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PREFACE

The WMO Operations Manual for Sampling and Analysis Techniques for Chemical
Constituents in Air and Precipitation (issued 1974) in its Foreword states:
"The World Meteorological Organisation has a natural interest in all matters
relating to the atmosphere. lt has for this reason accepted the major responsibility in the
monitoring of atmospheric composition and the study of the geophysical consequences of
air pollution. Recognising the present dangers and the possible long-term consequences
of changes in the composition of the atmosphere, WMO has established a network of
background air-pollution stations. lt is the aim of the Organisation, through this network, to
identify current levels of pollution and, more importantly, to identify long-term trends in the
concentration of significant constituents which may affect the environment and thus may
induce climatic change".
The early work in this field began in the 1960's under the aegis of the then WMO
Commission for Aerology. Its Working Group on Atmospheric Pollution and Atmospheric
Chemistry formulated the concept of a global network of background air-pollution stations.
This was endorsed 1969 by the (then) WMO Executive Committee (now Executive
Council) who called for the preparation of an Operations Manual to be used by all
Members as guidance in establishing and operating an air-pollution monitoring programme.
Its first edition (1971) covered precipitation chemistry and turbidity, the following printing
(1974), cited above, considered trace gases and aerosols in addition. That in turn was
replaced 1978 by the International Operations Handbook for Measurement of Background
Atmospheric Pollution, a more extended publication considering various specific aspects of
the monitoring programme, e.g. global standardisation, quality assurance and data
reporting. Other guidance is available in reports published in the Environmental Pollution
Monitoring and Research Programme Report Series. Advice for station operators was
provided in report no.32 (Manual for BAPMoN Station Operators).
Report no.47
(Procedures and Methods for Integrated Global Background Monitoring of Environmental
Pollution) advises on observing pollution in environmental compartments other than the
atmosphere. Finally, report no.86 (Global Atmosphere Watch Guide) gives a short
introduction of the new concept of the WMO Global Atmosphere Watch (GAW). The GAW
comprises the traditional BAPMoN (Background Air pollution Monitoring Network), the
formerly independent G030S (Global Ozone Observing System) and other smaller
measurement networks.
The present Guide describes methods and instruments to monitor chemical
substances in and physical parameters (e.g. radiation) of the atmosphere. Thereby
reliable information is obtained on their distribution in time and space including long-range
transport. This will aid to interpret present and estimate future environmental and climate
impact of these changes. Investigating and forecasting long-term trends being established
in the network will be absolutely essential f~r the control of adverse effects.
Particular attention was placed on including recent instrumental and procedural
developments as well as on quality assurance and control to ensure the high accuracy and
precision required for generating reliable data. The general structure and outline of the
individual parts of this Guide (presently the C02 and the 03 sections, to be published
separately in the Environmental Pollution Monitoring and Research Programme Report
series) was organised as close as possible in line with the concept and layout of the CIMO
Guide.
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CHAPTER 1
GENERAL ASPECTS

1
SCOPE OF THIS
SECTION

With the introduction of new carbon dioxide (C02) monitoring stations into
the World Meteorological Organisation's Global Atmospheric Watch
Network and new developments in analysers and data systems, there is a
need to establish a basic common approach for monitoring atmospheric
C02.
This manual describes the instruments, measurement, calibration and
data handling procedures encompassed in monitoring atmospheric C02 .
The manual is meant to seNe as a guide for establishing good monitoring
protocols in new measurement programmes, and as a reference for all
programmes.
This manual is at the same time a snapshot, in the sense that the
technology of measurement and standardisation is likely to evolve, thus
necessitating revision of the monitoring protocols.

1.1
INTRODUCTION

The infrared radiation emitted by the Earth is almost completely absorbed
by the principle polyatomic gases carbon dioxide (C0 2), water vapour
(H 20) and ozone (03), which in turn re-emit radiation both upward
(eventually out to space) and downward (back to the ground). The
amount of radiation returned to the ground principally depends on the
C02 , and H2 0 content and the cloudiness of the atmosphere. Changes in
these variables affect the radiation budget of the atmosphere, thereby
possibly causing climatic change. The Earth's accessible reseNoirs of
C02 are in the atmosphere, the oceans, and the living and decaying
biomass. There is a continuous exchange between these reservoirs and
man is continually releasing C02 that is stored in (fossil and plant) fuels.
To establish trends in the C0 2 atmospheric mixing ratio for many years
ahead and to update such extrapolation, continuous accurate and reliable
monitoring of C02 is necessary, free from perturbations from local sources
and sinks.

1.2
METHODS OF
MEASUREMENT

When radiation (infrared or visible) passes through a gas or liquid, it can
be absorbed by the molecules in the medium. The amount of radiation
absorbed varies with the wavelength of the radiation and the type of
molecules in the gas or liquid. Figure 1 shows the absorption of radiation
in the atmosphere by the major greenhouse gases. With the exception of
ozone, the greenhouse gases of interest absorb primarily in the infrared
{IR) region of the spectrum. This feature has been exploited in the
development of analyser systems for the measurement of C02 • The basic
system consists of an infrared source, a sample cell through which the gas
passes and absorbs some of the radiation, and a detector. There are two
types of IR analysers: dispersive (DIR) analysers which are sensitive to
the detailed spectral features and nondispersive (NDIR) analysers in
which the broad band of absorbing wave lengths are used. In the
dispersive type the wavelength may be selected for the individual gas
molecule of interest. However, they are more costly than nondispersive
analysers because of their more complex construction. By using a
broader beam in the NDIR, more energy is available and so the system is
simpler and less costly to produce. The (NDIR) analyser has shown to
have the necessary sensitivity and stability for long-term atmospheric C02
measurements. lt is, therefore, the focus of this report.
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Figure 1
Absorptivity at various wave lengths by carbon dioxide and
other constituents of the atmosphere and by the atmosphere
as a whole [from Neilburger et. al., Understanding our
Atmospheric Environment; Copyright 1973, W.H. Freeman
and Company ].

A schematic of the basic components of a nondispersive analyser is
shown in Figure 2. Depending on the individual manufacturer of the
commercial analyser, there may be one beam of infrared radiation that is
emitted from a radiator which is split into parallel beams for the sample
and reference cells or there may be separate beams from two similar
sources of IR radiation for each cell. The beams pass through two
stainless steel cells; one beam traverses the sample cell containing the
atmospheric constituent to be measured and the other beam traverses a
reference cell. The gas in the reference cell may be static with zero or
predetermined concentration of the gas of interest or it may be a gas of
known concentration which is flowing through the cell in a manner similar
to the sample gas. The IR radiation is attenuated by carbon dioxide in
both cells and the signal from the detectors is proportional to the
concentration difference in absorption between the sample and reference
gases.
Many different detectors are possible: photovoltaic, photoconductive (this
requires optical bandpass filters to achieve selectivity), or C0 2 gas itself.
One analyser, the Siemens Ultramat, uses a slightly different principle. As
the energy absorbed in the sample cell is different from that in the
reference cell, there is a corresponding difference in the temperature and
pressure in the detector cells. A microflow sensor between the two cells
detects this difference to give a signal proportional again to the gas
concentration difference in the sample and reference cells.
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Figure 2

Simplified operation schematic of a nondispersive
infrared analyzer (not drawn to scale).

In all NDIR analysers, a chopper, between the infrared source(s) and the
cells, alternatively blocks the radiation to the sample and reference cells.
The amplifier produces an output signal only when a variation in IR light
intensity occurs at the chopper frequency. When the infrared beams are
equal in intensity an equal amount of radiation enters the detector from
each beam and the output is zero. When a variance in the beams is
detected the electrical output signal is proportional to the difference
between the two radiation beams. lt should be noted that variations in the
chopper frequency can be a major source of "noise" in the output signal of
the analyser.

1.3

RECOMMENDED
C02 MEASUREMENT
SYSTEM

Since the NDIR system is a relative measurement, that is to say, the
system measures the IR response of the sample cell relative to the IR
response of the reference cell, the analyser must be calibrated against
gases of known concentration. In designing an optimal C0 2 NDIR system,
it should be noted that the analyser span varies with the pressure in the
cell and the zero of the analyser varies with temperature. lt is, therefore,
necessary to control, or minimise changes to these two parameters
between calibrations or span checks of the analyser. Furthermore, the
analyser and flow system should be designed to minimise the amount of
gas needed to calibrate the analyser to conseNe span gases and reduce
the errors introduced when the span gases are changed.
Perhaps the largest source of uncontrolled error for most systems is the
regulators used on the tanks of working and calibration gases. In the worst
case the regulators can actually alter the concentration in the tanks and,
at best, must be flushed with sufficient volume (1.5 to 3 litres for typical
regulators) to bring the regulator into equilibrium with the concentration in
the tanks. This flushing volume may be much larger than that needed to
simply flush out the system plur:nbing.
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The minimum recommended measurement system shown in Figure 3
consists of a nondispersive infrared COz analyser connected to:
a) a supply of zero gas (ZZ), target gas (TR), four reference working
gases (W1, W2, W3, W4) and five reference calibration gases (L, M,
H, Q, S);
b) gas transfer pump for moving ambient air to the analyser; ·
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d)
e)

a flow regulation system.
some form of temperature control for the analyser (active as with a
thermostated heater or passive as in an insulated temperature
housing to thermally isolate the system from room temperature
changes.

Control and data acquisition devices, which record the primary data as
well as measurement system variables such as flow rates, temperature
and pressures, complete the measurement system. Operation of the
measurement system is essentially directed by a microprocessor in the
data logger or via a computer.

NDm
Analyzer
Sample
Line

Water Vapour Traps

Cryobath
Figure 3

1.4

RECOMMENDED
SAMPLING
PROTOCOL

Simplified schematic of the gas flow system for
continuous C0 2 measurement (not drawn to scale).

The calibration curve of the typical NDIR is exponential and, therefore, a
simple two point calibration (zero and span) is not sufficient to calibrate
the analyser over its whole measurement range for the degree of
precision required for long term measurements. However, over a small
part of its measurement range, 10-15 ppm depending on the particular
analyser, a two point calibration is usually sufficient to keep the
interpolation error to within 0.01 ppm. In cases where the diurnal range is
large, a third or fourth working gas may be needed. Alternatively, the
analyser may be calibrated periodically using 4-6 calibrating gases, and
the resulting polynomial used to calculate the C0 2 concentration. Since
this calibration equation is only correct for the temperature and pressure
at the time of calibration, the working gases are then used to adjust the
calculated concentration to current conditions. Such a protocol is more
complicated and outside the scope of this manual. lt is recommended that
the reader contact the GASLAB at the CSIRO Division of Atmospheric
Research, 107 Street, Aspendale, Victoria 3195, Australia before
embarking on such a complicated protocol.
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The recommended sampling protocol consists of an hourly two point
calibration of the analyser by switching in the W1 and W2 gases (see
Figure 4 below). The concentration of these two gases is chosen to
bracket the expected ambient concentration (i.e. the outside air
concentration is between the upper and lower calibration gases). Every 57 hours a target gas and the zero reference gas are switched into the
sample stream following the W1 and W2 gases. If the temperature of the
system is not well controlled, the zero gas should be switched in hourly
intervals and used to correct the analyser voltage for drift in the zero
voltage between span checks. The calibration factor of the analyser is
then calculated from the following formula:

where Ct is the calibration factor (ppm/volt),

W2(oonc) and W1(oonc) are the concentration of the 2 working gases and
V2tyo~ 2J

and V1 CN1l are the corresponding zero corrected analyser voltages.

This calibration factor Ct is applied to all ambient measurements until the
next hourly calibration sequence of W1 and W2. lt is also used to
calculate the concentration of W1 and W2 for the current hour and before
the Ct is reset for the succeeding hour. The calculated concentrations of
W1 and W2 may be compared from hour to hour to evaluate the system
performance and response to external factors as temperature and
pressure changes from
Hour to hour. The calculated concentrations may also be compared to the
assigned values for these working tanks as a further check on system
performance.

Figure 4

The recommended sampling protocol for an NDIR.

The target gas serves two very important purposes:
1.
2.

it provides a check on systematic changes induced when one
of the working tanks is changed and
it provides a very good estimate of the "best" system
performance.
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When one of the working gases is changed, there is an error introduced
by the uncertainty associated with the assigned concentration for the tank.
This uncertainty is normally in the range of 0.01 to 0.1 ppm with 0.05 ppm
as a typical value for most field systems. Since the target tank is switched
into the system immediately after the two working gases, the value
calculated for this tank is the least affected by external factors. By
comparing the calculated target tank value to the assigned value for the
tank, an estimate may be made of the overall precision of the ambient air
sampled. This would represent the minimum system error for ambient air.
Five calibration gases are recommended as shown in Figure 3 and the
analyser is calibrated using a procedure outlined in Chapter 3. These
gases are used to periodically calibrate the working gases used on the
system (W1 and W2), the target gas TT and a new set of working gases
(W3 and W4) being prepared for use when W1 or W2 are depleted. If the
standards used at the station are the only standards used by the
measurement programme (i.e. the station is not supported by a calibration
laboratory), then it is recommended that the number of standards be
increased to 7 to 9 tanks. The frequency of calibration of working tanks
should be at least 5-7 times over the life time of the working tank to allow
sufficient data to estimate the stability of the tank during its use. The time
between calibrations will vary, therefore, according to the consumption of
the gas used to calibrate the system hourly. This may vary from weekly for
1
systems with sample flow rates of 500 ml min- to monthly for systems
1
with a low sample flow rate of 100 ml min· •

·Table 1.1
Amount of gas available from common sizes of
aluminium tanks which are filled to a lower pressure than
typical steel tanks

Tank
Size

Initial
Pressure

Volume
(litres)

Final
Pressure

Volume
(litres)

Available
(litres)

30 litre

2000 psi or
133 atm

3990

500 psi or 33
atm

990

3000

1650

5000

50 litre

6650
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Table 1.2
Life times of aluminium tanks used as working standards
under various internal system configurations which determine
the volume of gas required for a calibration. Here it is
assumed that the system is flushed for 4 minutes at the
indicated flow rate and then calibrated for 1 minute. The
volume of gas used for a "span" check which is the critical
factor to be minimised.
30 litre tank
Volume Required (litres) for Span
Check

2.5

2

1.5

Life Time (months) for Hourly Span
Checks

1.6

2.0

2.7

Volume Required (litres) for Minimum 6
Calibrations

180

144

Life Time (months) for Hourly Span
Checks Including Calibrations

1.5

VolumeRequired(litres)for13Monthly
Calibrations
Span Check Interval (hours) for 1 Year
Life Time with 13 Calibrations

0. 75

0.5

0.25

4.0

5.4

8.1

16.1

108

72

54

36

18

1.9

2.6

3.9

5.3

8.0

16.0

390

312

234

156

117

78

39

8.4

6.5

4.8

3.1

2.3

1.5

0. 7

500

400

300

200

150

100

50

Volume Required (litres) for Span
Check

2.5

2

1.5

0.75

0.5

0.25

Life Time (months) for Hourly Span
Checks

2.7

3.4

4.5

6.7

9.0

13.4

26.9

Volume Required (litres) for Minimum 6
Calibrations

180

144

108

72

54

36

18

Life Time (months) for Hourly Span
Checks Including Calibrations

2.6

3.3

4.4

6.6

8.9

13.3

26.8

VolumeRequired(litres)for13Monthly
Calibrations

390

312

234

156

117

78

39

Span Check Interval (hours) for 1 Year
Life Time with 13 Calibrations

4.8

3. 7

2.8

1.8

1.3

0.9

0.4

50 litre Tank

1.5
MINIMUM SAMPLING
PROTOCOL

500

Sample Flow Rate (cc min"1)
400 300 200 150 100
50

A minimal sampling system for a station well supported by a calibration
laboratory could eliminate the station standards for calibrating the working
gases. All working gases and targets would have to be carefully calibrated
by the supporting laboratory before and after use at the station. The
largest drift in the standards usually occurs after the pressure has
dropped to below 1000 psi (69 atm) pressure. This is not always the case
and many tanks are relatively stable down to 500 psi (35 atm). Without
any station standards it is very difficult to track changes to the working
standards between calibrations. The calibration sequence using station
standards would be eliminated and would be replaced by a simpler
weekly to monthly intercomparison of the W3 and W4 working gases to
the ones in current use (W1 and W2) using a simple two point calibration
as is done for the outside air. A second target or surveillance tank to be
used when the 4 working gases are intercompared would be useful as a
further check on the system performance.
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CHAPTER2
INSTRUMENTATION

2
INTRODUCTION

There are many variations for the setup of an NDIR C02 system, but the
essential elements are the same. There is an intake line to a pump, a
drying system to remove moisture, a flow control system for the sample
and reference gases, a gas switching system for calibration of the system,
and finally the analyser itself. The calibration or sensitivity of the
analyser is strongly dependent on the pressure and temperature of the
sample and reference cells in the analyser. The major aim of a good
sampling system is to control any factors that may influence the cell
temperature and pressure, or if control is not possible, to minimise the
change of temperature or pressure with time so that their influence on the
analyser between calibrations is minimal and acceptable with respect to
the overall precision of measurement.
Factors that affect the performance of an NDIR system may be divided
into external factors (those outside the control of the system) and internal
factors (those which are within the system and therefore may be
controlled). Typically, the major external factors affecting analyser
performance are ambient temperature and pressure, in particular, their
short term fluctuations, and the stability of the electrical power. The
internal factors are many including the moisture content of the sample
and standard gas streams, variation in flow rate, incomplete flushing of
the system when introducing gases of different concentration, leaks
between standard gas lines and dead volumes in the gas transfer system,
preferential absorption by materials used in the flow path, in particular,
the standard gas regulators. All of these factors can, however, be
controlled.
NDIR analysers are used extensively for continuous measurement of
atmospheric C02 and are recommended by the World Meteorological
A listing of
Organisation as the most precise method available.
commercial analysers and addresses of manufacturers is presented in
Appendix 11. A summary of numerous C0 2 monitoring stations and the
analysers used at the sites is supplied in Appendix Ill.

2.1
NDIR-ANALYSER
CHARACTERISTICS

2.1.1
HOUSING

A manufacturer may provide several models of a particular analyser to
accommodate bench or rack mounting analysis. For both bench and rack
mounting, the analyser should be shock compensated to reduce the effect
of vibration. Certain models provide portability through the use of lighter
housing material and compact instrumentation. In addition, a rugged field
case may be available and is the preferred type of housing to use
because of its greater thermal stability.
Temperature fluctuations can be further minimised by insulating the entire
analysis compartment in a thermostated enclosure. The thermostat
enables measuring characteristics to be independent of room temperature
effects. Thermostats are either attached to an analyser or can be
mounted at a later date. A thermostat should maintain the temperature of
the analysis compartment well above room temperature, but not too high
so as to affect the electronics of the analyser.
lt is recommended that all internal connection tubing be replaced with
small diameter stainless steel and made longer than the original tubing.
The length of the sample and reference tubes should be proportional to
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the difference in the flow rates for these cells. This will assist the gas in
achieving thermal equilibrium before entering the sample cell without
significantly increasing the internal volume that needs to be flushed.
Certain analysers have choppers which are open to the housing interior.
These instruments require purging the analyser housing with nitrogen or a
reference gas to achieve stability. Measurements, with this type of
chopper design, are not as precise as where the chopper housing is
completely sealed.

2.1.2
REQUIRED
FLOW RATES

One basic guiding principle with respect to setting flow rates is to
minimise gas consumption. High sample flow rates translate into high
calibration gas consumption rates. The flushing volume of the system,
that is the amount of gas needed to bring the analyser into 100%
adjustment to a new concentration, is dependent on the internal volume
of the system from the point of gas switching to the outlet of the analyser
and the response time of the analyser electronics. Normally, the largest
component in determining the flushing volume is the cell size of the
analyser. Most analysers used in monitoring programmes such as those
of Hartmann and Braun or Siemens have cell sizes ranging between 100
to 200 cm 3 but there are several very small cell analysers, such as, the
UNOR 6N and LiCor which have 8 cm 3 and 11 cm 3 cells, respectively.
Each manufacturer specifies a range of flow rates for acceptable
performance of their instruments under normal operating conditions.
Satisfactory performance can often be achieved at substantially lower
flow rates. Each system must be tested to determine the best operating
range.
Both the sample and reference gas flow should be maintained as
constant as possible through the use of mass flow.
Changes or
fluctuations in flow rate produce pressure changes in the cells and this
translates into increased noise. Some analysers are less sensitive to
pressure fluctuations than others. Because gases are not switched
through the reference cell, the flow rates may be much lower than for the
sample; typically 5 to 10% for the sample flow rate.
Back diffusion of water vapour from the surrounding ambient air can be a
problem with low flow rates because of the extremely large vapour
pressure gradient between the room air and the dried air or calibration
gas streams. A long piece of tubing attached to the exit of each analyser
chamber will eliminate the influence of the back diffusion process, but the
best method is to use a desiccant (chemical drier) on the outlet of both
the sample and reference lines.

2.1.3
CELL VOLUME

~:.:1 ,.

2.1.4
COMPENSATION FOR
THE EFFECT OF
PRESSURE
FLUCTUATIONS

The length of the cell in the analyser is one of the factors determining the
sensitivity of the analyser. Increasing the path length of the gas in the
cell increases the absorption of the infrared radiation and for any given
set of source/detector electronics, this increases the sensitivity of the
system. However, there is a trade-off between length and sensitivity.
With longer cells there will be an increase in multiple reflections off the
cell walls and this can increase the noise to signal ratio of the system.
There are three primary sources of pressure changes in the sample and
reference cells; changes to the flow rate, changes to atmospheric
pressure, and changes to room pressure caused by air conditioning
systems. Flow problems have already been discussed above. In most
monitoring systems, the outlet of the analyser cell is open to the room
and so fluctuations in the room pressure will directly affect the response
of the analyser. Changes of atmospheric pressure are slow and can be
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compensated for by hourly calibrations of the analyser. Pressure
fluctuations caused by air conditioning are usually cyclical and of much
shorter duration. This is more difficult to deal with and may require
venting the analyser output to the outside of the building if the room
pressure cannot be adequately controlled. Some manufacturers supply
pressure circuits to compensate for the effect of atmospheric pressure on
a measurement. This is useful in industrial applications where the system
However, these
is calibrated only once a day or once a week.
recommended
not
are
circuits
correction
pressure
commercial automatic
systems.
for use in baseline monitoring

2.1.5
COMPENSATION FOR
THE EFFECT OF
TEMPERATURE
FLUCTUATIONS

2.1.6
SIGNAL TO NOISE
LEVEL

2.1.7
SELECTIVITY

2.1.8
STABILITY

As with pressure, ambient room temperature fluctuations can influence
the response of the analyser. Most analysers can be fitted with an
internal temperature control system but this is often not sufficient to
control the cell temperature when the room temperature fluctuates too
much. Ideally, the air conditioning system in a good laboratory has a
small temperature variance, However, this is not usually the case at field
stations. lt is necessary, therefore, to isolate the analyser from the room
as much a possible by placing additional insulation around it or putting it
in a separate chamber which is thermally lagged from the room.
Noise in the output signal is expressed either as root mean squared
(RMS) or peak-to-peak values. Technical specifications supplied with
NDIR analysers generally report signal noise as a percentage of full scale
or as a peak-to-peak value at a specific C02 concentration. For example,
greater than or equal to 0.5% of full scale or 0.2 ppm C02 peak-to-peak
at 350 ppm. The influence of noise can often be reduced by increasing
the signal averaging period either directly by increasing the analyser time
constant or indirectly by increasing the averaging period in the data
acquisition device.
A broad band of optical frequencies passes through the sample gas and
into the detector. The selectivity of a NDIR analyser is defined as the
ratio of the analyser's response to the specific gas (carbon dioxide) in
comparison to that of interfering gases (contaminants) which also absorb
radiation in the same infrared spectral region. If the interfering gases are
present in both the sample and reference cells and not varying
significantly in concentration, then the response of the analyser will be
primarily due to changes in the gas of interest. However, water vapour is
one interfering gas which varies significantly in the ambient sample and
must be removed from the gas stream. Decreased sensitivity to water
vapour may be achieved by the use of a filter in the infrared beam.
Principal absorption bands for C0 2 occur at 2.7, 4.3 and 15 11m as
illustrated in Figure 1. For most analysers tested to date, the use of
narrow-band optical filters alone is not sufficient to compensate for water
vapour interference to achieve the levels of precision required for
baseline monitoring. Therefore, gas drying is necessary as described
under 2.2.3.
The voltage output of an analyser can be influenced by various factors
including, but not limited to:
a) the voltage and frequency of the main power supply;
b) gas temperature, pressure and flow rate;
c) inadequate drying of the sample;
d) water in the standard tanks;
e) pressure regulator contamination of standards;
f) vibration;
g) contamination of the cell by various substances (for example dirt);
·
plumbing
h) surrounding electronic noise.
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The above factors can produce systematic errors in the analyser scale.
Every effort should be made to lessen these errors. Errors due to
analyser sensitivity to vibration can be reduced by mounting an analyser
away from drafts or by positioning it on a solid floor such as concrete.
Plumbing leaks can generally be detected by monitoring the response
time to the switching of gases. Errors due to analyser sensitivity to
temperature and pressure can be minimised by performing calibrations at
different times of the day.
A certain amount of random noise is inherent in the response of the
analyser. Errors arising from random noise are quite small, less than 0.1
ppmv, and are minimised by time averaging. Systematic errors are liable
to contribute between 0.2 to 0.5 ppmv to the error in the final
concentration and errors of this type may persist over a period of a few
weeks (Manning, 1982).

2.2
SAMPLE AND
REFERENCE
GAS HANDLING

2.2.1
GAS SUPPLY

2.2.1.1

Pressure regulators are used to step down the high pressure in the
compressed cylinders to a more suitable working pressure of 1 atm (15
psi) or less in the supply lines to the analyser. Regulators can be a major
source of contamination. The materials used in the regulator can absorb
C02 at high pressures and desorb it at lower pressures causing an
apparent drift in concentration of the tank. In a similar way, moving a
regulator from a high concentration tank to a low concentration tank can
contaminate the flowing gas until the regulator becomes adjusted to the
new concentration. There are many types of regulators on the market
and it is often difficult to know the details of construction or the effect of
the materials used on the concentration of trace gases. Thus, regulators
should always be adequately flushed and equilibrated to the working
pressure before use. As well, each calibration tank should have a
regulator dedicated to it.

2.2.1.2

The type of pump used in the NDIR system may be a common diaphragm
pump or a more expensive metal bellows pump. The material used in the
pump is less critical than in the regulators because the pump will be
flushed with a fairly large volume of air. Nevertheless, the heads of the
pumps and internal components coming into contact with the gas should
be of stainless steel and the diaphragm should have a minimum of
flexible medium such as Neoprene or Viton. The size of pump needed
will depend on the length ofthe intake line. Small diameter tubing (1/8
inch or 3 mm) should be used in the system gas lines after the pump to
dampen the effects of the diaphragm. lt is very important to test the
pump for leaks on the intake side. The pump should be pressure tested
to confirm that it does not take in room air during the compression of the
air stream.

Pumps

2.2.1.3
Intake Line

. ,.

The intake line(s) must be made of material that does not absorb or pass
C02 through it or does not corrode in any way when in contact with moist
air. In warm humid areas the line should be cleaned or replaced regularly
to avoid biological contamination .
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2.2.1.4
Particle Filters

2.2.2
GAS SWITCHING

Membrane or mesh filters must be used to remove entrained particulates
and should be mounted upstream of the pump. Where possible, a
membrane filter should be inserted into the tubing at the air inlet on the
tower to keep the lines clean followed by a secondary filter at the pump.
Where a filter at the inlet is not practical, there must be a filter at the
pump. An additional filter may be placed upstream of the analyser, after
the cryotraps, to eliminate the possibility of ice crystals from the
cryocooler traps or chemical particles from the chemical drying traps
entering the analyser.
Non-dispersive infrared analysis is a relative measurement method and
requires several gases to successfully calibrate an analyser. The
decision for the number of calibration gases to be used is balanced
between the desired precision of the analysis and the physical resources
(i.e. replacement gases). On a highly linearised system or systems
operating over a very limited range (1 0% to 15% of maximum) only two
calibrating gases are necessary for good precision. The actual range
depends on the degree of non-linearity of the system which varies with
each manufacturer. However, over larger ranges and for calibration of
standard gases on non-linearised systems, more standard gases will be
required to obtain a good instrument response curve. WMO strongly
recommends five or more standard gases to properly define the
calibrating range.
Solenoid type valves and electronic rotary valves are the two most
common types of valves used for switching the gases in continuous C02
analysis systems. The in-line 2-way and 3-way plunger type solenoid
valves are used extensively because of their low cost. However, the
drawback of these valves is excessive dead volume at tee joints and in
the manifold, leakage past the sealing surfaces at the plunger, and each
valve requires a separate control line. Electronic rotary valves such as
the Valco used in GC systems require only two control lines (more are
needed if you wish to read back the position of the valve) and do not
have the problems with manifolds and dead volumes. They are,
however, very sensitive to dirt in the lines which will score the valve seats
and after extensive use, leakage may start to occur around the rotor.
Periodic maintenance and testing is necessary for both systems. Clean
lines are also very essential. Many valves have a high pressure side and
a low pressure side. When designing an analysis system, care must be
taken to orient valves correctly with respect to vacuum and pressure
lines.

2.2.3
GAS DRYING

An obvious problem with non-dispersive infrared analysis is that there
may be other compounds in the sample stream which will absorb
radiation at the same frequencies as the carbon dioxide. Water vapour is
one such gas. Due to its abundance in the atmosphere, water vapour is
the most important interfering gas with respect to NDIR measurements.
Since water vapour is highly variable in both space and time, it must be
removed from the sample stream before entering the analyser. For
example, for the Siemens Ultramat Ill, 10 ppm of water vapour will
appear to the analyser as an additional 1 ppm of C0 2 • Other analysers'
responses are in the same range.
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Typically, with the rapid change in temperature of the sample gas in the
cryotrap, the moisture sublimes directly onto the cold surfaces in the trap.
Several methods for removal of water vapour exist, each method having
its advantages and disadvantages. lt should be noted that the methods
described below may be combined to take advantage of each and
minimise some of the disadvantages of each method when used alone.

2.2.3.1
Cryocooler Method

The sample gas at a fixed and known pressure is passed through a
vapour trap immersed in a methanol bath maintained at the desired
temperature below the dew point of the sample and above the freezing
point of C0 2 . The dew point temperature is a temperature at which the
air is saturated. Further cooling causes the moisture to condense out if a
suitable contact surface is available. Otherwise, super cooling of the
water vapour can occur. The objective is to remove as much water as
possible to minimise its absorption of infrared in the detector chamber
(typically to a dew point of -70° C).
Figures 5 and 6 show saturation humidity over plane surfaces of pure
water (0 to 50° C) and pure ice (-50 to oo C) as a function of temperature,
respectively. The saturation vapour pressures were obtained from the
Smithsonian Meteorological Tables (List, 1969) and converted to
volumetric concentration. At 20° C, air can "hold" four times as much
water vapour as at oo C, whereas, at -50° C it can "hold" approximately
150 times less water vapour than at oo C.
In general, freeze trapping is an effective method for removal of water
vapour from both a sample stream containing moist ambient air and a
reference gas from a cylinder. The main disadvantages of the cryocooler
method are the high cost of the cooler (to reach -80° C) and the high
energy consumption.
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Figure 5 Saturation vapour pressure, in ppmv, over plane
surfac~s of pure water and pure ice as a function of
temperature.
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2.2.3.2
Desiccant Drying
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Saturation vapour pressure, in ppmv, over plane
surfaces of pure ice at temperature below 0° C.

With this method, moist a1r 1s passed over the surface of a good
desiccant, such as magnesium perchlorate, contained in long wide-bored
tubing. The required tubing length depends on the flow rate of the moist
air. In principle, the water vapour is absorbed by the desiccant and
remains in the tubing, whereas, all other constituents in the sample air
pass through unchanged. A chemical desiccant can lower the humidity to
an effective dew point between -70°C to -80° C. Care must be taken to
replace the desiccant regularly before it begins to degrade or liquify if too
.much moisture is absorbed. The replacement time interval can be
estimated knowing the average moisture content of the sample air and
the flow rate. A reduction of the total atmospheric pressure within the
tubing can decrease the drying time necessary.
Desiccants may absorb other gases besides the water vapour and
manufacturers are prone to changing the formulation of the desiccant
without telling the user. Laboratory tests should be performed prior to
using a desiccant to determine if carbon dioxide is being absorbed. The
one advantage of this method is that it requires little energy. lt is simple
to change tubes when the desiccant is depleted but disposing and
handling of the chemicals can be a problem.
Safety must be practised when -handling desiccants. Proper clothing (lab
coat) and gloves should be worn to avoid contact with the skin. Use of
eye protection is extremely important to avoid pain, redness and blurred
v1s1on. lt is imperative that warnings are heeded and all safety
precautions taken.
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2.2.3.3
Nation Drying

Nation is a hygroscopic ion exchange membrane. Sample drying occurs
as the water vapour passes through the Nation tubing and is absorbed by
the tubing walls. The water passes through the Nation tubing and
evaporates into the surrounding air. The reaction is driven by the
humidity gradient, thus when the water content of the sample gas equals
the residual water level in the tubing the drying stops. The advantage of
the Nation method over desiccants is that the sample is dried without
being exposed to any material that may absorb C0 2.
Selecting an appropriate dryer for a specific application can be
accomplished through consultation of dryer brochures. One type of
Nation dryer is the Perma Pure PD Series gas dryer shown in Figure 7.
The dryer encloses one or more strands of Nation tubing in a shell with
fittings to supply a counter-current purge gas flow.

I

DRY

V PURGE

HEADER

DRY

WE1

FEED

PRO::JUCT
OUTLET

!NLE1
---t::>

---t::>

WET
PURGE

=~

PER~EABLE

TUBE PACK

niJI\ FT

Figure 7

Schematic of Perma Pure PO Series gas dryer
[printed with permission from Perma Pure Inc.]

Further chemical drying is needed to use the Nafion dryers with most
analysers , however, it can be a very economical and effective system if
the sample gas can be used as the dry gas feed to the Nafion dryer. With
an appropriate external dry purge gas, a Nation dryer can lower the
humidity to an effective dew point of about -45° c (at an ambient
temperature of 25° C). The sample will have a final dew point of about 45°C or that of the purge gas, which ever is higher.
Occasionally an external dry purge gas supply is not available and the
sample gas itself can be used to carry away the excess water in a selfpurging process. With the scheme shown in Figure 8, dewpoints between
-25 to -35° C are possible yielding a water vapour interference of 0.1 to
0.3 ppm/ppm C02 . However, if the chemical trap is placed before the
analyser, the required dew point of -70° C can easily be reached.
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Dessicant }-

Nation Dryer -

Schematic of a system using sample gas as the dry
gas feed to the Nation dryer (not drawn to scale).

2.2.3.4
Method of Constant
Water Vapour
Pressure

The method's principle is to keep the water vapour content of both
sample air and calibration gases at any time precisely at a constant value
corresponding to the saturation pressure at a temperature point in the
range 2-4 oc which is carefully kept constant. Any sample or calibration
gas is saturated by passing it though a water bath immersion at that
temperature, and is subsequently passed through two drying columns
kept at the same temperature. All devices needed can be placed in a
refrigerator equipped with precisely working thermostats. Since the
temperature of the gas analysers is in a range some 40 oc higher,
condensation cannot occur. As a side effect of this method, suspended
particulate matter in the sample air is effectively removed.

2.2.4

Gas flow regulation is fundamental in a continuous sampling system. The
essential problem of flow regulation is to deliver constant (although not
necessarily the same) flow rates for the sample and reference gases.
Flow fluctuation in the sample and/or reference gas can cause erroneous
concentration estimates by an analyser. Two flow regulating instruments
used extensively in C0 2 analysis are rotameters (volumetric) and mass
flow controllers.
Mass flow controllers are recommended because
rotameters are subject to temperature and pressure problems. New
pressure controlling devices, now found in some gas chromatographs,
may prove to be very useful in NDIR systems.

GAS FLOW
REGULATION

2.2.4.1
Rotameters

A rotameter works on the principle of positive displacement. A rotameter
consists of a float inside a tube that has a cross-section increasing in area
from bottom to top. The position of the float in the tube is established
through equilibrium between the weight of the float and the velocity
pressure of the gas flowing through the annular space between the tube
wall and the float. Since the height of the float and the annular area
increase with increasing flow equilibrium can be established at any flow.
The height of the float indicates the flow rate.
Rotameters are available for a wide range of gas flows. The accuracy of
an individual rotameter depends on the quality of construction. A unit
designed specifically for a particular analysis system and with an
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individual Calibration can be accurate to within a few percent of full scale.
However, mass produced rotameters are often far less accurate and it is
advisable to check their calibration over their full range against a
secondary standard before use.
To achieve reliable results from a flow meter, appropriate calibration must
be performed on the instrument. Most rotameters are calibrated by the
manufacturer against a primary or more accurate secondary standard at
room temperature and atmospheric pressure. Unless the rotameter is
used under these conditions the calibration supplied with the rotameter is
invalid. If this is the case, the rotameter should be calibrated in the
system in which it is used against a known standard or the supplied
calibration corrected for variations in temperature and pressure. Not
correcting these factors could cause large inaccuracies.
A rotameter is limited by its sensitivity to contamination of either the float
or tube wall. Proper operation of a rotameter depends on a clean annular
space. Accumulation of either dirt or water vapour on the float or tube
wall can contribute to a significant error. Care must be taken to ensure
limited or no contamination.
Rotameters are not generally considered to be precision type instruments
and should be used in instances where the degree of precision can be
satisfactory. Rotameters give a visual indication of flow, however,
rotameters typically do not have a transducer to allow monitoring of an
electrical output signal.

2.2.4.2
Mass flow controllers

In contrast to rotameters, which indicate the volumetric rate of flow of a
gas, mass flow controllers measure and control the actual mass rate of
flow. Many flow meters are based on heat transport by the flowing gas.
The response depends not only on the mass flow, but also on the heat
capacity of the gas.
A thermal mass flow controller is the most accurate method of flow
measurement and control. Thermal mass flow meters use a heated
element to measure mass-flow-related heat transfer effects. The output
is then an electrical signal, usually linear with flow.
Control is
accomplished by electronic feedback and typically has the same steadystate accuracy as that of the measurement (i.e. the control valve errors
are removed by the feedback control) (LeMay, 1977).
Mass flow controllers are calibrated by the manufacturer for specific
gases. Based on the designated gas, sensors and electronic circuits are
designed to measure the gas flow and vary it until a setpoint (value fixed
by the user) is reached.
Mass flow controllers are commonly
manufactured for standard flow ranges. Standard flow ranges can be
listed in units of standard litres per minute (lpm) or standard cubic
centimetres per minute (seem). Following a range change or repair the
mass flow controller must be calibrated. Calibration can be done by the
manufacturer or the user. Some manufacturers, for example Tylan, offer
portable secondary standard mass flow calibrators to facilitate field
calibrations by the user.
Specifications for mass flow controllers vary with different manufacturer
designs. Specifications for accuracy are generally ±1 to ±2 percent of full
scale. Other specifications which are of importance are response time
and repeatability. The response time indicates the time required for the
controller response to come within ±1 to ±2 percent of the setpoint and
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Repeatability is a measure of standard deviation.
remain there.
Specifications for repeatability are generally ±0.2 percent of full scale.
Other considerations are ease of use and maintenance, cost, leakage
potential, and sensitivity to changes in pressure, temperature and altitude.
Typically, the effect of ±5°C (±10°F) temperature change is ±0.2% while
the effect of ±SO hP barometric change is negligible (LeMay, 1977).

2.3
REFERENCE GAS
STANDARDS

2.3.1
WMO CENTRAL C02
LABORATORY

Since standards are essential to a measurement programme and
because, with respect to the C02 programme, they are considered to be
unstable in the long-term, special attention has been paid to the
establishment of global standards to which all measurement programmes
can be referenced. On account of NDIR detectors being non-linear, more
standards are required than would be the case for linear systems. The
name, description and definition of the hierarchy of standards established
by the WMO C0 2 Experts in 1972 (WMO, 1972) is described below.
In 1975, the Scripps Institute of Oceanography (SIO) was formally
designated as the Central C02 Laboratory (CCL). The principle purpose
of the CCL was, and is, to ensure that all atmospheric C02
measurements of the WMO programme are referred to a common scale.
In 1976, during the WMO Technical Conference on Air Pollution
Measurement Techniques in Sweden, the sub-group on sampling and
measurement of carbon dioxide recommended that the reference gas
mixture of carbon dioxide in nitrogen be replaced by a mixture of carbon
dioxide in air to improve the accuracy of measurement by eliminating
corrections necessitated by the effects of the analysers. Based on this
recommendation, SIO prepared a suite of C02-in-air standard gases
At present the absolute
designated as WMO Primary Standards.
concentrations are determined by repeated measurements of the suite of
standard gases themselves using a constant volume manometer (WMO,
1986).
To be able trace an instrument to the WMO Primary Standards,
global intercomparability of background C02 measurements, a
as
as well
calibration hierarchy identifying standards according to intended use is
shown in Figure 9. Each transfer of calibration incurs an additive
calibration transfer error for the calibration of a C0 2 measurement
instrument. Possible errors at any level of the hierarchy are composed of
the sum of errors of each calibration step. Therefore, the number of
levels in the standards hierarchy is a trade-off between maximising the
life time of the standards and minimising the transfer of errors by
downward calibrations through the hierarchy.
The WMO Primary Standards are gas mixtures maintained by a
1
laboratory designated as the WMO CCL . These standards are used to
determine the international scale against which all participating countries
must report their data.
At the WMO C02 Experts Meeting in Aspendale, Australia,
September 1997, the function of the WMO CCL was transferred to the
NOAA/CMDL in Boulder, Colorado which now supplies standards and
working gases to the C0 2 community.

2.3.2
WMO
PRIMARY STANDARDS

The composition of the gas mixtures is determined by primary
measurements such as temperature, volume, and weight. The CCL must
have a method, such as a high precision manometer, of evaluating the
1

World Meteorological Organisation Central C0 2 Laboratory
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Primary Standards for drift over time . In the WMO programme these are
the only standards designated as Primary Standards. The WMO Primary
Standards are used to assign precise C02 concentration values to the
National Standards although this is not normally done directly.

WMO Standards

l
National Standards

l
Laboratory Standards

l
Transfer Standards

l
Working Standards
Figure 9

2.3.3

NATIONAL
STANDARDS

Flowchart showing
hierarchy of standards.

One laboratory or station in each country should be assigned the
responsibility of maintaining a set of standards, designated as National
Standards, with a scale that is directly traceable to the WMO Primary
Standards at the CCL. This suite of standards should be of the highest
quality and may be made locally, by one of the established programmes
or by the WMO CCL, depending on local circumstances. In all cases,
these standards must be sent to the WMO CCL for calibration and initial
monitoring for stability. There should be two sets of National Standards
with a minimum of six tanks, preferably 9 to 11, each covering a range
sufficient for the next 30 to 40 years. One set of National Standards
should be sent to the WMO CCL every two years for calibration. The
National Standards should be used sparingly and for the purpose of
maintaining the national calibration scale.

2.3.4

Many types of standards are used and required to keep a C02
measurement programme properly calibrated.
For a national
programme the calibration system should be a three-level reference gas
system consisting of laboratory, transfer and working standards. In single
station programmes, the national and station standards may be the same
tanks. The laboratory, transfer and working standards are described
below.

2.3.4.1
Laboratory Standards

Laboratory standards may be made in one of several ways. Usually, they
are carefully made gravimetric standards but they may also be tanks that.
are produced by compressing locally clean air into the tanks. In either

LOCAL
PROGRAMME
STANDARDS
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case, great care must be taken with the preparation of the tanks
themselves to minimise the long-term concentration drift of the standards.
The Laboratory Standards are calibrated against the National Standards
Primary Standards for drift over time. In the WMO programme these are
the only standards
The purpose of the Laboratory Standards is to assign C02 concentrations
to the Transfer Standards. Although errors are associated with the
transfer of concentrations from one suite of standards to another by NDIR
analysis, better long-term analytical precision is achieved by conserving
the most important in-house standards for as long as possible (typically
20 to 30 years).

2.3.4.2
Transfer Standards

2.3.4.3
Working Standards

2.3.5
DRIFT IN
STANDARD GASES

A second set of calibration standards should be maintained by national
programmes for use as Transfer Standards. These standards, which are
usually made locally, are used to calibrate the monitoring programme
standards at a station (Station Standards) or in a flask monitoring
The Transfer Standards must be
programme (Flask Standards).
periodically calibrated relative to the Laboratory Standards.
To avoid rapid depletion of Transfer Standards, a suite of Working
Standards is used to calibrate the C0 analyser according to an adopted
2
monitoring protocol. For most non-linear NDIR systems at least two
Working Standard gases, which bracket ambient concentrations, are
required to check the operation of the analyser. These Working
Standards have an expected life of 3 to 4 months depending on the
monitoring protocol. A third Working Standard, called a Surveillance
Standard or Target Gas, should be switched in every 5 to 7 hours to
The Working Standards should be
monitor system performance.
Transfer Standards.
the
to
relative
calibrated
periodically
Mixtures of C02-in-air contained in aluminium cylinders usually exhibit
small, but potentially significant drifts over a period of time. Thus, where
possible, gas standards should be allowed to stabilise for up to two years
before use to minimise the effect of C02 adsorption on the inner walls
and hence drift in concentration during actual usage. lt is because of
these drifts in concentration that the sets of standards must be
periodically calibrated against the standards set above them in the
hierarchy in a well established procedure. This calibration up the
hierarchy continues to the highest level in the National Programme.
These National Standards must be calibrated periodically against the
WMO CCL Primary Standards.
The concentration of any tank at any level in the hierarchy may be
After a new re-calibration, the
expressed as a function of time.
concentration as a function of time may need to be adjusted, and all the
ca!ibrations traceable to these standards must be corrected and new drift
This procedure though not
eouations determined for each tank.
complicated, is tedious and must be done very carefully.
The ambient concentration determined from the monitoring system is
dependent on the calibration of the working gases, which themselves are
dependent on the standards in the levels above them. Drift corrections
must be made, not only to the standards but also to the ambient
concentrations.
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2.3.6
STANDARDS
DATABASE

2.3.7
CALl BRATION SCALES

2.3.8
CARRIER GAS
EFFECT

The number and types of standards in use even by a single station
monitoring programme can be quite large. In order to make all the
necessary corrections some structured procedures must be applied.
There are many ways to do this depending on the complexity of the
calibration hierarchy and the number of stations involved. Each of the
well established monitoring programmes have developed their own
programmes and procedures. An example of a database system is given
in Appendix I from the Environment Canada program and information on
some of the other programs is given in Appendix Ill.

Since the 1950s a number of different C02 concentration scales have
arisen due to drift in the Scripps Institute of Oceanography's (SIO)
analyser calibration scale. Each time manometric calibrations are carried
out on existing primary gases, or new primary gases are assigned
concentrations from old gases a new or revised index scale is formed.
The most recent scale was established in 1994 by SIO on which the 1994
C0 2 mole fraction scale of the WMO is based. See Manning (1981) for
information on WMO calibration scales prior to 1980.

NDIR analysers are calibrated by passing standard gases of known
concentrations through a sample cell at specific intervals. Gas mixtures
different in composition from that of dry sample air (for example C02-innitrogen) have been used for calibrations. The composition of dry air,
given in Table 2.1, contains oxygen, argon and other minor constituents
in addition to nitrogen. In the 1970s experiments were conducted
showing characteristic response differences between different types of
analysers using C02-in-air and C02-in-nitrogen standards. This lead to
the recognition that calibration of NDIR analysers with C02-in-nitrogen
standards produced atmospheric C02 measurement errors [Bischof
(1975); Pearman and Garratt (1975); Keeling et al. (1976), Pearman
(1977)]. Since their recognition, these errors have been determined
empirically and subsequently used to correct measured COrin-air
concentrations for the so-called "carrier gas effect" (Griffith, 1982). The
physics of the impact of the carrier gas on the signal obtained by the
NDIR measurement technique is briefly described in the 1981 WMO
Report of the WMO/UNEPIICSU Meeting on Instruments, Standardisation
and Measurement Techniques for Atmospheric C02.
The magnitude of the "carrier gas effect" varies considerably with the
NDIR instrument used. Under the conditions in which NDIR analysers
operate in the GAW Programme, the effect can amount to about ±5 ppm
(WMO, 1981). To avoid such large corrections, the WMO recommended
that only C02-in-air standards be used in the baseline programmes.

Table 2.1: Composition of Dry Air.
CONSTITUENT
Nitrogen
Oxygen
Argon
Carbon dioxide & trace elements

CHEMICAL
SYMBOL
N2
02
Ar
C02

PERCENT BY
VOLUME
78.09
20.94
0.93
0.04
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CHAPTER 3
CALl BRATION & MAINTENANCE
MONITORING PROTOCOL

3.1
GENERAL

The monitoring protocol adopted for programmes has a strong
impact on the integrity and quality of the data set. The WMO
recommends the following protocol for Station Standards,
analyser calibration and system checks be adopted by each
new programme and, where possible, by the older established
programmes.

3.1.1

Station Standards are used for calibrating the working gases
and for monitoring the stability of the working gases over the life
of their use.
The working gases should have 8 to 10
calibrations before they are depleted. lt is preferable to
maintain the life of the Station Standards as long as possible.

STATION STANDARDS

The aluminium tanks, recommended by the WMO, are
available in two sizes suitable for long term standards; 30 litre
and 50 litre variety. These tanks are typically filled to a
pressure of 150 atm (2250 psi). This is approximately 75
percent of what is common for steel tanks of equivalent size.
However, by the time the standard has been calibrated
sufficient times to be used at the station, the typical pressure in
the tank is between 125 to 135 atm.

3.1.2
EXPECTED LIFETIME
OF STATION STANDARDS

The amount of calibration gas used depends primarily on the
system configuration. Assuming a flushing time of 4 minutes to
reach stability and an averaging time of 1 minute, a typical
calibration sequence of 12 cycles requires between 18 L (at 300
cm 3/min) to 28 L (at 500 cm 3/min) of standard gas from a tank
(for a 30 L tank that represents 0.5 to 1 atmosphere of
pressure). Given that approximately 33 atmospheres must be
left in the tank because of the rapid drift in concentration
experienced at lower pressures and assuming 1 atmosphere of
gas per calibration, there are about 127, or 2.4 years, of
calibrations in a 30 litre tank which started at 150 atmospheres
Given the initial calibrations required to establish a stable
concentration, the normal field problems that require repeat
calibrations and variability in starting tank pressures, two years
is a practical lifetime for a 30 L tank and approximately three
years for the 50 L tanks. Practical reasons why these limits
would not be reached are leaks in the tank valves or the
regulators, repeat calibrations required by system failures
during a calibration (see table 3.1).
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Table 3.1: Expected useful volumes for the 30L and SOL tanks.

rank
Size

FlOW ~ate

(~~~

atml

for 5
Minutes

<;:JaS
required per
Calibration 1

.f\llax1mum
Number of
Calibrations

30 L

4500 L *

500
cm,min·l
300
cm,min·l
100
cm,min·l

28 L
18 L
6L

125 [2.4 yrs~
195 3.8 yrs
585 11.3 yrs)

50 L

7500 L "

1650 L

28 L
18 L
6L

208 4 yrs)
325 6.3lrs)
975 18. vrs)

*reserve left m the tank 990 L
# Reserve left in the tank 1650 L
1
based on 12 cycles per calibration

3.1.3
CALIBRATION OF
STATION STANDARDS

3.1.4
CALl BRATION
OF THE ANALYSER

The Station Standards should always be calibrated as a set. If one tank
must be removed from the set for any reason, the replacement tank
should be close to the same age and pressure as the remaining tanks in
the set and the set should be calibrated against the Transfer Standards
before use on the station. The station standards should be calibrated
periodically (at the Alert station every six months) against a set of
laboratory Transfer Standards.
The analyser should be calibrated hourly by two working gases that
closely bracket the ambient concentration. Depending on the degree of
non-linearity specific to each type of analyser, these two working gases
may be from 10 to 20 ppm apart in concentration. Every 5 to 7 hours a
third gas called the Surveillance or Target gas should be injected after the
two working gases. The difference between the assigned concentration
for the Target and that calculated by the working gas calibration is a
measure of the overall system performance. The working gases and the
target gas should be calibrated every 8 to 15 days by a set of at least 5
Station Standards in a pyramid manner shown in Figure 10, or a cascade
shown in Figure 11 .

Q

Q
Repeat

Calibration Gases: L, M, H, Q
Unknown Gases: U

Figure 10:

Pyramid style analyser calibration protocol.
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C = Calibrated Gases
U = Uncalibrated Gases
X= Target Gas

fL

;>

Time

Zero

First Cascade

Figure 11:

Second Cascade

Cascade style analyser calibration protocol.

3.2
PRE-CALIBRATION
PROCEDURE
3.2.1
ASSIGNING
REGULATORS
TO GAS PORTS

A pressure regulator should be connected to each reference gas port. lt
is recommended that each regulator be labelled identifying to which port
it is attached. Once connected to a port, a regulator should always be
used with that port so that potential errors associated with individual
regulators may be minimised. When possible, each calibration tank
should have a regulator dedicated to it.

3.2.2
PREPARING
REGULATOR
THREADS

Teflon tape should be applied to the threads to procure a secure seal
between the regulator and the cylinder as well as the port tubing.
Residues of previous Teflon tape must be removed before new tape is
Wrap new Teflon tape in the direction of the thread spiral
applied.
beginning with the first thread (distant to the regulator assembly) when
the threads have been thoroughly cleaned. Teflon tape should never
extend beyond the first thread. During attachment of the regulator to the
port, overhanging tape can shred and contaminate the gas transfer
tubing. The free end of the tape should be drawn tautly around the
threads so that the tape conforms to the threaded surface and holds in
position. A double wrap may provide a better seal, however, such a
requirement should be determined on site.

3.2.3
ATTACHING
A REGULATOR
TO A CYLINDER

Prior to attaching a regulator to a cylinder, close the regulator valve.
Attach the regulator to the cylinder. Be careful not too over-tighten and
strip the threading. Crack the main cylinder valve open to pressurise the
regulator. Open the regulator valve 50 percent to purge the regulator of
room air, then close the main cylinder valve to stop the gas flow from the
cylinder. Attach the port tubing, again taking care not to over-tighten and
strip the threading.

3.2.4
PRESSURE TESTING
REGULATORS

Most system leaks occur at regulator connections to the cylinder and the
port tubing. The regulator must be pressure tested to determine if any
leaks are present.
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The total pressure chamber of the regulator should be disengaged from
the delivery pressure chamber. On most regulators, this is done by
turning the regulator adjustment valve completely clockwise.
The
cylinder valve should be completely opened, to allow the total pressure
chamber to fill, and then closed. Slowly turn the regulator valve
counterclockwise until 20 psig of pressure is released into the delivery
pressure chamber and the gas transfer tubing. The pressure changes in
both chambers will be indicated on the pressure gauges.
Once again, disengage the total pressure chamber from the delivery
pressure chamber. Place leak detecting solution on all connections. The
solution will bubble wherever a leak is present. Use judgement to decide
whether or not the connection requires further tightening. If further
tightening of leaking connections does not stop the leak, all threading in
the connection should be re-taped following the procedure outlined in
section 3.2.2.
When all plumbing leaks are repaired, allow the entire system to remain
as setup (with the two regulator chambers disengaged and the cylinder
valve closed) for a minimum of 30 minutes. This will verify any
significant plumbing leaks between the regulator delivery pressure
chamber and the cylinder valve. Plumbing leaks cannot be tolerated as
back diffusion from surrounding room air may enter the gas stream once
the gas line pressure is less than the ambient. All gas leaks must be
avoided before starting a calibration.
lt is good practice to leak check the analysis system when new, after
replacing any equipment in the plumbing circuit and on a periodic
schedule.

3.2.5
ADJUSTING
FLOW RATES

Both the reference and sample flow rates can be adjusted using a flow
meter as described previously. lt is preferable to have an external visual
display of the flow rate as well as the analogue signal which is monitored
by the data system. The reference flow rate may be set at a convenient
low flow to conserve the reference gas (between 10 to 30 cm 3min. 1) and
the sample adjusted to a rate adequate to flush out the system after
switching. In this case, the lowest flow rate consistent with the analyser in
use should be set to conserve the calibration gases.
Instructions on setting flow rates are specific to each flow meter and are
outlined in operation manuals supplied with each flow meter.

3.2.6
ADJUSTING
CYLINDER PRESSURE

3.2.6.1
Step One

Delivery pressure for all standards must be maintained at a fixed level for
the duration of a calibration. This level is determined by the back
pressure required by the flow controller for proper operation (between 5 to
15 psi is usually adequate). If the pressures are not similar for all tanks
then a pressure pulse will occur when switching from a tank with a low
pressure to one with a higher pressure. This pulse may be sufficient to
drive the analyser off scale and it may not come back into adjustment in
time. Setting the delivery pressure requires the following steps which
must be repeated for each cylinder. The cylinder pressures should be set
in the numerical order of the connecting ports. Some visual indication of
the flow meter and analyser response is needed to balance the system. A
dual pen chart recorder is useful for this testing.

Open the cylinder valve completely being careful not to overturn and strip
the threading. Be sure that the valve is fully open, as a partially open
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valve may close by itself. When the valve knob turns very easily the
valve is most likely fully open

.3.2.6.2
Step Two

Using a valve position switch, manually position the gas switching valve
to the port number of the cylinder for which the delivery pressure is being
set. Since the two regulator chambers are still disengaged the delivery
pressure gauge will show the pressure dropping. Slowly turn the regulator
counterclockwise (allowing gas to enter the delivery pressure chamber)
until the delivery pressure gauge indicates 15 psig.
lt will take a few seconds for the gas to reach the sample cell. When the
gas reaches the cell, the chart recorder will begin to trace the voltage of
the sample gas. Initially, the chart recorder trace may quickly increase or
decrease depending on the voltage of the previous gas in the sample cell.
After some time the gas will homogeneously fill the sample cell and the
chart recorder trace should show a constant voltage. Before advancing to
the next cylinder allow flow through the sample cell for approximately 10
minutes to ensure that the gas has equilibrated.

3.2.7
CYLINDER
CALIBRATION SHEET

A cylinder calibration sheet, once completed, contains all the particulars
of a specific calibration. Table 3.2 is an example of the cylinder
calibration sheet used at the Canadian Atmospheric Environment Service
(AES). lt is recommended that a sheet containing similar information be
used at all monitoring programmes. Note that the calibration sheet can
also be in electronic format.
The cylinder calibration sheet should be completed before
commencement of a calibration to ensure that the initial tank pressures
are recorded. lt is pertinent that cylinder serial numbers are recorded
correctly and are entered by the port number corresponding to that
cylinder.
The cylinder calibration sheet is very important and should be placed in a
large envelope that will contain other calibration papers such as the chart
recorder trace and a hard copy of the calibration data. For referencing
purposes, write the calibration number, calibration date and the type of
calibration performed on the right hand corner of the envelope.

3.2.8
SETUP OF
THE BACKUP DATA
RETRIEVAL DEVICES

An analogue chart recorder can be a valuable asset in setting up the
system and monitoring its performance and is strongly recommended. lt
can act as a backup data system although its accuracy is less than that of
the main data system. Many data systems can also be programmed to
output selected data directly to a printer. In addition to the above it is
strongly recommended to store the data collected on more than one
medium.
The data may also be transferred from the data system at regular and
frequent intervals to another computer or data system to avoid major data
loss due to a failure in the main system

3.2.9
INSPECTION
OF THE DATA
LOGGER CHANNELS

Before starting a calibration, confirm that all systems are working
properly, for example, check that the channel registering the cryobath
temperature is indicating the correct temperature, the reference and
sample gas flow rates are correct when switching between tanks, that the
analyser is in the correct operating range, and so on.
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Table 3.2: Cylinder Calibration Sheet used at the Atmospheric Environment Service.
Calibration # :
CR21X Tape#:

Date:
Tape Footage Start:
Tape Footage Stop:

Start time:

CR21X AID Sampling Interval (seconds):
Delay sampling for
seconds after switching gases
Average analyser output for
seconds before switching gases
Zero flow rate (mUmin):
Sample flow rate (mUmin):
Port
No.

Cylinder
Serial
No.

Type

Cone.
(ppm)

Date
Last
Calibrat
ed

Cylinder
Pressur
e

Delivery
Pressur
e

Regulator Type

1
2

3
4
5
6

7
8
9
10
11
12
Chart Speed (mm/hr):

Scale (volts):

Comments:

3.3
CALl BRATION
PROCEDURE

The measurement of C02 concentrations involves determining the
instrument response curve using four or five standard gases of known
concentration. The concentration of the unknown gases are calculated by
interpolation from the calibration curve.

3.3.1
SAMPLING
SEQUENCE

Reference and unknown gases are continuously passed through an NDIR
analyser, following a cascade pattern shown previously in Figure 11. The
duration of each step in the cascade is 4 minutes, with each gas being
analysed in the final 30 seconds of the 4 minute interval. The cascade
pattern is repeated 10 times for each calibration to statistically reduce the
random error in the analysis.

3.3.2
CALl BRATION
PROTOCOL

The following calibration procedure, used at AES's arctic baseline station,
Alert, is an example of an appropriate calibration protocol .

3.3.2.1
Calibration of
Unknown Tanks

The NDIR analyser used at the site is a Siemens Ultramat Ill. The
sample gas intake is 10 metres above ground level. Using a Neuberger
(Model UN022SV1) vacuum pump, the sample gas is drawn from a 10
cm glass manifold located inside the laboratory. Downstream of the
pump, a release valve regulates the line pressure to 15 psig. The sample
gas passes through a large bead-filled glass trap immersed in a cryogenic
bath, set at -70°C, to permit analysis on a dry air basis. From the glass
trap, the sample line is plumbed into a 12-port Valco stream selection
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valve along with four station standards, four working gases, a Target gas
and a zero gas. Prior to being used in the analyser, the gases pass
through a small cryocooled glass trap. This second trap is necessary to
remove any moisture passing the first trap and to remove any moisture
that may be in the gases from the cylinders. The sample gas then passes
through a mass flow controller, upstream of the analyser, to control the
flow at 300 cm3 /min. The reference gas passes through a separate
glass trap and flow controller and is maintained at 30 cm3/ min. The C02
concentration is determined at approximately room pressure, since there
are no restrictions downstream of the analyser.

3.3.2.2
Drift Correction

3.4

POST
CALl BRATION
PROCEDURE

The calibration is done by cycling all of the gases 12 times through the
analyser. The first two cycles are ignored as the regulators are coming
into adjustment with the flowing gases and all the gas lines are being
purged. With each cycle the unknown concentrations are calculated form
a quadratic equation fitted to the five calibration gases. At the end, the
average and standard deviation of the 10 estimates of the unknown
concentrations are calculated.
If the system is used only for calibrations, tanks will need to be changed
for the next calibration. The regulators should be left on the gas lines and
the valves should be closed to minimise room air getting into the gas
lines and the analyser. If the system is not to be used for a while, a low
flow of dry gas through the system and analyser should be maintained to
keep it dry.
monitoring system, then the controlling
If the system is a field
programme will switch to the appropriate protocol for ambient data. lt is a
good practice to close the valves on tanks not being used to prevent
accidental loss but this is not always possible for remotely controlled
stations.

3.4.1
CLOSING
CYLINDER VALVES

Once a calibration has finished, completely close the valve for cylinder 1
through to cylinder 12. Be careful not to tighten too much and strip the
threading. To ensure the cylinder valves are fully closed, turn the
regulator dial counterclockwise and watch the pressure gauge to see if
the pressure in the total pressure chamber decreases. If the valve is fully
closed, the pressure in the total pressure chamber will decrease since the
delivery pressure is being increased by the remaining pressure in the
regulator.
Change the zero gas on port one to a dry air flushing gas and set the
delivery pressure at 15 psig. Flushing the plumbing system between
calibrations prevents contamination by room air.

3.4.2
RETRIEVING
CALIBRATION DATA

3.5
INTER-STATION
CALIBRATION

Data collected over the calibration run sequence can be transferred to a
personal computer via a serial cable. A communications programme is
required to initiate communications between the data logger and the
computer.
Every few years the WMO sponsors and organises an inter-comparison of
standards among interested laboratories. These have been given the
name "round-robin" which simply means that the results of all participants
are compared to each other. The purpose of such inter-comparisons is
NOT to distribute a calibration scale, but rather to determine the precision
of the current practice of international calibration. In addition, it could
help a Laboratory find systematic errors in their gas standards procedures
that they had not previously recognised. Thus, a round-robin is one step
toward the goal of the international community of having data from all
Laboratories directly intercomparable within 0.1 ppm.
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The last completed inter-comparison took place during 1996-1997.
Twenty-four laboratories participated, representing all regions of the
world. They were divided into three geographical groups. Nine cylinders
of reference gas were prepared; three each of approximately 345, 360,
and 375 ppm. Sets of three cylinders (one of each concentration) were
circulated within each geographical group. The participating Laboratories
were only told the approximate concentration levels of the tanks. Then,
each Laboratory was instructed to treat each cylinder as containing gases
of unknown mixing ratios and to analyse the three cylinders as if they
were "working tanks" within their programmes. After completing their
analyses, the laboratory sent the three tanks on to the next participant on
the list. The laboratories reported their results to a referee, who kept the
results confidential until all laboratories had reported. Finally, the tanks
were analysed at the beginning and end of the exercise by the same
laboratory to determine if there was any change in mixing ratios while the
cylinders were circulating among the laboratories.
The technical aspects of these round-robin inter-comparisons are
discussed every two years at WMO-sponsored meetings of the C02
Expert Working Group. They give advice to the coordinator, lay out a
broad approach to the round-robin, and accept the results from the
referee.

3.6
SYSTEM CHECKS

3.6.1
ROUTINE CHECKS

To keep performance of system and analyser under continuous control,
there are several routine and special checks that should be followed
regularly.
This consists of the normal routine checks of the entire system from the
sample inlet through the recording of the data in their final form. The
time scale of this routine depends upon the entire system and the stability
and reliability of each of the components of the system. Some segments,
such as an important pressure gauge or flowmeter, may require frequent
checks; other parts, such as the amount of paper in a recorder, need be
checked only weekly. The purpose of the routine is twofold: first, by
proper maintenance and system scanning, to avoid systematic errors or
failures, and second, and of equal importance, to recognise accidental
errors. Each station must establish its own procedures for these routine
checks, as well as a procedure to be certain the routine is followed (WMO
No. 491, 1978).
Note that many of the checks discussed above can be done electronically
and remotely. r See also section 4.5.1.

3.6.2
ANALYSER LINEARITY
CHECK

Most modern analysers have a non-linear response. For example, as
discussed later in section 4.1, the analyser output is assumed to have a
linear response over the range between the carbon dioxide
concentrations of the two working standards. The linearity can be
checked, however as part of the routine calibration of the analyser (see
Section 3.1.3 and 3.3). When four or five standard gases are cycled
through the analyser using the cascade pattern, we fit a quadratic curve
to the analyser response over the concentration range of these standards.
Typically, the amount of non-linearity (as shown by the curvature of the
quadratic) is small and fairly steady from week to week.
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3.7
SYSTEM
PERFORMANCE
MONITORING

3.7.1
CHART RECORDER

3.7.2
DATA LOGGER

System performance monitoring is essential in a continuous sampling
system. Assessing system performance concurrently with analysis
enables the station operator to remedy a problem promptly and maintain
the integrity of the measurements. In addition to regular calibration of the
system, it is important to monitor not only the analyser output signal but
also the system flow rates, temperature and pressure in parts of the
system. System monitoring devices used extensively in C0 2 analysis are
chart recorders and data loggers.
A chart recorder is a very simple and useful monitoring device. lt is
typically used as a backup source for recording NDIR measurements.
Multipen or multipoint recorders can give the operator a quick visual
indication of the analyser signal, system flow rates and critical system
temperatures. However, chart recorders are not as precise as the
analogue to digital (AID) converters used in modern data loggers and
should not be used as the primary data recording system. Precision and
accuracy vary with each manufacturer but are typically less than 1% of
full scale.
Data loggers vary from simple measure and record systems to
sophisticated computer controlled systems with on-line calculation and
control capabilities. The choice of data logger will vary between
monitoring programmes, however, the following basic requirements
should be met:
a) the analogue to digital converter on the data logger should be
capable of 16 bit resolution or at least five digits on a digital voltage
meter;
b) the data logger should be capable of averaging the data over some
specified interval (such as 1 minute);
c) the data logger should be capable of dealing with resistance
elements, thermocouples, thermistors and other devices with
outputs other than simple low level voltages;
d) the data logger should be capable of digital control for switching.
The programmable data loggers can be instructed to perform
measurements, process data, store data and perform logical control
functions with the appropriate logger programme. These logger
programmes are generally specific to individual loggers due to the
instruction set supplied by the manufacturers. More generalised
programmes may be available from other agencies, such as NOAA or
CSIRO, for PC or work station computer controlled systems.

3.8
DOCUMENTATION

lt is imperative that the operations of the station be fully documented and
available to assure proper use of the data in the future. Photographs of
the buildings, the immediate surroundings, and the entire area including
aerial and satellite views should be recorded periodically. The record
should also contain detailed descriptions of the methods used, with all the
individual modifications introduced from time to time and the procedures
followed for calibration and data reduction. lt is important to archive serial
numbers of instruments and scales, exact times of maintenance of
instruments or replacing of parts, batch numbers of chemical reagents
and date of purchase and time of use, any variations in material or
geometry of air ducts, especially the air inlets, and a record of the time of
employment of the permanent and temporary staff. This documentation
of the operation of the stations should be archived in such a way as to be
available to future users of the data (WMO No. 491, 1978).
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CHAPTER4
DATA PROCESSING AND QC/QA

4
INTRODUCTION

4.1
RAW DATA
REDUCTION

Once instruments and calibration standards are in place and operating,
actual measurements begin. Then, another set of issues arise. Station
managers are faced with such questions as: How are instrument output
voltages converted to carbon dioxide concentrations? What do the
numbers represent? What values of precision and accuracy can be
assigned to the data? What were the atmospheric concentrations at the
time of the measurement? How does one identify times of local
contamination? (such as the exhaust from a vehicle affecting the
measurement) or a malfunctioning instrument? How should the data be
organised to facilitate analysis and interpretation? There is much
experience among international scientists to help a new programme get
started. [Many reports have been published where carbon dioxide time
series have been analysed for trends, differences between sites, etc ..
Moreover, various statistical techniques have been applied to sort out the
data representative of "background" conditions.] In this Chapter we will
discuss such issues and the general subject of carbon dioxide data
processing.

As described in Chapter 3, every hour two working gases (or working
standards) are passed through the analyser.
The carbon dioxide
concentrations (C 1 and C 2) of these working gases should bracket the
ambient concentrations for that period of the year. The output voltages
0/1 and V2) of the analyser corresponding to those concentrations is
noted. Then, the analyser output voltage for any time (A) can be
converted to carbon dioxide concentration (C0 2) via formula (1):

Application of this formula assumes that the analyser output over the
range of concentrations between C1 and C2 is linear. This is usually true
within 0.1 ppm or so, but calibration of the analyser (as described in
3.1.1) will determine this accuracy.

4.2
ESTIMATING

C02
CONCENTRATIONS

4.3
AVERAGING PERIOD

The measured carbon dioxide concentration derived from (1), is usually
termed "provisional". This is because the concentrations assigned to the
working tanks must be confirmed after the tanks have been used.
Typically, working tanks have a lifetime of three to four months. After
their use as working standards, but before all the gas is used, the tanks
must be re-calibrated to determine if their concentration changed or
"drifted" during their lifetime. If the tanks were stable, then the original,
provisional numbers remain unchanged. If the tanks did drift, then one
has to estimate how the concentration changed over time and use these
revised tank calibration to adjust the provisional concentration numbers.
Finally, further adjustments to measured ambient air concentration
numbers are sometimes necessary up to a year or two later if the
concentrations of any standards in the calibration chain are determined to
have changed.

The choice of the m1mmum averaging period for the data system
depends on the degree of control available. For simple systems the
averaging period should be short enough to allow for data selection and
quality control. Since the time required to flush out the system after a
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change of gas from one tank to another or back to outside air varies with
the configuration of each system, the flushing time must be considered.
The most commonly used averaging period in the WMO programme is 1
minute and it is recommended that the standard deviation be computed
for the same interval.

4.4
DATA FLAGGING

4.5
QUALITY CONTROU
QUALITY
ASSURANCE

4.5.1
ROUTINE CHECKS

lt is recommended that each programme develop a set of codes to
describe the quality of the data collected. These flags should describe
the typical things that may affect the data, such as, changing the traps in
the cryocooler, manual adjustments to scales or flow rates, filter changes,
and so on. There should be some way of indicating field codes
identifying problems or possible problems and codes to indicate the data
has passed some form of quality control checks instituted by the principle
investigator in charge of the programme. The field codes should be
applied as soon as possible after the data is collected by the field
operator. An example of field and quality control flags are given in
Appendix IV. These codes greatly facilitate the processing of the data
later by allowing data to be selectively removed from the analysis.

Quality control (QC) and quality assurance (QA) have been defined and
interpreted in many ways. The two terms can be differentiated by stating
that quality control is "the system of activities to provide a quality
product," whereas quality assurance is ''the system of activities to provide
1
assurance that the quality control system is performing adequately."
Quality control and quality assurance regimes are necessary to ascertain
both the systematic errors (bias) and random errors (precision) associated
with the NDIR measurement system. Each monitoring programme must
develop a QC/QA regime tailored specifically to the measurement system
Nonetheless, a QC/QA regime for atmospheric C0 2
in use.
measurements should include the following basic elements.

Routine checks include internal procedures such as "closing the loop"
calibrations, periodic calibrations, duplicate calibrations, and preventative
maintenance on the measurement system.
"Closing the loop" calibrations determine the best possible precision with
which the measurements can be made. That is, the random error
accrued in transferring concentrations from one level of standards to the
next is quantified. With respect to atmospheric C02 measurements,
precision is the degree of agreement between repeated measurements of
a sample by NDIR analysis. Precision is typically expressed in terms of
the dispersion of the measured value obtained about the mean and is
reported as a simple standard deviation.
'Closing the loop" calibrations involve transferring C02 mixing ratios from
one level of standards to the next, following the sequence:
Primaries > Secondaries > Tertiaries > Working gases > Primaries (same
set used as the starting point).
The purpose is to determine the magnitude of error introduced by
transferring concentration values via infrared analyses. The result(s) is a
measure of the data quality.

1

US Environmental Protection Agency. 1976. Quality Assurance Handbook for Air Pollution
Measurement Systems Volume 1: Principles. EPA-6CXJ/9-7fXJ05, pp. 1.3.1
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A periodic calibration scheme is necessary to achieve measurements that
are comparable and precise. As an example of a periodic calibration
scheme, the calibration routine carried out by the AES C0 2 Laboratory is
presented.
The AES standards hierarchy is maintained by periodically
transferring concentration values from the primary standards via
NDIR calibration to the quasi-primary standards. As a general
rule, the quasi-primary standards are referenced to the primary
standards once for every five sets of calibrations referenced to
the quasi-primary standards. Similarly, the C0 2 concentrations
from the quasi-primary standards are transferred to the secondary
standards. As above, the secondary standards are referenced to
the quasi-primary standards once for every five sets of
calibrations referenced to the secondary standards.
The
secondary standards are used to establish the tertiary standards.
The tertiary standards are also calibrated once for every five sets
of calibrations referenced to them. The tertiary standards are
used for routine calibrations of working gases, field standards,
GC and flask system standards, and all international calibrations.
The tertiary standards are also used to regulate a set of transfer
standards which are taken into the field to calibrate field
standards. The transfer standard set is calibrated before and
after each trip to the field.
Preventative maintenance serves to avert malfunction and decrease
measurement system down-time. According to a US EPA manual2 , "The
most important effect of a good preventative maintenance programme is
to increase measurement system reliability and thus increase data
completeness". A preventative maintenance programme is a system of
actions for preventing failure of the equipment and ensuring that the
equipment is operating with the reliability required for quality data.
For infrared equipment, the parameters that should be checked each time
the equipment is being used are: (1) the condition of the instrument, (2)
contamination of the supply gas lines and gas cells, and (3) the response
of the analyser with standard gases.

4.5.2
INTER LABORATORY
COMPARISONS

The purpose of inter-laboratory comparisons (calibrations) is to identify
those monitoring programmes which have a bias in their analysis
technique and to ascertain the reproducibility between programmes.
Laboratories participating in such testing are provided with standard
reference gases of unknown concentrations. A co-ordinating laboratory
supplies the reference gases and evaluates the results.
Inter-laboratory calibration testing is arranged between international
atmospheric C0 2 monitoring organisations through the WMO-GAW
network. Evaluation may be based on comparison of the results against
each participating laboratory or against the standards reference gases.
Potential sources of error are the operator, equipment, operating
conditions and the calibration.
See also section 3.5 Inter Station Calibration,

2

US Environmental Protection Agency. 1976. Quality Assurance Handbook for
Air Pollution Measurement Systems Volume 1: Principles. EPA-600/9-76-005,
pp. 1.4.7
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4.5.3
DATA VALIDATION

Data validation is the process whereby data are filtered and accepted or
rejected based on a set of criteria. The selected criteria identify outliers
or errors for removal or suspect values to be flagged to assure the validity
of the data. Data validation can be accomplished by manual and/or
computer methods using various statistical and/or curve fitting
techniques.
To illustrate the application of validation criteria, the analysis techniques
outlined below are used by the Atmospheric Environment Service to
determine the long term trend, the annual cycle determine the long term
trend, the annual cycle and the interannual variation of a C0 2 time series.

4.5.3.1
Forward Selection
Step-by-step Multiple
Regression (FSHR)

The FSHR approach to curve fitting, described by Trivett et al. (1989) 3 ,
regresses the C0 2 concentration against a series of sin/cos terms, with
periods ranging from 1 month to 12 years, to determine the seasonal
cycle. The long term trend is determined by regressing C0 2 against time
(t) entered as t, t 2 and in the same regression. Although cycles ranging
from 1 month to 12 years are available for selection, only those
harmonics and trend terms which contribute significantly to reducing the
unexplained variance are selected for the equation in a forward step-wise
manner. This approach does not prejudice the form of the equation by
preselecting which harmonics are to be fitted to a data set.

e

Two passes are made through a data set with the FSHR technique. In
the first pass, data points which are more than 3 standard errors (SE)
away from the fitted curve are identified as outliers and, after inspection,
are rejected from the data set. These are flagged as rejected data and
are not used for any further analysis but remain part of the archived basic
data set. The data passing this outlier rejection test are used as input to
the second pass through the data to determine the final fitted equation.
Data which lie outside the 2 SE (as defined by the last curve to be fitted)
are flagged as non-baseline data requiring additional study. The curve
fitting in the first pass may be extended using the 3 SE to reject data from
the next pass but, as with any curve fitting technique, care must be taken
to avoid overfitting with too many iterations removing data.

4.5.3.2
Median Annual Cycle

For data sets which are not normally distributed, it is more appropriate to
use the median (Xm) and the fourth spread (Fs) to describe the data than
the average (Xa) and standard deviation (Std). The median is less
sensitive to extreme values and, therefore, is initially a better data
descriptor. In cases where the data are normally distributed the mean and
the median are equal. In the northern hemisphere the C0 2 concentration
time series typically exhibit a degree of skewness towards higher values
4
(Wong et al., 1984) .
In an attempt to minimise the impact of curve fitting on the identifying of
outliers in the data set, the annual median concentration and the median
time of measurement are determined for each data year.
When
calculating the annual medians no outliers are discarded. The long term
trend is then estimated using a least squares polynomial with the degree
3

Trivett, N.B.A., K Higuchi, and S. Symington, 1989. Trends and seasonal
cycles of atmospheric C02 over Alert, Sable Island, and Cape St. James as
analysed by forward selection multiple regression technique. The statistical
treatment of co2 data records. (ed W.P. Elliot) NOAA Technical Memorandum
ERL-173.
4
Wong, C.S., Y.-H. Chan, J.S. Page, R.D. Bellegay, and K.G. Pettit, 1984.
Trends of atmospheric co2 over Canadian WMO Background stations at Ocean
Weather Station P, Sable Island, and Alert. J. Geophys. Res. 89:9527-9539.
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of the polynomial chosen to minimise the standard error of fit. The
seasonal cycle is calculated by subtracting the long term trend value for
each sampling date (as determined from the regression line above).
These data are then sorted by month and the monthly medians for the
period of record are determined. The monthly medians represent the
detrended median seasonal cycle. At this time outliers for each month are
identified and, after inspection, rejected from the next iteration. This
process is repeated until no further monthly outliers are identified. At this
point, a simple harmonic curve of up to 4 harmonics is fitted to the
monthly medians to define the median annual cycle.
In order to identify non-baseline samples, a comparison is made between
the classical statistic, the standard deviation, and the fourth spread used
in the median analysis. In a symmetrical distribution the median equals
the mean value. The lower fourth and the upper fourth define the
boundaries which contain 50 percent of the data. For the normal
Gaussian distribution 50 percent of the data are contained in the interval
Xa ±0.67s; therefore, the fourth spread is equal to 1.34s. The outlier
cutoffs defined by the median analysis as 3/2 times the fourth spread will
then correspond to the mean ± 2.698s, which for the Gaussian distribution
contains 99.3% of the distribution population. Thus the corresponding
interval of Xa ± 2 SE used in the FSHR above to identify non-baseline
could be approximated by FI-0.5*Fs to Fu+0.5*Fs. This interval contains
96.67% of the data which is only very slightly more than the 95.96%
contained in the interval Xa ± 2 SE (for more details see Hoaglin et al.,
1983)5 . Once all the outliers are identified and removed from the data
sets, the more stringent cutoffs described above are used to identify nonbaseline data.

4.5.4
REGULAR
INSPECTION
OF THE DATA
FOR RELIABILITY

Reliability of an air pollution measurement system is the probability that
the system will perform its intended function for a prescribed period of
time under specific operating conditions to ensure the completeness of
the data.
To serve as an inspection example, calibration data, for the period
January to May 1994, from the Atmospheric Environment Service's arctic
baseline station, Alert, were placed through a quality control procedure to
ascertain possible random and/or systematic errors associated with the
analysis system. Table 4.1 (page 37) summarises the working standards
and the concentrations used for the analyses.

4.5.4.1
Example of a Step-bystep Reliability Analysis

Step 1

Frequency analyses (% frequency) were performed for:
a) the difference between the assigned working low (WL)
concentration and measured WL concentrations)
b) the difference between the assigned working high (WH)
concentration and the measured WH concentration
c) the difference between the assigned working target (WT)
concentration and the measured WT concentration

5

Hoaghin, O.C., F. Mosteller, and J.W. Tukey, 1983. Understanding robust and
exploratory data analysis. John Willey and Sons, Toronto.
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A frequency analysis was performed for each month.
Also, a
comprehensive analysis was done for the five month period.
Comprehensive time series of a), b) and c) versus decimal year were
plotted.

Step 2

Several anomalies were identified in the time series. The anomalies
were investigated to determined potential causes. Anomalies occurring
after a calibration are included in the frequency analysis in Step 1. Since
only the extremity of the distribution (> 1 ppm or< -1 ppm) was effected
by the removal of the anomalies occurring after calibrations, it was felt
that re-doing Step 1 was not necessary.
Anomalies occurring immediately after the instrument calibration mode
were removed from further analysis.
The mean difference (average) and standard deviation for each span gas
and the target gas was calculated for each month and over the five month
period.

Step 3

A linear regression was generated through the measured WL and WH
concentrations time series. Obvious outliers were omitted and a second
linear regression was performed. In every case, the standard error of the
y estimate decreased indicating a better fit.

Step4

New cylinder concentrations were calculated from the regression line.
These concentrations were then used as the 'assigned' values of the
cylinders. WL and WH estimated concentrations were subtracted from
the regression calculated 'assigned' values to determine a new
difference.A frequency analysis was performed on the difference for each
month; January through May. A comprehensive analysis was done for
the five month period. Comprehensive time series of a), b) and c) versus
decimal year were plotted.

36

Table 4.1: Alert calibration concentrations for WL, WH and WT

Date
1994

Low
Span
(WL)

WL
Cone
(ppm)

High
Span
.(WH)

WH
Cone
l(ppm)

Working W3
Gas
Cone
(W3)
(ppm)

Working W4
Gas
Cone
(pp m)
i(W4)

Target &
Zero
Jan 1- May
30
Target
AES071
Zero
AES142

Jan 1
Jan 7
Jan 8
Jan 9
Jan 17
Jan 25
Feb 1
Feb 17
Feb25
MarS
Mar 13
Mar21
Mar29
Apr6
Aj:>r 14
Apr22
Apr30
May8
May 16

AES115
AES203
AES203
AES203
AES203
AES203
AES203
AES203
AES031
AES031
AES031
AES031
AES031
AES031
AES031
AES031
AES031
AES031
AES031

364.405
352.873
352.864
352.861
352.912
352.995
352.856
353.142
359.502
359.614
359.617
359.609
359.688
359.669
359.673
359.698
359.616
359.673
359.674

AES066
AES115
AES115
AES115
AES115
AES115
AES115
AES066
AES066
AES066
AES066
AES066
AES066
AES066
AES066
AES066
AES066
AES064
AES064

368.940
364.412
364.419
364.421
364.462
364.510
364.415
368.908
368.814
368.937
368.924
368.915
369.009
368.991
368.985
369.012
368.926
363.355
363.338

AES203
AES031
AES031
AES031
AES031
AES031
AES031
AES031
AES131
AES131
AES131
AES131
AES131
AES131
AES131
AES131
AES131
AES131
AES131

352.828
359.642
359.614
359.611
359.636
359.625
359.585
359.635
354.062
354.123
354.121
354.100
354.127
354.117
354.124
354.121
354.071
354.102
354.091

NIA
N/A
AES066 368.935
AES066 368.935
AES066 368.922
AES066 368.911
AES066 368.924
AES066 368.857
AES104 379.717
AES104 379.635
AES104 379.708
AES104 379.687
AES104 379.685
AES104 379.741
AES104 379.715
AES104 379.703
AES064 363.372
AES064 363.300
AES005 350.084
AES005 350.084
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CHAPTER 5
DATA REPORTING
Accessibility to the entire reservoir of carbon dioxide data is
accomplished through centralised archiving by a designated agency. Data
on carbon dioxide collected by monitoring stations is sent to the WMO
World Data Centre for Greenhouse Gases (WDCGG). The WDCGG is
the exclusive final depository centre for all observational data on C02 •

5.1
WMOWORLD
DATA CENTRE FOR
GREENHOUSE
GASES

In 1990, at the request of the WMO, the World Data Centre for
Greenhouse Gases (WDCGG) was established in Tokyo by the Japan
Meteorological Agency (JMA). The functions of the WDCGG are to
collect, quality control, permanently store and distribute data on
greenhouse and related gases except ozone.
With regards to data reporting, the WDCGG advised the following in
WMO's GAW-ENV report No.77 (1990).
Coding sheet and floppy disks have been used for data reporting. They
can still be used. However, using Internet facilities and new modern
methods for data reporting (by eMail or direct transfer to the server with
the File Transfer Protocol (FTP) are now strongly recommended. The
coding procedures are extended and enlarged versions of the existing
WMO code of the Data Centre, NCDA and EPA. There are three kinds of
coding sheets, for hourly data, daily data and event data.
The recommended data report media are as follows:
(1) Floppy disks

A.

B.

type:
3.5 inch 2DD

720 KB and 1.44 MB (9 sectors/track)

Operating System: PC-DOS

(2) Coding sheet
Use three types of coding sheets if floppy disks are not available. Those
are for hourly, daily and event data reporting.
The WDCGG requests the following for:
(1) Data submission
The WDCGG will accept data in any format, but the contributors are
strongly encouraged to submit data digitally in non-encoded ASCII
format. A description of the data format must be included.
The WDCGG will always accept revised versions of the data and modify
their data base accordingly
2) Information on data selection method
The WDCGG has been looking for the best data selection method for
"background data". Any related information you may have is always
accepted with pleasure.
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5.2
CARBON DIOXIDE
INFORMATION
ANALYSIS CENTRE

5.3
STATION RECORDS

The Carbon Dioxide Information Analysis Centre (CDIAC) is a fully
integrated information analysis centre whose primary function is to
acquire or compile, quality assure, document, archive, and distribute
information related to C02 and other trace atmospheric gases in support
of the Carbon Dioxide Research Programme of the U.S. Department of
Energy. CDIAC, [World Data Centre-A for Atmospheric Trace Gases,
Oak Ridge National Laboratory, P.O.Box 2008, MS-6335, Oak Ridge,
TN 37831-6335, U.S.A] is a proactive centre, supporting an entire suite
of data and information needs of the national and international research,
policy-making, and education communities to assist them in the
evaluation of complex environmental issues associated with elevated
atmospheric C02 including potential climate change (WMO GAW-ENV
report No.77 (1990)).

Each monitoring programme should retain its own complete original data
record and station operations documentation.
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Appendix 1: Overview of AES Drift Correction Program
The drift correction program described below is available from Environment
Canada, Atmospheric Environment Service, 4905 Dufferin Street,
Downsview, Ontario, Canada M3H 5T4, Attention Mr. Douglas Worthy. This
database is written in an older version of Paradox for DOS which is a
relational database. it is offered "as is" and is unsupported. However, any
relational database programming environment could be used to set up the
calibration system. With the advances in software since this system was
designed, any one of the current spreadsheet programs could also be used.
The AES database was designed for a 4 tier system (Primary, Secondary,
Tertiary and Working Standards). With the newer small volume analyser
systems in use and this could easily be simplified to a 2 tier system.
Because of the drift in the gas standards over time and usage, this
customised database was constructed to automatically re-correct the
concentration values of all standards (including those used at the field
stations.to account for drift. In its current version, the database is capable of
the following functions:
a) inventory of cylinders
b) archive of parameters specific to the calibration (e.g. Flow rates,
operator name etc.)
c) archive of raw data from each calibration (e.g. Analyser voltages,
standard deviations)
d) listing of concentration values originally assigned to the standard as well
as the most corrected value for each cylinder (determined by the
correction routines in the database).
e) automatic linear recalculation of concentration values for each cylinder
to account for C02 drifts
f) semi-automatic higher order recalculation of concentration for each
cylinder to account for C02 drift with graphical representation of output.

A. Inventory of Cylinders
Imprinted serial numbers are used to keep track of the location and
usage of each of the C02 cylinders. Each time a cylinder is shipped out or
received at headquarters, this section is updated to keep it current.
Customised reports can be generated that include this information with any
other entry in the database.

B. Archive of Calibration Parameters
All relevant calibration parameters are recorded and archived in a
separate section of the database. Using a index sorted on calibration
number, the following parameters are archived; calibration type code, date,
day of the year, start time, end time, backup cassette tape number, start and
end of cassette tape footage, delay time after switching in each new gas,
averaging period for each C02 determination, zero flow rate, sample flow
rate, chart recorder speed and voltage scale, analyser model and serial
number, switching valve model and serial number, operator's name,
polynomial degree used to do initial evaluation, no. of total gases, no. of
unknown and calibrated gases, scale that the numbers can be traced to
(e.g. SIO 1985) and general remarks.

C. Archive of Raw Analyser Data
All raw voltages and standard deviation information is catalogued in
another table of the database, since this information is required for
processing the recalculations. Included in this table are calibration number,
date, port number, tank type, tank usage (calibrated or uncalibrated), serial
number of cylinder, refill code (since each cylinder is reused several times
with different C02 mixtures), cylinder pressure, original concentration
assigned, original standard deviation, and the raw voltages and standard
deviations for each C02 determination for several cascades.

D. Listing of corrected concentrations
Another table in the database houses all the C02 concentration
values for all cylinders. Both the originally assigned mixing ratio as well as
the "drift-corrected" values are kept. Drift-corrected concentration values are
calculated either by linear interpolation or by 2nd to 5th degree polynomial
regression. Linear interpolation is the best way for a fast updating of the
values. it works by calculating the relationship between concentration and
time for each "known" cylinder used to calibrate an "unknown", starting at
top of the calibration pyramid and working down one level at a time. The
"unknown" concentration is determined by calculating off the linear line its
value at the exact date and time that it was evaluated.
Second to fifth degree polynomial regression is used where a more
detailed drift correction is necessary. By experience most C02 drift in
aluminium cylinders can be approximated by a second order polynomial.
The procedure of drift correction is similar to the linear part but each "known"
cylinder should have all of its known calibration values graphically displayed
first for quality control purposes. Large magnitude errors can be determined
easily with the graphics .The best fit to the drift can be chosen based on the
standard error of fit and correlation coefficients. When that is determined the
coefficients to the drift relationship can be saved. Once all the "known"
curves are generated and relevant coefficients saved for a calibration level,
then the "unknown" concentrations can be automatically corrected and
updated.
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Appendix 11: Major Manufacturers of NDIR C02 Analysers
Manufacturer

Hartmann & Braun

Address

Head Office:
Hartman & Braun GmbH &
Co.KG. Analytical Division
Stierstadter Strasse 5
60488 Frankfurt I Germany
Phone: xx49 6196 800-0
Fax: xx49 6196 800-4545

C02
Continuous
Analyser
Models

Price
(1994 Estimate)

URAS4
URAS10
Series
recent model:
Advance
Optima
Uras 14

Contact distributor for a
price quotation.

VIA-510
Series

$ 8K to 14K (CON)

UNOR 600
UNOR 610
UNOR 615

Contact distributor for a
price quotation.

North American Distributor:
Applied Automation/
Hartmann & Braun
Pawhuska Road
Bartlesville, OK 74005 USA
Phone:918-662-7000
Fax: 918-662-7050
Horiba

Head Office:
Horiba Ltd
Miyanohigashi, Kisshoin
Minami-ku, Kyoto, Japan
Telephone 81 (75) 313-8123
North American Distributor:
Alpha Controls and
Instrumentation
361 Steelcase Rd. West
Units 5 & 6
Markham, Ontario
Canada L3R 3V8
Telephone (905) 477-2133

Maihak

Head Office:
Maihak Aktiengesellschaft
Semperstrasse 38
D-22303 Hamburg
Germany
Telephone 40 278 94-304
North American Distributor:
The Foxboro Company
East Bridgewater, Massachusetts
Telephone (508) 378-5156
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Manufacturer

Address

C02
Continuous
Analyser
Models

Price
(1994 Estimate)

Licor

Head Office:

Ll-6251
Ll-6252

Contact distributor for a
price quotation.

Head Office:

Ultramat 6

Contact distributor for a
price quotation.

Siemens AG Abt. A&D PA 2 PS
Osti.RheinbrOckenstr. 50
D-76181 Karlsruhe
Tel.: x49(0)721 595 4292
Fax: x49(0)721 595 6375r
eMail:
Gerd.Galonska@khe.siemens.de

Ultramat 23

Licor lnc
4421 Superior Street
P.O. Box 4425
Lincoln, Nebraska 68504 U.S.A.
Fax: xx402 467 2819
eMail: rgarcia@licor.com

Siemens

North American Distrubutor:
SE&A Process Instruments
c./o.: Herb Stuhler
107-B Man sell Road
Roswell, GA 30076 l,J.S.A.
Tel.: x770 521 4523
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Appendix Ill: Major C02 Continuous Monitoring Baseline Stations with Details of the Analysis System.
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Monitoring Station
Mauna Loa Observatory

Investigator
C.D. Keeling

Site Position:
19° 32' N, 155° 35' W
Altitude: 3397 m msl
Description: Volcanic
island in the tropical
Pacific.

Monte Cimone Station
Site Position:
44 o11' N 1oo 42' E
Altitude: 2165 m msl
Description: Appenine
mountain peak.

••

~~--·••••:'IJ"'".r"""......_..,.......,......,....,.,.."'AAI-

Agency:
Scripps
Institute of
Oceanography

............._._ _ _ _ _
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Sampling Information
NDIR Analy-ser &
---·----~erat~!'!9.~l!_ecs
Air samples are collected
from air intakes at 6, 24
and 38 meters above the
ground.
Four samples collected
each hour.
Every 20 minutes flow
replaced by a calibration
gas.

........,. . ...-.......
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Applied Physics
Corporation
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Drying Procedure
Single low temperature 2 stage
refngerator at approximately -78°C.

1. Operating Range:
0-1000 ppm
2. Response time:
50-60 seconds
3. Sensitivity:
5 ppm/volt
4. Sample flow rate:
0.5 Umin
5. Reference flow
rate:
N/A

Tinziano
Colombo

Siemens
Ultramat SE

Agency: Italian
Meteorological
Service

1. Operating Range:
325-385 ppm
2. Response time:
7 seconds
3. Sensitivity:
5 ppm/volt
4. Sample flow rate:
0.6 Umin
5. Reference flow rate
0.6 Umin

Cryogenic cooling between the
temperatures of -60°C and -70°C using
only one freezer with vapour traps.

1
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Monitoring Station
Ryori Station

Investigator
Y. Joo

Site Position:
39° 02' N, 141° 50' E

Description: Oceanic site
facing the Pacific Ocean.

Agency:
Japan
Meteorological
Agency

Minamitorishima Station

Y. Joo

Altitude: 230 m msl

Site Position:
24o18'N, 153°58'E
Altitude: Bm msl
Description: N/A

Agency:
Japan
Meteorological
Agency

Appendix Ill: Continued
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Sampling Information

NDIR Anal}lser &
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Drying Procedure

-------"~erating ~1':?~-~-----·--·---·----~----·---·-----~-~~-...----·---·

Air samples are collected
from an air intake at 20
metres above the ground.
A calibration is performed
every two hours using a
calibration equation and 4
working standards.

Air samples are collected
from an air intake at 20
metres above the ground.
A calibration is performed
manually once a week,
using 4 working
stanaards.

Horiba VIA-500R
1. Operating Range:
50ppm
2. Response time:
0.5-16 seconds
3. Sensitivity:
50 ppm/volt
4. Sample flow rate:
500 cm~/min
5. Reference flow rate:
25 cm~/min
Horiba VIA-510R
1. Operating Range:
50ppm
2. Response time:
30 seconds
3. Sensitivity:
5 ppm/volt
4. Sample flow rate:
500 cm::s/min
5. Reference flow rate:
25 cm::s/min

Three types of cryocoolers are emplored
to dry the ambient air to dew-points o
5°C, -30°C and -65°C.

Three types of cryocoolers are emplored
to dry the ambient air to dew-points o
5°C, -30°C and -65°C.

2

Appendix Ill: Continued
Monitoring Station

Investigator

Sampling Information

NDIR Analv:ser &

Drying Procedure

~~--~-----·---·-·······-·--·--···-·-··-·------··---------------·-··-·-· ..---------·--------·---Q.p~ratii'!9..~P.e~s---------~-------·------Langenbruegge Station

Rolf Graul

Site Position:
52° 48' N, 10° 46' E
Altitude: 74 m m si
Description: North German
lowland, forest and
agricultural use.

Schauinsland Station

Agency:
Umweltbundesamt

Rolf Graul

Site Position:
47o 55' N,
55' E

r

Altitude: 1205 m msl
Description: Black Forest
mountain range, located on
a peak.

Agency:
Umweltbundesamt

Daily values calculated on
the basis of half hourly
measured values.
A calibration is performed
eve!)' 23 hours using two
work1ng standards. The
calibration takes 60
minutes.

Daily values calculated on
the basis of half hourly
measured values.

A calibration is performed

every 4 hours using two
working standards and
one gas as a target. The
calibration takes 30
minutes.

Siemens
Ultramat 3
1. Operating Range:
280-480 ppm
2. Response time:
7 seconds
3. Sensitivity:
0.05 ppm/volt
4. Sample flow rate:
500 mllmin
5. Reference flow rate:
3 mllmin
Hartmann & Braun
Uras 3E
1. Operating Range:

330-430 ppm

A device placed with a small refrigerator
humidifies the sample
(gas cooler) at 4
and the calibration gases in a bubbler.
The gas is then passed through two
cooling traps to remove the water vapour.

oc

The sample air is dryed using a cryocooler
with one trap filled with glass pearls. The
samgle air is dried to a dew point of
-50°C.

2. Response time:
5 seconds
3. Sensitivity:
0.17 ppm/volt
4. Sample flow rate:
300 mllmin
5. Reference flow rate:
5 mllmin
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Drying Procedure
NDIR Analyser &
Operating Specs -----~----·--··-·-----·--··----·---_______
.... _....~-----·-·····-·-----·--·--·-~·····~------····--··----------~·-----·-·---·
A device placed with a small refrigerator
Daily values calculated on Siemens
Rolf Graul
Westerland Station
(gas cooler) at 4C humidifies the sample
Ultramat 3
the basis of half hourly
and the calibration gases in a bubbler.
measured values.
Site Position:
Range:
gas is then passed through two
Operating
The
1.
E
19'
so
N,
54° 56'
cooling traps to remove the water vapour.
280-480 ppm
A calibration is performed
2. Response time:
eve!)' 4 hours using two
Agency:
Altitude: 12 m msl
7 seconds
working standards and
Umwelt3. Sensitivity:
one gas as a target. The
bundesamt
Description: Coastal
0.05 ppm/volt
calibration takes 30
station on Island of Sylt
4. Sample flow rate:
minutes.
(North Sea).
500 ml/min
5. Reference flow rate:
3 mllmin
Monitoring Station

Brotjacklriegel Station

Investigator

Rolf Graul

Site Position:
48° 49' N, 13° 13'E
Altitude: 1016 m msl
Description: Low mountain
range located on peak,
forest environment.

Agency:
Umweltbundesamt

Sampling Information

Daily values calculated on
the basis of half hourly
measured values.
Calibration information not
available.

Hartmann & Braun
Uras 3E
1. Operating Range:
330-430 ppm
2. Response time:
5 seconds
3. Sensitivity:
0.17 ppm/volt
4. Sample flow rate:
300 mllmin
5. Reference flow rate:
5 ml/min

The sample air is dried using a cryocooler
with one trap filled with glass pearls. The
samr;~le air is dried to a dew-point of -50°C.
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Sampling Information

NDIR Analyser &

Drying Procedure

Daily values calculated on
the basis of half hourly
measured values.

Hartmann & Braun
Uras 3E
1. Operating Range:
330-430 ppm
2. Response time:
5 seconds
3. Sensitivity:
0.15 ppm/volt
4. Sample flow rate:
300 ml/min
5. Reference flow rate:
5 ml/min

The sample air is dried using a cryocooler
with one trap filled with glass pearls. The
sample air is dried to a dew-point of50°C.

Sample air is not dried by means of a
cryogenic trap. The KDhler's method is
used: first the sample air is saturated with
water vapour at room temperature then it
is coooled down to 4°C. This way, the
water vapour content of the sample is
constant at all times and its effect is
compensated through the calibrations.

---·--"··----------------------------------------------------------------------------------------------------~------~-------------Qp~ratil'!g_~ecs--------------------------------·-·-----·-------·---------Neuglobsow Station

Rolf Graul

Site Position:
N/A
Altitude: N/A
Description: N/A

K-Puszta Station

Agency:
Umweltbundesamt

A calibration is performed
every 4 hours using two
working standards and
one gas as a target. The
calibration takes 30
minutes.

Laszlo
Haszpra

Air samples are collected
from an air intake at 10
meters above the ground.

Siemens Albis SA

A calibration is performed
manually once a week,
using four working
standards.

2. Response time:

Site Position:
46° 58' N, 19° 33' E
Altitude: 125 m msl
Description: N/A

Agency:
Hungarian
Institute for
Atmospheric
Physics

1. Operating Range:
300-450 ppm

N/A
3. Sensitivity:
15 ppm/volt
4. Sample flow rate:
30-40 Uhour
5. Reference flow rate:
20 cm~/min
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Drying Procedure
NDIR Analyser &
Sampling Information
Investigator
Monitoring Station
-·-··---------~---------___
Spec_s
Operating
----·--·---·--------....,."."'.. ,.______ ,,_____., __ ~·--·~-----~-------------The sample air is predried in a fridge
Siemens Ultramat SE
Air samples are collected
D.J.
Cape Grim Station
Range:
(2°C) then both the sample and span
Operating
1.
the
at
intake
air
an
from
Beards more
gases are passed through the
0-50 ppm
70 m level of a 74.m
Site Position:
cryocooler
2. Response time:
microwave tower.
40°41'S, 144°41'E
(-70°C} and a small chemical drier.
7 sec (at 1 Umin)
ihe reference gases are also passed
3. Sensitivity:
A calibration is performed
Altitude: 95 m msl
through a similar chemical drier.
50 ppmv/volt
using two tertiary/working
Agency:
4. Sample flow rate:
standards every hour.
CSIRO,
Description: Coastal cliff.
300 mllmin
Division of
5. Reference flow rate
Atmospheric
25 ml/min
Research
Amsterdam Island Station

Andre Gaudry

Site Position:
3r 48' s, 7r 32' E
Altitude: N/A
Description: Oceanic site,
Indian Ocean

Agency:
Centre des
Faibles
Radioactivites
(CFR)

Air samples are collected
from an air intake at 10
meters above the ground.
A calibration is performed
using two working gases,
every 2 hours, for 5
minutes each. Only the
analyzer response during
the last 2 minutes is taken
into account.

Siemens Ultramat SF
1. Operating Range:
320-420 ppm
2. Response time:
1 second
3. Sensitivity:
N/A
4. Sample flow rate:
0.3 Uhour
5. Reference flow rate:
0.05 Umin

The sample air is dried by means of a
cryocooler. At Amsterdam Island, the
cooler provides a freeze capacity of 70°C. The temperature of the efhanol
cold trap is measured enabling further
data reduction for water vapour
correction.
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Sampling Information

NDIR Analy-ser &

Air samples are collected
from an air intake at the
10 m above the ground.

Siemens Ultramat 3
1. Operating Range:
50 ppm
2. Response time:
? sec
3. Sensitivity:
? ppmv/volt
4. Sample flow rate:
300 ml/min
5. Reference flow rate
25 ml/min

The sample air is dried usin~ a
cryocooler with traps filled w1th glass
beads. The sample air is dried to a dewpoint of-68°C.

Hartmann&Braun Uras 4
1. Operating ange:
300-400 ppm
2. Response t1me:
15 seconds
3. Sensitivity:
10 ppm/volt
4. Sample flow rate:
500 ml/min
5. Reference flow rate:
10 ml/min

Three cryocoolers are beinQ used in
series (-4°C, -35°C and -45 C).

..

Drying Procedure

·--··----~---·-··--------------~-----------·---·-----------·---------------------·---QP-e_rating_§.I?_~c~---··-----------------------------~---·--·------·
Alert Station

Neil Trivett

Site Position:
820 31' N, 62° 18' W
Altitude: 142 m msl
Description: Arctic site .

Agency:
Atmospheric
Environment
Service (AES)

Cape Point Station

Ernst Brunke

Site position:
34° 21'S 18° 29' E
'
Altitude: 210 m msl
Description: Coastal Cliff

Agency:
South African
Weather
Bureau

Zugspitze Station

H.E. Scheel

Site Position:
4JD 25' N, 10° 59' E
Altitude: 2962 m msl
Description:
Alpine mountain peak

Agency:
Fraunhofer
Institute IFU

A calibration is performed
using 4 calibration
standards and 1 target
gas. Each gas is passed
through the sample for 4
minutes.
Air samples are collected
from an air intake at the
top of a 30m mast.
A calibration is performed
ever¥ 6 hours using two
workmg standards and
one gas as a target

Air samples are collected
from an air intake at 2 m
above the roof platform of
the station

Hatmann&Braun Uras 4
1. Operating range:
300-400 ppm
2. Response time:
15 seconds
3. Sensitivity:
10 ppm/volt
4. Sample flow rate:
500 ml/min
5. Reference flow rate:
10 ml/min
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Appendix IV:

Quality Control and Assurance Flags

Most groups involved in the WMO GAW Programme have developed their
own procedures for quality control and assurance of their data. The example
given below is from the Atmospheric Environment Service (AES) of
Environment Canada which has adopted the following file structure and
flagging system for its data from Alert. lt is given here only as a starting point
for new and existing programmes to consider. Examples from other agencies
will be included when they are available.
AES decided at the beginning of its baseline measurement programme to
average the raw data over a 5 minute (or 3 minute) period instead of the
usual 1 minute period used by CSIRO and NOAAJCMDL and to store the
mean, maximum, minimum and standard deviation as the basic record in the
archived data sets. The data are stored in ASCII files and are thus readable
(and changeable) by any common editor that can read large files. While this
requires more disk storage space, the convenience of easy editing was
considered more important. If space is really a problem, the data files not in
current use can be compressed using one of the many programmes
available on almost all computer systems. Each data logger may record
more than one parameter, for example, condensation nuclei and black
carbon or may record many control parameters associated with the system's
operation, such as, temperature, flow rates and internal pressure. The
parameters of interest are first extracted from the "raw" logger files into files
which, as stated previously, contain only 1 parameter. These become the
primary data set which is quality controlled initially by the field operator and
finally by the principal investigator.
The file structure below, common to each parameter measured by the
various systems, is extracted from the data logger or computer generated
files by several extraction programmes. These files are ''flagged" by the
operator using a special programme (see below) and are stored separately in
their own directory. Each parameter has its own directory and within this
directory are 3 sub directories - one for the data flagged by the operator (the
OP sub directory), one for the data flagged by the Principal Investigator (the
PI sub directory) and one for the LOG files created by Flagger as described
below. The data in the OP sub directory are not changed by any later
processing by the Principal Investigator and become the main archive of the
data collections systems. The so called raw data files from the collections
systems are also archived in case they are needed later to recover lost data.
The programme used to flag the data is a Visual Basic programme,
appropriately called Flagger but any basic text editing programme or a
spread sheet programme, such as, Excel or Paradox, could be used for the
preliminary quality control flagging of the data by the field operator. The
Flagger programme is much more powerful that any editor as it can plot the
data, either the whole file or any small part of it and the plotted data may be
selected by individual flags or groups of flags. The programme is interactive
and has some automated flag setting and flag precedence setting built into it
according to the AES system of flags. The programme generates a log of all
the changes made to the files. This programme is available from
Environment Canada but is unsupported.

Data FILE Structure
Year, Julian, Time, Data1, Data2, Data3, Data4, Flag1 $ ,Fiag2$, Flag3$,
[Ancillary data]
Flag4$,
where,

=
=

Data1
Data2
Data3
Data4

=
=
=
=

Flag1
Flag2
Flag3
Comment

=
=

Ancillary data
Note:

=

Year
Julian
Time

=

=
=

Integer (usually 4 digits, i.e. 1993)
Integer (max. 3 digits, i.e. 365)
Integer (max. 4 digits, i.e. 2400)
Single precision value, usually Mean
Single precision value, usually Maximum
Single precision value, usually Minimum
Single precision value, usually Standard
Deviation
String * 1 (Operator flag - OP)
String * 1 (Principle Investigator flag - PI)
String * 30 (Extra flag - QC)
String * 255 (Any comments)

String* 128 (Optional extra data of any type)

All strings are surrounded by the double quote character, Chr$(34),

except the ancillary data. Ancillary data can be a string of any valid ASCII
characters (including delimiters such as commas) with a maximum length of
128 characters. If an input file does not surround it's strings with the double
quotes, the quotes will be added automatically when saving. The input files
are assumed to be time corrected and complete.

Quality Control Flags
Flag #1 OP Flag Set by the OPERATOR
The data files in the \OP directories have Flag1 and Flag2 set to "U" by the
extraction programme - these are the default starting values. There are
three categories of flags that Flag1 may assume - Valid, Invalid, or
Questionable. The following flags are used to describe the situation. Flag1
may be set only by the operator or QAJQC data analysis routines.
Valid Flags
U
+

Unchanged (no QC done)
Data has been adjusted - through an external change done by PI,
i.e. a special programme that changes the data in some manner.
For instance, a correction factor may be applied that changes
data values, so the "+" signifies that the data has been modified.

Please note that only a PI should be able to change actual data (numbers),
so although this flag is in the Flag1 position, it is really a PI flag that
describes the data. This is somewhat of a contradiction, however, it is the
only exception allowed. If the PI wishes to further describe the changes to
the data, he/she may do so in the Flag3 or Comment fields.

2

Invalid Flags

s
Z
C
A
I
R
M
K
F
H
T
D

Span check (03,Ne,CN,C02)
Zero check (03,Ne,CN,C02)
Calibrating the instrument
Adjusting something causing irregular readings
Intake sample line problems
Off-line due to repair
Instrument missing
Flask sample taken from intake line
Filter change or inline
System is flushing
Records missing
Diagnostic checks

Questionable Flags
X
Y
Z
L
0
P
B
Q

Vehicle at TX site
Vehicle at Special studies
Vehicle at Hi-Vol site
Vehicle at the lab
Person outside the lab
Person inside lab
DND base camp
Unspecified questionable data

Flag #2 PI flag

Set by the PRINCIPLE INVESTIGATOR

If you log into the Flagger programme as a PI and open a dataset in the /OP
directory, Flagger will automatically do some PI flagging as it reads the file
into the system. When the file is saved it is dumped to the /PI directory.
Based on Flag1, Flag2 is set to either a "V", "Q", or "1". The PI can graph the
data to see if additional data should be manually flagged (PI is only able to
change Flag2) to further refine the QA/QC. Auto-flagging is initiated every
time a file is open while logged into Flagger as a PI but only Flag2 that are
"U" are changed. By following this rule, Flagger will not wipe out flags that
were manually set or previously auto-flagged.
Set by extraction programmes
U

Unclassified (no QC done - this is the default value)

Set by principal investigator
: - ·:·... ~' ;

V
Q

Data passes all tests
Questionable as defined by PI
Invalid as defined by PI

3

Flag #3

QC/QA Flag

Set by Individual Principal Investigator
Set by principal investigator using other measured data. Any characters not
delimited by space or comma may be used as long as the total length of the
string is less than or equal to 30 characters. As an example, see NDIR C0 2
PI description below. Only the PI may modify this flag.

@

Set by some extraction programmes if not used for this parameter
or to be set later by the principal investigator

Set by the extraction programme, ALTC02SP,
which splits out the NDIR data
++
0+
+V
OV

No system problems
Outlier from daily median analysis of 5 minute means
Outlier from daily median analysis of 5 minute standard
deviations
Combined from both above

These flags identify the calibration gases
and are added to the above flags
WL
WH
W3
W4

n
Z2.
C1
C2
C3
C4
CS

working low gas
working high gas
working gas (next set of WHIWL)
)
working gas ( "
Target gas
Zero gas
1st calibration gas
2nd calibration gas
3rd calibration gas
4th calibration Gas
sth calibration Gas

These flags are systems checks and are added to the above flags
PR
TR
ZC

se
ZT
ST
ZF
UZ
SF
US
CN

Pressure variable (probably OK but needs checking)
Room temperature fluctuations (could be a problem for the
NDIR)
Analyser zero chamber temperature fluctuations> 1°C
Analyser sample chamber temperature fluctuations> 1°C
Zero trap temperature fluctuations > 1°C
Sample trap temperature fluctuations > 1oc
Zero flow fluctuations > 1 cc/min
Unstable Zero regulation- maximum- minimum> 1%
ample flow fluctuations > 1 cc/m in
Unstable Sample regulation - maximum - minimum > 1%
CNC fluctuations > 100 counts

Example:

OVW1TRZFCN

4

Flag #4 Comment Field
Optional shared field that may be used by
both Operator or Principal Investigator

The Operator or Principal Investigator may comment on any line of data
using the comment field.

"@" represents an empty comment (set by extraction programme),
otherwise, a string that may not exceed 255 characters and may
not contain quotes or commas. If a comma is found within the
comment, the string up to the comma will be considered the
comment and the rest of the line will be considered ancillary data.
This field is used to give a human readable comment on a per-lineof-data basis to describe the data a little better. lt is totally optional
and may be used for any purpose. Remember, however, that both
the PI and the operator may change this field to whatever they
wish, so it may not be wise to set up an addition flagging
mechanism using this field.

Ancillary Data (optional)

This part of the data structure allows additional data to be present
in the file. The ancillary data part of the data set may be any string
up to a length of 128 characters that contains any characters.
Normally this would be extra measured data that needs to be
carried with the record for later use in re-evaluating the data. The
entire string will be read in (until the carriage return/line feed pair is
encountered) and editing is allowed within Flagger. However,
Flagger has no idea what the string represents so it allows anything
to be done to it. If only a few lines will contain ancillary data an
"@" placeholder must be used on the other lines to signify that the
data file contains an ancillary data field.

Calculating hourly or daily averages flags
Flag #1

U

+

Indicates preliminary or final data

Preliminary data (Uncorrected)
Final data

Flag #2

QC of hourly and daily averages

+

All data in hourly average is OK

0
V
B
N

Outlier from median analysis means (hourly or daily)
Outlier from median analysis of Standard deviations
Baseline data according to Station specific criteria
None-baseline data according to Station specific criteria
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GlOBAL ATMOSPHERE WATCH
REPORT SERIES
1.

Final Report of the Expert Meeting on the Operation of Integrated Monitoring Programmes,
Geneva, 2-5 September 1980

2.

Report of the Third Session of the GESAMP Working Group on the Interchange of Pollutants
Between the
Atmosphere
and the
Oceans
(INTERPOLL-111),
Miami,
USA,
27-31 October 1980

3.

Report of the Expert Meeting on the Assessment of the Meteorological Aspects of the First
Phase of EMEP, Shinfield Park, U.K., 30 March- 2 April 1981

4.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network
as at April 1 981

5.

Report of the WMO/UNEP/ICSU Meeting on Instruments, Standardization and Measurements
Techniques for Atmospheric C0 2 , Geneva, 8-11; September 1981

6.

Report of the Meeting
23-26 November, 1981

7.

Fourth Analysis on Reference Precipitation Samples by the Participating World Meteorological
Organization Laboratories by Robert L. Lampe and John C. Puzak, December 1981 *

8.

Review of the Chemical Composition of Precipitation as Measured by the WMO BAPMoN
by Prof. Dr. Hans-Walter Georgii, February 1982

9.

An Assessment of BAPMoN Data Currently Available on the Concentration of C0 2 in the
Atmosphere by M.R. Manning, February 1982

10.

Report of the Meeting of Experts on Meteorological Aspects of Long-range Transport of
Pollutants, Toronto, Canada, 30 November- 4 December 1981

11.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network
as at May 1 982

12.

Report on the Mount Kenya Baseline Station Feasibility Study edited by Dr. Russell
C. Schnell

13.

Report of the Executive Committee Panel of Experts on Environmental Pollution, Fourth
Session, Geneva, 27 September - 1 October 1982

14.

Effects of Sulphur Compounds and Other Pollutants on Visibility by Dr. R.F. Pueschel,
April 1983

15.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites
for the Year 1981, May 1983

16.

Report of the Expert Meeting on Quality Assurance in BAPMoN, Research Triangle Park,
North Carolina, USA, 17-21 January 1983

17.

General Consideration and Examples of Data Evaluation and Quality Assurance Procedures
Applicable to BAPMoN Precipitation Chemistry Observations by Dr. Charles Hakkarinen,
July 1983

of

Experts

on

BAPMoN

Station

Operation,

Geneva,

18.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network
as at May 1983

19.

Forecasting of Air Pollution with Emphasis on Research in the USSR by M.E. Berlyand,
August 1983

20.

Extended Abstracts of Papers to be Presented at the WMO Technical Conference on
Observation and Measurement of Atmospheric Contaminants (TECOMAC), Vienna,
17-21 October 1983

21.

Fifth Analysis on Reference Precipitation Samples by the Participating World Meteorological
Organization Laboratories by Robert L. Lampe and William J. Mitchell, November 1983

22.

Report of the Fifth Session of the WMO Executive Council Panel of Experts on Environmental
Pollution, Garmisch-Partenkirchen, Federal Republic of Germany, 30 April- 4 May 1984 (TD
No. 10)

23.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites
for the Year 1982. November 1984 (TD No. 12)

24.

Final Report of the Expert Meeting on the Assessment of the Meteorological Aspects of the
Second
Phase
of
EMEP,
Friedrichshafen,
Federal
Republic
of
Germany,
7-10 December 1983. October 1984 (TD No. 11)

25.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network
as at May 1 984. November 1984 (TD No. 13)

26.

Sulphur and Nitrogen in Precipitation: An Attempt to Use BAPMoN and Other Data to Show
Regional and Global Distribution by Dr. C. C. Wallen. April 1986 (TD No. 1 03)

27.

Report on a Study of the Transport of Sahelian Particulate Matter Using Sunphotometer
Observations by Dr. Guillaume A. d'Aimeida. July 1985 (TD No. 45)

28.

Report of the Meeting of Experts on the Eastern Atlantic and Mediterranean Transport
Experiment ("EAMTEX"), Madrid and Salamanca, Spain, 6-8 November 1984

29.

Recommendations on Sunphotometer Measurements in BAPMoN Based on the Experience
of a Dust Transport Study in Africa by Dr. Guillaume A. d'Aimeida. September 1985
(TD No. 67)

30.

Report of the Ad-hoc Consultation on Quality Assurance Procedures for Inclusion in the
BAPMoN Manual, Geneva, 29-31 May 1985

31.

Implications of Visibility Reduction by Man-Made Aerosols (Annex to No. 14) by R.M. Hoff
and L.A. Barrie. October 1985 (TD No. 59)

32.

Manual for BAPMoN Station Operators by E. Meszaros and D.M. Whelpdale. October 1985
(TD No. 66)

33.

Man and the Composition of the Atmosphere: BAPMoN - An international programme
national needs, responsibility and benefits by R.F. Pueschel. 1986

34.

Practical Guide for Estimating Atmospheric Pollution Potential by Dr. L.E. Niemeyer.
August 1986 (TD No. 134)

35.

Provisional Daily Atmospheric C0 2 Concentrations as Measured at BAPMoN Sites for tl~e:

of

Year 1983. December 1985 (TO No. 77)

36.

Global Atmospheric Background Monitoring for Selected Environmental Parameters.
BAPMoN Data for 1984. Volume 1: Atmospheric Aerosol Optical Depth. October 1985 (TO
No. 96)

37.

Air-Sea Interchange of Pollutants by R.A. Duce. September 1986 (TO No. 126)

38.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network
as at 31 December 1985. September 1986 (TO No. 136)

39.

Report of the Third WMO Expert Meeting on Atmospheric Carbon Dioxide Measurement
Techniques, Lake Arrowhead, California, USA, 4-8 November 1985. October 1986

40.

Report of the Fourth Session of the CAS Working Group on Atmospheric Chemistry and Air
Pollution, Helsinki, Finland, 18-22 November 1985. January 1987

41.

Global Atmospheric Background Monitoring for Selected Environmental Parameters.
BAPMoN Data for 1982, Volume 11: Precipitation chemistry, continuous atmospheric carbon
dioxide and suspended particulate matter. June 1986 (TO No. 116}

42.

Scripps reference gas calibration system for carbon dioxide-in-air standards: revision of
1985 by C.D. Keeling, P.R. Guenther and D.J. Moss. September 1986 (TO No. 125}
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