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Abstract Diode laser-based continuous wave cavity ring-
down spectroscopy (cw-CRDS) in the near-infrared re-
gion has been used to measure the mixing ratio of acety-
lene (C2H2) in ambient air. Detection limits of 120 parts
per trillion by volume (pptv) for 20 min and 340 pptv
for 70 s acquisition time were achieved without sample
pre-concentration, measuring on a C2H2 absorption line at
6565.620 cm−1 (∼1523 nm). Several indoor and outdoor air
samples were collected at different locations in the Helsinki
metropolitan area and analyzed using static-cell measure-
ments. In addition, flow measurements of indoor and out-
door air have been performed continuously over several
days with a time resolution of down to one minute. Baseline
acetylene levels in the range of 0.4 to 3 parts per billion by
volume (ppbv), with a maximum around midday and a min-
imum during the night, were measured. Sudden high mixing
ratios of up to 60 ppbv were observed in outdoor air during
daytime on a minute time scale. In general, the indoor mix-
ing ratios were found to be higher than those in outdoor air.
The acetylene levels correlated with the ambient CO levels
and with outdoor temperature.

1 Introduction

Acetylene (C2H2) is one of the most common hydrocarbons
in the troposphere [1–3] originating almost exclusively from
anthropogenic sources [4]. It is a regular product of com-
bustion processes, mainly present in vehicle exhausts (fossil
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fuels and biofuels) but also caused by biomass burning [5].
The acetylene mixing ratios in outdoor air are usually above
one part per billion by volume (ppbv) in populated urban ar-
eas [1–3, 6, 7] and below that value in rural settings [4, 5,
8, 9]. Tropospheric acetylene mixing ratios also show a dis-
tinctive annual pattern with wintertime values 2 to 10 times
higher than summertime recordings [5, 6, 10].

While volatile organic compounds (VOCs) and nitrogen
oxides (NOx ) are the most important chemical precursors
of tropospheric ozone (O3) [7], acetylene (a light VOC) is
one of the most photochemically unreactive hydrocarbon
species with almost negligible contribution to ozone for-
mation [3, 7]. As with other hydrocarbons, it is mainly re-
moved from the atmosphere by a reaction with the hydroxyl
radical (OH). However, acetylene has a relatively long lo-
cal atmospheric lifetime of about two weeks [5]. The com-
pound can thus be employed as a marker for anthropogenic
emissions and to trace polluted air masses. Furthermore, it
is common to use VOC/acetylene ratios in atmospheric in-
vestigations to identify VOC sources other than combustion
[2, 3]. Such ratios are also helpful in evaluating the impact of
vehicle exhausts on the seasonal variation of the total VOC
concentration [8, 9]. Since acetylene is highly correlated
with another combustion marker, carbon monoxide (CO),
the C2H2/CO concentration ratio can be used as a tracer of
chemical aging and dilution of polluted air [5, 10]. In addi-
tion to environmental and atmospheric studies, the measure-
ment of acetylene mixing ratios is important in industrial ap-
plications, such as the petrochemical industry, where acety-
lene is an impurity in ethylene gas flows [11, 12]. Many of
the applications mentioned above require fast acetylene con-
centration measurements with high sensitivity, accuracy and
selectivity.

The standard analytical technique for the quantification
of trace volatile hydrocarbons in atmospheric samples is gas
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chromatography combined with mass spectrometry (GC-
MS). This highly sensitive and reliable method is routinely
used to simultaneously measure multiple VOCs at down to
parts per trillion by volume (pptv) levels [13]. The high sen-
sitivity can, however, only be achieved by pre-concentration
of the collected air sample, which takes time and requires
large sample volumes. Moreover, a GC-MS instrument must
be frequently calibrated using standard gas mixtures. The
calibration and pre-concentration procedures together with
the chromatographic separation stage are time-consuming,
resulting in acquisition times of tens of minutes up to sev-
eral hours. This makes real-time monitoring of trace volatile
compounds in the atmosphere or in industrial gas flows im-
possible. Some of these drawbacks have been overcome
in proton-transfer reaction mass spectrometry (PTR-MS),
which allows fast detection of VOCs at sub-ppbv levels [13,
14]. However, acetylene cannot be detected with this method
due to its unfavorable proton affinity [13].

The detection of light gas phase molecules in trace con-
centrations is an established field of application of laser-
based absorption spectroscopy [15]. Monochromatic laser
radiation inherently provides selectivity between the absorp-
tion lines of different compounds without the need for a sep-
aration stage. Widely tunable lasers allow many species to
be detected with the same experimental setup. Absorption
spectrometers based on diode lasers can be made compact
and portable, thus enabling in situ trace gas detection for at-
mospheric measurements and in industrial applications. The
required ppbv to pptv sensitivity levels are often achieved
by employing an external optical cavity with high reflectiv-
ity mirrors as a sample cell, thereby enhancing the effective
absorption path length and thus the absorption signal [16].
Several cavity-enhanced techniques have been employed to
develop instruments for sensitive C2H2 measurements [11,
12, 17–24].

One of the most common cavity-enhanced absorption
techniques for highly sensitive trace gas detection is cavity
ring-down spectroscopy (CRDS) [25, 26]. The CRDS signal
is independent of laser intensity fluctuations, and calibration
procedures are not required if the line strength of the mole-
cular transition is known. Various implementations of the
technique are employed in fields such as atmospheric chem-
istry, medical diagnostics and combustion research [26]. In
a recent study, Pradhan et al. used a near-infrared contin-
uous wave CRDS (cw-CRDS) diode laser spectrometer to
measure acetylene mixing ratios in ambient air [23, 24].
For automated measurements at 30 minutes intervals they
achieved a detection limit of 35 pptv by 10-fold sample
pre-concentration using an adsorbent trap [24]. The pre-
concentration process reduces spectral interference through
selective adsorption on the trap and enables low detection
limits, but it requires additional components in the gas sam-
pling stage and leads to a relatively long total acquisition
time.

In this work, we present a cw-CRDS setup based on an
external cavity diode laser operating in the near-infrared re-
gion that allowed us to measure typical acetylene mixing
ratios in air without the need for sample pre-concentration.
A number of outdoor and indoor air samples, collected into
gas sampling bags around the Helsinki metropolitan area,
were analyzed in static-cell measurements. To reveal diur-
nal changes and short-term fluctuations in the mixing ratio
of acetylene, we also performed continuous on-line mea-
surements over 24 hour cycles by applying a constant flow
of outdoor or indoor air through the CRDS cavity. Further-
more, the amount of acetylene in the exhaled breath of a
human being was measured.

2 Experimental setup and procedures

2.1 Cavity ring-down setup

The CRDS setup used in this study is similar to the original
cw-CRDS apparatus described in [25]. A schematic diagram
of the setup is shown in Fig. 1. An external cavity diode
laser (ECDL) (New Focus, Velocity 6328), tunable between
6350 cm−1 and 6575 cm−1, was used as the near-infrared
light source. The laser output power was about 20 mW, and
the optical bandwidth was ∼1 MHz. A small fraction of the
laser power was directed to a wavemeter (EXFO, WA-1500),
which had a specified uncertainty of ±40 MHz. The main
part of the laser beam was passed through an optical iso-
lator (OI) (OFR, IO-2.5-1554-VLP) and then focused into
an acousto-optical modulator (AOM) (Brimrose, AMM-80),
which was connected to an 80 MHz RF driver (Brimrose,
FFA-80). The AOM was used as a fast optical switch and
the first order beam was utilized in the ring-down experi-
ment. The beam was then directed through a mode-matching
telescope that optimized the beam properties to match the
lowest transverse electro-magnetic mode (TEM00) of the
ring-down cavity (RDC). An InGaAs photo receiver (Red-
Wavelabs, D100) was used to detect the light transmitted
through the optical resonator. A home-made comparator
switch monitored the signal from the detector and turned off
the AOM once a certain intensity of the laser light had been
coupled into the RDC. The signal from the detector was
also sent to a personal computer equipped with a fast 12-bit
data acquisition card (Gage, Compuscope 12100). The ring-
down decays were then digitized and fitted to a single expo-
nential function using the Levenberg–Marquadt algorithm
[27] in a LabVIEW (National Instruments) program. The
same software controlled the tuning of the laser frequency
during the scans. The laser frequency was scanned over the
spectral window once in a stepwise fashion with an interval
of about 90 MHz.

The RDC (Los Gatos Research, Inc.) was made of stain-
less steel and the internal surfaces were coated with quartz
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Fig. 1 Schematic diagram of
the experimental setup.
ECDL = external cavity diode
laser; OI = optical isolator;
BS = beamsplitter;
AOM = acousto-optic
modulator; V = valve;
MFC = mass flow controller

to produce a chemically non-reactive surface. The total sam-
ple volume of the cell was 0.5 dm3. The mirrors (Layertec
GmbH, specified transmission coefficient at 1560 nm T ∼
0.001%) were placed 517 mm apart, thus creating an opti-
cal resonator with a free spectral range (FSR) of 290 MHz.
The empty cavity ring-down time was 215 µs, which corre-
sponds to an optical finesse of about 390 000. The radius of
curvature of both mirrors was 1 m and the rear surfaces of
the mirrors were anti-reflection coated. A mirror purge sys-
tem was not used. To enable TEM00 excitation at all laser
wavelengths the back mirror of the cavity was placed in a
mirror mount with three piezo-actuated mounting screws.
The piezos were used to modulate the cavity length by an
amount that corresponded to approximately one cavity FSR.
The modulation had a saw-tooth shape and a frequency of
30 Hz, thus allowing a repetition rate of 60 Hz for the ring-
down decays.

The ring-down time was slightly different for different
positions (voltages) of the piezos used to modulate the cav-
ity length. As the laser frequency was scanned, the different
piezo positions were periodically sampled and a correspond-
ing saw-tooth shaped background signal was observed in the
recorded spectra. Even by optimizing the gains and offsets
applied to the three piezos, we were unable to reduce this pe-
riodic background variation. The same type of background
signal was also described in [28], where the authors applied
mechanical vibrations to the setup to randomize (and aver-
age out) the modulation. In a similar approach, we used a
ring-type piezo to apply a slow (2 Hz) sine-wave modula-
tion (of about one FSR) to the front mirror of the cavity.
As the phase-shift between this sine-wave and the saw-tooth
applied to the back mirror was not fixed, we were able to
randomize the periodic background for time scales larger
than ∼1 s. The averaging of ring-down decays and spec-
tra then reduced the magnitude of the saw-tooth background

signal. Another type of noise we observed as we tuned the
cavity length were sudden drops in the cavity decay time,
which originated from the coupling of the TEM00 mode with
higher order transverse cavity modes. The coupling mech-
anism is described in detail in [29], where it is suggested
to place an aperture inside the cavity to limit the excitation
of the higher order transverse modes. After insertion of a
∅ 4 mm intra-cavity aperture, the sudden decay time drops
were completely eliminated from the spectra.

The sensitivity of the spectrometer can be estimated
from the baseline noise of the ring-down time constant τ .
The reciprocal of τ is the ring-down rate coefficient k and
changes in the rate coefficient Δk are directly related to the
molecular absorption coefficient α by Δk = cα, where c is
the speed of light. The molecular absorption coefficient is,
in turn, proportional to the number density of molecules n

[molecules cm−3] and the frequency-dependent absorption
cross section S [cm2] by α = Sn. The minimum detectable
absorption coefficient, αmin, is determined by the minimum
detectable change in the time decay, which can be defined as
the value of the standard deviation (σ ) of a statistically sig-
nificant number of baseline points in the spectrum. The min-
imum detectable absorption can then be expressed as [26]

αmin = 1

c

(
1

τ0 − σ0
− 1

τ0

)
, (1)

where τ0 refers to the time constant in the absence of mole-
cular absorption. A typical noise-equivalent detection limit
for the CRDS setup used in this study was 7 × 10−11 cm−1.
This was achieved without background subtraction for a sin-
gle scan recorded by averaging 100 ring-down decays per
point at an acquisition rate of 60 Hz. In principle, it would
be possible to further optimize the sensitivity in terms of the
noise in the ring-down time constant, i.e to find the opti-
mal averaging time for our setup and identify and reduce the
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dominant noise sources. However, the factors limiting our
sensitivity for acetylene mixing ratio measurements are cur-
rently not associated with the ring-down time constant itself
but are related to air sampling procedures and spectral in-
terference due to other molecular absorbers such as carbon
dioxide (CO2), ammonia (NH3) and water (H2O). The de-
tection limits for acetylene were thus deduced from actual
sample spectra by curve fitting, as described in Sect. 3.1.

2.2 Sample handling

The air samples were injected into the RDC either from an
aluminum-coated sampling bag of 1.3 dm3 volume (Wag-
ner Analysen Technik, WT 8004) or directly from the in-
door/outdoor air. The bags were filled in about 30 s using an
air sampling pump (SKC 224-PCXR4). A rotary vane pump
(Edwards, RV3) equipped with a liquid nitrogen trap was
used to transfer the samples to the gas line. A Baratron pres-
sure gauge (MKS, 622A12) was connected to the RDC to
monitor the absolute pressure in the cavity. Before each sta-
tic measurement, the RDC was flushed with ambient air for
about 5 minutes. For flow measurements, a mass flow con-
troller (MFC) (MKS, M100B) was used to control the flow
rate of the gas supplied to the cavity. The flow rate was kept
at approximately 2 dm3/min for most measurements, result-
ing in a residence time of the air in the cavity of ∼3 s. A filter
(Swagelok, SS-6TF-MM-05) was installed in the gas line to
block particulate matter >0.5 µm by diameter.

To be able to make quantitative gas mixing ratio mea-
surements, the adsorption/desorption properties of the mole-
cule of interest must be investigated. For highly reactive
molecules, like ammonia and formaldehyde, this is a major
problem and static-cell measurements are usually not appro-
priate. Fortunately, acetylene is fairly non-reactive and ad-
sorption to surfaces of our apparatus was negligible. The
same acetylene mixing ratios were retrieved whether the
measurement was done in static-cell or flow conditions.
Flow measurements were thus used only for continuous in-
door/outdoor air sampling. To establish the measurement er-
ror when using the bags, ten sampling bags were filled with
ambient laboratory air and analyzed immediately, resulting
in a mean mixing ratio of 0.47 ± 0.04 ppbv, where the error
refers to one standard deviation. We also followed the evo-
lution of the acetylene mixing ratio in a sampling bag for
the duration of several days. The acetylene level remained
within 40 pptv for 5 days. Most of our samples were ana-
lyzed within 2 days from collection; at most they were in
the bags for 3 days. The particulate filter at the inlet of the
cavity did not influence the acetylene mixing ratios; ammo-
nia and water levels were, however, significantly lower when
the filter was employed. As mentioned above, the RDC was
manufactured from silica coated stainless steel, and the gas
tubings were all made of either stainless steel or polytetraflu-
oroethylene (PTFE).

The optimum pressure for quantitative spectroscopy is a
compromise between signal strength and overlap between
neighboring absorption lines. As the pressure is increased,
the number density of molecules goes up but, at the same
time, pressure broadening spreads the line intensity over a
wider frequency range. The wings of close lying peaks (of
CO2, H2O etc.) then start to overlap with the peak of inter-
est. To establish the optimum pressure for our experiment,
we recorded spectra in the pressure range of 30–100 Torr
around the selected acetylene peak. A pressure of 76 Torr
(0.1 atm) was chosen as a reasonable compromise. At this
pressure, the full width at half maximum (FWHM) of the
Doppler profile (0.016 cm−1) is comparable to the pres-
sure broadening (FWHM ∼ 0.018 cm−1) as obtained from
the HITRAN database [30]. Consequently, this pressure was
used for all the measurements presented in this study, both
in static and in flow conditions.

The apparatus was not temperature stabilized. Thus, the
sample temperature was assumed to be room temperature,
about 22°C (295 K). Small changes in the room temperature
(±0.5°C) were possible but this had only a minor (∼1%) ef-
fect on the retrieved acetylene mixing ratios. This was the
case for all measurements where the sample was either col-
lected in a bag or sampled directly from the laboratory. The
situation was different for the flow measurements where the
sample was collected from outside the lab window using
a long PTFE tube since the temperature outside was up to
25°C below room temperature. A definite temperature could
not be assigned to these samples; it was between 0–22°C,
depending on how fast the sample equilibrated with the ap-
paratus. If we assume a temperature difference of 10°C be-
tween the sample and room temperature, based on changes
in line intensity and molar volume, we can estimate the
recorded acetylene levels to be up to 10% too low. Addition-
ally, because the pressure in the RDC was not actively sta-
bilized, there were increases in pressure (and thus an over-
estimation in the C2H2 mixing ratio) of up to 20% during
the overnight flow measurements. The pressure variations
were caused by changes in pumping power of our vacuum
system, mainly due to the gradual evaporation of liquid ni-
trogen from the cold trap between the gas line and the rotary
vane pump.

3 Results

In this section, we evaluate the performance and capabilities
of the described cw-CRDS spectrometer optimized for am-
bient air acetylene measurements and present the results of
wintertime recordings in the Helsinki metropolitan area. In
late November and early December 2009, several indoor and
outdoor air samples were collected into sampling bags and
analyzed in static-cell measurements. During two weeks in
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Fig. 2 Typical spectrum for the
static and low time resolution
flow measurements. The
experimental data points (solid
markers) are shown together
with a fit (solid line) and the
residual of the fit (below). The
acetylene mixing ratio
determined for this sample (no.
15, private apartment) was
0.93 ppbv

December 2009, continuous flow measurements of both out-
door and indoor air were performed, partly with high time
resolution.

3.1 Spectrometer performance

Figure 2 shows a typical spectrum of ambient air in the
spectral region around the R(3) acetylene absorption line
at 6565.620 cm−1 [30] of the ν1 + ν3 vibrational combi-
nation band. The line strength of this transition, 8.385 ×
10−21 cm × molecule−1 [30], is known with an accu-
racy of better than 2% [31]. The displayed spectrum is
an average of two consecutive scans each recorded over
a time of 10 minutes. Each of the 200 experimental data
points (solid markers) corresponds to the average of 100
ring-down events. Apart from the C2H2 absorption line,
peaks of NH3 (6565.496 cm−1 and 6565.692 cm−1 [32]),
CO2 (6565.509 cm−1 [30]), hydrogen cyanide (HCN)
(6565.532 cm−1 [33]) and heavy water (HDO) (6565.799
cm−1 and 6565.754 cm−1 [28]) were identified in this spec-
tral region. Occasionally, a weak H2O line at 6565.501 cm−1

[28] was also observed. Seven Voigt line shapes (solid line)
were fitted to the spectrum in Fig. 2 using the peak fit-
ting software Fityk [34]. For the acetylene peak, both the
Doppler (0.016 cm−1) and collision (0.018 cm−1) widths
were kept fixed, whereas only the Doppler widths were fixed
for the other species. A sinusoidal function was included in
the fit to account for a weak etalon effect, which probably
originated from multiple reflections in the substrate of one of
the cavity mirrors. The residual of the fit is shown in the sep-
arate window below. All peaks are slightly shifted towards
lower wavenumbers because of inaccuracies in the waveme-
ter calibration, and because the light to the wavemeter was

picked off before the AOM, which shifts the wavelength
about 80 MHz (0.0027 cm−1).

The types of spectra as shown in Fig. 2 were recorded
when analyzing the indoor and outdoor samples collected in
the bags, and for the outdoor flow measurements performed
from December 7 to December 10, 2009. A spectral range
of about 0.6 cm−1 was recorded to obtain a reliable base-
line and to account for spectral interference due to nearby
peaks. The specific spectrum shown in Fig. 2 (sample no. 15)
is representative for the indoor air samples. The spectra of
the outdoor air samples were usually less complex due to
the lower ammonia mixing ratios in outdoor air. In general,
due to adsorption/desorption phenomena in the bags, the gas
tubings, the particulate filter and the RDC, the magnitudes
of the ammonia and water peaks do not represent the actual
mixing ratios of these species in the samples.

The acetylene mixing ratio present in sample no. 15 was
0.93 ppbv. We can estimate the limit of detection (LOD)
by comparing the peak height obtained from the fit (5.1 ×
10−10 cm−1) to the standard deviation of the noise in the
residual (3.4 × 10−11 cm−1). This yields a signal-to-noise
ratio (SNR) of 15 and thus a LOD (2σ ) for acetylene of
about 120 pptv. This LOD is in accordance with the error
determined earlier for the bag measurements. Without pre-
concentration, we are thus able to directly measure C2H2

with a sensitivity sufficient for ambient air mixing ratios at
both rural and urban sites.

Starting from 14:00 on December 10, the flow measure-
ments were recorded with a significantly higher time reso-
lution of about 70 s. To achieve this, the spectral range was
reduced to 0.2 cm−1 (65 data points), just wide enough to
scan across the acetylene transition, and only 25 ring-down
events were averaged for each point. A typical spectrum,
consisting of a single scan, is shown in Fig. 3. A Voigt line
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Fig. 3 Typical spectrum for the
high time resolution flow
measurements. The
experimental data points (solid
markers) are shown together
with a fit (solid line) and the
residual of the fit (below). The
acetylene mixing ratio
determined for this scan was
1.71 ppbv

Fig. 4 Measured acetylene
mixing ratios (solid markers) as
a function of calculated standard
mixing ratios in the range of 0.8
to 2000 ppbv (a). The solid line
represents a linear least squares
fit to the data forced through
zero. The inset (b) shows the
lowest four data points on a
linear scale. The slope of the
linear fit is unity

shape and a sinusoidal function (solid line) were fitted to the
experimental data points (solid markers), with the Doppler
and collision widths kept fixed. The residual of the fit is
shown in the separate window below. Since the level of av-
eraging was lower for these spectra, the periodic saw-tooth
background signal is more pronounced. The mixing ratio de-
termined for this scan was 1.71 ppbv. Again comparing the
peak height (9.3 × 10−10 cm−1) with the standard devia-
tion of the noise in the residual (8.8 × 10−11 cm−1), we ob-
tain a SNR of about 10 and thus a LOD (2σ ) of 340 pptv,
still below the expected ambient air acetylene mixing ra-
tios in Helsinki. Lower mixing ratios than the quoted LOD
can probably be fitted given the periodic background signal.
Small errors in the fitting of the background due to the nar-
row wavenumber range and/or contributions from the wings

of nearby peaks could have introduced an error in the ob-
tained mixing ratio in the order of tens of ppt.

In order to show the linearity of the cavity ring-down
spectrometer for acetylene mixing ratio measurements, a
standard of about 2 ppm was prepared and then diluted with
ambient air in steps of 50% down to 0.8 ppbv. In Fig. 4,
the measured C2H2 mixing ratios (solid markers) are plot-
ted against the acetylene standard mixing ratios calculated
based on the serial dilution. The ambient air acetylene level
at the time of the measurements (0.6 ppbv) was taken into
account in the calculation. The solid line shows a linear least
squares fit to the data forced through zero. For clarity, the in-
set (Fig. 4b) displays the lowest 4 points, i.e. the typical in-
door/outdoor air mixing ratio range, on a linear scale. As can
be seen, the response of the spectrometer is linear over sev-



Direct detection of C2H2 in air by cw-CRDS 677

Table 1 Outdoor air samples from different locations in the Helsinki
metropolitan area collected in winter 2009. Sample number, collec-
tion date, collection location and measured acetylene mixing ratio in
ppbv are given. Locations are in Helsinki if not otherwise stated. All
samples, except samples nos. 7–9, have been collected during daytime,
between 9:00 and 15:00

No. Date Location ppbv site

1 Nov 24 Suomenlinna 0.49 rural

2 Nov 24 Railway station 0.50 urban

3 Nov 24 Hanasaari power plant 0.82 industrial

4 Nov 26 Airport, Vantaa 0.37 industrial

5 Nov 26 Waste disposal site, Espoo 0.37 industrial

6 Nov 26 Nuuksio National Park, Espoo 0.71 rural

7 Dec 1 Viikki, evening 0.58 urban

8 Dec 2 Viikki, night 0.40 urban

9 Dec 2 Viikki, morning 0.69 urban

10 Dec 3 Kumpula Campus 0.46 urban

11 Dec 3 Kumpula Campus road 1.88 urban

12 Dec 3 Helgträsk, Sipoo 0.96 rural

13 Dec 3 Vuosaari power plant 0.93 industrial

14 Dec 3 Vuosaari harbor 0.64 industrial

Table 2 Indoor air samples from different locations in Helsinki col-
lected in winter 2009. Sample number, collection date, collection loca-
tion and measured acetylene mixing ratio in ppbv are given. All sam-
ples have been collected during daytime, between 9:00 and 15:00

No. Date Location ppbv

15 Nov 15 Private apartment 0.93

16 Nov 20 Laboratory I 0.49

17 Nov 24 Kamppi shopping center I 0.60

18 Nov 24 Helsinki Cathedral 0.59

19 Nov 24 Public bus I 0.93

20 Nov 30 Laboratory II 0.69

21 Dec 2 Public bus II 2.05

22 Dec 2 Railway station 0.92

23 Dec 2 Kamppi shopping center II 1.18

24 Dec 2 Subway station 1.41

25 Dec 2 Fast food restaurant 1.32

26 Dec 2 Public bus III 1.81

27 Dec 2 Laboratory III 2.05

28 Dec 3 Laboratory IV 0.51

eral orders of magnitude down to below 1 ppbv. Non-linear
effects such as optical saturation were not observed.

3.2 Outdoor and indoor air samples

Tables 1 and 2 list a selection of the outdoor and indoor air
samples collected in the Helsinki metropolitan area between
November 15 and December 4, 2009. Sample number, lo-

cation, collection date and the measured acetylene mixing
ratio are given. The samples are listed in the order of collec-
tion date. The measurement error in the obtained acetylene
mixing ratios is 0.12 ppbv. The outdoor samples can roughly
be divided into being collected at rural (samples nos. 1, 6
and 12), urban (samples nos. 2, 7–11) and industrial (sam-
ples nos. 3–5, 13 and 14) sites. The indoor air samples have
all been collected at locations close to downtown Helsinki.
All samples, except samples nos. 7–9, were collected during
daytime, between 9:00 and 15:00. In addition to the ambient
air samples, a human breath sample was also analyzed. The
acetylene mixing ratio measured in the exhaled breath of a
healthy individual (0.71 ppbv) was within the measurement
error of the C2H2 mixing ratio in the laboratory air (sample
no. 20, 0.69 ppbv), measured immediately after collection
of the breath sample.

3.3 Time resolved measurements

Figure 5 presents the outdoor air mixing ratio of acetylene
measured with our cw-CRDS spectrometer from Decem-
ber 7 to December 11, 2009 (Fig. 5c), along with the CO
mixing ratio (Fig. 5b) and the outdoor temperature (Fig. 5a)
in Helsinki during this time period. The time resolution of
the measurements performed from 10:00 on Monday, De-
cember 7 to 15:00 on Thursday, December 10 was 15–20
minutes, whereas the remaining part, from 15:00 on Thurs-
day, December 10 to 18:00 on Friday, December 11 was
recorded with an acquisition time of 70 s per point. The two
short interruptions on December 8 and December 9 were
necessary for system maintenance. The air was collected
with a 5 m long PTFE tube from outside the laboratory win-
dow, 10 m above ground and 1.5 m away from the build-
ing. The temperature and CO data (one point per minute)
were measured at the SMEAR III research station, located
in the Kumpula Campus area, next to our laboratory [35].
The three high peaks recorded around 06:30 on December 9
and around 06:30 and 09:30 on December 10 were distorted
because the acetylene mixing ratio changed during the rel-
atively slow scan across the acetylene peak, and thus could
not be fitted properly. These three peaks were probably as
high as the one recorded with short acquisition time around
07:00 on December 11. The latter peak represents a mix-
ing ratio of 58 ppbv, and is not entirely shown (off-scale) in
the figure. In general, when considering the results from the
outdoor air flow measurements, the errors due to tempera-
ture and pressure changes given in Sect. 2.2 and possible
errors introduced by the fitting process have to be taken into
account.

To clearly show the difference between the level of fluctu-
ations occurring during daytime and during the night, Fig. 6
presents a 4 hour daytime (Fig. 6a) and a 4 hour night-time
(Fig. 6b) section of the outdoor flow measurements recorded
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Fig. 5 Outdoor air acetylene
mixing ratio in Helsinki
measured continuously from
Monday, December 7 to Friday,
December 11, 2009 (c), together
with the carbon monoxide
mixing ratio (b) and the outdoor
temperature in Helsinki (a) for
the same time period

Fig. 6 Outdoor air acetylene
mixing ratio in Helsinki
measured with ∼70 s time
resolution over 4 hours during
daytime on Thursday,
December 10, 2009 (a), and
over 4 hours during the night on
Friday, December 11, 2009 (b)

with high time resolution. The main figure displays data
from 15:00 to 19:00 on Thursday, December 10, 2009, while
the inset shows data from 00:00 to 04:00 on Friday, Decem-
ber 11, 2009 on the same mixing ratio scale. Evidently, there
are much less fluctuations during the night.

A short acquisition time was also used to record a 24
hour cycle of the indoor air C2H2 mixing ratio in our lab-
oratory. The indoor air was collected close to the spectrom-
eter using the same 5 m long PTFE tube that was used for
the outdoor air measurements. In Fig. 7, the indoor record-

ings are compared to the high time resolution outdoor air
data recorded on December 10 and 11. Figure 7a displays
the indoor air mixing ratio measured from 12:00 on Tues-
day, December 15, 2009 to 13:00 on Wednesday, December
16, 2009, whereas Fig. 7b presents the outdoor air recorded
from 15:00 on Thursday, December 10, 2009 to 16:00 on
Friday, December 11, 2009. In both panels, the full time res-
olution of one point every 70 s is shown.

In Fig. 8, the mixing ratios of outdoor acetylene and car-
bon monoxide presented in Fig. 5 are plotted versus each



Direct detection of C2H2 in air by cw-CRDS 679

Fig. 7 Indoor air acetylene
mixing ratio in our laboratory
measured over 24 hours
from Tuesday, December 15
to Wednesday, December 16,
2009 (a), and outdoor air
acetylene mixing ratio measured
over 24 hours from Thursday,
December 10 to Friday,
December 11, 2009 (b). In both
panels, one point every ∼70 s is
shown

Fig. 8 Acetylene versus carbon
monoxide mixing ratios for an
hourly average of the C2H2 and
CO data presented in Fig. 5c
and b. Two exceptional high
C2H2 peaks were excluded

other. Both the C2H2 and CO data were averaged with ad-
jacent smoothing so that one point every hour was obtained
for the correlation plot (solid markers). The two exceptional
high peaks in the mornings of December 9 and 11 were ex-
cluded. The gray solid line represents a linear least squares
fit to the data points, revealing a correlation coefficient of
0.81.

4 Discussion

The high sensitivity of the CRDS spectrometer can be at-
tributed to the high finesse cavity and the overall low-noise
performance. The instrument was easy to use on a daily ba-
sis and continuous flow measurements could be performed
automatically (except for refilling the liquid nitrogen trap)
over several days. Although the C2H2 transition used for the

measurements in the present work is not the strongest ab-
sorption feature in the acetylene band around 1.5 µm, it was
the best choice for this study since there is relatively little
overlap with the absorption lines of other species present in
air. Accurate mixing ratio measurements with fast acquisi-
tion time could be performed even when analyzing indoor
air, where increased spectral interference due to the nearby
ammonia lines might occur.

The outdoor air samples collected at certain locations of
interest in the Helsinki metropolitan area show somewhat
lower acetylene levels (mean mixing ratio of 0.70 ppbv) than
the indoor samples (mean mixing ratio of 1.05 ppbv). The
mixing ratio ranges detected outdoors (0.37 to 1.88 ppbv)
and indoors (0.49 to 2.05 ppbv) are, however, compara-
ble. It is also difficult to find a correlation with the type
of collection site. The rural samples did not have particu-
larly low acetylene levels compared to urban or industrial
samples collected on the same day. Similarly, the industrial
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samples, where elevated acetylene levels could be expected,
rarely showed exceptionally high mixing ratios. Laboratory
air levels can vary between 0.5 and 2 ppbv on a day to day
basis (compare, for example, samples nos. 27 and 28) even
at fairly constant outdoor temperatures.

The fact that we are unable to distinguish between in-
door/outdoor and rural/urban/industrial samples indicates
that care has to be taken with the interpretation of results
obtained from single air samples collected with short filling
time. Apart from the sampling location, the C2H2 mixing
ratio also depends at least on the day of the week, the time
of the day, temperature and wind direction and speed. In ad-
dition, during daytime, seemingly random fluctuations on a
time scale of one to a few minutes (as revealed by the high
time resolution measurements) may influence the detected
mixing ratio. In our case, the process of filling the gas sam-
pling bags with the pump took about 30 s. This might be
long enough to average out the largest fluctuations, but it
can be assumed that some of the bag measurements do not
show the actual baseline (or a representative average) of the
acetylene level at the collection site.

Although the correlations of the C2H2 mixing ratios with
the above mentioned parameters cannot be separated, it is
interesting to note that all indoor air samples collected on
December 2 show a considerably higher mixing ratio than
those collected prior to that date. This correlates with a sud-
den temperature drop to below 0°C during the night from
December 1 to December 2, after the temperature had been
fairly constant at 6 ± 2°C for more than two weeks. A simi-
lar, although weaker, increase in the C2H2 mixing ratio start-
ing from December 2 can be observed in Table 1 for the
outdoor samples. Also, the samples nos. 7 to 9 suggest that
the differences between evening (moderately high), night
(low) and morning (high) can be detected with single bag
measurements. The acetylene mixing ratios in public buses
(samples nos. 19, 21 and 26) were always higher than reg-
ular indoor levels on the same day, probably due to exhaust
gases. As expected, the air collected close to a rather busy
road at Kumpula Campus (sample no. 11) showed a high
acetylene mixing ratio.

Taking into account all data points shown in Fig. 5c,
the mean C2H2 mixing ratio of the continuous outdoor
air flow measurements is 1.31 ppbv, with a range of 0.48
to 58.48 ppbv. The baseline level varied between 0.5 and
2 ppbv during the 5 days of measurement. On each day, the
level increased in the morning until it reached a maximum
around midday before it leveled off during the afternoon
and evening to a local minimum at night. A large number
of moderately high peaks were detected every day between
06:00 and 22:00, most probably originating from anthro-
pogenic sources (vehicle exhausts etc.) around the univer-
sity campus. Judging from the CO data, the fluctuations of
C2H2 on Tuesday and Wednesday should have been almost

as large as on Thursday, but the low time resolution mea-
surements missed most of these events. On Friday, Decem-
ber 11, the fluctuations are less pronounced in the morning
and during the day. This correlates with the fact that there
usually is less human activity at the university on Fridays
than on other weekdays.

On some occasions, exceptional high mixing ratios of 10
to 60 ppbv were recorded. The highest of those were ob-
served on December 9, 10 and 11 between 06:30 and 07:00
in the morning. For a few minutes, several tens of ppbv of
acetylene were present outside the laboratory. The origin of
these high mixing ratios could not be identified. The high
C2H2 (and CO) mixing ratios usually lasted for 1–5 minutes.
Misleading results would be obtained from a single mea-
surement, e.g. if a gas sampling bag would be filled in the
presence of such exceptional high acetylene levels.

The mean outdoor acetylene level of 1.31 ppbv obtained
from the continuous flow measurements over 5 days cor-
responds well to the results of other environmental stud-
ies in comparable settings. In another study conducted in
Helsinki, a mean mixing ratio of 1.66 ppbv was measured
for November 2001 using 24-h passive canister sampling
[6]. An average value of ∼2 ppbv over a time period of 24
hours was measured in Bristol outdoor air [24]. Somewhat
lower mean values of 0.87 and 0.52 ppbv were recorded in a
smaller city [9] and a rural area [8] in France, respectively.
Much higher mean levels of tens of ppbv were observed in
highly populated areas [1–3, 7] and cities with a large num-
ber of vehicles running on biofuels [36]. Similar to our ob-
servations, the studies conducted in urban areas report wide
ranges of detected acetylene levels and occasional high peak
values, indicating strong fluctuations. Mixing ratios of up to
150 ppbv (hourly mean) have been observed in highly pop-
ulated urban areas in the UK [37].

The acetylene baseline level shows clear differences be-
tween day- and nighttime (Figs. 5c, 6 and 7). The 4 hour pe-
riod during the day presented in Fig. 6a has a mean mixing
ratio of 2.1±1.8 ppbv, whereas the mean value for the 4 hour
period during the night displayed in Fig. 6b is 1.0±0.1 ppbv.
In addition, dense and intense fluctuations were measured
during daytime and evenings, but not between 00:00 and
05:00. The changes in both the acetylene baseline level and
the intensity of fluctuations correlate with human activity.

Several meteorological factors, such as wind speed, wind
direction and temperature, influence the detected acetylene
level. A weak temperature dependence of the acetylene
baseline is evident from Fig. 5c. A slight decrease in temper-
ature in the night from December 8 to December 9 resulted
in an increase in the acetylene mixing ratio baseline from
0.6 ppbv to above 1 ppbv. The inverse temperature depen-
dence can be attributed to the fact that the air does not mix
well on cold days so that combustion related gases stay close
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to the ground where they are produced. Additional combus-
tion sources during cold winter periods in Helsinki might be
increased heating and cold vehicle starts.

Figures 5b and c indicate a strong correlation between
C2H2 and CO. The correlation comprises the long-term vari-
ations during that week as well as the differences between
day and night with respect to both the mean mixing ratio
and the level of fluctuations. The plot in Fig. 8 confirms that
a strong correlation exists for the low C2H2 and CO values,
but it also reveals that the correlation becomes weaker the
higher the mixing ratios are. Given the different measure-
ment locations (a couple of hundreds of meters apart) and
the fact that the CO data were recorded at a different height
above ground (4 m), it is not surprising that the local varia-
tions in C2H2 mixing ratios do not occur at the exact same
time and/or do not have the same intensity. Although not
shown here, the C2H2 data also correlate well with the NOx

levels recorded by the SMEAR III research station.
Due to ventilation, the air in our laboratory is a dynamic

mixture of indoor and outdoor air. The fluctuations observed
in outdoor air therefore appear damped in indoor air and
sharp mixing ratio spikes were not observed (Fig. 7). The
high time resolution measurement shows how fast the base-
line can increase in the morning. The indoor air acetylene
level (mean mixing ratio of 2.05 ppbv) was generally higher
than that of outdoor air (mean mixing ratio of 1.33 ppbv).
An elevated indoor air C2H2 level was also found in [23]
in a study involving five samples. A second study by the
same authors showed comparable indoor and outdoor levels
of around 2 ppbv [24]. The authors suggested that higher
indoor air levels could be connected to reduced photochem-
ical activity, and thus suppressed reactions of acetylene with
OH inside buildings. However, the particular differences be-
tween indoor and outdoor air in Fig. 7 are most likely due to
the fact that the measurements were performed on different
days and at different outdoor temperatures.

5 Conclusions

We have demonstrated that sub-ppbv mixing ratios of
C2H2 in ambient air can be detected without sample pre-
concentration using a diode laser-based CRDS instrument
operating in the near-infrared region. We have further shown
that our instrument is well-suited for indoor and outdoor air
measurements in both static and flow conditions. An acqui-
sition time of about 1 minute could be achieved, while re-
taining the required sensitivity for typical acetylene mixing
ratios in air.

The measured outdoor acetylene mixing ratios have a
strong dependence on the time of the day with respect to
both baseline level and amount of fluctuations following
the level of human activity. As can be expected for a not

too densely populated urban area, baseline acetylene mix-
ing ratios of ∼1 ppbv were recorded in Helsinki during
wintertime. A strong correlation of the C2H2 data with CO
and a weak dependence on temperature were observed. The
recordings with ∼1 min acquisition time revealed intense
fluctuations in acetylene mixing ratio on a minute time scale
in outdoor air during daytime, with peak mixing ratios of up
to 60 ppbv. While the measurements using air sampling bags
in principle are accurate, the observed sudden high mixing
ratios suggest that it is difficult to draw meaningful conclu-
sions from a single bag sample, if collected as in this study.
The results thus emphasize the importance of high time res-
olution measurements for the retrieval of accurate and re-
liable acetylene mixing ratios in environmental monitoring
applications.
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