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Abstract. Atmospheric carbonyl sulfide (COS) has received
increasing attention as a potential tracer for investigating the
global carbon cycle. Owing to the irreversible photosynthetic
absorption of COS, changes in the atmospheric COS mole
fraction can be related to terrestrial gross primary produc-
tion. However, the instability of COS in high-pressure cylin-
ders has hampered the accurate determination of atmospheric
COS. Here, we report a dynamic dilution method for gen-
erating reference gas mixtures containing COS at ambient
levels (ca. 500 pmolmol~!). Our method combined a dy-
namic dilution system employing a high-accuracy mass flow
measurement system and a dry reference gas mixture pre-
pared gravimetrically as a parent gas mixture containing a
micromole-per-mole level of COS filled in a high-pressure
aluminium cylinder. The storage stability of COS at this
level was experimentally validated for three gravimetrically
prepared dry reference gases over a period of more than 1
decade. We evaluated the dilution performance of the devel-
oped method using a gravimetric parent gas mixture con-
taining approximately 1 pumolmol~! of COS and chlorod-
ifluoromethane (HCFC-22). Excellent repeatability (0.2 %
for COS and 0.4 % for HCFC-22 in terms of relative stan-
dard deviation; RSD), reproducibility (COS: 0.1 %; HCFC-
22: 0.3 %), and dilution linearity (R2 > 0.99 for both COS
and HCFC-22) were obtained and were corroborated by the
nearly constant ratio of the normalized gas chromatography—
mass spectrometry (GC/MS) response of COS to HCFC-22.
The dilution accuracy was examined by comparing the deter-
mined HCFC-22 mole fractions in a dynamically diluted par-
ent gas mixture from a mass flow rate measurement system
and GC/MS calibrated using a gravimetrically diluted parent
gas mixture. The mole fractions of HCFC-22 from these two

methods agreed within an acceptable difference of approxi-
mately 2 pmol mol~!, validating the dilution accuracy of the
developed method. By re-evaluating the experimental data,
we determined the mole fractions of COS and HCFC-22 in an
ambient-air-based reference gas mixture, with relative stan-
dard deviations of 0.1 % for COS and 0.3 % for HCFC-22.
These results demonstrated that the developed method can
accurately generate reference gas mixtures containing COS
at ambient levels, which we expect will support long-term
observations of atmospheric COS.

1 Introduction

Carbonyl sulfide (COS) is the most abundant sulfur-
containing compound in the atmosphere. It acts as a sulfur
carrier from the troposphere to the stratosphere, contribut-
ing to the distribution of stratospheric sulfate aerosols that
influence Earth’s radiative balance (Chin and Davis, 1995;
Kjellstrom, 1998; Briihl et al., 2012). Atmospheric COS has
recently received increasing attention as a potential tracer for
examining the global terrestrial carbon cycle (Montzka et al.,
2007). Unlike carbon dioxide, COS is irreversibly taken up
by terrestrial plants via photosynthesis (Goldan et al., 1988;
Protoschill-Krebs et al., 1996; Sandoval-Soto et al., 2005;
Seibt et al., 2010; Stimler et al., 2010, 2012), allowing the
estimation of terrestrial gross primary production from the
local to the global scale based on atmospheric COS observa-
tions (Campbell et al., 2008; Blonquist et al., 2011; Asaf et
al., 2013; Commane et al., 2013; Maseyk et al., 2014; Wehr et
al., 2016; Yang et al., 2018; Kooijmans et al., 2019). For ex-
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ample, the interannual variability in the global annual mean
mole fraction of atmospheric COS has been used to estimate
the biogeochemical feedback of terrestrial plant ecosystems
in response to an increase in atmospheric CO; levels (Camp-
bell et al., 2017). The World Meteorological Organization
has estimated the interannual variability of COS to be only
several picomoles per mole in the global background atmo-
sphere over the last 2 decades (WMO, 2018), highlighting
the need for technical methods that allow accurate determi-
nation of atmospheric COS levels.

Despite promising new directions for estimating global
terrestrial gross primary production using COS, atmo-
spheric COS observations are insufficient for understand-
ing its global distribution and budget. One fundamental rea-
son for this is the difficulty in establishing reliable refer-
ence gas mixtures containing ambient levels of COS (ca.
500 pmol mol ). Hall et al. (2014) reported significant dif-
ferences in the COS measurements from the laboratories
from the intercomparison experiment. This might be at-
tributed to the instability of COS stored in high-pressure
cylinders. Indeed, as demonstrated in this study (see Fig. 3
in Sect. 3), the changes in the mole fraction of COS dry gas
mixture stored in the cylinder during storage can be greater
than the interannual variability in COS. To better understand
the spatial and temporal variations in atmospheric COS, ob-
servations on a stable calibration scale that is compatible
across multiple laboratories are required. Thus, approaches
that address issues related to the storage instability of COS
are required.

Gravimetric preparation, in which individual gas com-
ponents are weighed in a cylinder, is the most common
approach for producing reference gas mixtures containing
long-lived trace gases such as CO,, CHy, and N,O (ISO,
2015). Although this approach is the most accurate, it is
time-consuming and generally requires multistep dilutions
when preparing a gas mixture at the sub-nanomole-per-mole
level. This multistep procedure results in the accumulation
of preparation uncertainty from weighing, and, in addition,
gravimetric dilution in cylinders may introduce uncertainties
related to surface effects that can vary by cylinder type.

Dynamic dilution is an alternative approach to gravimet-
ric preparation (ISO, 2018). Historically, various dynamic
dilution methods have been applied to gas species that ex-
hibit strong adsorption or limited stability at ambient levels
in high-pressure cylinders (Goldan et al., 1986; Fried et al.,
1990; Wright et al., 1994; Kerwin et al., 1996; Mohamad et
al., 1996; Nakao and Takamoto, 19997?; Goody and Milton,
2002; Brewer et al., 2011, 2014; Flores et al., 2012; Kim et
al., 2016; Guillevic et al., 2018; Macé et al., 2022). A major
advantage of dynamic dilution is that the reference gas mix-
ture can be generated from a pristine parent gas mixture im-
mediately before analysis, which eliminates the need for stor-
age and therefore prevents any possible mole fraction change
that could occur over time. However, only a few studies have
used dynamic dilution to generate diluted gas mixtures at the
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sub-nanomole-per-mole level with high accuracy (Kim et al.,
2016; Guillevic et al., 2018). Moreover, the application of
this method is limited to gas species with a clear stability at
high mole fractions in high-pressure cylinders. To the best
of our knowledge, there have been no reports on dynamic
dilution-based techniques for generating sub-nanomole-per-
mole reference gas mixtures of COS.

Here, we report a dynamic dilution method for the prepa-
ration of reference gas mixtures containing COS at ambient
levels, which we expect will support long-term atmospheric
COS observations. In Sect. 2, we present a detailed descrip-
tion of the dynamic dilution system developed in this study,
estimate the theoretical dilution uncertainty, and describe the
procedure for determining the mole fraction of COS in a gen-
erated gas mixture. In Sect. 3, we examine the long-term
stability of a dry reference gas mixture of COS stored in
a high-pressure aluminium cylinder. In Sect. 4, we evaluate
the dilution performance and overall dilution accuracy of our
method and provide an example of the mole fraction assign-
ment for COS in an ambient-air-based reference gas mixture.
In Sect. 5, we discuss the possible causes of dilution bias ob-
served for COS in this study. All experiments were designed
based on a series of preliminary studies (hereafter referred to
as our pilot study), which are detailed in the Supplement.

2 Materials and methods

Figure 1 shows the schematic of our dynamic dilution sys-
tem. Briefly, the system generates the desired gas mixture
by blending two gas flows of a gravimetrically prepared par-
ent gas mixture containing a few micromole-per-mole frac-
tions of COS and a COS-free diluent gas. Dilution accuracy
is achieved by a high-accuracy flow measurement system that
has been used as a dynamic dilution method to generate sub-
micromole-per-mole reference gas mixtures and adjust the
composition of gas matrices (Brewer et al., 2014; Nara et
al., 2012). A detailed description of the main components of
the dilution system is provided in Sect. 2.1, a general expla-
nation of the generation of a dynamically diluted gas mix-
ture is provided in Sect. 2.2, a theoretical estimation of the
dilution uncertainty is discussed in Sect. 2.3, and the deter-
mination of the COS mole fraction in a dynamically gener-
ated gas mixture combined with a gas chromatography—mass
spectrometry (GC/MS)-based sample determination system
(hereafter referred as GC/MS measurement system) is pro-
vided in Sect. 2.4.

2.1 Main components of the dilution system

The dilution system consists of two gas cylinders, a high-
accuracy flow measurement system, four mass flow con-
trollers (MFCs), a static mixer, and an automatic back-
pressure regulator (ABPR). These components are described
in detail below.
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2.1.1 Parent and diluent gases

A dry gas mixture of COS and chlorodifluoromethane
(HCFC-22) was used as the parent gas, with a high-purity
nitrogen balance. The parent gas mixture was prepared gravi-
metrically by a Japanese gas manufacturer (Japan Fine Prod-
ucts Co., Kanagawa, Japan) and was provided in a Luxfer
9.4L high-pressure aluminium cylinder which was fitted
with a brass-bodied SUS316L metal diaphragm valve (G55-
L; Hamai Industries Limited, Tokyo, Japan) at a fill pressure
of 9.81 MPa (unless otherwise noted, gas pressures are re-
ported on the gauge scale). The inner surface of the cylin-
der was polished using a proprietary method to reduce ad-
sorption of COS and HCFC-22. The nominal mole fractions
of COS and HCFC-22 were 1.01 and 1.00 umol mol ™!, re-
spectively. HCFC-22 was added to the parent gas mixture to
aid in assessing the presence and extent of the dilution bias
(see details in the Supplement). HCFC-22 was selected be-
cause (1) its atmospheric dry mole fraction is relatively close
to that of COS (approximately 260 pmol mol~! in northern
hemispheric background air; cf. COS: 400600 pmol mol~")
(WMO, 2022) and (2) it is more stable than COS with re-
spect to adsorption. High-purity nitrogen (> 99.99995% pu-
rity; Japan Fine Products, Co.) filled in a 47 L high-pressure
manganese steel cylinder was used as the diluent. The pres-
sures of the parent and diluent gases supplied from respec-
tive cylinders were regulated using single-stage (AERO-
TRACE; Nissan Tanaka Corp., Saitama, Japan) and two-
stage stainless-steel pressure regulators (SuperLabo; Nissan
Tanaka Corp.), respectively. The former regulator had an
SUS316L body with an SUS316L metal diaphragm, and the
internal gas contact surface was SUS316L and fluorine resin.

The presence of COS as a contaminant in the diluent gas
was verified before each experiment using a GC/MS mea-
surement system (see Sect. 2.4). Repeated measurements of
the diluent gas showed that small amounts of COS (but not
HCFC-22) were detected initially, but the amounts decreased
with the number of measurements and were finally below
the detection limit. This COS decrease was most likely as-
cribed to adsorption/desorption in the GC/MS system, rather
than the contamination from the dilution gas and from the
helium gas used as the carrier gas for the GC/MS system.
These repeated measurements of the diluent gas ensured that
there was no COS contamination from the diluent or carrier
gases, which may have biased the determination of COS and
HCFC-22 in our experiment.

2.1.2 High-precision flow measurement system

A Molbloc high-precision flow measurement system (Fluke
Co., WA) was used to measure the mass flow rates of the
diluent and parent gases. The system comprised a system
controller (Molbox 14) and two Molbloc-L. laminar mass
flow elements (A, model 3E4 VCR-V-Q, and B, model 1E1
VCR-V-Q). The full-scale volume flow rates of the diluent
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Figure 1. Schematic of the dynamic dilution system. The thermal-
based mass flow controllers and automatic back-pressure regulator
are denoted as MFC and ABPR, respectively. Full-scale volume
flow rates (FS) that determine the flow precision are provided for
each Molbloc element and thermal-based mass flow controller. The
ambient-air-based reference gas mixture was used to calibrate the
GC/MS system (see details in Sect. 2.4.).

and parent gases were 30 standard litres per minute (slm)
and 10 standard cubic centimetres per minute (sccm), respec-
tively. The Molbloc system accurately calculates the mass
flow rate based on measurements of the temperature and the
upstream and downstream pressures of the gas flow passing
through the element in a laminar regime according to the
Hagen—Poiseuille law (Landau and Lifshitz, 1987). System
control and data acquisition were performed using the Tera
Term software (version 4.97; Tera Term, 2017). The max-
imum measurement uncertainty depended on the flow rate
and was £0.2 % of the measured value or £0.02 % of the
full-scale flow rate at flow rates above and below 10 % of the
full-scale flow rate. The gas contact area along the entire flow
path of the Molbloc elements was SUS316L.

2.1.3 Thermal-based mass flow controllers

Our dynamic dilution system used four thermal-based MFCs
(A-D). MFC-A and -B (SEC-Z712MGX; HORIBA STEC,
Co., Ltd., Kyoto, Japan) were used for automatic flow control
of the diluent and parent gases, respectively, with full-scale
flow rates of 10 slm and 10 sccm, respectively. MFC-C was
the same model as the controller A and B but with a full-scale
flow rate of 300 sccm and was used to control the outflow of
the dynamically generated gas mixture from the dilution sys-
tem. The flow precision of these three MFCs was +1.0 % of
the set point or +0.25 % of the full-scale flow rate for above
and below 25 % of their full-scale flow rate. For these MFCs,
SUS316L and Co—Ni alloys were used as the wetted-part ma-
terial of which surfaces were mirror-polished to prevent gas
adsorption. The fourth controller, MFC-D (SEC-400MK3;
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HORIBA STEC, Co., Ltd.), was used to control the exhaust
of the excess parent gas for dynamic buffering of the parent
gas pressure with a precision of 2 % for a full-scale flow rate
of 100 sccm, with a limited operating range of over 5 % of
the full-scale flow rate. Each MFC was operated individually
using a control unit (PD-D20; HORIBA STEC, Co., Ltd.).

2.1.4 Static mixer

A static mixer (G 1/4-18; Noritake, Co., Ltd., Aichi, Japan)
was used to facilitate blending of the diluent and parent
gas flows. The gas mixer was a 1/4-inch internal diameter
SUS316LS stainless-steel pipe with a length of 215 mm. The
mixing fin assembly consisted of 18 elements and was set
within the pipe. The inner surface of the pipe and outer sur-
faces of the mixing fin assembly were electrically polished
to minimize gas adsorption.

2.1.5 Automatic back-pressure regulator

An ABPR (UR-Z722M-UC-B; HORIBA STEC, Co., Ltd.)
was used to exhaust the excess diluted gas mixture from the
system and ensure that the pressure within the system re-
mained constant. The ABPR operated at an absolute operat-
ing pressure range of 10-300 kPa and controlled the pressure
with a precision of 0.5 % for the full-scale operating pressure
(corresponding to #1500 Pa), resulting in the pressure inside
the system being independent of the barometric variations.
The ABPR was controlled using the same unit as that used to
control the MFCs. The gas contact area along the entire flow
path was an all-metal construction made of SUS316L with a
mirror-polished surface.

2.2 General description of the dynamic dilution system

Our dynamic dilution system is similar to that developed by
Brewer et al. (2014) but was modified by installing a branch
exhaust system to accurately generate gas mixtures contain-
ing sub-nanomolar-per-mole levels of COS.

When starting the system, we purged it for at least 15 min
with the parent and diluent gases supplied from the high-
pressure cylinders at the flow rates set in the subsequent
dilution experiment. Before each gas dilution, a condition-
ing purge was performed for 15 min (only the first gas di-
lution needed at least a 30 min purge). During this 15 min
purge, the pressures of the two gases’ downstream respective
Molbloc elements were adjusted to match each other within
£0.3 kPa based on the pressure readings from the Molbloc
elements. Although the mass flow rates of the two gas flows
were controlled by MFC-A and -B, using these MFCs alone
resulted in insufficient pressure-matching between the two
flows. Therefore, for more precise pressure control, addi-
tional pressure stabilization techniques were used for each
gas flow because their mass flow rates were substantially dif-
ferent; for example, the flow rate of the diluent gas was 2000
times larger than that of the parent gas when generating a
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diluted gas mixture containing COS at ambient levels of ap-
proximately 500 pmol mol~!.

The pressure of the diluent gas was controlled using a
cylindrical regulator and a simple in-line pressure regulator
(6600A; Kofloc Corp., Kyoto, Japan). The pressure of the
diluent gas was first set at 0.24 MPa using the cylinder regu-
lator and was further adjusted using the in-line pressure reg-
ulator set at 0.15 MPa to suppress the pressure change in re-
sponse to regulator cooling owing to adiabatic expansion of
the outflowing gas. In contrast, the parent gas was introduced
into the flow-mixing chamber along the main flow path at a
flow rate usually limited to 10 sccm, with the pressure set by
the cylinder regulator at 0.15 MPa. At such a low flow rate,
the instability of the cylinder regulator becomes pronounced,
leading to pressure fluctuations of several thousand pascals.
Because this pressure fluctuation is difficult to remove by
passing through an MFC, we installed a branch exhaust sys-
tem located upstream of the flow-measuring element in the
Molbloc system. The system exhausted the parent gas along
the branch exhaust flow path via a 70mL glass buffer tank
at a flow rate of more than 10 sccm, which was higher than
the flow rate of the main flow. This branch exhaust system
prevented the dilution biases found in our pilot study (see
Supplement: the dilution biases are discussed in detail in
Sect. 5) and dynamically buffered any pressure changes to
facilitate the stabilization of the parent gas pressure, which
should match that of the diluent gas during gas dilution. The
diluent and parent gas flows were controlled by MFC-A and
-B, which were placed in the respective flow paths down-
stream of the Molbloc elements and converged in a flow-
mixing chamber. The flow-mixing chamber was made of a
stainless-steel T-fitting of 1/4-inch outer diameter, in which
one port was connected to a bored-through reducer. The dilu-
ent gas flowed straight from upstream to downstream, while
the parent gas tube (1/16-inch outer diameter) was inserted
from the side port of the T-fitting through the reducer and
was bent at a right angle in the downstream direction so that
the parent gas flow was introduced into the diluent gas flow in
the flow direction. After the convergence of the two flows in
the chamber, the generated gas mixture was passed through
the static mixer to complete gas blending and then into a glass
tank (volume: 750 mL) to buffer any pressure changes in the
blended gas mixture.

Finally, the diluted gas mixture was supplied to the
GC/MS measurement system via MFC-C. Excess flow was
exhausted through the ABPR set at an absolute back-pressure
of 0.15 MPa, which prevented the influence of barometric
changes outside the system. The expected mole fractions of
COS and HCFC-22 in the generated gas mixture were accu-
rately calculated from the mass flow rates measured using the
Molbloc system. To prevent the possible loss of COS by ad-
sorption, a Sulfinert coating (Restek Corporation, PA, USA)
was applied to all tubes, fittings, and valves that were ex-
posed to the parent gas and generated gas mixtures, except
the static mixer.
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2.3 Estimation of uncertainty for the gas dilution

The mole fraction of gas x in a dynamically generated gas
mixture can be calculated using the mole fraction of the tar-
get gas in the gravimetric parent gas mixture, mass flow rates
of the parent and diluent gases under the assumption of com-
plete mixing of the two gases, and constant mole fraction of
gas x in the gas flow from the parent gas cylinder. The mole
fraction of gas x is expressed as follows:
[x ]parent i parent

ey

¥laiuea (f parent + f diluent) ’
where [x] indicates the mole fraction of gas x in the gas flow
of the dynamically generated gas mixture (diluted) and par-
ent gas (parent) and f is the mass flow rate corresponding
to the subscripted gas flow. By applying the propagation law
to this equation, the uncertainty (u#gijuted) in the mole fraction
of the diluted gas x can be estimated from the uncertainty of
each variable associated with the gravimetric preparation and
Molbloc measurement as follows:

Udiluted =

\/{ 1/(fpa.rent + fdiluent)2 ]2 : [ (fpzarent : S[X]garent

2
. (f parent + f dilucnt) ) + [x ]garent ' (f dzjluem : 8f pzarent

+fpzarem ’ Sfdzi]uent) } ’ @)

where each § symbol represents the uncertainty of corre-
sponding variables [x]parent, fparent and fdiluent- The dilution
uncertainty associated only with the Molbloc measurements
can be estimated by removing the uncertainty derived from
the gravimetric preparation of the parent gas (§[x]parent = 0).
The mole fraction distributions of gas x and relevant dilu-
tion uncertainties expressed as a relative standard deviation
(RSD) are shown in Fig. 2. The dilution system can gener-
ate diluted gas mixtures across a wide range of mole frac-
tions depending on the flow rates of the diluent and par-
ent gases, covering the typical mole fractions of COS in the
atmosphere (400-600 pmol mol~!). The dilution uncertainty
was determined using the flow rates and was found to change
significantly at flow rates corresponding to 10 % full-scale
for the Molbloc elements used. For example, within the typ-
ical atmospheric COS mole fraction range, the uncertainty
at parent gas flow rates below 1 sccm, which corresponds to
a 10 % full-scale flow rate, increased rapidly from approx-
imately 0.5 % with a decreasing flow rate. In contrast, the
uncertainty remained nearly constant at parent gas flow rates
above 1 sccm. The parent gas flow rates above 2 sccm within
the typical COS mole fraction range suppressed the dilution
uncertainty to below 0.3 %.

2.4 Determination of COS in a diluted gas mixture

To evaluate the dilution performance of our method, we mea-
sured the mole fractions of COS and HCFC-22 (hereafter
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Figure 2. Mole fraction distribution for a dynamically diluted gas
produced from a 1 umol mol ! parent gas mixture (a) and the cor-
responding dilution uncertainty (b). The two solid black lines in the
left panel indicate the typical mole fraction range of atmospheric
COS (400-600 pmol mol~1).

“target gases”) in dynamically diluted gas mixtures by us-
ing the GC/MS measurement system. Because the method
used for target gas determination including the basic config-
uration of the measurement system was presented in Saito et
al. (2010), only a brief description is provided here. The gas
mixture generated by the dilution system was introduced via
MFC-C into the GC/MS measurement system for dual-stage
preconcentration of target gases. The gas mixture passed
through a preconcentration trap filled with HayeSep D cooled
below —130 °C at a constant flow rate of 40 sccm for 12 min,
while the mass flow rates of the parent and diluent gases
were recorded to calculate the mole fractions of the target
gases. The preconcentration trap was heated to —70 °C to re-
lease major atmospheric constituents and then up to 100 °C to
transfer the trapped gases to a cryofocusing trap filled with
HayeSep D cooled at —85 °C. The trap was then heated to
100 °C to inject the trapped gases onto a PoraBOND Q sep-
aration column for subsequent MS analysis. The total mea-
surement time for each sample was 1 h.

The target gas measurements were referenced against mea-
surements of an ambient-air-based reference gas mixture to
correct for diurnal variations in the sensitivity of the mass
spectrometer. To prepare the reference gas mixture, ambi-
ent air was dried to a dew-point temperature of less than
—80°C by passing it through a Nafion Perma Pure dryer
(Perma Pure LLC; Toms River, NJ, USA) and a chemical
trap packed with phosphorous pentoxide (Sicapent®; EMD
Millipore, Billerica, MA, USA) and was subsequently filled
into a 48 L high-pressure aluminium cylinder (Luxfer) fitted
with a brass-bodied cylinder valve (G55-L; Hamai Industries
Limited). The inner surface of the cylinder was polished and
anodized using a proprietary method (Japan Fine Products,
Co.). Before filling, the aluminium cylinder was evacuated,
and Milli-Q water was added so that the water vapour mole
fraction was approximately 500 umol mol~! at a maximum
fill pressure of 14.7 MPa after gas filling to enhance the sta-
bility of the trace gases in the compressed air during storage
(Montzka et al., 2004; Hall et al., 2014).
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The target gases in the reference gas mixture were mea-
sured before and after sample gas measurement. The sig-
nal responses obtained from the GC/MS measurements were
used to estimate the change in GC/MS sensitivity during
sample measurements by linear interpolation. The signals
from the sample measurements were normalized to the in-
terpolated responses of the reference gas mixture and then
multiplied by the known mole fraction of the corresponding
target gas in the reference gas mixture as follows:

Rx,sample
[x]sample e
x,ref

< [xrefs 3

where the mole fractions of gas x in the sample and the
reference gas mixture are indicated in square brackets and
Ry sample and R\x,mf are the signal responses for gas x in the
sample gas mixture and the interpolated response for the ref-
erence gas mixture, respectively. The typical repeatability for
COS and HCFC-22 determined from repeated measurement
of a compressed cylinder gas was an RSD of approximately
0.5 % during the study period.

3 Long-term stability of COS in high-pressure
aluminium cylinders

Atmospheric trace gases with dry mole fractions of sub-
nanomole-per-mole levels, such as COS and halocarbons,
can exhibit significant changes during storage in high-
pressure cylinders. High-pressure stainless-steel cylinders
are generally used for the storage of reference gas mixtures
for these trace gases. Previous studies have reported that
COS and halocarbons show superior stability, even at am-
bient mole fractions, in this type of cylinder (Hall et al.,
2014; Guillevic et al., 2018). Thus, the use of stainless-steel
cylinders can be an effective measure to reduce changes in
the mole fractions of COS during storage. However, in this
study, we opted to use Luxfer 9.4 L aluminium cylinders with
a brass-bodied cylinder valve (G55-L; Hamai Industries Lim-
ited) because aluminium cylinders with treated inner surfaces
are easier for us to obtain than stainless-steel cylinders.

In the past, we prepared several dry reference gas mix-
tures of COS at ambient levels filled in high-pressure alu-
minium cylinders by the gravimetric method, and almost all
of them showed substantial changes in the mole fraction of
COS during storage, which is hereafter referred to as “drift”.
Figure 3 shows an example of drift, in which we observed a
substantial decrease in the mole fraction of COS. Although
the stability during storage could be enhanced depending on
the material of the gas cylinder and inner-surface treatment
(Yokohata et al., 1985; Montzka et al., 2004, 2007; Hall et
al., 2014), other factors that affect the amount and rate of this
drift remain unknown.

At a micromole-per-mole level of COS, we found no no-
table COS drift during storage in high-pressure aluminium
cylinders from a stability check experiment. In the ex-
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Figure 3. Time series of COS mole fraction in a non-passivated
high-pressure aluminium cylinder. The standard gas was prepared
gravimetrically to contain approximately 500 pmol mol~! COS in
dry nitrogen.

periment, compressed natural air was measured using the
GC/MS measurement system against three different dry ref-
erence gas mixtures containing approximately 5 umol mol~!
of COS prepared in different years. These reference gas mix-
tures (balanced in nitrogen) were prepared gravimetrically
and filled into Luxfer 9.4 L aluminium cylinders with the
brass-bodied cylinder valves at a fill pressure of 9.81 MPa by
a Japanese manufacturer (Japan Fine Products, Co.) in 2006,
2011, and 2015. The nominal mole fractions were 5.12, 5.02,
and 5.05 umol mol !, respectively (Table 1).

For the determination of COS, we used an established
automated measurement system combining a commercially
available dynamic diluter (SGGU-7000NS-U6; HORIBA
STEC, Co., Ltd.) and the GC/MS measurement system. The
GC/MS measurements of the compressed natural air were
referenced to those of a gas mixture containing approxi-
mately 500 pmol mol~! of COS, which was dynamically di-
Iuted 10000 times with high-purity nitrogen (> 99.99995 %
purity) from the gravimetrically prepared reference gas mix-
ture using the commercial diluter. We do not present the de-
tails of the diluter here; only the general features are de-
scribed. The diluter employed a two-step dilution method,
and the dilution was performed by mixing the parent and
diluent gases at gas flow rates regulated by two MFCs. The
expected mole fraction from dilution was calculated from the
measured flow rates of the two gases. The nominal preci-
sion of the dilutions was £ 1.0 %. The COS determination
by GC/MS was repeated four to eight times according to the
protocol described in Sect. 2.4, until high repeatability was
obtained in the measured values. The COS mole fraction was
determined based on the final three measurements.
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As presented in Table 1, the determined mole fractions of
COS can be compared with each other to indirectly eval-
uate the long-term stability of COS at the micromole-per-
mole level in the reference gas mixtures during storage. The
mole fractions of COS from each experiment corresponding
to different parent gas mixtures prepared in different years
were determined with standard deviations (1o) of less than
0.5 pmol mol~!. While the individual average COS values
did not agree within the 2-0 envelope of their correspond-
ing measurement data, they were within 2 % of the average
values. It is difficult to clarify whether a marked COS drift
occurred in the reference gas mixture owing to the unquanti-
fied combined uncertainty related to gravimetric preparation
and dynamic dilution. However, the observed relationship
presented in Table 1 indicates that the nominal COS values
provided by the gas manufacturer at the time of preparation
were almost consistent for all three cylinders, at least at the
time of this experiment. These results imply that in our exper-
iments the impact of drift during storage is practically negli-
gible over a period of more than 1 decade when using a gas
mixture containing COS at a micromole-per-mole level. This
suggests an alternative approach to maintaining the COS cal-
ibration scale with a high-accuracy dynamic dilution of the
quasi-stable reference gas mixture. Although periodic abso-
lute determination is still required for stability validation, its
frequency can be reduced significantly.

Note that we used the automated measurement system us-
ing the commercial diluter, which was convenient for detect-
ing significant levels of COS drift, whereas the dynamic di-
lution system using the Molbloc system developed in this
study required manual dynamic gas dilution and subsequent
GC/MS measurements. However, the commercial diluter
needs more time for system conditioning and has an inferior
dilution accuracy to the developed dilution system. There-
fore, the dynamic dilution system using the Molbloc system
offers significant advantages for the accurate determination
of COS in a reference gas mixture.

4 Evaluation of dilution performance

We investigated the dilution performance of the developed
dynamic dilution system in terms of precision and accuracy,
comprised of repeatability and reproducibility and of true-
ness and precision, respectively (ISO, 2017). The linearity
of the developed dynamic dilution system was also investi-
gated. These investigations were conducted based on GC/MS
analysis of the target gases, and we report the GC/MS mea-
surements as response values normalized to an ambient-air-
based reference gas mixture according to the procedure de-
scribed in Sect. 2.4. After validating our dilution method, we
assigned mole fractions to the target gases in the ambient-air-
based reference gas mixture.
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4.1 Repeatability and reproducibility

To evaluate the dilution precision, which consists of repeata-
bility and reproducibility, we conducted a series of experi-
ments in which we generated a diluted parent gas mixture
using a dilution system, followed by GC/MS measurements
of the target gases. A total of five experiments were con-
ducted, with each experiment consisting of at least four sam-
ple measurements. Four of the experiments were performed
on different days within a week, and the final experiment
was performed approximately two weeks after the previ-
ous four experiments. A common dilution ratio was used
in these experiments. The expected mole fraction of the di-
luted target gases was approximately 500 pmolmol~! for
COS and 495 pmol mol~! for HCFC-22, and the flow rates
of the parent and diluent gases to be blended were set at 2.5
and 5000 sccm, respectively. For each experiment, the aver-
age and standard deviation of the response values from the
GC/MS measurements were calculated from at least four nor-
malized responses.

Figure 4 shows the results of the GC/MS measurements of
the diluted target gases. Dilution repeatability was calculated
as the RSD of the normalized responses obtained in each
experiment. The obtained RSD values for COS and HCFC-
22 from each of the five experiments were within 0.3 % and
0.6 %, respectively, and the average RSD values were 0.2 %
and 0.4 %, respectively. Although these RSD values of the
dilution repeatability were determined as the combined un-
certainties from the GC/MS measurements and the dynamic
dilution, the average RSD values were comparable with those
of the typical measurement repeatability of the GC/MS sys-
tem (approximately 0.5 %). These results suggest that the
dilution repeatability obtained was primarily subject to the
GC/MS measurements rather than from the dynamic dilu-
tion. Conversely, the dilution reproducibility can be evalu-
ated through the standard deviation of the average normal-
ized responses obtained from each experiment. The aver-
ages for both COS and HCFC-22 from the five experiments
were in good agreement. The RSD values for these responses
were 0.1 % and 0.3 % for COS and HCFC-22, respectively,
which were reduced compared with those from the repeata-
bility test. These results suggest that the uncertainty in tar-
get gas measurements was dominated by random uncertainty
from the GC/MS measurements and that there was no sig-
nificant systematic uncertainty observed between the exper-
iments. This is also corroborated by the ratio of the normal-
ized response of COS to that of HCFC-22. We observed no
clear systematic changes in the normalized response ratios
in each experiment and obtained nearly constant average ra-
tios among the five experiments. Based on the evaluation of
the repeatability and reproducibility, the dilution system was
found to generate a dynamically diluted gas mixture pre-
cisely, which can be represented by the repeatability of the
GC/MS measurements.
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Table 1. Mole fractions of COS in compressed natural air determined by GC/MS calibrated against three individual dynamically diluted gas
mixtures from respective parent reference gas mixtures prepared in different years.

Parent reference gas mixture

Determined COS value* (n = 3)

Preparation Nominal mole Average Standard
year fraction (umol mol™ 1 ) | (pmolmol™ 1 )  deviation (lo)
2006 5.12 270.2 0.1
2011 5.02 274.6 0.4
2015 5.05 272.9 0.5

* COS determination was performed in March 2023.

4.2 Dilution linearity

The dilution linearity was examined by comparing the deter-
mined target gases in the generated gas mixture by the Mol-
bloc system with those obtained by the GC/MS measurement
system. The mole fractions of the target gases were calcu-
lated from the mass flow rates of the parent and diluent gases
measured using the Molbloc system, whereas the target gases
were determined as normalized GC/MS responses based on
GC/MS measurements. For the experiment, the dilution ratio
was varied by changing the parent gas flow rate using MFC-B
such that the expected mole fraction of COS in the generated
gas mixture was in the range of 400-600 pmol mol~!, which
corresponds to the typical atmospheric mole fraction. We
checked the linear response of COS and HCFC-22 in incre-
ments of 50 pmol mol~! in the range defined by the dilution
ratio, and then we checked it in decrements of 50 pmol mol~!
to investigate the possible memory effect of the previous di-
lution process. The normalized GC/MS responses were plot-
ted against the mole fractions obtained from the Molbloc sys-
tem (Fig. 5). For the increment and decrement changes, the
normalized COS and HCFC-22 values showed excellent lin-
earity with the corresponding mole fractions from the Mol-
bloc system, and linear least-squares fitting yielded deter-
mination coefficients greater than 0.99. The relative resid-
uals of the normalized values from the fitting line were also
plotted (bottom panels). The values for COS and HCFC-22
were distributed within 0.4 %, which can be explained by the
typical measurement repeatability (approximately 0.5 %) of
the GC/MS measurement system. There was no clear depen-
dence of the relative residual values on the Molbloc mole
fraction, and similar results were obtained for the ratio of the
normalized values (data not shown). These results indicated
that there was no significant memory effect from the previ-
ous blending process. Overall, our results demonstrate that
our dynamic dilution system has excellent linearity in the
range of the investigated dilution ratios and shows no bias
depending on the mole fraction of the generated target gas.
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4.3 YValidation of dilution accuracy

Subsequently, the dilution accuracy, comprising trueness and
precision, of the dynamic dilution method was assessed us-
ing a validation experiment. In this experiment, the parent
gas mixture was dynamically diluted using the developed dy-
namic dilution system, and the resulting diluted parent gas
mixture was analysed through GC/MS calibrated with the
gravimetrically diluted parent gas mixture. The determined
mole fractions of HCFC-22 from the GC/MS measurements
were compared with those from the Molbloc system based
on the measurements of the mass flow rates of the parent
gas mixture and diluent gas (Fig. 6). The diluted parent gas
mixture for GC/MS calibration was prepared by a Japanese
gas manufacturer (Japan Fine Products, Co.) by the gravimet-
ric dilution of the parent gas mixture with high-purity nitro-
gen (> 99.99995 % purity). This mixture was filled at a fill
pressure of 9.4 MPa into a Luxfer 9.4 L high-pressure alu-
minium cylinder fitted with a brass-bodied SUS316L metal
diaphragm valve (G55-L; Hamai Industries Limited). The
inner surface of the cylinder was polished using a propri-
etary method (Japan Fine Products, Co.). The mole frac-
tions of COS and HCFC-22 in the gas mixture were 505.0
and 500.4 pmol mol !, respectively. Owing to this gravimet-
ric dilution, the GC/MS measurements were standardized to
those of the parent gas mixture. We expected a significant
loss of COS in this gravimetric gas preparation process, and
a marked decrease in COS was observed: the nominal value
reduced to approximately 1/13 after preparation of the ref-
erence gas mixture, probably within 1 month. However, we
could analyse the dilution accuracy based on the determina-
tion of HCFC-22 as our experiments demonstrated compara-
ble dilution performances between HCFC-22 and COS, with
no significant systematic dilution bias for COS, as presented
in the Supplement.

The dynamically diluted parent gas mixture was generated
by a 2020-fold dilution to produce an expected HCFC-22
mole fraction of approximately 495 pmolmol~'. The gen-
erated gas mixture was measured six times in series by
GC/MS, and the average HCFC-22 mole fraction in the di-
luted gas mixture during the preconcentration process of
the GC/MS measurement was determined using the Mol-
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Figure 4. Repeatability and reproducibility of our dynamic dilution method for generating gas mixtures containing COS and HCFC-22.
Vertical error bars indicate the standard deviation of the normalized values obtained in each experiment. The number of measurements and

relative standard deviation are shown for each average plot.
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Figure 5. Dilution linearity of the dynamic dilution method for COS
and HCFC-22 in response to increases or decreases in the generated
target gas mole fractions. The normalized GC/MS responses (a, b)
and residuals from the fitting line determined by linear least-squares
(¢, d) are shown as a function of the mole fraction calculated from
the average mass flow rates during the sample concentration process
measured by the Molbloc system.

bloc system (Table 2). We obtained average HCFC-22 val-
ues with high precision using both methods. The standard
deviations for the GC/MS and Molbloc measurements were
0.8 and 0.1 pmolmol~!, and the corresponding RSD values
were 0.2 % and 0.1 %, respectively. There was a slight dif-
ference between the two average values: the GC/MS mea-
surements were approximately 2 pmol mol~! lower than the
Molbloc measurements. The average values fell outside the
2-0 range of one another, indicating a potential difference in
their trueness.

Based on the mass flow rates measured by the Molbloc
system, we calculated the average HCFC-22 mole fraction
in the diluted gas mixture during the preconcentration pro-
cess of the GC/MS measurements, which was directly trace-
able to the nominal HCFC-22 value contained in the parent
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Figure 6. Scheme for validating the dilution accuracy of our dy-
namic dilution method.

gas mixture. Conversely, the GC/MS was calibrated with the
gravimetrically diluted parent gas mixture with traceability
to the parent gas mixture to determine the HCFC-22 value.
However, this method includes the uncertainty derived from
the gravimetric dilution. Although no estimated uncertainty
was provided by the manufacturer, the preparation uncer-
tainty can be roughly estimated based on the typical measure-
ment uncertainty of a weighing scale (& 25 mg, 20') and was
+ 1.2 pmol mol~! for HCFC-22. Since this uncertainty is
propagated to the GC/MS measurement, the observed differ-
ence of approximately 2 pmol mol~! was acceptable within
the expanded uncertainty of 2.8 pmol mol~! (k = 2) for the
GC/MS measurements calculated from the combined uncer-
tainty of the GC/MS measurements and gravimetric prepara-
tion. Based on these results, we concluded that the dynamic
dilution method could accurately generate COS reference
gas mixtures at ambient levels from those at micromole-per-
mole levels.
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Table 2. Comparison of mole fractions of HCFC-22 between a dy-
namically diluted parent gas mixture determined by the Molbloc
system and GC/MS calibrated with a gravimetrically diluted parent
gas mixture.

HCFC-22

(pmol mol~! )
Determination method (lo,n=06)
GC/MS 493.7+0.8
Molbloc 495.8+£0.1
Difference (GC/MS — Molbloc) —2.1+£0.8

4.4 Mole fraction assignment of COS and HCFC-22 in
a high-pressure aluminium cylinder

Here, we present an example of mole fraction assignment
for target gases in a high-pressure aluminium cylinder using
dynamic dilution and the GC/MS measurement systems. By
re-evaluating the experimental data described in Sect. 4.1,
we determined the mole fractions of COS and HCFC-22 in
the ambient-air-based reference gas mixture, which was used
to correct for diurnal variations in the sensitivity of GC/MS.
As described in Sect. 2.4, the mole fraction of gas x was
expressed as the product of the normalized GC/MS response
and the assigned mole fraction of gas x in a reference gas
mixture according to Eq. (3). Rearranging Eq. (3) using the
mole fraction determined from the Molbloc measurements
yields

A

Rx ,ref

[x]ret = X [x]diluted,Molbloc 4

Ry diluted
where Ry diluted 1S the normalized GC/MS response for gas x
in the dynamically diluted gas mixture and [x]giluted, Molbloc
is the average mole fraction calculated from the mass flow
rates of the parent and diluent gases measured by the Mol-
bloc system during sample concentration. The assigned mole
fraction values for the target gases in the ambient-air-based
reference gas mixture are summarized in Table 3. The as-
signed values of COS and HCFC-22 were 554.5+ 0.1 and
289.1 £ 0.3 pmol mol !, respectively. These results suggest
that the determination of COS and HCFC-22 contained in
an ambient-air-based reference gas mixture used to calibrate
the GC/MS system was performed with an accuracy that en-
ables the analysis of the spatiotemporal variability of the
target gases — in particular, the interannual variability in
COS. However, the obtained values were determined against
a gravimetrically prepared parent gas mixture. Therefore, the
absolute determination of the target gases in the parent gas
mixture is required to establish our COS calibration scale for
atmospheric COS observations. The major advantage of the
developed dynamic dilution method is that COS values deter-
mined by our dynamic dilution method can be recalculated
on the updated COS calibration scale after the absolute de-
termination, and on the scale from other laboratories through
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an intercomparison experiment, as long as COS in the parent
gas mixture is stable.

5 Discussion

We developed a dynamic dilution method for preparing ref-
erence gas mixtures containing COS that includes a relative
drift-reduction approach to avoid issues related to the change
in the COS mole fraction over time; however, outstanding is-
sues still exist that may lead to reduced consumption of the
parent gas mixture in our dynamic dilution method.

In our pilot study, we found an unexplained dilution bias
responsible for the inconsistent determination of the target
gases in the dynamically generated gas mixture between the
GC/MS and Molbloc measurements (see Supplement). The
dilution bias depended on the pressure and flow rates of the
parent and diluent gases; even under pressure control of the
relevant gas flows, a greater bias was observed for COS than
HCFC-22. We attributed this COS-specific dilution bias to
factors possibly associated with the adsorption of COS onto
the inner surface of the dilution system or with gas fractiona-
tion processes occurring at the cylinder and regulator during
the passage of the parent gas flow through them. Therefore,
we improved our dilution method by increasing the system
purge time, introducing a more rigorous pressure-matching
between the two gas flows and increasing the parent gas
flow rate beyond that required for generation of reference
gas mixture, with excess flow exhausted via a branch ex-
haust system. Consequently, the combination of these strate-
gies worked well for high-accuracy dynamic dilution in this
study, although COS-specific bias is not clearly understood.

A similar dilution bias was observed by Brewer et al.
(2014). They reported that the dynamically generated mole
fractions of SO, and CO showed a systematic bias that was
inversely proportional to the parent gas flow rate at flow rates
of less than 10 mL min~!. In our experiments, the dilution ac-
curacy deteriorated at these flow rates before improvements
were made to the system; however, no clear inverse depen-
dence was observed, implying that the dilution bias was not
limited to COS dilution and that its impact and biasing can
vary in a complicated manner, probably depending on the ex-
perimental conditions and physical properties of the diluted
gases, especially at a lower flow rate of the parent gas. On the
other hand, previous studies identified several factors that can
cause gas fractionation in gases flowing from a high-pressure
cylinder via a pressure regulator. Gas fractionation can be
caused by kinetic processes owing to diffusive fractionation,
such as pressure diffusion, thermal diffusion, effusion, and
gas adsorption to the inner wall of the cylinder (Langenfelds
et al., 2005; Schibig et al., 2018; Hall et al., 2019; Aoki et al.,
2022). Given that we previously suggested the possible in-
volvement of the cylinder and regulator, these diffusive pro-
cesses may contribute to the observed dilution bias, with a
strong influence on COS dilution. Further investigations are
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Table 3. Mole fraction assignments of COS and HCFC-22 contained in an ambient-air-based reference gas mixture based on GC/MS analysis,
calibrated with a Molbloc dynamic dilution system using a parent gas mixture containing 1.01 and 1.00 umol mol~! of COS and HCFC-22,

respectively.

Experiment COS (pmol mol_l) ‘ HCFC-22 (pmol mol_l)

Mole  Standard Mole Standard

fraction deviation | fraction deviation

1 554.7 1.2 288.9 1.5

2 554.7 1.0 288.6 0.5

3 554.7 2.0 288.5 1.0

4 554.5 1.9 290.4 1.8

5 554.0 1.2 289.3 1.5

Assigned value* 554.5 0.1 289.1 0.3

* Uncertainty is given as the standard deviation of the determined mole fractions from five

sets of experimental data.

required to identify the mechanisms underlying the observed
dilution bias.

It is important to note that the precision of the developed
dynamic dilution method is inferior to that of gravimetry at
this stage; however, the developed method has a practical
advantage for atmospheric COS observation because of the
limited storage stability of COS in high-pressure cylinders.
Another advantage is that the new technical knowledge ob-
tained from this study will enable us to establish an automatic
dynamic dilution system that can generate a diluted refer-
ence gas mixture with precise pressure control of the parent
and diluent gases linked to the GC/MS system. This will ex-
pand the application of the dilution system to other analyti-
cal systems for different target gases and reduce the labour
and time required to conduct experiments. For example, the
international WMO Global Atmosphere Watch Programme
set a goal of +2nmolmol~! for interlaboratory compati-
bility for atmospheric CO measurements (WMO, 2020). In
high-pressure aluminium cylinders, CO is generally known
to show substantial positive growth (Novelli et al., 1994,
2003; Tanimoto et al., 2007; Nara et al., 2011), but the impact
of CO growth can be relatively reduced at the micromole-
per-mole level (Nara et al., 2011), suggesting that our rel-
ative drift-reduction approach will most likely maintain the
quasi-integrity of CO in the reference gas mixtures at higher
CO mole fractions. Because the dilution accuracy of our de-
veloped method was estimated to be within 0.1 % RSD for
the mole fraction of the generated gas, our dynamic dilu-
tion approach can contribute greatly to fulfilling the WMO
compatibility goal for CO, even without gravimetric prepara-
tion. This emphasizes the usefulness of our dynamic dilution
method with a relative drift-reduction approach for maintain-
ing the reference gas scale and traceability of unstable trace
gases at ambient levels.

https://doi.org/10.5194/amt-17-5187-2024

6 Summary and conclusions

We developed a one-step dynamic dilution method that is ca-
pable of accurately generating COS reference gas mixtures at
ambient levels (ca. 500 pmolmol~!) from a gravimetrically
prepared parent gas mixture containing a high mole fraction
of COS (micromole-per-mole level).

We began by investigating the stability of a dry reference
gas mixture containing ambient levels of COS stored in a
high-pressure aluminium cylinder. Although a substantial de-
crease in the mole fraction of COS was observed over time,
at higher mole fractions (approximately 5 umol mol~!), COS
dry gas mixtures were practically stable over the period of
more than 1 decade. These results suggest that the impact of
COS drift during storage can be reduced to a negligible level
using a gas mixture containing a high mole fraction of COS.
By applying this drift-reduction approach, we established a
dynamic dilution method that uses a gravimetric parent gas
mixture containing approximately 1 umol mol~! of COS, to-
gether with HCFC-22, which was added to aid in diagnosing
the cause of the dilution bias of COS observed in our pi-
lot study.

In the pilot study, the GC/MS response ratio of COS to
HCFC-22 revealed an unexplained marked bias for the dilu-
tion of the gravimetric parent gas mixture, with a greater bias
for COS than for HCFC-22. Although we could not identify
the reason for this COS-specific dilution bias, it was consid-
erably improved by implementing strategies against the pos-
sible dilution-biasing factors of adsorption and gas fraction-
ation at the cylinder and regulator. The addition of a branch
exhaust system was part of this strategy, which helped rinse
the flow path in the dilution system and stabilize the pressure
of the gravimetric parent gas while exhausting the excess par-
ent gas flow. After implementing these improvements, ex-
cellent repeatability and reproducibility were obtained for
the dilution of COS and HCFC-22 and for dilution linear-
ity in our evaluation experiments. RSD values of 0.2 % and

Atmos. Meas. Tech., 17, 5187-5200, 2024



5198

0.4 % for COS and 0.1 % and 0.3 % for HCFC-22 were ob-
tained for the repeatability and reproducibility of the method.
This excellent dilution performance was corroborated by the
nearly constant ratio of the normalized GC/MS response of
COS to that of HCFC-22. We obtained a comparable dilu-
tion performance between COS and HCFC-22, allowing us
to validate the dilution accuracy at ambient levels for HCFC-
22 by comparing the flow-rate-based determination using the
Molbloc system and the GC/MS-based determination system
using a gravimetrically diluted parent gas mixture. A good
agreement was obtained between the two methods, demon-
strating that our dynamic dilution method can accurately
generate diluted gas mixtures without significant systematic
bias. Finally, we determined the mole fractions of COS and
HCFC-22 in an ambient-air-based reference gas mixture by
re-evaluating the experimental data obtained by testing the
repeatability and reproducibility of the dilution method. The
mole fractions of COS and HCFC-22 were precisely deter-
mined, with relative standard deviations of 0.1 % and 0.3 %,
respectively.

Overall, these results demonstrated that our dynamic di-
lution method can contribute to accurate long-term observa-
tions of atmospheric COS. However, the absolute determina-
tion of COS in a gravimetric parent gas mixture is needed
to ensure traceability and interlaboratory compatibility; thus,
further development is needed to better understand atmo-
spheric COS dynamics. Notably, our dilution method can be
applied to the preparation of other reference gas mixtures
containing unstable atmospheric trace gases such as CO in
high-pressure cylinders, which emphasizes the usefulness of
our dynamic dilution method.
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