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Open-path measurements of greenhouse gases yield valuable data for atmospheric research. We present such a
method based on wavelength modulation spectroscopy to measure greenhouse gases. A movable platform was
developed capable of detecting atmospheric variations of the concentrations of methane and carbon dioxide. The
system was calibrated in the laboratory and then moved to the field for continuous automated measurements

over paths of up to 2.6 km. The intensity modulation caused by turbulence was also measured. The continuous
monitoring of methane was carried out for more than 30 h. Similar measurements of carbon dioxide were per-
formed for about 10 h. The results show that the detection limits of methane and carbon dioxide are ~2 ppb and
~20 ppm with integration times of 60 s and 20 s, respectively. We conclude by discussing the achieved parameters
in comparison to results obtained with other techniques, which shows that the developed sensor is a promising
tool for monitoring of greenhouse gases.

1. Introduction

Global warming is an increasing environmental concern. To a large
extend it is attributed to two most important anthropogenic greenhouse
gases (GHG): carbon dioxide (CO,) and methane (CH,), which are the
main drivers of climate warming, accounting for ~60% and ~16% of
radiative forcing, respectively [1]. In situ measurements of GHG concen-
trations are valuable in developing warming models [2] and understand-
ing the consequences of human activities [3-4]. We note that traditional
point sensors can detect methane [5,6] and carbon dioxide [7,8] down to
ppb and ppm concentrations, respectively. Such point sensors can form a
global network for accessing the long term global trends. However, these
point sensors may not adequately represent the mean concentrations of
greenhouse gases over large areas. Open-path measurements provide the
averaged values of the concentration in extended areas and effectively
characterize the emissions and sinks of greenhouse gases, yielding the
necessary data for transport modelling of the atmosphere.

Open-path measurements are based on the Beer-Lambert law and use
a light source (laser or lamp) to measure the absorption spectrum on a
given propagation path and retrieve the concentration of trace gases.

* Corresponding authors.

Traditional open-path instruments based on Fourier transform spec-
troscopy (FTS) in the mid-IR [9,10] and differential optical absorption
spectroscopy (DOAS) in the ultraviolet (UV) and visible [11,12] have
been used for many years. The above mentioned FTS approach has the
drawback of the optical path limitation to about hundred meters deter-
mined by the low brightness of conventional non-coherent light sources
and the difficulty to collimate the beam over long distances. In addition,
the measurement time of the FTS is determined by the full scan of the
moving stage and thus cannot be very short. Although Griffith et al. re-
cently measured greenhouse gases over 1.5 km by the near-IR FTS using
25W broadband tungsten-quartz-halogen light source [13], the accu-
rate measurements were hindered by the interference of stray radiation
and limited acquisition time (84 scans over 5min, corresponding to the
acquisition time of ~3.6 s for one measurement).

The novel technique of dual frequency comb spectroscopy using two
femtosecond fiber lasers with suitably chosen repetition rate differences
[14,15] could overcome some drawbacks of the FTS. It enabled adaptive
compensation of the decoherence from atmospheric turbulence as well
as the detection of greenhouse gases across a ~2km air path, achiev-
ing precision of ~0.86 ppm for CO, [15] and ~2.3 ppb for CH, with a
~2.2km air path and ~5min integration time, and has been used for
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the detection of methane leaks in the field [16]. The interferogram for a
single spectrum can be acquired in few milliseconds, which effectively
decreases the influence of intensity modulation on the experimental data
caused by atmospheric turbulence. Although dual frequency comb spec-
troscopy enables broadband and fast measurements, it requires expen-
sive laser equipment and data acquisition electronics.

In this paper we report in situ open-path measurements of green-
house gases over kilometer lengths with calibrated wavelength modu-
lation spectroscopy (WMS). WMS is a simple and efficient technique to
improve the signal-to-noise ratio. It was employed previously mainly
for point detection of different trace gases: NH; in environmental re-
search [17,18], for analysis of carbon monoxide isotopes in breath [19],
for measuring atmospheric pollutants in environmental monitoring [20-
22] and in combustion research [23]. Until now, the only report on an
open-path long-range measurement by WMS was published by Michel
et al. [24]. They used a quantum cascade laser with the output at ~8 ym
wavelength and an optical power of 40 mW to measure methane over
hundred meters. Despite larger absorption cross sections in the MIR, for
measurements at longer distances the NIR can be a better choice be-
cause of weaker interference of water absorption and readily available
emitting and receiving equipment developed for applications at telecom-
munication wavelengths.

We realized an automated operation and high sensitivity sensor en-
abling measurements over kilometers in open-path. In the setup, we
used a narrow band laser source with ~2nm tuning range and a nar-
row band optical filter to effectively reduce the stray radiation inter-
ference. A WMS reference channel was used to assess the effects of the
atmospheric turbulence and for wavelength comparison. We calibrated
the sensor by indoor measurements at different distances and carried
out the field experiment at the Texas A&M University (TAMU) RELLIS
campus. For the first time greenhouse gases were measured with WMS
over such long distances (~1.3km to the back-reflector and ~2.6 km for
the round trip) in the near-IR. We also observed the effects of the atmo-
spheric turbulence. Then, we tested the performance of the sensor and
achieved a sensitivity of ~20 ppb with the integration time of 60s for
methane and of 20 ppm for carbon dioxide, integrating the signal over
20s.

2. Detection principle and experimental setup

Modulation spectroscopy provides an effective way to achieve a high
signal-to-noise-ratio. After modulating the laser current with the combi-
nation of a low frequency ramp and a high frequency sine voltage and
passing the laser beam through a gas sample, the absorption informa-
tion can be obtained by demodulating the received on the photodetector
signal with a lock-in amplifier. In addition, to suppress the effect of the
laser intensity variations due to scanning and different random factors,
in our approach the 2f-signal was normalized to the 1f-signal, as was
implemented successfully in Ref. [25].

In more details the WMS detection is described below. We assume
that the incident laser intensity I(t) and frequency v(t) are temporarily
modulated,

1(t) = Iy+ & I cos(wt) = Iy(1 + iy cos(wt)) (D)

v(t) = V+ A vcos (wt + y). 2)
Here, I, is the average laser intensity, depending on the injected
current, i; = (AI/I) is the modulation parameter, w = 2z f, where f is

the modulation frequency, v is the average frequency of the laser, Av is
the frequency modulation amplitude, y is the phase shift between the
intensity modulation and frequency modulation.

The transmission through the sample, 7(v) determined by a weak ab-
sorption of species X, can be expanded in a series of different harmonics
as follows:

o)
T(v) =exp [ X))~ 1 -¢(Xpv)=1-¢X - Z H, - cos (kf) 3)
k=0
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where & = pS,,L,,, Sy, = S,(p,T) is the absorption line intensity de-
pending on the pressure, p and temperature, T of the gas molecules,
Loy is the optical path, ¢(v) is the absorption line profile, X is the con-
centration of the species of interest, # = wr and the laser frequency v is
changing with scanning across the absorption line. The coefficients H;
(k is the harmonic index) can be expressed as

1 T
Z/_ﬂqﬁ(v)-d&
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After demodulation with the lock-in detection unit, the first and sec-
ond harmonic signals can be presented in the form [26]
Gi, .
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Here, G is the gain index of the photodetector. By dividing Eq. (7) by
Eq. (6), we get the ratio S; of the two harmonic signals:

S2r  PSayLoyXHy

= — x
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N
In the experiment two channels were used, one is the reference chan-
nel, yielding the ratio of harmonic signals S; and the other is the mea-
surement channel, yielding the ratio of harmonic signals S,;. The ratio
of the signals from the two channels is calculated as
S spyLyX
sz_szMM MIM _
Sr prSrRLrXR
where py,, pgr are the pressures, s,; and sz are the absorption line in-
tensities, L,, = 2L (L is the distance from the laser source to the retro-
reflector) and Ly are the optical paths and X,,; and Xy are the unknown
and known concentrations of the species of interest for the measurement
and reference channels, respectively. Z is the known parameter, which
was calculated using the values of pressure and temperature,

Xu

Xy ©

SmPm Ly
srprLg

With Eq. (10) the unknown concentration X, can be determined
using the measurement results.

The schematic of the open path optical system is shown in Fig. 1. Two
single-mode continuous commercial Distributed Feedback Diode Lasers
(DFB-DL) with a fiber tail were selected as the laser sources with the
wavelengths ~1654 nm and ~1602 nm (corresponding to the absorption
features of methane and carbon dioxide, respectively) and the output
powers of 10 mW each. The laser driver in the experiment is a commer-
cial laser diode controller (ILX Lightwave, LDC-3724) with high stabil-
ity and low noise current, combined with a thermoelectric temperature
controller. The output from the DFB-DL laser was split into two beams
by 99/1 fiber optic splitter (Thorlabs). The first beam (with ~99% of
the transmitted power) after collimation was overlapped on a dichroic
beam splitter (Thorlabs, DMSP650) with a CW green laser beam with a
power of 20 mW, which was used for the optical path alignment. Then
the overlapped beams passed a home-made beam expander, consisting
of two lenses with focal lengths f=25mm and f=150mm, and went
over a 1.3km path in the air to the retroreflector array with the total
area 95 cm?, which was composed of three same size hollow retroreflec-
tors of 65 mm diameter. The reflected light was collected by a telescope,
filtered by a bandpass filter with a 10 nm spectral width and focused by
a lens with f=200mm on an InGaAs Avalanche Photodetector (APD).
The other beam (with ~1% of the transmitted power) went through a
gas cell with calibrated methane or carbon dioxide gas with concentra-
tions of 1% and 100%, respectively, and was focused onto an InGaAs PD
by a lens. The two signals were acquired by a 16 bit, multifunction I/0

Z= 10)
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Fig. 1. Schematic of the long open-path optical
sensing system.

Optical transmitter-receiver unit

Reflector

Atmospheric turbulence array

\ _ _processing _ _
Computer-controlled
electronic unit

Fig. 2. The aerial view of the 1.3km measurement path at the TAMU RELLIS
Campus along one of the aircraft runways. The laser platform (shown in the left
inset) was on a movable cart, the retroreflector (the right inset) was mounted
on a tripod standing at the end of the runway.

device (National Instruments, USB6361) having 16 analog inputs and
two analog outputs and further processed.

An updated LabVIEW program based on our previous work [27] was
used for the system control and spectral measurements. The software
has the functions of the laser scanning and modulation, data acquisi-
tion, harmonic signal demodulation, phase demodulation and saving the
data.

The platform was tested in the hall of the laboratory building and
then moved to the TAMU RELLIS campus airport. The laser platform was
located in the middle of the runway (30° 38’06.41” N, 96° 28’54.06” W)
and the associated retroreflector was located at the end of the runway
(30" 37’ 24.61” N, 96 28’ 53.92” W). The path location is illustrated
in Fig. 2. The elevations of the laser platform and retroreflector were
77.7 m and 78.1 m. The distance measured with a laser rangefinder was
1.306 km with precision of +1 m. Insets in Fig. 2 show the mobile plat-
form and retroreflector array.
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1.3 km for single trip
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The portability was assured by the sensor design and a power supply
from 3600 Watt portable generator (BlackMax) with an outlet of 120V,
30 A which kept the sensor continuously running about 10 h without
interruption. The meteorological parameters in the field were recorded
by home-made and calibrated pressure and temperature sensors. The
data were digitized in real time by a DAQ card (National Instruments,
USB6008) with a 100 Hz sampling rate and averaged over 1s.

3. Experimental results
3.1. Indoor measurements

To assess the sensitivity and the distance dependence of the normal-
ized signal due to methane absorption at the 1654 nm absorption band,
the performance of the sensor was first tested in the basement hallway
of the TAMU Mitchel Physics building. Backscattering of the laser light
from a white paper attached to a board mounted on the tripod was re-
ceived by the telescope and focused on the photodiode, providing suf-
ficient signal. The tripod was positioned at seven different distances of
7.5,12.5,17.5, 22.5, 27.5, 32.5, and 37.5m, respectively. The temper-
ature, air pressure and humidity in the basement, which were 73.7F,
1.01 kPa and 51%, respectively, were almost constant and monitored
by the sensors.

For each distance the normalized methane signal was integrated
for ten minutes and the data were plotted as a function of the dis-
tance (Fig. 3). The dependence can be well fitted by the linear relation
Signal=8.09 x 10~% +7.97 x 10~ x (distance) with the R-square value
of 0.986. The methane concentration in the building basement was mea-
sured to be 2.1 +0.1 ppm.

3.2. Outdoor measurements

The transmission of the laser beam through the atmospheric air be-
sides the air flow turbulence is affected by absorbing gaseous compo-
nents and atmospheric aerosols, which result in variations of the ampli-
tude and phase of the received backscattered laser light. Consequently,
the observed signal fluctuations reflect the influence of all these ran-
dom factors. The fluctuations become more pronounced with increas-
ing distance. Consequently, in measurements of methane in ambient air
over a kilometer or longer optical paths, the fluctuations of the signal
should be taken into account. Traditionally, the atmospheric turbulence
is measured by a stellar scintillometer or LIDAR [28]. Tao Wei et al. [29]
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Fig. 3. The dependence of the calibrated methane signal on the distance with
a linear fit.

developed a simple double pass turbulence monitoring system with a 5
MW peak power laser pulse source, using a corner retroreflector for im-
proving the system sensitivity. Compared to the pulsed laser monitoring
system, our low power continuous near infrared system (10 mW) avoids
development of nonlinear propagation effects. The retroreflector array
allowed our system to perform measurements over the distance to the
retroreflector of up to 1.3km. In this respect, the developed platform
worked not only as a gas sensor, but also as a double-pass turbulence
monitoring system.

In the experiment, we used the laser power from the reference chan-
nel to assess the stability of the received laser power from the measure-
ment channel. The turbulence intensity can be directly characterized
by the degree of the signal instability, i.e. the transmission of the laser
radiation through the atmosphere can monitor the atmospheric turbu-
lence and be further analyzed statistically. For the continuous double
pass system, the scintillation index, ¢2(7, L,,), describing the variations
of the light power transmitted through the atmosphere, is defined as a
function of the log-irradiance variance [29] or the linear variance [30].

Here, we use the linear variance

o*(F, L) = {(65)?), (11)

where () is the averaging operator over a set of measurements, 55 =
As/5 characterizes relative variations (instability) of the signal; As
(P — P) and § « P represent the deviation and average value of the sig-
nal related to the instantaneous (P) and average (P) values of the in-
tercepted radiation power. For the conditions of weak turbulence, the
Rytov variance of the turbulence effect on the propagating beam is given
by

V(Lyp) = 1.23C2k, /0L, 11/, 12)

where C2 is the refractive index structure parameter, used to charac-
terize the effects of atmospheric turbulence, k; = 2z /4 is the wavenum-
ber of the laser, and L), is the optical path. In our setup, the round
trip distance was used in Eq. (10). In the weak fluctuation regime
(62 L m) < 1) the scintillation index should be equal to the Rytov vari-
ance [30],

6*(F, Ly) =V (Ly).

Then from this equation, the Cf parameter can be estimated.

In the experiment, the laser temperature was controlled to be 15
°C with precision of 0.001 °C. The frequency variation for the fixed
laser frequency is less than 100 MHz, and in different measurements
the laser current was set to fixed values of 60 mA, 80 mA and 100 mA,

13)
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Fig. 4. The power data over ~2.6 km path acquired for different laser currents
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Fig. 5. The instability of the received laser power due to turbulence effects for
different laser currents.

which correspond to the laser wavelength of 1604.21 nm, 1604.28 nm
and 1604.45nm. The data was acquired for 2s by the DAQ card with
acquisition rate of 400 kHz, thus providing 800k points. The acquired
signal is depicted in Fig. 4. It is obvious that the received power ex-
periences sharp fluctuations resulting from turbulence. The mean signal
values from the detector were 0.075V, 0.119V and 0.019V for the three
different laser currents, and the standard deviation values were 0.025V,
0.042V and 0.06 V, respectively.

To further analyze the instability of the received power, the data
was divided into 10 groups, each group having 80k points equal to the
acquisition time of 0.2s. For each group the average signal of the mea-
sured laser power, 5, and the RMS-deviation, As, and the signal insta-
bility 65 = As/5 (shown in Fig. 5) were calculated. For different laser
currents, the power varied from 10% to 35%, showing that the choice of
the laser current could not mitigate the power instability, thus, occurring
due to the turbulence effects. From the plots of Fig. 5 using Egs. (11,12)
the refractive index structure parameter C}f was calculated; at differ-
ent laser currents close values were obtained: C2 = 9.6 x 109 m~2/3 for
the laser current (LC) 100mA, C2 = 9.7 x 10~">m=2/3 for LC=80 mA and
C2=9.5x10""m=%/3 for LC=60mA, showing consistency of these re-
sults.
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Fig. 6. Signals from photodetectors for the reference channel (black line) and remote sensing channel (red line): (a) the measured signals, (b) the power spectral

densities.

3.3. Methane and carbon dioxide measurements

To make it easier to catch the back-reflected near-IR light on the pho-
todiode, we utilized a 20 mW visible green laser as a guide to coarsely
adjust the height of the retroreflector array. Then, the fine adjustments
were carried out to maximize the back-reflected near IR signal. We used
a cell with a standard concentration of 1% of methane in the reference
channel. The ramp voltage amplitude was varied from 6V to 8V, cor-
responding to the injected current from 60 mA to 80 mA. The scan and
modulation frequencies were 2 Hz and 20 KHz, respectively. The ramp
and sine waves were generated by the LabVIEW software with the sam-
pling rate of 400 kHz. A fourth-order Butterworth low pass filter with
the cut-off frequency of 9Hz was set in the digital lock-in amplifier.
The initial signals from the reference and remote sensing channels were
recorded as shown in Fig. 6. In Fig. 6(a); the red line is the modulated
signal from the beam that passed through the turbulent atmosphere.
The black line is the modulated signal from the local reference photode-
tector. As can be seen, the reference signal is stable, while the remote
sensing signal is strongly fluctuating due to turbulence.

The power spectral densities (PSDs) of the two signals were obtained
by the conversion from the time domain to the frequency domain, as
shown in Fig. 6(b). In Fig. 6, the black line shows the higher harmonic
frequencies in the PSD of the local reference signal with the ramp fre-
quency 2Hz and the modulation frequency 20 kHz. It is worth noting
that the remote sensing signal (red line), although not clearly exhibiting
the harmonics of the ramp frequency, still shows the higher harmonics
of the modulation frequency.

The demodulated first and second harmonic signals are shown in
Fig. 7. After demodulation and averaging the signals exhibit only a mi-
nor influence of the atmospheric turbulence, showing that the WMS sig-
nal is rather robust. The amplitude of the 2f-signal normalized to the
1f-signal was used for the determination of the concentration according

25

to Eq. (8). The observed small time shift between the center of the refer-
ence signal and the measurement signal is mainly due to their different
processing delays.

The measurements were recorded from 23:00, October 4th to 7:00
October 6th of 2017 for 32 h of total data, as weather and field available
time permitted. The mean pressure was 1.012 atm, with instantaneous
values changing from 1.008 atm to 1.106 atm, i.e. within 4.9% of the
relative amplitude variation (see Fig. 8). The temperature showed the
highest value of 28 °C and the lowest temperature of 22 °C with rel-
ative amplitude variations within 12%. The results for methane were
averaged every 60 s and presented in Fig. 9, showing that the measured
methane concentration varied between 2 ppm and 3.5 ppm. These val-
ues are mostly larger than the commonly accepted average atmospheric
value (~2 ppm) due to other methane sources within nearby farming ar-
eas. There were several intervals with different behavior: around 24:00
on October 4th there were several oscillations observed followed by
a slowly changing methane concentration till ~9:00 am, October 5th
and then on the same date again several oscillations from 2.4 ppm to
3.2 ppm were observed. Since there was some traffic on the runway, the
sharp spikes in the interval enclosed in the dashed rectangle are due
to the laser beam interruptions by passing cars. Then again an interval
with small variations follows until the methane concentration increases
showing a variation up to 3.0 ppm at ~7:00, October 6th again.

The sensor precision was evaluated by the Allen variance analysis
of the measurement over 1000s (Fig. 10). It was about 100 ppb with
the integration time of 1s and down to 20 ppb with integration of 60s,
which confirms that the variations induced by noise were low enough,
thus enabling the accurate monitoring of the methane concentration.

For measurements of the carbon dioxide in the atmospheric air we
replaced the DFB laser to have the center wavelength at the CO, ab-
sorption band of 1602 nm and used the reference cell filled with 100%
carbon dioxide. The settings of the parameters were the same as before.
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The modulation amplitude was changed to 1 V due to the linewidth dif-
ference between the carbon dioxide and methane. We recorded the car-
bon dioxide normalized WMS signal for 10 h, as shown in Fig. 11 after
conversion of the results to the concentration values. The concentration
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Table 1
Comparison of long-path techniques for detection of CH, and CO, in the near-IR spectral region.
Techniques  Laser source Distance (round trip) ~ Allan dev. CH, (ppb)  Allan dev. CO, (ppm)  Turbulence measurement  Reference
WMS DFB (12mW) 2.6km 20 @1 min 30 @20s Yes This work
FTS Lamp (35W) 1.5 km 12 @5min 1.6 @5min No [13]
DCS Fiber laser (-) 2 km <5 @5min <1 @ 5min Yes [15]
DOAS Broadband source (200mW)  5.1km - - No [12]
100 though being rather compact and simple, our instrument has shown the
80 sensitivity for methane detection comparable to more complex instru-
ments, such as DCS. The developed sensor provides the possibility for
~ 60 monitoring of greenhouse gases (CH, and CO,). It can also be used as a
g leak detector for methane gas in the oil/gas industry.
[=¥
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