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ABSTRACT

Non-dispersive infrared gas analysers used for the measurement of atmospheric carbon
dioxide concentration are influenced by water vapour in the air sample. It has thus
become common practice to dry the air prior to analysis. The subsequent measurement
must be corrected by multiplying the indicated concentration by (1 + 1.61r)~!, where »
is the water vapour mass mixing ratio of the undried air. The correction is of the order
1 % near the surface, varying in both space (e.g. with latitude) and time (e.g. day-to-
day and seasonally), and of the same order of magnitude as the measured but un-
corrected horizontal, vertical and seasonal CO, variations. Thus serious doubt is thrown
on previous comparisons of global CO, measurements. Ideally each CO, analysis of an
air sample should be corrected using knowledge of the water vapour concentration of
the undried air. For data obtained in the past, appropriate correction may be possible
after consideration of the water vapour conditions in the atmosphere at each of the
monitoring stations. This should be done by the research personnel involved with each
monitoring programme, together with a consideration of the effects of carrier gas

composition on the gas analyser(s) employed.

1. Introduction

During the past 17 years high quality mea-
surements of atmospheric carbon dioxide con-
centration have been made at several monitor-
ing locations (Table 1), and which indicate a
global increase in concentration at a rate of
about 0.29%, per annum.

The measurements are believed to have an
absolute accuracy of +0.5 parts per million by
volume (ppmv) since they all refer to standard
CO,/N, gas mixtures provided by the Seripps
Institute of Oceanography. At each station a
relative accuracy of +0.2 ppmv is usually
obtained. However valid comparison of the
data from all stations is open to two main
criticisms.

Firstly it has been shown independently by
Bischof (1973) and Pearman & Garratt (1974)
that non-dispersive infrared (NDIR) gas ana-
lysers can over- or under-estimate CQO,; con-
centrations by several ppmv when the oxygen/
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nitrogen ratio in the sample air differs from that
of the reference gas mixtures. The sign and
magnitude of this ‘“error’’ also depends on the
make of the NDIR analyser used.

Secondly, it has been the practice of research
workers to dry air prior to measurement be-
cause of the sensitivity of NDIR analysers to
water vapour. However the effect of this
drying on the indicated CO, concentration
appears to be generally overlooked in the litera-
ture. In this paper I shall indicate the magni-
tude of the correction to be applied and demon-
strate its importance in the interpretation of the
global data.

2. The effect of drying

The sensitivity of NDIR analysers to the
presence of water vapour has led to the practice
of drying the air prior to analysis for CO,
(see Table 1). However removal of water vapour
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Table 1.
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Magjor baseline atmospheric carbon dioxide monitoring stations with details of the
NDIR gas analysers and drying procedures used

Type of Publication
Monitoring Altitude at which measure- Type of Drying with description
station analysis is made ment analyser procedure of method
Antarctica Sea level (flask Flask APS —78°C, Keeling et al.
samples analysed (1957 +) dry ice trap (1968)
at Scripps Inst.) Keeling et al.
2.8 km (continuous) Continuous (1972a)
(1960-63)
Australia Sea level Flask UNOR 2° —178°C,dryice Pearman and
TURAS 2 trap or Garratt
magnesium (1973)
perchlorate
chemical dry-
ing. No dry-
ing above
approx. 8 km
Barrow, Alaska ~ 200 m Continuous LIRA 200 —48°C, Kelley (1964)
freezer cell
Makara, N. Z. Sea level Continuous URAS 1 approx. —40°C Lowe (1972)
‘ ' freon freezer
Mauna Loa, 3.4 km Continuous A.P. —178°C, dry Pales and
Hawaii ice trap , Keeling (1965)
‘ Keeling et al.
‘ (1972b)
North atlantic Sea level Flask URAS (modified) -78°C, dry Bischof (1970)
) Grubb Parsons ice trap.No
"IRGA 1 and 2 drying of up-
UNOR 2, 5B ‘per air samples

2 In several publications of the Scripps Institute group, reference is made to analysers of the type described
by Smith (1953). Mr P. Guenther (personal communication) indicated that the analysers were by a company
no longer operating called Applied Physics. Thus the use of the abbreviation A.P.

b Data collected usmg the UNOR 2 are a.d]usted to be consistent with what would be indicated by a8
URAS2 analyser, using the relationships published in Pearman & Garratt (1974). .

from the air with subsequent restoration to
ambient atmospheric pressure causes a con-
comitant increase in the density of the other
components in the air.

,To correct for this, indicated CO, concentra-
tions should be multiplied by a factor ¢ which
is defined as,

where p,, and p, are the partial pressures of
CO, before and after drying. From Dalton’s
Law of Partial Pressures,

Puw,

-1
( v —.__1)
Pa, T Pe

where p,, and p, are the original partial

e = Part P _
pal + pc: + pw1

pressures of water vapour and air (oxygen and
nitrogen) respectively, However,

Pa <pa,
and from the Ideal Gas Equation

Pus _
Zn

w: My
Qal Mw

where g,./0, is the ratio of the densities of
water vapour and air (i.e. the mass mixing
ratio, r), and M /M, is the ratio of the mole-
cular weights of air and water vapour ( =1.61).
Therefore,

=(1+1.61r)1

In table 2 the correction, expressed as a
percentage is estimated for a range of ambient
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Table 2. Percentage error in indicated CO, under
a range of pressure and drying conditions, due to
the volumetric effect of drying

Saturated water vapour conditions are assumed and

the table is derived from data given in the Smith-
sonian Meteorological Tables (1951).

: Pressure (mb)
Temperature

(0°C) 1 000 850 700 500

—40 0.02 0.02 0.03 0.04

—-20 0.13 0.15 0.18 0.25
0 0.61 0.72 0.88

+20 2.35 2.76

+40 7.42

temperature and pressure conditions assuming
water vapour saturation. Water vapour mixing
ratios were obtained from the Smithsonian
Meteorological Tables (1951). Table 2 demon-
strates that for realistic ambient conditions,
errors of more than 19, are probable if correc-
tion for drying is neglected.

As a further illustration, in Table 3 I have
used estimates of the mean mid-latitude vertical
distribution of water vapour to determine ¢ and
then estimated the error in ppmv of CO,
assuming a back-ground concentration of 325
ppmv. The table shows that near the earth’s
surface CO, concentrations will be over-esti-
mated by about 3 ppmv due to drying. The
error decreases with altitude to be less than the
resolution of the NDIR analysers (approxi-
mately +0.2 ppmv) above about 8 km.

3. Interpretation of global-scale CO,

measurements

Table 1 indicates the methods used for drying
of the air prior to CO, analysis and the type of
NDIR analysers used at the main monitoring
stations. To assess the magnitude of the effect
of drying on the measurements made at each
station, radiosonde data for the years 1971 and
1972 were examined for locations near the
monitoring stations (Monthly Climatic Data of
the World, 1972; Meteorological Observations
for 1971). From the radiosonde water vapour
measurements the seasonal variation in the
over-estimate of CO, concentration was thus
determined and plotted in Fig. 1.
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These curves can serve only as an indication
of the magnitude of the over-estimate due to
drying in the absence of information on the
water vapour concentrations relating to indi-
vidual CO, data for each monitoring station.

The northern-most station at Barrow, Alaska,
situated at 200 m above mean sea level, shows
a distinct seasonal cycle with an indicated aver-
age over-estimate of about 1 ppmv. :

Radiosonde data at the 700 mb level above
the town of Hilo (60 km from the station) were
considered to be representative of the Mauna
Loa station and show little seasonal variation
in the water vapour concentration. For the
whole year the indicated over-estimate is similar
to that at Barrow, viz 1 ppmv.

The water vapour concentrations at the
South Pole are sufficiently low throughout the
year for the water vapour correction to be
negligible. This contrasts with the Makara sta-
tion in New Zealand where we find an over-
estimate for the whole year close to 4 ppmv.

In the Australian monitoring programme air
samples are collected over southern Australia,
Bass Strait, Tasman Sea and the Southern
Ocean south to the South Pole. A significant
fraction of these are collected above 8-10 km
(as are the Swedish data) where drying is not
required. The remainder are obtained at 3.5-5

Table 3. The annual mean conditions for mid-
latitude atmosphere, together with the estimated
correction factor required if drying of air precedes
the determination of CO, content

An approximate error in ppmv is included assuming
a uniform atmospheric CO, content of 325 ppmv.

Based on data from Handbook of Geophysics and
Space Environments (1965)

Approxi-
Typical mate
H,0 error
Geo- Tem- Mass Correc- in CO,
potential pera- mixing tion concen-
altitude ture  ratio factor tration
[km] [°*C]1 r[ppmm] & [ppmv]
0 +15 6300 98996  3.26
2 + 2 3800 .99392 1.98
4 —-11 1900 .99695  0.99
6 —24 900 .99855 0.47
8 —-37 270 .99957 0.14
10 - 50 37 199994  0.02
12 - 57 17 .99997  0.01
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Station Latitude Longitude
Barrow, Alaska 71°18' N 156°47 W
Hilo, Hawaii 19°43' N 155°04’ W
Makara, 41°15’ S 174°42" E
New Zealand
Laverton, 37°52" S 144°45" E
Australia
Hobart, 42°50" S 147°30"' E
Australia

km where drying is necessary. For the latter set
of data, use of radiosonde date for Laverton
(near Melbourne) and Hobart (Tasmania) gives
an over-estimate of 0.6 ppmv on average.

It is of interest to illustrate the significance
of this over-estimate for the Australian data.
In Fig. 2, the solid curve shows the vertical
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Fig. 1. Estimated seasonal variation in the over-
estimate to CO, measurements due to the pre-drying
effect, at selected Monitoring Locations. Error
expressed in ppmv, assuming & background con-
centration of 325 ppmv, X is the annusl mean
error.

Details of radiosonde sites:

Time of water
vapour meas.

Elevation (hr GMT)

4m 1 200

~3.2 km (700 mb) 1 200

297 m 2100

3.1-5.7 km Unknown
(mean of 500 and 700 mb)

3-5.6 km Unknown

(mean of 500 and 750 mb)

distribution of CO, based on 6 months of data
and previously published by Pearman & Garratt
(1973a). The figure also shows the profile after
correction for the mean water vapour con-
centration for that time of the year at each
altitude. Above about 3 km where the profile
is well developed and indicative of the large-
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Fig. 3. Trends in atmospheric CO, concentration as measured at several monitoring stations. All data relative
to the 1969 manometric scale. Sources: Antarctica, Brown & Keeling (1965), Keeling (personal communica-
tion), Keeling et al. (1972a), note that data are for continuous and flask sampling (O) techniques;
Mauna Loa (), Keeling et al. (1972b); North Atlantic (A), Bolin & Bischof (1970); Barrow (0), Kelley
(1969), Bass Strait ( +), author’s own data; Makara, N. Zealand ( x ), Lowe (1973).
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scale vertical exchange of CO,, the correction
increases the magnitude of the vertical gradient
by a factor of two. This is important in the
context of the seasonal variations in the large-
scale atmosphere-ocean CO, exchange discussed
by Garratt & Pearman (1973). After correetion
the seasonal variation in vertical gradient is
still evident and can be considered to be related
to ocean surface temperature variations. How-
ever the vertical gradient in the troposphere at
40° S now indicates a permanent surface sink in
the mid latitude oceans of the southern hemi-
sphere equivalent in magnitude to about half the
annual CO, production from fossil fuel combus-
tion. Perhaps not surprisingly the relatively
large correction for the Makara data implies
low CO, coneentrations near the surface, also
indicative of an oceanic sink.

Finally, comparison of the data for Mauna
Loa and Antarctica which use identical ana-
Llysers is not strictly valid if large-scale horizon-
tal CO, differences in the atmosphere are to be
interpreted correctly. This arises because, (a)
no correction is available for the effect of alti-
tude differences (Pearman & Garratt, 1974), (b)
Drying at Mauna Loa will over-estimate CO,
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concentrations by some 1 ppmv relative to the
South Pole, all else being equal. It is therefore
somewhat disturbing to find in Fig. 3 that
uncorrected CQO, concentrations at Mauna Loa
are about 1 ppmv higher than at the South
Pole.

4. Conclusions

CO, measurements require correction due to
the effect of drying the air sample prior to
analysis. At a majority of the monitoring stations
data may be sufficiently affected to make valid
interpretation and comparison with other
stations impossible. Knowledge of the water
vapour concentration is required before true
CO, concentrations can be inferred.

Correction of CO, data collected in the past
may be possible and should be done by personnel
involved in each programme.

Both the carrier gas and the drying problems
have wide implications in the interpretation of
certain biological experiments involving the
measurement of CO, by NDIR analysers. These
are to be discussed elsewhere.
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Cav

NONPABKA HA 3®PEKRT BBICYIIUBAHUA ITPOB BO3AYXA I EE SHAUYEHUE
IOJIs1 AHTEPNIPETAIIUN UBMEPEHUN CO, B ATMOC®EPE

Hepucnepcuonnsle MHppaKpacHble rasoaHaju-
3aTOpH, MCIOJb3yeMble [JiA HM3MEpeHMil KOH-
HeHTpaluM YIJEeKHCIOoro rasa B arMmocdepe,
TOJBEPKeHH BIMAHMIO IIAPOB BOLH B npoGe
Bo3nyxa. IToaromy crany oGHYHON IpaKTHKOM
BHICYIINBAThL BO3AYX [[0 IPOBefieHuA aHaanaa. Pe.
3yJIbTATH HMOZOOHHIX N3MEpPeHHH NOTMHH GHITH
MOANPpaBIeHH YMHOMKEHMEM I0JIy4aeMoll KOH-
medHTpanun Ha (1 +1,617)-1, roe » — oTHOIIEHUE
CMeCH BOJAHOIrO Mapa HeBRICYLHEHHOT0 BO3AyXa.
dTa mompaBKa mnopsagka 1% BGIM3M moBepX-
HOCTH 3eMIIH, MeHAACh KaK B IIPOCTPAHCTBe
(Hanpumep, ¢ MMPOTON), Tak ¥ BO BpPEMEHH
(sanpuMep, OTO AHA KO JHIO U C CE30HOM), U
TOTO e IOPANKA BeJIMYMHH], KaK M3MepeHHEIe,
HO He CKOppeKTMpoBaHHHe Bapmanuu CO, mo
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FOPM30HTANHN, BEPTHKAJIHN U C ce30HOM. Takxum
oGpasoMm, OpocaeTcda cepbe3HOe COMHEHHME Ha
pe3yJbTaThl HNPEeRbIAYIAX CpaBHeHMH riolalib-
HbIX namepennit CO,. B npeane, kaantt anamrns
Ha KoHmeHTpanuio CO, B mpobe Bo3gyxa mod-
KeH OHTb IOANPABIEH, €CIM H3BeCTHA KOH-
LHeHTpAaluA BOAAHOI0 MNapa B HEBHCYINEHHOM
Bosayxe. [J1A ZaHHBIX, HOJIYYEeHHHIX B MPOILJIOM,
COOTBETCTBYIOIIAA NMONpPaBKa MOMeT OHTH ompe-
AeJIeHA, eCM H3BECTHA BJAMKHOCTH HA Kammgoi
U3 OATPYJBHBEIX CTAHNWN. DTO CIEXyeT CHelaTh
HCCIIeIOBATENIAM, CBA33aHHHBIM C Kammol ma-
TPpyJABHOI mporpaMmoit, ¢ ydueroM 3pJeKToB
HeCyIIero rasa Ha IOKA3aHHUA MCIOJB3YEMOro
aHAIM3aTOpA.



