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This study presents a portable near-infrared laser heterodyne radiometer specifically designed for measuring the column abundance of atmospheric carbon dioxide (CO₂) in the Taiyuan area. The instrument modulates the solar radiation using a fiber optic switch and amplifies the solar radiation through a semiconductor optical amplifier. The local oscillator laser is progressively scanned at the strong absorption characteristic of 1572.02 nm. Two beams of light are mixed on the photodetector to produce a heterodyne signal. To enhance performance, the radio frequency (RF) circuit system of the radiometer was thoroughly optimized, including adjustments to the filter bandwidth and the integration time of the lock-in amplifier. These improvements significantly enhanced the spectral signal-to-noise ratio (SNR) to a high level of 130 and achieved a spectral resolution of 0.0083 cm⁻1. The laser heterodyne signals were demodulated using a lock-in amplifier. Furthermore, a forward model based on line-by-line integration and an iterative fitting algorithm were employed to achieve high-precision CO₂ column abundance calculations. Outdoor field measurements conducted at Shanxi University validated the feasibility and practicality of this approach, laying a solid foundation for its broader application.
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1 INTRODUCTION
Carbon dioxide (CO2) is the most significant greenhouse gas in the atmosphere, and high-precision, full-range observations of atmospheric CO2 column concentration are crucial for identifying carbon sources and sinks, understanding carbon cycles, advancing carbon science applications, and supporting global climate change research [1–3]. There exist numerous methodologies for monitoring the vertical column concentration of the targeted gas within the atmosphere. For example, the Differential Optical Absorption Spectroscopy (DOAS) represents an advanced measurement technique for quantifying gas abundances within the visible spectral range. However, its progression is constrained by stringent environmental prerequisites and the necessity to mitigate intricate effects arising from turbulent scattering [4–6]. The Solar photometer, with its high-precision measurement capabilities, multispectral measurement functionality, integrated GPS and automatic tracking systems, as well as real-time data transmission and management, demonstrates broad application prospects across multiple fields. However, its relatively high equipment costs, technical complexity, and environmental dependency are drawbacks that merit attention in practical applications [7–9].
At present, the primary network for observing global greenhouse gas column concentrations is the Total Carbon Column Observing Network (TCOON) [10, 11], which mainly uses ground-based near-infrared spectrometer to obtain greenhouse gas concentration information and is also used for the verification of satellite product data [12], such as Japan’s GOSAT satellite [13]. The Fourier Transform Infrared Spectrometer (FTIR) serves as the cornerstone instrument within the TCCON. Its extensive spectral coverage and exceptional precision have led to its ubiquitous application in the realm of gas column abundance measurements [14]. However, the high manufacturing costs, intricate setup environment, and portability challenges associated with the Fourier Transform Infrared Spectrometer (FTIR) have limited its distribution. Consequently, there are only 70 TCCON sites globally, with merely two sites located in Hefei and Xianghe, China [15]. As an industrialized and modern metropolis nestled within the borders of Shanxi Province, Taiyuan is confronted with notably acute pollution challenges [16], giving rise to an environmental index that falls short of expectations and underscores the pressing need for comprehensive environmental improvement measures. At present, only some on-site fixed point measuring gas concentration measuring devices are effectively used [17–21], the measurement of vertical column concentration within the Taiyuan region represents a significant gap that needs to be addressed.
The novel Laser Heterodyne Radiometer (LHR) employ the heterodyne detection principle, integrating a stable laser source with atmospheric solar radiation to generate a beat frequency signal. This signal is directly proportional to the power of both the local oscillator laser and the atmospheric solar radiation, thereby furnishing an exceptionally precise methodology for measuring the concentration of trace gases, including carbon dioxide (CO₂) [22, 23]. LHR distinguished by their unparalleled spectral resolution, exceptional sensitivity, unwavering stability, compact portability, and broad applicability, have garnered increasing attention and utilization within domains like atmospheric science and environmental monitoring.
The development and choice of the local oscillator light source exert a profound influence on the evolutionary trajectory of the LHR. Based on Quantum Cascade Lasers (QCLs), extensive testing was conducted to evaluate the transmittance spectral lines of various gases, including Nitrous Oxide (N₂O), Ozone (O₃), Methane (CH₄), Dichlorodifluoromethane (CCl₂F₂), Water Vapor (H₂O), and Carbon Dioxide (CO₂) [24–26]. The detection bandwidth of the Interband Cascade Laser (ICL) is centered on the 3–5 μm range, and Wang et al. have introduced an advanced LHR equipped with a 3.5 μm ICL specifically designed for measuring the vertical concentrations of atmospheric CO₂ and CH₄ [27]. Lu et al. conducted measurements of the vertical concentrations of atmospheric deuterated HDO and CH₄ in Dunhuang [28]. Xue et al. employed ICLs operating at wavelengths of 3.53 μm and 3.93 μm to measure the concentrations of atmospheric CH₄, H₂O and N₂O [29]. With the sophisticated development of near-infrared fiber lasers, the fiber-optic LHR has emerged as a highly favored instrument for detecting gas abundances. This instrument boasts advantages such as cost-effectiveness, robustness, and a compact size. In recent years, Wilson et al. have done pioneering work in developing all-fiber near-infrared laser heterodyne (LHR) for atmospheric CO2 and CH4 total measurement [30]; Li et al. utilized a DFB laser operating at a wavelength of 1.55 μm to measure the concentrations of atmospheric H₂O and HDO [31]; Deng et al. conducted measurements of the column-averaged abundance of CO₂ by employing semiconductor optical amplifier, respectively [32].
This paper presents an optical fiber-based Laser Heterodyne Radiometer (LHR) specifically designed for monitoring the column abundance of carbon dioxide (CO₂). Utilizing this instrument, continuous heterodyne detection of the atmospheric CO₂ transmittance spectrum was conducted at Shanxi University, located at coordinates 37°79′N, 112°58′E in Taiyuan City. To accurately invert and calculate the actual column abundance of CO₂, the study employed the Line-By-Line Radiative Transfer Model (LBLRTM) as the forward model, complemented by an iterative method for precise determination.
2 EXPERIMENTAL SYSTEM
In the CO₂ LHR system, the choice of the measurement window is of paramount importance. Based on data from the HITRAN database, it is evident that within the wavenumber range of 6359 cm⁻1–6363 cm⁻1, there exist three distinct absorption lines of carbon dioxide (CO₂), as illustrated in Figure 1. Given the intricate and ever-changing nature of the atmospheric environment, and with the aim of safeguarding the precision of our experimentation, we meticulously selected an absorption line that is devoid of any interference from other gases. More specifically, we opted for an absorption line positioned at a wavenumber of 6361.24 cm⁻1 to serve as the central wavelength for our heterodyne radiometer experiments.
[image: Figure 1]FIGURE 1 | Absorption line of carbon monoxide, carbon dioxide, methane and water based on the HITRAN database.
We utilized a Distributed Feedback (DFB) laser operating near the wavelength of 1.57 μm as the local oscillator (LO) light source. The laser exhibited an output power of approximately 10 mW, with a temperature tuning rate of −0.396 cm⁻1/°C and a current tuning rate of −0.0248 cm⁻1/mA. Consequently, the performance of the laser fully met the requirements for serving as the LO in a LHR system. To further enhance the precision of wavelength control and facilitate subsequent field portability and system integration, we employed the LDTC0520 laser controller to drive the laser.
The principle of the developed CO2 LHR is depicted in Figure 2. In this system, solar radiation is located and tracked in real-time by a commercial solar tracker. It is then collected into a single-mode fiber via an optical collimator and modulated by an optical switch, whose drive circuit allows for flexible adjustment of the modulation frequency and duty cycle. Specifically, a modulation frequency of 120 Hz and a duty cycle of 50% are set in this paper. The modulated solar radiation is combined with local oscillator light in a fiber combiner. Subsequently, the combined optical signal is detected by a high-speed photodetector and converted into a photocurrent signal. Within the RF circuit module, the signal from the photodetector undergoes separation of the AC and DC signals through a bias tee (ZFBT-6G-FT, Mini-Circuits). The AC signal, which is the desired heterodyne signal, is isolated, while the DC signal is monitored on an oscilloscope with a matched impedance. Owing to the AC signal being weak, it undergoes gradual amplification through three RF amplifiers (ZX60-4016E-S, Mini-Circuits). Subsequently, a band-pass filter is utilized to remove noise components from the spectrum. A Schottky diode (DHM020BB, Herotek) is employed to convert the RF signal into a low-frequency voltage signal. This low-frequency voltage signal is then demodulated by a lock-in amplifier to obtain the measured spectrum of CO2. The obtained spectrum is subsequently recorded and stored in a computer using a LabView program.
[image: Figure 2]FIGURE 2 | Schematic diagram of the CO2 LHR system. SOA: semiconductor optical amplifiers; PD:photodetector; LIA: lock-in amplifier.
3 OPTIMIZATION AND TESTING OF SENSING SYSTEM
As depicted in Figure 3A, the selection of filter bandwidth in a radio frequency circuit plays a pivotal role in determining the resolution of signals. The Instrument Line Shape (ILS) stands as a crucial parameter in the data retrieval process of LHR. To identify an appropriate passband, we conducted a comprehensive spectrum analysis of various filter bandwidths utilizing an RF signal analyzer, enabling us to discern the LHR signal from extraneous noise. Figure 3B illustrates the amplitude and spectral resolution characteristics of the heterodyne signal across different electronic filtering bandwidths. The green dots signify the amplitude of the heterodyne signal, which exhibits a nonlinear increase with a widening bandwidth. The five-pointed star indicates the spectral resolution, with its value directly proportional to the bandwidth. Taking into account the balance between signal-to-noise ratio and spectral resolution, we opted for bandpass filters within the frequency range of 395–520 MHz for the detection of carbon dioxide in this study, yielding a double-sideband spectral resolution of approximately 250 MHz (0.0083 cm⁻1).
[image: Figure 3]FIGURE 3 | (A) System spectrum characterization of IF signal by different bandpass filter; (B) Heterodyne signal amplitude and spectral resolution obtained by using different bandpass filters.
In LHR systems, the demodulation of heterodyne signals with absorbed information depends on lock-in amplifiers. Integral time and filter slope are the two key parameters. The integral time determines the average degree of the signal and the noise suppression ability. The filter slope means the attenuation rate of the low-pass filter to the signals of different frequencies. Figure 4 shows heterodyne signals with different integration times and different filtering slopes. The laser wavelength is scanned by triangular wave at a scanning frequency of 18 mHz, and a total of 121 points are collected every period. The modulation frequency of the solar radiation is set to 120 Hz, and the signal is demodulated by adjusting the lock-in amplifiers parameter, and the corresponding result is obtained. Through the analysis of the data, when the integration time is consistent, such as 1s, the filter slope uses 6 dB and 24 dB, and the SNR of the latter is roughly 28 times higher than that of the former, which is a huge difference. When the filter slope remains constant, such as 24 dB, and the integration time is varied, our calculations reveal that a longer integration time leads to a higher SNR. However, as the integration time increases, while the non-absorbed portion of the spectrum becomes remarkably smooth, the absorbed part undergoes averaging, resulting in the loss of absorbed information and a subsequent decrease in SNR. These phenomena can also be visually observed in Figure 4. After conducting thorough calculations and optimizations, we ultimately chose the lock-in amplifier settings of 300 m and 24 dB for our tests, achieving an impressive SNR of 130. The signal value of the gas absorption line is used as the signal, and the signal standard deviation of the non-absorption area at both ends of the absorption line is used as the noise, and the SNR can be calculated.
[image: Figure 4]FIGURE 4 | Heterodyne signal characteristics characterized by different integration times and filter slopes of lock-in amplifiers.
4 RESULTS AND DISCUSSION
On a crystal-clear day in July 2024, a continuous heterodyne signal test was conducted over a span of approximately two and a half hours, from 12:09 to 14:41, at the Yifu Building of Shanxi University, situated at the geographical coordinates of 37°79′N, 112°58′E as shown Figure 5. During the experiment, occasional interruptions from cumulus clouds blocking the sunlight caused interference to the heterodyne signal. To mitigate the impact of signal light instability in subsequent analyses, we synchronously monitored the fluctuations in solar intensity. The local oscillator light employed in this experiment had a scanning frequency of 18 mHz, with the signal acquisition interval set at 300 m. Regrettably, the experiment was prematurely terminated around 14:41 due to deteriorating weather conditions.
[image: Figure 5]FIGURE 5 | Continuous heterodyne signal was continuously tested at the Yifu Building of Shanxi University (37°79′N, 112°58′E).
A flow diagram of the data processing is illustrated in Figure 6. The obtained heterodyne signal first goes through data preprocessing, which mainly includes deducting the local light power base line and the solar power change, and then normalizing, so as to obtain the high-resolution CO2 transmissivity spectrum of the whole atmosphere. Then, the LBLRTM radiative transfer model is used to simulate the atmospheric transmittance for the selected CO2 gas window. The prior information of the transmission model includes temperature, pressure, water vapor and the profile concentration of the target gas. Here, we set the height as 80 km, height stratification, pressure, The typical Mid-Latitude, day-time (Extended MIPAS Model Atmospheres) prior profile of CO2 concentration in Taiyuan area was obtained from NCEP, and the Solar zenith Angle was calculated using NOAA Solar Calculator. During the simulation, data were sampled according to the spectral resolution of 0.0013 cm⁻1, and the simulated transmittance spectrum after sampling was compared with the measured transmittance spectrum. By iteration method, the prior concentration information of CO2 is constantly adjusted until the residual difference between simulated and measured transmittance is controlled within the range of ±0.02. In this case, the prior concentration profile used in the simulation is regarded as the concentration profile of the actual test.
[image: Figure 6]FIGURE 6 | Flow-chart of the LHR retrieval.
Taking the observed data collected at 13:10 as a representative example, a comparison is presented in Figure 7, which illustrates the relationship between the measured transmittance, the simulated transmittance, and the residual. The transmission spectra derived from the original heterodyne test align well with the spectra obtained through the application of model inversion. Notably, the residual difference between the two sets of spectra is minimal, amounting to less than 0.04, indicating a high degree of accuracy and consistency between the experimental measurements and the simulated results.
[image: Figure 7]FIGURE 7 | Example of the LHR-detected transmission of CO2 and the model fitting results.
Additionally, the vertical column density of CO2 gas can be calculated by convolving the concentrations at different altitudes with their corresponding altitudes.
[image: image]
Where h represents the height, c(h) represents the concentration of the target gas at the height of h, and the unit is molecular/cm3; s(h) represents the profile concentration of the gas distributed with the height, and the unit is ppm.
For the inversion of atmospheric CO2 vertical column abundance below 80 km, we conducted an inversion of column abundance every 5 minutes using measured spectra. The results, as shown in Figure 8, reveal an intriguing observation: the CO2 column abundance increased between 12:09 and 12:49. This increase may be attributed to the heightened near-surface CO2 emissions from humans and vehicles during the midday traffic peak. Subsequently, fluctuations in column abundance values after 14:11 could be related to variations in solar radiation. Ultimately, at 14:41, solar radiation was completely obscured by clouds, forcing the heterodyne experiment to be terminated. Despite these challenges, the feasibility and stability of our experimental instrument were demonstrated, as this was the first test of CO2 vertical column concentration conducted in the Taiyuan area, yielding promising results.
[image: Figure 8]FIGURE 8 | Retrieved column abundances of continuous measurements of CO2 on 3 July 2024.
5 CONCLUSION
In this paper, we introduce a novel LHR that leverages the interaction between broadband solar radiation and a local oscillator laser to generate a beating frequency. This sophisticated instrument has been employed to continuously monitor the atmospheric CO2 transmittance spectrum at Shanxi University, located at 37°79′N, 112°58′E. By utilizing inversion techniques, we have successfully obtained the column abundance of atmospheric CO2 at various times. These findings offer a solid theoretical foundation for exploring the spatial and temporal distribution patterns of greenhouse gases in the Taiyuan region. Furthermore, they serve as a valuable theoretical reference for calculating atmospheric radiation transfer, which is crucial for understanding climate change and global warming. Looking ahead, we are committed to further refining the stability of our instrument and continually enhancing the inversion model. Our ultimate goal is to dedicate ourselves to the rigorous monitoring and in-depth research of atmospheric vertical gas concentrations in the Taiyuan area. This endeavor will not only contribute to advancing our understanding of atmospheric science but also aid in the development of effective strategies for mitigating greenhouse gas emissions and combating climate change.
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