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Open-path measurements of atmospheric gas
species in the air including volatile organic com-
pounds are essential to quantify emissions from
sources like oil and gas, forest fires and indus-
try. Here, we extend open-path dual-comb spec-
troscopy to probe the fundamental mid-infrared
C-H stretch modes of volatile organic compounds
over up to 1km long open-air paths. The spec-
trometer’s high resolution and accuracy facilitates
suppression of strong spectral clutter from atmo-
spheric water and methane, allowing quantita-
tive measurements of released acetone and iso-
propanol with a 1-c sensitivity of 5.7 ppm-m re-
spectively 2.4 ppm-m, and of ambient atmospheric
ethane with a 1-o sensitivity of 0.4 ppb, measured
with 1 minute time resolution over hours. These
results underline the potential of dual-comb spec-
troscopy for quantifying emissions.
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Volatile organic compounds (VOCs) play an important role in
contributing to ozone and aerosol formation in the atmosphere
[1-3]. Open-path measurements of atmospheric VOCs are im-
portant for quantifying emissions from sources as diverse as for-
est fires [4], oil and gas operations [2, 5] and industrial plants [6].
To date, the primary measurement technique available has been
open-path Fourier transform infrared spectroscopy (OP-FTIR)
[7, 8]. While the broad spectral coverage of OP-FTIR enables
the measurement of many species, its usually low resolution
and a changing instrument lineshape result in low absolute
accuracy of the retrieved concentration [9]. In addition, the typ-
ical OP-FTIR black-body light source limits path lengths to at
most several hundred meters in order to maintain a sufficient

signal-to-noise ratio. Here, we demonstrate an alternative tech-
nique, mid-infrared (MIR) dual-comb spectroscopy (DCS), and
use it to measure multiple VOCs, namely released acetone and
isopropanol and ambient ethane (CoHg), over up to 1 km long
open-air paths.

In the near-infrared (NIR), open-path DCS has emerged as
a promising measurement technique for the quantification of
industrial releases such as methane emissions from oil and gas
operations [10, 11] or city-wide traffic emissions [12]. This is
driven by the broad spectral coverage, fast acquisition times,
high spectral resolution and negligible instrument lineshape
possible with DCS [13], which enables multi-species detection
with low sensitivity to turbulent air paths [14] and calibration-
free, sub-percent-level agreement in retrieved concentrations be-
tween multiple systems [15]. However, these systems have been
limited to quantifying molecules with part-per-million (ppm)
level concentrations. To look for the more rarefied VOCs or
other industrial pollutants it is necessary to extend past the weak
overtone transitions of the NIR and access fundamental vibra-
tional transitions further in the infrared, which can be 1000 times
stronger. While there have been many DCS demonstrations in
the MIR region, covering atmospheric transmission windows at
2000 cm™ - 3300 cm™ [16-22] and 750 em™ - 1250 cm™ [23-27],
these experiments have been limited to inside the laboratory or
few-meter-scale outdoor paths, despite their importance for a
variety of sensing applications.

Here we present MIR DCS over paths of up to 1km. Spectral
clutter from atmospheric water and methane is strongly sup-
pressed by subtracting a lineshape-based model. With a broad
comb spectrum spanning from 2750 cm™ to 3150 cm™, we show
detection not only of small molecules but also of larger, more
broadly absorbing VOCs such as acetone and isopropanol that
do not have rovibrationally-resolved lines under atmospheric
conditions. CyHg, a small hydrocarbon, was detected at at-
mospheric background part-per-billion (ppb) levels across a
1km open-air path. As in previous open-path NIR spectroscopy
[14, 15], we combine both combs before propagation across the
turbulent air path so that turbulence-driven phase front distor-
tions are common mode. This eliminates turbulence-induced
phase noise and retains high heterodyne mixing efficiency be-
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Fig. 1. Overview. (a) Two MIR frequency combs are generated with a dual-branch difference frequency generation scheme [21].
Both combs are phase stabilized by locking the carrier-envelope offset frequency and locking to a common cavity-stabilized
continuous-wave (CW) laser at 1560 nm. (b) Telescope transceiver and Satellite image of the open-air link to a corner cube retrore-
flector (Imagery: Google). The reflected light is collected by the same telescope using a 50:50 beamsplitter. (c) Typical spectra mea-
sured on signal and reference detectors. (d) Intermediate spectral processing steps, with declutter and change detection spectra
offset for clarity. (e) Expanded view of the change detection spectrum. The remaining structure is mostly absorption from the re-
leased gases. A fitted model (acetone and isopropanol) is shown in green and constituent components are shown in red and blue.
The displayed data is averaged for 1 minute and smoothed from 0.0067 cm™! (200 MHz) to 0.067 cm™ resolution. For declutter and
change detection spectra, points where the clutter transmission drops below 0.2 are masked out.

tween the combs.

In the first set of experiments, controlled combinations of
VOCs are released by evaporation from two ~0.08 m? surface
area trays, one containing acetone and the other isopropanol.
These trays are placed just underneath the optical path so that
the plume intersects the beam under most wind conditions. By
adding and removing the trays, time-varying plumes of the
two VOCs are produced. Path-integrated spectra are recorded
continuously during this period.

The spectrometer setup is shown in Fig. 1(a-b) and includes
the MIR dual-comb spectrometer described in [21] and a tele-
scope to transmit and collect light over the open-air path. The
spectrometer consists of two 200 MHz repetition rate MIR fre-
quency combs, each generated using difference-frequency gener-
ation in a bulk periodically-poled lithium niobate (PPLN) crystal
from a polarization-maintaining erbium fiber frequency comb
[28]. The two MIR combs are combined on a 50:50 beamsplitter,
and 5mW of light from each comb are coupled into a single-
mode ZrF, fiber for transmission to the telescope. At the tele-
scope, the MIR light diverges from the fiber tip, passes through
a second 50:50 beamsplitter, and is collimated by a 100 mm di-
ameter off-axis parabolic mirror with an effective focal length of
179 mm. This results in a launched beam diameter of ~75mm.
An optical link is established between the telescope and a remote
63.5 mm diameter retroreflector, with the returned light collected
by the same telescope. The 50:50 beamsplitter picks off half of
the outgoing light for the reference channel and half of the re-
turned light for the signal channel. Thermoelectrically cooled
100 MHz bandwidth HgCdTe detectors record the light (inter-
ferograms) on each channel. Interferograms repeat every 10 ms
(given by the 100 Hz difference in comb repetition rates) and
consecutive interferograms are coherently averaged for 1 minute

in a field-programmable gate array (FPGA) before being saved
to disk [21]. The averaged interferograms are then Fourier trans-
formed to obtain spectra. The achieved DCS figure-of-merit is
1.2 x 106 [13].

The measured spectra are processed as shown in Fig. 1 (c—e).
First, the signal spectrum is divided by the reference spectrum to
remove comb structure and create the ratio spectrum (red trace
in Fig. 1(d)). Next, spectral clutter is suppressed by dividing
out interfering atmospheric species. To do this an atmospheric
transmission model using Voigt lineshape parameters from the
Hitran 2016 database [29] is fitted to and then divided from
the ratio spectrum, giving the green trace in Fig. 1(d). This
decluttering not only cleans up the spectrum, but also extracts
absolute concentrations of atmospheric species [14], including
water (Hy0O), semiheavy water (HDO), H,!80, and methane
(CHy). For both the decluttering and these retrievals, the high
resolution, wavenumber accuracy, and negligible lineshape of
DCS is essential, as atmospheric HyO and CH, absorption lines
are ~0.1cm™ wide.

Even after removal of the reference spectrum and declut-
tering, additional spectral structure remains. For detection of
controlled chemical releases, this baseline structure can be sup-
pressed by change detection, in which we ratio all spectra with
a spectrum acquired before the release. With change detection,
extracted gas concentrations are relative to the concentrations
present in the pre-release spectrum.

Finally, the processed spectrum is fitted with a model con-
taining a linear baseline and isopropanol and acetone reference
spectra from the Pacific Northwest National Laboratory (PNNL)
database [30]. Figure 2 shows extracted dry concentrations by
volume for a 3 hour measurement across the 162 m open-air
link. At 14:08, the tray containing acetone is positioned under
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the beam path. The measured path-integrated concentration
increases to around 150 ppm-m, with strong variability caused
by atmospheric mixing of the evaporating acetone fumes. At
14:45, the second tray filled with isopropanol is added, leading
to an isopropanol concentration of around 25 ppm-m. After first
removing the acetone tray at 15:14 and then the isopropanol
tray at 16:00, the measured concentrations drop back to zero,
but show stronger variability than before the solvent releases.
The reason for this is not clear, but possible causes are residual
VOC fumes and slow temporal variations in spectral baseline. It
is assumed that no acetone and isopropanol was present prior
to 14:00 and a 7 minute data set starting at 13:18 is used as the
pre-release spectrum for change detection.
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Fig. 2. 3 hour measurement across the 162 m open-air path
with 1 minute time resolution. Acetone is added at 14:08 and
removed at 15:14. Isopropanol is added just before 14:45 and
removed at 16:00. The isopropanol spike just before 16:00 is
caused by an accidental spill of isopropanol. The bottom two
panels show absolute concentrations of atmospheric water
isotopes H216O bold solid, H2180 solid (offset by 0.2%), and
HD%0 dashed (offset by 0.4%), all scaled with the isotopic
abundances used in Hitran (H216O: 0.997317, H2180: 0.002,
HD!0: 3.718840 x 10~%) and CHj.

As the background level of acetone and isopropanol can be
safely assumed to be well below the instrument sensitivity, the
DCS sensitivity is estimated as the standard deviation of concen-
tration levels measured over a 3500 s time span before the initial
release at 14:08. The obtained 1-c sensitivities for 1 minute aver-
aging are 5.7 ppm-m for acetone and 2.4 ppm-m for isopropanol.
The Allan deviation is below 2 ppm-m for acetone and below
1 ppm-m for isopropanol for averaging times from 100s to 800s.
Here, DCS sensitivity is limited by residual baseline fluctuations
in the retrieved spectra. Laboratory experiments suggest that
they are caused in part by changes in the optical path through
the telescope, coupled to the spatial illumination of the detec-
tor. Future work should consider more sophisticated telescope

designs for more uniform detector illumination.
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Fig. 3. 1km open-air link. (a) Satellite image showing the 1km
DCS open path on the NIST campus in Boulder, Colorado
(Imagery: Google).; (b) raw DCS spectrum showing strong at-
mospheric clutter; (c) close-up of 6/11/2018 DCS transmission
spectrum averaged over 1 hour and smoothed to 0.067 cm™
resolution (black) along with a fitted model including wa-

ter and methane (red circles). The ratio (blue) of DCS spec-
trum and model clearly shows CoHg features, as seen when
comparing to the PNNL C,Hj reference transmission (green,
3.75 ppm). The ratio is masked at wavenumbers where the
transmission drops below 0.2. (d) Extracted C,Hg, CHy and
H,O concentrations acquired with 1 minute time resolution
over two one-hour spans separated by three days. During
easterly winds (6/11/2018 measurement), increased CHy4 and
CyHg concentrations are observed. The small negative offset
in the 6/14/2018 C,Hg concentration is a systematic that is
probably caused by baseline structure.

There are a large number of oil and gas extraction sites imme-
diately east of the city of Boulder in the Denver-Julesburg (D-])
basin (and virtually none in the mountains to the west). As our
measurement site is located just west of the D-J basin, we expect
to measure increased levels of VOCs from oil and gas when the
wind blows from the east, while lower background levels should
be measured during westerly winds. Indeed, we detect enhance-
ments of 3.75 ppb for CoHg and 60 ppb for CH, during easterly
winds. For this measurement, the path length was extended to
1km (using a larger 127 mm-diameter retroreflector) as seen in
Fig. 3(a), improving sensitivity to ambient gases at the cost of
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increased spectral clutter from water and methane (Fig. 3(b)).

Change detection is no longer viable because CoHg and CHy
concentrations remain nearly constant during the 1 hour mea-
surement span. Instead, open-path spectra are divided with
a ‘shorted path’ spectrum taken with a retro reflector placed
next to the telescope. The decluttered spectrum is generated
as described above but, as is evident from Fig. 3(c), spectral
structure at the 3 % level remains. We attribute this residual
structure to incomplete baseline removal, to spatial and tempo-
ral variations in atmospheric conditions (pressure, temperature,
water content) across the path which are not accounted for in
the model, to small inaccuracies in the Hitran 2016 lineshape
parameters, and to deviations from the Voigt line shape [31] that
are relevant for the saturated lines observed. Nevertheless, the
ratio-ed spectrum in Fig. 3(c) clearly shows atmospheric CoHg
absorption features.

By fitting a PNNL CyHg spectrum to the ratio-ed spectrum
between 2970 cm™ and 3003 cm!, path-averaged C,Hg concen-
trations are extracted, as shown in Fig. 3(d) along with CHy
and HyO concentrations. The average extracted CoHg concentra-
tion is 3.75 ppb with a statistical 1-c sensitivity of 0.4 ppb. This
agrees with a CoHg point sensor located 10 km to the north-east
that measured 3.5 ppb CyHg at that time. The average extracted
CHy concentration is 1872 ppb with a statistical 1-c sensitivity
of 4ppb. Also shown in Fig. 3(d) is a similar measurement
performed three days later during westerly winds that shows
no CyHg signature and 60 ppb lower CHy concentrations. The
ratio of CoHg to CHy enhancement during easterly wind is 6%,
consistent with oil and gas extraction being a significant source
of hydrocarbon emissions in the D-J basin to the east of our
measurement path [2, 5].

In conclusion, open-air mid-infrared dual-comb spectroscopy
of acetone, isopropanol and of atmospheric ethane is presented.
The high resolution and accuracy of DCS enables efficient spec-
tral removal of interfering atmospheric species such as water
and methane, which is crucial for detection of weak absorbers
such as atmospheric ethane. This demonstrates the capabilities
of MIR DCS as a sensitive multi-species open air detector, in-
cluding chemical agents, precursors and pollutants with spectral
signatures in cluttered regions and with broad, poorly featured
absorption spectra. With even broader spectral coverage, simi-
lar performance should be achievable for other important haz-
ardous pollutants such as benzene, toluene, ethylbenzene, and
xylenes (BTEX).
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