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Abstract: A ground-based, integrated path, differential absorption (IPDA) light detection device
capable of measuring multiple greenhouse gas (GHG) species in the atmosphere is presented. The
device was developed to monitor greenhouse gas concentrations in small-scale areas with high
emission activities. It is equipped with two low optical power tunable diode lasers in the near-
infrared spectral range for the atmospheric detection of carbon dioxide, methane, and water vapors
(CO,, CH4 and HO). The device was tested with measurements of background concentrations of
CO; and CHy in the atmosphere (Crete, Greece). Accuracies in the measurement retrievals of CO,
and CHy were estimated at 5 ppm (1.2%) and 50 ppb (2.6%), respectively. A method that exploits
the intensity of the recorded H,O absorption line in combination with weather measurements
(water vapor pressure, temperature, and atmospheric pressure) to calculate the GHG concentrations
is proposed. The method eliminates the requirement for measuring the range of the laser beam
propagation. Accuracy in the measurement of CHy using the H,O absorption line is estimated at
90 ppb (4.8%). The values calculated by the proposed method are in agreement with those obtained
from the differential absorption LiDAR equation (DIAL).

Keywords: greenhouse gases; ground based; CO,; CHy; HyO; IPDA; integrated path differential
absorption; DIAL

1. Introduction

The reduction in greenhouse gases (GHGs) atmospheric concentration requires accu-
rate measurements of their global emissions. Currently, a combination of satellite obser-
vatories and ground-based stations operate to provide global coverage [1]. Detailed GHG
emission estimation requires extensive atmospheric concentration measurements of regions
with high GHG emissions (cities, airports, power plants, oil and natural gas production and
distribution facilities, landfills, cultivated fields, etc.). Calculation of the emissions from these
specific locations have large uncertainties due to insufficient emission monitoring [2-5]. The
installation and operation of ground-based stations are considered an optimal solution for
the detection and monitoring of GHG concentration measurement [6-8] from such locations.
Therefore, robust, reliable, easy to maintain, remotely-operated instruments detecting GHG
in the atmosphere are essential to survey GHG concentration in the atmosphere from places
with high emissions. These instruments must have low detection limits and high accuracies
to measure global variations of GHG concentrations. In particular, their accuracy must be
in the range of sub ppm for carbon dioxide (CO;,) detection and a few ppb for methane
(CHy) detection. However, such autonomous instruments are currently unavailable.

Two networks have been created for GHG monitoring that both provide measurements
of column-averaged abundances of greenhouse gases by analyzing the solar radiation using
Fourier-transform infrared (FTIR) spectrometers. The Total Carbon Column Observing Net-
work (TCCON) operates high sensitivity, stationary FTIR spectrometers initiated in 2004 by the
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California Institute of Technology, Pasadena, USA [9] that measure total columns of CO,,
CO, CH4, N7O, HyO, HF, and other atmospheric gases. In addition, the COllaborative
Carbon Column Observing Network (COCCON) is a recent greenhouse-gas-observing
network that uses common FTIR instrumental standards and data analysis procedures [10].
The main objective of the COCCON is to increase the global greenhouse gas observations
due to the simplicity of the FTIR spectrometers used on the network.

Several publications have reported CO, and CHy4 concentration measurements from
small-scale locations with high emission activities. Mitchell et al. have reported variations
of CO, and CHy concentrations in Salt Lake City, USA, from 410 to 450 ppm (0.3 ppm un-
certainty) and from 2.0 to 2.4 ppm (2 ppb uncertainty), respectively, using cavity-enhanced
laser absorption spectroscopy [11]. Abdul-Wahab et al. predicted peak concentrations of
CO, 357.19 (~200 ppm) and 36.11 mg/ m?3 (~20 ppm) for 1-h and 24-h averaging periods, re-
spectively, by modelling CO, emissions from a cement plant’s sources [12]. Dimitriou et al.
have reported approximately 30 ppm (5 ppm uncertainty) diurnal variation of CO, and
100 ppb (10 ppb uncertainty) diurnal variation in the city of Athens, Greece, during win-
ter [13] using a Picarro G2401 cavity ring-down spectrometer. Fugitive CH, emissions from
the U.K. National Transmission System high-pressure pipeline have been reported [14]. The
group has detected 26 peaks of CHy above 2.1 ppm from pipelines using a Picarro Surveyor
P0021-S cavity ring-down spectrometer with a stated precision of 5 ppb. Furthermore,
emissions of methane from offshore oil and gas platforms in Southeast Asia have shown
a substantial increase in CHy (>50 ppb) [15]. The group stored flask samples that were
analyzed using a gas chromatograph equipped with a flame ionization detector (Agilent
Technologies, HP-5890) with a precision less than a 1.7 ppb [16]. Sun et al. reported the
distribution of CHy concentration in the range of 1940-2370 ppb in the city of Beijing [17].
The analysis was based on a cavity ring-down spectrometer (Picarro, G1301 and G2401)
with a precision better than 0.7 ppb. Moreover, agricultural CHy concentrations measured
in a field of 0.42 hectares had a variation of 0.1 ppm during 24 h, using broadband open-
path dual-comb spectroscopy that provided methane measurements with a precision of
25 ppb [18]. We can deduce from these publications that GHG emissions from small-scale
areas can be reliably estimated using atmospheric measurements from instruments with
lower sensitivity and higher detection limits than those measuring concentrations globally,
such as satellite observatories. The accuracy of those instruments should be in the range of
a few ppm for CO; and a few tens of ppb for CH4 concentration measurements. However,
these instruments should be capable of operating day and night and measuring GHG con-
centrations in various directions. These features are essential for GHG emission monitoring
from small-scale areas since the emissions continuously change in short ranges.

Among several methods suitable for detecting, multiple GHG free-path, laser-based
are the most promising [19]. The differential absorption light detection and ranging (DIAL)
technique emerges as a new technology that has great potential for measuring the local
increase in GHGs and supporting international climate agreements [6]. Briefly, in the DIAL
method, a tunable-wavelength laser beam is propagated to the direction of a target to
perform an absorption measurement. The laser wavelength is tuned firstly to a strong
absorption line and subsequently to a nearby wavelength with weak absorption of the gas
of interest. The ratio of the backscattered light intensities is related to the concentration of
the gas in the atmosphere.

There are a few variations of the DIAL method. The range-resolved DIAL detects the
backscattered signal of short laser pulses propagating in the atmosphere from aerosols and
gas molecules, providing spatial information of the measured GHG concentration [20-23].
However, the recorded signal is weak and therefore high-power lasers are required for an
adequate signal-to-noise ratio (SNR). Recently, an up-conversion detection system has been
developed that efficiently translates infrared signals to the visible region combined with a
visible detector that has high sensitivity. The detection system has been used in a DIAL
system for CO, and CHy4 detection [24]. Scheimpflug lidar is also a recent method that
has been proposed by Larson et al. for the detection of CO; [25,26] that is a triangulation
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method based on continuous-wave (cw) lasers. The Scheimpflug lidar developed by
Larsson et al. is equipped with a 1.3 W at 1.57 pm tunable laser. The group has reported
CO; concentrations averaged over five hours in an experiment performed in Lund, Sweden,
during January 2018. The lidar provides range-resolved CO, concentrations at a range of
2 km. The most accurate results were obtained at a range interval of 1 km and the CO,
concentration measured was 369 + 13 ppm for the first kilometer and 283 4 20 ppm for
the second [25]. The design is simple and easy to use providing also spatial information of
CO; concentration in the atmosphere. However, there is intense interference in the signal
from the background light that limits the performance of the method. Thus, special care
has to be taken to avoid the detector’s saturation and to subtract the background signal
during daylight in the presence of sunlight.

We present an autonomous, ground-based, integrated path, differential absorption
(IPDA) system capable of measuring the concentration of multiple gas species in the
atmosphere. Commonly, the IPDA method uses the surface back reflection of laser light
from a target to determine average concentrations of trace gases in the atmosphere at the
spatial extent of the laser beam. The IPDA is a promising method for monitoring GHG
from space. Several studies are published reporting case studies for the detection of GHG
concentrations from space [27-30]. Moreover, IPDA has been used for GHG detection from
air [29,31,32] and ground [33-35]. The reflected tunable diode laser absorption spectroscopy
(backscatter TDLAS) approach was followed that employs three tunable diode lasers with
a very narrow linewidth to obtain gas absorption lines at very high spectral resolution by
current and thermal tuning of the laser wavelength [36-39].

The IPDA method is inadequate for providing range-resolved information since the
laser reflected signal comes from a single point on a surface. However, IPDA method
results in a higher signal-to-noise ratio (SNR) considering that the reflected signal from a
surface is typically orders of magnitude higher than the backscattered signal from aerosols,
even when integrated over the entire laser beam propagation path [33].

The range of the laser beam from the IPDA device to the reflective surface (0.1 to 10 km)
required in the DIAL method [33,40] is an essential parameter to infer the concentration of
the atmospheric gases. The laser beam propagation range measurement is straightforward
in the case of range-resolved DIAL. In the IPDA methodology, the calculation of the laser
range demands an additional method capable of providing the propagation range of
the laser beam. Therefore, the GHG measurement becomes complex and increases the
uncertainty of the concentration values.

An additional method for the calculation of the GHG concentration is proposed based
on the water vapor (H,O) absorption line and atmospheric measurements (water vapor
pressure, temperature, and atmospheric pressure) from a local weather station. The water
vapor concentration in the atmosphere is calculated from the atmospheric measurements.
Furthermore, the DIAL equation is modified to provide GHG concentrations using the
water concentration and the absorption of the water peak from the recorded signal. The
calculation of the gases concentrations in the atmosphere based on the H,O peak provided
similar values with those of the direct distance measurement and the DIAL equation.

The device developed is able to detect various gases in the atmosphere just by installing
additional diode lasers emitting light in the proper near-infrared range. This feature is
of great importance since not only do CO, and CHy gases intensify the greenhouse effect
but also other climate-relevant trace gases [41], in particular those produced from plastics
such as ethylene, ethane, and propylene [42]. Therefore, devices capable of monitoring
several gases in the atmosphere are crucial for studying the greenhouse effect and other
atmospheric phenomena. Such simple sensors, easy to maintain, with lower costs compared
with available instruments, can be deployed to reliably monitor several sources of GHG
emissions from different sectors.
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2. Materials and Methods

Detection of multiple species requires laser beams at various wavelengths. Tunability
of the laser wavelength is essential, but tunable lasers in the near-infrared spectral range
are sophisticated laser systems and, therefore, inadequate for autonomous instruments that
can operate in harsh environments. Single wavelength telecommunication diode lasers
(such as distributed feedback, DFB, and distributed Bragg reflector, DBR, diode lasers) with
a small tunability range (~1 nm) is the optimum solution for the development of devices
for stand-off operation since such telecommunication lasers are low cost, highly robust,
and reliable devices. In this case, a different telecommunication laser is required to detect
each of the selected GHGs.

A diagram of the system design is presented in Figure 1a. The system is equipped with
two cw DFB tunable diode lasers in a 14pin butterfly package. The first one has a central
wavelength of 1.57 pm (6369 cm ™) with a linewidth of 1 MHz and maximum output power
of 60 mW (#LD-1550-0060-DFB-1, Toptica, Gréfelfing, Germany) and is used for the detection
of atmospheric CO,. The second one emits around 1.652 pm (6053 cm ™) with a linewidth
lower than 2 MHz and maximum output power of 15 mW (PL-DFB-1650-A-A81-PA, 1d-pd,
Singapore) for the detection of CHy. Each laser is controlled by a current and temperature
controller (SF8075-ZIF14, Maiman, Saint-Petersburg, Russia). The emission wavelengths
of the CO, and CHy detection lasers were adjusted from 6365 to 6375 cm~! and 6040 to
6050 cm ™!, respectively.

The two laser beams are propagated through single-mode fibers and are collimated
using fiber collimators with a focal length of 19 mm (F280APC-1550, Thorlabs, Newton,
NJ, USA). Only one laser operates at a time to separately measure CO, or CHy concen-
tration. Finally, the laser beams are modulated by an optical chopper (360C-OEM, Scitec,
Trowbridge, UK) at a low frequency (400 Hz) and transmitted into the atmosphere. The
modulation signal from the optical chopper is used as a reference for a lock-in amplifier.

The back reflected light is collected by an f/5 Newtonian telescope (200/1000 PDS, Sky-
Watcher, Suzhou, China) with 1 m focal length mirror and detected by a home-made pho-
todetector equipped with a 3 mm diameter InGaAs photodiode (G12180-030A, Hamamatsu,
Hamamatsu, Japan). To achieve maximum sensitivity, the signal from the photodetector
was introduced to a dual-phase digital lock-in amplifier (LIA-200MVD-H, Femto, Berlin,
Germany) which is using the optical chopper signal as a reference. A digital oscilloscope
(DSO7034A, Agilent, Santa Rosa, CA, USA) was used to record the signal from the lock-in
amplifier and transfer it to a personal computer. Finally, a 25 MHz waveform generator
(DG822, Rigol, Suzhou, China) was used to adjust the current of the laser controller. The
optimization of the system and the detection methodology were performed using the setup
of Figure 1b. The laser beam is transmitted through a chamber filled with the target gas of
interest at various pressures and then directed towards a reflection surface approximately
3 m away. Chamber length was 1.3 m for CO; and 0.3 m for the CHjy and the reflected light
of the lasers was directly collected by the telescope of the device. All the experimental
parameters, such as lock-in amplifier time constant, ramp duration for laser current con-
trol, and integrated thermoelectric cooling (TEC) temperature, were optimized using the
chamber experimental setup for each GHG.
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Figure 1. (a) Diagram of the instrument’s setup; (b) configuration of gas chamber(s) used for
optimization of the system parameters; and (c) timing diagram for the chopped signal relative to
laser diode current modulation.

In most IPDA setups, concentration measurements are performed using only two
specific wavelengths. The first wavelength is in resonance (on-line) and the second is out
of resonance (off-line) with the same absorption line of the GHG. However, a different
approach is selected in our case that provides detailed validation of the system capabilities
for accurate atmospheric GHG concentration measurements. A current ramp is applied to
perform a wavelength scan of the diode lasers over the range of the GHG absorption line.
Therefore, a full profile of the absorption peak is recorded instead of the ratio of the signals
detected using the on-line and off-line wavelength.

The lock-in amplifier used in an IPDA device extracts the weak signal from the
reflected light and rejects the background signal from daylight and other near-infrared
sources. This means that the device can operate continuously throughout the day. The lock-in
amplification approach requires modulation of the laser beam. The laser beam modulation is
achieved using the optical chopper that operates at a frequency of 400 Hz. A current ramp
over time is used to continuously regulate the current of the diode and subsequently the
wavelength of the laser. However, due to the characteristics of the DFB laser, there is an
unwanted laser output power modulation simultaneously with the desirable wavelength
modulation (Figure 1c).

The integration time (time constant) of the lock-in amplifier must be considerably
longer than the period of the chopper’s modulation frequency to achieve maximum sensi-
tivity for detecting extremely weak reflected light. The time constant of the lock-in amplifier
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is set to 1 s in our case to achieve longer integration times and a higher detection limit. In
this case, the duration of the ramp function that regulates the wavelength of the laser has
to be set significantly longer than the time constant. Otherwise, any signal variation due
to CO, absorption will be suppressed by the long integration time of the lock-in amplifier
and consequently, limit the detection capabilities of the IPDA device. Therefore, optimum
ramp duration, lock-in time constant, and chopper frequency have to fulfil the condition:

tramp >> tiock-in >> Tchopper/ 1

where Tepopper is the optical chopper period, tjock-in is the time constant of the lock-in
amplifier, and tramp is the duration of the laser current ramp.

The wavelength of the laser is also affected by the temperature of the laser diode.
The integrated TEC unit of the laser regulates the temperature to achieve wavelength
stabilization. However, the current ramp produces a strong oscillation of the electric
current of the TEC that destabilizes the temperature of the laser diode. The temperature
instability changes the wavelength of the laser and affects the recorded signal. An effective
way for TEC regulation is to increase the duration of the ramp function. On the other hand,
a very long ramp duration requires long recording times without notable improvement of
the SNR and sensitivity of the device; hence, optimum ramp duration has to be determined.
It is concluded that the optimum ramp duration for the IPDA device is 40 to 60 s, while
15 accumulations are required for recording to observe a CO, and CHy signal with low SNR.

In Figure 2, images and a drawing of the device during a field test are presented. The
case and support of the device were developed for an 18-month autonomous operation. The
casing comprises a sealed waterproof case containing the sensitive components of the device.
Furthermore, the device is placed onto a 3.5 m long pole to avoid obstacles that block the
telescope’s line of sight. Initially, the protection hatch opens and all optoelectronics components
turn on, followed by the sequence of operations for GHG measurements. The device operates
autonomously and can rotate to a selected angle at the desired orientation. However, the device
is versatile and can be placed on a table or installed on a heavy-duty tripod.

A Raspberry Pi3 handles external communication through Ethernet, automation, and
controls the laser drivers. The component’s control is handled by an Arduino Due equipped
with a custom-designed shield that features 7 relays that are used to turn on the optical
chopper, power supplies for the laser drivers, the photodetector, and the lock-in amplifier.
Data acquisition, which includes the lock in amplifier phase output, the laser driver current
and the temperature, is carried out by Arduino using 12 bit sampling.

Through a parametric interface, the current of the laser was modulated. A graphical
user interface has been developed to provide a direct communication option for remote
operation commands. Information such as the device’s position angle, door status, internal
temperature and selected laser driver status are also controlled and monitored.
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Figure 2. (a) Image, (b) 3D sketch of the device, and (c) image of the device installed in Heraklion,
Crete, Greece.

3. Results and Discussion
3.1. Gas Chamber Measurements

The parameters of the device have been optimized for measuring the atmospheric
content of the gas using a chamber filled with CO, (Figure 1b). The wavelength of the laser
beam was adjusted by regulating the current of the laser diode, applying a ramp function
(Figure 3a, black dashed line). However, the laser’s output power changes simultaneously with
the wavelength (Figure 3a, red line). Due to these changes, the recorded signal of the amplifier
increased proportionally to the laser power; however, sharp drops of the signal were observed
at wavelengths resonant with the three absorption lines of CO, (Figure 3a, black line).

The detector’s signal is divided by the current value of the ramp function that is
proportional to the laser power of the laser beam. Afterwards, the natural logarithm of the
normalized signal is calculated (Figure 3b, solid and dashed black lines). The calculated
spectrum was qualitatively compared with the theoretical absorption cross-sections pro-
vided by the HITRAN database (Figure 3b, solid red line) [43,44]. The wavelength of the
cross-section peaks is in agreement with those recorded experimentally. Moreover, the peak
profiles (full width at half maximum, FWHM) are almost identical to the theoretical cross
sections. The CO; pressure in the chamber was calculated from the recorded spectrum
using the Beer-Lambert equation and it was found to be 800 & 20 mbar, which is the same
value provided by the pressure sensor of the chamber.
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Figure 3. (a) Output optical power (solid red line), laser’s wavelength alteration (dashed black
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(b) Recorded spectrum of the CO; using the CO, chamber (dashed black line) and atmospheric
measurement (solid black line). The corresponding absorption cross section values for the CO, from
the HITRAN database (solid red line) are also shown for comparison [43,44].

A similar procedure was followed for the CHy detection and concentration measure-
ment (Figure 4a). A 30 cm long chamber was partially filled with CH, at a pressure of
65 £ 8 mbar and then additionally filled with atmospheric air up to 1 bar total pressure.
The shorter chamber was used since the absorption cross section of CHy (Figure 4a, red line)
is almost two orders of magnitude stronger than the CO, cross section. The wavelength of
the cross-section peaks is in agreement with the signal recorded experimentally (Figure 4b,
black lines). Moreover, the peak profiles (FWHM) are almost identical to the theoretical
cross sections. There is a discrepancy in the measured and calculated relative intensities of
CH,4 and H;O peaks. The atmospheric cross-section calculations were performed using the
USA standard atmospheric model (USA model, mean latitude, zero altitude, and summer).
Therefore, the relative intensities of water vapor and methane peaks have significant differ-
ences compared with those measured during the atmospheric experiments. The relative
pressure of the CHy in the chamber was calculated based on the recorded signal and found
to be 70 mbar.
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Figure 4. (a) Spectrum of the CHy recorded using the CHy chamber (black line) and the corresponding
absorption cross section values for the CHy from the HITRAN database (red line). (b) The recorded
spectrum of the atmosphere (black line) with clear peaks of CH4 and H,O and the corresponding
absorption cross section values for the CHy and HyO from the HITRAN database (red line) [43,44].
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These calculations validate that the methodology followed produces accurate CO, and
CHy concentration values and, therefore, the device is optimized for testing on atmospheric
measurements of the specific GHG.

3.2. Atmospheric Measurements

The GHG measurements were carried out by expanding the laser beam of the de-
vice (Figure 1a) into the atmosphere in the vicinity of the Foundation for Research and
Technology-Hellas (FORTH) location, Heraklion, Greece (Figure 5). The recorded atmo-
spheric spectrum is presented in Figure 3b (black, solid line) along with the recorded
spectrum of the CO, chamber (black dashed line) and the theoretical one (red line) calcu-
lated using HITRAN database [43,44]. Atmospheric measurements for the detection of
CO, present three peaks related to CO, absorption. A decrease in the SNR is observed
that is attributed to the laser power decrease at higher wavenumbers. The signal of the
peak at 6367.2 cm~! has the highest SNR of all three CO, absorption peaks. Therefore, the
device is optimized to record only this peak for the calculation of the CO, concentration
in the atmosphere. Measuring a single peak instead of three requires a smaller range of
values for the current ramp that regulates the laser wavelength. A smaller current range
can be attained in a shorter period of the ramp. Due to this, the required time for a single
acquisition reduced significantly without limiting the accuracy of the measurement.

Moreover, the recorded signal from the atmospheric measurement of CHy is presented
in Figure 4b (6347.79 cm™1!). An additional absorption peak is observed related to the HO
absorption line at 6346.96 cm ! next to the CHy line. Therefore, CH,; and H,O signals
are recorded simultaneously and atmospheric concentrations are calculated from a single
spectrum, using a single laser at 1.65 pm.

The range-resolved gas assessments are derived from the recorded signal using the
DIAL technique [40,45]. DIAL is based on the retrieval of the atmospheric reflected light
from a pulsed laser that is transmitted into the atmosphere. The wavelength is sequentially
alternated between two wavelengths, one coinciding with an absorption line of the gas of
interest (Aon), the other in close vicinity, but off the absorption line (A,g). By assuming that
the atmosphere and the detection system have the same properties at the two wavelengths
apart from the absorption due to the gas of interest, the average over a range, z, gas
absorption imprint can then be measured from the ratio of the atmospheric reflected light
at the two wavelengths:

N 1 . p (AOff)

Z[U(Aon) - U(/\Off)}z P(Aon) |’

@

where, z is the propagation range of the laser beam from the device to the reflection
surface, P(Aon) and P(Ag) are the recorded signals at Ay, and Ay, N is the averaged gas
concentration in the atmospheric line of the laser beam, and o(A) is the gas absorption cross
section which can be found in the literature [43,44].
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Figure 5. Map and diagram of the test area of the system (image from Hellenic Land Registry [46]).

The system presented in this work measure the content of CO; and CHy in an atmo-
spheric path. Any available surface from a nearby mountain, hill, or building can be used
as a reflection surface for the laser beam. The distance, z (laser range), from the device to
the reflective surface is measured by the following procedure; the photodiode installed in
the telescope is temporarily replaced by the telescope eyepiece and the exact location of the
reflective object is determined. A GNSS device is used to measure the latitude-longitude
coordinates of the position of the reflective object and the position of the IPDA device. The
distance, z, is calculated by the difference in the GNSS coordinates of the device and the
reflective surface.

Several objects at various distances from 0.3 km to 2.0 km were tested for laser beam
reflection to evaluate the intensity and stability of the recorded signal. The methodology
followed is unaffected by the absorption characteristics of a surface since the wavelength
scan range of the lasers is 1 nm, approximately. The variation of the absorption coefficient
is negligible in such a short spectral range. Therefore, any surface that provides sufficient
reflection is suitable for the system operation. Limestone cliffs with minimum vegetation
provided the most intense signal, thus they are selected for the GHG measurements. The
CO; laser provides a sufficient reflection signal at distances of up to 1.5 km, while the CHy
laser provides a sufficient signal at distances of up to 1.0 km since the CH, laser has lower
optical power than the CO, laser. These values determine the maximum operation ranges
of the system to detect and measure the two GHGs.

The recorded signal of the CO, absorption line and the fitted function of a typical
measurement is presented in Figure 6a. Moreover, the recorded peaks of the CHy4 absorption
line with the water vapor absorption line and their fitted functions are presented in Figure 6b.
Both measurements took place during the daytime to determine the influence of sunlight.
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Figure 6. Typical (a) CO, signal, fitted function, and the residual between the fitted profile and the
CO, signal; and (b) CH4 and H,O signal, fitted functions, and the residual between the fitted profile
and the CHy signal.

The calculation of CO, and CH, content from DIAL Equation (2) requires the mea-
surement of the laser range z. The range z was calculated using the GNSS coordinates
and found to be 750 m (Figure 6). This value is used for the CO, and CHy4 concentration
calculation based on the DIAL equation.

A data fitting procedure is necessary to improve the accuracy of the measurement since
the recorded signal has a low SNR. The CO; and CH4 measurements were conducted at low
elevations (<500 m) where the absorption peak broadening is dominated by the atmospheric
pressure. Therefore, a Lorentz function is selected for the fitting of the absorption spectra
since this function predicts the pressure broadening effect [47]. The [n(P(Aon)/P(Ap)) ratio
that is required in the DIAL equation to calculate the concentration of the GHGs is equal to
the difference of the maximum from the baseline of the fitted function (Figure 6).

The dominant source of error in the calculation of atmospheric GHG concentrations
is the uncertainty of the distance, z, value between the device position and the reflective
surface. The accuracy of the GNSS data and the reflective surface position determines the
accuracy of the z value. An additional error source is the SNR that affects the accuracy of
the fitting function. The error of the instrument is calculated from the equation:

1 1 2 (1 ?
S(N):2*<U(/\on)—0()\off>) *\/<_z2*A*S<Z)) (i) o

where, s(N) is the error of the calculated averaged gas concentration, z is the range of
the laser beam, s(z) the error of the range z, A is equal to the [n(P(Aon)/P(Ayp)) that is
calculated from the fitted function, s(A) the error of A, and o(A) is the gas absorption cross
sections (Figure 6) derived from the HITRAN database [43,44]. The s(A) is the standard
error produced from the fitting procedure. The s(A) value is calculated from the square
root of the diagonal of the parameters’ covariance matrix. The s(z) is calculated from the
GNSS measurements and found to be 2% of the measured range, z. The CO; and the
CH, atmospheric concentrations are estimated to be 414 + 5 ppm and 1890 £ 50 ppb,
respectively, based on the calculations of the measurements in Figure 6.

The performance of the system and the capabilities of the methodology to measure
GHG concentrations in the atmosphere were evaluated based on the results of two exper-
iments that estimated the atmospheric CO, and CHy path concentration changes over a
period. The first one took place from 26 July 2021 until 30 July 2021 to monitor the CO,
variations and the second one took place from 2 August 2021 until 4 August 2021 to monitor
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CHy,4 variations in the atmosphere. The device was directed to an object that was 750 m
away and a single measurement was taken automatically every 30 min. The recorded
concentrations of the CO, and the CHjy in the atmosphere are presented in Figure 7a,b,
respectively. The mean reduced chi-square (x?) value for CO, fitting is 1.010 and for CHy
fitting is 1.045. Therefore, the fitting process produces statistically reliable [1(P(Aon)/P(Aof))
values since the ¥? is sufficiently small. The calculated mean value of the CO, concentra-
tion in the atmosphere for this period is 426 + 5 ppm with a maximum variation of 20 to
30 ppm, higher than the accuracy of the device.
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Figure 7. Concentration variation of (a) CO, from 26 July until 30 July 2021 (b), and of CH4 during
2 August until 4 August 2021 in the atmosphere. Shaded areas refer to night periods.

This value is compared with the value reported from the Finokalia Atmospheric
Observatory (FKL) which is located 50 km east of the monitoring location, for the same
period. The FKL is operated by the Environmental Chemical Processes Laboratory (ECPL)
at the University of Crete, is part of the European Research Infrastructure for the observation
of Aerosol, Clouds, and Trace gases (ACTRIS) and it is a core observatory for monitoring
atmospheric composition and climate change for Greece but also for southern Europe
and the eastern Mediterranean [48-50]. There is a 4.4% deviation of IPDA device value
compared with the value reported from the FKL station (407.9 £ 2.5 ppm). The monitoring
area is located 6.4 km from the center of Heraklion city, Crete, with an urban population
of 140,000 people, and 5 km from the Linoperamata power plant with a total power of
193 MW [51]. Therefore, a higher CO, concentration in the atmosphere compared with the
FKL control station is expected. Clear diurnal variation of the CO; content with higher
values during the night and lower during the day is observed. This difference is attributed
to the day and night variations due to local vegetation since the monitoring area is intensively
cultivated with olive oil trees and vineyards. Furthermore, similar variations and absolute
concentration values have been reported in the city of Athens by Dimitriou et al. [13]. However,
in their work, the variation is attributed to traffic/heating emissions.

The CH4 concentration measurement does not present any significant variations
(Figure 7b). The mean value was calculated to be 1880 = 90 ppm. The measurement error
is double that of the error derived from Equation (3) for the CHy4 (50 ppb). Furthermore,
the measured CH, concertation is 0.3% smaller than the global value provided by NOAA
(1886.6 ppb, July 2021) [52], 0.7% smaller than the value provided by TROPOMI instru-
ment [53,54] of Sentinel5P satellite (1893 ppb), and 3.5% smaller than the value provided
from the FKL station (1948.7 &= 8.7 ppb). Furthermore, the deviation of the measurement
from the monitoring area compared with the reference values is smaller than the error
of the measurement (4.8%). Therefore, the accuracy of the IPDA device is probably even
better than those derived by the error calculations. These field measurements demonstrate
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the feasibility of the IPDA device for measuring the CO; and CHy4 path concentration and
monitoring carbon emission over large areas.

3.3. GHG Concentration Calculation Using the HyO Absorption Line

The DIAL Equation (2) requires accurate measurement of the range, z, of the laser beam
to obtain the absolute value of the GHG concentration in the atmosphere. However, laser
range measurement requires an additional method that introduces significant uncertainties
in the calculations of GHG concentration values. The range z measurement can be excluded
from the calculation of the GHG concentration if the signal of the H,O line present in
the vicinity of the CHy spectral line is reclaimed. The weather conditions are monitored
simultaneously with GHG measurement using a local weather station [55]. The atmospheric
pressure, the temperature, and the vapor pressure are used to calculate the concentration
of HyO vapors in the atmosphere of the monitoring area. Furthermore, Equation (2) is
modified accordingly to:

- [UHZO(/\on) — 0H,0 (Aoff)} PehG (/\off> Pry0 (Aoff>
Nare = Nio * [(TGHG()\OH) — OGHG (/\off )] 3 Feic (Aon) "’ oo

7 (4)

where, N, o are the water vapor concentration, Pr20(Aon) and Proo(Agg) are the signals at
Aon and Agg for the HyO line, Pgrg(Aon) and Pgug(Aof) are the signals at Agy and Ayg for
the GHG. o120 and ogpg are the absorption cross section for the GHG (CO, or CHy) line,
respectively, and Ngpg is the gas concentration [43,44]. The weather conditions may have
significant variation at long distances. However, in the range of a few hundred meters, we
can assume that they are relatively constant and the calculated mean H,O concentration in
the atmosphere is accurate.

The error in the calculation of the GHG concentration using the H,O absorption line is
produced from the uncertainty of the N0 value and the error in the measurement of the
peak highs of the CH, and H,O peaks. The N0 error is determined from the error of the
vapor pressure, the error of the temperature, and the error of the atmospheric pressure. It
is calculated that the error of the Nyjy0 is approximately 5% of the actual value. Finally, the
error of the GHG concentration measurement is calculated from the equation:

[711,0 (Aon)=011,0 (Aogf )]
[U’GHG (Aon)—0GHG (/\Uff)]

Aghc 2 Nh,0 2 NH,0*AGHG 2
(AHzo *S(NH20)> + (AHZO *S(AGHG)) + _TZOZ *S(AHZO) ,

s (NGHG) =

©)

where, s(Ngng) and s(Np20) are the errors of the calculated averaged gas concentration
and the vapor concentration, respectively. Agg is equal to the In(Pgug (Aon)/Pcrc (Aof))
that is calculated from the fitted function. App0 is equal to the [n(Pr20 (Aon) / Pr20 (Aof)
that is also calculated from the fitted function. s(Agug) and s(Ag»0) are the errors of Agug
and Appp0, respectively, and o(A) is the gas absorption cross section (Figure 6). The s(Aghc)
and s(Ap20) values are calculated from the square root of the diagonal of the parameters’
covariance matrix. The CHy atmospheric concentration based on the measurement of
Figure 7b is found to be 1930 £ 90 ppb compared with 1910 £ 50 ppb calculated using
the DIAL Equation (2). The calculated error is almost double compared with the DIAL
equation due to the high uncertainty of the vapor pressure measurement that produces
high uncertainty in the calculation of the water vapor concertation in the atmosphere.
The atmospheric CHy path concentration over the same period (2 April until
4 August 2021) is calculated using the HyO absorption line. The results are presented
in Figure 7b where once more the CH4 concentration measurements do not present any
significant variations. The mean value is calculated to be 1930 £ 130 ppm. The experimental
error is higher than the one calculated using the DIAL equation due to higher uncertainty
on the calculation of the Nyp0. Furthermore, the measured CHy4 concertation is 2.3% greater
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than the global value provided by NOAA (1886.6 ppb, July 2021), is 2.0% greater than the
value provided by TROPOMI instrument [53,54] of Sentinel5P satellite (1893 ppb), and
1.0% smaller than the value provided from the FKL station (1948.7 £ 8.7 ppb). Improvement
in the accuracy of atmospheric measurements from the weather station will reduce the
uncertainty of the Ni»po and consequently the uncertainty of the CHy concentration. These
field measurements demonstrate the feasibility of the H,O methodology to measure the
concertation of GHGs in the atmosphere.

4. Conclusions

Greenhouse gas emissions locally produced by human activities and natural phe-
nomena require continuous monitoring. The development of robust, reliable, and simple to
maintain and operate instruments is vital for sufficient and accurate GHGs emission monitor-
ing. In this work, a ground-based, integrated path, differential absorption (IPDA) monitoring
system is developed and tested. The device is equipped with two low optical power DFB
diode lasers for the detection of CO,, CHy. The atmospheric background concentration of
these two GHGs was measured with an accuracy of 5 ppm and 50 ppb, respectively.

The calculation of the GHG concentrations using the DIAL equation in IPDA method-
ology requires measuring the range of the laser beam by applying an additional method.
The required range of detection value makes the GHG measurement complicated and
increases the uncertainty. An alternative methodology to calculate the GHG concentrations
has been proposed based on the H,O absorption line and atmospheric measurements from
a local weather station. It was concluded that the gases concentrations based on the H,O
peak provide similar values with those of the DIAL equation but with a higher error as it
was calculated for the CHy4 (90 ppb). The error can be reduced by improving the accuracy
of the atmospheric parameters measured by the weather station.

The results demonstrate that the method is well suited for environmental conditions
where the water vapor content is constant over the propagation path of the laser beam.
However, the application of the method in locations with high humidity will probably
induce a bias in the measurement since the water vapor might vary at relatively short
distances. Measuring the absorption lines of other species with known concentrations in the
atmosphere can provide more reliable GHG concentrations than water vapor absorption.
Riris et al. [56] proposed the measurement of O, absorption to infer the dry air number of
molecules. The calculated number of molecules afterwards was used to determine CO,
concentration by applying the DIAL methodology. Therefore, molecular oxygen lines
measurements can be used directly to determine the GHG concentration in the atmosphere
instead of the water vapor lines. The O, lines will provide more reliable results than H,O
lines since the O, is a stable and uniformly mixed gas in the atmosphere.

A full profile of the absorption peak is recorded by wavelength scanning of the
laser beam, instead of the two-wavelength (on-line and off-line) approach, followed by
most IPDA systems. Future work will focus on devising modifications for concentration
measurements using the two wavelengths approach. In this way, shorter acquisition times
are expected compared with the wavelength scan method.

The sensitivity of the device that is presented here is lower than the one required to
measure GHG global concentration variations. However, there are continuous advances
in laser technology and detection devices. Therefore, we expect that the GHG detection
sensitivity of the proposed methodology and other laser-based methodologies will increase
significantly in the upcoming years.

Finally, due to the simplicity of the design, the device can be modified accordingly to
detect and monitor various gases in the atmosphere by replacing the existing or installing
extra DFB diode lasers emitting light in the near-infrared range in resonance with an
absorption band of the gases of interest. The device currently undergoes 18 months of
testing. After the testing period ends, the data will be publicly available.
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