficulties of interstation comparability and adequate sampling (7) i t
appears that the concentration difference between the high latitudes of each hemisphere
was <u4 ppmv in the late 1970's.
Thisdiscrepancymay have arisen because of the inability of the model to adequately
describe the interhemispheric flux of a seasonally varying component, even if it can cope
with a monotonically increasing tracer such as ccl F. We suspect that while this could be
3
correct in principle, in practice, the problem is not likely to be the main cause of this
discrepancy.
-------A-1-"Ee-rna-t=-:kve:l-y-,-"Ehe-di-se:r"epane-y~may-:knaeea-Ee-f-lee-t-the~fa-e-t-tha-t-the~Gceani-c-exchange-s-,---

particularly in the southern hemisphere have been overestimated in the model, leading to
the steeper interhemispheric gradient. The net co fluxes across the atmosphere-ocean
2
interface are obtained in the model from the difference of gross-fluxes. These in turn
show a turn-over of carbon between the atmosphere and oceans of 88.6 Gt yr-1 or an atmospheric residence time with respect to the oceans of 8.3 yrs. As this is close to the
residence time deduced from bomb 14c penetration into the oceans (16), we are reasonably
confident that the model exchanges approach reality.
This does not preclude the possibility
of a subtle effect due to an incorrect assumption concerning the sensitivity of the exchange
to temperature and wind stress or the distribution of Eco .
2
A final possibility that must be considered, however, is that the model is deficient in
not allowing for net annual exchan~es of carbon with the biosphere. A controversy exists
as to the role of the global biosphere as a net exchange of carbon with the atmosphere. On
the one hand we have those who claim that deforestation of tropical forests is contributing
of order 1 Gt yr- 1 of carbon to the atmosphere (e.g. 2) while others claim the northern
hemisphere temperate forests have been a net sink of the same magnitude over recent decades
(1). As an illustration of the sensitivity of the model to changes in the biosphere
assumptions, the model was re-run with the tropical biosphere (l2°N to 12°8) acting as a
non-seasonal source of 1 Gt yr-1 from 1965 onwards and the temperate northern hemisphere
forests taking up an additional 1 Gt yr-1 during the growing season. The effect of this
change is also illustrated in Figure 2.
5.

Global C02 Fluxes

Returning to the model run in which the biosphere showed no net exchange, we can now
associate the concentration variations with carbon fluxes. Figure 3 shows the atmosphere
to ocean net exchanges of carbon estimated for 1920 and 1980. The integrated low latitude
co loss and high latitude uptake by the oceans is summarized in Table 1 for 1940, 1960
2
and 1980. It will be noticed that the net oceanic fluxes calculated from the model are
considerably smaller than those estimated by Bolin and Keeling (3). For 1960, the model
indicates a net transfer of carbon from the low latitudes to high latitude oceans of 1.78
Gt yr-1 compared with Bolin and Keelings estimate of 10.9 Gt yr-1.
Table 1 illustrates the role of the high latitude oceans in taking up carbon at a rate
in 1980 which is equivalent to almost 70% of the fossil fuel release. Low latitude release
from the ocean has approximately halved in the past 40 years according to the model
simulation. The interhemispheric difference of -us ppmv in the model is associated with an
interhemispheric C02 flux of 4.17 Gt yr-1, equivalent to 75% of the fossil fuel co release.
2
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Model simulation of the annual net C02 exchange between the
atmosphere and oceans for the years 1920 and 1980.

Year

South Pole
Concentration
(ppmv}

Fossil Fuel

Atmospheric

Re1ea~I

Increase
(Gt yr- 1 )

(Gt yr

)

Equatorial

High Latitude

Ocean Net

Ocean Net

Release

Uptake
(Gt yr- 1 )

(Gt yr- 1 )

Interhemispheric
Flux
(Gt yr- 1 )

1940

304.5

1.20

o. 76

2.06

2.51

1960

313.8

2.54

1.58

1. 78

2. 72

1.45

1980

335.3

5.55

2.84

1.06

3.75

4.17

0.44

Table 1
Model simulation of the changing magnitudes of major global
carbon fluxes.
6.

Concept of Airborne Fraction

There are several difficulties with the commonly used concept of co 2 airborne fraction.
The airborne fraction is generally taken to be the ratio of the change in global co 2 content
to the release of co 2 due to fossil fuel combustion during the same period. One of the
difficulties is that i t is commonly assumed that the global rate of increase in concentration can be based on observations from a single locatfon. From Figure 2, we can see that
in principle we might expect the role of C02 increase to be significantly different at
stations of different latitude. This is illustrated in Figure 4 where the estimated global
distribution of airborne fraction is plotted from model results where the global change in
concentration is assumed to be represented by a single latitude. Not only is the airborne
fraction expressed in this way changing in time, but there is a ~5% difference between the
mid latitudes of each hemisphere.
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The global distribution of apparent airborne fraction
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7.

Seasonality of Concentration

Thus far we have considered mainly the distribution of annual mean concentrations of
It is important to recognize that the seasonal activity of the global biosphere results
in considerable variations of concentration from the annual mean, even in background air.
Such variations are illustrated by model results in Figure 5, and by the meridional variation
of peak-to-peak amplitude of the annual cycle, discussed in Fraser et al (7).
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Deducing large-scale fluxes from background

observations

In the previous discussion, an attempt has been made to illustrate, by use of the global
diffusion simulation model, the approximate relationships between annual mean co 2 concentration distributions and co 2 fluxes. I.t has been shown that interhemispheric fluxes of <v4 Gt
yr- 1 are associated with concentration differences of <v5 ppmv. Similarly, the net loss of
co 2 from tropical ocean waters of <vl Gt yr- 1 is likely to be reflected in the atmosphere as
a concentration maximum of <vl ppmv above the average concentration of adjacent north and
south midlatitudes.
The model further indicates that a major feature in the carbon cycle, such as a net
source of l Gt yr-l in tropical regions coupled with a similar magnitude net sink in temperate latitudes of the northern hemisphere, produces a significant change (<v20%) in the inter---------hemi-sphere-concentrat:i::nn-drrference:--TWo quest:ions neeatCJDe aaaresse(l. Firstly I is it
possible at present to define the interhemispheric distribution of co concentration with
2
the precision required to distinguish such gross features of the carbon cycle? Secondly,
can we rely on the model simulation of the atmospheric mixing to directly interpret concentration differences in terms of fluxes with sufficient certainty?
The large scale annual mean concentration differences of significance,are no more than
"'l ppm~ yet at many observing sites, the annual variation in concentration may be as much as
10 ppmv. Furthermore, no observing site is entirely without some influences of local
contamination. The tnagnitude of these variations may be as large as 10 to 100 ppmv. During
the selection of data to represent background conditions at the relatively ideal Mauna Loa
site, some 30% of all hours of observation taken in the year 1965 for example, were rejected
as unrepresentative of background concentrations (based on data of C.D. Keeling personal
communication). Some data losses occurred because of faulty or inoperative equipment, but the
majority of data rejection occurs because of the influences of local events. Even higher
rates of data rejection might be expected at sea level stations where local vegetation
effects are more significant. For example, Table 2 shows that at the Australian Cape Grim
Atmospheric Observatory, during the month of April 1978, only 36-45% of all hours were
selected as representing background conditions on the basis of persistance of concentration.
We emphasis the serious obligation this places on the data collector, considering the small
amount of non-background data that needs to slip through a selection procedure to invalidate
the use of the data for the identification of global fluxes. Further we stress how futile
it is to collect such data for archiving without extreme care in the establishment and use
of selection criteria. The problem of data selection is at least as important as the more
widely recognized problems of interstation data comparability which undoubtedly contributes
to the scatter of global data shown in Fraser et al (9).
Hours of data
Data selection
criteria

Mean Concentration

S.D.

C02 variation
0.4 ppmv over 5 hours

<

332.53

0.40

236 (45%)

522*

co 2 variation <

332.56

0.31

186 (36%)

522

Wind direction
between 190°-280°

332.74

1.13

135** (26%)

522

Wind speed
above 36 km hr- 1

332.66

0.44

(5%)

522

Selected by
criteria

Total
available

0.3 ppmv over 5 hours

*

Total number of hours for which
preliminary analysis.

co 2

25**

data are available in this

This number is influenced by the availability of wind data and
may be increased with hand reading of wind records and data insertions.

TABLE 2
The monthly mean co 2 concentration at Cape Grim during April 1978,
as determined using four alternative data selction criteria.

-94Interpreting concentration difference.s as .fluxes with the necessary precision is also a
difficult task in the overall objective of utilizing the data from the global observational
network. Concentration gradients themselves are of no value unless we are confident of the
equations (models) we use to represent the mixing processes. While flux-gradient relationships are reasonably well established for the lowest layers of the atmosphere, such understanding on ·the global scale is limited. The present model represents one of many current
efforts to establish a methodology for interpreting the global distribution of atmospheric
constituents. Their suitability in such studies and consequently the ultimate benefit of
the measurements themselves needs to be fully explored.
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PRELIMINARY STUDY OF C0

VARIATIONS AT AMSTERDAM ISLAND
2
(TERRITOIRE DES TERRES AUSTRALES ET ANTARCTIQUES FRANCAISES)
by
A. GAUDRY * , J.M. ASCENCIO * , and G. LAMBERT **
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CNRS/CEA, Avenue de la Terrasse, 91190 Gif-Sur-Yvette, France
* also ORSTOM /TAAF
**also Universite de Picardie
One of the problems of COz monitoring is to distinguish between local and large scale
effects. At several stations,it has been shown that, owing to local sources or sinks of
COz, such as volcanoes, human activities or vegetation, the atmospheric concentration has
shifted sometimes more than ten ppm (3)(4). To establish a background pollution station,
the choice of a location, where local perturbations could be minimized was very important,
and for this reason,Amsterdam Island was selected, for the Indian Ocean region.
I. The Amsterdam Island station

Location
Amsterdam Island (Territoire des Terres Australes et Antarctiques Fran~aises) :
37°47'S ; 77°3l'E is more than 3400 km away from the nearest continent (Fig. 1). The Island
has a poor vegetation cover, composed principally of grass and mosses, and has only 30
inhabitants. There is no active volcanism, nor are there any regular marine or air routes
in the vicinity.
The station has been in operation continuously since April 1980 at PointeBenedicte, a
site located 2.5 km westwards from the base Martin de Vivies (Fig. 2). It can be seen on
Figure 2, that the wind blows directly from the sea more than 60 % of the time without
crossing over the island. We therefore consider that the air samples are free from any
local contamination whenever the wind comes from a sector between 300° and 040° clockwise.

Sampling
The samples are taken 9 meters above the ground (65 meters above the sea level) by
pumping, through an aluminium alloy pipe, followed by a cold trap at - 55°C, which retains
water vapor. The dry air is then introduced into an infrared analyser (Hartmann-Braun
Uras 2T) at a flow rate of 0.25 ~.min-I

Calibration
Each hour, two field standard gases (320 and 345 ppm N , respectively)
2
for 5 minutes each.

are sampled

The field standard gases are produced by an industrial gravimetric method. They are
tested every two weeks by comparison to other standard gases, diluted in Nz, produced by
"L'Air Liquide" and certified by the manufacturer within 0.15 ppm. A first set of 4 different concentrations between 325 and 346 ppm has shown the good linearity of the response
of our device.
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FIGURE 3
One hour record of atmospheric
C02 concentration obtained at Amsterdam
Island. (A) :·On october 21, 1980, 14 hours
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(standard deviation 0.03 ppm) - (B) on
october 22, 1980, 4 hours by I to 2 m.s-1
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FIGURE 4 : One-day evolutions of atmospheric
concentration at Amsterdam Island, in I

co 2

(A) On september 19, by marine direction
(B) On october

22, by land direction ;

(C) On november

28 ;

(D) On september 13, by marine direction.
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The. comparison between two standard gases with the same concentration of 336 ppm
diluted, one in N2, the other one in air, has shown that the correction to apply to the
concentrations defined in a N2 scale is + 5 ppm.
No comparaison with standard gases certified by the Scripps Institution of Oceanography has yet been done. Consequently, all the following results are mentioned on a
"L'Air Liquide" scale.
II. Results
In 1980, the C02 hourly mean concentration ranged from 327.51 ppm to 335.30 ppm,
with standard deviations between 0.02 and 1.6 ppm.

Existence of a Iocai effect
Figure 3 shows records of two different shapes which were produced : a very steady
curve, or some significant fluctuations. The first type of results are generally obtained,
either by winds from the marine sector, faster than 2 m.s-1, or by strong winds (10 to
12 m.s-1) from any direction. On the contrary, the second type corresponds to very weak
winds for which the direction is not well defined, or air masses having rather slowly
crossed over the island.

-98It seems therefore that, despite the very poor vegetation, a local production or
absorption of C0 2 by photosynthetic activity is able to perturb the measurements.
Figure 4 shows four different kinds of C02 during the day. Figure 4A is obtained from
steady strong winds during the entire day and from the marine sector. Figure 4B corresponds
to a weak wind blowing from the Island and shows a clear photosynthetic effect. For the
figure 4C case, strong winds from 340° to 300° directions explain a very steady state up
to 15 hours. Whenever the wind becomes weaker, (2 m.s-1), and comes from 280°, local
disturbances occur, loading the air with COz, by night. However, in figure 4D, the wind was
continuously strong and blowing from the marine sector ; it appears therefore that all the
short COz variations are not necessarily due to a local effect of the Island.
In order to quantify the importance of the local effect, we have calculated for each
montn, an average daily variarion, corresponal_ng eo, e:Lt11er--isl-and-di:rec-e:tnn-tF±g-;-5-)-or----~~
sea direction (Fig.6). It can be observed, that in the first case, we generally have a
diurnal variation with a magnitude ranging from 0.5 to 1.6 ppm. This effect disappears,
almost completely in the second case. However, it is worth while to point out that the
monthly averages obtained from each sector, are very close to each other : the difference
generally is less than 0.1 ppm, except in September, July (0.2 ppm) and June (o·.3 ppm).
Thus, the monthly mean value generally is not significantly affected by the local effect
of the island.

Seasonal variation
The annual COz evolution is outlined in Figure 7, by using monthly mean values.
The curve drawn in dashed lines is obtained from all data, without exception. The
monthly averages of March and April 1980 are based on one week and two week -measurements
respectively.
The first observation is that the curve has two minima, one in April at 331.1 ppm,
the other one in November, at 332.0 ppm, and a maximum in September at 333.2 ppm.
The contribution of a local effect can be ruled out, by considering only the values
obtained by marine sector winds (solid line curve). As expected, it can be observed in
Figure 7 that this curve is very close to the preceeding curve and immediately beneath it.
In spite of the fact that all our results are determined by means of "L'Air Liquide"
standard gases, it may be pointed out that the magnitude of the seasonal effect is higher
at Amsterdam Island, than at the other stations in the Southern Hemisphere : Baring Head,
New Zealand ( 3 ) , and South Pole ( I ) , with a maximum occuring a few weeks earlier than at
these. other stations.

ShoPt term non local vaPiations
An example of three days record is shown in Figure 8, where the hourly concentrations
corresponding to a marine sector are indicated by solid dots. It may be observed that sharp
variations can occur, even without local interference, such as the decreasing of more than
2 ppm during the night from April 27th to 28th.
Some of the variations have been attributed to a long distance transport by comparing
to the 222Rn monitoring. It should be remembered that this radioactive rare gas is a good
tracer for continental air masses (2 ). Such correlations are shown in Figure 9 (A and B)
where the simultaneous increases in C02 and 222Rn concentrations are attributed to air
advection of African air masses.
A very peculiar C02 variation seems also to occur from time to time as shown in
Figure 10. From Septembre 1oth to 14th, in marine sector, regular oscillation of COz
concentrations was observed with a period of half a day. This evolution is connected
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FIGURE 7 : Evolution of the monthly mean
atmospheric C02 concentration at Amsterdam Island :
---- by using all hourly mean concentration
----by using only, hourly mean concentration obtained by marine sector and
with a standard deviation less than
0.2 ppm.

An example of short-term atmospheric C02 variation re~orded
at Amsterdam Island
•

by marine sector

o

by land sector

.
. h t h e 222 Rn
neither with the photosyntheticactivity of t h e Is 1 an d vegetat1on,
nor w1t
radioactivity. Such oscillations do appear several times in the year 1980 and are
not yet clearly explained.
Conclusion
The first results obtained in 1980 at Amsterdam Island show that, despite the weak
vegetal mass covering the land, some local effects initiated by the photosynthetic
activit~ do occur and sometimes disturb co 2 measurements from the land sector and by weak
winds.
In these cases, the standard deviation of the
larger than 0.2 ppm. However the influence of this
value is generally limited to 0.1 ppm. The monthly
during the year 1980, but it is too early to speak
barely one year of co 2 monitoring.

hourly mean concentration is generally
local effect on the monthly mean
values present a clear variation
of seasonal variation, since we have

Some important fluctuations have been observed which could be related to the
atmospheric cycle of co 2 and which will be studied in our future work.
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Peculiar atmospheric COz concentration evolution at Amsterdam
Island, obtained during the month september 1980, from 8 to 15.
Except for september 9, the winds were coming from a marine
direction comprised between 260° to 360°.
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PROPOSED STUDIES OF ATMOSPHERIC C02 AT HALLEY, ANTARCTICA
M.J. Rycroft and D. W. 1-l Walton
British Antarctic Survey
Cambridge, U.K.
Abs-tr:aGt
It is anticipated that a gas chromatograph will be established in January 1983
at Halley, Antarctica (76°S, 27°W) to measure the concentration of carbon
dioxide in the atmosphere at ground level. Measurements of the prevailing
wind direction will also be made. The instrument, which will be set up at
some distance from local sources of pollution, will be calibrated using
similar standards to those used at the South Pole and Mauna Loa.
Daily measurements will enable the seasonal variation to be studied. It is
expected that this will be particularly interesting because, during the local
summer, the station is at the edge of the sea whereas, during the winter, it
is a "continental" station some 1500 km from the southern ocean. The
effectiveness of sea ice in reducing the exchange of C02 between the atmosphere and the ocean will thereby be studied.
I.

Introduction
In recent years, there has been an increasing scientific interest in the
concentration of carbon dioxide in the troposphere, and also in its variations
from a typical value of 330 ppm (by volume). This interest stems from the
fact that carbon dioxide is an "infra-red active" gas, and thus plays an
important role in determining the temperature structure of the atmosphere.
This subject has been reviewed, and put in context, in the 13th report of
SCOPE, the ICSU Scientific Committee on Problems of the Environment (SCOPE 13,
1979). Studies of carbon dioxide have been recognized by ICSU and WMO as an
important ingredient of the World Climate Research Programme (WCRP, 1981),
itself one of the four major components of the World Climate Programme (WCP,
1981).
The concentration of carbon dioxide in the atmosphere has been monitored
since 1957 at two remote stations, namely Mauna Loa Observatory, Hawaii, and
South Pole Station. Average concentrations, precise to about 0.2 ppm, have
been obtained almost every month. The results at Hawaii (Keeling et al,
1976a, Keeling and Bacastow, 1977) show an increasing trend, of from 0.7 to
1.0 ppm each year. An annual variation is superposed upon this trend; it has
an amplitude of ±3 ppm. The phase of the variation is such that the minimum
falls in the autumn (or fall), often in October. At South Pole (Herbert and
Halter, 1978), Keeling et al (1976b) show a similar trend. This has an
annual variation of only ±0.7 ppm; the minimum again falls in the autumn,
often in March. There is also some evidence of a four year periodicity, with
an amplitude of about 0.5 ppm.

-1042.

Concern Over Increasing Atmospheric Carbon Dioxide
The increasing carbon dioxide trend is generally ascribed to the burning of
fossil fuels, to deforestation and to changing agricultural practices. Some
of the excess carbon dioxide resulting from industrial activities is taken
up by ocean water and also by land plants (the biomass). Somewhat smaller
rates of increase of carbon dioxide in the mid 1960s appear to be correlated
with lower ocean temperatures then. However, the enormous heat capacity of
the oceans (National Academy of Sciences, 1979) may imply a time lag of from
ten to twenty years (Thompson and Schneider, 1981), in which case the
association is not straightforward.
aroon a-ioXiae, wnicli-aDsoros ann emits infra-recl-raai:arhnr;-a-H-e-c:t-s-tlre-E-arth-'-s,-----heat budget, and hence climate. Model calculations, such as those performed by
Manabe and Weatherald (1975, 1980), Haigh and Pyle (1979), Ramanathan et al
( 1979), Groves and Tuck ( 1980 a and b), and Manabe and Stouffer ( 1980), predict
that increasing carbon dioxide leads to a warming of the troposphere and cooling
of the stratosphere. These effects are believed to be greatest at high latitudes.
However, feedback mechanisms involving changes of albedo via changes of sea ice
cover (Ackley, 1981, Simmonds, 1981), water vapour, cirrus and other clouds may
alter these predictions somewhat. The problem is complicated by the presence
of ozone and other chemically active molecules in the stratosphere.
There is a trend for the surface temperature on and around the Antarctic
continent to have increased by from 0. 1°C to about 0.8°C each decade this
century (Angell and Korshover, 1977, Limbert, private communication, 1979,
British Antarctic Survey, 1980). Tropospheric circulation also exhibits both
long term trends and interannual variability; these topics have been discussed
by van Loon and Williams (1977) and Trenberth (1979) respectively.
It is possible that the reported increase of the Antarctic air temperature
might be due to the increasing carbon dioxide content of the atmosphere. This
might lead to deglaciation of the West Antarctic ice sheet and a consequent
rise of the mean sea level (Mercer, 1978, Thomas et al, 1979).

3.

Proposed Experiment
In order to gain further information in this important field, it is planned
that apparatus will be set up to monitor the concentration of ground-level
carbon dioxide at another station in Antarctica. This station is Halley (76°S,
27°W), situated on the Brunt Ice Shelf on the south eastern side of the Weddell
Sea (see Figure 1). This station has been chosen for the study because it is
at the ocean's edge during the local summer. During the local winter, when
the size of Antarctica
is doubled by the formation of sea ice, it is
typically 1500 km from the open sea of the Southern Ocean. Thus, during the
winter, it is a "continental" station. The extent to which the presence of
sea ice reduces the exchange of carbon dioxide between the atmosphere and the
ocean will be investigated.
The instrument specified for the purpose is a gas chromatograph, although
the choice of a particular model manufactured by a particular company has
still to be made. The equipment will be installed in January 1983 in a
caboose mounted on the snow surface at some distance from the station's diesel
electric generator, a local source of pollution. When the wind is
blowing far from its prevailing directions, such pollution could be blown
towards the instrument's air intake; then, measurements would not be made.
Otherwise, daily values of the atmospheric carbon dioxide concentration will
be taken. Data analysis performed in conjunction with meteorological records
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-106should allow the identification of air masses e~_;:her from the continental
plateau, or from the Weddell Sea. It is re' .vant to note here that Peterson
et al (1980) show, from observations made at Barrow, Alaska, that higher carbon
dioxide concentrations occur when the airflow is from the Arctic Basin rather
than from the land.
Such daily values will also enable accurate monthly mean values to be calculated, from which the seasonal variation may be studied. The amplitude and
phase of the expected annual variation will be found. The results will be
compared with those from island stations (such as Hawaii), the truly
Antarctic continental station of South Pole, and other stations with different
geographical locations. It is hoped that some light will thereby be shed on
the behaviour of the ocean as a source and/or sink of atmospheric carbon
----------d-iox+de-;--The--:f-ramework-wi-t-hi-n-whic·h-c-arbon-d-iorid·e-e-xchange-b·e·tween-the---------ocean and atmosphere may be interpreted has been provided by Revelle and
Suess (1957) and Skirrow (1975). Studies pertaining particularly to the
Weddell Sea have been published by Weiss et al (1979).
For this programme, it is planned that the standard gases to be used to calibrate the equipment at Halley, Antarctica, will be cross-calibrated against
those standard gases used at South Pole Station.
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co 2 AND THE SOUTHERN OSCILLATION;
EFFECTS ASSOCIATED WITH RECENT EL NINO EVENTS

ATMOSPHERIC

R. B. Bacastow and C. D. Keeling
Scripps Institution of Oceanography
La Jolla, California
The rate of change of atmospheric

92093

co 2 concentration has been shown to correlate with an

index of the Southern Oscillation, and consequently with El Nii!O occurrences _[Bacastow,
1976; Machta, et al., 1977; Bacastow, et al, 1980j.

The Southern Oscillation is a global

atmospheric and hydrospheric oscillation centered in the equatorial Pacific Ocean and
involving wind strengths, ocean currents, sea surface temperature, and other phenomena
[Berlage, 1966; Bjerknes, 1969],

A commonly used Southern Oscillation Index (SOl) is the

seasonally adjusted pressure difference between Darwin, Australia, and Easter Island
[Quinn, 1972].
El Nino refers to a meteorological disturbance in the Peruvian coastal waters apparently caused by an invasion of warm, nutrient-poor water into an area normally occupied
by colder, more nutrient-rich water.
at minimum SOl.

Fully developed El Nino events are observed to occur

Study of the weak 1975 El Nino by the El Nino Watch Expedition supports

the hypothesis that all minimum in the SOl are accompanied by El Nino type conditions,
even if a fully developed El Nino does not occur [Wyrtki, et al., 1976].
The weak 1975 El Nino was followed by a moderately strong El Nino in 1976, and a weak
El Nino in late 1979 [personal communication, W. H. Quinn, Oregon State University].

We

see effects in the C0

measurements at the South Pole, Fanning Island, Mauna Loa, and
2
Station P, that can be associated with each of these three El Nino events,
Since the 1976 El Nino, SOl has been below its long-term mean.

Sea-surface temperatures

have remained unusually warm in the Pacific Equatorial region and off the West coast of
South America [personal communication, A. Douglas, Scripps Institution of Oceanography].
Atmospheric

co 2 data, with both an average seasonal effect and a smooth, approximately

exponential trend removed, show structure with an amplitude of about 1 ppm.

Inverted time

derivatives of these curves (Figure 2) significantly correlate with SOl (Table 1).
A dip in SOl can be seen in 1979, but it is very shallow.

The associated

co 2

"response", however, is at least as large for the 1976 moderately strong El Nino.
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Atmospheric
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2
exponential trend removed.

concentration with the seasonal effect and an approximately
In order from the top, the curves are for the South Pole,

Fanning Island, Mauna Loa, and Station P.

The trend removed at each station is derived

through the assumption that a constant fraction of the industrial
remained airborne during the period of record.

co 2

production has

-111-

w

0::

=>m

~~

w

0::

a...

w
~

0::
_j

g
0

~

ol

w

0::

u
0:::
wO::

-0.5

:::r::<t

o._W

cn>-

o-.......
~~

~a...

z

a...

z

0
I<[

o::'
<[

>

YEAR
Figure 2.

Comparison of a Southern Oscillation Index (SOI) and the inverted time

derivatives of the four curves in Figure 1, in the same vertical order.
top, the curves are:

From the

(a) Southern Oscillation Index (SOI), followed by inverted

time derivatives at (b) South Pole, (c) Fanning Island, (d) Mauna Loa, and
(e) Station P.

-112Table 1.

Correlation coefficients between the inverted time derivatives of the

curves in Figure 1 and a Southern Oscillation Index (SOl).
to SOl.

Lags are with respect

Indicated errors are an estimate of the standard deviation at zero lag

if the time series were uncorrelated [Box and Jenkins, 1970].
Location

Correlation Coefficient

Lag (months)

Latitude
90°S

South Pole

.73 ± .27

6

Fanning Island

.80 ± .31

2

4°N

Mauna Loa

.eo-±~-4

------3

20~N

Sta.tion P

.70 ± .30

6

50°N
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A POSSIBLE DROUGHT-INDUCED SIGNAL
IN THE GLOBAL ATMOSPHERIC C0 2 RECORD
by
Russell C. Schnell, Cooperative Institute for Research in Environmental
Sciences, University of Colorado, Boulder, CO 80309, and
Joyce M. Harris, Geophysical Monitoring for Climatic Change,
--------------=-EnvironmentaiResearch Laboratories, Boulder, CO 80303
1.

INTRODUCTION

The role of the biosphere in the global C0 2 cycle has been receiving increased attention in recent years because of its potential importance in the detection of shifts in the
global carbon budget. Studies such as those by Hall et al. (1975), Pearman and Hyson (1980),
and Lugo and Brown (1980), among others, have generally concluded that within the framework
of our present knowledge, it is not yet possible to detect unambiguously, shifts in the
global biospheric uptake/release of C0 2 over the period of regular atmospheric C0 2
records (longest continuous record~ 2 decades). Basic premises of these studies have been
that seasonal variations in atmospheric C0 2 concentrations result from seasonal changes in
biospheric fixation/release of C0 2 , and that the amplitude of the C0 2 cycle is a measure
of the zonal photosynthetic uptake of C0 2 (e.g. Junge and Czeplak, 1968; Bolin and Bischof,
1970; Machta et al., 1977).
This paper presents results from a study of biospheric primary productivity distribution and C0 2 assimilation in a manner that appears to be sensitive to annual changes in
biospheric uptake of C0 2 . It is observed that the rate of C0 2 drawdown (which we define
as net primary productivity 7 growing season), adjusted by the ratio of vegetated area to
ocean area, reflects the amplitude of measured C0 2 cycles. Thus, the large amplitude of
the C0 2 cycles at Barrow and Mould Bay are explainable if it is accepted that the cycle is
responding to C0 2 drawdowns produced by large forested zones 5° to 10° south of Barrow 1 s
latitude.
We observed that the annual C0 2 cycle was relatively advanced at Barrow, PAPA, and
Mauna Loa in both the spring and the fall of 1975. Weather, crop, and forestry data
indicate that in 1975 Eurasia experienced one of the earliest springs on record followed
by a severe drought. It is hypothesized that abnormally early spring growth of vegetation
across Eurasia removed C0 2 from the atmosphere earlier than normal; this earlier-thannormal drawdown in C0 2 was then detected at the C0 2 monitoring stations east (downwind in
general terms) of the'Eurasian continent. Similarly, it is hypothesized that the severe
and widespread summer drought (which drastically reduced net primary productivity over a
large area) caused the earlier-than-normal autumn rise in the C0 2 cycle.
2.

GLOBAL PRIMARY PRODUCTIVITY DISTRIBUTION AND C0 2 DRAWDOWN RATES

The relationship between global net primary productivity (NPP, defined as the net
annual increase in organic matter in excess of that consumed in plant respiration), and
latitude is shown in Fig. L The outline for the map was deter·mined by summing land areas
in 5° latitudinal bands and centering these values on 0° longitude. The vegetation zones
and NPP values were synthesized from data in Walter (1973), Leith (1975), Box, (1978), and
Ajtay et al. (1979).
The areal distribution of NPP (Fig. 1) is put into latitudinal perspective in a
global productivity plot (by 10° latitudinal bands) as shown in Figure 2. The equatorial
regions dominate global primary productivity (gross) with much of this productivity

-114SUMMED LATITUDINAL CONTINENT
WITH VEGETATION ZONES
1 [J Polar, Deserts
2 ~tLi Boreal
3 R Temperate
4 •
Tropical Seasonal
5 •
Equatorial Rain

25
Carbon (x 1Q15gy-1)

Figure 1. Distribution of vegetation and net
primary productivity on the earth 1 s land surface
in relation to the oceans (equal area projection).

Figure 2. Annual global carbon fixation summed by 10° latitude bands.
The difference between gross and
net fixation is the amount consumed
by plant respiration.

consumed by plant respiration (difference between gross and net). Marine primary productivity is relatively significant only in the Antarctic Ocean at 50°-60°S latitude (Box,
1978).
The distribution of NPP depicted in Figure 2 shows that more C0 2 is removed annually
from the atmosphere at equatorial latitudes than at others. A second zone of high C02
fixation occurs at 40°-60°N latitude in response to large forests in Eurasia and North
America. The NPP data displayed in Figure 2 were divided by the length of the growing
season (Walter et al., 1975) to derive a C0 2 drawdown rate. These C0 2 drawdown rates were
then reduced in proportion to the percentage of ocean in the same 10° latitude band (indexed
to 60°-70°N) on the assumption that seasonal C0 2 drawdown by land vegetation would be
diluted latitudinally as the C0 2 perturbation was mixed over the oceans. No drawdown rate
was calculated for the equatorial regions because of their aseasonality. The results are
presented in Table 1 and Figure 3, along with the average amplitude of the annual C0 2
cycle measured at various locations. For reasons of accessability and intercomparability
only C0 2 cycle data collected by the Geophysical Monitoring for Climatic Change Program
(GMCC) of NOAA, Scripps Institution of Oceanography, the Australian and New Zealand C0 2
Research Programs, and the Mount Kenya Baseline Station Feasibility Study (Schnell et al.,
1981) have been plotted in Figure 3. Possible errors in C0 2 cycle amplitudes from locations
of short records would not change the overall relationship.
It is apparent from Figure 3 that the amplitudes of the annual C0 2 cycles relate well
to NPP drawdown rates indexed for diffusion over the ocean, and that the region from 50°
to 70°N latitude dominates the seasonal C0 2 drawdown on the globe. One might expect then,
that changes in the biospheric uptake/release of C0 2 at these latitudes would be more
easily detected than changes occurring at other latitudes. Further, since the C0 2 monitoring sites are all in the Pacific Basin downwind (for the most part) of Eurasia, we argue
that NPP changes on that continent should be more readily detected than those occurring in
North America.

3.

-115ANNUAL C0 2 CYCLE CROSSOVER DATES AT BARROW, PAPA, AND MAUNA LOA

To study the possible effects of biospheric uptake/release on atmospheric C0 2 ,
continuous C0 2 records from the GMCC Baseline Stations at Barrow (BRW) and Mauna Loa
(MLO), and the C0 2 flask data collected at Ocean Station PAPA (50°N, 145°W) were compared
on an annual basis. A gap in the PAPA record, from August 1974 to December of 1974, was
filled with the average of the data from previous and subsequent years. The Mauna Loa and
Barrow records were continuous hourly averages of C0 2 concentrations, whereas the PAPA
data were flask data generally obtained at intervals of a week or less. Three periods (3
days to a month) of missing C0 2 data in the MLO (GMCC) record were replaced with parallel
MLO (Scripps) C0 2 data also obtained with a continuous C0 2 analyzer. No selection on any
data set was undertaken beyond the normal removal of erroneous values due to equipment
malfunction, volcano emissions, or documented anthropogenic contamination.
To obtain the "long-term" trend in each C0 2 record, a least squares cubic spline with
------.a-kn·o-t-on-c·eiTe·r year (0anuary)---was-fYttea-to montnly mean CU 2 concentrations. Tne coefficients of the long-term spline were used to compute daily spline values which were
subtracted from daily C0 2 values to obtain residuals that had the long-term (i.e.; greater
than l year) trend removed. "Short-term" splines, with knots once per month, were fitted
to these daily residuals. The short-term spline values, considered a smoothed approximation
of the detrended cycle, are positive or negative displacements from the long-term trend.
The points (calendar dates) where the spline values changed sign termed "crossover dates"
of the annual detrended C0 2 cycle. These procedures are illustrated in Figure 4 for the
Barrow data set where the 1976-77 decrease in the long-term C0 2 trend is clearly visible
(Peterson et al., 1981; Schnell et al., 1981). The relative crossover dates of the detrended annual cycles are shown in Fig. 5, where the "falling" dates are those when the
annual summer drawdown crossed the detrended long-term mean. Similarly, the 11 rising"
Productivity Rate and C02 Cycle Amplitude
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Figure 3. Terrestrial net primary productivity
related to the amplitudes of observed C0 2 cycles.

-116dates are those when the annual fall/winter buildup of atmospheric C0 2 crosses the detrended
long-term mean. The coincidence of the earlier-than-normal falling and rising dates at
all three locations in 1975 is striking. The well-documented lag of the Mauna Loa C0 2
cycle relative to that of Barrow is also seen in Figure 5.
4.

METEOROLOGY, PLANT GROWTH, AND THE 1975 C0 2 CROSSING DATES

To determine possible links between the 1975 C0 2 crossing date anomalies and northern
hemisphere surface temperature data, northern hemisphere weather and plant growth statistics, comparative studies were undertaken as described below.
4.1 Sea Surface Temperatures The 1976-77 sea surface cooling in the North Pacific, as
reported by Hanson et al. (1981) and Schnell et al. (1981), was the major North Pacific
sea temperature anomaly occurring temporally close to the 1975 C0 2 anomalies. This temper----atur-e-a.rroma-ly-h-as-been-shown-t-o-h-ave-a-f-fee-t-ect-t-he-am!=J-l-i-tuc:te-an€1-tl"'end-G-f-the-C02-cye-1-e-at.---Barrow, Mauna Loa, and PAPA in 1976 and 1977, but not the crossover dates. In 1975, North
Pacific sea surface temperatures were nearer to normal than in 1976-1977. In the North
Atlantic, sea surface temperatures were cooler than normal in 1975, but to a lesser degree
than in 1976-77. Thus, we argue that since the abnormally colder oceans of 1976-77 did
not effect crossover dates in those years, neither would crossover dates be affected by
sea surface temperatures in 1975.

Table 1.

Data used in Figures 2 and 3*

Latitude
band
(0)

90-80
80-70
70-60
60-50
50-40
40-30
30-20
20-10
10-0
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

Growing
NPP
season
(days) (g C year- 1X10 12 )
60
60
110
120
120
150
175
200
NA
NA
275
200
150
120
120
NA
NA
NA

4.5
226.3
2430.9
4332.0
5604.3
5724.0
5076.9
5446.9
8107.6
9275.8
5996.7
3777.7
1642.0
351.9
72.0
NA
NA
NA

Growing season
C0 2 drawdQwn rate
(g C day 1 X10 12 )

Ocean

0.075
3.77
22.09
36.10
46.70
38.16
29.01
27.23
NA
NA
21.80
18.88
10.94
2.93
0.6
NA
NA
NA

92.5
71.0
29.5
42.5
47.5
57.5
62.5
74.0
77.5
76.5
78.0
76.5
88.5
96.5
98.0
NA
NA
NA

(%)

C0 2 drawdown rate
Ocean indexed
(g C day- 1 X10 12 )
0.11
2.55
22.09
18.41
17.27
9.92
6.38
4.6
NA
NA
3.49
3.20
1. 86
0.52
0.12
NA
NA
NA

* Locations for which C0 2 amplitudes are plotted: MBA, Mould Bay, Canada; BRW, Barrow,
Alaska; CBA, Cold Bay, Alaska; PAPA, Ocean Station P., PSM; Point Six Mountain, Montana;
NWR, Niwot Ridge, Colorado; KEY, Key Biscayne, Florida; MLO, Mauna Loa, Hawaii; GMI, Guam;
MTK, Mount Kenya, Kenya; SMO, Pago Pago, American Samoa; AMS, Amsterdam Island; CGA, Cape
Grim, Austalia; BHZ, Baring Head, New Zealand; PSA, Palmer Station, Antarctica; SPO, South
Pole.
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4.2 General Circulation Another explanation for the 1975 C0 2 crossover anomaly could be
that air of more southerly origins than normal was present in the North Pacific during the
spring, and of more northerly origins in the fall. This would result in earlier-thannormal falling dates (lower C0 2 ) and earlier-than-normal rising dates (higher C0 2 ) since
air at lower latitudes in the northern hemisphere contains, on a yearly average less C0 2
than at higher latitudes (Peterson et al., 1981). We conducted a detailed computerized
study of the V component of the wind fields in the North Pacific Basin for 1973 through
1979; the results indicated that there were no net abnormal north or south components to
the wind fields during 1975 (ERL-CIRES Climate Program data base).
4.3 1975 USSR Drought Northern hemisphere data show that the largest and most persistent
meteorological anomalies in 1975, with broad effects on plant primary productivity,
occurred in Eurasia. These anomalies, and their impact on plant growth, are summarized
below. Main references are CIA (1976), USDA (1976), Meshcherskaya and Blazhevich (1977),
Gruza et al. (1977), and Rauner (1977).
Prior to the 1975 growing season, the fall of 1974 was unusually wet across most of
Eurasia raising soil moisture reserves to excellent levels. The winter of 1974-75 was
unseasonably mild followed by the earliest spring on record at a number of central European,
and western and central USSR locations. Spring planting of crops averaged 2-3 weeks
earlier than normal because of this early, mild spring. The early growth of vegetation
was further accelerated by above-normal springtime temperatures in the principal agricultural areas of the USSR and eastern Europe - as much as 9° to l0°C warmer in some areas.
The initial burst of vegetation growth was not sustained though, since early summer
rains were much below normal. By July, a serious drought was being recorded all across
European and Asiatic USSR. Rainfall was from 25% to 60% below normal in many regions with
average temperatures 2° to 8°C higher than norma 1. By mi d-July, high temperature and 1ow
precipitation records were being broken across the major agricultural regions of Kazakhstan,
the Volga basin, and parts of the Urals.
In August, temperature records were broken across central and northern Europe with
temperatures in excess of 55°C (100°F) recorded in Sweden. At this point, soil moisture
levels had dropped to critically low levels in much of Germany, Poland, and the USSR.
This, combined with high temperatures, caused severe stress on vegetation; many crops died
and indigenous trees and grasses exhibited little if any growth. These extreme conditions
continued through September. In October, near-record cold and an earlier-than-normal
freeze-up, with widespread snow, terminated vegetation growth across most of eastern
Europe and the USSR.
Studies of drought (Meshcherskaya and Blazhevich, 1977) have concluded that 1975 was
among the top five worst droughts in European USSR and Kazakhastan between 1891 and 1975.

-1184·4 A Change In C0 2 Fixation, USSR 1975 The meteorological events described above,
accelerated plant growth across Eurasia in the spring of 1975, destroyed it during the
summer, and buried it earlier than normal in the fall. This is illustrated, in part, in
Figure 6, where total grain production in the USSR for the period 1973-1979 is compared
with that in the USA. 1975 stands out as a year of exceptionally low harvest in the USSR.
The tree ring data are from a stand of fifteen, 167-year-old, moisture-sensitive trees
located in Stavropol Territory in the Caucasus region of the USSR (Bitvinskas, 1978).
These indices also show that in 1975 total tree growth was greatly reduced. Only 2 years
in the previous 100 had poorer growth indices (1922=75 and 1888=80). The spring-to-summer
growth ratios show that what growth the trees did have in 1975 was concentrated in the
spring of the year. Our study of North American tree ring data covering tree stands from
the Arctic to the Appalachians, did not find one chronology with a 1975 pattern similar to
that observed in the USSR data.
Drought Indices, USSR 1973-1979

Total Grain Production

~~x /usA

Figure 6. Total grain
production in the USSR
and USA, 1973-79, and
tree growth indices for
a stand of fifteen, 167year-old trees in the
Caucasus region of the
USSR.
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SUMMARY AND CONCLUSIONS

With reference to Figures 1, 2, and 3 it has been shown that the distribution and
seasonality of global primary productivity may explain, for the most part, the amplitude
of observed C0 2 cycles. The discrepancies observed are largest in the region of 50°N to
80°N and, to a lesser extent, from 20°N to 20°S. It is possible that factors such as pC0 2
effects in northern oceans (Kelly and Gosink, 1979) or an annual sea temperatures driven
atmospheric C0 2 cycle (Schnell et al, 1981) could be contributing to the discrepancies at
higher latitudes. The discrepancies in the equatorial zone are probably caused by movement
of a damped northern hemisphere cycle through the zone (Machta et al, 1977, Pearman and
Hyson, 1980). Also, inaccuracies in the NPP data and the lengths of the growing seasons
could introduce errors.
The large amplitudes of the C0 2 cycles at Barrow (71°N, l56°W), Cold Bay (55°N,
162°W), and Mould Bay (76°N, ll9°W); (Figure 3) appear to be responses to vegetation
drawdown rates in the 60°-70°N latitude belt which have diffused 5° to 10° of latitude.
This explanation would answer questions regarding the role of local vegetation in controlling the C0 2 cycle at Mould Bay which is an area essentially free of substantial plant
growth for 1000 km in any direction. Also, the fact that the C0 2 cycle at Mauna Loa lags
the cycle at Barrow by about 2 months can be explained by assuming that the large amplitude
drawdown rate peak at 60° to 70°N diffuses south.
The early spring, and subsequent drought in Eurasia in 1975 extended over a zone from
45° to 60°N, which is in the belt of the largest seasonal C0 2 drawdown rate on the earth
(Figure 3). Thus, it is argued that a change in NPP in this zone would be more readily
detected than a change in an equatorial zone.
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Changes in the annual C0 2 cycle crossover dates on the order of those observed in
Figure 5 would probably not be significant if they occurred at random. Furthermore, a
similar pattern does not occur anywhere else in the record.
The stability in the Mauna
Loa crosssover dates, except for the 1975 departures, suggests that a large change in the
global C0 2 cycle occurred in 1975. Meteorological and plant growth data show that NPP
(i.e., C0 2 uptake) was enhanced in the spring of 1975, followed by a large reduction in
summer. Taken together, these observations can be used to explain the earlier-than-normal
annual C0 2 drawdown (falling dates) and earlier-than-normal C0 2 buildup (rising dates)
observed in the northern hemisphere C0 2 record in 1975.
It is concluded that:
______,( L)-Ihe_r.ate_oLNI?.Li-ncr.ease-in-the-50°- IO~N-1-at-i-tude-beU-is-a-ma.j_o_r__facto_r_in_p_r.o.dud_ng __ ---the amplitude and phasing of the global annual C0 2 cycle.
(2) The early spring in Eurasia in 1975 was detected in the global C0 2 record in the form
of earlier-than-normal drawdown of the annual C0 2 cycle in the northern hemisphere.
(3) The drought in Eurasia in the summer of 1975 reduced NPP (i.e., less C02 removed from
the atmosphere) with the result that the autumn rise in the annual C0 2 cycle occurred
earlier than normal in the northern hemisphere.

•

•
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DISTRIBUTION AND CHANGES IN INDUSTRIAL CARBON DIOXIDE PRODUCTION *
Ralph M. Rotty
Institute for Energy Analysis
Oak Ridge Associated Universities
Rauna Loa Observatory, the South Pole and elsewhere around the world
(Keeling et al., 1978a, 1978b; Bolin and Bischof, 1970; Herbert, 1980) show an increase
in the concentration of carbon dioxide in the atmosphere. Attempts to deduce from these
records information about the global carbon cycle depend upon data pertaining to the
sources of C02 introduced by man--burning of fossil fuels and conversion of the world's
forests.
This paper offers an update and documentation of the fossil fuel portion of
these sources. It revises global COz emission numbers for 1950-1978 published earlier;
it demonstrates that a change in the rate of increase of annual C02 emissions occurred in
1973; and it attempts to elucidate the regional distribution of this source.

---------~Dat---a-from

THE UNITED NATIONS ENERGY DATA AND C02 EMISSIONS
Most authors calculating the industrial production of carbon dioxide have relied on
fuel data published by the United Nations. The U.S. Bureau of Mines, the Energy Information Administration of the U.S. Department of Energy, the World Bank, the Organization
for Economic Cooperation and Development, and numerous other national and international
organizations maintain data on fuel use and energy activities. The UN Statistical Office
energy section offers the most complete and consistent time series for global fossil fuel
production and consumption, partially because information from the other sources is used
in the development of the UN data, but most importantly because the UN data set is continually modified and updated.
The reliability of the data has consistently improved through the years as more
information has become available to the UN staff and as energy information has become
more important in world activities. Keeling (1973) made an analysis of fuel composition
and calculated emissions based on UN data available at that time. Rotty (1973) extended
Keeling's calculations and subsequently updated the information on industrial sources of
C02 (Rotty, 1977, Rotty, 1980). Marland (1980) conducted a fundamental review of the
method of estimating industrial C02 sources and although he concluded that the method was
sound, the uncertainty in the results is probably larger than generally acknowledged.
Following Keeling's ( 1973) analysis it has been customary to use fuel production
data rather than consumption data. Allowances are made for the fraction of the fuel produced that is not oxidized to C02. The fuel production data have appeared to be more
reliable than the consumption data and were consistent from year to year. As more information became available on the energy quality of each fuel, the UN staff has revised both
the production and consumption data sets accordingly. Tabulations for natural gas production have been changed from a volumetric basis to a calorific or energy basis. The
treatment of lignite, brown coal. and peat has become more systematic, and the aggregation of these data along with hard coal into a solid fuel category on an energy content
basis has been accomplished.

*

Contribution No. 81-23 to the lEA Carbon Dioxide Assessment Program

-124The carbon content of solid fuels correlates closely with the energy value. Keeling
(1973) and Marland (1981) both have demonstrated that coal in the range of 7,000 cal/g
contains 70 percent carbon by mass, and solid fuels with a lower calorific value have
proportionately lower carbon content.
Until recently, the UN Statistical Office had
accepted all coal as reported by various nations at face value and only discounted the
tonnages of lignite, brown coal, and peat. It is evident from Table 1 taken from U.S.
Bureau of Mines (1976) that the calorific value .of the average U.S. coal has been
decreasing with time, and a similar trend is probably valid for some other countries as
they strive for increased production. The UN now tries to compensate for these differences in fuel quality.
~-------_l'iHh____the_c_o.mp_ila__ti.mL_of

1979 data the UN Statistical Office has begun discounting
hard coal from most of the major coal producing countries by factors wliich reflect lower
caloric values. The difference between the world coal total reported for 1978 on the old
basis and the newly adjusted value is 176 million tons of "coal equivalent" (an adjustment of 6.3 percent).
Half of the total adjustment is accounted for by reevaluating
Chinese coal and other major reductions were made in the values for the U.S .A.,
Czechoslovakia, and the USSR. The UN has revised reported global coal production numbers
back to 1955 and, because the new series almost certainly provides a more accurate data
set on which to base C02 emission estimates, all figures in this paper have been recalculated accordingly. This change results in a correction (downward) of about 2 percent in
C02 production in recent years but is not uniform over time.

TABLE 1. ANNUAL AVERAGE CALORIFIC VALUE
OF U.S. BITUMINUOUS COAL AND LIGNITE
Year

Calorific Value

Year

Calorific Value

1955
1956
1957
1958
1959

7,223
7,218
7,218
7,218
7,135

1965
1966
1967
1968
1969

7,062
7,029
6,990
6,962
6,918

1960
1961
1962
1963
1964

7,129
7,107
7,107
7,090
7,085

1970
1971
1972
1973
1974

6,829
6,734
6,682
6,671
6,593

1975
1976

6,446
6,432

Prior to 1955 the average value was 7,279 cal/g.
From: U.S. Bureau of Mines 1976,
After making corrections to the coal production numbers for the period 1950-1954, I
reestimated all industrial C02 production for the period 1950-1980.
The results are
tabulated in Table 2.
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TABLE 2. ANNUAL INDUSTRIAL co 2 PRODUCTION
(FROM FOSSIL FUEL BURNING AND CEMENT MANUFACTURE)
1950-1980

Year

Total
Co 2 Production
106 TC

1950
1-9-S-1
1952
1953
1954

1,591
1--,-7-2-7
1, 7 59
1,808
1,838

1967
1968
1969

3,149
T;-316
3,388
3,602
3,802

1955
1956
1957
1958
1959

2,003
2,135
2,228
2,302
2,431

1970
1971
1972
1973
1974

4,069
4,219
4,383
4,638
4,662

1960
1961
1962
1963
1964

2,573
2,551
2,684
2,842
3,014

1975
1976
1977
1978
1979

4,614
4,872
5,032
5,105
5,340

1980

5,255

Year
1965
-%-6

Total
co 2 Production
106 TC

SLOWING OF THE GLOBAL RATE OF co 2 PRODUCTION
Previous analyses (Rotty 1977; Rotty 1978) have shown a steady exponential growth of
global C02 production at 4.3 percent per year. With the exception of the two world wars
and the great economic depression of the early 1930s, this growth rate appeared to persist back to 1860.
The revision of the tabulated values for coal has the effect of
reducing C02 production by a larger fraction in the 1950s when coal was the largest component of the fossil fuels than in the 1970s when oil was the dominant fuel. The growth
rate in_C02 production from 1950 through 1973 averaged about 4.6 percent per year (Figure

1).
In 1973 the pricing of the world's oil supplies underwent major changes. The OPEC
price increases, following a brief period of interrupted supply, caused consumers to
reevaluate their needs for oil vs. substitute fuels and vs. conservation measures or
doing without.
The rate of increase in C02 emissions from fossil fuels reflects this
change, and for the period 1973-1980 the exponential increase rate averaged only 2.25
percent per year.
The break in the curve appears clearly in 1973. Most recent estimates of future
global energy requirements (e.g., IIASA, 1981; Rotty and Marland, 1980) arrived at
through demographic, econometric, technological, and systems analyses now project energy
growth rates in the 2-3 percent per year range for the next 50 years rather than near the
5 percent range representative of the energy growth rate from the end of World War II
until 1973. The Rotty and Marland (1980) analysis results in an energy growth rate to
2025 of 2.4 percent with a C02 emission growth rate of 2.0 percent because of additional
use of nonfossil energy sources. These projections, made independently of the analysis
here, at least confirm that growth rates in the 2-2.5 range or even lower are possible,
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-127possible, and that the breaks evident in 19"13 to values in the vicinity of 2.2 to 2.3
percent may not be temporary excursions but are more likely first signs of things to
come.
For a deeper look at the changes in C02 production resulting from the 1973 changes
in fuel prices, the total fossil fuel use was divided into its three major segments:
gases, liquids, and solids. Figure 2 shows the results of calculations of C02 emissions
from the individual fuels plotted to the same scale so that relative contribution of each
are evident. As recently as 1967 combustion of coal contributed more C02 annually than
did oil. Coal combustion has continued to grow throughout the thirty year p_eriod with a
modest growth rate of just under 1~9 percent. No break in the growth rate around 1973 or
the few following_y_e._a_r_s_i.s_'Le~r_y_cle_ar___in_the_da.t.a.•,_______________________
However, the very rapid growth rates of oil and gas of 7 and 8 percent, respectively, for the period 1950 through 1973 clearly changed in 1973. The lower rates of
growth of these fuels from 1973 through 1980 show no evidence of recovering to the higher
values of earlier times. The fossil fuel era has undergone fundamental changes; rates of
growth of C02 emissions that were possible with "cheap energy" are highly unlikely in the
future.
PRODUCTION vs. CONSUMPTION
Essentially all the COz emissions calculations made in recent years have been based
on data pertaining to production of fossil fuels.
Production data have been more
reliable and consistent from year to year because they have been easier for the UN and
others to obtain from the fewer nations and/or multinational corporations involved in
producing the fuel.
The production of fossil fuels is limited to three types; solids,
liquids, and gases, while consumption involves an endless array of fuel types. Careful
accounting is necessary to include all energy used in processing the fuel between the
well or mine and the ultimate consumer.
Use of production data has presented minimal
problems on the aggregated global basis because Keeling's (197 3) factors, based on
production data, made allowances for fractions diverted or not oxidized.
However, if one seeks information on where on the Earth the emissions really come
from, then the consumption of x amount of kerosene or y amount of residual fuel oil
becomes important as being responsible for releasing C02 within a given country.
In
aggregated form the consumption data as tabulated by the UN has consistently been less
than the aggregated production data--even when changes in stocks are considered. Most of
the difference appears to be in the use of fuel to produce fuel, particularly the use of
oil in refineries to produce products that make up the consumption numbers.
Consumption data for raw fuels (or fuel stocks) are determined by simple arithmetic,
adding to the production the excess of imports over exports and subtracting the amount
used from bunkers and the increases in stocks. Coal and gas consumption data can easily
give a reasonably accurate picture because very little transformation takes place between
the raw (mined) fuel and the form used by the consumer. Adding the emissions calculated
from inland consumption data of coal and gas for all countries gives results that are
consistent with those determined from fuel production data. The fact that global production cannot be totally reconciled with global consumption indicates inconsistencies in
the accounting. Global imports of each fuel for a given year almost always exceed global
exports, the difference generally being about 0.1 percent of production.
Cru.de petroleum presents a different problem in that almost none of the fuel
sumed as crude. The consumption, and thus the COz emitted, occurs when diesel
kerosene or other refinery product is burned or otherwise used. The aggregated
of converting crude petroleum to the many p_roducts needed in the global society

is confuel or
process
is very
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-128complex and requires consumption of significant amounts of products in the process.
I
have attempted to reconcile the world supply of crude petroleum and natural gas liquids
with the consumption of liquid fuels and other petroleum products as tabulated by the UN
Statistical Office for individual nations.
Using the year 1979 as an example I have
balanced the oil account to within a third of one-percent (0.0033). See Table 3.

TABLE 3.

1979 WORLD OIL BALANCE SHEET - (103 TONS)
Uses~-------------,--------------------------

SuRElY
Crude Petroleum Production

3,123,256

Natural Gas Liquids to
Refineries

38,004

LPG from Natural Gas

60,071

Consumed in Refineries

112,934 (3.5%)

Energy Products:
Inland Consumption by
2,636,811 (81%)
Nation
152,039 (4.7%)
Bunkers (International)
15,774 (0.5%)
Stocks
Nonenergy Products:
Rapid Oxidation
Slow or Nonoxidation

Total

3,221,331
Gain

Total

=

118,343 (3.7%)
195,927 (6.0%

3,231,828

10 497 (0.33%)

Calculating the C02 emissions from the fossil fuels consumed requires reexamination
of the C02 factors as developed by Keeling (1973) and normally used with fuel production
data.
For the consumption of coal, the same factor of one percent of the carbon in the
fuel not being oxidized to C02 seems proper, and a similar assumption was made that no
change is needed in the factor for C02 from gas production in using gas consumption.
Such is not the case for petroleum products. As seen from Table 3, 6 percent of the carbon in the crude ends up in bitumen, tars, waxes, lubricating oils, etc. and either is
oxidized over long periods of time or not at all. Nearly all the petroleum products have
a carbon content very close to the 84 percent assumed by Keeling for crude.
For the
fraction of fuel remaining unburned in the combustion process, I have made the same
assumptions as Keeling, namely one percent of the carbon remains as unoxidized particles,
and one and a half percent as unburned hydrocarbons. Thus 0.975 x 0.84, or 0.819, of the
carbon in the fuel products derived from petroleum is oxidized to C02•
Using this procedure, I have been able to make the estimate of C02 emissions determined from consumption data agree to within 0.2 percent of the estimate determined from
production data. This comparison is for total C02 emissions, including solids and gases
as well as liquids. It also requires accounting for losses in refineries, fuels used in
bunkers, and rapid oxidizing nonenergy products. Table 4 shows the 1979 C02 emissions as
determined on the consumption basis (5340 x 106 T C was the estimate based on fuel production data).
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TABLE 4. co 2 EMISSIONS ON FUEL CONSUMPTION BASIS
(Total cost from Fuel Production Basis 5340 x 106 T C)
Source
Inland Consumption:
Solids
Gases
Liquids
Refineries
Bunkers (International)
Nonenergy, oxid liquids
Flared gas
Cement

Amount (103)
2,738,271
54,138
2,637,498
112,945
151~983

118,343
200 X 106
846 000

TOTAL FUEL CONSUMPTION BASIS

Factor
0.693
0.01364
0.819
0.819
0.819
0.819
0.538
0.137

COz (in 106 TC)

Percent

1897.6
738.4
2160.1

35.5
13.8
40.5

92.5
124.5
96.9
107.6
115.9

1.7
2.3
1.8
2.0
2.2

5333.5

99.8

INDUSTRIAL Co 2 EMISSIONS BY LATITUDE
Using the fuel consumption data is essential in estimating the distribution of
sources of industrial C02•
The UN Statistical Office tabulates inland consumption of
gases, liquids, and solids for each of 188 countries and territories. The procedure used
here was to assign each to one or more 10° wide latitude bands. Thirteen latitude bands
were taken ranging from 60° south to 70° north. Fuel data for countries spanning more
than one band were proportioned among the two or more bands by making a rough estimate of
energy use in the several areas of those countries. For example, the United States was
divided 50 percent in the 30-40° N band and 50 percent in the 40-50°N band; the Federal
Republic of Germany 30 percent to the 40-50°N band and 70 percent to the 50-60°N band.
For some of the larger and industrialized nations more careful and systematic partitioning should be done, although to do it properly requires data that are unavailable for
most countries. The results of the analysis made here suggest that corrections to the
partitioning procedure will not make significant changes.
Using the Statistical Office's tabulations of fuel consumption the resulting calculations of C02 emissions are straightforward. As indicated in Table 4, in 1979 this sum
for the 188 countries made up 90 percent of the total C02 emissions. Adding the prorated
(by refinery output) C02 emitted from fuel used in refineries, with the location of the
refinery specified by country, a total fossil fuel combustion C02 number can be determined for each country, and hence each latitude band. This result is indicated in Figure
3, and the 4890 million tons of carbon in the C02 emissions accounts for 91.5 percent of
the world total.
I then attempted a geographic breakdown of the COz from fuel in "bunkers" (that is
fuel used in international commerce). Data presented in Figure 4 show the distribution
of where the fuel was purchased or loaded and are not truly representative of where the
associated C02 was actually emitted. Considering that the total C02 from bunkers fuel is
about 2 percent of the world total it seemed unreasonable to try to guess how to redistribute the emissions to account for ships navigating around the southern tip of Africa
and for international north to south air travel. The data presented in Figure 4 are by
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-131the port of fuel loading and thus may be
the associated C02 emissions.

~90

percent accurate as to the latitude band of

Nonenergy uses of petroleum products were divided into the two categories of those
that soon oxidized, e.g., naphthas, white spirits, petroleum coke--the bulk being used as
solvents in paints and cleaners, and those not oxidized, e.g., bitumen, waxes, tars, and
lubricating oils.
I made the assumption that the products that were soon oxidized were
used in the same areas as the liquid fuels. Thus the distribution of C02 from nonenergy
oxidizing liquids can be obtained by taking 4.5 percent of the pattern of the inland
energy liquids.
__________...~.ata_on_the_fla.r:ing-o-f-gas-by-i-nd-i-v-i-dua-1-na-t-i-ens-a-Fe-net-ve-F-y-s-a-t-i-s-f-a-c-t-o-ry-.-B-e-cau-s-e-- -· ----------most gas flaring is associated with the production of crude petroleum, I prorated the
estimated global total among the nations in proportion to the amount of petroleum produced.
This biases the results in 30-40°N and the 40-50°N bands slightly on the high
side because very little flaring occurs in the U.S. (and some other oil producing highly
industrialized countries) except for at wells located off-shore. The difference in the
location of the gas flaring and the consumption of fuels is evident by comparing Figures
3 and 5. The two percent source (of C02) represented by gas flaring scarcely justifies a
more refined analysis of the latitudinal distribution.
Location and amounts of cement production cannot be directly related to fuel consumption or fuel production.
Although the total amount of C02 from cement (like
nonenergy liquids, about 2 percent of the industrial C02) does not justify an extended
analysis, a full latitude band analysis was made because data on cement production for
each nation were easily available (UN Monthly Bulletin of Statistics).
The results,
shown in Figure 6, show the prominence of northern hemisphere industrialization in the
30-60°N, but the proportions in the south (especially 20-30°S) are somewhat higher for
cement than for the fuel consumption.
All of the sources of 1979 industrial C02 are tabulated by latitude bands in Table
5. Figure 7 is a combination of Figures 3-6 and shows the 1979 distribution of industrial sources of C02•
I hope that this information is used in appropriate atomospheric
diffusion models, it may help researchers understand the differences in atmospheric C02
concentration observed at different locations.
TABLE 5.

Latitude
50-60S
40-50S
30-40S
20-30S
10-20S
E-10S
E-10N
10-20N
20-30N
30-40N
40-50N
50-60N
50-70N

Inland Fuel
Consumption
1.6
10.4
86.0
69.9
22.8
32.0
62.5
107.9
275.6
1304.6
1556.2
1273.6
85.6

1979 INDUSTRIAL C02 SOURCES
(in million tons C)

Bunkers
0.4
3.1
2.3
0.8
1.2
9.0
7.2
15.5
31.4
28.0
23.7
1.8

Nonenergy
Liquids
0.1
0.3
1.6
1.7
0.7
1.2
2.0
3.0
4.8
27 .o
32.7
19.9
2.0

Gas
Flaring

-

2.2
8.3
1.9
31.5
24.3
15.2
19.2
1.4

Cement

Total

0.1
0.3
1.8
3.1
0.9
1.4
1.7
4.1
6.1
30.3
36.6
27.8
1.8

1.8
11.4
92.5
77 .o

25.2
77.1
83.5
124.1
333.5
1417.6
1668.7
1364.2
92.6
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Rivers transport 0.45 1015 g of inorganic carbon as dissolved carbonates annually to the sea (4). Transport figures for organic dissolved (DOC)
and particulate (P0!5 carbon have recently been rey~sed upward from earlier
estimates of 0.2 10
g/yr to 0.38, 0.45, and 1 10
g/yr (4, 6, 10, 9).
These revisions are based on new analytical data from the world's largest
tropical rivers (6, 10) and proper consideration of the distribution of
particulate matter throughout the flow channel profile (7, 9).
Transport rates for coarse particulate organic carbon (CPOC), particulate inorganic carbon (PIC) and gaseous co have, however, not been
2
estimated precisely. CPOC is primarily discharged by tropical rivers, PIC
by the few South East Asian extremely suspension rich rivers, and co 2
should reach high concentrations in rivers polluted by organic waste.
All these fluxes together represent a ~~antity of at least 20 % of
annual fossil fuel carbon liberation of 5 10
g C/yr. Furthermore, if
carbon transport in rivers has changed, due to human impact on forests,
grasslands, soils and on the fre!g water system itself, then this change
might well amount to some 0.1 10
g C/yr and could be of importance as
transport mechanism and sink for anthropogenically liberated carbon from
fossil or - possibly more important - biogenic sources.
Especially some of the organic carbon lost by human action from
forests (deforestation) and soils (agriculture) might not be oxidized completely to co 2 but is discharged by rivers to the oceans as large organic
compounds.
Long-term DOC and POC records are not available to test this hypothesis. Chang·es in the fluviatile carbon budgets, however, are revealed by
recalculating the co pressure in river waters. To do so, standard thermo2
dynamic computations are applied to records of main ion concentrations,
pH and temperature.
Methods
The principles of carbonate equilibria calculations in fresh water
systems have been formulated e.g. by Wigley (13, 14). By including the influence of ion-pairs on the ionic strength of a given solution, an iterative procedure allows rapid computer calculation of carbonate system parameters (3). Such parameters are the internal co pressure (PC0 ) and calcite
2
2
or dolomite saturation indices. All equilibria constants are known sufficiently accurate, so that the calculation is entirely dependent on the precision of the input parameters. Numerically pH, alkalinity and temperature
contribute most ·to the resulting PC0 . and mineral saturation indices. The
2
computer program requires as analytical input: temperature, pH, alkalinity,

-138and the concentrations of the main ions so , Cl, ea, Mg, Na, and K. It
4
permits the recalculation of the co pressure record of a river from
2
historic water quality data. Data series from the following rivers were
adequate for PC0 determinations:
2
Mississippi at New Orleans
12 samples/year
1976-79 (ll)
St. Lawrence at Cornwall, N.Y.
12 samples/year
1974,75,77,78 (11)
Parana at km 603
12 samples/year
1977,78 ( 12)
Elbe at Hamburg
12 samples/year
1954-77 (l)
Rhine at German/Dutch border
(Lobith)
8 samples/year
1963-78 ( 2)
--------'Rh-i-ne-abeve-i-n£-l:cow-of-Mos-e-1---------------------------(Braubach)
8 samples/year
1963-78 ( 2)
Rhine various upstream stations
26 samples/year
197 4-7 8 ( 2)
Results
(a) !~~§E~~~~!_fQ2-Y~E~~~~9~~
All calculated PC0 2 records show marked changes with time (Fig. l).
The Mississippi River at New Orleans increased its annual mean value from
1300 ppm in 1976 to 3500 ppm in 1979. The annual mean value for the St.
Lawrence River at Cornwall, N.Y., increased from 500 ppm in 1974 to
1700 ppm in 1979. Both increases are statisticly highly significant. The
longest time record exists for the River Elbe beginning in 1954 which
displays rather high co pressures in the early sixties and stays at a
2
3500 ppm level since then.
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Fig. 1. Mean annual co pressure (unweighted arithmetic means of ± equally
2
spaced samples) of 5 rivers as calculated from historic hydrochemica1 data.

-139For the River Rhine more than 1000 complete hydrochemical analyses
have been evaluated (5). Results show a statisticly significant increase
of PC0 2 from 1963 until 1971-72 to annual mean values exceeding 8000 ppm.
Thereafter the co pressure of the river has dropped to a 4000 ppm level.
2
Excellent data coverage of the Rhine by the International Commission for
the Protection of the Rhine (2) allowed a statistical assessment of the
reasons behind co pressure alterations (5). Both the increase in PC0 and
2
2
its decrease since 1972 are correlated with a decrease and a subsequent increase in oxygen content and biological oxygen demand. This corroborates
our findings that co pressure is a good indicator of the amount of organic
2
mat·ter available for microbial respiration in the river. The decrease in
----P.C0 -ru'ld-t.he-i-Fl-&Fe-ase-i-n-me~e-eu-l-a-r-exy-ge-n-±-n-the-Rh-±ne-s·±n-ce-t-he-e-ar±y---

2

seventies is connected to better sewage treatment.
However, also water discharge correlates with Pco . An increase
2
dilutes the available organic matter and hence decreases respiration per
volume and the PC0 2 (Fig. 2). Relaxation of PC0 since 1972 in the Rhine
2
cannot be explainea in terms of discharge alone. This is so because in
1965 and 1970 the Rhine has experienced high discharge combined with a
period of comparatively high PC0 (Fig. 2). For the other rivers the
2
available record is too short to reveal statisticly significant data on the
discharge control on PC0 .
2
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Fig. 2. Relation between annual mean co pressure and annual discharge
2
volume of the 16 ye.ar record o£ River Rhine at Station Lobith
(German/Dutch border) 1963-78. Points below the regression line
group years with comparatively low organic loads, those above the
line years with comparatively high organic loads.
In case of the Rhine, four years of total organic carbon (TOC) measurements are also available. TOC and PC0 are well correlated (at Station
2
Lobi th n = 28, r = 0. 323, significance about 95 %, at Station Braubach
n = 22 samples, r = 0.517, significance about 99 %) . In addition, positive
correlation with KMno usage and biological oxygen demand generally shows
4
correlation with co pressure data significant above 99 %.
2

-140These findings suggest that co pressure is related to the organic
2
river load and the increasing PC0 (as in case of the Mississippi and the
2
St. Lawrence) indicate increasing loads of organic waste and organic
erosion products.
Shifting co pressure greatly influences the saturation state of the
2
river water with respect to carbonate minerals. Supersaturations of calcite
and dolomite are most likely to occur in summer when temperatures are high
and when - due to low water - ea, Mg, and Hco concentrations are large.
3
Increasing PC0 2 will tend to reduce the time of calcite and dolomite saturations in the r1vers as can be shown clearly for the Mississippi and the
St. Lawrence:
Calcite saturation surpassed
Year
1974
1975
1976
1977
197 8
1979

Mississip,ei
data not available
Apr-Nov
Jun-Aug
Jul
(Aug)

8 months
3 months
1 month
< 1 month

St. Lawrence
Feb-Apr, Jun-Aug, Oct,
Dec
Feb
data not available
(May), (Jul)
<
(Jun), Sept
data not available

8 months
1 month
1 month
1 month

(months in brackets: calcite saturation just reached).
In case of the Rhine, a high PC0 has created a situation where
2
calcite saturation "events" in the downstream part of the river occur only
every few years and dolomite saturation has not been reacted for a long
time. This is especially surprising under the aspect that the Rhine drains
Central Europe with its abundant limestones and that normally waters should
be carbonate saturated. This illustrates how much the hydrochemistry of
this river has been changed an;thropogenically.
(b) g§g!~~~1_gQ2_YeE!~~!2~~-~!~h!~-2~§_E!Y§E
Due to excellent data coverage of the Rhine, one also can follow
for the first time Pco alteration downstreams and demonstrate the influence
2
of a lake and its pollution on an outflowing river. Figure 3 depicts the
long-term PC0 means for all hydrochemical stations of the Rhine with suf2
ficient data coverage. Lake Constance feeds the upper Rhine with a water
low in co 2 by excess epilimnic photosynthesis. co pressure drops at the
2
lake ou·tlet, especially in summer, to Pco 's below atmospheric levels.
2
Excess respiration of organic material prOduced in the fertilized lake and
of organic material brought in frQm industrial and municipal affluents and
by tributaries starts to build up gradually high PC0 2 downstreams. Peak
values are met above the confluence with the Mosel at Station Braubach.
Towards the Dutch border, co de gassing~, surpasses the production by respi2
ration and a significant drop in PC0 is recognized in the 16 years mean.
2
In recent years, however, the co prOduction in the upper reaches of the
2
Rhine has been somewhat lower, presumably by newly constructed sewage
plants, whereas the Ruhr Region is presently discharging higher organic
loads. In 1978 and 1979, no decrease in PC0 towards the Rhine delta is
2
found but rather a steep increase.
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C0 2 Pressure Profile of River Rhine
long term record and recent development
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Fig. 3. Long-term mean co2 pressure profile along the River Rhine from
Lake Constance to Ehe Rhine delta including direction of recent
fluctuation trends (arrows).

In addition to interannual and regional co fluctuations within a
2
river system, seasonal changes are noticeable. F1gure 4 depicts the longterm mean.• seasonal PC0 2 variation of the River Elbe: highest respiration
values are recorded in summer and lowest PC0 is related in early spring
2
when meltwater dilutes the organic matter content and low temperatures discourage respiratory activity. This seasonal PC0 2 pattern seems to be common
for Central Europe, i.e. the Rhine experiences Iow values in April and
high values in October in its downstream stations. At Lake Constance, the
seasonal variation of Pco is out of phase with that of the river: due
2
to photosynthesis control in the clear and stagnant epilbnrion of the lake,
highest C0 2 values are found in February when the lake convects and biological acEivity is at a minimum and lowest values are found in August,
when photosynthesis is at its height.
Most interesting are the results of PC0 calculations of a seasonal
2
cycle of a rather undisturbed tropical river, the Rio Parana (Fig. 5):
here PC0 2 values are high during the southern summer. In constrast to Elbe
and Rhine though PC0 correlates positively with discharge. Annually the
2
river floods a twenty kilometer wide floodplain area which causes leaching
rather than dilution of organic matter from the floodplain and a netto
increase in concentration of organics in spite of the increas.ed volume of
water. Organic carbon values from this river are not yet available, but
alkalinity (not depicted) and other ions increase their concentration
during flooding along with sediment concentration (depicted as secchi

-142depth in Fig. 5). Thus we can discern two different types of Pco 2 response
to increased discharge· on the seasonal scale: 1. these rivers wh1ch dilute
their organic carbon load and decrease respiration per volume and PC0 2 and
2. those rivers which flood large areas and leach organics from the soil,
thus increas;Lng their concentrations in organics per volume and hence
respiration rate and PCo .
2

Fig. 4. 23 year mean seasonal variation of co 2 pressure of River Elbe at
Hamburg (data courtesy of Hamburger Wasserwerke) • Note typical
low values in early spring and high values in late summer.
Rio Parana 603 km above mouth
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Fig. 5. Seasonal co pressure fluctuation of Rio Parana 1977-78 (data
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The investigation of PC0 variations in rivers has revealed several
2
implications as to their role ln the global carbon cycle.
1. Interannual increase in PC0 of rivers exist and are possibly related
2
to anthropogenicly induced increases in their organic carbon load. Thus
certain parts of the carbon disappearing from forests and soils might have
gone to the rive:r:s. They have either been oxidized there or have reached
the oceans as organic compounds. From the monitoring viewpoint, investigation of former PC0 records, recalculated from historic hydrochemical
2

--------=d'-"a=t~a=,

can_p_ar_t_ly_mz:er-come-our-:1aGk-ef-F-as-i=-BG~an-d-Pee-re-cord-s.

2. Strong increase in PC0 leads to a considerable increase in transport
2
of .free co in addition to the dissolved inorganic carbon in carbonates.
2
In case of the Rhine this transport has reached some 10 percent of 2 the
DIC load, i.e. an average of 0.19 co -c compared to 2.1 Hco -c 10
g/yr.
2
3
If respiration occursin upstream reaches of a river additional caco
3
might be dissolved thus also increasing the total DIC load.
3. Rivers are constantly degassing co . The rate of this process has still
2
to be determined by modelling or budget calculations between carefully
monitored river stations. Certainly some of the soil carbon loss returns
to the atmosphere from rivers producing local point sources of considerable
intensity.
4. Nutrient flux increases in accordance with increasing pollution of
rivers. For the Rhine, PO~-P transport has risen from 8000 t/yr in 1963
to 25 000 t/yr in 1979. Tnis would allow phytoplankton in the North Sea
to fix about one third to one half of the total carbon load of the Rhine
as organic substance. Globally eutrophication of coastal seas by rivers
is recognized as an acting C-sink.
5. Rivers charged with surplus co will induce dissolution of marine car2
bonate upon entering the seas. The reaction will not only involve equilibration of surplus co2 but also will act via enforced. "mixing corrosion".
Fresh water mixing wiEh sea water will, even if both endmembers are calcite
saturated, produce undersaturation within estuaries in brackish waters.
This process has long been known to exist (8, 15) but has not yet received
proper atten·t:ion as to its potential to form small co sinks in the
2
estuarine region. Its potential becomes even more important as rivers with
unnaturally high co pressures enter the oceans increasingly undersaturated
2
with carbonates.
All these processes act, with the exception of additional degassing
from river surfaces, as small sinks to dissolved biogenic and/or fossil
co 2 in marine surfac1 5 waters. The size of these sinks together are estimated
to be several 0.1 10
g per year and help to partially explain the overall
proportionally high loss of fossil/biogenic co from the atmosphere by
2
action of the carbon cycle.
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1.

Introduction

The issue of atmospheric carbon dioxide is international in scope and interest. The
chief concern with this changing component of the atmosphere is its effect on the heat
balance. The polar regions can be markedly affected by this heating and in turn trigger
other climatic modifications (1). For example, a carbon dioxide-induced temperature rise
is expected to be three or four times greater at the poles than in middle latitudes. A
substantial increase in polar temperatures (5° to l0°C) could eventually lead to melting of
polar glaciers and sea ice and a gradual rise in sea level.
The arctic regions (above 67°N) might at first appear to be insignificant with respect
to their contribution to the world-wide atmospheric C0 2 balance. The area of the Arctic is
only 4% of the earth's surface, and its ocean-sea area is 3.8% of the surface of the world
oceans. Annual high latitude tropospheric winter to smruner average variations in atmospheric carbon dioxide (12-16 ppm) are the largest compared to observations at other remote
monitoring sites (2, 3, 4, 5). The annual rate of increase is the same as recorded at
Mauna Loa, Hawaii and at the South Pole. The annual arctic tropospheric variations are
generally ascribed to transport of lower latitude continental air into the region during the
winter and reduced in the spring-summer period due to resurgence of photosynthetic activity.
Research on carbon dioxide in various arctic environments over the past twenty years indicates that the arctic hydrosphere, and to a lesser extent the geosphere, significantly
affect tropospheric carbon dioxide, and that these effects operate throughout the year.
2.

Experimental Methods

Throughout the long history of observations of carbon dioxide in arctic regions various
analytical methods were employed. Initially nondispersive infrared analyzers of various
manufacturers were used to establish a near-surface level C02 baseline (2) and to investigate the exchange of C0 2 across the sea-ice-air and tundra-air interfaces. Eventually, gas
analysis was accomplished by means of gas chromatography (6) which allowed for a higher
degree of versatility for field observations as well as the measurement of trace gases other
than carbon dioxide. Throughout the entire period of research in the arctic measurements of
C0 2 were referenced to gas standards prepared at the Scripps Institution of Oceanography
(Dr. Charles Keeling, S.I.O., La Jolla, CA). Comparisons were also made with other baseline
monitoring stations whenever possible, for example, the NOAA/GMCC monitoring station at
Barrow, Alaska.
Several types of equilibrators were used to measure the equilibrium partial pressure of
C0 2 in sea or fresh water. The design of these equilibrators was predicated upon the unique
field situation that was encountered, for example, shipboard operations, tundra ponds and
lakes, sea ice leads, etc. In all cases, tests were performed to ascertain that equilibrium
was achieved.
3.

Discussion

The following physical description of the Arctic is used to define the areas of various
interfaces which interact with the atmosphere. These areal estimates are used to calculate

-146seasonal exchanges of C0 2 . The surface area of the Arctic is taken to be 2.12 x 10 7 km2
with the oceanic region comprising 13.8 x 10 6 km 2 and the land surface amounting to
7.6 x 106 km2. Table 1 provides further information on surface area by specific region.
The arctic troposphere has a volume of 2.1 x 10 8 km 3 and contains 6.9 x 10 16 of C02 at an
average concentration of 335 ppm.

Table 1.

Summary of seasonal C0 2 source-sink strengths in arctic regions.

Region

Ar_e_a
(10 6km 2 )

LiP C02
(J2J2m)

Duration
(months)

Sink
C02)

Source
(lol2g

WINTER
56 to 1119

1.

Central Basin

8.4

10 to 100

9

2.

Barents, Laptev, and
Kara Seas

2.5

-20 to -40

8

East Siberian, Chukchi,
and Beaufort Seas

0.9

20 to 40e

6

16 to 32

4.

Greenland Sea and
Baffin Bay

1.3

10 to lODe

6

28 to 288

5.

Norwegian Sea

0.5

-25e

6

6.

Annual Sea Ice

6-7

6

101 to 1190

7.

Tundra and Taiga

1.6

6

7

3.

149 to 299

111
?

1107

AVERAGE WINTER NET SOURCE

SUMMER
112

-37

1.

Central Basin

8.4

-30 to 10

3

2.

Barents, Laptev, and
Kara Seas

2.5

-90 to -140

4

13.32 to 2072

East Siberian, Chukchi,
and Beaufort Seas

0.9

-40 to -80

3

160 to 320

4.

Greenland Sea and
Baffin Bay

1.3

-10 to -40e

3

29 to 115

5.

Norwegian Sea

0.5

-50 to -lOO

6

222 to 444

6.

Sea Ice Melt Ponds

1(?)

2

40e

7.

Tundra - Taiga

1.6

3

179

Freeze-Thaw

1.6

0.5

0.4 to 0.5

Plants

1.2

3

Ponds and Lakes

0.4

3.

e

= estimated

300

3

40e

213 to 411
48

AVERAGE SUMMER NET SINK

2479

NET SINK (ANNUAL)

1188

-147Reliable estimates for the rate of invasion or evasion of carbon dioxide across the
water-air interface is required. Based on recent observations aboard the Swedish icebreaker
Ymer during the Ymer-80 cruise to the Barents, Norwegian and Greenland Seas an invasion rate
of 0.078 mmoles cm- 2 atm- 1 min- 1 was determined. Conditions prevailing at the time of the
observation (September 1980) were: l°C water temperature, 500 m inversion layer, calm to
5 knot wind speed, and C02 difference between the sea and air of 80 ppm. This invasion rate
coefficient is used for air-sea transfer rate calculations for polar regions. Historical
data were used whenever possible to provide additional data.
(a)

Central Pack Ice

The thick multiyear ice floes shield the atmos2here from a large area of high_2artial
pressures of carbon dioxide, particularly during the winter (Table 1). Data are sparse
and reliance is made on recent Soviet reports (9) which include pH data. Summer data for
the Central Arctic basin are even more sparse due to the severe logistical problems of
visiting this region. Based on Soviet data (9) and Ymer-80 observations a range of -30
to +10 ppm is arbitrarily assigned for the ~PC0 2 . Melt ponds are observed to have a high
PC02 in late summer (420-490 ppm). Data for PC0 2 of melt ponds on the sea ice north of
Alaska during early summer show undersaturation of the water in C0 2 with respect to air.
Although melt ponds are numerous on the summer sea ice, we presume at this time that they
may act as both a source and sink at some time during the summer.
(b)

Barents, Laptev and Kara Seas

The magnitude of the summer partial pressures of C0 2 are very low (180-250 ppm). Considering the general easterly flow of surface waters, this phenomenon is assumed to extend
into the Laptev Sea. If this intensity (average ~PC0 2 = -110 ppm) is maintained for a four
month summer period over the entire area (2.5 x 10 6 km2 ), then 1628 MT of C0 2 can be
absorbed. The Barents Sea, therefore, provides a strong summer sink for atmospheric C0 2
as shown in Table 1.
(c)

Chukchi and Beaufort Seas

Data for this region are sparse but allow for an estimate of winter and summer values
for PC02. Summer ~PC02 values appear to be significantly less than in the Eurasian basin,
being on the order of -60 ppm. Winter data in the Beaufort Sea suggest a ~PC02 of 20 to
40 ppm. Therefore the East Siberian, Chukchi and Beaufort Sea regions appear to be a
summer sink and a much weaker winter source for C0 2 (Table 1).
(d)

Greenland Sea - Baffin Bay

This region is dominated by ice throughout the year. For our calculations we assume
10% open water during the winter and 50% open water in the summer. Data again are few.
It is assumed, for lack of other data, that winter waters are similar to the central
arctic (Table 1).
(e)

Norwegian Sea

The ice free waters of the Norwegian Sea and southern edge of the Barents Sea have
summer partial pressures ranging from 50 to 100 ppm below atmospheric concentrations. The
winter partial pressure is unknown but is provisionally assigned a value of -25 ppm. Thus,
this area is listed (Table 1) as a sink for the entire year.
(f)

Annual Sea Ice

Annual sea is permeable to C0 2 as well as other gases (10). Contact of high PC02
waters during the winter with porous annual s~a ice showed a net flow of C02 to the
atmosphere. Resistance to exchange in this case is affected by the sea ice. A definite
value for this ice resistor effect is unknown at this time. It is the high PC02 water
rather than the brines in the sea ice that is the probable cause of a continual outgassing

-148of C02 from the annual sea ice to the atmosphere. There is insufficient C0 2 in the small
amount of brine trapped in the annual sea ice to maintain the winter-long output of the C0 2
(Table 2).
(g)

Tundra and Taiga

Sources and sinks associated with the terrestrial portion of the Arctic as shown in
Table 1 are small but numerous. A net source of carbon dioxide in the Arctic is the tundra
with its bogs, ponds and lakes. Small (0-30) but nearly continuous enrichments of carbon
dioxide under the snow occur throughout the winter. Insufficient data are available to calculate the evasion rate of C0 2 from frozen tundra surfaces, but it is estimated to be on the
order of 10- 4 ml cm- 2 hr- 1 , or about 7 x 10 12 g of C0 2 evolved to the atmosphere during the
winter.
Ponds and lakes constitute about 60% of the north Alaskan tundra. Based on an evasion
rate coefficient of 0.34 mg cm- 2 atm- 1 min- 1 (11) and taking the average gradient between
lakes and ponds to be 300 ppm greater than the atmospheric C0 2 concentration then the ponds
and lakes provide a summer source of carbon dioxide.
Plants fix about 400 to 770 g C0 2 m- 2 season- 1 , with about 43% of the C02 being drawn
from the atmosphere (12, 13). During periods of low photosynthesis the tundra soil is a
source of about 0.2 g C0 2 m- 2 hr- 1 , that is, wet tundra emits more C0 2 than the plants can
fix during a portion of this time (12). Therefore, as a result of these observations (12,
13) it appears that 179 MT of C0 2 are added to the atmosphere from the soil while vascular
and other plants remove 213-411 MT from the air (MT =million metric tons).
4.

Conclusion

Although there still remains a very sparse data base for carbon dioxide in the arctic
regions sufficient data do exist to estimate the effect of various types of arctic environments on the seasonal C02 balance. Arctic terrestrial and oceanic environments act as a
source for C0 2 (1107 million metric tons) during the winter and a sink (2479 million metric
tons) for atmospheric C0 2 during the summer. The result is a net annual sink of 1188
million metric tons of C02. This net annual sink is equivalent to about 4.6% of the
estimated global anthropogenic input of C02 to the atmosphere.
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1.

Introduction

Observed seasonal source and sink strengths for atmospheric C02 show that the arctic
hydrosphere, and to a lesser extent the geosphere, significantly affect troposheric carbon dioxide, and that these effects operate throughout the entire year. The surface
area above the Arctic Circle is a relatively small part (4%) of the earth's surface.
Its ocean area is 3.8% of the world ocean surface. The land and oceanic regions of the
arctic are dominated by snow and ice for a significant part of the year. However, the
arctic does not present an ice sealed inert surface with respect to atmospheric C02
exchange. Natural sources and sinks for C02 within the region may be responsible for
about 20 to 40% of the very large annual tropospheric C02 concentration variation.
Although there still remains a paucity of data for C02 observation in this region,
sufficient data do exist to estimate the effect of various types of arctic environments
on the seasonal C02 balance. Results of observations based on our data collected over
a two-decade period indicate that the arctic terrestrial and oceanic environments act as
a source for C02 (~ 1100 million metric tons) during the winter and predominantly
as a sink (~ 2500 mill ion metric tons) for atmospheric C02 during the summer. The
result is a net annual sink effect of 1188 million metric tons of C02. This net annual
sink is equivalent to about 4.6% of the estimated global anthropogenic input of C02 to
the tropospheric. A few specific regions of the Arctic dominate as sources and sinks.
The effects that open water, annual sea ice and tundra have on atmospheric carbon
dioxide are reflected in observations recorded at an arctic global C02 monitoring site.
2.

Physical Description of the Arctic

Our concern is with the surface area of the interfaces between the air and either
oceanic or land regimes for the purpose of employing simple exchange models. The surface
of the earth above 67°N, based on simple spherical geometry, is taken to be 2.1 x 107
km2. The perimeter of land surrounding the Arctic is mostly mountainous and glaciated.
The smaller tundra and taiga region (~ 1.6 x 106 km2) is the only land area that hag
an_y significant known effect on atmospheric co2 . The Arctic Ocean pack ice (8.4 x 10
k~) occupies the largest area of the arctic region.
The multi-year pack ice effectively
reduces the air-sea-ice interactions. At least 5% of its surface is open water (cracks,
leads and polynas) throughout the year. Up to 50% of the central ice pack surface is
considered to be annual ice
the refreezing of the open water. The surrounding
seas of the Arctic (5.1 x 10 km ) are highly variable in ice cover and in co 2 partial
pressure differences between the air and near surface sea waters.

gue to

3.

Historical Observations

Perhaps the oldest carbon dioxide measurements in the Arctic are for its partial
pressure in sea waters. Krough (1) first reported the extremely low summer partial

-152pressures there, followed a few decades later by Buch (2), see for example the brief
summary by Deacon in 1940(3). If those 50 to 80 year old analyses were correct, even
the summer atmospheric C02 concentration dropped to ea. 160 ppm. Kelley (4) reported
similar extremely low surface water pC02 data in 1970 for the Barents and Kara Seas
area, but not the extremely low atmospheric C02·
Regular observations of Arctic atmospheric COz from aircraft and at the surface were
begun in the late 1950's and early 1960's (5,6,7). Those data all displayed the characteristic large annual variations for atmospheric C02 in the Arctic. These atmospheric
observations also indicated larger PC02 variations for lower altitudes, significant delays in the decline of the winter high atmospheric PC02 with increasing latitude, and a
rapid rise in PC02 by midAugust. Extremely large short term seasonal variations in C02
-------,u""'naer the snow cov-eTirrg-th-e-t·an-dra-were-ob-served-du ri-ng-the-1-a-te-s-i-x-t-i-es-(-8-,9-)-..-------·
4.

Recent work

Much of our research has been oriented toward an understanding of the natural sources
and sinks of carbon dioxide in the Arctic and subarctic regions. Experiments were done
at the interfaces and by sampling of air at low altitude. This was accomplished by the
use of small aircraft, short term ice stations and ships of opportunity (8,9,10). We
have found that the Arctic is by no means a passive region in winter affected only by
the transport of carbon dioxide from lower latitudes. Summer is the time of the largest
exchange of atmospheric C02 across the air-sea land interface. There are wide fluctuations and reversals in the sourcesink potentials for C02 exchange at the various interfaces both on seasonal and geographic bases.
(a)

Sea Water

Late summer surface sea waters (ca-l°C) have recently been observed to have an invasion
rate more than twice that accepted for the global average by many modelers (11). Average
mid-latitude ocean water has a temperature of about 16-18°C. Hood and Kelley (12) have
reported an interme~iate value for ea. 10°C Bering Sea water. Our observed rate of
0.078 mmole co 2 cm- atm- 1 min- 1 was used to calculate the air-sea co 2 transfer in polar
regions(13). rn the Barents Sea cooling of sea water as it moves north can explain
virtually the entire phenomenally 1ow PC02 occurrence there ( 14).
(b)

Sea ice

One of the critical items that modelers of carbon dioxide need to understand about
the Arctic is that sea ice is markedly different from ordinary fresh water ice and glacer
ice. Sea ice is heavily dominated by connected brine channels. The brine is a salt
bridge connecting the atmosphere with winter sea water. Arctic surface sea water is
generally supersaturated with respect to carbon dioxide (10,15). Another aspect of
annual sea ice at -20°C is that it is still about 10% liquid. The relative heat source
of the ocean water beneath sea ice maintain a sea ice matrix temperature well above
-20°C. Depending on the salinity of the sea ice, and the surface air temperature, C02
is evolved from annual sea ice at the rate of 2-30 x 106 g km-2 mo-l.
(c)

Tundra

There are several aspects of C02 evol uti ons from tundra surfaces during freeze and
thaw cycles. One is purely physical in nature (8) and the other recognizes microbiological factors. The quantitie\ of C02 evolved are marginally significant from a global
budget point-of-view (ea. 10 3 g co 2 ) but are highly significant to clean air monitor
sites (i.e. Barrow) whi eh has its 1 ntake ~ 10 m above this ubi qui to us strong surface
source. {13) Sporilation of fungi at or below ~ 0°C soil temperature, high relative
humidity and sunlight are one possible explanation for the late spring Arctic atmospheric
C02 rise.

-153Soil enzymes are derived from soil organisms. They represent the composite extracellular activity that generates substrate for these organisms (e.g. cellulose to glucose;
organic phosphorous compounds to inorganic phosphates, etc.). Recent work by Li nki ns
(16,17,18) shows that temperatures between 0 to -35°C and high soil moisture (100-750%)
regulate enzyme activities such that they often exceed the respiratory rates of the soil
organisms. As such the winter months potentially represent a period of time when 10-25%
of the total annual generation of assimilable carbon {glucose) and inorganic phosphorous
may accumulate in the soil. These readily available pools may be significant contributors
to the spring subnivean C02 evolution via the rejuvenated microbes.
5.

General comments

--------T-he-A~c-t-i-e-i-s-pl'obab~-y-muGh-more-s-i-gn'i-f-i-e-ant-than-the-An-t-a-rc-t-i-c-as-far-as-i-ts-i-nflu--- -

ence on and by global weather changes. Albedo change with the concomitant polar magnification of average temperature changes wi 11 come much more rapidly in the Arctic than in
the Antartic, even with increased cloud modifications of radiation energy.
The Arctic is not as isolated as Antartica~ Both anthropogenic and natural factors
are obvious in the atmospheric C02 loading. Natural factors at various periods in the
spring-fall seasons can have marked effects on surface monitor sites and vary significantly over a 1-200 km horizontal distance.
Summer data for the central Arctic are almost nonexistent. Data for the most active
periods of thaw and freeze are sparse. Data for other areas are meager. The evidence
thus far shows that source-sink potentials for C02 exchange for a given region are nowhere being moderately constant.
Manned and instrumented ice island stations should be reestablished. Albedo and
temperature measurements, along with other parameters, should be plotted against the
sparse ice island data of the past two decades. This is essential if a trend towards
the C02 greenhouse effect and the polar magnification of temperatures is to be detected.
6.
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1.

Introduction

Anomalies in long-term carbon dioxide (C0 2) records may be related to anomalies in
meteorology and/or sea surface temperatures over wide areas of the Pacific Ocean. Bacastow
et al. (1980) have shown a correlation between atmospheric C0 2 anomalies and the Southern
Oscillation Index for C0 2 measured at Ocean Station PAPA, Mauna Loa, Fanning Island, and
South Pole. Newell et al. (1978) have shown that atmospheric C0 2 anomalies may be associated with Pacific sea surface temperature changes near the equator, and south of the equator
in the region of the Peru upwelling zone. More recently, Hanson et al. (1981) have presented evidence suggesting that the Northwest Pacific (40°-45°N) may be an area of major
influence on C0 2 anomalies measured at Ocean Station PAPA. The correlation they observed
resulted mainly from the coincidence of relatively large negative C0 2 departures from normal
(C02 ON) and negative sea surface temperature departures from normal (SST ON) during 1976
and the first half of 1977. This decrease in the expected anthropogenically induced upward
trend in global C0 2 at PAPA has also been observed at Barrow, Alaska (Peterson et al., 1981)
and Mauna Loa (below).
In this paper Barrow and Mauna Loa C0 2 anomalies are correlated with Pacific Ocean
temperature anomalies north of 20° latitude. A correlation pattern similar to that observed
in the Ocean Station PAPA data (Hanson et al., 1981) is observed in the Barrow and Mauna Loa
C02 records. The highest correlations between the C0 2 DNs from PAPA and Barrow are observed
when the Barrow C0 2 record lags the PAPA C0 2 record by 1 to 2 months. An exchange factor of
0.73 ppm atmospheric C0 2 (measured at Barrow) per l°C change in sea surface temperature has
been calculated by regression analyses from these data (R=0.7). A cycle in atmospheric C0 2
concentrations, driven by the annual temperature cycle in the ocean, is hypothesized.
2.

Barrow and Mauna Loa C0 2 Records and Pacific Ocean Temperature Data

Ambient air C0 2 , drawn from an inlet 10 m above ground, is measured continuously with
a non-dispersive infrared analyzer at Barrow (71°19'N; 156°39'W) and Mauna Loa (19°53'N;
155°58'W). At the Geophysical Monitoring for Climatic Change (GMCC) central office, hourly
average values of C0 2 are extracted from the station data tapes. Obvious erroneous values
(equipment malfunction) are deleted from the file, and hours with significant within-hour
variation (local contamination) are excluded from subsequent analyses. For Mauna Loa,
periods of data affected by volcanic venting are also removed. No further deletion of data
was undertaken for the purposes of this study.
The North Pacific ocean surface temperature data used in this study were provided by
the Climate Research Group of Scripps Institution of Oceanography in the form of monthly
average temperatures for a 5°x5° latitude-longitude grid from 20°N to 60°N and 130°E to
110°W. The normal was based on the period 1947-1979. A discussion of the distribution of
the sea surface temperature DNs and their variability is given by Hanson et al. (1981).

3.
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C0 2 Trend and Anomalies At Barrow and Mauna Loa

Daily average C0 2 concentrations (1974 mole fraction scale) are presented in Figure 1
for Barrow and Mauna Loa. Least squares cubic spline functions with knots every month were
fitted to the daily values to approximate the annual cycle; spline functions with yearly
knots were fitted to monthly means to approximate the long-term trend in C0 2 concentrations.
Figure 1 shows the typical annual C0 2 cycle observed at northern latitude stations and a
decrease in the trend centered in late 1976. This trend in the Barrow C0 2 record has been
reported earlier by Peterson et al. (1981), and observed in the Ocean Station PAPA C0 2
record by Hanson et al. (1981). The Mauna Loa GMCC record also exhibits this decrease
(Figure 1). (This trend was subtracted from the annual cycles to produce detrended annual
cycles as presented later in Figure 4.)
To determine the C0 2 anomalies in the Barrow and Mauna Loa records, the monthly averages were calculated and the average annual cycle and long-term increase over the per1od
removed. The average annual cycle was based on C0 2 measurements over the 1974-1978 period,
and the long-term increase was represented by a growth rate factor of 1.0019 for Barrow and
1.00423 for Mauna Loa as observed over the same period. These detrended C02 DNs were
correlated with the SST DNs at 0 and up to 18 month lag.
Barrow and Mauna Loa data from areas of high positive correlation are presented in
Figure 2. The negative C0 2 anomalies and coincident SST anomalies for the period centered
in late 1976 to early 1977 are evident.
4.

Results

It was observed that maximum correlations between SST DNs and C0 2 DNs occurred at 0 to
3 months lag (SST DNs leading C0 2 DNs). For Barrow (Figure 3), there are extensive areas of
positive correlation along 45°N latitude centered at 180° longitude, and along 20°N latitude
between 150°W and 175°E longitude. In the northern area of correlation, C0 2 DNs lagged SST
DNs by 0 tQ 1 month. In the southern area, the lag was 2 to 3 months.
For Mauna Loa (Figure 3), a broad area of high correlation extended from l60°W to 160°E
longitude along 50°N latitude. A second area of high correlation surrounded the Mauna Loa
BARROW AND MAUNA LOA C02 TRENDS

Figure 1. Daily average C0 2 concentrations
(1974 mole fraction
scale) measured by continuous analyzers at
Barrow (BRW) and Mauna
Loa (MLO). Spline
functions with knots
every month have been
fitted to the daily
values to illustrate
the annual cycles.
Spline functions with
yearly knots have been
fitted to monthly means
to determine the longterm trends. The
decrease in the longterm trend, centered in
1976, is a feature of
note.
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-!57observatory itself. The time lags between these areas of maximum correlation for the Mauna
Loa data were reversed from those at Barrow; the northern area lagged SST DNs by 2-3 months
whereas the maximum correlation for the southern area occurred at 0 months lag. These lags
are consistent with atmospheric diffusion rates at these latitudes (Machta, 1974).
The annual correlation pattern of SST DNs vs. C0 2 DNs for Barrow and Mauna Loa were
observed to be essentially the same. These correlation patterns, along with those in
Figure 3, are similar for those reported for Ocean station PAPA data (Hansen et al., 1981).
On the assumption that a relationship exists between SST DNs and C0 2 DNs, regression
analyses (y=a+bx; y=C0 2 DN, X=SSTDN, b=exchange factor, ppm co 2 oc-1 ) were performed on the
monthly data from Barrow, PAPA, and Mauna Loa to obtain individually derived sea-atmospheric
C0 2 "exchange factors" for each station. Thus, an exchange factor represents a calculated
------'change_iJLatmo_s_pbe_r__i_c_C:0_2_c_uo_c_elllr_ation that would be observed at a monitoring station
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-!58when the SST in the area of high positive correlation changes l°C. The SST DNs were selected from the center of the highest annual positive anomalies. The results are shown
in Table 1, along with an exchange factor for the South Pole obtained from published literature as discussed later. Ocean Station PAPA, which is closest to the SST anomalies in the
Pacific, exhibits an exchange factor of 0.85 ppm C0 2 in air per °C change in sea surface
temperature. Barrow, farther from the sea temperature anomalies has an exchange factor of
0.73 PPM C02 oc-1 and Mauna Loa, furthest from the anomalies, a factor of 0.36 PPM C02 oc-1 .
The combined data set (Barrow, Mauna Loa, and PAPA, 180 data points) exhibits an exchange
factor of 0.64 ppm C0 2 oc- 1 with no lag.

How do these derived exchange factors compare to those from other research? Maclntyre
(1978) has suggested that exchange factors of about 1.3 to 1.5 ppm C0 2 in air per °C change
in sea temperature are probable, assuming complete mixing throughout the top lOO-m ocean
layer. These values would only be valid at source and thus should be considered the upper
11 m1 t of the exchange factor range. Osi ng actua 1 equatorial-Pacn-i-c:-Oc:eant-el11Jre-r-ature-data---for an area highly correlated with South Pole C0 2 anomalies, Maclntyre calculates the observed South Pole exchange factor (allowing for atmospheric mixing from 0° to 90°S latitude) at about 0.1 ppm oc- 1 . The actual factor observed is nearer to 0.2 ppm oc-1 (ibid).
Bacastow et al. (1980) suggest that changes in sea surface temperature may cause the C0 2
anomalies related to the El Nino phenomonon. Their data can be used to calculate an ex-

----~

Correlation: BaiTOw and Mauna Loa C02 D.N.
vs Sea Temperature D.N.
(1974-1978, Lagged)

Figure 3. Correlations of Barrow and Mauna Loa C0 2 DNs-and North Pacific Ocean SST DNs for
the period 1974-78. The highest correlations observed in O- to 3-month lag periods are
plotted.
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change factor of 0.2 ppm oc~ measured at the South Pole. Since, the area of the ocean used
to calculate this factor lies along the equator, the true exchange factor at the source may
be greater than 0.2 ppm oc-1.
Newell et al. (1978) suggest that the response t·ime for a 50 m mixed layer in the ocean
to come to equilibrium with atmospheric C0 2 is about 15 days. Bjorkstrom (1979) used seaatmosphere C02 transfer times of 26 days for a cold ocean and 47 days for warm oceans in his
model of the global carbon cycle. On a dissenting note, Junge and Czeplak (1968) suggest
that the ~nnual sea temperature cycle would be of little consequence in affecting the annual
atmospher1c C02 cycle because of slow response times (~ 5 years) they assumed for air-ocean
transfer of C0 2 •
Tab lel-.-Excfiange factors re 1at-; ng changes nr-s-e-a-s·orfa·ce-tempera-ture-to·-----changes in atmospheric C0 2 concentrations as derived by regression analyses
of monthly SST DNs and C0 2 DNs.*
Station

Sample Size
(N)

Exchange Coefficient
(ppm C0 2 oc - 1 )

Correlation Coefficient
(R)

PAPA

60

0.85 ± 0.14

0.62

Barrow

60

0.73 ± 0.08

0.74

Mauna Loa

60

0.36 ± 0.05

0.68

Combined

180

0.64 ± 0.07

0.63

South Pole

0.2

*The exchange factor for the South Pole is obtained from published sources
as discussed in the text.
5.

Discussion

5.1 SST DNs and C0 2 DNs Correlations.
The data presented here show that the 19761977 decreases in C0 2 concentration at Barrow and Mauna Loa are correlated with below-normal
sea surface temperatures over a broad area of the Northwest Pacific. These areas of high
positive correlation are the same as those observed for Ocean Station PAPA (Hanson et al.,
1981). The greater time lag in the arrival of C0 2 anomalies at Barrow compared with PAPA
suggests that the north Pacific Ocean is a factor in producing them. The observation that
the exchange coefficients shown in Table 1 decrease with distance (greater mixing) from the
areas of highest positive correlation in the ocean is in agreement with this supposition.
One explanation for the observed decrease in atmospheric C0 2 during 1976-1977 is that
the colder-than-normal seawater acted as a greater-than-normal C0 2 sink or a reduced source.
Alternatively, the atmospheric C0 2 decrease may be related to enhanced biological productivity in the cooler (upwelled?) ocean water reducing pC0 2 in the surface layer and, subsequently, atmospheric C0 2 . Reduced summer pC0 2 concentrations in the north Pacific have
been reported by Keeling (1968) and Broecker et al.{l979). It may be further suggested
that this decrease in C0 2 could be related to global changes in biospheric uptake/release
of C0 2 or, that a large scale shift in general circulation in 1976-77 may have induced the
effect. These possibilites are discussed by Schnell and Harris, et al.(1981).
5.2 Sea temperature effects on the atmospheric C0 2 cycle. The annual sea surface
temperature cycle in the North Pacific Ocean is warmest in August and coldest in March with
well-defined latitudinal gradation. The largest average annual amplitude of this cycle is
found along 40°N latitude c~ 10°C with a 14°C amplitude near Japan). The average amplitude
of the annual cycle is less both north and south of 40°N in the Pacific Ocean (50°N ~ 7°C,
60°N ~ 6°C and 30°N ~ 6°C, 20°N ~ 4°C, l0°N ~ 2°C, 0° ~ 0°C).
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When these annual temperature cycles are superimposed on the C0 2 cycles from Barrow,
PAPA, and Mauna Loa, they are in opposing phase. Hence, the dates upon which the annual
cycles cross the annual means occur within a month or so of each other. Thus, the relatively warmer oceans are releasing (or taking up less) atmospheric C0 2 in northern summer
and absorbing (or releasing less) C0 2 in northern winter opposite to the biospheric C0 2
cycle. Allowing for season and atmospheric diffusion rates, the same coincidence was
observed for the South Pole C0 2 record and the temperature cycle in the Antarctic Ocean.
If the exchange factors presented in Table 1 are representative of the response of
atmospheric C0 2 to changes in Pacific Ocean surface temperatures, an annual cycle of atmospheric C0 2 , driven by (or related to) the annual temperature cycle in the ocean may be constructed by multiplying the average monthly temperature departure from the annual mean (for
areas of the ocean of interest) by an appropriate exchange factor to produce an "ocean
induced" C0 2___~;ycle. By combining the "ocean induced" cycle with the "observed" C0 2 ,
cycle an "adjusted" C0 2 cycle is obtained.

BARROW AND MAUNA LOA OBSERVED, OCEAN,
AND ADJUSTED C02 CYCLES
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Figure 4. Detrended annual C0 2 cycles observed at Barrow and Mauna Loa showing the possible
effects on C0 2 from a temperature cycle in the ocean. To obtain the "adjusted" cycle
(dashed lines), the "observed" cycle (solid line) is combined with the "induced" cycle
(dotted line). The ocean 11 induced" cycle is produced by multiplying average monthly
sea surface temperatures within the area bounded by 35°N to 40°N and 160°E to 170°E by
the relative exchange factors from table 1 (BRW = 0.73 ppmoc·~; MLO = 0.36 ppm°C~).
For Mauna Loa, the "induced" effects has been lagged 2 months to allow for diffusion of
the C0 2 effects from the North Pacific to Mauna Loa.

-161This procedure was applied to detrended C0 2 data from Barrow and Mauna Loa using the
exchange factors in Table 1 and monthly average sea surface temperatures (on a month to
month basis) for an area bounded by 35°N to 40°N and 160°E to 170°E. The resulting adjusted C02·cycles have greater amplitudes than the observed cycles (Figure 4). As may
also be observed in this Figure, the adjusted C0 2 cycles would be larger than the observed
cycles for any positive value of the exchange factor. The exchange factors presented in
Table 1 should be considered maxima and the annual sea temperature cycle as having a larger
amplitude than would be observed over much of the north Pacific.
If a sea temperature driven C0 2 cycle operates in the manner described above, the
actual amount of C0 2 passing through the global C0 2 budget would be greater than is now
considered in calculations using observed annual C0 2 cycles to determine the annual
biospheric C0 2 budget.
Average differences between areas under observed and adjusted C0 2 curves (as in
Figure 4) were determined for PAPA
35%) Barrow
25%) and Mauna Loa (Z 15%). An exchange factor of 0.2 ppm C0 2 oc-1 for Mauna Loa produced a difference of z 8%.

cz

cz

Where might such 11 unaccounted 11 for C0 2 (if it truly exists) appear in the global C0 2
budget? Possibly the biosphere is fixing more C0 2 in spring and summer and releasing more
in fall and winter than is now assumed. Due to the coincidence of the crossover points of
the atmospheric C0 2 cycle and the ocean temperature cycles, this balanced exchange could be
occurring undetected. Or, there may exist a pC0 2 cycle in the ocean such that low pC0 2 in
summer and high pC0 2 in winter counterbalance the sea-temperature-driven C0 2 cycle. In
support of the latter possibility, undersaturation of pC0 2 in the North Pacific has been
documented for the summer season by Park and Curl (1967), and Keeling (1968). Also, Kelly
and Gosink (1979) have shown that, in winter, ice-covered oceans around Alaska may be
sources of atmospheric C0 2. Furthermore, primary productivity in the oceans may utilize
this C0 2 in proportion to its availability. In closing, it is suggested that this unaccounted for C0 2 could be part of, or related to the "missing" portion of the global biospheric C0 2 budget discussed by Lugo and Brown (1980).
6.

Conclusions
(1)

The Mauna Loa C0 2 record exhibits, in 1976-77, a decrease in the long-term
growth rate of atmospheric C0 2 as is observed in the Barrow and Ocean Station
PAPA C0 2 records.

(2)

SST DNs in the North Pacific and C0 2 DNs for Barrow and Mauna Loa exhibit strong
positive correlation patterns similar to those for Ocean Station PAPA.

(3)

Time lags between the appearance of SST DNs in the oceans and C0 2 DNs at the
monitoring stations are consistent with diffusion rates at the stations latitudes.

(4)

The annual C0 2 cycles at Barrow, PAPA, Mauna Loa, and South Pole, and the annual
sea surface temperature cycles in the proximal oceans are in opposing phase.
Since relatively warmer ocean waters release more/accept less C0 2 than colder
ocean waters, annual adjusted C0 2 cycles have greater amplitudes than the C0 2
cycles "observed" at monitoring stations.

(5)

Based upon 4 above, it is suggested that an appreciable annual flux of C0 2
could be passing through the global C0 2 budget undetected.
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SEASONAL AMPLITUDE IN ATMOSPHERIC C0 2 CONCENTRATION
AT CANADIAN WEATHER STATION P, 1970-1980
R. B. Bacastow,

c.

D. Keeling,

and T. P Whorf

-----------------------cScr-ipps-Ins-t-i-t-ut-ion-of-0ceanog-!"-aph-y~----~---------

La Jolla, California 92093
C. S. Wong
Marine Carbon Research Centre
Sidney, British Columbia V8L482

Atmospheric C02 concentration was measured at Canadian
from

Ocean

Weather

Station

P

May, 1969, until the closing of the station in June of 1981. Weather Station Pis

located at 50° N, 145° W, in the N.E. Pacific Ocean off southern Vancouver Island,
British Columbia. Two flasks were collected weekly and analyzed at Scripps Institution
of Oceanography (SIO).
collected

Beginning in August of 1973, an additional pair of flasks

were

and analyzed at the Institute of Ocean Sciences (IOS), Patricia Bay, British

Columbia, Canada.
Station P was manned for alternate six-week intervals by two
weatherships,

Quadra and Vancouver.

5,600

ton

Canadian

On station, the weathership would either drift or

steam slowly to hold position within a square of 10 x 10 nautical miles with Station

P

in the center.
Station P lies within the subarctic water mass between the Alaskan Current and the
West Wind Drift.

The winds at Ocean Weather Station P are predominantly from the west,

with southwest winds in the summer.
Air samples were collected mostly in 2 liter Pyrex flasks fitted with a 6 mm
high-vacuum

stopcock.

Flasks

for

measurement

at

SIO were lubricated with silicon

grease; those for measurement at IOS were lubricated with Apiezon grease.
of

the

stopcock

bore

At

the

end

fitted to these flasks is a standard taper 14/35 inner joint that is

used to mount the flasks for analysis.

The flasks were previously

evacuated

to

less

-164than
:-,,:

micron

pressure

and the outside was wrapped with adhesive tape to reduce the

hazard from accidental implosion.
cock.

Precautions

exhaust.

were

Flasks were filled by momentarily opening the

taken

to

stop-

exclude the breath of the observer and the ship's

Exposed flasks were stored in the dark at room temperature.

Sampling was usually done at zero Greenwich Mean Time (2
Meteorological data were also collected at this time.

or

3

pm

local

time).

If the wind speed were less than

5 knots, collection was postponed.
The sampling site on the ship was varied with the wind
from

the

bow,

Sampling~--··

direction.

shoulder, bridge deck, and stern for wind, respectively, from directly

forward, the fore quarter, the beam, and aft.

Details of the

sampling

situation

and

meteorological records at the time of sampling are available on request from the Institute of Ocean Sciences, Sidney,. B.C., Canada.
Until February of 1974, the sampling was done mainly by well-trained oceanographic
technicians,

although some sampling was done by the ship's crew.

Since mid-1974, sam-

pling has been mainly by the ship's crew and by contracted oceanographic companies.
The measurements show a seasonal cycle that is approximately the same
and

a

slowly

rising

trend.

Some

each

year,

of the flask measurements fall outside the normal

scatter of the data, especially after late-1973.

This "background", comprising approx-

imately 10% of the measurements, is strongly skewed toward higher concentrations, probably because there are many local sources and few local sinks.
lar

to

that

found

in

a

The background is simi-

National Oceanic and Atmospheric Administration personnel and analyzed at SIO
e.t

al.,

1976 J.

This

u.s.

study of flask samples collected at the South Pole by

[Keeling

study showed that the background in South Pole measurements is

mainly due to sampling errors - the imprecision of analysis is only about 0.2 ppm.
Of particular interest in the Station P data are:
[1]

Change in the amplitude of the seasonal cycle. The amplitude of the seasonal cycle
may

serve

as a monitor of biota metabolism [Hall et al., 1975].

measurements at Mauna Loa, Hawaii, show no significant change in
tude

from
and

seasonal

co2

ampli-

1958 through 1975, but if 1976 through 1980 are included, the slope to

the amplitude is 0.5
1975

Atmospheric

~ 0.2~

per year.

The average seasonal

amplitude

1976-1980, relative to the average amplitude, are 98

~

for

6% and 107

1959~

2%,

respectively.
[2]

Structure in the trend.
between

small

A preliminary analysis has

shown

a

strong

correlation

oscillations in the trend and an index of the Southern Oscillation

[Bacastow et al., 1980 J.
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The shape of the seasonal cycle.
photosynthetic

The shape must be due to the combined effect

uptake by the biota, largely confined to the winter months at this

latitude, biota respiration, which occurs all year but is probably largest
the

summer,

of

atmospheric

during

transport from other latitudes, seasonal oceanic uptake

and release (probably small), and perhaps other, less well understood processes.
This study is focused on the seasonal amplitude: does it confirm the
of the yearly seasonal amplitude at Mauna Loa?

general

behavior

The attempt to measure small changes in

the seasonal amplitude has prompted careful selection of the data.
Data Selection and Adjustment
Only measurements of the two SIO or two IOS flasks for which both
ments

are

within

0,4

ppm in adjusted index

(J)

flask

measure-

are retained for further processing.

This criterion eliminates approximately 20% of the data, and almost all

of

the

back-

ground. A few additional measurements have been preemptively discarded.

Elimination of

background by a fitting procedure has worked well for South Pole data (Keeling et
1976],

al.,

and would probably retain more data, but might bias selection at the very sharp

troughs.
Comparison of analyses of thirty-seven 5 liter flasks, with Apiezon greased
cocks,

with analyses of pairs of 2 liter flasks, with silicon greased stopcocks, indi-

cate that the 2 liter flasks are high by 0.28
do

stop-

not

~

0.23 ppm, in adjusted index units.

We

fully understand this difference, but believe it to be associated with the use

of silicon grease in the stopcocks; the difference was first noted in data from another
sampling

location in a comparison between flasks fitted with silicon greased stopcocks

and flasks with 0-ring sealed stopcocks.
Flasks measurements at IOS have been adjusted to measurements
curve expressing the difference.

at

SIO

through

a

The curve was obtained from comparison of analyses of

the 5 liter flasks, which were analyzed at both IOS and SIO, and by comparison of
from days in which 2 liter flask samples were obtained for both IOS and SIO.
must represent the difference in correction for the use of

co2-in-nitrogen

data

The curve
instead

of

C0 2-in-air as standard gases, and possibly other effects as well.
The final data set (Figure 1a) includes values from IOS flasks only for days
no

when

SIO flasks were taken, since we have used data on days when both were taken for the

adjustment.
nitrogen

Corrections have been made for differential drift, for the use of

instead

of

C0 2-in-air

as

response, relative to concentration.

co2-in-

standards, and for non-linearity of the analyzer
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Figure 1.

Concentration of atmospheric

145° w.
(a) Left plot:

co2

at Canadian Weather

Station

P,

dots indicate daily averages; line is a fit of the harmonic

50°

N,

function

s (see text), representing the seasonal cycle, plus a smoothing spline, representing
the trend.
(b) Right plot:

dots are seasonally adjusted daily averages; line is the spline

fit

to the daily averages.

Seasonal Amplitude
We have separated the seasonal amplitude from the trend by fitting the daily averages

to

a

smoothing

spline,

representing

the

trend,

plus a harmonic function S,

representing the average seasonal cycle:
(1)

where t is time measured in years from
Ci' (i:1,2,3,4)

are

the

beginning

parameters determined by the fit.

of

some

reference

and

The stiffness of the smoothing

spline was set by requiring a reasonable fit to the residuals from the
shown in Figure 1b.

year,

harmonics

fit,

These residuals are insensitive to the stiffness of the spline.

-167-

Figure 2.
described

Seasonal
in

the

amplitude
text.

in

atmospheric

co 2

concentration,

determined

as

The dashed line is a linear fit, with slope 1.0 ~ 0.8~ per

year.

The yearly seasonal amplitude has been determined

by

fitting

residuals

of

the

for each year to g + g s, where g (Figure 2) is thus a gain factor relative to
1
1
0
the average seasonal cycle amplitude. It is mainly sensitive to the decrease in con-

trend

centration from the Spring maximum to the Fall minimum.

Inclusion of two more terms in

Equation (1), with period 4 months, representing the third harmonic of one
no important difference to the curve of g

1

year,

make

vs. year.

Conclusions
The seasonal amplitude shows a large increase in 1976 and relatively
until

1980,

then

overall slope is 1.0

high

values

a decreases to approximately the level from 1970 through 1975.
~ 0.8~

per year.

Except for

behavior of the seasonal amplitude at Mauna Loa.

1980,

this

confirms

the

The

observed
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SEASONAL AMPLITUDE IN ATMOSPHERIC C0

CONCENTRATION

2

AT MAUNA LOA, HAWAII, 1959-1980
R. B. Bacastow, C. D. Keeling, and T. P. Whorf
Scripps Institution of Oceanography
La Jolla, California 92093

The world's biota may be either increasing in size, due to, for example,
zation

by fossil fuel carbon dioxide, or decreasing, due to deforestation for agricul-

ture and firewood.
it

fertili-

In general, those who have directly studied the biota conclude that

must be shrinking, principally due to the cutting of tropical forests.

al. [1978] estimate the annual release of carbon to the atmosphere

to

Woodwell et

be

to

q

8

x

10 15 g; Bolin [1977] estimates 1.0 ~ 0.6 x 10 15g.
On the other hand, models wherein uptake of atmospheric
14

culated

from

c

the distribution of natural

and nuclear bomb

predict that the biota is a small sink for fossil fuel
per

co2

co2 ,

by the oceans is calc and 3H, in general,

14

on the order of 0.5 x 10 15 g

year [Machta, 1973; Bacastow and Keeling, 1973; Oeschger et al., 1975; Broecker et

al., 1979].

co2 data show a seasonal cycle superimposed on a slowly increasing
seasonal cycle is largest in the northern latitudes, decreases toward the

Atmospheric
trend.

The

Equato,r, approxiwately vanishes at 140 S latitude, and is small and of
in the remainder of the southern hemisphere.

opposite

phase

The seasonal cycle must reflect both pho-

tosynthesis and respiration by the biota, and aay serve as a monitor of biotic metabolism

[Hall et al., 1975].

The best record fOr this purpose is probably that from Mauna

Loa Weather Observatory, Hawaii (Figure 1).
The longest atmospheric

1957

co2

record is from the South Pole.

and consists mostly of flask samples taken twice monthly.

It begins in

more

important.

the

better

resolution

since

errors

data are rather incomplete prior to 1966.

Mauna Loa is almost as long, beginning near the end

of

March

of

The seasonal amplitude

at the South Pole is small, approximately 1 ppm, making measurement
Also,

June

of

1958,

relatively

The record at
and

affords

the measurements are essentially continuous and the seasonal

amplitude is larger, approximately 6 ppm.

The second best

record

for

observing

the
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Figure 1. Concentration of atmospheric co at Mauna Loa Observatory, Hawaii, 19.5° N..
2
155·. 60 w.
Dots are seven day averages o.f daily averages of blue-lined data (see
tre.~e;t) ~

annual

seasonal

amplitude

is probably that from Canadian Weather Station P, at 500 N

latitude (see accompanying paper, this volume).

The record at Station P begins in May

of l969, is from weekly flask samples, and the seasonal amplitude is large, approximately l1 ppm •.
The decrease in atmospheric
minimum

(May

to

beginning

of

co2

concentration from the Spring maximum to the

Fall

October, at Mauna Loa) must be principally due to the

difference in net

co2

more

the difference in net ecosystem production and net ecosystem respira-

precisely,

tion.
effect,

fixed by photosynthesis and net

co2

released

by

respiration

The seasonal change in temperature of the ocean surface layer must also have
but

yearly

anomalies

in

an

the sea-surface temperatures are small, and can be

shown from simple box models to introduce only a very
cycle.

small

change

in

the

seasonal

-17L
At latitudes north of the tropics, photosynthesis is confined mostly to the summer
Net

months.

ecosystem

respiration probably follows temperature and is also greatest

If all co fixed during one growing season were to be returned to
2
the atmosphere during the next summer, one would see very little change in the seasonal

during the summer.

However,

amplitude even though photosynthetic activity were changing.
time

of

co 2

the

turn-over

fixed by the biota probably varies from 1 or 2 years for leafy material to

60 years for woody parts of plants.

co2

Consequently, increased fixation of

by

pho-

tosynthesis would be expected to cause an increased seasonal amplitude.
Atmospheric
Hawaii,

over

co2

measurements have been made at the Mauna Loa Weather

Observatory,

the 23 year period 1958-1980 by essentially unchanged methods and equip-

ment [Keeling et al.,1976; Keeling, 1978; Bacastow and Keeling,

1981].

The

measure-

ments are from a continuously run infrared gas analyzer, operated in collaboration with
the National Oceanic and Atmospheric Administration.
Particularly important to the determination of
cycle

small

changes

in

the

seasonal

are (1) stability of data selection, and (2) stability of the system of standard

gases in comparison with which the atmospheric measurements have been made.
Data Selection
The concentration measurements are based on
recorded

on

a

strip

chart:

essentially

continuous

measurements

20 minutes of air followed by 10 minutes of a so-called

"working" standard gas, with C0 2 concentration close to that of air. The data set consists of four measurements per hour of the difference between air and standard. Measurements during periods when the air trace shows significantly more variation than
standard

gas trace are flagged as "variable".

mixing, as from a local source.
plotted

together

with

Hourly

the

Such variability usually indicates poor

averages,

wind speed and quadrant.

with

variable

data

flagsed,

are

Periods of so-called "blue-lined" or

"steady" data are then indicated on the plots, and this

selected

data

has

been

the

b•sis for heretofore reported data.
Concentrations immediately before and after periods of variable data
relatively

high.

We

suspect

that

such

data

tend

to

be

also is affected by the local source

responsible for the variability, and eliminate it from the blue-lined data.
An average diurnal cycle, depending on the time of year,

is

evident

[Pales

and

Air tends to move downslope at night, especially after midnight, and

Keeling, 1965].
upslope during the day.
which

we

attribute

to

In the late afternoon,

an

"afternoon

air which has been depleted of

fields at the base of the mountain.

co2

dip"

usually

occurs,

by passing over sugar cane

-172Since the purpose of the selection is to obtain concentrations
mixed

air

September,
large.

of

well-

at the latitude of Mauna Loa, night data is usually selected and the after-

noon period is usually excluded.

ning

typical

near

the

seasonal

By including

The selection is especially critical
minimum,

in

August

and

because the afternoon dip is then especially

less of the afternoon dip in the blue-line data near

the

begin-

of the record than near the end, an apparent increase in the seasonal cycle could

be generated.
'rhe-se-le~ti-on-pl"oce-ss--i-S-f'-ather-sub-ject-i-ve-,-and-sev-ef'-a:l-pe-1"-Sons---ha-V-e-done-the------

selecting

over the 23 years.

Even if only one person had done the selecting, it would

not be easy to maintain consistency for so long a time._ Consequently, we have performed
the seasonal cycle analysis both with the blue-lined data and data computer selected by
an objective algorithm.
out.lying

points,

and

The algorithm selects only data from midnight to 7
requires

am,

omits

that the remaining data be steady (standard deviation

less than 0.4 ppm).
Stability of Reference-Standards
A. systematic change in the seasonal amplitude would

from.

arise,

if

uncorrected

for,

a problem with the stability of the reference gas system that we will refer to as

"differenti.al drift": the apparent concentration of
Institution,

by

infrared

comparison

co2

in

gas

measured

at

Scripps

to higher standards, has decreased from 1974 to

1980, relative to true concentration, and. it has decreased more for lower concentration
- gases than for higher concentr.ation gases.
A study of the reference gas system (to be published
differential
increase of
between

drift
0.3~

would,

if

uncorrected,

elsewhere)

shows

that

the

introduce an apparent seasonal amplitude

per year between 197Ji and 1980.

No differential

drift

is

indicated

1960 and 1974, but there is evidence that the 1974-1980 drift extends backward·

to l9-70.
Corrections have been made for differential drift, for the use of
rather than

co 2-in-air

C0 2-in-nitrogen

standards, and for non-linearity of the analyzer response, rela-

tive to concentration.
Seasonal Amplitude and Trend Separation
The average seasonal cycle at Mauna
Several

methods

have

Loa

is

representing

separated

from

been tried and give essentially the same result.

have used here is to fit seven day averages of the
spline,

easily

the

trend,

daily

averages

with

the

trend.

The method we
a

smoothing

and a harmonic function S, representing the average
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Figure 2. Concentration at Mauna Loa with average seasonal effect removed.
seasonally

adjusted

seven

day

averages.

Dots

are

The smooth curve is a spline fit to the

dots.

seasonal cycle:
(1)

where t is time measured in years from the beginning of some reference

year,

and

the

Ci' (i = 1,2,3,4) are parameters determined by the fit. The functionS is a linear
combination of the first and second harmonics with a period of one year, and has been
shown

to

fit well the seasonal cycle at Mauna Loa [Keeling et al., 1976].

ness of the smoothing spline was set by requiring a reasonable
from

the

harmonics

fit,

stiffness of the spline.

shown

in Figure 2.

fit

to

the

The stiffresiduals

These residuals are insensitive to the
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Figure 3.
described

Seasonal
in

the

amplitude
text.

in

atmospheric

co2

concentration,

determined

as

The dashed line is a linear fit, with slope 0.5 + 0.21 per

year.,

The trend {Figure 2) shows a slow increase, presumably due to fossil
an

fuel

usage,

irregular oscillation with a period near four years that correlates with indices of

the Southern Oscillation [Bacastow, 1977; Bacastow et al., 1980], and
perhaps

related

to

large-scale,

other

structure

several year changes in sea-surface temperature, as

probably followed the Mt. Agung volcanic explosion in 1963 [Bacastow, 1979].

We,

have

subtracted this trend, unless otherwise stated, from the daily data.
Seasonal Amplitude
The seasonal amplitude in
[1]

co 2

concentration has been determined in several ways:

Spline fits to daily averages of blue-lined data for each year.

The

spline

for this purpose is of the type where stiffness is set by number of nodes.
[2)

[3]

Same as [1] except that computer selected data was used.
Cubic fits to peaks and troughs of blue-lined data.

used

-175[4]

Same as [1] except that an exponential trend was removed

instead

of

the

spline

trend of Figure 2.
[5]

Fit of seven day averages of the blue-lined data for each
g

+

0

year

by

the

function

g 1s, where S (Equation (1)) represents the average seasonal cycle, and g0 and

g 1 are parameters determined by the fit. The parameter g 1 (Figure 3) is thus a
gain factor relative to the average seasonal cycle, and is mainly sensitive to the
seasonal decrease from maximum to minimum.
Results are essentially the same, except for [4] above; removal of an exponential trend
gives

slightly

different seasonal amplitudes for those years in which the trend shows

large change.
The seasonal amplitude has not been evaluated for the years 1958 and 1964, because
of missing data.
Conclusions
The amplitude of the seasonal cycle at Mauna Los, Hawaii,
essentially

constant

for

the

seventeen

years

appears

1959 through 1975.

annual seasonal amplitude relative to the average amplitude is 0.1
However,

if

the

0.3%
~

per

has

9B

+

61 and 107

~

2%.

year.

remained

The average seasonal

amplitudes for 1959-1975 and 1976-1980, relative to the average amplitude, are
tively,

been

0.2% per year.

amplitude

relatively high, but not higher than the peak values before 1976.

have

The slope to the

~

last five years are included, the slope'becomes 0.5

The largest seasonal decrease is 'in 1976, and since then this

to

respec-

Analysis of data from Canadian Ocean Weather Station P

(see accompanying paper) at 50° N latitude confirms the general behavior

of

the

sea-

sonal amplitude from 1970 to 1980, and shows that increased values after 1976 are not a
lo.cal . phenomena.
At least two possible interpretations may be made:
[1)

A probably temporary change in meteorological "regime" occurred in
concomitant

increase

rainfall on land.
tion

in

1976,

with

a

photosynthetic activity, due to, for example, increased

A small change in either net ecosystem production

or

respira-

could have large effect on the seasonal amplitude, since the seasonal ampli-

tude depends on their difference.

-176[2]

Yearly carbon fixation by the biota, and perhaps the size of the biota itself,

is

If it is assumed that the size of the biota is increasing in proper-

increasing.

tion to the seasonal amplitude, the percent increase in yearly carbon fixation
nearly the same as the percent increase in

co 2

is

concentration.

References
Bacastow, R. B., and C. D. Keeling, Atmospheric Carbon Dioxide and Radiocarbon
Natural Carbon Cycle:

II.

in

the

Changes from A.D. 1700 to 2070 as Deduced from a Geochem-

ical Model, Carbon and the Biosphere, G. M. Woodwell and E. V. Pecan, editors, United
State.s Atomic Enerr'.Y Commission, 86-135, 1973.
Bacastow, R. B., Modulation of Atmospheric Carbon Dioxide by the Southern

Oscillation,

Nature, 261, 116-118, 1976.
Bacastow, R. B., Dip in the Atmospheric

co 2

Level During the

Mid-1960's,

J.

Geophys.

Res., 84, 3108-3114, 1979.
Bac.as:tow, R. B., J. A. Adams, C. D. Keeling, D. J. Moss, T. P. Wharf, and C.

S.

Wong,

Atmospheric Carbon Dioxide, the Southern Oscillation, and the Weak 1975 El Nifio, Sci~·

210, 66-68, 1980.

Bacastow, R. B., and C. D. Keeling, Atmospheric Carbon Dioxide

Concentration

and

the

Airborne Fraction, SCOPE 16: Carbon Cycle Modelling, John Wiley & Sons, New

Observed

York, in press, 1981.
Bolin, B., Changes of Land Biota and Their Importance for the

Carbon

Cycle,

Science,

196, 613-615, 1977.

s.,

Broecker, W.

T. Takahashi, H. J. Simpson, and T.-H. Peng, Fate of Fossil Fuel

Car-

bon Dioxide and the Global Carbon Budget, Science, 206, 409-418, 1979.
Hall, C. A. S.,

c.

A. Ekdahl, and D. E. Wartenberg, A Fifteen

Year

Record

of

Biotic

Metabolism in the Northern Hemisphere, Nature, 255, 136-138, 1975.
Keeling,
S.

c.

D., R. B. Bacastow, A. E. Bainbridge, C. E. Ekdahl, Jr., P. R. Guenther, L.

Waterman,

and

J. F. S, Chin, Atmospheric Carbon Dioxide Variations.at Mauna Loa

Observatory, Hawaii, Tellus, 28, 538-551, 1976.
Keeling,
pheric

c. D., The Influence of Mauna Loa Observatory on the
co 2 Research, Mauna Loa Observatory 20th Anniversary

Development

of

Atmos-

Report, J, Miller, edi-

tor, NOAA, 36-54, 1978.
Machta, L., Prediction of
Woodwell

and

E.

V.

co2

in the

Atmosphere,

Carbon

and

the

Biosphere,

G.

M.

Pecan, editors, United States Atomic Energy Commission, 21-31,

1973.
Oeschger, H., U. Siegenthaler, U. Schotterer, and A. Gugelmann, A Box

Diffusion

Model

to Study the Carbon Dioxide Exchange in Nature, Tellus, 27, 168-192, 1975.
Pales, J.

c.,

and C. D. Keeling, The Concentration of

Atmospheric

Carbon

Dioxide

in

Woodwell, G. M., R. H. Whittaker, W. A. Reiners, G. E. Likens, C. C. Delwiche, and
B. Botkin, The Biota and the World Carbon Budget, Science, 199, 141-146, 1978.

D.

Hawaii, J. Geophys. Res., 24, 6053-6076, 1965.

-177-

(Reference IV -9 )

SYNOPTIC INTERPRETATION OF SPATIAL AND
TEMPORAL VARIABILITY OF ATMOSPHERIC C0

2

by
John M. Wallace
Department of Atmospheric Sciences, University of Washington ___________________
Seattle, Washington 98195, U.S.A.
The spatial and temporal variability of atmospheric co will be discussed from a met2
eorological perspective, with emphasis on:
(1) the kinds of scientific questions that could be addressed, given an adequate
knowledge of the spatial and temporal distribution of atmospheric co ,
2 interannual
(2) interpretation of existing measurements of the seasonal cycle and
variability of atmospheric co ,
2
(3) dynamical interpretation of transport processes involving atmospheric co ,
(4) the kinds of analyses that could be performed on existing data in order 2to
gain insight into the distribution of sources and sinks of co at the earth's
2
surface, and atmospheric transport processes, and
(5) possible insights that might be derived from general circulation modeling
experiments.
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SOME CONSIDERATIONS OF THE GLOBAL MEASUREMENTS OF
BACKGROUND ATMOSPHERIC CARBON DIOXIDE
by
Fraser, P.J., P. Hyson and G.I. Peannan
Division of Atmospheric Physics, CSIRO
Aspendale, 3195, Australia
1.

Introduction

The possibility of global climate change, induced by the accumulation of fossil fuel
derived carbon dioxide (C0 2 ) in the atmosphere, has been suggested periodically for the
last 80 years. However, until the late 1950's, measurements made by chemical absorption
techniques had lead to the belief that atmospheric C02 concentrations were highly variable
spatially and it was impractical to directly monitor man's long term influence on co 2 levels.
The pioneering work of Keeling (13) in the mid 1950's, using c.ryogenic trapping and infrared
absorption techniques, showed that over a range of locations near the west coast of the
United States, the co 2 concentration in the atmosphere was relatively constant. As a result
of this work, continuous infrared co 2 analysers were installed at Mauna Loa and Antarctica
in 1958, with the view to establishing background concentrations and temporal trends.
Within a few years Keeling showed clear evidence that atmospheric co 2 was increasing(l2) and
responding to the annual uptake and release of co by the biosphere (5).
2
Activities in the field of background atmospheric measurement of co 2 have increased
greatly over the last 20 years. Pearman (16) has detailed approximately 40 sites around the
globe where measurements are currently made either by continuous sampling using in situ co 2
infrared gas analysers (IRGA) or discrete sampling, where air samples are collected in
flasks a'nd returned to a central laboratory for analysis. The former method has the advantage of a high frequency of data collection but suffers from the ill-defined comparability of
the results obtained from different IRGA's used around the world. The latter method ensures
comparability of the data from different sample collection sites, but usually has problems
associated with the representativeness of the limited number of samples. Both these problems
have also lead to some reluctance by laboratories to release data until they can be adequately
treated. Thus data availability, comparability and representativeness has made assembling
together a global spatial and temporal picture of atmospheric co 2 variability a difficult
task.
In this paper we have updated an earlier attempt (8) to piece together a reliable
current picture of the global distribution of atmospheric co with the view of validating
2
global carbon cycle models which have the necessary atmospheric resolution (11, 17, 19).
2.

Data base

In recent years, atmospheric co 2 data have been reported using the same calibrationscale
(WMO 1974 co Calibration Scale; 2,3,9,10,14,15) and this has facilitated the use of such data
2

-180in defining spatial and temporal variability on a global scale

(8, 18).

The three major sources of global background atmospheric co data are, (i) the
2
University of California's Scripp's Institution of Oceanography (SIO), (ii) the National
Oceanic and Atmospheric Administration's (NOAA) program of Geophysical Monitoring for
Climatic Change (GMCC), and (iii) the Australian Commonwealth Scientific and Industrial
Research Organization's (CSIRO) Division of Atmospheric Physics. Extensive data sets from
the University of Stockholm and Environment Canada were not available in a form suitable
for direct comparison to define meridional gradients with respect to observations at Mauna
Loa.
Data from SIO are as described in the previous analysis (8) , the GMCC data base has
been expanded to include data collected in 1979 (10) and the CSIRO data base now also
----~includes 1:9·79 ana-I980-dcr-ca-(-l,----3-;-4-)-c.----In considerations of the annual variability of concentration we include data from the
University of Stockholm (6) and Environment Canada (22) projects together with unpublished
data from Macquarie Island and the Antarctic station of Mawso~ the latter two stations being
part of the CSIRO program ( 3).
3.

Meridional distribution of

co2

concentration

Figure 1 shows the deviation of the annual mean co concentration observed at each
2
monitoring location from that observed at Mauna Loa by the SIO or GMCC, averaged over the
years indicated with each data point. The overall picture is similar to that described
earlier (8) with northern hemisphere concentrations being 3-4 ppmv higher than southern
hemisphere concentrations. To a large extent the concentration gradient is steepest in the
tropical and sub-tropical latitudes, The following observations can be made about the data
set as a whole:
(a) very few data are available for the regions north of 70°N and in the tropics (l3°N to
14°8), where the concentration changes rapidly with latitude. There are co 2 monitoring
stations in this tropical region, for example Christmas Is. (2°N), Fanning Is. (4°N)
and the Seychelles (5°S) operated by SIO and NOAA-GMCC (16), but their data have not yet
been made available. These data aJCe important because large fluxes of co 2 from the ocean
to the atmosphere occur in the tropics, resulting in a small local maximum in co
2
concentration at ~5°N in the model. However the data precision and comparability
required to define such a feature, if it exists in the real atmosphere, have probably
not yet been achieved.
(b) the GMCC IRGA data for Mauna Loa are lower than the SIO IRGA data, averaged over the
years 1974 to 1978, by 0.3 (± 0.2) ppmv (6). This discrepancy must depend on the
selection criteria applied to each data set, but probably represents the minimum
uncertainty that exists when comparing data sets collected by different agencies.
(c) GMCC flasks at Point Barrow, Cold Bay, Mauna Loa, Cape Matatula and the South Pole over
the period 1978-1979 (9, to) show a smaller meridional gradient (3 ppmv) than the in situ
measurements (4 ppmv), which are based, on averageron 5years of data. This difference
may well be a problem of flask data representativeness. compared to in situ measurements,
or a real phenomenon, representing
reduced interhemispheric fluxes over the later
1970's. Whatever the cause it warrants investigation.
(d) Cape Grim in situ and flask data show a difference in concentration of approximately
0.7 ppmv for the period late 1978 to late 1980. There is a suggestion, currently
being investigated, that this discrepancy is associated with a problem in the in situ
measurements.
(e) There is a range of approximately 1
ppmv in the estimated gradient (~1.7 ppmv) between
Barrow and Mauna Loa. Three possible sources of this uncertainty are (i) the comparability of SIO and GMCC reference data at Mauna Loa, (ii) the large variability of
Barrow data means that the data are very sensitive to applied selection criteria, (iii)
the representativeness of the Barrow flask data.
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Figure 1
The difference ( A co parts per 106 by volume) between the annual mean
2
co2 concentration observed at various locations around the globe and at
Mauna Loa, Hawaii, plotted as a function of latitude. The numbers
adjacent to each data point indicate the time period of the respective
data sets.
• : difference between GMCC-IRGA and SIO-IRGA (Mauna Loa);
• : difference between GMCC-IRGA and GMCC-IRGA (Mauna Loa) ;
A : difference between SIO-IRGA/flasks and SIO-IRGA (Mauna Loa) ;
• : difference between CSIRO-IRGA and SIO:.IRGA (Mauna Loa);
• : difference between CSIRQ-IRGA and SIQ-IRGA (Mauna Loa) ;
v : difference between CSIRO flasks and GMCC-IRGA (Mauna Loa);
0 : difference between CSIRO flasks and SIO-IRGA (Mauna Loa) ;
0: difference between GMCC flasks and GMCC flasks (Mauna Loa).
Data sources :references 1, 2, 3, 4• 8, 9, 10, 13, 14, 15, C.D. Keeling,
personal communication.
Solid lines are model simulations at the indicated altitudes for 1979 (19).
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(f) Point Six Mountain shows an unexpectedly low concentration with respect to other
northern hemisphere measurements.
(g)

co 2 concentrations measured at Mauna Kea, Hawaii, are 0.9 ppmv higher than those
measured at Mauna Loa despite the fact the former are collected at an altitude 0.8 km
higher (4.2 km) only some 40 km apart. In fact the observations at Mauna Kea are
0.4 ppmv higher than those observed at Cape Kumakahi, Hawaii, at the surface.

(h) the in situ observations at Cape Matatula in 1977 are 0.6 ppmv lower than flask
measurements for 1978-1979.
At this time, it is very difficult to speculate as to the reasons for some of these
features of the data, hut a better understanding is necessary before the data can be useful.
_ _ _ _.E.ar_example.,_the_da.ta_coll.e.c.ted-in-the-southe.:r:n-hemi.sphe-:t:@-appear-tG-be-de-f-i-ning-t.he-hemi-s------pheric gradient quite precisely <+ 0.2 - 0.3 ppmv) except for the lower estimates at Cape
Grim and Cape Matatula. The former problem has been of concern to our laboratory for some
time and we hope to be able to explain the discrepancies in the near future. In the
meanwhile, it would be unwise to release the results. Similarly, the Cape Matatula
discrepancy requires further investigation.
The linesdrawn through the data represent estimates of the gradient based on model
studies (19). While the model results appear to overestimate the interhemispheric qradient,
the two lines indicate the approximate dependence one might expect to find between the
concentration difference and altitude. For example one might expect the Niwot Ridge da·ta,
if representative of the .atmosphere at 3.7 km, to be <vl ppmv below the surface concentration
at that latitude. Surface concentrations are obtained from the model by linear extrapolation
to 1000mb of the 900mb and 700mb calculated concentrations.
The model and observations agree quite well for the vertical gradient measured in
Hawaii between Mauna Loa (3.4 km) and Cape Kumakahi (surface). It would appear likely that
the range of estimates in concentration difference for a particular station (e.g. Point
Barrow) most probably arise from both calibration problems and sampling problems (using
data for the same years, months, days or hours). In any case the data illustrate the status
of our efforts to define a global distribution of co 2 concentration.
4.

Annual variability of· ·C0 2 concentration

Aside from the generally rising concentration of co observed at each of the observational
2
sites around the globe, perhaps the next most obvious feature of the data is its annual
variability. Annual variations result primarily from biospberic exchanges of co 2 with the
atmosphere (17) and to a lesser extent with the oceans. At any particular location, atmospheric transport influences the locally observed variation. Figure 2 summarizes the
presently available data on the meridional variation of peak-to-peak amplitude of the annual
cyc.le.
Throughout the southern hemisphere, the amplitude appears to be between 1 and 2 ppmv with
some suggestion of a slight increase in amplitude with latitude. This is uncertain because
of the lack of agreement between the recent GMCC measurements and the long record of the SIO
at the South Pole. Even as far north as Cape Matatula the amplitude appears to be less than
2 ppmv.
In the northern hemisphere, the picture is somewhat less clear partly because of the
strong attenuation of amplitude with altitude (19). Thus it is not at all surprising to
find smaller amplitudes measured at Niwot Ridge (3.7 km) and in the upper troposphere over
the North Atlantic (10-12 km), compared with those measured at surface stations at adjacent
latitudes such as Point Barrow, Cold Bay and Weathership P.
The seasonality, as represented by our model studies (19), is shown by the full and
dashed lines through the data to illustrate the dependence of amplitude on altitude and
latitude according to the model simulations.
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Figure 2
The annual mean co 2 cycle (peak to peak, ppmv) observed at various
locations around the globe. The locations are shown in abbreviated
form corresponding to the names in Figure 1. Extra locations not
included in Figure 1 are: NA - upper troposphere, North Atlantic
(60°N); WP- Weathership P (50°N); CMO- Cape Meares, Oregon (45°N);
AMS- Amsterdam Island
(38°S); BH- Baring Head, New Zealand (41°S);
PSA - Palmer Station, Antarctica (65°S). Model simulations for 700mb
and 900mb are shown as solid and dashed lines respectively (lg). Data
or1g1n: 0 - GMCC flasks; e - GMCC-IRGA; C - SIO flasks; a - SIOIRGA; .A - CSIRO flasks; A - CSIRO-IRGA; Cl - University of Stockholm
flasks; 'il - Environmental Canada flasks; Y - Oregon Graduate Centre
in situ gas chromatograph- references 1, 2, 3, 4, 6, 7, 9, 10, 11,
13, 14' 15' 19' 20' 22.

-184A closer examination of the southern hemisphere data collected by our laboratory reveals
several points. Firstly, data from mid-tropospheric aircraft sampling (3-5 km) carried out
from 1972 through 1979, shows a similar cycle to that observed at the South Pole (2.8 km)
by SIO (Figure 3), both with respect to phase and amplitude (± .5 ppmv).
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Fiqure 3
The annual co cycles (ppmv) observed at the South Pole and in
2
the mid-troposphere over south eastern Australia. The cycles
are obtained by cubic spline fitting techniques (11).
On the other hand, surface observations at Cape Grim andMacquarie Island (Figure 4) show a
slighter larger amplitude (± .7 ppmv), with some suggestion of an earlier phase.
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The annual COz cycles (ppmv) observed at Cape Grim, Tasmania
(41°8), Macquarie Island (55°8) and Mawson, Antarctica (68°8),
the cycles are obtained by averaging monthly deviations from
linear regressions to the respective data sets.
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-185This would be consistent with a surface origin of the cause(s) of the variation, but does
not rule out the complicating role of transported variations from the northern hemisphere.
The three years of data at Mawson show a dip in the concentration in March, which appears
to be significantly lower (~0.9 ppmv) than that observed at the other surface stations at
the same time and is a consistent feature of the data year by year. We have prBviously
speculated ( 8) that this may be due to a draw down in atmospheric co due to the formation
2
of co 2 depleted melt water in the late Antarctic summer.
5.

The global atmospheric

co2 content

A previous attempt was made to estimate the total atmospheric co content by using the
2
2 data from Mauna Loa (SIO) and flask data from the mid-troposphere over south
eastern Australia, assuming that these locations are representative of the mid-latitude
troposphere of both hemispheres (18) . The amount of co 2 in the stratosphere was assumed to
be 2 ppmv less than the troposphere, based on a tropospheric stratospheric exchange time of
two years, a co growth rate of approximately 1 ppmv per year and an atmospheric mass
2
ignoring the displacement due to mountains. The calculated content for 1978 was 7.30 x 10 14
kg of carbon as co .
2

---------------=i~n~s~l~·t=u=-~c=o

We can now update this calculation for 1979 using GMCC in situ data from Mauna Loa. In
1977 and 1978 the in situ data of GMCC and SIO at Mauna Loa agreed to within a few hundredths
of a ppmv. Assuming that this agreement has continued through 1979 we can assume that the
annual average co 2 concentration observed at Mauna Loa for 1979 was 336.58 ppmv (10). The
south eastern Australian data for the same year showed an average concentration of 334.83
ppmv ( 3 ) . In order to test the assumption of the spatial representativeness of the observations in both hemispheres, northern and southern hemisphere tropospheric averages were
calculated from the models and compared to model estimated concentrations for Mauna Loa
and over south eastern Australia. The model indicates that the annual average concentration
observed at Mauna Loa is approximately 0.7 ppmv lower than the northern hemisphere tropospheric average and similarly concentrations on the mid-troposphere over SE Australia are
0.2 ppmv lower than the southern hemisphere tropospheric average. The model also indicates
that stratospheric concentrations are, on average, approximately 8 ppmv lower than average
tropospheric concentrations. From ·the 1979 data we therefore estimate the northern hemisphere and southern hemisphere tropospheric concentrations to be 337.3 ppmv and 335.0 ppmv
respectively, giving a global tropospheric mean of 336.2 ppmv. The model also suggests
that average global tropospheric concentrations are 1.7 ppmv higher than global total
atmospheric concentrations. Thus we would suggest that the total atmospheric concentration
of co 2 in b979 was 334.5 ppmv. Given that the mass of the atmosphere is equivalent to
2
16
1.77 x 10
T2les of air (21), the global co content in 1979 was 5.92 x 10
mol€s of co 2
2
or 7.10 x 10
kg of carbon as co .
2
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MERIDIONAL TRANSPORT OF C02 IN THE EQUATORIAL ATMOSPHERE
M. Heimann
University of Bern, Bern, Switzerland
---------------------------------------------G-0.-Kee~ing-------------------

Scripps Institution of Oceanography
La Jolla, California, U.S.A.

Abstract
The extensive FGGE dataset of C02 measurements on air samples from the
central pacific has been analyzed as a function of latitude and time. The high
spatial and temporal resolution of the dataset enables an interpretation within ,.
the framework of a one-dimensional meridional eddy diffusion model. The observed
concentration field has been decomposed into a seasonal component and a timeaveraged quasistationary concentration profile which increases at a rate of
1.8 ppm per year (in 1979).
By means of a harmonic analysis of the seasonal component a latitude
dependent diffusion coefficient has been calculated.
The time-averaged concentration profile consists of a north-south gradient
of 2.4 ppm between 16°N and 14°5, which can be attributed to the release of C02
from fossil fuel combustion occurring mainly in the northern hemisphere. A
superimposed peak reflects the high pC02 in equatorial waters. Using pC02 data
from the same FGGE expedition an average meridional diffusion coefficient and an
estimate of the gas exchange rate for C02 between atmosphere and equatorial ocean
have been obtained.
It is shown that the analysis of both components l'eads to consistent results.
For the equatorial region an average meridional eddy diffusion coefficient of
1olO cm2/sec has been determined.
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MERIDIONAL DISTRIBUTION OF ATMOSPHERIC C02:
OBSERVATIONS AT SEA AND A GLOBAL MODEL
by
A.E.G. Azevedo* and Toro Takahashi
b-amont~f>oherty-Geol-og-ical-0bservatory

of Columbia University
Palisades, N. Y. 10964, U.S.A.

Abstract
The atmospheric C02 concentration data (mole fraction of C02 in dry air)
obtained over the oceans at sea-level indicate that the Inter-tropical Convergence
Zone (ITCZ) represents a barrier for interhemispheric mixing of the atmospheric
C02. A steep C02 gradient, which ranges up to 4 ppm across the ITCZ in the
equatorial zone has been observed over the Atlantic, Pacific and Indian Oceans.
The amplitude for regular seasonal changes in the atmospheric C02 concentration
decreases abruptly in the south of the ITCZ. A time dependent model, in which the
atmospheric transport is characterized in terms of a meridional eddy diffusivity
and an equatorial mixing barrier, has been formulated to account for the observed
meridional distribution of atmospheric C02. The atmospheric C02 concentration is
assumed to be zonally homogeneous, and to vary only as a function of latitude. To
describe the C02 up-take by the band biosphere, the net primary productivity
estimated by Lieth (1978) is used. The zonally averaged C02 partial pressure data
obtained for the surface waters of the major oceans are used to describe the net
air-sea exchange flux of C02. The industrial C02 production rate compiled by
Rotty (1977) is used. It is assumed that 89% of the industrial C02 are released
in the northern hemisphere, centered around 40-50~, and 11% are released in the
southern hemisphere centered around 20-30°S. The atmospheric mixing model is
calibrated using the atmospheric bomb C-14 data of Nydal et al (1979), and further
tested using the atmospheric halocarbon data. The model yields the amplitude and
phase for the seasonal atmospheric C02 variations consistent with those observed
at Mauna Loa (20°N) and the South Pole by Keeling et al (1976). It also ~ields the
phase consistent with the observational data obtained at Station Papa (50 N) by
Wong, and the peak-to-peak amplitude of about 12 ppm, somewhat smaller than the
observed amplitude of 14 to 17 ppm at this station. An effect of increased
deforestation of tropical rain forests in the southern hemisphere and that of the
reforestation in the northern hemisphere on the atmospheric COz distribution are
also considered.
*

Present address:

Institute de Geociencias e
Institute de Fisica, ,
Universidade Federal da Bahia, Sala 505
Rua Caetano Moura No~ 123,
Salvador~ Bahia, Brosil

-191-

(Reference IV -13)

MATCHING C02 EMISSIONS WITH ATMOSPHERIC INCREASES
W.P. Elliott and L. Machta

NOAA, Washington D.C., U.S.A.

AbstJ::act
Assuming that fossil fuel combustion C02 constitutes the sole net source of
C02 into the atmosphere, one usually finds an average airborne fraction between
0.5-0.6. A further analysis, using the recent long-term record at Mauna Loa
indicates that this airborne fraction possesses no trend with time over the 22-year
period. This, in itself, suggests that one might best match the Mauna.Loa growth
in C02 without recourse to any other source of C02 beyond that from reported fossil
fuel combustion.
To examine the issue of the need for other sources of C02 from non-fossil
fuel origins, say from net global deforestation as has been suggested by
George Woodwell and others, a more sophisticated analysis has been undertaken. The
observed Mauna Loa concentration in 1958 is the starting point for all of the
predictions. The 1980 observed concentration likewise is matched exactly to the
predictions by selecting a single average airborne fraction which achieves the
exact fit in 1980. The concentrations predicted for all other intermediate years
are not forced to match and it is the fit between them and the observed
concentrations that is used as measure of goodness.
The observed global year-to-year growth rate is assumed to be the same as
that at Mauna Loa. The sense of the conclusions remains unaltered by changes
in the recent Scripps or NOAA data at Mauna Loa. The recent fossil fuel combustion
production numbers provided by Ralph Rotty are assumed to also be C02 emission
values (when converted to C02 quantities). The non-fossil fuel releases of C02 are
assumed to remain constant each year from 1958 to 1980 but different values of
non-fossil fuel C02 releases are used for different hypothetical net deforestation
scenarios. The airborne fraction, derived as.noted in the previous paragraph, is
also assumed to remain constant each year but will vary from scenario to scenario.
The results of comparing the various scenarios of non-fossil fuel additions
to the fossil fuel C02 emissions with the observed concentrations of C02 at
Mauna Loa suggests that the best fit is achieved with no net global deforestation;
that is, the fit to the Mauna Loa curve is best with only fossil fuel C02 or at
best with a trivially small negative amount of C02. Please note that this analysis
does not argue that there is no net tropical deforestation (or any other constant
source of C02) but rather that the tropical deforestation is balanced by a sink of
about the same size as the deforestation source. Brown and Lugo suggest that such
a sink 'may be reforestation of afforestation in higher lotitudes •. Also, if. the
non-fossil fuel C02 has been growing in parallel with the.fossil fuel C02 this.
analysis will not detect it.
.

··---~---·----------

SESSION V
ISOTOPIC AND LONG-TERM
HISTORY OF C0 SYSTEM
2

-195-

(Reference V - 1)

SEASONAL AND SECULAR VARIATIONS IN THE
ABUNDANCE AND 13 C/ 12 C RATIO OF ATMOSPHERIC C02
by
Willem G. Mook 1 , Charles D. Keeling 2 and Alane Herron 2
__________1_,_Is~Qt_Qp_e_P.h¥s.ic.s_Laburator¥-,-Uni:~.Ler-si.t,y-of-G.:r::on-ingen
the Netherlands
2
Scripps Institution of Oceanography, La Jolla, U.S.A.
I.

Introduction

Since the preliminary paper by Keeling, Mook and Tans (I979) on the direct measurement
of 13 C/ 12 C in atmospheric C02, several hundreds of air samples were analysed, both for total
C02 and isotopic composition. It is the aim of this paper to report on the data obtained on
the South Pole station and on Fanning Island in the Pacific Ocean (3°52' N, I59°22' W).
Samples of 5 1 of air were collected twice a month and shipped to Scripps Institute of
Oceanography at La Jolla for C0 2 concentration measurement by infrared analysis. The C02
content (about 1.5 to 3 ml) was extracted by condensation at liquid nitrogen temperature at
low pressure and in small 0-ring tubes shipped to the Isotope Physics Laboratory at Groningen for 13 c/ 12 c analysis by mass spectrometry (MM 903).
The calibration of the C0 2 concentration analysis has undergone slight correction since
our previous report. With regard to the mass spectrometric analysis special attention was
paid to the long-term stability of the o13 C calibration relative to PDB (fig. I).
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Results and discussion

FANNING ISLAND
Figure 2 shows the monthly average ~COz as well as the o 13 C results. The lower full curve
is a cubic spline constructed through the ~co 2 data. The dashed curve shows the trend when
corrected for seasonal variations.
The upper straight line (dashed line) is a least squares fit through the o 13 C data. The
individual data have subsequently been corrected for seasonal variations. In order to achieve
this correction, the o 13 C deviations of the individual data from the trend
·~13
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were compared with the respective deviations of
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u
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Ctrend
from the C02 trend:

(fig. 3). The resulting least squares fit is:

o 13 C is derived from:

(~co 2 trend

+

b.~co 2 )( 013 Ctrend

+ b.o

13

C)

= ~co 2 trend 013 ctrend

+

b.~coz 013 cadd

where 6 13 Cadd refers to the additional C0 2 component responsible for the seasonal effect. Now
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-197so that using the above least squares fit we have:
0

13

Cadd

= 0 13 Ctrend- 0.03l 2 ~c02trend
~ -7;7 - 0.0312 x 337

= -18.2

°/oo

Using this relation to correct the o13 C values results in a least square fit for
is only slightly different from the original (fig. 2, full line):

o13 Ctrend

=

o13 C which

-7.60- 0.058 x years since 1.1.1977

o

~~~~~~-"a:::t=---:a=-cc::_o:rrected JJco11 of 335.14 I?J~m. The resulting 13 C value for 1.1.1978 then is -7.66 °/o_o__
and one = -7:77 I 0 0 at ~C02 = 338.28 ppm at 1. 1.1980. The result op/reviously repfortedl:or

°

Mauna Loa (Keel~ng et al., 1979) later had to be corrected to -7.65
oo because o a ea~
bration adjustment. Therefore, these is a nice agreement for the northern hemisphere.
We have to emphasize that the o13 C values reported thus far are not corrected for the
N20 contribution to the mass spectrometric analysis (Craig and Keeling, 1963). Probably
0.31 °/ 00 has to be added to the measured o13 C, so that the true o13 C comes to -7.35 °/oo
at 1.1.1978 and -7.46 °/ 00 at 1.1.1980.
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and ~o C values for correcting o13 C for seasonal variations. The South Pole
1 02
8 C data appear not to show a significant seasonal variation.

13

SOUTH POLE
The monthly average values of ~CO and o13 C are shown in figure 4. Again a cubic spline
(full line) and the trend without sea~onal variations (dashed line) were calculated. A similar correction procedure for seasonal variations in o13 C was attempted. However, as figure 3
shows, no correlation between ~~co 2 and ~o 13 C could be decided upon. Considering the small
correction found for Fanning Island, we feel confident that the least square fit through the
o13 C data (upper full line) represents the o13 C trend properly:

o13 C =

-7.61 - 0.061 X years since 1.1.1977

The resulting o13 C value for 1.1.1978 then is -7.67 °/ 00 at a C02 concentration of 1Jco =
2
a
= 332.74 ppm. The values for 1.1.1980 are: o13 C = -7.80 °/ 00 at JJco = 335.86 ppm. Us~ng
similar correction for the presence of N20 gives: o13 C = -7.36 and ~7.49 °/ 00 for 1.1.1978
and 1.1.1980 respectively. Compared to the South Pole o13 c value for 1.1.1978 reported previously and to the Fanning Island data, the o13 C results are not significantly different,
although there is ·a slight difference in ~co (Table I).
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Table 1. The atmospheric C0 2 concentration ~~ 02 (molar fraction) and the carbon isotopic
composition of the C02 for Fanning Island (3 52' N, 159°22 1 W) and the South Pole. True o13 C
values (within brackets) are obtained after correction for N20 (Craig and Keeling, 1963) by
adding +0.31 °loo•
I. I. 1980

I. 1.1978
~Coz(ppm)

ol 3 CpnB ( oI o o)

~COz(ppm)

0 1 3 CPDB ( 0 I 0 0 )

Fanning Island

335.14

-7.66
(-7 .35)

338.28

-7.77
(-7 .46)

South Pole

332.74

-7.67
(-7.36)

335.86

-7.80
(-7.49)

Mauna Loa*

334.64

-7.65
(-7.34)

337.72

*For Mauna Loa the present values are given, whereas the
have earlier been corrected by -0.10 °loo·

o13 C data

of Keeling et al (1979)
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13c AND 14c TIME VARIATIONS OF ATMOSPHERIC C0 2
Minze Stuiver
University of Washington, Seattle, U.S.A.

Time changes in atmospheric C02 isotopic composition are recorded in treerings becasue the cell wall cellulose, formed each year during the growing season
during photosynthesis, has a 14cjl2c ratio that reflects the ratios of the
atmospheric C02 of that year. The tree ring record not only reflects global
changes but also records the influence of the local micro-environment on the
isotopic composition of atmospheric C02.
The tree furthermore discrimates during photosynthesis against the heavier
13c and 14c isotopes. Changes in this discrimation factor are part of the
cellulose isotope record. Known factors influencing the extent of isotope
discrimination are precipitation, humidity, light intensity, humidity and
temperature.
When studying the 14cjl2C isotope ratio changes in tree-rings, it is
possible to account for th~ changes in tree-isotope discrimination by normalizing
on a fixed 13cjl2c isotope ratio (ol3c = -25 per mil). Thus a 14c record
independent of the changes in isotope discrimation can be obtained. In order to
obtain a. proper 13c record, however, one has to understand the mechanisms that
induce the l3c variability in the tree's isotope discrimation.
A high prec1s1on 1820 to 1954 14c tree-ring record shows excellent
agreement with model calculated atmospheric l4c levels when both fossil fuel C02
release and predicted variations in natural 14c production are taken into account.
The modelling of the 13c signal has, so far, been less successful because a global
13c signal is still beyond our grasp.

-------------·

------------
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TO THE SNRFACF. OCEAN

Ellen M. Druffel
Department of Chemistry, Woods Hole Oceanographic Institution
Woods Hole, Hassachusetts 02543 U,S,A.
1.

Introduction

The steady state concentration of cosmogenically-producea-raa1ocaroon in af~ospneric
carbon dioxide and in dissolved inorganic carbon (DIOC) in the ocean is at present perturbed by human activities. Since A,D. 1900, radiocarbon levels decreased in the atmosphere (Suess, 1953) and in the surface ocean (Druffel and Linick, 1978) due to the burning
of fossil fuels. Since the mid-1950's, radiocarbon concentrations in these reservoirs have
risen dramatically due to the artificial production of 14c by thermonuclear bomb tests in
the 1950's and early 1960's.
Numerous authors have reported past atmospheric 14 co 2 concentrations obtained from tree
rings (Cain and Suess 1976; Tans, 1978; Stuiver and Quay, 1980). I t was not until recently that oceanic 1 ~c records were obtained using annually banded hermatypic coral rings
(Druffel and Linick, 1978; Nozaki et al., 1978; Druffel, 1980a; Druffel, 1981). These
corals accrete annual density bands-with radiocarbon activities equal to those in the DIOC
in the surface waters of the ocean, The accreted skeleton is aragonite, a crystalline form
of calcium carbonate that does not exchange its carbonate with any other source of carbon.
Therefore, coralline aragonite retains a permanent, unaltered record of the radiocarbon
activity of the DIOC in the sea water at the time of formation.
2.

Oceanic Radiocarbon Records

The only .long-term records of oceanic radiocarbon are from hermatypic coral bands collected from the Florida Straits (Druffel and Linick, 1978), Belize in Central America
(Druffel, 1980a), Bermuda (Nozaki et al., 1978) and the Galapagos Islands (Druffel, 1981).
Preliminary results of corals from~he-Line Islands and the Hawaiian Islands will he mentioned for comparison (Druffel, in preparation). All radiocarbon measurements are reported
as ~14c, defined as the per mil ( 0 /oo) deviation from the activity of nineteenth century
wood, corrected for isotope fractionation to a 613cPnB= -25,0°/oo, and for decay from the
time of formation until A.D. 1950 (Broecker and Olson, 1961).
Figure 1 illustrates that preanthropogenic (pre-1900) radiocarbon levels in the surface
ocean were depleted with respect to those in the atmosphere (-60/oo), Gulf Stream surface
waters (Florida and Belize) had l\14c values of -49 ± 3 °loo (350 years B. P.). HidSargasso Sea waters (Bermuda) had values of about -30 ± 5 °/oo (200 years B.P.). Preanthropogenic surface waters in the eastern tropical Pacific (Galapagos Islands) were lowest
of all the observed values (-69 ± 5 °/oo; 520 years B.P.). This depletion of 14c in
the surface ocean waters, with respect to that in the atmosphere, is commonly referred to
as the age of the surface ocean and is the result of two mechanisms: 1) Diffusion of older
waters from subsurface depths, whose ~14c values range from -75 °/oo to -95 °/oo;
2) Small rate constants governing the exchange of 14co 2 , delay the establishment of equilibrium between the atmosphere and surface ocean.
Also shown in Figure 1 is the decrease of ~ 14 c during the period A.D. 1900 to 1952 in
all coral and tree I!ng rerzrds (Suess effect). This decrease is the result of dilution of
existing levels of
C by
C-free CO 1 which has been released into the atmosphere by the
burning of fossil fuels. During the tirst half of the twentieth century, the depletion of
~14c in corals from the Gulf Stream, mid-Sargasso Sea and the Peru Current was -11 °/oo,
-25 °/oo and -6 O/oo, respectively. As the decrease of ~14c observed in corals illustrates
the presence of fossil fuel co 2 in the surrounding waters; the magnitude of the decrease
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Figure I. Radiocarbon measurements for corals and tree rings that grew during the period
A.D. 1800-1952. The trees were collected from the Pacific Northwest in the United States
·cstuiver and Quay, 1980) and from the Netherlands (Tans, 1978). The corals were Montas~ annularis collected from Florida and B.elize (Druffel and Linick, 1978;
Druffel,
1980a), Pavona clavus from the Galapagos Islands (Druffel, 1981) and Diploria labyrinthi,fo·rmis frem Bermuda (Nozaki et. al., 1978).
is a measure of the amount of anthropogenic co in a given area of the surface ocean.
2
Therefore, of the locations studied, mid-Sargasso Sea water appears to contain the highest
concentration of industrial carbon dioxide. However, the Suess effect in these waters
(-25 °/oo) appears too high to be solely the result of fossil fuel co 2 dilution, and may
partially be caused by an increase in vertical mixing during this period (1900-1952).
The Suess effect in Gulf S'tream waters (-11 °/oo) is twice that found in the Peru
Current. This implies that there is approximately twice as much industrial co 2 in the surface waters of the Gulf Stream than in the tropical surface waters of the Peru Current.
An examination of the surface waters in the Gulf Stream reveal saturated oxygen levels and
low nutrient concentrations (Morrison et al., 1973); furthermore, isopycnals near the
surface at the Belize and Florida siteslie parallel to the sea surface (Oceanographic
Atlas of the North Atlantic Ocean, 1967). These facts indicate that there is very little
communication between surface and subsurface waters in the Gulf Stream. This restricted
vertical exchange of water implies that surface waters in the temperate regions of the
Atlantic Ocean have been at the surface for extended periods of time. This long residence
time enables the exchange of co between atmosphere and ocean to come closer to equilibrium
2
in temperate regions than in tropical
regions ,.Jhere subsurface w·aters are upwelled rapidly
to the surface (ie. Galipagos IslandsL
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Figure 2. Radiocarbon trends in
tropospheric carbon dioxide
(Rafter and Fergusson, 1965.
Rafter and O'Brien, 1970;
Nydal et al., 1979) and in annual cora~ings from 1953-1980.
Coral bl4c results are from the
Gulf Stream System (Florida and
Belize; Druffel and Linick,
1978: Druffel, 1980a) and from
- - · _.-eh--e-Peru Current-(Ga:tli"p"'a"'g"o"'s~--1
Islands; Druffel, 1981).
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Radiocarbon concentrations in atmospheric co and in oceanic DIOC subsequent to 1953
2
are shown in Figure 2. Bomb-produced 14c is clearly present in all of these carbon reser~
voirs, By 1964, radiocarbon concentrations in the atmosphere nearly doubled. These
levels decreased after 1965, primarily by isotope exchange with the DIOC in the surface
oceans. Radiocarbon in both Florida and Belize corals increased from -61 °/oo in 1953 to
a maximum value of 153 O/oo in the ·early 1970's, which reflects an overall increase of
214 °/oo (21.4%) due to the input of bomb-produced 14co to the surface waters of the Gulf
2
Stream System. Also during this period, ~14c values for non-El Nino years (Druffel, 1981)
rose from -75 °/oo to +25°/oo in eastern tropical Pacific surface waters (Figure 2).
The post-bomb increase in bl4c is much smaller in these equatorial waters (100°/oo) than
in the temperate waters of the Gulf Stream (214 °/oo). This is attributed to the undefined
thermocline in the e1uatorial areas, which permits increased mixing with subsurface waters
that contain lower b 4c values.
A particularly interesting relationshi~ is revealed by plotting the maximum rise of
Al4c by 1973 versus the preanthropogenic A 4 c value obtained for each coral location. The
resulting linear relationship is shown in Figure 3. In this plot, preliminary results have
been included for corals from the North and mid-equatorial Pacific Ocean. The year 1973 was
chosen because it was during this time that maximum bl4c values were reached in the ocean
and a quasi-steady state appeared to have been established for the exchange of 14co 2 between ~tmosphere and ocean(Figure 2). The linear correlation among the points in Figure 3
is excellent (r2 = .99). Notice that the intercept of the x-axis is -84 °/oo. This intercept indicates that waters with a preanthropogenic Al4c value of < -84°/oo have not been
- of bomb 14 C. The
in contact with the atmosphere to exchange co since the production
2
linear relationship in Figure 3 can be considered a mixing line for two w~ter masses that
mix in varying proportions to produce surface waters with intermigiate A1 C values.
One end member is in complete equilibrium with the atmosphere ~ Cpre- 1900= -6 °/oo) and
the other represents subsurface ~later with a A14 cpre 1900= -84 °/oo.
Another interesting conclusion can be drawn from the relationship in Figure 3. Numerous authors have observed that the largest increase of A14 c in post-bomb surface waters
was +260 °/oo, and was noticed only in the mid-North Atlantic and mid-North Pacific gyres

-204-

1000

.----.----,.--,1---,-1---,-1--TI--~
11

1

1

Figure 3. The maximum rise of
(by 1973) due to bomb-produced radiocarbon versus preanthropogenic 6 1 4c in_corals and in atATMOSPHERE
mospheric co 2 • These values 1vere
previously reported for coral
BELIZE CORAL
from Florida (Druffel and Linick,
OAHU CORAL
1978), Belize (Druffel, l980a),
BERMUDA CORAL
Islands (Druffel, 1981)
- Galapagos
Bermuda (Nozaki et al., 1978) and
FLORIDA CORAL
----------··---- ···---------for atmospheric co {see Figure 2).
CANTON CORAL
2
Two data points, representing
GALAPAGOS CORAL
coral from Canton Island in the
mid-equatorial Pacific and Oahu
Island in the North Pacific (Druffel, in prep.) have been included:
these radiocarbon records are not
yet complete. The linear relationship here corresponds to a
mixing line for two water masses
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to produce surface waters with
intermediate ~14c values. Note
B
that the intercept (-84 °/oo) represents the preanthropogenic
614c value of the underlying subsurface waters.
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(Linick, 1975; Ostlund et al •• 1976). In Figure 3, a rise of +260 °/oo corresponds to a
- implies that the highest preanthropogenic ~ 14 c value in the
14 cpre-1900= -40 °/oo. This
surface ocean was -40°/oo and was present only in the mid-gyre regions of the North Atlantic and North Pacific Oceans. This value corresponds to a radiocarbon age of 280 years
B.P., and represents the youngest age for any surface waters present in the preanthropogenic
ocean. As the Galapagos coral lie in an area (Peru Current) where upwelling is more intense
than at any other location, the preanthropogenic 614c value for these corals (-69 °/oo)
represents the oldest radiocarbon age present in the surface ocean (520 ± 40 years B.P.).
~

3.

Atmospheric Input of Net 14co 2 to the Surface Ocean
The release of bomb-produced 1 4c into the atmosphere has provided an excellent tracer
for the study of transfer rates of 14co 2 among the exchangeable carbon dioxide reservoirs
on earth. Of particular interest, is the exchange of co 2 between the atmosphere and the
surface ocean. This exchange rate is of utmost importance, especially in connection with
the fate of fossil fuel co on earth.
2
Using the data obtained from post-bomb coral growth, the input fuy~tion of bomb-produced
1 4co 2 to the surface ocean is calculated. The input function of net
co to the ocean
2
water, denoted r , is calculated by taking the derivative of the functions that describe
14
1
~14c in the oceans since 1950. The input of 4co2 to the ocean is directly proportional
to the l4c gradient between the l4co2 in the atmosphere and the nrol4c in the surface
ocean. In Figure 4, the annual change of 614c seen in corals, denoted 6m (derivative of
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Figure 4. Annual changes in A14c in post-bomb corals (A ) versus the difference between
A14c levels in the atmosphere and those in corals (Aam~· North Atlantic results were
reported by Druffel and Linick (1978) and Druffel (1980a) and equatorial Pacific results by
Druffel (1981). Each point is labelled with the corresponding year to which the data
applies and a line connects data points representative of consecutive years. The slope of
the two lines is virtually always positive; this indicates that the uptake of bomb 14c
by the surface waters was indeed directly proportional to the gradient of excess 14c that
was present between co 2 in the atmosphere and that in the surface ocean. The input of net
14co 2 to the surface ocean is calculated from the inverse slopes of these lines, and is
equal to I1 4 (See text for detail).
functions in Figure 2), is plotted versus the difference between the Alll C values in the
atmosphere and those in the surface ocean during individual years, denoted 6 • The
points of interest are those that represent post-1964 values (po~~-1966 for rwe Galapagos
data) after which there was no further increase of atmospheric
C levels (Figure 2).
Bomb i4c was considered a spike of tracer into the atmosphere only after this time. Both
the Gulf Stream and Peru Current data are reasonably linear in Figure 4, although offset
from each other. Least squares analyses of these two sets of data reveal the following
numerical relationships:
Gulf Stream System
Northwestern Atlantic -

Am·

(. 0787)6 am + 345.

(1)

Peru Current
Eastern tropical Pacific -

h.m "'

(. 0800)h.am + 440.

(2)

The slope of these lines (.0787 and .0800 °/oo/yr/ 0 /oo) are nearly identical and quantitatively represent the net input of l4co to the surface waters of thi ocean at each location.
2
The agreement between the two vi!ues illustrates that the input of 4 co to the surface
2
ocean is dependent only on the
C concentration gradient that exists between
the atmos0
phere and the ocean. The average value for r 14 is .0794 °/oo/yr/ /oo. This input function
is defined as the·net annual input of l4co to the surface ocean DIOC for every 0 /oo
2
difference between the 6 1 4c in the atmosphere
and that in the ocean. That is, if we
recognize that the amount of co in the atmosphere is equal to the amount of DIOC in the
2
surface ocean, and if 6 am were equal to 100°/oo, then there would be an annual rise of

-2067.94 4/oo in the ~ 14 c value of oceanic DIOC. r 14 can also be translated into a flux of
net 1 co to the surface ocean. That is, for every 1°/oo difference between the ~l4c
2
values in the atmosphere and in the ocean, there would be a net influx of approximately
6 moles of 14 co 2 (280 grams) to the surface waters of the world ocean.
4.

Variation of Upwelling Velocities in the World Ocean

Many authors have presented models for the exchange of co 2 between atmosphere and ocean
(Craig, 1957; Revelle and Suess, 1957; Oeschger et al., 1975; Broecker et al., 1980).
These models were constructed mainly for the purpose of calculating the am~n~of fossil
fuel co _that__~~s bee~. taken up by the oce~-~~- In all ~~t one ~f these models _~~r_o_~_cke:,
---------=et al., 21980), tne ent1re surface ocean (w1tn tne except1on or-tne polar oceans)was d~rriTea_____
~ ~e homogeneous reservoir, with no variation in the parameters that governed C0 2 exchange between the atmosphere and mixed layer and between the deep ocean and the mixed
layer. These models provided a satisfactory approximation of the amount of fossil fuel co
2
taken up by the oceans. However, in order to calculate the co uptake with greater accurac~
2
variations of mixing rates within the surface ocean must be portrayed in the CO exchange
model. As was stated above, upwelling velocities were clearly larger in the Petu Current
than they were in the Gulf Stream. Low values for both the Suess effect and the ri!~ of
~14c due to the input of bomb-produced 14 c illustrate the dampening of atmospheric 4c
signals by large upward fluxes of subsurface waters in the Peru Current. Below, an attempt
will be made to calculate the relative rates of vertical upwelling in the surface waters
of the Peru Current and the Gulf Stream System.
Assuming that the exchange rate of 14co between atmosphere and surface ocean is constant for all locations, the relative upwelting rates can be examined using the preanthropogenic ~14c values found in the corals and r
determined above. The preanthropogenic
14 1). Pre-1900 values in the surface
~14 c value in the atmosphere was -6 °/oo (Figure
ocean were -49°/oo in the Gulf Stream and -69°/oo in the Peru Current. Thus, ~am values
were 43 °/oo and 63 °/oo in the Gulf Stream and Peru Current, respectively. Since r 14=
.0794°/oo/yr/ 0 /oo, the net annual input of l4co to the Gulf Stream waters during the turn
2
of the twentieth century was equal to 3.41°/oo \.341%) of the 14co in the atmosphere.
Simit~rly, there was a net annual input to the Peru Current equal
5.00 °/oo (.500%) of
the
C02 in the atmosphere. Despite this net input of l4co , we do not observe a rise
2
in the 14c level in the coral records. Instead, there is a steady state depletion of the
radiocarbon levels in each of the surface water locations, with respect to that in the
atmosphere. The radiocarbon age of the surface ocean is maintained by mixing with subsurface waters whose radiocarbon activity has been depleted by radioactive decay. The
rate of vertical upwelling necessary to waintain the age of the surface ocean must be
equal and opposite to the net input of 1 co 2 (r ) fl~m the atmosphere to the mixed layer.
14
Therefore, there is a net input of -3.41 °/oo/yr of
CO from the subsurface ocean to the
mixed layer in the Gulf Stream and a net input of -5.00 a/oo from subsurface waters to the
mixed layer i~ the Peru Current. It was determined from the x-intercept in Figure 3, that
the average ~ 4c value of subsurface waters was -84 °/oo. With this information, dilution
equations are used to determine the fraction of surface waters that would have to be replaced each year, f, in order to dilute the ~1 4 c in the mixed layer by 3.41 °/oo and
5.00 °/oo in the Gulf Stream and Peru Current, respectively:

to

Gulf Stream System

f 1 (-84 °/oo)

+ g 1 (-49 °/oo)

-52.4 °/oo

(3)

Peru Current

f 2 (-84 °/oo)

+ gz(-69 °/oo)

-74.0 °/oo

(4)

where fi + gi = 1. By solvins Equations 3 and 4, it is determined that f 1 is equal to
.0974 and f 2 is equal to 0.333. Therefore, hy dividing f 2 by f 1 , we discover that the
difference in the rates of up,1elling betw·een waters in the Peru Current and the Gulf
Stream is greater than a factor of three. The vertical replacement of surface waters in
the Peru Current is approximately three times greater than that in the Gulf Stream System.
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As discussed above, upwelling in the Peru Current is among the most intense found anywhere
in the world ocean. Gulf Stream surface waters are representative mainly of temperate
surface waters, though upwelling is suspected to be even lower in the mid-gyre regions
of the major oceans (ie. Bermuda). Thus, upwelling velocities differ by a factor of four
or more among different locations in the world surface ocean. This observation has important implications for determining the distribution of anthropogenic contaminants in the
oceans. A variation by a factor of three or more in the vertical upwelling rates at
various locations in the oceans cannot be ignored when projecting the present and future
input and distribution of anthropogenic carbon dioxide to the oceans of the world.
In conclusion, radiocarbon records of known-aged hermatypic coral skeletons (Druffel
et al., 1978; Druffel, 1980a; Druffel, 1981) were used to
calculate parameters vital~o~he understanding of the carbon dioxide cycle on earth.
These data were necessary to calculate the net annual input rate of l4co to the surface
2
ocean; this quantity is equal to .0794 °/oo/year/O/oo. It was also determined that the
apparent radiocarbon age of the surface waters of the ocean during preanthropogenic times
ranged from 280 to 520 years B.P. and that the upwelling wati~s from subsurface depths
have an apparent age of 680 years B.P., corresponding to a~ C of -84 °/oo. From these
quantities, it was determined that the vertical upwelling rate of subsurface waters is
at least three times greater in the eastern tropical Pacific than in the temperate waters
of the Gulf Stream System.

------,a.,na-r;-inic~r9TS-;-NozalCi
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Hans D. Freyer and Nabil Belacy
Institute of Atmospheric Chemistry, Nuclear Research Center .(KFA)
D-5170 Julich, Federal Republic of Germany
1. Introduction
Whether the stable carbon isotope record in tree rings can be used for reliable
determination of past 13 C/ 12 C levels of atmospheric C02 is a matter of some contention. It is obvious from earlier measurements that the atmospheric 13 cj 12 c information in tree rings is often masked by scatter which depends on local physical
as well as climatological factors (for summary of typical effects, see e.g. [11]).
To eliminate some of the scatter a larger number of free standing trees from
various parts of the world should be analysed.
More than 40 individual trees from the Northern and Southern Hemisphere have
been measured so far by various authors. Despite the scatter some common trends
can be derived from most of the measurements. 13 c/ 12 c data in tree rings decrease
over the second half of the past century and the first quarter of this century and
increase in some cases during the 1940 - 1960 AD period (for summary of data, see
e.g. [2, 8, 9, 24]). :From about 1960 to 1975 AD a further decrease of 13 c/ 12 c is
observed in our extensive tree ring record obtained from measurements on 22 free
standing trees from different parts of the Northern Hemisphere [8, 9]. This decrease in mean 13 cj 12 c tree ring data compares favourably [12] with the observed
13 C/ 12 c decrease in atmospheric C02 between 1956 and 1978 AD determined by Keeling
et al. [19, 20].
An uncertainty still exists in the interpretation of the overall decrease since
1850 AD. Information on the natural 13 C/ 12 c variability in tree rings within the
preindustrial period, which has not been analysed so far, will minimize this uncertainty. m this paper 13 C/ 12 c data from two sets of European oak and Scots pine
trees are reported. The data cover the past half millenium. The large non-systematic
fluctuations in the 13 c/ 12 c ratio found in the oak trees from the German Spessart
lead to the conclusion that some forest trees do not reflect 13 C/ 12 c levels of free
atmospheric C02 because of canopy effects. The 13 c/ 12 c record found in the free
standing Scots pine trees from Northern Sweden, on the other hand, shows smaller
systematic variations which can be correlated to climatic changes. Beginning 1850 AD,
the 13 c/ 12 c record for these trees is dominated by a systematic decrease, which
agrees with our former record [9].

-2102.

Location of the analysed trees and experimental procedure

The analysed trees are summarized in Table 1. The oak trees from the German
Spessart forest (50.0°N, 9.27°E) had been grown in the forest area of the Forstamt
Rothenbuch (Qu16 - Qu18), Forstamt Lohr (Qu19) and Forstamt Altenbuch (Qu20). The
Swedish Scots pine trees (Pi7 - Pill) had been grown on extended mire complexes
within Muddus National Park (67.0°N, 20.16°E) at a distance of 5 to 10 km Nor NNW
of Lake Muddusjaur. They were selected as extremely isolated single trees, a habitat
which probably persisted over the entire age of the trees [Zackrisson, pers. comm.].
All trees were analysed in single radial cuts in form of ten year blocks of wood
(cellulose fraction) as described earlier [9]. Our Swedish data set includes in
addition a comparable isolated Scots pine (H+M) analysed by Harkness and Miller [16],
which had been grown at about 850 m altitude on the NE valley site at Visdalen,

------------.J-,e~unh~±men,-Norway-r6e~5QN,-§~eQE)r.-------------------------------------------------

Table 1

Description of trees

Location

Species

Recorded periods

Spessart forest
(Germany)

Quercus robur, Qu16
id.
Qu17
id.
Qu18
id.
Qu!9
id.
Qu2o

1510
1530
1560
165.0
1690

Muddus National Park
(Sweden)

Pinus silvestris,
id.
id.
id.
id.

1480 - 1979
1540 - 1919
1670 - 1979
1733 - 1979
1800 - 1979

Visdalen
(Norway)

Pinus silvestris, H+M

3.

Pi7
PiS
Pi9
Pi10
Pill

-

1950
1940
1940
1900

1950

1697 - 1971

Results and interpretation

3.1 General procedure for calculation of mean ~o 13 c time records
From the 13 cj 12 c records of the individual trees a mean time record has been calculated. Some of the trees exhibit increasing 13 C/ 12 c data during their youth which
last for about 50 years. Without any distinction, therefore, the first 50 years of each
tree ring record were omitted to avoid the youth trend. All 13 C/ 12 c data of individual
trees were normalized for comparison and calculated as deviations from the tree specific
isotope value within the years 1741 - 1940 AD for the oak trees (a time period which is
common for 4 trees) and the years 1780- 1969 AD for the Scots pine trees (common for
5 trees). From these deviations the mean ~o 13 c time record for the oak and Scots pine
trees, respectively, was calculated. The data of the trees Qu19 and Pill, which do not
cover the time interval used for normalization, were included by adjustment of their
records with the obtained mean records from centre of gravity coordinates within the
time interval 1741- 1900 AD (for Qu19) and 1850- 1969 AD (for Pill). Finally the data
for the new overall trend were shifted and presented in Figs. 1 and 2 as deviations
from the mean 1600 - 1800 AD value of the mean record. The heavy marks in Figs. 1 and 2
are the mean data for each ten year block, the thin marks give the deviations of individual from mean data. All records of individual trees and numerical data will be presented elsewhere in more detail [14].

-2113.2

no 13 c

record of the German Spessart oak trees

The mean no 13 C time record of the oak trees is given in Fig. 1. This record shows no
general trend. For the last 50 years a non-significant 13 c/ 12 c increase is observed. The
deviations of individual from mean data are as large as 10 ± n0 = 0.65 ± 0.33 °/oo, because the records of the individual trees exhibit sudden 13 c/ 12 c jumps which are not
synchronous in time. For these jumps, possibly, only canopy effects may be responsible.
It is well known that 13 C/ 12 c values during the youth stage of trees are mostly increasing. The same phenomenon has been observed also on older trees after clearing of
their habitat [10]. Therefore, any kind of destruction or regrowth of trees adjoining
to the sample tree may completely mask effects of free atmospheric C02 and of climatic
variations as well.
Forest trees may not record effects of free atmospheric C02 because of other reasons.
Large diurnal variations in concentrations and 13 c/ 12 c values of atmospheric C0 2 occur
within forests [18]. Variations in concentrations are recognizable as high as 150 m
above the ground [17]. These variations over a dense vegetation cover, result from upward and downward C02 fluxes during night and day (see e.g. [26]). Though with their
maxima at night, upward C02 fluxes resulting mainly from soil respiration C02 have to
be considered to influence forest tree data. 13 c/ 12 c ratios of soil respiration C02
would be delayed considerably with respect to the expected 13 c/ 12 C decrease of global
atmospheric COz owing to the long time constant of carbon turnover in forests.
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Fig. 1! Mean l'!.o 13 c variations in Spessart oak trees from 1560 to 1940 in ten year blocks
(explanations, see text).
3.3

too 13 c

record of the free standing Scots pine trees from Northern Sweden

The mean l'!.o 13 c time record of the Scots pine trees is given in Fig. 2. This record
also includes the data of a comparable Scots pine from Norway analysed by Harkness and
Miller [16]. It is observed that the mean 13 C/ 12 c data within. the preindustrial period
over more than 300 years are remarkedly constant~ Then from about 1850 AD up to date the
record exhibits a mean 13 12 decrease with a total: of about 2 °/oo. The error of this
total effect is .about 0.6 /oo (10) obtained from the individual tree ring records. The
mean record seems to be superposed by small 13 cj 12 c fluctuations, possibly, around
13
1700 AD and dur·ing the general
C/ 12 c decrease, from. about 1920 to 1950 AD. The deviations of individual from mean data are only less than a half compared to the forest tree
0
record and amount to 10 ± Ao = 0. 27 ± 0.11 . /oo.-
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Fig. 2: Mean !'J.o c variations in Northern Swedish Scots pine trees from 1530 to 1979 AD
in ten year blocks (explanations, see text).
3.. 4 Comparison of the Scots pine record with earlier measurements
OUr earlier record [9] on more than 26 trees from different parts of the Northern
Hemisphere (i.e. mainly from the French Atlantic coast and the Spanish Pyrenees, from
North Carolina, USA, from the Eifel and Black Forest, Germany) had been measured in five
or two year blocks. This record has been recalculated in ten year blocks for comparison
and adjusted to the Scots pine record by centre of gravity coordinates within the time
interval 1800 - 1975 AD. Both data sets are given in Fig. 3, which also includes measurements on a Scots pine, Pi12, from the Black Forest, Germany, which had been analysed
in four radial cuts (details, see [14]). All data sets agree well within the given error.
Significant deviations of the Scots pine record, however, are observed between 1930 and
1950 AD. These deviations may be, possibly, explained by different climate conditions of
Northern Sweden or a different climate response of the Scots pine trees for that period.

Fig. 3: Mean !'J.o 13 c variations in Northern Hemisphere trees from 1780 to 1979 AD in ten
year blocks from the present Scots pine record (open dots), our former record ([9]; full
dots, the 1974/75 AD value of our former record stands for the 1970/79 AD value in this
figure) and Pi12 analysed in four radial cuts ([14]; open triangles). The full line represents the weighted mean of the record, the bars give the deviations (t-distribution)
of mean from individual data, assuming an error probability of 95 %.

-2133.5 Correlation of the Scots pine record with climatic factors
The correlation of the mean Scots pine record obtained from 5 trees in Muddus National Park (67.0°N, 20.16°E) and one Norwegian tree has been checked with climatic factors from two stations near Muddus National Park, i.e. Jokkmokk (st.A; 66.36°N, 19.51°E)
and Gallivare (st.B; 67.11°N, 20.42°E). Mean ten year monthly temperature and precipitation data were available during the periods 1861 - 1968 AD (precipitation data from
1871) for st.A and 1901 - 1968 AD for st.B [1]. The following climate seasons were
considered: winter (January.- March), spring (April- June), summer (July- September),
autumn (October - December), spring+summer and all year. The ~o data of the tree ring
record and first differences (~O*) of data between successively following ten year blocks
were tested for linear correlation with seasonal temperature (T and first differences T1')
-------~.and-pre·ctp±-tat±-on-(-ppt~arrd-f·±-rst~d:t-fferen·ces-ppt·*-)~from-both~stat±-orrs~.~r:t-has-been-----

found that absolute data do not correlate significantly. Moreover, correlation coefficients of ~o with st.A data had in most cases the reverse sign than those with st.B
data. The correlation coefficients for first differences, on the other hand, had the
same sign with both station data. Significant correlations at a level of 0.05 - 0.01
had been obtained with both station data for ~0*/autumn-T* and ~o*/all year-T*. With
regard to the correlations found for first differences of data but not for absolute
data, this fact suggests that the overall 13 c/ 12 c decrease in tree rings during industrial time may be not caused by climatic variations.
In a second step Ao* data were tested for correlation with combinations of seasonal
T* and ppt*. Significant correlations at a level of 0.05 - 0.01 have been found for the
combinations ~8*/all year-T* + all seasons-ppt* with st.B but not with st.A data. Significant correlations at a level of 0.05 with both station data are given by the following equations (with T* in °C and ppt* in mean monthly mm):
2
st.A: ~c* = const. + 0.167 autumn-T* + 0.0177 spring-ppt* (R = 0.71)
2
st.B: M*= const. + 0.190 autumn-T* + 0.0256 spring-ppt* (R = 0.91)
All other individual correlation coefficients and correlations of ring width indices of
tree:;; with seasonal climatic factors will be given elsewhere [14].

0

Fig. 4: Upper figure: Uncorrected ~o 13 c
record in Northern Swedish Scots pine trees
from 1880 to 1969 AD in ten year blocks
(open triangles, broken line) compared with
the corrected record according to the given
equations; for st.A (open dots, full line)
and st.B (full dots).
Lower figures: Mean autumn temperature and
mean monthly precipitation during spring
in ten year blocks; for st. A (open dots ,
full line) ·and st.B (full dots).
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In Fig. 4 the ~o C record obtained from the Scots pine trees has been corrected
according to the above equations assuming a constant autumn temperature and a constant
spring precipitation given by the mean during the 1871 - 1968 AD (st.A) and 1901 - 1968 AD
(st.B) period. It is observed for corrected data that the 13 cj 12 c increase during the
1910- 1940 AD period will be leveled out and the 13 cj 12 c values before 1871 will arrive
nearly or above the 1830 AD value (c. f. Fig. 3), that, however, the 1950- 1969 AD data
are not altered.
If higher autumn temperatures (and higher spring precipitation) in fact give higher
12
C/ C values as during the 1910- 1940 AD period, then, perhaps, the slight 13 cj 12 c
minimum around 1700 AD (c.f. Fig. 2) indicates lower temperatures during the Little Ice
Age. It is known from ring width analyses [15] that climate correlations for different
13
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to be pointed out that the correlations found for 13 cj 12 c data in this investigation
can not be readily assigned to carbon isotope data from other trees.
4.

Conclusions

The following conclusions have to be drawn from our results:
(1) The mean 13 c/ 12 c decrease obtained on more than 30 trees seems to be typical for
free standing trees from the Northern Hemisphere within the industrial time, while in
the preindustrial period the 13 C/ 12 c data in Northern Scandinavian trees seem to be
relatively constant. The records given in Figs. 2 and 3 include also measurements by
Stuiver [24] and Harkness and Miller [16]. No general conclusions on the mean Northern
Hemisphere record can be drawn by measurements based on one single free standing tree
(Farmer [3]) or on four forest-border trees (Tans and Mook [25]), although these measurements would fit into our mean record.
(2) Southern Hemisphere tree ring records are expected to give the same pattern, though
with a short time delay in their decrease of some tenths of a permill [6]. Not mentioning
the agreement of the measurements of Rebello and Wagener [23] with our mean record, the
records of Pearman et al. [22] and Fraser et al. [7] obtained on whole wood and of
Francey [5] on the cellulose fraction on some of the same trees are in themselves not
consistent. The non-found 13 c/ 12 c trend by Francey [5] in seven Tasmanian trees, five
of them of forest origin, seems not to be typical for the Southern Hemisphere.
(3) Our forest tree measurements do not reflect any change of free atmospheric C02 at
all, possibly because of canopy effects.
(4) Because individual 13 c/ 12 c tree ring data scatter, an averaging procedure on a larger
number of free standing trees has to be performed. Bell [2], e.g., has shown that our
early mean data (Freyer and Wiesberg [13]) obtained on ten free standing trees, for
which individual data scatter too, would fit best all other data of the two trees of
Farmer and Baxter [4], the two trees of Pearman et al. [22] and the one tree of Rebello
and Wagener [23]. Bell [2] has observed also a perhaps accidental correlation of direct
atmospheric o13 c measurements (Keeling et al. [19, 20]) and the best fit to most of the
early tree ring data. In view of measurements on a larger number of free standing trees
(Freyer [8, 9, 12]) this correlation may not be accidental any more. It seems from the
averaging procedure of 13 c/ 12 c data in free.standing trees, that the carbon isotope
behaviour of global atmospheric C02 can be derived. Effects of enlargement of the photosynthetic carbon isotope fractionation factor by increasing atmospheric C02 levels
[21, 27] can, possibly, be neglected because of the, as-;:yet, relatively small increase
of atmospheric C02. Effects of lowering this factor by heavy a:\.r'p9llution [10] may be
also neglected for trees selected far away from pollution sources.
·
(5) Climatic factors seem to superpose the 13 c/ 12 c decrease in tree rings in industrial
time. However, 13 c/ 12 c data do not correlate directly with climatic factors but as first
·:1
"
differences of data, which has been observed in our Scandinavi.an tree .ring record. The
12
13
found overall decrease of the
cj c ratio has to be'attributedto the anthropogenic
impact on the natural carbon cycle, but not to climate variations.
(6) Based on the shape and total amount of the 13 c/ 12 C decrease.and considering climate
superpositions, this decrease could not have been caused by fossil fuel burning alone,
but also an additional biospheric C0 2 source must have been operative, especially during
the second half of the last and the first quarter of this century.
.
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The atmospheric CO has been increasing annually by 1.0-1.5 ppm during the 1970's. For
the period 1957-1980, 8uring which accurate observations have been made, the net increase,
about 23 ppm, constitutes approximately 53 % of the total release due to the burning of
fossil fuels (cf Keeling, 1977). In addition, however, considerable releases have occurred
due to deforestation and changing land use, the magnitude of which has not yet been well
established. Moore et al (1981) estimate that this transfer during the last 100 years may
have been almost as large as that 1gue to fossil fuel burning, even though the net transfer
during the 1970's (about 2.5 x 10 g/yr) is merely about 60 % of that due to fossil fuel
combustion. This implies an airborne fraction of merely 35% for the period 1860-1980.
To be able to foresee the likely future changes it is most essential to determine more
accurately the real airborne fraction and the major sinks to which transfer has taken place.
Undoubtedly the oceans constitute one major sink for excess atmospheric CO . Several
models for the oceans have been developed to describe their role in this regar8 (Keeling,
1974, 1977; Oeschger et al, 1975; Bjorkstrom, 1979}. A comparison of these show that
rather extreme parameters for the ocean exchange processes need to be adopted to account for
an airborne fraction of 50% (cf Bacastow et al, 1981}. It is most unlikely that the oceans
would be able to accomodate as much as 2/3 of the total emissions. The ocean models are,
however, very crude descriptions of the real ocean and they do not permit an accurate determination of the likely oceanic co 2 sink.
An accurate analysis of the role of the oceans in the carbon cycle most likely will
require the use of general circulation models of the oceans. Awaiting the development of
such models for this purpose it is of interest to use more complex box 1 ~odels, in which the
rates of exchange have been determined using both the distribution of C and non-radiactive
tracers such as total dissolved inorganic carbon, alkalinity, oxygen and phosphorus. A
model of this kind has been proposed by Bolin (1981), with the aid of which we can consider
the surface mixed layer, intermediate water, deep water and bottom water separately and also
account for the differences between the Arctic, Antarctic, Pacific and Indian Oceans. The
steady-state dil!ributions of the non-radiactive tracers and best estimates of the prebomb
distribution of C in the oceans are used to determine the rates of transfer between the
reservoirs. Another validation against data is attempted by the computation of the changes
of the amount of total dissolved inorganic carbon in all ocean reservoirs and the atmospheric
CO? conce~4ration during the period 1860-1980 due to fossil fuel emil4ions. Also the variatil:ins of C in the oceans as a result of inj,~tion of bombproduced C into the atmosphere
have been computed assuming the atmospheric~ C given as reported.by Nydal et al (1978).
The steady-state calibrations of the model yield mean transient times for water in the
surface reservoirs of 5-20 years, the intermediate. waters 60-125 years, the Atlantic deep
water about 150 years, the Antarctic deep water about lOO years, the Pacific and Indian
deep water 400-500_years and the bottom waters a few hu~gred years. We also determine the
total detritus flux from the surface waters to 3-5 10 gC/yr of which about 75% is in
_the form of dead organic matter and 25% carbonate particulates. A time integration from

-2221860 ~o 1980 to determine the likely change~ 4 due to· em~ssions by fossil fuel combutions
(~s g1ven by Ratty, 1981) and bombpf~duced
C (accord1ng to Nydal et al, 1978) yield an
a1rborne fraction of 70 + 5 % and~ C values for the Atlantic and Pacific surface waters
of 150-200 o/oo as compared to observed values of about 53 % and 120 o/oo (astlund and
Stuiver, 1980; Stuiver and astlund, 1980). The computed values are obviously too large
indicating that this model of the oceans is a rather ineffective sink.
Fiadeiro (1981) has emphasized that the averaging procedure in developing box models
may significantly influence the determination of characteristic turnover rates in the model
as compared to the real oceans. In order to descri~~ the ocean response to changes in the
atmosphere with a characteristic time of 10 years ( C) to 25 years (CO ) the mean transit
times of the ocean reservoirs accounting for the uptake should be less than 10-25 years.
A considerably better resolution is therefore requirea-.-ITTsclear tnaCtne oeep ana
bottom waters so far have played a rather insignificant role as sinks for atmospheric injections. The intermediate waters, on the other hand, clearly have been influenced as shown
by the tritium inflow (Fine et al, 1981). It is therefore necessary to adopt a more detailed
description 94 the intermediate waters to deduce adequately the role of the oceans as a sink
for CO and C emitted by man. In a way the box-diffusion model developed by Oeschger et
al (19~5) is more appropriate in this regard in that the vertical diffusion below the surface mixed layer is a continuous process. There is, however, no reason why the ocean below
75 m depth can be considered as one diffusive reservoir and whythe eddy diffusivity should
be constant. As a matter of fact we do not know very well how to chose an appropriate
value for the diffusivity. We have attempted to subdivide the intermediate water reservoirs
further in the present model and will report some preliminary results. It seems, however,
quite unlikely that the transfer of CO into the oceans can have been much larger than the
amount retained in the atmosphere. Th~s gives further support to the earlier tentative conclusion (Oeschger et al, 1980) that other sinks for CO emissions to the atmosphere must
exist if the net emissions due to deforestation and ch~nging land use are as big as deduced
by Moore et al (1981). It is obviously important to decrease further the uncertainty of
how an emission into the at~osphere is partioned between the atmosphere and the oceans and in
this way determine the likely role of other sinks for such man-made sources.
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UNCERTAINTIES OF PREDICTIONS OF FUTURE
ATMOSPHERIC C02 CONCENTRATIONS
by
H. Oeschger and M. Heimann

Introduction
Predictions of future atmospheric C02 concentrations are based on co 2 input
functions derived from assumed global energy consumption scenarios. Carbon
cycle models of different degrees of complexity are used to calculate for
an assumed C02 input function the airborne fraction of the integrated input. In this paper we address the questions: How accurately can we predict
future atmospheric C02 concentrations for assumed C02 input functions and
what are the prime factors for the uncertainties of the prognoses?
If we restrict the discussion to the not too distant future, e.g. the next
30 to 50 years the following two observations are important:
- The C02 input from fossil fuel
exponentially, after 1945 with
The exponential trend probably
with a smaH.:er qE"ewth rate ( 3 l

combustion in the past has risen nearly
a time constant of about 25 years Cl, 2l.
will continue for the next decades, ~aybe
.
··

- As long as small disturbances of the C02 concentrations in the different
reservoirs are considered, it is likely that the carbon cycle behaves
as a linear system. This e.g. is assumed in all carbo~ cycle models
known to us.
It the·n follows that any carbon cycle model, as long as it is tuned to reproduce the C02 increase observed between 1958 and 1978 at Mauna Loa will,
forthe near future, predict the same atmospheric C02 concentration trend.
This leads to the following consequences:
- Uncertainties in C02 prognoses are largely depending on the way the
Mauna Loa record is interpreted, i.e. which part of the increase is
attributed to the fossil fuel C02 input.
- Short term co 2 prognoses are essentially model independent. Even if models
with different characteristics predict the same atmospheric C02 concentration they may differ however, in the way they partition the non-airborne
excess co 2 between the oceanic and the biospheric reservoirs.

-226- However, if the C02 input function ceases to increase exponentially and/
or when over longer periods the C02 concentrations in the different reservoirs will significantly deviate from the equilibrium state, the detailed model characteristics will pecome important and affect the prognoses.
The foregoing considerations are illustrated by the model predictions depicted in fig. 1. These modelruns have been performed with the box diffusion
model developed in Bern (4J and the C02 production function originates from
a recent study for the Umweltbundesamt of the Federal Republic of Germany
(5). Curve 1 shows the prognoses using standard values of the model para-----m.e.ters_._Af.te.r_chan_g.i.ng_the_v:alue_Lor_t.he_ed.dy_di_f_f_u_s_ion constant K from
4000 m2/year to 10 000 m2jyear we obtain curve 2 which differs only slightly
from the standard case. This result is obtained because, in order to reproduce the increase observed at Mauna Loa, the uptake of the biosphere has
been reduced by a factor of 2. Curves 3 and 4 bracket an estimated uncertainty in the airborne fraction (see below)
of 10 %. We notice how this
uncertainty completely overshadows the rather drastic change in model
dynamics as exemplified in the cases 1 and 2.
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..;.227The airborne fraction
Forecasts of future atmospheric C02 concentration one ideally would like to
base on an airborne fraction of the anthropogenically released C02 defined
as the·ratio of the observed global average C02 increase since beginning of
industrialisation to the entire C02 input due to fossil fuel combustion,
deforestation and changes in land managing. Unfortunately the preindustrial
C02 concentration is poorly known, as well as the history of the C02 input
due to human interaction with the biosphere. The airborne fraction is therefore generally defined as the ratio of the two quantities which are known
with some accuracy: the atmospheric C02 increase observed at Mauna Loa and
~~~~-the___C0_2--inpu_t_from_£assi.l-£ue.l_combus.ti.on_o~er_the-p.er.i.od_o.Lobs.er.Y.at.i.on.•_~~
We will call this quantity the "apparent" airborne fraction. In the following we attempt to discuss the possible errors we make if we use this
quantity to calibrate a carbon cycle model.
We assume that we know the atmospheric response function to an atmospheric
C02 pulse input. We call this function R(t). R(o) equals 1 and expresses
the fact that initially the co 2 pulse is injected into the atmosphere. R(t)
decreases with time and gives the percentage of the input, which after the
time t still remains in the atmosphere.
From the box diffusion C02 cycle model we can obtain an approximation to the
real R(t) which is depicted in figure 2.
Since the carbon cycle can be regarded as a linar system (assuming small
disturbances) we may express the C02 content Na(t) of the atmosphere at the
time t as:
t

+
Equilibrium
C02 level

a(t)

+

Deviation
fran Nao
at tine t
due to

-!

t

Pf(T)R(t-T)dT +

Response at tine t
due to 002 fran
fossil fuel

-!

Pbio(T)R(t-T)dT

Response at tine t due (1)
to changes in global
bianass

natural

fluctuations
Pf(t) and Pbio(t) represent the production functions for fossil fuel co 2
and C02 from the biosphere (Pbio(t) may also be negative for certain time
periods).
·
The apparent airborne fraction rafr as defined earlier thus becomes
Na(t2) - Na(tl)
t2
f
pf(T)dT
tl

M+Pp-Ph+Bp-Bh
-t'>Qf

where we have used the following abbreviations:
Aa
AQf

a(t2l - a(tl)
t2
fl Pf(T) dT

(2)
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fl Pf(T) R(t2-T)dT

-Ltl
Bp
Bh

Pf(T){R(trT) - R(tTT)} dT

t2
{ Pbio(T) R(t2-T} dT
1
tl
Pbio(T){R(tl-T) - R(t2-T) }dT

=-L

The convolution integrals for pf and Pbio have been split into two parts,
----i-n-erder--te-d-±-s·t-±ngu-±s-h-l5eEween-the-contr-i-but·±ons-of-t-he-product-i-on-functions from the timeperiod under study (tl to t2l , and from the timeperiod
before (-oo to t1), i.e. from their history.
For forcas~ng purposes it follows from the discussion in the introduction,
that one should know the magnitude of
Pp - ph
LlQf
which might be termed "theoretical" airborne fraction.
It is this quantity, that describes the response of the carbon system to an
exponentially increasing input.
Discussion
We discuss now each of the terms in (2) that contribute to the apparent airborne fraction.
First, we like to raise the question,if the production numbers for co 2 from
fossil fuels are more accurate than 5 percent. Although the production numbers for crude oil, coal etc. may be better known; there remains still the
question of how much of the mined fuels eventumlygets consumed the same
year. Thus the term LlQf could be biased towards a too high value. For the
period 1956 to 1978 we use the value LlQf = 37.6 ppm.
Second taking R(t) from the box diffusion model *) we calculate estimates
for the terms Pp and Ph and get Pp~ 27 ppm and Ph~ 2.7 ppm. The difference Pp-Ph ~ 24 ppm can be compared with the observed C02 increase of 20 ppm.
Neglecting all other terms in the apparent airborne fraction we realise that
the uptake of C02 by the ocean, as expressed by R(t) could not account for
all the non airborne fossil C02, i.e. in our carbon cycle model in order to
fit the observed C02 increase we had to introduce a net C02 uptake by the
biosphere of approx. 4 ppm. Of interest then is the comparison of the relative sizes of Pp and Ph· We observe that the history term (Ph) is only about
10 % of the term describing the airborne part of the C02 released during the
observation period. This shows that deviations of the production curve from
its exponential increase in the past (that occured e.g. during the two world
wars) have a negligible effect upon raf·
If we choose a shorter timeinterval, the relative size of the history term
becomes more important. In the limit of a one year interval_ Ph is about lj3
of P 0 •
*) The R(t)

used here considers only C02 uptake by the ocean, i.e. no biota
growth is assumed.
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-230Figure 3 (6) shows the annual increase in atmospheric C02 concentration together with the corresponding C02 production function. The strong fluctuations in the annual increases are attributed to natural variations of the
atmospheric C02 level. This explanation is plausible, if we notice that
the gross C02 fluxes between atmosphere and ocean and between atmosphere
and biosphere amount to about 40 ppm/year and 10 ppm/year respectively.
These fluxes do not necessarily have to cancel exactly each year. Reasons
are short term fluctuations in oceanic (e.g. related to the Southern Oscillation) sea surface temperatures and climatic effects on plant growth and
decomposition.
~-----Ba-sed-Gn-t-he-a-na~l-yses-by-Bacastow_(_7~,~8_J_and_o_the.rs_we_c_o_nc_lud.e~,

that the
atmospheric C02 level may vary as much as 1 to 1.5 ppm over 5 years. The
term na in (2) for a time period of 22 years will therefore in absolute
magnitude be smaller than about 2 ppm.

Additionally, these shortterm fluctuations of a(t) may be superimposed over
longer term variations; e.g. a global temperature drop of about 0.3°C since
1940 (9) might have resulted in a co 2 decrease of the order of 1 ppm between 1956 to 1978.
Complications arise if we include the biospheric C02 input (or uptake) into
the discussion since the production function Pbio(t) is badly known.
Let us first approximately estimate the total integrated biospheric co 2 input. Carbon cycle models only treating Pf(t) lead to estimates of the preindustrial atmospheric C02 content of approx. 290 to 300 ppm, whereas other
estimates based on al3c-records from tree-rings and C02 concentration studies
on ice cores indicate the possibility of values ~etween 270 and 280 ppm.
20 ppm of the increased C02 concentration therefore may be the result of the
biospheric C02 input.
To estimate the effect of the biospheric input on the apparent airborne
fraction between 1956 and 1978 we consider two different time histories
for Pbio ( t) ·
If the whole biospheric input had been centered around 1890 ("pioneer
effect"), we calculate from R(60 years) ~ 0.5 a total biospheric release of
40 ppm. The term Bh amounts then to about 2 ppm. Similar findings have been
reported by Bacastow and Keeling (lOJfor various sizes and time characteristics of the pioneer effect.
If on the other hand we assume a constant biospheric source since 1860 of
0.5 ppm/year (half the estimate of Moore et al., (lll) we get Bp= 8 ppm
and Bh = 4 ppm.
It is interesting to notice, that if the production function is constant and
not exponentially increasing, the history term (Bh) amounts to 50 % of the
term relating to the production from the interval under study.

J

I

-231Table l
Summary of the estimates for the different terms in the formula (2) for the
apparent airborne fraction. (The considered time period is t1 = 1956,
t2 = 1978)
Observed increase
1957-1978 : 20 ppm

0.53

raf

37.6 pp m ± 2 ppm

I':.Qf

27
QQm
------------~PP'----------------------~~-ph

I':. a

2.7 pp m

Exponential increase of
Pf(t) since 1860 assumed

8

pp m

Constant biospheric
source of 0.5 ppm/y

2

pp m

Pioneer Effect of 40 ppm co 2
released around 1890

4

ppm

Constant biospheric source
of 0.5 ppm/y since 1860

-2 to

-1

Southern Oscillation effect,
sea surface temperature
fluctuations

+2 ppm

Drop in seasurface temperature
by 0.2°c

ppm

In the following, we estimate how much the theoretical airborne fraction
as defined above could differ.from the apparent one.
a) Upper range:
!':.Qf

35.6 ppm
20
observed
increase

r:f

+

2

+

2

ppm

24 ppm

ppm

15 ppm

I':. a

Pioneer
Effect

l

-8 + 4

!':.a

constant
biospheric
source of
0.5 ppm/y

67 %

b) Lower range
!':.Qf

39.6 ppm
20

-232From these estimates we conclude that the theoretical
should lie in the range of 0.38 to 0.67. Without more
biOspheric C02 input function and the atmospheric C02
1956 it is difficult to even find out if the apparent
under- or overestimates the theoretical one.

airborne fraction
knowledge on the
concentrations prior to
airborne fraction

If the theoretical airborne fraction lies at the upper limit of the estimates, i.e. ~ 0.65 there would be no significant disagreement with present
carbon cycle models. A theoretical airborne fraction of 0.40, however,
would imply strong deficiencies of the models which are difficult to account
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UPTAKE OF EXCESS C02 CALCULATED BY AN
OU'rCROP-DIFFUSION MODEL OF THE OCEAN
by

u.

Siegenthaler

Physics Institute, University of Bern, Switzerland
INTRODUCTION
The mean atmospheric C02 increase between 1959 and 1978, as measured
at Mauna Loa, Hawaii, and at the South Pole, corresponds to 53 percent of
all fossil C02 produced in that period (1), with an uncertainty of perhaps
± 6 percent. It appears probable that the biosphere, through destruction
of biomass, has been an additional net C02 source which, however, cannot
be assessed quantitatively. If this is the case, the actual airborne fraction, referring to the total co 2 input, would be smaller than the above
value. Existing models of the global carbon cycle in general predict that
the ocean has taken up less than the non-airborne fraction of 47
6 percent of all fossil C02. The question therefore is if the models are incomplete and the oceanic uptake is actually larger than their results indicate. One important process which is not accounted for by simple 1-dimensional models is the direct ventilation of the deep sea in its outcropping
regions in high latitudes (3,4). In these regions of deep water formation,
vertical mixing is much faster than near the surface of the warm water
sphere because of deep convection. As a result, bomb-produced 14c and
tritium have penetrated to great depths in the deep-water outcropping
regions and have relatively low surface concentrations there, because
of the large diluting volume. Other authors included deep-water formation
in their models by introducing an advective flux from a surface mixed layer
to the deep sea (5, 6), but in this way they left out the feature that is
actually important for the ,atmospheric C02, namely the contact of deep
water, which is nearly virgin with respect to excess C02, with the atmosphere.

=

It is the aim of this paper to study the significance of the direct
atmosphere-deep sea exchange for the oceanic uptake of co 2 and 14c by means
of a simple model which is an extension of the box-diffusion model (BD) of
Oeschger et al. (7). The model is, however, not designed with any oceanographic ambition, e.g. a correct simulation of vertical profiles.
THE OUTCROP-DIFFUSION MODEL AND ITS CALIBRATION
Fig. 1 shows the idea on which the model is based. The major (warm) part
of the surface is covered by a mixed layer of 75 m depth; the deep sea
below it is vertically mixed by eddy diffusion and reaches the (cold)
surface in high latitudes. Along the surfaces of equal density (isopycnals;
dashed lines in Fig. 1), which connect. the deep waters with the outcrop
region, mixing is infinitely rapid.
The isopycnals are inclined only very .li.ttle in reality so that they can
be regarded as ho~izontal.
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Fig. 1:

Scheme of the outcrop-diffusion model.
(b) mathematical representation.

(a) Physical idea;

In th~ mathematical model, the outcrop region (vertical in Fig. l b)
covers the fraction ac of the total ocean surface. The atmosphere is in
exchange with all layers of the deep sea, and the stationary C02 exchange
flux per unit depth through the outcrop is independent of depth, i.e.
bottom waters and intermediate waters are ventilated at an equal rate.
The ocean is horizontally homogeneous.
The model equation for the co 2 balance in the mixed layer is identical
to that for the BD model (ci = concentration of excess C02 in reservoir i;
Am = (l-ac) A0 c = area of mixed layer; other symbols see Table l):
- ---Affi

:n-m

dcm
dt

- kffia -AII'l hm (ea

-

sm Cm)

<led

+ Am

K

az

(z

o)

(l)

For the concentration cd in the deep sea at depth z the balance reads,
with Ad*
(deep sea volume)/(depth of deep sea) = A0 c (l + ac hm/hd):
acd

Aa*~

a2cd

=Am K

a-zz

+ kda Ad*(ca- se cd)

( 2)

Note that eddy diffusion is assumed to occur only below the mixed layer area
(otherwise the geometry and the model equations would become rather complicated) .
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Table 1: Quantities used in the calculations
Symbol

hoc
hm
hd
ac
kba
kas
kda
kma
K
I; m

Value

Meaning
C02 in preindustrial atmosphere (290 ppm)
Carbon in preindustrial ocean
Carbon in preindustrial biosphere
Tnickness of ocean layer containing as much
carbon as preindustrial atmosphere
Average depth of ocean
Depth of mixed layer (warm surface ocean)
Depth of deep sea below mixed layer
Relative area of outcrop (cold surface water)
Exchange coefficient-biosphere-atmosphere
Exchange coefficient atmosphere-surface ocean
Exchange coefficient deep sea-atmosphere
(via outcrop)
Exchange coefficient mixed layer-atmosphere
Eddy diffusivity
Buffer factor for warm surface (mixed layer)
water
Buffer factor for cold surface water
14c decay constant
14c concentration of preindustrial atmosphere
14c concentration of preindustrial mixed layer
Average 14c concentration of preindustrial
deep sea below 75 m

For 14c, the buffer factors have to be omitted (l;m,
for the radioactive decay have to be added.

615.6xlol5gc
38,400xl015gc
2.4 Nao-69.0 m
3729 m
75 m
3654 m
variable
1/60 yr
variable
variable
variable
variable
9

14
1/8267 yr
1

0.95
0.84

se

1) and terms

The biosphere, modelled as one well-mixed box as in ref. (8), is assumed to have a constant mass (biota growth factor = 0) so that it is of no
influence for the co2· increase; but it is. important for calculating the
14c dilution by fossil C02 (Suess effect).
The numerical values of the relevant model quantities and parameters are
given in Table 1. Reservoir sizes generally correspond to those given in
ref. (9). The effective atmospheric depth ha is considerably larger than in
the original BD papers (4,7,8) .In those papers ha (=58 m) was erroneously
calculated based on a mean value of dissolved inorganic carbon for the whole
ocean instead of for the surface ocean only. This influences the results
for th~ airborne fraction £or which now higher values are obtained than
with ha = 58 m.

-236We may estimate the outcrop area by identifying it with the cold sea
surface with temperatures below e.g. 5°C. This area covers about 10 percent
of the open surface of the world ocean. Thus, values between 0.05 and 0.15
for ac seem acceptable.
The dynamic parameters kas (exchange coefficient atmosphere-surface
ocean) and K (eddy diffusivity) are calibrated by means of the preindustrial 14 c distribution in the ocean. kas is calculated from a steady-state
balance between 14c influx into the ocean and radioactive decay:

(Rs, Roe = average l4c concentrations in surface water and whole ocean;
other symbols see Table l).
Rm is fixed, but Rs, and therefore kas• depends on the outcrop area,
ac; the resulting values for kas are given in Table 2.
The (local) C02 flux density from air to sea is given by j = s w ea,
where s = co 2 solubility, w =transfer velocity (piston velocity),
ea = atmospheric C02 concentration. s varies with temperature, being
larger for cold than for warm water; transfer velocities for gas exchange,
determined from radon measurements, were found to be higher in the Antarctic ocean than elsewhere (10). From the data of Peng et al. (10) end
temperatures and solubilities I estimate that the flux
density j in the outcrop areas may be 1.7 times as large as for the rest of
the ocean surface. This is taken into account when calculating the co 2 flux
through the outcrop, written as kda Ad* hd ea, and through the mixed layer
area1 kma Am hm ea.
The vertical 14c profile in the deep sea depends on the eddy diffusivity K and the C02 exchange flux through the outcrop. It is found to be
Ra

+ (Rm -

Ra
1 + A/kda

where

I

) Cosh ((hd- z)/hR)
Cosh

( 4)

(hd/hR)

(A+ kdal/K

K is determined such that eq. (4) reproduces the 14 c values Rm = 0.95
and Rd = 0.84. For ac=O,the eddt diffusivity becomes smaller than for
ac = 0 (BD model), because the 4c deficiency is larger in the outcrop
surface than in the mixed layer, so that the rate of vertical (crossisopycnal) transport into the deep sea decreases with increasing outcrop
area in favour of increasing direct atmosphere-deep sea exchange. Values
for K are also given in Table 2.

-237Table 2:

(a)

ac

Model results

Fossil co 2 increase (w = 1/22.5 yr). ra = airborne fraction; Doe =
dilution factor for whole ocean, De = dilution factor for C02
entering the ocean through outcrop area; em, ed = degrees of equilibrium of mixed layer and average deep sea (= outcrop) water,
respectively. Case ac = P corresponds to the box-diffusion model
(BD).

ra

K

1/kas
(yr)

Doe

De;.

em

ed

0 (BD) 0.667

0.50

0

0.826

0.106

4005

7.86

0.05

0.624

0.60

0.19

0.829

0.134

2852

8.73

0.10

0.600

0.67

0.33

0.836

0.152

1934

9.59

0.15

0.587

0.70

0.43

0.845

0.162

1201

10.46

0.20

0.582

o. 72

0.51

0.859

0.168

636

11.32

(b)

(m 2 /yr)

14c. w = 1/41 yr: 14c dilution (Suess effect); w = 1/10 yr: time scale
comparable to that characteristic for bomb l4c. 14ra = airborne fraction; l4D 0 c, 14Db = dilution factors for ocean and biosphere; 14em,
14ed = degrees of equilibrium of mixed layer and average deep sea
water

w = 1/41 ;tr:

!:! = 1/10 :tr:

ac

14r a

14DQC

l4Db

14em

14ed

0 (BD)

0.202

2.98

0.97

0.428

0.048

0.10

0.210

2.80

0.97

0.451

0.044

0 (BD)

0.433

0.96

0.34

0.242

0. 013

0.10

0.451

0.87

0.34

0.247

O.Dl2

Eqs. (1) and. (2) can relatively easily be solved for an exponential
C02 increase, proportional to ewt, but the re.sulting formulae are somewhat complicated and therefore not given here.·

RESULTS FOR THE C02 INCREASE
The results of model calculations are given in Tabl-e 2. The.fossil co 2
production since World War II has followed an exponential increase ra.ther
closely, with.an e-folding time w-1 = 22.5 yr (9).., Of.primary interest· is.
ra 1 the fraction of C02 totally produced that remains in_the atmosphere . .

-

-238As mentioned above, the data yield ra = 0.53 for the period 1959-78.
The pure box-diffusion case (outcrop area ac = 0) yields ra = 0.667,
i.e. the ocean takes up much less than the observed non-airborne fraction.
We find it convenient to define "dilution factors" Di which give the apparent size of reservoir i having taken up excess C02, in terms of atmospheric
units (Da
1) (4). The oceanic dilution factor for BD is Doe = 0.50, while
it should be 0.89 for reproducing the observed airborne fraction. For ac =
0.10, ra = 0.600 and Doe = 0.67, i.e. the oceanic uptake capacity is about
30 percent larger than for the BD model, both model versions being calibrated with the same preindustrial 14c values. If the outcrop area is increased beyond ac = 0.10, the oceanic dilution factor does not grow
- - - - V:<i<-L'-y-mu&h
a-na--&he~a-i-rbeFne-f-ra&t.-ien~-dee-s-ne-t-be-ceme--much-1-owe-r~and.-----~
remains above the observed value.

=

For ac = 0.10, just half of the "ocean-borne" excess C02 has entered
through the outcrop (De= 0.33), which shows that this area is a rather
effective C02 sink. This can be analysed further by considering what degree
of equilibration with atmospheric excess C02 the surface water has reached.
The degree of equilibration e.g. in the mixed layer is
excess pC02 in mixed layer
excess pC02 in atmosphere
(ea, cm = concentrations of excess carbon) .
The net C02 flux density is given by
jm, net = s w (ea -

s

Cm)

s w ca(l - em)

i.e. it is proportional to (1-em). In the outcrop areas, the water is much
farther from equilibrium (ed ~ 0.15), and the net co 2 flux per m2 is considerably larger. The reason for the different degrees of equilibrium is
that oceanic uptake of excess C02 via the mixed layer is essentially
limited by downwards eddy diffusion, while the transport resistance associated with air-sea gas exchange is less important. Uptake via outcrop is,
however, limited only by the finite rate of gas exchange, as horizontal
mixing along the isopycnals is infinitely fast, so that the co 2 is immediately diluted into the whole deep sea reservoir.

RESULTS FOR

14

c PERTURBATIONS

The atmospheric 14 c;c ratio has been perturbed by man-made process in
two ways: 14 c dilution by fossil C02 (Suess effect), and injection of bombproduced 14c. The Suess effect can be approximately calculated analytically
by using the same equations as for C02, but omitting the buffer factors,.
thus treating the problem like a "negative input" of 14c. Until 1950, the_
atmospheric 14c concentration decreased by about 20 %o; recent high-precision measurements and correction for the estimated natural 14c variations
yielded a value of 16 %o (11). The co 2 production function until 1956 can
be approximated by an exponential with ~-1 = 41 yr (12). There are, however,
quite strong deviations from the exponential; for this reason, and becausethe analytical solution is an approximation only, a precise calculation
would have to be performed numerically, using actual input data.

-239Results for ac = 0 and 0.1 are given in Table 2 b. The "airborne fraction" of the 14c dilution is the ratio of relative 14c dilution to the
cumulative C02 input in units of Nao (preindustrial atmosphere). Until 1950,
the cumulative C02 production amounted to very nearly 10 percent of the
preindustrial atmospheric amount, so that the Suess effect is given by
-0.1 14ra. For zero outcrop area, -20.2 %o are obtained, and -21.0 %o
for ac = 0.1. The calculated Suess effect is, in contrast to the atmospheric
C02 increas~ even larger with an outcrop than without, but the difference
is not very large. This is the result of several influences acting in
different directions. By adding an outcrop, the oceanic uptake at high latitudes is increased because the outcropping deep-sea water is essentially
~~~~~-~~v,_1,.,.·,._rgin.--N.Lth_r_espe_c_Lto~the___!!c_pe:r:.tu:r:.ba.t-ion-(.14_@-<T"'-0-)-~0n-t-l:le-Gt-l:le-r-ha-na.-.,~~
the net 14c flux per m2 from atmosphere to mixed layer is diminished if an
outcrop is present, because (1) the overall exchange flux, represented by
kas• is diminished, (2) the gross flux density in the outcrop area is
higher than that in the mixed layer area, which goes to the expense of the
latter, (3) 14em is sligh~y higher with than without outcrop.
Thus there is a marked contrast between oceanic uptake of excess C02
and of l4c perturbation. For the Suess effect, the surface water is
farther from equilibrium than for excess co 2 , and correspondingly the
oceanic dilution factor is larger for 14c than for co 2 . This is, of course,
a consequence of the buffer factor which affects C02 but not 14c, so that
the diluting capacity of the ocean or of an oceanic subvolume is,at equilibrium, about 10 times smaller for co 2 than for 14c. The atmospheric increase of bomb 14c was far from exponential and can therefore not be calculated analytically. Nevertheless, we can get an idea about the sensitivity of bomb l~c invasion into the ocean with respect to an outcrop, if we
consider short characteristic times, e.g. w = 1/10 yr (Table 2 b). The
result is analogous to that for the Suess effect: the airborne fraction is
slightly larger for ac = 0.1 than for ac = 0. The degrees of equilibrium,
14em and 1 4 ed, remain nearly unchanged, so that the difference must essentially be due to the increased gas transfer resistance, kas-1, across the
air-sea interface. Observations compiled in ref. (13) yield a degree of
equilibrium of about 0.21 for latitudes north of 60°S which agrees well
with 14em for w = 1/10 yr.
For discussing 1 4c perturbations quant~tatively the dilution by the
biosphere should be studied in more detail. Biosphere dilution factors are
about 1 and 0.3 for Suess effect and "bomb 14 c" (w = 1/10 yr), respectively,
for our specific choice of biospheric parameters. Since it is not affected
by the outcrop, the role of the biosphere is not considered any further
here.

CONCLUSIONS
By inclusion of a deep sea outcrop through which the atmosphere is in
direct contact with the large volumes of the deep ocean, the oceanic uptake
of excess co 2 is increased, although the different model versions are all
calibrated such as to reproduce the same values for preindustrial 14c in
mixed layer and deep sea. The increase of the oceanic dilution factor is
35 percent if .the outcrop area covers lO.percent of the ocean surface; the
corresponding airborne fraction of fossil C02 is 60 percent (compared to
67 percent for the box-diffusion model), just marginally within the error
limits of the observed value. The influence of the outcrop, although.not

-240extremely large, is significant, and this feature should be taken into
account in future modelling work.
Problems which should be studied further are: the size of the outcrop
area; mixing along the isopycnals is in reality not infinitely fast; the
ratio of C02 flux via outcrop to volume is smaller for deep than for
shallow layers.
The outcrop-diffusion model may be called 1V2-dimensiona1, in contrast
to purely 1-dimensional box diffusion or two-box ocean models. By showing
the role of deep-water outcrop, it may be of help when establishing 2- or
d~m:ens~ona-1-mo.de-1-s-.
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SOME COMMENTS ON THE EXCHANGE OF C02 ACROSS THE AIR-SEA INTERFACE
D. Lal* and H. Suess**
University of California, San Diego
Scripps Institution of Oceanography
La Jolla, California 92093

Abstract
The measured pre-bomb carbon-14 activities of carbon in the atmosphere and
in the ocean have been frequently used to determine the rate of exchange of C02
across the air-sea interface, or the residence time of C02 in the atmosphere.
However, the estimates obtained thus are highly model dependent; the exchange rate
depends on the assumed structure of the oceans and the mixing processes
hypothesized. Moreover, the caluculations are seniitive as they depend on
estimations of small differences in the specific C activities in the atmosphere
and in the surface ocean waters.
In view of the importance of determining the exchange fluxes of C02 across
the air-sea interface we suggest a different way to estimate the boundary values
for the exchange rate, which is .not very sensitive to the assumed ocean model. The
method is based on the well known fact that the cl4;c1 2 ratios in the atmosphere
show fluctuations, so called "wiggles", with characteristic time constants. Most
importantly, a prominent 200-year period can be recognized in the past 8000-year
tree-ring record that is almost certainly of heliomagnetic origin. We note that
the observed amplitude of the wiggles is much smaller than at production, by about
an order of m~ni!~de. We argue that the attenuation in the modulation of the
atmospheric C /C
ratios is primarily a function of the mean residence time of
carbon in the atmosphere. It is not very sensitive to the model adopted for the
structure of the ocean.
We have examined the tree-ring data of ·the La Jolla Radiocarbon laboratory
with a view to investigate the constraints put upon the exchange rate by the
observed amplitudes and the periods of the wiggles. Furthermore, the question
whether or not these constraints are consistent with the expected modulation in
cl4 production due to changes in solar activity is being investigated. The results
of these analyses will be presented.

* Also at the Physical Research Laboratory, Ahmedabad 380009,
** Department of Chemistry.

In~ia.
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FEEDBACK MECHANISMS IN THE CLIMATE SYSTEM
AFFECTING FUTURE LEVELS OF CARBON DIOXIDE
by
William W. Kellogg
Nat-ionaLCenter;_for__Atmo_apher.ic_Re_s_earch (N,_,C""A""R""')'--*~-~-~-~--~-~~
Boulder, Colorado 80307, USA

1.

Introduction

The question of the future rate of increase of atmospheric carbon dioxide has
received much attention lately, since in a vety real sense it determines the time scale
for the expected "greenhouse" climate change. A major factor in any prediction of carbon
dioxide concentration is, of course, the human element, since the burning of fossil fuels
must be the main new source; and the oceans and biosphere must together constitute the
main sinks.
Several useful models have been devised for calculating the carbon dioxide
concentration, given a certain pattern of fossil fuel consumption, and these take account
of the two main sinks in varying degrees of detail [1-5]. A test of each model usually
involves a comparison of the model results with the record of concentrations observed
since 1958, using the known consumption rate of fossil fuel. However, it has been noted
that the rate of increase of carbon dioxide has varied during the past 22 years in a way
strongly suggesting that there are factors in the carbon-cycle that have changed with
time, probably in response to changes in ocean circulation [6-7].
Such alterations in the complex system that determines carbon dioxide uptake are to
be expected, and they must reflect changes in the system that determines climate as a
whole. As the earth gradually warms as a result of the carbon dioxide "greenhouse effect"
in the decades ahead, assuming no major changes in other natural factors such as volcanic
activity or solar emission, there will be several identifiable climate-related mechanisms
that will come into play to affect the carbon dioxide sources and sinks.
The purpose of this paper is to describe those mechanisms in terms of "feedback
loops," following a diagramatic approach taken earlier to identify feedbacks in the polar
regions [8]. We will first briefly review the concept of a feedback loop in fairly simple
terms, and then describe five specific feedback mechanisms that may become increasingly
significant as the mean temperature of the earth rises and there are corresponding changes
in the circulation patterns of the atmosphere and oceans. These changing patterns will
also affect regional rainfall and soil moisture distribution and the state of ecosystems
in many parts of the world.
It is clear that the interpretation of the carbon dioxide record, already perturbed
by changes in the system governing the carbon-cycle, will require a better understanding
of such climate-related factors in the future.

*The National Center for Atmospheric Research is sponsored by the National Science
Foundation.
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Theory of simple feedback loops

In a previous paper this author discussed the concept of feedback loops [8], and this
will be a summary of that treatment. Consider three parameters that influence each other
through a sequence of physical processes, so that the sequence is closed in a loop.

where the parameters may be related according to the following expressions:
nB
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These proportional relations hips, or "links," are generally not reversible, ·since they
represent cause-and-effect in the physical world. It follows that a proportional change
in one parameter can cause a proportional change in the next parameter as follows:
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We say that a link is pos.itive when n

> o-,

negative when n

< 0,

and represent such links

by the symbols

Now consider what happens when parameter A is perturbed by an amount AA/A. It can be
shown that the resulting change, AA'/A', after the perturbatin has traveled around the
loop, is

M'

--p;r
Thus, whether the resulting perturbation, M', has the same or different sign compared
with AA depends on the product of the n's. If the product is greater than one the loop is
an amplifying, or strongly positive loop; if it is less than zero it is a reversing, or
negative loop, and in the absence of other strongly damping factors a perturbation can
result in an oscillation of the loop. If the product of n's is greater than zero but less
than one the loop is one that eventually damps out a perturbation but does not reverse
it--it is weakly positive.

-245In the following section we will draw some likely feedback loops governing carbon
dioxide concentration, and whether the loop is positive or negative can be determined by
the number of negative links in each loop. An odd number of negative links means that the
loop as a whole is negative. We will usually not be able to make a distinction here
between weakly positive and strongly posi.tive loops, though the strongly positive ones are
obviously of the most interest.
This treatment of feedback loops is purposely simplified. As yet we do not know
enough about most of the linkages between parameters to be quantitative. When we can
quantify them better it should be possible to apply well-known mathematical techniques to
their evaluation, such as matrix algebra or simultaneous differential equations.
~~~~~~--~~~~--

A further important caveat is that in actuality these various feedback loops cannot
be considered by themselves--they all interact with each other, a fact that is well
recognized by climate system modelers. It is instructive to study each loop, but
eventually they must be combined, Thus, in considering a given loop one must bear in mind
the common expression: "All other things being the same."
3.

Examples of carbon dioxide and climate change feedback loops

The first example of a feedback loop governing carbon dioxide is the only one for
which there is some observational evidence. As mentioned above, there have been some
changes in the rate of increase of carbon dioxide, and attempts have been made to explain
the slight inflections of the curve of annual mean concentration versus time [6,7]. These
have both started by noting that the inflections appear to correspond with times of
changes in the circulation of the Equatorial Pacific and the phenomenon of El Nino;
during periods of less upwelling off the Peruvian coast, warmer coastal water, and weaker
equatorial Pacific circulation, the rate of increase of carbon dioxide concentration has
been slightly greater, suggesting less uptake by the equatorial ocean and some coastal
waters. A hypothesis proposed to explain this is based on the idea that regions where
upwelling occurs will have a greater supply of nutrients, that the enhanced photosynthesis
in the upper ocean will use up more carbon dioxide to feed the growth of plankton, and
that the eventual resting place for most of this organic material will be the bottom of
the ocean, after it has passed through the food chain.
This is an oversimplified picture, in that it ignores a number of important
questions. For one thing, the total area involved in this uptake process is unclear--does
it include the mid-Pacific upwelling region, and are there other oceanic sys.tems that
operate in synchronism with El Nino? Another troublesome point is that the upwelling
waters are not only rich in nutrients but are also rich in carbon dioxide, and have a
carbon dioxide partial pressure greater than that of the atmosphere. Thus, if it were not
for the photosynthetic process these waters would serve as a source rather than a sink.
If we accept this hypothesis, however, and combine it with the concept that a warmer
earth will have a generally weaker atmospheric circulation, and that this will mean a
weaker oceanic circulation as well, then we can complete the feedback loop shown in
Figure 1. In this figure (as in the subsequent diagrams) the lower part is a sketch
illustrating the process that we have just described in words. We are indebted to Hermann
Flohn for first. suggesting this general feedback mechanism, though he might describe it
somewhat differently.
The significant point to make is that the net result of this sequence of physical and
biological processes is to amplify the rate of increase of carbon dioxide--the loop is
pos1t1ve. Furthermore, it may be possible to be semi-quantitative about its magnitude in
the not-too-distant future, using the out·put of combined ocean-atmosphere climate models
together with observations of the effects of upwelling on carbon dioxide uptake.
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-247The second example of a feedback loop involving carbon dioxide and climate change
also involves the oceanic uptake of atmospheric carbon dioxide, but this time the process
involved is "downwelling," or vertical exchange of water at high latitudes in winter. It
is generally accepted that the formation of new bottom water, and also of intermediate
water, occurs on a seasonal basis in two areas of the ocean, the Weddell Sea and the
Norwegian Sea. While the details of this process and its timing are far from clear, the
main features are fairly well established, and an essential condition must be that the
upper water be cooled and have sufficient salinity to sink to lower levels, either
vertically or, as many believe, following sloping isopicnal surfaces.
The limit on the rate of uptake_9_f_c_a_r_b_o_n_di.o_xid.e_is_imp.ns.ed_by_the_r:ate_o£_exchange-of water between the upper mixed layer, in approximate equilibrium with the atmosphere,
and the intermediate and deep water, which constitute the eventual sink for the added
fossil fuel carbon dioxide. If the upper oceans were warmed, especially in winter at .high
latitudes (as the climate model experiments suggest would occur with increased carbon
dioxide), then the stability of the ocean would increase and the vertical exchange would
be impeded. The net effect, as shown in Figure 2, would be a positive feedback and a
faster increase in atmospheric carbon dioxide concentration.
The next two examples of feedback loops are concerned with the change of biomass in
the Arctic (Figure 3) and in the tropics (Figure 4). Considering the situation in the
Arctic first, a primary consideration is that the Arctic Ocean pack ice will probably
disappear in summer before a doubling of carbon dioxide occurs [9,10], creating a
situation that apparently has not existed for more than a million years [11]. This will
have fairly obvious implications for the entire climate of the Arctic Basin [12,13],
notably a more temperate and moister climate near the ocean. The growth of forests, as
indicated in Figure 3, would depend on non-climatic factors such as availability of
suitable soil and nutrients, and the retreat of permafrost would be a slow process
hindering any rapid spread of forests. Thus, it would be difficult to assign a time scale
to this feedback loop, but eventually we might see a return to the conditions more than 3
million years ago when the Arctic was essentially ice free and forests existed along the
shores of the Arctic Ocean [14].
In Figure 4 the corresponding situation for the tropics is sketched, There is a
strong suggestion, based on studies of the Holocene warm period (the Altithermal some 4500
to 8000 years BP), of warm years or seasons in this century, and of climate model
.experiment results, to the effect that a warmer earth will have more rainfall and soil
moisture in a large part of the subtropics than now, much of which is semi-arid or
arid--and quite possibly drier conditions in some mid-continental temperate zones. This
evidence has been summarized by Kellogg [15,16]. In the sketch at the bottom of Figure 4
we have broadened and shifted the intertropical convergence zone farther into the northern
hemisphere than it is now, in recognition of the likelihood of an unsymmetrical earth with
a relatively ice free Arctic (except for Greenland) and a glaciated Antarctic, as pointed
out by Flohn [14,17].
In both Figures 3 and 4 we have indicated that warmer temperatures and a higher
atmospheric carbon dioxide content will generally lead to more rapid growth of vegetation,
especially trees, even if there were not an increase in soil moisture. Note that both
feedback loops are negative. However, it is very unlikely that such biomass changes could
result in sinks that could take up more than a small fraction of the 5 to 10 Gigatons of
carbon per year (or more) that will probably be added to the atmosphere from fossil fuel
burning in the next several decades.
The last feedback loop, shown in Figure 5, is not only .contro.versial -but even the
sign of the loop is uncertain. With a continued increase in carbon dioxide the Arc,tic
will almost certainly become warmer, permafrost will slowly retreat, ·and the seasonally
active upper layer--that which is melted in summer--will become deeper. The question is
then to decide whether this change will result in a growth or decay (oxidation) of the
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Figure 5.

Carbon dioxide - permafrost - tundra growth/decay feedback loop

vast quantities of peat that have accumulated through the centuries in the tundra and some
regions of boreal forest. This could be aided by drainage of the saturated upper layers
in suumer.
The amount of organic material tied up in peat is enormous, estimated to be over 200
Gigatons of carbon, or 10 to 25 percent of the global biomass [18}, so even a relatively
small yearly conversion of this mass to carbon dioxide could constitute an important
source. However, there· is also the possibility that, instead of decaying or oxidizing,
the peat beds of the Arctic may grow by accumulation of more moss at the surface.
Proponents of this alternative argue that the form of organic material in peat, mostly
lignin, is not readily subject to decay or oxidation, and that on the other hand the
growth of moss would be encouraged by a longer and moister growing season. We are not in
a position to settle that argument now; so we have indicated that the loop shown in
Figure 5 could be either positive or negative.
That methane is tied up in the subsurface layers of the tundra is well recognized,
and this fact has even led to the suggestion of commercial recovery of it as a source of
fuel [19]. A warming and drying out of the tundra would presumably result in a release of
some of this methane, though we cannot say how large a source this would be. Since
methane ·is also an infrared-absorbing gas, an increase in atmospheric methane would add to
the greenhouse effect from carbon dioxide and enhance the global warming. This would
definitely be a positive feedback, but one of unknown magnitude.

-2504.

Conclusions

One can think of some additional feedback loops governing carbon dioxide
concentratioon as the earth grows warmer, but the ones presented appear to be of the most
interest. The exercise of identifying the processes involved in such systems and their
various linkages has several purposes.
First, if we are to successfully predict the effects of burning fossil fuels we must
develop models of the carbon cycle that take into account the dynamics of climate change.
Many of the factors that govern the sources and sinks of carbon dioxide will be modified
by the warming and the accompanying changes of circulation (in both atmosphere and ocean)
~~~~~~~and-pree-ip-i~a~ien-..~~~~~~~~~~~~--~~~~~~~~--~~~~~~~-

Second, if we think of these simplified feedback loops as providing a first framework
for further study, they are useful in showing where to focus that study.
Finally, we may be able to put approximate numbers into the
these feedback loops and thereby roughly determine how important
shown in Figures 1, 2, and 5 probably deserve special attention,
potentially powerful amplification processes. In any case, such
guaranteed to provide some surprises.

linkages shown in some of
each one is. The loops
as they involve
investigations are almost

It should be noted that of the five examples of feedback loops presented here two are
positive (see Figures 1 and 2) and one is quite likely to be positive (see Figure 5). The
two feedbacks that are negative (Figures 3 and 4) are, as we have indicated, probably of
only minor importance to the global carbon budget. Thus, one would do well to be prepared
for the possibility of an acceleration of the pace of climate change due to increasing
carbon dioxide.
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