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ABSTRACT

In measuring the atmospheric CO, concentration, corrections for the carrier gas effect are re-
quired at present for each individual gas analyzer. It is shown that standard gases of CO,/air
composition offer less complication in the data comparison than CO,/N, standards which are
most commonly being used for calibration. CO,/air standards which are used in Stockholm and
related to the Scripps manometric calibration scale have remained stable over more than 10

years.

Aircraft data from the upper troposphere and the lower stratosphere obtained in the
Stockholm project are in fair agreement with data from the Mauna Loa and the South Pole
stations. An accelerating increase over the period 1963 to 1975, i.e. about 0.5 ppm/yr at the
beginning and about 1.3 ppm/yr at the end of the period, has been observed.

1. Introduction

The measurement of atmospheric CO, has been
given high priority and is an essential component of
the WMO network of background air pollution
stations. Suggestions of how to organize such a
monitoring program have been made by the author
(Bischof, 1974) in Chapter 3.3 of the WMO
Operations Manual No. 299. For further dis-
cussion of possible errors and how to maintain an
accurate monitoring program it is appropriate to
cite some paragraphs from the manual.

“The infrared gas analysis is a relative
measurement and requires calibration with well-
defined standard gases. Most standards are com-
posed of mixtures of CO, in air, or CO, in N,
However, the results are most sensitive to the
kind of carrier gas (i.e. N, or air) being used for
CO,. Therefore, the analyzer as well as the
standard gases must be calibrated against an
absolute system. Such a system exists at the
Scripps Institute and has been used as a basic
calibration station for most of the CO, projects
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(Keeling, 1958). The determination of primary
standards at Scripps is related to CO,/N, mix-
tures.

Some complications exist at present because
of the fact that differing types of analyzers and
standard gases are used in different projects. It
becomes clear from experiments made recently
that this could lead to significant errors in the
data interpretation (Bischof, 1973; Pearman &
Garratt, 1974). The results clearly demonstrate
how sensitive the IR gas analysis is with regard
to the carrier gas composition of standards (i.e.
N, or air) and the type of analyzer being used.
Thus differing analyses are indicated when the
N,/O, ratio of a carrier gas is different in spite of
the very same CO, concentration of the stand-
ard. It is likely that this is due to absorption line
broadening involved in the IR gas analyses
method.

This influence does not appear if the gas
composition of sample and standard is identical.
Thus the intercalibration of standards having
the same carrier gas, e.g. N, or air, is not
affected. However, in analyzing air samples, the
result will differ by several ppm when changing
from CO,/air to CO,/N, standards. In this case,
the indicated deviation is also dependent on the
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type of analyzer. Pressure (or collision) broad-
ening influences are reflected in the differing
results obtained when using CO,/N, standards
at different ambient pressures. Although gas
analyzers of different types are based om the
same principle of operation, some characteristic
differences exist in the design, e.g. the absorp-
tion band selection, the dimensions of the
measuring cell and the filling of the receiver
cell...

The conclusions are that comparable results
can be obtained only if standards and analyzers
are calibrated using an absolute concentration
determination. At present, an intercomparison of
calibration and analysis methods among the
different projects is of fundamental importance.
It is likely that the complications would become
less if the same kind of standards were used (and
probably also the same type of analyzer). How-
ever, since experiments still being carried out
may result in improved techniques and better
comparability between systems, no suggestions
for standardization of gas standards and
analyzers are made here.”

Investigations made in the meantime at Scripps
have shown that important adjustments are re-
quired, which are due to errors by drift, non-
linearity and carrier gas effect in the calibration
system. Hence, three different calibration scales
exist at present at Scripps, namely the 1959
“Index”, the “Manometric” and the *“new ad-
justed” scale. Data reported by Scripps as well as
by our group have so far been related to the
“Manometric” scale which has not been adjusted.
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In investigating the comparability of CO, measure-
ments, data reported in this paper are related to this
scale if not otherwise indicated.

2, Intercomparison of standards

An intercomparison of standards has been
carried out recently by Pearman (1977). A number
of gas tanks containing CO,/N, as well as CO,/air
mixtures were analyzed at different stations. All
stations used CO,/N, standards except Stockholm
where CO,/air standards were employed.

The results show good agreement between the
CO,/N, gases at all stations using these standards.
For CO,/air gases, however, deviations up to about
7 ppm were obtained, due to the N, carrier effect.

In a world-wide monitoring program we are
generally interested in the analysis of air samples.
Since all projects are comparing their standards
with the Scripps calibration system, a comparison
of their analyses of air samples and those obtained
at Scripps is therefore of some interest. Such a
comparison is shown in Table 1 using Pearman’s
Table 2 and by converting those values into differ-
ences relative to the Scripps results. Thus in com-
paring analyses of air samples as made at different
stations, corrections corresponding to the numbers
in Table 1 are required. It is seen that corrections
for Stockholm standards are negligible.

However, the establishment of standards at
Scripps is based on using CO,/N, standards,
therefore when analyzing individual air samples an
additional correction is required for the carrier gas

Table 1. Deviation of analysis results for three air standards analyzed at different stations and related to
Scripps analysis data. (Calculated from Pearman, 1975, Table 2, station numbers are given in the same
order.) Station 4 is Scripps Institution, the values given in this column are analysis results. Station 9 is

Stockholm

Station
Tank 1 2 3 4 5 6 7 8 9 10
DA 10 —-0.65 —0.52 —0.60 316.61 4.88 0.03 596 (-3.28) 0.04 6.73
DA S —0.85 -0.97 —0.73 326.19 491 0.35 5.97 0.55 0.02 (8.72)
DA3 —0.54 -0.25 —0.41 327.13 496 0.30 5.87 0.50 -0.17 6.98
Mean —0.68 —0.58 —0.58 4.91 0.22 5.93 0.53 —0.04 6.85
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Fig. 1. Block diagram for N, standards.

effect on the analyzer used for standard deter-
mination. Thus, as shown in the block diagram,
Fig. 1, two corrections are necessary for stations
using N, standards (one for each individual
analysis and one in determining the standards).
This is not the case when using CO,/air standards.
Thus if air standards were used also at Scripps and
at all stations no correction would in principle be
necessary.

3. Carrier gas effect

The carrier gas effect for three different
analyzers is demonstrated in Fig. 2 (Bischof, 1975).
The deviation in the analysis results obtained from
CO,/N, mixtures (i.e. at R = 0) relative to CO,/air
mixtures (i.e. at R = 0.21) is about —6, —2, and +7
ppm, respectively.

correction correction
for air for air
standard l air result
gases —_—

Nearly identical results were obtained using any
one of the three analyzers if CO,/air mixtures were
used. However, the data presented from this experi-
ment probably demonstrate the carrier gas effect
rather qualitatively and do not permit a conclusion
with regard to the carrier gas error (see for example
Pearman, 1977). In fact, even less errors can be ob-
tained from all three analyzers if air standards are
used instead of experimental mixtures, see Table 2.

4, Calibration

4.1. Analyzers

The IR-gas analyzers in principle show a non-
linear relationship between analyzer response and
gas concentration. Within a limited range of
operation, a linear relationship can, however, be
used. In practice, analyzers are designed for zero-

Table 2. Calibration results (ppm) obtained from different analyzers. In the first column the standard
mean is calculated from 196374 intercalibration of our standards (for details, see further section 4)

1968-03-20 1976-03-19
Standard Standard
No. mean URAS 1 UNOR 2 UNOR 2 UNOR 5 UNOR 20
3 313.51 313.52 313.58 313.55 313.53 313.52
5 321.97 321.98 321.97 322.00 321.98 322.00
7 318.57 318.58 318.58 318.44 318.53 318.57
8 313.98 313.97 313.81 — — —
10 32140 321.39 321.39 321.47 321.42 321.37
11 332.06 — — 332.06 332.07 332.07
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Fig. 2. The carrier gas effect shown for three different
analyzers, from Bischof (1975). (R is the ratio
0,/(N, + 0,))

Table 3. Intercalibration of four 1-I standards
(CO,/air) at Scripps and in Stockholm

Standard Predicted Calculated

No. Scripps results Stockholm results
1-1 305.81 305.78

1-2 333.49 333.58

1-3 329.00 328.85

1-4 316.75 316.84

point suppression and are equipped for appro-
priate amplification to full range response. Because
of some differences in their design, different
characteristics can be observed. Thus, different
analysis results can be obtained if the calculation is
based on the assumption of linear response and
using two reference points. It should be noted, how-
ever, drift or scatter occur in the interpolated
standards if the analyzer characteristics change by
time.

In order to obtain comparable results from
different analyzers, an attempt was made to
describe the characteristics of each analyzer using
a non-linear function. In view of the accuracy of
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Table 4. Calibration of the Stockholm analyzer
(UNOR 2) at Scripps Institution

Scripps standard Scripps UNOR 2

No. index result
4293 316.31 316.34
4289 312.03 312.02
2399 322.31 322.29
4288 328.23 328.24

18220 34043 340.43

0.3 ppm obtained for our standards from cali-
brations at Scripps, a parabolic function was found
to be adequate. Hence, concentration and analyzer
response are used as variables in a regression pro-
gram, and concentration for reference points inter-
polated.

Table 3 shows the result of a comparison be-
tween calibrations at Scripps and values computed
as described above for four 1-1 CO,/air temporary
standards. An almost linear relationship is ob-
tained for this analyzer (UNOR 2). This was
further confirmed by the results obtained from a
direct calibration of this analyzer, where five
Scripps basic standards (CO,/N,) with well-defined
concentrations were used in a usual run of ten com-
parisons, see Table 4. The good agreement be-
tween measured and calculated concentrations
indicates that the characteristics of our UNOR 2
and the Scripps APC analyzer are similar, at least
within this operation range (the carrier effect does
not affect this comparison).

These findings permit us to re-check our URAS
1 which was found to have non-linear character-
istic using three primary standards calibrated at
Scripps in 1964. Fig. 3 shows the deviation from
linearity as expressed by the difference between
linear and parabolic computation, which thus
demonstrates the error which would occur if line-
arity were assumed. This error can of course be re-
duced by the choice of a smaller span, providing
that such standards are available. However, as will
be shown and further discussed in the next para-
graph, this rather extreme non-linearity changes to
become almost linear if calibration data from the
1969-74 period are used. About the same linearity
exists also in our UNOR 5 B which has been in
operation since 1972, as well as in our UNOR
2/200 which has a 200 ppm range and has been
used since 1975.

Tellus 29 (1977), 5
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Fig. 3. Calibration results, URAS 1, with predicted
standards Nos. 1, 3 and 6, according to Scripps cali-
brations in 1964. (a) Deviation from linearity if stand-
ards No. 1 and No. 6 (I), and standards No. 3 and No. 6
(I1) are chosen as low and high span standards respect-
ively. The curves are calculated by parabolic regression,
symbols represent interpolated values from the comput-
ation. (b) Deviation between calculated and interpolated
values. x marks the “shift” between the 1964 and 1969—
74 data.

4.2. Standard gas composition

In the Scripps project, N, standards are used
“because it was not known how stable gas mix-
tures containing oxygen could be, and it was be-
lieved that an inert gas such as N, appeared more
likely to maintain integrity than oxygen containing
gas mixtures” (according to Dr Keeling at the
WMO expert meeting 1975).

In Stockholm, air standards have been used, be-
cause it was felt that calibration gases should have
the same composition as the medium to be
analyzed, provided that such standards can be kept
stable enough over a longer time. The experience of
others (see for example Egle & Schenk, 1951) and
long-range experiments carried out in our labora-
tory in co-operation with the gas manufacturer
(AGA Stockholm) have shown that air standards
indeed remain stable if tanks and gases are treated
in the way as explained in the WMO Manual No.
299. Concentration drift_occurs in the N, stand-
ards as well as in CO, standards, if tanks and
standards are not dried adequately.

4.3. Intercomparison of standards

A set of ten standards stored in 50-1 gas tanks
have been available since 1963 in our laboratory
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and some of them are still in operation while others
have been re-filled after several years of use and re-
calibrated. Some of these (Nos. 1, 3, 6 and 11),
“selected primary standards”, were shipped and
calibrated at Scripps during 1964 and 1971.
Additional intercalibrations were made occasion-
ally by means of 1-1 gas tanks being filled at our
institute and shipped to Scripps. Intercomparisons
of our ten standards are made periodically in our
laboratory. Three different analyzers have been in
operation during this period and one of them was
brought to Scripps for calibration in 1970 (see
Section 4.1).

Thus, we are able to study the behavior of our
standards and analyzers over a long period of time,
thanks to the cooperation with the Scripps
Institute. As will be seen below, the results, which
in fact are too numerous to be reported here in de-
tail, show that our CO,/air standards have re-
mained stable with a few exceptions.

Fig. 4 shows the results of the calibrations of
primary standards Nos. 1, 3, 6 and 11 () and the
11 (+) standards at Scripps. The circles indicate
values obtained for intermediate standards using
the non-linear regression program as described in
Section 4.1. Gaps exist in 1965-67 and 1972-73
because of the lack of intercalibrations.

Even though more numerous intercalibrations
would have been desirable the results show (Fig. 4):
Four standards (Nos. 3, 5, 7 and 10) which are still
in operation after 12 years have remained un-
changed in relation to Scripps standards. In parti-
cular, the constancy of No. 3 is controlled by cali-
brations at Scripps in 1964 and 1971. One
standard (No. 8) remained unchanged over its en-
tire lifetime of 7 years. One standard (No. 11), i.e.
the refilled tank of No. 8, remained unchanged over
more than 3 years and is still in operation. These
six standards obviously cover the total range of
atmospheric CO, variation in our project. On the
other hand two gases (Nos. 2 and 9) have clearly
drifted and have therefore not been used as stand-
ards.

The behavior of three standards, Nos. 1, 4 and 6,
is different. The first two seem to have changed be-
tween 1964—68 and the same is apparent for No. 6
from the values extrapclated with the aid of the
other standards using the calibration curve dis-
cussed above. It is remarkable, however, that this
shift occurred only in our low and high standards
whereas the others remained stable with an
accuracy of 0.2 ppm. In examining the response
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Fig. 4. Calibration results according to Scripps cali-
bration numbers.

» Primary standards, calibrated at Scripps.

+ 1-1standards, calibrated at Scripps.

o Annual means, calculated by interpolation.

® Annual means, calculated by extrapolation.
The number assigned to each individual standard is given
as well as the range of actual air sample analyses as it
has changed during this time (range between dashed
lines).

characteristics of our analyzers using Scripps
standards it was, however, found that the shift
noted corresponds to a remarkable change. Cali-
brations made after 1969 yield an almost linear
response function whereas calibrations made ear-
lier correspond to a quasi-parabolic one as shown
in Fig. 3. It should be noted that the deviation from
linearity of the URAS 1, as given before 1969, was
far too large according to the manufacturer’s cali-
bration data. Although it is not claimed that the
analyzer characteristic should necessarily be linear,
we do not understand why such a drastic change to
a quasi-linear one should occur simultaneously
with the shift.

Fig. 5. Calibration results obtained from predicted
standard concentration numbers as calculated from the
1969-74 averaged means. (Symbols as for Fig. 4.)

If we use the response characteristics of the
analyzers as obtained from the calibrations after
1969 and deduce the values that would apply for
the standards Nos. 1, 4 and 6 in 1964 (see Fig. 5),
we find that all three are changed throughout this
period. It should further be noted that the other
standards are practically unchanged which is not
surprising since they are all in the range 313 to 323
ppm and thus close to the minimum in the para-
bolic calibration curve (see Fig. 3). In particular we
note that the standard deviation for each indivi-
dual standard averaged for the whole period does
not exceed 0.17 ppm (standards Nos. 2 and § ex-
cluded) and conclude that a practically linear
response curve gives a better fit as indicated by a
higher correlation coefficient and a lower standard
error of estimate. Thus in reality only two of our
standards (Nos. 2 and 9) may have drifted and the
comparatively large number of standards is a good
guarantee that the calibration system employed has
been stable. Although this finding does not explain
the discontinuity, it is obvious that our standards

Tellus 29 (1977), 5
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within the region 310 to 330 ppm are not affected,
nor are our air sample analyses, being situated
within this range.

5. Data comparison

5.1. Accuracy of measurements

Our sampling and analysis technique has been
described elsewhere (Bischof, 1970). Improve-
ments have been made in course of time. Particu-
larly the paper strip recorder was replaced by a
Digital voltmeter in 1970, which provides higher
accuracy in the data evaluation. Our analyzer has
also been connected to a computer system which
stores the data for further calculations. Hereby, a
reproducibility of the measurement of about 0.03
ppm has been obtained. The accuracy of the
analyses is of course lower, i.e. about 0.05 ppm for
standard gases and about 0.1 ppm for flask
samples. Generally speaking, the accuracy has im-
proved by about a factor of two since 1970.

5.2. Comparison of air samples

The longest record of atmospheric CO, measure-
ments exists from the Mauna Loa and the South
Pole stations of the Scripps project (Ekdahl &
Keeling, 1973). In our project, air samples have
been collected mainly on flights over the North
Atlantic and over northern Sweden. Data from

PPMYV CO2
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different periods have been published elsewhere
(Bischof, 1965; Bischof & Bolin, 1966; Bolin &
Bischof, 1970; Bischof, 1973). Revised data for the
period 1963—74 are presented in Figs. 6 and 7 for
the upper troposphere and the lower stratosphere.
Crosses represent sample means. The mean
seasonal variation and the trend for this period are
also shown. The seasonal variation represents a
best fit of actual sample means with regard to a
quadratic function for seasonal trend. The seasonal
trend has been approximated by a parabolic regres-
sion equation, which has been determined to

C,=C, + 0.542¢ + 0.03142

using the method of least squares. C, is the annual
mean for 1963, i.e. 316.28 for the troposphere and
315.18 for the stratosphere, respectively, ¢ is the
time in years (¢t =0 for 1963). The calculated
seasonal variation and the trend have been extra-
polated through 1975 and actual data not used for
computation added to the graph.

Since Mauna Loa and South Pole data related to
the 1959 manometric scale frequency appear in the
literature and are being used for considerations of
exchange processes and possible climate effects, a
comparison with our data is of interest. In Fig. 8
the trend as given in Figs. 6 and 7 has been plotted
together with the data published by Ekdahl &
Keeling (1973).

330

325

320

315

*

1965 1970

——

18978

Fig. 6. CO, seasonal variation and increase trend, upper troposphere (Northern Hemisphere).
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Fig. 7. CO, seasonal variation and increase trend, lower stratosphere (Northern Hemisphere).
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Fig. 8. The seasonal trend of atmospheric CO, in the upper troposphere and lower stratosphere (Northern
Hemisphere) from Figs. 6 and 7, and from the Mauna Loa and the South Pole stations, according to Ekdahl &
Keeling (1973).

Fig. 9 is a comparison of annual increase rates trend because of the short period of investigation.
during this 15-year period using a different data set.  The results from three NOAA stations, as reported
The Stockholm data for the period 1963—68 (Bolin by Miller (1974), have also been included in the
& Bischof, 1970) were calculated using a linear  graph.
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Fig. 9. CO, annual increase rate at different stations.
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6. Summary and conclusions

By using calibrations of our standards made at
Scripps, it is shown that our calibration system in
general has remained stable over more than 10
years in relation to the Scripps manometric scale.
Intercalibrations of our standards ensure that they
have not drifted in relation to each other, with the
exception of two which are not in use as standards
any longer. Although a discontinuity in our high
and low standards remains unexplained so far,
there are reasons to believe that this shift is due to
inadequate calibration at an initial stage. However,
our air sample analyses are in the range of six
stable standards and our results have therefore not
been influenced. A comparison of our data with
those obtained at Scripps (Mauna Loa and the
South Pole) is therefore possible. It is found that
the different data fit each other well.

In a world-wide monitoring program, as pro-
posed by WMO, which includes N, standards,
corrections for gas-composition and analyzer
characteristic are at present needed at each station.
Such corrections are practicable but presume care-
ful control as verified in some detail here. It is evi-
dent, however, that the application of CO,/air

Tellus 29 (1977), 5
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standards offers less complication in the pro-
cessing and intercomparison of data. It is shown
that such standards indeed can be kept stable
enough over a sufficiently long time.

The Scripps calibration scale has been subject to
changes, an inevitable re-calculation of our data is
therefore necessary. From preliminary information
(personal communication from Dr Keeling), the
consequences of the new scale on our data would
be as follows:

According to drift at Scripps, our standards,
previously being calibrated there, should be
corrected by —0.69 ppm for January 1963 and
gradually by +0.06 ppm/yr for the following
years.

Non-linearity of the Scripps analyzer includes
corrections not exceeding —0.4 ppm for our
operation range.

Due to the carrier gas error at Scripps, a
correction by +3.9 ppm becomes necessary for
our standards.

From our point of view, it is likely that adjust-
ments of our data within the accuracy of analysis,
i.e. 0.3 ppm, generally given for our standards at
Scripps, are justified; however, it seems very un-
likely that our entire calibration system has drifted.
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MN3MEPEHUH CO,

IKaJIo#, OCTaloTCs cTabuibHbBIME yxe Gonee 10 yet.
CaMoléTHblE JaHHBIE 1O BepxHeli Tponocepe
HIDKHEH cTpatocdepe, mnonydyenHele B CTOKronb-
MCKOM MIPOEKTe, HaXOAATCA B XOpOIIEM COTJIaCHH C
nauHpiMH cTaHumdi Mayxa Jloa u [FOxHBIN nmomroc.
Habmopanocs yckopsiiolieecs yBeJIHYCHWE KOHLE-
utpaunr CO; 33 nepuox ¢ 1963 no 1975 rT., HMEHHO.
0,5:107% 3a ron B Hayase H oxosno 1,3-107% 3a rox
KOHLIE NepHoJia H3MEpeHHii,
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