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a b s t r a c t 

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. 
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. Introduction 

Global warming is an increasing environmental concern. To a large

xtend it is attributed to two most important anthropogenic greenhouse

ases (GHG): carbon dioxide (CO 2 ) and methane (CH 4 ), which are the

ain drivers of climate warming, accounting for ~60% and ~16% of

adiative forcing, respectively [1] . In situ measurements of GHG concen-

rations are valuable in developing warming models [2] and understand-

ng the consequences of human activities [3–4] . We note that traditional

oint sensors can detect methane [5,6] and carbon dioxide [7,8] down to

pb and ppm concentrations, respectively. Such point sensors can form a

lobal network for accessing the long term global trends. However, these

oint sensors may not adequately represent the mean concentrations of

reenhouse gases over large areas. Open-path measurements provide the

veraged values of the concentration in extended areas and effectively

haracterize the emissions and sinks of greenhouse gases, yielding the

ecessary data for transport modelling of the atmosphere. 

Open-path measurements are based on the Beer-Lambert law and use

 light source (laser or lamp) to measure the absorption spectrum on a

iven propagation path and retrieve the concentration of trace gases.
∗ Corresponding authors. 

E-mail addresses: sasazhang@sdu.edu.cn (S. Zhang), a-kolomenski@physics.tamu.

∼  

ttps://doi.org/10.1016/j.optlaseng.2019.01.008 

eceived 30 November 2018; Received in revised form 16 January 2019; Accepted 1

vailable online 5 February 2019 

143-8166/© 2019 Elsevier Ltd. All rights reserved. 
raditional open-path instruments based on Fourier transform spec-

roscopy (FTS) in the mid-IR [9,10] and differential optical absorption

pectroscopy (DOAS) in the ultraviolet (UV) and visible [11,12] have

een used for many years. The above mentioned FTS approach has the

rawback of the optical path limitation to about hundred meters deter-

ined by the low brightness of conventional non-coherent light sources

nd the difficulty to collimate the beam over long distances. In addition,

he measurement time of the FTS is determined by the full scan of the

oving stage and thus cannot be very short. Although Griffith et al. re-

ently measured greenhouse gases over 1.5 km by the near-IR FTS using

5 W broadband tungsten-quartz-halogen light source [13] , the accu-

ate measurements were hindered by the interference of stray radiation

nd limited acquisition time (84 scans over 5 min, corresponding to the

cquisition time of ∼3.6 s for one measurement). 

The novel technique of dual frequency comb spectroscopy using two

emtosecond fiber lasers with suitably chosen repetition rate differences

14,15] could overcome some drawbacks of the FTS. It enabled adaptive

ompensation of the decoherence from atmospheric turbulence as well

s the detection of greenhouse gases across a ∼2 km air path, achiev-

ng precision of ∼0.86 ppm for CO 2 [15] and ∼2.3 ppb for CH 4 with a

2.2 km air path and ∼5 min integration time, and has been used for
edu (A. Kolomenskii). 
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he detection of methane leaks in the field [16] . The interferogram for a

ingle spectrum can be acquired in few milliseconds, which effectively

ecreases the influence of intensity modulation on the experimental data

aused by atmospheric turbulence. Although dual frequency comb spec-

roscopy enables broadband and fast measurements, it requires expen-

ive laser equipment and data acquisition electronics. 

In this paper we report in situ open-path measurements of green-

ouse gases over kilometer lengths with calibrated wavelength modu-

ation spectroscopy (WMS). WMS is a simple and efficient technique to

mprove the signal-to-noise ratio. It was employed previously mainly

or point detection of different trace gases: NH 3 in environmental re-

earch [17,18] , for analysis of carbon monoxide isotopes in breath [19] ,

or measuring atmospheric pollutants in environmental monitoring [20–

2] and in combustion research [23] . Until now, the only report on an

pen-path long-range measurement by WMS was published by Michel

t al. [24] . They used a quantum cascade laser with the output at ∼8 𝜇m

avelength and an optical power of 40 mW to measure methane over

undred meters. Despite larger absorption cross sections in the MIR, for

easurements at longer distances the NIR can be a better choice be-

ause of weaker interference of water absorption and readily available

mitting and receiving equipment developed for applications at telecom-

unication wavelengths. 

We realized an automated operation and high sensitivity sensor en-

bling measurements over kilometers in open-path. In the setup, we

sed a narrow band laser source with ∼2 nm tuning range and a nar-

ow band optical filter to effectively reduce the stray radiation inter-

erence. A WMS reference channel was used to assess the effects of the

tmospheric turbulence and for wavelength comparison. We calibrated

he sensor by indoor measurements at different distances and carried

ut the field experiment at the Texas A&M University (TAMU) RELLIS

ampus. For the first time greenhouse gases were measured with WMS

ver such long distances ( ∼1.3 km to the back-reflector and ∼2.6 km for

he round trip) in the near-IR. We also observed the effects of the atmo-

pheric turbulence. Then, we tested the performance of the sensor and

chieved a sensitivity of ∼20 ppb with the integration time of 60 s for

ethane and of 20 ppm for carbon dioxide, integrating the signal over

0 s. 

. Detection principle and experimental setup 

Modulation spectroscopy provides an effective way to achieve a high

ignal-to-noise-ratio. After modulating the laser current with the combi-

ation of a low frequency ramp and a high frequency sine voltage and

assing the laser beam through a gas sample, the absorption informa-

ion can be obtained by demodulating the received on the photodetector

ignal with a lock-in amplifier. In addition, to suppress the effect of the

aser intensity variations due to scanning and different random factors,

n our approach the 2 f -signal was normalized to the 1 f- signal, as was

mplemented successfully in Ref. [25] . 

In more details the WMS detection is described below. We assume

hat the incident laser intensity I ( t ) and frequency v ( t ) are temporarily

odulated, 

 ( 𝑡 ) = 𝐼 0 + ▵ 𝐼 cos ( 𝜔𝑡 ) = 𝐼 0 (1 + 𝑖 1 cos ( 𝜔𝑡 )) (1)

( 𝑡 ) = �̄�+ ▵ 𝜈 cos ( 𝜔𝑡 + 𝜓 ) . (2)

Here, I 0 is the average laser intensity, depending on the injected

urrent, 𝑖 1 = ( Δ𝐼 ∕ 𝐼 0 ) is the modulation parameter, 𝜔 = 2 𝜋𝑓 , where f is

he modulation frequency, 𝜈 is the average frequency of the laser, ▵v is

he frequency modulation amplitude, 𝜓 is the phase shift between the

ntensity modulation and frequency modulation. 

The transmission through the sample, 𝜏( v ) determined by a weak ab-

orption of species X, can be expanded in a series of different harmonics

s follows: 

( 𝜈) = exp [ − 𝜉𝑋𝜑 ( 𝑣 ) ] ≈ 1 − 𝜉𝑋𝜑 ( 𝑣 ) = 1 − 𝜉𝑋 ⋅
∞∑
𝑘 =0 
𝐻 𝑘 ⋅ cos ( 𝑘𝜃) (3)
22 
here 𝜉 = 𝑝 𝑆 𝑎𝑏 𝐿 𝑜𝑝 , 𝑆 𝑎𝑏 = 𝑆 𝑎𝑏 ( 𝑝, 𝑇 ) is the absorption line intensity de-

ending on the pressure, p and temperature, T of the gas molecules,

 op is the optical path, 𝜑 ( v ) is the absorption line profile, X is the con-

entration of the species of interest, 𝜃 = 𝜔𝑡 and the laser frequency v is

hanging with scanning across the absorption line. The coefficients H k 

 k is the harmonic index) can be expressed as 

 0 = 

1 
2 𝜋 ∫

𝜋

− 𝜋
𝜙( 𝜈) ⋅ 𝑑𝜃 (4) 

 𝑘 = 

1 
𝜋 ∫

𝜋

− 𝜋
𝜑 ( 𝜈) ⋅ cos ( 𝑘𝜃) 𝑑𝜃, 𝑘 = 1 , 2 , 3 .... (5) 

After demodulation with the lock-in detection unit, the first and sec-

nd harmonic signals can be presented in the form [26] 

 1 𝑓 ≈
𝐺 ̄𝐼 0 
2 
𝑖 1 (6) 

 2 𝑓 ≈ − 

𝐺 ̄𝐼 0 
2 
𝜉𝑋 𝐻 2 (7)

Here, G is the gain index of the photodetector. By dividing Eq. (7) by

q. (6) , we get the ratio S s of the two harmonic signals: 

 𝑠 = 

𝑠 2 𝑓 

𝑠 1 𝑓 
≈ − 

𝑃 𝑆 𝑎𝑏 𝐿 𝑜𝑝 𝑋 𝐻 2 

𝑖 1 
. (8)

In the experiment two channels were used, one is the reference chan-

el, yielding the ratio of harmonic signals S R and the other is the mea-

urement channel, yielding the ratio of harmonic signals S M 

. The ratio

f the signals from the two channels is calculated as 

 𝑠 = 

𝑆 𝑀 

𝑆 𝑅 
= 

𝑝 𝑀 

𝑠 𝑀 

𝐿 𝑀 

𝑋 𝑀 

𝑝 𝑅 𝑠 𝑅 𝐿 𝑅 𝑋 𝑅 

= 𝑍 ⋅
𝑋 𝑀 

𝑋 𝑅 

, (9)

here p M 

, p R are the pressures, s M 

and s R are the absorption line in-

ensities, 𝐿 𝑀 

= 2 𝐿 ( L is the distance from the laser source to the retro-

eflector) and L R are the optical paths and X M 

and X R are the unknown

nd known concentrations of the species of interest for the measurement

nd reference channels, respectively. Z is the known parameter, which

as calculated using the values of pressure and temperature, 

 = 

𝑠 𝑀 

𝑝 𝑀 

𝐿 𝑀 

𝑠 𝑅 𝑝 𝑅 𝐿 𝑅 
. (10)

With Eq. (10) the unknown concentration X M 

can be determined

sing the measurement results. 

The schematic of the open path optical system is shown in Fig. 1 . Two

ingle-mode continuous commercial Distributed Feedback Diode Lasers

DFB-DL) with a fiber tail were selected as the laser sources with the

avelengths ∼1654 nm and ∼1602 nm (corresponding to the absorption

eatures of methane and carbon dioxide, respectively) and the output

owers of 10 mW each. The laser driver in the experiment is a commer-

ial laser diode controller (ILX Lightwave, LDC-3724) with high stabil-

ty and low noise current, combined with a thermoelectric temperature

ontroller. The output from the DFB-DL laser was split into two beams

y 99/1 fiber optic splitter (Thorlabs). The first beam (with ∼99% of

he transmitted power) after collimation was overlapped on a dichroic

eam splitter (Thorlabs, DMSP650) with a CW green laser beam with a

ower of 20 mW, which was used for the optical path alignment. Then

he overlapped beams passed a home-made beam expander, consisting

f two lenses with focal lengths f = 25 mm and f = 150 mm, and went

ver a 1.3 km path in the air to the retroreflector array with the total

rea 95 cm 

2 , which was composed of three same size hollow retroreflec-

ors of 65 mm diameter. The reflected light was collected by a telescope,

ltered by a bandpass filter with a 10 nm spectral width and focused by

 lens with f = 200 mm on an InGaAs Avalanche Photodetector (APD).

he other beam (with ∼1% of the transmitted power) went through a

as cell with calibrated methane or carbon dioxide gas with concentra-

ions of 1% and 100%, respectively, and was focused onto an InGaAs PD

y a lens. The two signals were acquired by a 16 bit, multifunction I/O
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Fig. 1. Schematic of the long open-path optical 

sensing system. 

Fig. 2. The aerial view of the 1.3 km 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. 
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evice (National Instruments, USB6361) having 16 analog inputs and

wo analog outputs and further processed. 

An updated LabVIEW program based on our previous work [27] was

sed for the system control and spectral measurements. The software

as the functions of the laser scanning and modulation, data acquisi-

ion, harmonic signal demodulation, phase demodulation and saving the

ata. 

The platform was tested in the hall of the laboratory building and

hen moved to the TAMU RELLIS campus airport. The laser platform was

ocated in the middle of the runway (30° 38 ′ 06.41 ″ N, 96° 28 ′ 54.06 ″ W)

nd 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

n Fig. 2 . The elevations of the laser platform and retroreflector were

7.7 m and 78.1 m. The distance measured with a laser rangefinder was

.306 km with precision of ± 1 m. Insets in Fig. 2 show the mobile plat-

orm and retroreflector array. 
23 
The portability was assured by the sensor design and a power supply

rom 3600 Watt portable generator (BlackMax) with an outlet of 120 V,

0 A which kept the sensor continuously running about 10 h without

nterruption. The meteorological parameters in the field were recorded

y home-made and calibrated pressure and temperature sensors. The

ata were digitized in real time by a DAQ card (National Instruments,

SB6008) with a 100 Hz sampling rate and averaged over 1 s. 

. Experimental results 

.1. Indoor measurements 

To assess the sensitivity and the distance dependence of the normal-

zed signal due to methane absorption at the 1654 nm absorption band,

he performance of the sensor was first tested in the basement hallway

f the TAMU Mitchel Physics building. Backscattering of the laser light

rom a white paper attached to a board mounted on the tripod was re-

eived by the telescope and focused on the photodiode, providing suf-

cient signal. The tripod was positioned at seven different distances of

.5, 12.5, 17.5, 22.5, 27.5, 32.5, and 37.5 m, respectively. The temper-

ture, air pressure and humidity in the basement, which were 73.7F,

.01 kPa and 51%, respectively, were almost constant and monitored

y the sensors. 

For each distance the normalized methane signal was integrated

or ten minutes and the data were plotted as a function of the dis-

ance ( Fig. 3 ). The dependence can be well fitted by the linear relation

ignal = 8.09 ×10 − 4 + 7.97 ×10 − 4 × (distance) with the R-square value

f 0.986. The methane concentration in the building basement was mea-

ured to be 2.1 ± 0.1 ppm. 

.2. Outdoor measurements 

The transmission of the laser beam through the atmospheric air be-

ides the air flow turbulence is affected by absorbing gaseous compo-

ents and atmospheric aerosols, which result in variations of the ampli-

ude and phase of the received backscattered laser light. Consequently,

he observed signal fluctuations reflect the influence of all these ran-

om factors. The fluctuations become more pronounced with increas-

ng distance. Consequently, in measurements of methane in ambient air

ver a kilometer or longer optical paths, the fluctuations of the signal

hould be taken into account. Traditionally, the atmospheric turbulence

s 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. 
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Fig. 4. The power data over ∼2.6 km path acquired for different laser currents 

(LC). 

Fig. 5. The instability of the received laser power due to turbulence effects for 

different laser currents. 
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s

eveloped a simple double pass turbulence monitoring system with a 5

W peak power laser pulse source, using a corner retroreflector for im-

roving the system sensitivity. Compared to the pulsed laser monitoring

ystem, our low power continuous near infrared system (10 mW) avoids

evelopment of nonlinear propagation effects. The retroreflector array

llowed our system to perform measurements over the distance to the

etroreflector of up to 1.3 km. In this respect, the developed platform

orked not only as a gas sensor, but also as a double-pass turbulence

onitoring system. 

In the experiment, we used the laser power from the reference chan-

el to assess the stability of the received laser power from the measure-

ent channel. The turbulence intensity can be directly characterized

y the degree of the signal instability, i.e. the transmission of the laser

adiation through the atmosphere can monitor the atmospheric turbu-

ence and be further analyzed statistically. For the continuous double

ass system, the scintillation index, 𝜎2 ( �⃗� , 𝐿 𝑀 

) , describing the variations

f the light power transmitted through the atmosphere, is defined as a

unction of the log-irradiance variance [29] or the linear variance [30] .

Here, we use the linear variance 

2 ( �⃗� , 𝐿 𝑀 

) = 

⟨
( 𝛿𝑆 ) 2 

⟩
, (11)

here ⟨⟩ is the averaging operator over a set of measurements, 𝛿𝑆 =
𝑠 ∕ ̄𝑠 characterizes relative variations (instability) of the signal; Δ𝑠 ∝
 𝑃 − 𝑃 ) and �̄� ∝ 𝑃 represent the deviation and average value of the sig-

al related to the instantaneous ( P ) and average ( ̄𝑃 ) values of the in-

ercepted radiation power. For the conditions of weak turbulence, the

ytov variance of the turbulence effect on the propagating beam is given

y 

 ( 𝐿 𝑀 

) = 1 . 23 𝐶 2 𝑛 𝑘 𝐿 
7∕6 𝐿 𝑀 

11∕6 , (12)

here 𝐶 2 𝑛 is the refractive index structure parameter, used to charac-

erize the effects of atmospheric turbulence, 𝑘 𝐿 = 2 𝜋∕ 𝜆 is the wavenum-

er of the laser, and L M 

is the optical path. In our setup, the round

rip distance was used in Eq. (10) . In the weak fluctuation regime

 𝜎2 ( �⃗� , 𝐿 𝑀 

) < 1 ) the scintillation index should be equal to the Rytov vari-

nce [30] , 

2 ( �⃗� , 𝐿 𝑀 

) = 𝑉 
(
𝐿 𝑀 

)
. (13)

Then from this equation, the 𝐶 2 𝑛 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

aser frequency is less than 100 MHz, and in different measurements

he laser current was set to fixed values of 60 mA, 80 mA and 100 mA,
24 
hich correspond to the laser wavelength of 1604.21 nm, 1604.28 nm

nd 1604.45 nm. The data was acquired for 2 s by the DAQ card with

cquisition rate of 400 kHz, thus providing 800k points. The acquired

ignal is depicted in Fig. 4 . It is obvious that the received power ex-

eriences sharp fluctuations resulting from turbulence. The mean signal

alues from the detector were 0.075 V, 0.119 V and 0.019 V for the three

ifferent laser currents, and the standard deviation values were 0.025 V,

.042 V and 0.06 V, respectively. 

To further analyze the instability of the received power, the data

as divided into 10 groups, each group having 80k points equal to the

cquisition time of 0.2 s. For each group the average signal of the mea-

ured laser power, �̄� , and the RMS-deviation, Δs , and the signal insta-

ility 𝛿𝑆 = Δ𝑠 ∕ ̄𝑠 (shown in Fig. 5 ) were calculated. For different laser

urrents, the power varied from 10% to 35%, showing that the choice of

he laser current could not mitigate the power instability, thus, occurring

ue to the turbulence effects. From the plots of Fig. 5 using Eqs. (11,12 )

he refractive index structure parameter 𝐶 2 𝑛 was calculated; at differ-

nt laser currents close values were obtained: 𝐶 2 𝑛 = 9 . 6 × 10 −15 𝑚 

−2∕3 for

he laser current (LC) 100 mA, 𝐶 2 𝑛 = 9 . 7 × 10 −15 𝑚 

−2∕3 for LC = 80 mA and

 

2 
𝑛 = 9 . 5 × 10 −15 𝑚 

−2∕3 for LC = 60 mA, showing consistency of these re-

ults. 
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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. 
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.3. Methane and carbon dioxide measurements 

To make it easier to catch the back-reflected near-IR light on the pho-

odiode, we utilized a 20 mW visible green laser as a guide to coarsely

djust the height of the retroreflector array. Then, the fine adjustments

ere carried out to maximize the back-reflected near IR signal. We used

 cell with a standard concentration of 1% of methane in the reference

hannel. The ramp voltage amplitude was varied from 6 V to 8 V, cor-

esponding to the injected current from 60 mA to 80 mA. The scan and

odulation frequencies were 2 Hz and 20 KHz, respectively. The ramp

nd sine waves were generated by the LabVIEW software with the sam-

ling rate of 400 kHz. A fourth-order Butterworth low pass filter with

he cut-off frequency of 9 Hz was set in the digital lock-in amplifier.

he initial signals from the reference and remote sensing channels were

ecorded as shown in Fig. 6 . In Fig. 6 (a); the red line is the modulated

ignal from the beam that passed through the turbulent atmosphere.

he black line is the modulated signal from the local reference photode-

ector. As can be seen, the reference signal is stable, while the remote

ensing signal is strongly fluctuating due to turbulence. 

The power spectral densities (PSDs) of the two signals were obtained

y the conversion from the time domain to the frequency domain, as

hown in Fig. 6 (b). In Fig. 6 , the black line shows the higher harmonic

requencies in the PSD of the local reference signal with the ramp fre-

uency 2 Hz and the modulation frequency 20 kHz. It is worth noting

hat the remote sensing signal (red line), although not clearly exhibiting

he harmonics of the ramp frequency, still shows the higher harmonics

f the modulation frequency. 

The demodulated first and second harmonic signals are shown in

ig. 7 . After demodulation and averaging the signals exhibit only a mi-

or influence of the atmospheric turbulence, showing that the WMS sig-

al is rather robust. The amplitude of the 2f -signal normalized to the

 f -signal was used for the determination of the concentration according
25 
o Eq. (8) . The observed small time shift between the center of the refer-

nce signal and the measurement signal is mainly due to their different

rocessing delays. 

The measurements were recorded from 23:00, October 4th to 7:00

ctober 6th of 2017 for 32 h of total data, as weather and field available

ime permitted. The mean pressure was 1.012 atm, with instantaneous

alues changing from 1.008 atm to 1.106 atm, i.e. within 4.9% of the

elative amplitude variation (see Fig. 8 ). The temperature showed the

ighest value of 28 °C and the lowest temperature of 22 °C with rel-

tive amplitude variations within 12%. The results for methane were

veraged every 60 s and presented in Fig. 9 , showing that the measured

ethane concentration varied between 2 ppm and 3.5 ppm. These val-

es are mostly larger than the commonly accepted average atmospheric

alue ( ∼2 ppm) due to other methane sources within nearby farming ar-

as. There were several intervals with different behavior: around 24:00

n October 4th there were several oscillations observed followed by

 slowly changing methane concentration till ∼9:00 am, October 5th

nd then on the same date again several oscillations from 2.4 ppm to

.2 ppm were observed. Since there was some traffic on the runway, the

harp spikes in the interval enclosed in the dashed rectangle are due

o the laser beam interruptions by passing cars. Then again an interval

ith small variations follows until the methane concentration increases

howing a variation up to 3.0 ppm at ∼7:00, October 6th again. 

The sensor precision was evaluated by the Allen variance analysis

f the measurement over 1000s ( Fig. 10 ). It was about 100 ppb with

he integration time of 1 s and down to 20 ppb with integration of 60 s,

hich confirms that the variations induced by noise were low enough,

hus enabling the accurate monitoring of the methane concentration. 

For measurements of the carbon dioxide in the atmospheric air we

eplaced the DFB laser to have the center wavelength at the CO 2 ab-

orption band of 1602 nm and used the reference cell filled with 100%

arbon dioxide. The settings of the parameters were the same as before.
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Fig. 7. Demodulated signals from the reference channel (black line) and the remote measurement channel (red line): (a) the first harmonic and (b) the second 

harmonic. 

Fig. 8. The measured pressure and temperature during measurements on Octo- 

ber 4–6, 2017. 

Fig. 9. The measured methane concentration for October 4–6, 2017. The ob- 

served sharp spikes on 10/5 (data within the dashed rectangle) were caused 

by the interruptions of the laser beam by passing cars. Larger scale variations 

observed on 10/4, 10/5 and 10/6 reflect the variations of the methane concen- 

tration due to the local agricultural and livestock activities. 

Fig. 10. The Allen variance analysis of the precision of the sensor for methane, 

showing the optimal integration time of ∼60 s. 

Fig. 11. The measured behavior of the carbon dioxide concentration (on 10/18 

and 10/19 of 2017). 

T  

f  

b  

c  

26 
he modulation amplitude was changed to 1 V due to the linewidth dif-

erence between the carbon dioxide and methane. We recorded the car-

on dioxide normalized WMS signal for 10 h, as shown in Fig. 11 after

onversion of the results to the concentration values. The concentration
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Table 1 

Comparison of long-path techniques for detection of CH 4 and CO 2 in the near-IR spectral region. 

Techniques Laser source Distance (round trip) Allan dev. CH 4 (ppb) Allan dev. CO 2 (ppm) Turbulence measurement Reference 

WMS DFB (12 mW) 2.6km 20 @1 min 30 @20s Yes This work 

FTS Lamp (35 W) 1.5 km 12 @5min 1.6 @5min No [13] 

DCS Fiber laser (-) 2 km < 5 @5min < 1 @ 5min Yes [15] 

DOAS Broadband source (200 mW) 5.1km – – No [12] 

Fig. 12. The Allen variance analysis of the precision of the sensor for carbon 

dioxide. 
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f carbon dioxide was about 400 ppm and remained almost constant,

howing smaller relative variations compared to methane. To evaluate

he detection limit, the Allan variance over 600 s was also calculated as

epicted in Fig. 12 . The achieved precision was about 20 ppm with inte-

ration time of 20 s. The sensitivity of the sensor to carbon dioxide was

ot as good as for methane. Partially, this is due to the stronger wind on

he day of the carbon dioxide experiment compared to the conditions

or the methane experiment. 

So far only four techniques (our technique included) for greenhouse

ases over kilometer-long paths were reported. The results for these four

ifferent measuring platforms are summarized in Table 1 . We charac-

erized these techniques from four aspects: (1) the laser source (with

he power shown), (2) optical path length, (3) Allan deviation for CO 2 

nd CH 4 , and (4) whether turbulence measurements were performed.

he work we present here, although using lower laser power, shows

omparable performance for methane detection. For carbon dioxide the

ensitivity of our sensor is somewhat lower than with the other tech-

iques, which is accounted for by the lower ramp frequencies, lower

aser power and unfavorable weather conditions. In the future, we will

o more work on increasing the ramp frequencies and signal filtering

o improve the detection limit of the system and make the system even

ore compact. 

. Conclusions 

In this paper, we explored the greenhouse gas detection over long

istances (up to 2.6 km) by a mobile sensor in the near infrared spectral

egion on the basis of the wavelength modulation spectroscopy tech-

ique. We used this sensor, first, to analyze the stability of the back-

eflected laser power produced by the turbulence. Then the automated

easurements of methane and carbon dioxide were performed for many

ours. The sensitivities of the sensor for methane and carbon dioxide

ere evaluated to be 20 ppb and 20 ppm at the integration times of

0 s and 20 s, respectively. The sensor sensitivity can be improved by

ncreasing the ramp frequency to reduce the turbulence influence. Al-
27 
hough being rather compact and simple, our instrument has shown the

ensitivity for methane detection comparable to more complex instru-

ents, such as DCS. The developed sensor provides the possibility for

onitoring of greenhouse gases (CH 4 and CO 2 ). It can also be used as a

eak detector for methane gas in the oil/gas industry. 
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