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ABSTRACT

In the context of agricultural emissions in China, it is common for fields to be bordered by row windbreaks,
which - when located downwind of emission sources - can complicate gas flux measurements. To address this
challenge, the environmental adaptability of a laser-based detection system for quantifying gas emissions from
agricultural sources was evaluated through a controlled gas emission field simulation experiment. Using
methane as a representative gas, a flux measurement system based on open-path laser absorption
spectroscopy was developed. The study employed an artificially simulated methane volatilization source and
two measurement devices to conduct experiments under three conditions: an ideal environment, a laser path
positioned downwind of the source, and a laser path set directly above the source. Results show that the
standard deviations of the ratio Qp.s/Q were 0.0277, 0.0283, and 0.0256, respectively. The corresponding
maximum fluctuation amplitudes were 7.3%, 7.4%, and 5.9%. These findings suggest that for a row windbreak
located downwind of an emission source, selecting an optimal measurement strategy - such as positioning the
optical path above, across, or near the vertical downwind axis of the source - can minimize environmental
interference and enhance the reliability of methane flux measurements in agricultural settings.
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INTRODUCTION

The methods for measuring agricultural non-point source emission flux include: vertical radial plume
mapping method (Qian et al., 2023; Obaideen et al., 2022), Tracer Correlation method (Vechi et al., 2023),
box method, Eddy Correlation method (Dong et al., 2016), Inverse dispersion method (Flesch et al., 2018),
and so on (Flesch et al., 2018; Erland et al., 2022). There are big differences in applicability, accuracy, and
space-time resolution (Ghorbani et al., 2017). Laser absorption spectroscopy is a widely used technique for
large-scale gas sensing applications, including quantitative analysis of gas concentration (Goldsmith et al.,
2012; Harris et al., 2002; Hashmonay et al., 2008; Liu et al., 2015; McBain et al., 2005; Xin et al., 2017). The
flux detection method combined with tunable diode laser absorption spectroscopy and the backward
Lagrangian stochastic (BLS) technology can achieve high time resolution agricultural gas emission, and has
high accuracy in agricultural non-point source gas flux monitoring.

However, the precondition is to assume that the measurement conditions are idealized. In the actual
agricultural gas emissions measurement process, complex external disturbance conditions, various structures
(buildings, trees, etc.) introduce vortices, jets, and sheltered zones (Viguria et al., 2015; Wilson et al., 2005;
Wilson et al., 2003).
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Comprehensive wind field measurements are generally impractical, and wind modeling is a complex
task that may lack accuracy. In an experiment using a 1.25 m-high windbreak fence to enclose the tracer,
Flesch concluded that local wind complexity can be neglected when measurements are taken at distances
greater than 5h from the fence (Wilson et al., 2001). However, this conclusion may not be applicable to the
context of agricultural emissions in China, where windbreaks - often rows of trees - are commonly found along
the edges of fields, as illustrated in Fig. 1. It is assumed that the windbreak is located downwind of the emission
source, which may introduce additional complexities into the measurement process.

Fig .1 - Windbreaks complicate measurement

In response to this situation, an outdoor field simulation experiment of methane emissions was
conducted to evaluate the environmental adaptability of laser-based detection methods for quantifying gas
emissions from agricultural sources.

MATERIALS AND METHODS

Measurement principle
According to Beer-Lambert's law, the measured concentration can be expressed as:
AL,
c=——2¢ (1)
4, L
Where:

¢y is the concentration of the standard gas;

Ly is the optical path length of the standard gas, (cm);

Ay is the integral absorbance of the standard gas;

L is the actual optical path length of the experimental system, (cm);
A is the fitted integral absorbance.

It is known that the regional source emits gas at a uniform but unknown rate Q (kg/m?/s). The average
gas concentration ¢ is measured at point M within the plume. The emission rate Q can be inferred from the

concentration at M and (c¢/q)sis , the ratio of the concentration rise over background at M to the source
emission rate [19-20]. As shown in Eq. (2), ¢, is the background gas concentration.
c—c

O=——F— (2)
(c/ Qg
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A methane flux measurement system based on open-path laser absorption spectrum
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Fig. 2 - Block diagram of the system

The system block diagram is shown in Fig 2, which mainly includes a laser absorption spectrum
detection device and a three-dimensional sonic anemometer. The laser absorption spectrum detection device
is used to detect the methane gas concentration (Wang et al., 2022). The three-dimensional sonic anemometer
is used to measure three-phase orthogonal wind speed components (Ux, Uy, Uz).

The laser absorption spectrum detection device consists of a laser and its control module, an optical
structure section, a reference optical cell, a calibration section, a weak signal detection circuit, and a data
processing unit. A DFB laser with a center wavelength of 1653 nm - corresponding to a near-infrared single
absorption line of CH, - is used as the detection light source. The laser control module (LDC3724B) is
employed to adjust the laser's output wavelength. Driven by the scanning signal, the output wavelength of the
laser is rapidly scanned around the target absorption line. The single-mode laser beam is evenly split into
reference and probing optical paths. The reference beam is directed into the reference optical gas cell via the
optical structure section to calibrate the standard gas. The probing beam is transmitted to the transceiver
telescope of the optical structure, then reflected by a corner mirror and focused onto InGaAs photodetector 2.
After passing through the weak signal detection circuit and the data processing section, the concentration of
CH, gas is retrieved through spectral inversion.

By combining the integrated line concentration with meteorological data, the BLS model is employed to
estimate gas emissions.

The height of the laser detection optical path is taken as the laser path height. A gas simulation
volatilization device is used to simulate uniform methane emission.

The methane volatilization source consists of a weight sensor, a gas flow meter, high-purity sample gas,
and an artificial simulated source, as illustrated in Fig. 3.
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Fig. 3 - Gas simulation volatility device diagram

248



Vol. 76, No. 2 / 2025 INMATEH - Agricultural Engineering

The weight sensor has a measuring range of 30 kg, and the measurement accuracy is 1 g, which meets
the measurement needs of gas weight changes. High-purity sample gas is controlled by the gas flow meter to
ensure uniform gas discharge at a uniform speed. It is sent to two connected 3x1.5 m artificial simulated
sources, which are made of polyvinyl chloride with an inner diameter of 18 mm. The simulated source is
provided with a diameter of 1 mm diffusion holes at every 0.3 m above it to simulate methane gas emission.

The high-purity sample gas used is methane gas (99.9% purity), which is released from the high-
pressure gas cylinder at a rate of 5-40 L/min. In order to avoid the marginal effect of methane volatilization,
the flux measurement is started after 5 minutes of gas release, and the duration of each release is not less
than 30 minutes.

Evaluative experiment

The experiment is conducted on the experimental base adjacent to Science Island, Hefei, China. The
monitoring area can be regarded as a uniform underlying surface.
Building the experimental environment

To eliminate the influence of environmental factors on the measurement results, and in alignment with
the prevailing wind direction, two sets of methane flux measurement instruments - based on open-path laser
absorption spectroscopy and constructed as described in Section 2 - are positioned according to the geometric
layout shown in Fig. 4. Device 1 is located in an area affected by a tree, while Device 2 is placed in an assumed
ideal environment, free from obstruction. Prior to the measurement experiments, a consistency analysis is
conducted between the two instruments to ensure they operate under equivalent conditions. The BLS model
is used to estimate the emission rate, with simulations performed using WindTrax software. A three-
dimensional sonic anemometer is installed at a height of 1.35 m above the ground to record wind data.
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Fig. 4 - Instrument environment diagram

The experimental site is shown in Fig. 5. Both sets of instruments began data collection simultaneously.
The artificial simulated sources used in the experiment have identical areas and shapes, and the distance
between each laser path and the edge of the emission source is the same. However, due to slight positional
deviations, the measurement locations are not identical, and weather conditions may differ slightly between
the two setups.
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Experiments are conducted under varying environmental conditions. The ratio of QoLs to the actual
release rate Q is calculated and compared to 1 to evaluate the influence of environmental complexity.

Fig. 5 - The experimental site

Experimental design scheme

Considering the feasibility of actual measurement processes, Device 1 in the experiment is tested using
two different configurations for setting up the laser path. In the first configuration, the laser path is placed at a
distance of at least 0.5%x from the downwind direction, where x is the distance between the emission sources.
In the second configuration, the laser path is positioned directly above the source and passes over it. All other
construction conditions are assumed to remain unchanged.

During the first setup experiment, the measurement results from both devices are recorded
simultaneously. After completing the measurement, the gas simulation volatilization device is turned off, and
the system is left undisturbed for 30 minutes to minimize the residual effects of methane volatilization. The
background methane concentration is then measured and assessed. Once the measurement conditions are
confirmed to be stable, the second setup experiment is initiated.

In the second setup experiment, only the measurement laser path of Device 1 is altered, while the
conditions for Device 2 remain unchanged and continue to represent an ideal environment. During this phase,
gas emission is again simulated using the gas simulation volatilization device.

RESULTS
Methane concentration measurement consistency between two instruments

Before the measurement experiments, a consistency analysis was conducted to verify that the two
instruments operate under equivalent conditions. In the laboratory, a 20 m multi-reflection gas cell was placed
in the detection optical path to measure a fixed CH, concentration of 40 ppm. During the measurement
process, after the gas was injected into the chamber, the inlet and outlet of the multi-reflection cell were sealed,
ensuring that the gas concentration remained constant throughout the experiment. Both instruments
continuously measured the fixed concentration for 240 minutes. The recorded signals were processed using
50-point averaging to retrieve the concentration values. The correlation coefficient for consistency between
the two instruments was 0.991, while the relative errors compared to the standard gas concentration were
0.023 and 0.017, respectively. A follow-up consistency analysis was conducted in a simulated environment.
Under the same experimental conditions, a rotatable thin phase screen plate was used to simulate atmospheric
turbulence, incorporating a pseudo-random phase distribution that follows Kolmogorov spectrum statistics.
The CH, concentration was maintained at 40 ppm throughout the experiment. Both instruments continuously
measured the fixed concentration for 200 minutes. As in the previous test, the recorded signals were processed
using 50-point averaging to retrieve the concentration values. The consistency correlation coefficient between
the two instruments was 0.982, and the relative errors compared with the standard gas concentration were
0.059 and 0.067, respectively. These results indicate that both instruments demonstrate good consistency.
Although the correlation decreased and the relative errors increased in the simulated turbulent environment,
this degradation is attributed to environmental noise. Nonetheless, both instruments are capable of accurately
and consistently measuring line concentration.
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Analysis of experimental results from two instrument setups with different laser paths

Experiments were conducted under different environmental conditions using two distinct laser path
configurations. The two instruments were tested simultaneously. The ratio of QuLs to the actual release rate Q
was calculated and compared to 1. The results obtained from the two laser path configurations are presented
in Tables 1, 2, and 3.

Measurement results of Device 2 under ideal environmental conditions Tepledt
Time (min) 15 30 45 60 75 90

Wind speed (m-s™") 1.260 1.302 1.334 1.323 1.361 1.371
Temperature T (°C) 24188 24179 24175 24170 24157 24137
Wind direction 6 (°) 60.815 61.785 62.100 63.190 62.914  62.550
Frictional velocity u* (m-s™) 0.187 0.195 0.197 0.195 0.191 0.197
Obukhov stability length L (m) -42.108 -50.457 -55.565 -59.413 -65.040 -70.939
Surface roughness length zo (m) 0.037 0.039 0.038 0.038 0.033 0.036
oulu* 2.818 2.786 2.773 2.694 2.770 2.708

ovlu* 2.113 1.973 2.030 2.075 2.194 2.097

owlu* 1.420 1.401 1.418 1.418 1.477 1.440

Q(g. m2s™) 0.012 0.012 0.012 0.012 0.012 0.012
Concentration ¢ (ppm) 7.349 7.348 7.189 7.045 7.007 6.994
QoLs (9. m2-s7") 0.011 0.013 0.012 0.011 0.012 0.012

S (m?) 14.37 14.37 14.37 14.37 14.37 14.37

QoLs/Q 0.974 1.045 1.018 0.971 1.006 0.100

Table 2
Measurement results of Device 1 during the first setup
Time (min) 15 30 45 60 75 90

Wind speed (m's™) 1.365 1.335 1.314 1.316 1.322 1.359
Temperature T (°C) 25.274 25.256 25.231 25.172 25.140 25.102
Wind direction 6 (°) 57.389  56.727 54.285 53.275 53.155  53.484
Frictional velocity u* (m-s-1) 0.217 0.217 0.212 0.215 0.217 0.218
Obukhov stability length L(m) -12509 -12.303 -11.666 -12.199 -12.421 -12.801

Surface roughness length zo (m) 0.039 0.041 0.040 0.042 0.042 0.040

oulu* 2.541 2.518 2.525 2.504 2.476 2.440

oviu* 2.497 2.469 2.637 2.634 2.639 2.668

owlu* 1.258 1.209 1.219 1.194 1.200 1.225

Q(g. m2s™) 0.011 0.011 0.011 0.011 0.011 0.011
Concentration ¢ (ppm) 7.025 7.104 7.202 7.272 7.281 7.309
QoLs (9. m2s) 0.011 0.011 0.011 0.011 0.012 0.012
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S (m3) 14.37 14.37 14.37 14.37 14.37 14.37
QoLs/Q 0.995 0.992 1.003 1.022 1.028 1.068
Table 3
Measurement results of device 1 by Second erection
Time (min) 15 30 45 60 75 90
Wind speed (m-s™") 1.169 1.166 1.182 1.240 1.278 1.335
Temperature T (°C) 25.045 25.060 25.061 25.032 25.041 25.042
Wind direction 6 (°) 56.847 56.427 58.126 59.967 61.541 62.963
Frictional velocity u* (m-s™) 0.196 0.190 0.188 0.196 0.199 0.207
Obukhov stability length L (m) -9.683 -9.058 -9.245 -10.734  -11.193  -12.854

Surface roughness length zo (m) 0.043 0.039 0.037 0.038 0.036 0.037

oulu* 2.662 2.742 2.828 2.980 3.098 3.152

ou* 2721 2.820 2.771 2.682 2.700 2.582

owlu* 1.453 1.494 1.509 1.487 1.502 1.457

Q(g. m2s™) 0.007 0.007 0.007 0.007 0.007 0.007
Concentration ¢ (ppm) 7.897 7.863 7.815 7.825 7.745 7.777
QoLs (9. m2-s7") 0.007 0.007 0.007 0.007 0.007 0.007

S (m3) 14.37 14.37 14.37 14.37 14.37 14.37

QoLs/Q 0.903 0.906 0.938 0.954 0.958 0.959

It can be seen from the measurement results in Fig. 6 and Fig.7.
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Fig. 6 - Measurement results QuLs for the two devices
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Fig. 7 - Measurement results QuLs/Q for the two devices

The results indicate that the standard deviation of QoLs/Q in the ideal environment is 0.0277. For Device
1, the standard deviation is 0.0283 when the laser path is placed downwind of the source, and 0.0256 when
the laser path is placed directly above the source. The maximum fluctuation amplitudes of QuLs/Q are 7.3%,
7.4%, and 5.9%, respectively. Although Device 2, operating under ideal conditions, yields a QoLs/Q ratio closest
to 1 - indicating the highest accuracy - both setup methods used with Device 1 remain within an acceptable
error range. Among them, the second setup (with the laser path above the source) performs better. These
results suggest that in the presence of a row windbreak assumed to be located downwind of the emission
source, the estimation error in gas flux can be effectively reduced by selecting an optimal measurement
configuration.

When measuring an actual large-scale surface source, measurements are taken from the downwind
direction of the source. The optical path can be set directly above, across, or near the vertical downwind
direction of the source.

CONCLUSIONS

In the process of measuring agricultural gas flux emissions, the presence of windbreaks can introduce
environmental interference and complicate measurements. To address this issue, a methane flux
measurement system based on open-path laser absorption spectroscopy was developed. Experiments were
conducted under three conditions: an ideal environment, a setup with the laser path downwind of the source,
and a setup with the laser path directly above the source. The results show that the standard deviation of
QbLs/Q in the ideal environment is 0.0277, compared to 0.0283 when measured from the downwind direction
of the source, and 0.0256 when measured directly above the source. The corresponding maximum fluctuation
amplitudes of QuLs/Q are 7.3%, 7.4%, and 5.9%, respectively. These results indicate that for a row windbreak
located downwind of the emission source, measurement accuracy can be improved by selecting an optimal
measurement configuration.

When measuring emissions from a large-scale surface source, the recommended approach is to
position the optical path in the downwind direction - either above, across, or near the vertical axis of the source.
This configuration reduces local environmental interference from windbreaks located upwind and enables
accurate measurement of farmland gas emissions.
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