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The global average sea level has risen by about 20 cm ~ 23 cm [1] . In 2017, IPCC reported in Our Globally Changing Climate nine observational phenomena of changes in the earth (Figure 1) [2] . They are the key indicators representing the warming of the earth's climate. These observations indicate that the temperature of surface air, sea-level temperature, sea level height, tropospheric temperature, ocean heat content, specific humidity, snow in the northern hemisphere, arctic sea ice range, and glacier 2 accumulation. The mass balance has a consistent long-term trend with global warming.

Climate change affects the entire region and all aspects of society, and it is expected that it will be more destructive in the next few decades [3] .

Figure 1 Nine phenomena reflecting global warming [2] The burning of a large number of fossil fuels has led to an increase in man-made greenhouse gases. The main reasons for the increase in the concentration of greenhouse gases in the atmosphere are the development of modern industry, deforestation, and changes in land use in the past century. When the solar energy reaches the surface and is reflected by the earth, the greenhouse gases in the atmosphere will absorb the corresponding infrared radiation to heat the earth's surface.

Therefore, changes in the concentration of greenhouse gases in the atmosphere are one of the reasons for changing the energy balance of the climate system. In 2017, the IPCC reported the radiative forcing of mixed greenhouse gases in Physical Drivers of Climate Change [4] . Figure 2 

Satellite observation

Satellite observations mainly use space-borne instruments to obtain emission or absorption spectrum information of gas molecules in the atmosphere, thereby reflecting the distribution information of target molecules. Spaceborne observations can cover a large observation area in a short period. The satellites currently used for greenhouse gas observation include GOSAT satellites, OCO-2 and OCO-3 satellites, and carbon satellites. GOSAT satellite [5][6][7] was launched to observe the global CO2 water vapor with a spectral resolution of 0.2 cm -1 . Through these absorption spectra, the column concentration and vertical profile of atmospheric greenhouse gases can be retrieved.

The OCO-2 and OCO-3 satellites [8,9] are used to detect the source and sink information of near-surface carbon. The composition of the OCO-2 satellite. The measurement device it carries is composed of three near-infrared grating spectrometers, which are used to measure the atmospheric transmittance spectrum of sunlight reflected by the earth's surface in the near-infrared band. The Carbon Satellite (TanSat) was launched at the end of 2016 [10][11][12] . It is equipped with an atmospheric carbon dioxide grating spectroradiometer (ACGS) and cloud aerosol polarization imager (CAPI). Among them, ACGS can detect three channels of the atmospheric absorption spectrum (2.06 μm, 1.6 μm, 0.76 μm), and the highest resolution can reach 0.04 nm.

Airborne and ball-borne observations

This method mainly uses airplanes or balloons to carry greenhouse gas measuring instruments or gas collection devices to detect or sample the gases on each floor. Figure 5 shows a device for detecting greenhouse gases on an airplane equipped with lidar [13] . The Aircore detection technology derived from the ball-borne measurement [14,15] , the principle of the method for sampling the atmosphere is shown 6 in Figure 6. A weather balloon is used to carry a thin-walled thin-walled stainless steel tube (about 150 m ~ 200 m) into the stratosphere and then descend to sample the atmosphere at altitude. After the balloon lands, a high-precision gas analysis device is used to detect the concentration of sampled gas. This measurement method is a direct measurement of the vertical profile of greenhouse gases. And the measurement results have higher vertical resolution and accuracy. So, it can be better compared and calibrated with the results of satellite and ground remote instruments. However, the experiment preparation project is complicated and costly. Field experiments are easily restricted by objective conditions such as experimental locations and weather changes.

Figure 5 Aircraft equipped with lidar [13] Figure 6 Principle of AirCore sampling method [14] In situ observation

In the in-situ observation method, the measuring instrument is placed on the surface for fixed-point observation. Compared with other observation methods, this method has high observation accuracy, but it can only provide gas concentration information near the observation point. The NOAA global greenhouse gas observation experiment includes airborne observations, ground observations, and tower observations. The global distribution of observation points is shown in Figure 7. It 

Ground-based remote sensing observation

The current ground-based remote sensing observation system mainly relies on the Total Carbon dioxide column Observation Network (TCCON). It is an observation network based on the ground FTIR, which records atmospheric absorption spectra in the near-infrared range [16], and can search the average abundance of atmospheric components, including CO2, CH4, N2O, H.F., CO, H2O, O2, and HDO. The combination of observations and in-situ ground-based observations can improve the estimation of greenhouse gas surface fluxes. In addition, it provides essential verification data for the Orbital Carbon Observatory, Sciamachy, and GOSAT [17] . FTIR is a Fourier transform method based on the structure of Michael's interferometer [18,19] , and its spectral resolution can be as high as 0.0095 cm -1 . Figure 8 is the FTIR (125HR) at the TCCON observation located in Paris, France. It can be seen that the high-resolution FTIR has a relatively large volume, and the corresponding instrument cost is expensive. Ⅰ3 Requirements for ground-based remote sensing

High spectral resolution

The spectral resolution of atmospheric remote sensing spectral detection instruments has an important influence on the inversion accuracy of atmospheric molecular concentration profiles. At different heights of the atmosphere, the atmospheric characteristic parameters such as temperature, pressure, and gas concentration are different, causing the width of the molecular absorption spectrum in the atmosphere to vary from 0.003 cm -1 to 0.07 cm -1 . The spectrum measured by the ground remote sensing instrument is the accumulation of the absorption spectrum at all heights. When the measured spectral resolution is much smaller than the line width of the true absorption spectrum, the true atmospheric transmittance spectrum can be more truly reflected. If two instruments with a spectral resolution of 0.05 cm -1 and 0.5 cm -1 are used to measure the absorption spectrum with a narrow bandwidth, as shown in Figure 9. It can be seen that the measurement spectrum of the low-resolution instrument will be smoothed. When the actual measurement spectrum resolution is insufficient, there will be a large deviation between the inversion result and the true value. Therefore, to perform accurate atmospheric concentration inversion, the measurement resolution of the instrument is first required to be far smaller than the linewidth of the true atmospheric transmittance. When the measurement resolution of the spectrometer is high enough, it can measure close to the real atmospheric molecular absorption spectrum. Therefore, the study of atmospheric remote sensing detection devices and equipment with the high spectral resolution is of great significance for the observation of atmospheric greenhouse gas concentration 10 changes.

Figure 9 Absorption spectra measured by instruments with different resolutions

High SNR

The spectral signal-to-noise ratio for measuring atmospheric transmittance has an important influence on the inversion of gas profile and column concentration. Spectral data with a high signal-to-noise ratio is conducive to the accuracy and uncertainty reduction of gas concentration inversion. In theory, laser heterodyne spectroscopy detection is only limited by the quantum noise of the local oscillator. Therefore, it has the potential to improve the measurement sensitivity to obtain absorption spectra with a higher signal-to-noise ratio.

Integrated instrument

The measurement of greenhouse gases must be carried out not only in laboratories and observation stations but also in many remote areas with harsh conditions to achieve local observations of the atmosphere. Therefore, a low-cost, low-power integrated observation instrument is needed to facilitate the expansion of the observation network. In addition, several atmospheric components and physical parameters (such as temperature, wind, etc.) should be measured at the same time in the observation experiment so that the measured data obtained at the same time can be used for a comprehensive analysis of the atmospheric state. With the development of laser spectroscopy technology, LHR can be used for remote sensing observations with high spectral resolution. It has the advantages of high spectral resolution, low cost, small size, and high mobility. Therefore, it contributes to the general deployment of high-precision observations of greenhouse gases and can be used for comparison between various observation instruments. The laser heterodyne spectrum detection method is different from the traditional direct detection method, and its output signal depends not only on the measured signal light but also on the local oscillator light.

The signal power generated by the beat frequency of the signal light and the local oscillator light has a linear relationship with the product of the power of the two.

When the laser power of the local oscillator is high enough, the SNR of the detection signal can be close to the SNR under the limit of shot noise. In addition, the spectral resolution of the LHR is determined by the bandwidth of the circuit system and the line width of the laser. The line width of the laser is generally narrow, so its spectral resolution can reach tens MHz. In addition, the optical path system of the LHR is relatively simple, can be implemented in a small space, and has a relatively stable structure (the volume of a typical laser heterodyne device: 60 cm×60 cm×40 cm).

Based on these advantages, laser heterodyne spectroscopy technology is used in the remote measurement of atmospheric greenhouse gases increasingly.

Ⅱ Laser heterodyne radiometer

Ⅱ1 History

In 1901, in the field of electronic engineering, Reginald Fessenden proposed for the first time that a new frequency could be generated by mixing two or more frequencies into a mixer. In the first stage, the heterodyne experiment in the field of optics was designed by A.T. Forrester, R. A. Gudmundsen et al. in 1955 [START_REF] Forrester | Photoelectric Mixing of Incoherent Light[END_REF] . They used the light emitted by the mercury lamp Hg5461Å to obtain two emitted lights after Zeeman splitting. The two beams of light beat frequency on the surface of the SbCs3 photosensitive detector, and a weak beat frequency signal was observed.

The second stage of the development of laser heterodyne technology benefited from the birth of lasers. In the 1960s, with the production of CO2 gas lasers, He-Ne lasers, and other lasers, lasers were used as local oscillators to construct laser heterodyne measurement systems, which gradually improved the research of laser heterodyne technology. In 1962, A. Javan et al. used two highly coherent laser beat frequencies generated by two He-Ne lasers to obtain optical heterodyne signals [START_REF] Javan | Frequency Characteristics of a Continuous-Wave He-Ne Optical Maser[END_REF] . W.

S. Read, Y. Ohtsuka et al. split the laser beams emitted by the He-Ne laser and then combined the beams, and finally got the heterodyne signal. On this basis, they studied the angle matching between the beat signal and the combination of the two beams [START_REF] Read | Tracking heterodyne detector[END_REF][START_REF] Ohtsuka | Optical heterodyning with noncritical angular alignment using a pair of ultrasonic light modulators[END_REF] . At the same time, in 1963, G. Lucovsky et al. also conducted in-depth research on the heterodyne detector [START_REF] Lucovsky | Coherent light detection in solid-state photodiodes[END_REF] . M. C. Teich used the laser emitted by the CO2 gas laser and the reflected laser from a spinning wheel to conduct a beat frequency experiment to study the SNR of the heterodyne signal [START_REF] Teich | Optimum heterodyne detection at 10.6 um in photoconductive Ge: Cu[END_REF][START_REF] Teich | Infrared heterodyne detection[END_REF][START_REF] Teich | Homodyne detection of infrared radiation from a moving diffuse target[END_REF] . In 1966, A. E. Siegman made a theoretical analysis of the heterodyne spectrum detection system using a blackbody as the signal light source. He gave the theoretical SNR and the relationship between the detection field angle of the heterodyne system and the observation wavelength [START_REF] Siegman | The antenna properties of optical heterodyne receivers[END_REF] . In 1967, F. R. Arams et al. established a laser heterodyne spectrum detection system with a CO2 gas laser as the local oscillator source [START_REF] Arams | Infrared 10.6-micron heterodyne detection with gigahertz IF capability[END_REF] . The influence of the electronic parameters in the device on the detection performance was discussed. This enriches the theory and experimental system of heterodyne detection further.

The third stage is the phase of heterodyne detection from laboratory principle research to the preliminary application stage. In 1966, H. Vanbueren first designed a plan to apply heterodyne detection technology to astronomical observations [START_REF] Vanbuere | Electronic spectroscopy for astronomical purposes[END_REF] . O. E.

Delange compared and studied the laser heterodyne detection method and the direct detection method [START_REF] Delange | Optical heterodye detection[END_REF] comprehensively and pointed out the advantages of the heterodyne detection method. D. L. Fried et al. studied the influence of wavefront misalignment caused by an atmospheric disturbance on beat frequency signals [START_REF] Fried | Optical heterodyne detection of an atmospherically distorted signal wave front[END_REF] . In 1968, H. Nieuwenhuijzen used coherent light and non-phase light to beat the frequency, proposed a method to improve the SNR of heterodyne detection, and studied the detection integration time and detection bandwidth [START_REF] Nieuwenhuijzen | Photo-electric mixing of coherent and incoherent light[END_REF] . J. H. McElroy estimated the SNR of a blackbody with a temperature of 5000 K in the vicinity of 10 m for heterodyne detection [START_REF] Mcelroy | Infrared heterodyne solar radiometry[END_REF] . J. Gay used a laser heterodyne device to measure the heterodyne signal of the blackbody radiation at a temperature of 900 K in laboratory and analyzed the SNR ratio of the system [START_REF] Gay | Heterodyne detection of blackbody radiation[END_REF] . After this stage, the theoretical system and device structures based on laser heterodyne spectroscopy detection are complete.

In the fifth stage, after entering the 21st century, the application of laser heterodyne technology in atmospheric detection has been developed rapidly, and it has also been studied further. In 2000, R. Güsten et al. completed the first-generation heterodyne receiver GREAT [START_REF] Güsten | GREAT -The first-generation German heterodyne receiver for SOFIA, Airborne Telescope Systems[END_REF] . In the same year, D. Weidmann et al. established a laser heterodyne system with a tunable diode laser as the local oscillator source, which realized the detection of SO2. Since the radiation wavelength is very sensitive to the pump current and temperature of the laser to obtain a high-quality spectrum, they designed a liquid nitrogen cryostat system to control the laser. On this basis, they compared current control and temperature control and found that the effect of temperature control is better. This provides a reference for the control method of laser wavelength [START_REF] Weidmann | High quality infrared (8 mμ m) diode laser source design for high resolution spectroscopy with precise temperature and current control[END_REF] . In 2002, G. Sonnabend et al. designed a movable tunable heterodyne infrared spectrometer (THIS), which used a tunable laser as the local oscillator to observe the absorption spectra of different molecules [START_REF] Sonnabend | Tuneable Heterodyne Infrared Spectrometer for atmospheric and astronomical studies[END_REF] . In the same year, D. Wirtz et al. completed the first test of a tunable laser heterodyne infrared spectrometer based on THIS with a high-power quantum cascade laser. It realizes the detection of a variety of molecules (O3, NH3, CH4, N2O) [START_REF] Wirtz | THIS: a tuneable heterodyne infrared spectrometer[END_REF] . In 2004, B. Parvitte et al. obtained preliminary detection results of O3 in the atmosphere by a laser heterodyne device using a quantum cascade laser as the local oscillator in the 9 m area [START_REF] Parvitte | Preliminary results of heterodyne detection with quantum-cascade lasers in the 9 mμ m region[END_REF] . D.

Weidmann et al. established a laser heterodyne spectroscopy measurement system

based on quantum cascade lasers [START_REF] Weidmann | Infrared heterodyne radiometry using quantum cascade laser as tunable local oscillator: application to atmospheric studies[END_REF][START_REF] Weidmann | Ground-based prototype quantum cascade laser heterodyne radiometer for atmospheric studies[END_REF][START_REF] Weidmann | Retrieval of atmospheric ozone profiles from an infrared quantum cascade laser heterodyne radiometer: results and analysis[END_REF] to perform atmospheric transmittance measurement and concentration inversion of O3 in the atmosphere. The high-frequency noise and optical feedback in the system are studied, and the research of laser heterodyne radiometer is perfected. At the same time, the inversion of laser heterodyne spectrum gas concentration is analyzed and introduced in detail. The high-frequency noise and optical feedback in the system are studied, and the inversion of gas concentration using laser heterodyne spectroscopy is analyzed and introduced in detail. They also used the laser heterodyne device to measure the change of gas composition during the combustion process [START_REF] Weidmann | Passive remote detection in a combustion system with a tunable heterodyne receiver: application to sulfur dioxide[END_REF] , which provides a reference for the extended application of laser heterodyne spectroscopy.

Ⅱ2 Development states

In the photodetector to generate a beat signal. A wavelength meter and power meter are used to calibrate the wavelength and power of the laser. The measured spectrum of FTIR and EC-QC-LHR were compared, as shown in Figure 11. As can be seen, when high spectral resolution, narrow field of view, and short measurement time are required, EC-QC-LHR can provide a superior spectral signal for a specific narrow spectral measurement window [START_REF] Weidmann | Atmospheric observations of multiple molecular species using ultra-high-resolution external cavity quantum cascade laser heterodyne radiometry[END_REF] . In the same year, D. Weidmann et al. also proposed the experimental study of laser heterodyne radiometers using hollow waveguides [START_REF] Weidmann | Hollow waveguide photomixing for quantum cascade laser heterodyne spectro-radiometry[END_REF] .

Figure 10

Schematic diagram of mid-infrared laser heterodyne device [START_REF] Weidmann | Atmospheric observations of multiple molecular species using ultra-high-resolution external cavity quantum cascade laser heterodyne radiometry[END_REF] .

Figure 11 Comparison of LHR and FTIR measurement results [START_REF] Weidmann | Atmospheric observations of multiple molecular species using ultra-high-resolution external cavity quantum cascade laser heterodyne radiometry[END_REF] Later, T. Stangier et al. also reported an experimental setup of a compact tunable laser heterodyne radiometer for infrared observation of atmospheric trace gases [START_REF] Stangier | Compact Setup of a Tunable Heterodyne Spectrometer for Infrared Observations of Atmospheric Trace-Gases[END_REF] .

The local oscillator source of this device is a QCL laser working in the mid-infrared band. This device can be used to detect O3 in the surface atmosphere with a bandwidth of 1.4 GHz. The schematic diagram of the optical path of the device is shown in Figure 12. The green line is the infrared signal light source that can be selected by the stepper motor, the red line represents the signal light, and the blue line is the local oscillator source. When the signal light and laser are beaten on the surface of the I.R. mixer detector, the intermediate frequency (IF) signal was extracted by an acousto-optic spectrometer (AOS) to obtain the measurement spectrum.

Figure 12 Tunable heterodyne measuring device [START_REF] Stangier | Compact Setup of a Tunable Heterodyne Spectrometer for Infrared Observations of Atmospheric Trace-Gases[END_REF] A. 13 (a) and (b). Using a QCL laser with a center wavelength of 10.47 m and output power of 30 mW as the local oscillator, the absorption spectra of CO2 and H2O in the range of 1 cm -1 were measured. In 2015, they used this device in Didcot, U.K., to measure CO2 and H2O in the atmosphere for 8 months. When the spectral resolutions were set as 0.002 cm -1 and 0.02 cm -1 , the corresponding SNR of the measured spectrum were 113 and 257. It can be seen that for the same laser heterodyne measurement system, the SNR would be correspondingly lost when the spectral resolution was increased. This device and experiment provide an important reference for the use of LHR technology in atmospheric greenhouse gases observation networks or deployment on spaceborne platforms [START_REF] Hoffmann | Thermal infrared laser heterodyne spectroradiometry for solar occultation atmospheric CO2 measurements[END_REF] . [START_REF] Hoffmann | Thermal infrared laser heterodyne spectroradiometry for solar occultation atmospheric CO2 measurements[END_REF] Subsequently, D. Weidmann, A. Hoffmann et al. carried out the mission of satellite observation of CH4 isotope (MISO) based on the solar occultation mode, combined with laser heterodyne spectroscopy detection technology for spectrum channel optimization and early performance analysis. Figure 14 shows the three-dimensional model of the LHR they designed in the satellite [START_REF] Weidmann | The Methane Isotopologues by Solar Occultation (MISO) Nanosatellite Mission: Spectral Channel Optimization and Early Performance Analysis[END_REF] . The volume of the device is about 10×10×30 cm 3 . D. Weidmann et al. gradually designed the LHR to be miniaturized, making it suitable for more occasions and applications.

Figure 14 The three-dimensional model of the laser heterodyne radiometer in the satellite [START_REF] Weidmann | The Methane Isotopologues by Solar Occultation (MISO) Nanosatellite Mission: Spectral Channel Optimization and Early Performance Analysis[END_REF] In 2012, A. Y. Klimchuk et al. published their research results on the feasibility analysis of using a tunable diode laser to establish a high-resolution LHR [START_REF] Yuklimchuk | A high-resolution heterodyne spectrometer for near-IR range on the basis of a tunable diode laser[END_REF] . Then in 2014, A. Rodin, A. Y. Klimchuk et al. used a DFB laser with a center wavelength of 1.651 μm, combined with the fiber-optic devices and a balanced photodetector, to establish a laser heterodyne measurement system, which can measure the spectrum of CO2 and CH4 in the entire atmosphere [START_REF] Rodin | High resolution heterodyne spectroscopy of the atmospheric methane NIR absorption[END_REF] . The experimental principal structure is shown in Figure 15 and reduce the size of the measurement system. In addition, they analyzed the uncertainty of this system and the potential of the CO2 column concentration observation network based on LHR to improve global carbon flux estimation [START_REF] Wilson | Miniaturized laser heterodyne radiometer for measurements of CO2 in the atmospheric column[END_REF][START_REF] Clarke | Uncertainty analysis for the References[END_REF][54] . The schematic diagram of the system is shown in Figure 16 (c) Physical picture of measuring device [START_REF] Wilson | Miniaturized laser heterodyne radiometer for measurements of CO2 in the atmospheric column[END_REF] In 2019, E. L. Wilson et al. integrated the above-mentioned LHR [55] to facilitate the detection of CH4 and CO2 in the field. The instrument consists of an LHR chassis and a sun tracker, as shown in Figure 17 (a). The performance of this instrument was proved by two actual measurements in two completely different locations in Alaska and Hawaii. After 15 min or half an hour of data averaging, the processed measurement spectrum is shown in Figure 17 (b) and (c). It can be seen that the measurement range of the spectrum is about 1.1 cm -1 , including the absorption spectrum of CH4 and CO2 (blue curve), but the absorption of CO2 is weak, and there is a certain overlap with the absorption of CH4. In (c) and (d), the concentration of CO2 and CH4 is obtained by inversion and fitting of the measured spectrum (orange). Since this mini-LHR is a portable measuring instrument, it is convenient to work with other measuring instruments so that it can be used to characterize the deviation between the immovable column concentration observation instruments. In addition, the LHR can quickly respond to transient events such as methane leaks and can also be used for field studies in designated geographic areas. F. Smith et al. also evaluated LHR in numerical weather prediction [56] . The research results show that the multiplexed LHR is a worthy instrument for numerical weather prediction on low-earth orbit and geostationary orbit platforms. It can fill the high-altitude gap of the satellite observation system in operation, so it should be further developed Multiplexing technology, resulting in an instrument that can be used for mid-upper atmosphere detection.

F.Shen et al. built a laser heterodyne measurement system based on EC-QCL lasers to detect atmospheric transmittance around 8 m [57] , and compared them with the FTIR observation results of the Paris Observatory. The CH4 and N2O in the atmosphere were detected. The schematic diagram of the device is shown in Figure 18 (a), and (b) is the observation site. The above research is mainly based on the direct absorption of sunlight by gas molecules in the atmosphere, and the recent laser wavelength modulation method has also been used in laser heterodyne spectroscopy detection. In 2018, P. Martin-Mateos et al. modulated the wavelength of the local oscillator light to obtain the laser heterodyne spectrum, which improved the SNR of the heterodyne signals. The ratio of the amplitude of the second harmonic to the first harmonic was used to reduce the influence of the laser light intensity on the heterodyne signal [58] . In 2019, P. Martin-Mateos et al.

reported on a thermal infrared wavelength modulated laser heterodyne radiometer (WM-LHR) based on an external cavity quantum cascade laser [59] . This WM-LHR system does not require calibration, has an excellent SNR, and does not require an optical chopper.

Ⅲ Main content of the present PhD thesis

It can be seen from the above-mentioned development history and development status of LHR that based on the advantages of LHR for greenhouse gas remote sensing (small size, low cost, low power consumption, high spectral resolution), it has been developed rapidly in recent years, especially in the near-infrared band.

However, there are still several issues that require further consideration:

(1) In the near-infrared band, DFB lasers are used as the local oscillator source in most of the research work because of their small size, good monochromaticity and operation at room temperature. However, the narrow wavelength scanning range of each DFB laser usually contains only one strong molecular absorption spectrum, which is not suitable for simultaneous measurement of multiple gas molecules in the atmosphere.

( 

Chapter 1 Theoretical basis of laser heterodyne technique for ground-based remote sensing of atmospheric greenhouse gases

Objective

This chapter is to describe the principle of laser heterodyne detection, atmospheric transmittance simulation, and the data retrieval method for the atmospheric molecular column abundance with the measurement data from the laser heterodyne radiometer (LHR). These three aspects are the basis and important core for the LHR used in the ground-based remote sensing of atmospheric greenhouse gases (GHGs).

Principle of LHR used in the ground-based remote sensing of atmospheric GHG

In a typical laser heterodyne detection system, the solar radiation is combined with the The critical components of an LHR include the LO, the collection module of solar radiation, the photomixer, the RF signal processing module, and the heterodyne signal extraction module. These modules will be described and analyzed in section 1.1. Data retrieval is based on atmospheric transmittance simulation and solving nonlinear equations by mathematical methods. These two contents will be introduced in sections 1.2 and 1.3, respectively. 

Principle of heterodyne detection

The principles of heterodyne detection are explained by J. A. R. Griffith [1] and B.

Parvitte [2] . In this section, the principle of the beat of two plane waves is analyzed in the optical domain. Based on the photoelectric conversion principle of photomixer (or photodetector), the IF signal is derived in the electronic domain. This helps understand the IF signal produced by LO and solar radiation, which has complex information of phase, frequency, polarization, et al. Then, the heterodyne receiver will be explained in detail.

1.1.1Two plane waves beating

Any complex wave can be decomposed into plane harmonics waves. receive the average value. The average value of the plane wave electric field vector in a period is proportional to the plane wave amplitude A 2 , expressed as the following formula:

2 1 = ε / μ 2 I A (1.5)
In the formula, ε is the dielectric constant of the medium, μ is the magnetic permeability in the medium, and ε / μ will be recorded as the proportional coefficient κ. At point P, when the photodetector detects the two plane waves separately to obtain the photocurrent (iphoto), which can be expressed as follows:

2 SS 1 KK 2 s i I A (1.6) 2 LO 1 KK 2 LO LO i I A (1.7)
In the formula, K is the sensitivity of the photodetector, α is the coupling efficiency between the incident light and the photodetector. IS and ILD are the intensity of signal light and LO, respectively. When the signal light and LO reach the point P at the same time, as shown in Figure 1.2, the intensity of the composite wave at point P is:

2 S LO 2 S s S LO LO LO s LO s LO s LO S LO s LO s LO S LO = (E + E ) = A cos(ω + φ ) + A cos(ω + φ ) = + + 2 cos((ω + ω )+ φ + φ ) + 2 cos((ω -ω )+ φ -φ ) I t t I I I I t I I t (1.8)
The This photocurrent can be divided into the components of DC and AC, denoted as: DC K( )

S LO B i I I I (1.10) AC S LO 2 K cos( ωt φ) i I I (1.11)
Where IB is the photocurrent caused by background radiation, based on the above analysis, the following conclusions can be obtained:

1. The DC component can be regarded as the sum of the photocurrent when the LO and signal light are detected independently.

The AC component (or IF signal) can indicate the information of intensity,

frequency difference, and phase difference of LO and signal light. Only when the electronic bandwidth of a photodetector is larger than |ωS -ωLO|/2π, the AC component can be detected.

3. Since the magnitude of the photocurrent of the AC component is proportional to the square root of the product of the intensity of LO and signal light when the intensity of signal light is weak, the detection of AC component can be improved by increasing the power of LO.

Photomixer

In order to understand the output signal of the photomixer (photodetector (PD)), we exemplify the principle of a high-speed PD. The schematic diagram of a high-speed PD (Thorlabs, DET08CFC) circuit is shown in Figure 1.3 [3] . The equivalent schematic diagram of PD is inside the dashed box, which is a junction photodiode.
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The PD can be equivalent to an ordinary diode, where IPD is the photocurrent, ID is the dark current, CJ is the junction capacitance, RSH is the shunt resistance, and RS is the series resistance. This PD is in a reverse-biased state (powered by 5V voltage regulator) and can produce a linear response with applied input light. It works in the photoconductive mode, which reduces the junction capacitance (CJ) in the PD and increases the detection bandwidth ( 1 ( 2)

LJ f RC  = 
). When signal light and LO incident on the surface of the PD, the output current (IOUT) contains the photocurrent (IPD) and dark current (IB). The photocurrent is composed of DC and AC components (refer to formula (1.9)). When the dark current is much smaller than the photocurrent, the power of the electrical signal is mostly caused by the AC component. When it is loaded on a load resistance (RL), the power of the electrical signal can be expressed as:

2 2 2 AC S LO 2 K (1+ cos 2( ωt φ)) AC L L P i R I I R (1.12)
When the average time of detecting the AC component is greater than π/△ω, the integral of the AC part is 0, and the above formula can be re-expressed as:

22 AC S LO 2K L P I I R (1.13)
It can be seen that the power of the electronic signal caused by the AC component or IF component is proportional to the intensity of the signal light and LO. The sensitivity (K) of the photodetector, the coupling efficiency (α) between the incident light and the photodetector, and the RL can influence the amplitude of PAC. In addition, when the dark current is not negligible relative to the photocurrent, the output signal of the PD will have larger background noise

Thermal noise [5] in photomixer is presented as:

2 4 m J m kT f i R  = (1.14)
Where the Tm and Rm are the temperatures and the equivalent resistance of a PD. f  is the bandwidth of the photomixer.

Local oscillator laser beating with solar radiation

Solar radiation is composed of plane waves in infinite states with countless different wavelengths, wave train lengths, phases, polarization states, and various propagation directions. 

Electronic signal processing chain

The next task is to identify the electronic signal converted from the total power of IF signals which distribute in the band of In the experiment, the amplitude of the LF signal is very small, and more electronic noise is also introduced during the amplification process. Therefore, it is generally necessary to modulate the power of solar radiation and then use a lock-in amplifier to demodulate the low-frequency signal to get the collectible heterodyne signal. When the signal-to-noise ratio is high enough, it is not necessary to modulate the power of the LF signal and directly average the LF signal multiple times to obtain the heterodyne signal as the work [4] of R. Alexander.

[ LO L f f f -- , LO L ff -] and [ + LO L ff , ++ LO L f f f  ]. PD

Noise in the heterodyne detection

To process the weaker heterodyne signals to obtain high signal-to-noise ratio (SNR) signals, the noise which is introduced into the heterodyne detection should be understood. The shot noise and thermal noise, the background radiation noise, and the noise from the RF amplifier influence the SNR of heterodyne signals significantly. T.

G. Blaney analyzes the noise in heterodyne detection [5] in detail.

Shot noise

The photocurrent passing through the photomixer is used to calculate the shot noise.

When the intensity of LO is much greater than the intensity of signal light, the magnitude of this photocurrent mainly depends on the iDC. Due to the generation and Chapter 1 Theoretical basis of laser heterodyne technique for the ground-based remote sensing of atmospheric greenhouse gases 40 recombination of charge carriers, the noise power will double. Therefore, the mean square of shot noise current 2 S i is expressed [5] as: 

Δ

S LO e i I f hv (1.16) Where is the quantum efficiency and v is the photon frequency. In practical applications, when the gain is G, the shot noise is expressed as:

2 2 4 Δ S LO e i I G f hv (1.17)

Thermal noise

Coherent detection thermal noise includes any radiation source within its detection range and will be coherently detected by the receiver. When the signal frequency is within the receiver bandwidth, it will be heterodyne amplified. These radiations may be signals or background, and they will all produce mean square noise currents [5] : 

Background radiation noise

Noise in the total background radiation 2 BT i : the radiation frequency is outside the receiver frequency but within the detection bandwidth of the photodetector, then the noise current will be generated. In addition, within the heterodyne receiving bandwidth, radiation outside the solid angle of the receiver can also cause noise
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Noise in radio frequency amplifier

The noise of the RF amplifier can be expressed [5] as:

2 4 A A A kT f i MR  = (1.19)
Where TA and RA are the noise temperature and input resistance of the RF amplifier; k is Boltzmann's constant (1.380710 -23 J/K); M is the coefficient indicating the impedance mismatch between the mixer and the amplifier (generally M ≤1)

Features of main components 1.3.1 Antenna characteristics

For a single planar mixing device, to effectively mix the signal light and the LO on the photosensitive surface, it is necessary to keep the wavefronts of the signal light and the LO in phase. When the LO irradiates the mixer (the area is A), only the radiation from the solid angle (Ω) around the normal can be effectively detected. The antenna formula [5] is expressed as:

2 ΩA=λ (1.20)
Where λ is the wavelength. Therefore, for a mixer with a mixing area A=1 mm 2 , the alignment angle between the signal light and the LO should be better than 0.6° (λ = 10 μm). When the effective photosensitive surface diameter of the mixer is 80 μm, and the detection wavelength is 1.653 μm, the angle at which the signal light and the LO need to be aligned should be better than 1.5°.
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Thermal radiation detection

Assuming that a blackbody with a temperature of TS is full of the field of view of the heterodyne system (considering using a telescope to receive the radiation), the maximum power that can be obtained is given by Siegman: ), the obtained SNR is:

2 Δ 1 2 2 (1 ) S vo SB Sf τ β β β (1.23)

Local oscillator 1. Requirements for the local oscillator

In many actual measurement systems, the main noise source (except the noise of the local oscillator) comes from the RF amplifier. To obtain the ultimate performance, the power of the local oscillator should be increased to make ii ), the lowest power of the LO [5] is:

A λ LO A kT R I eMGR (1.24)
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Where k = 1.380710 -23 J/K, assuming that M = 0.9, λ R = 0.8, RA =50 Ω, TA=303 K, G = 10 5 . Under this condition, the power of the laser should be greater than 4.6 nW.

Laser wavelength scanning modes

The laser wavelength scanning mode has an important influence on the instrument line-shape (ILS) function. In order to select a simpler ILS function, the measurement (

1) Continuous scanning mode

In this mode, the laser wavelength was scanned by a continuous triangular wave. The scanning period was set as 10 s, the sampling rate was 1k, and 12000 points were In the continuous scanning mode, the entire absorption spectrum will be low-pass filtered in LIA. Different integration time and roll-off settings change the cut-off frequency and the orders of the low-pass filter in LIA, which can impact the shape of the entire spectrum. In the point-by-point scanning mode, the LIA processes the individual heterodyne signal (rectangular wave sequence) corresponding to each laser wavelength. The low-pass filter only affects the shape of the rectangular wave sequence and will not affect the entire absorption spectrum. Therefore, in the experiment, the laser point-by-point scanning method was used to obtain the laser heterodyne absorption spectrum. This simplifies the ILS function of LHR and makes the ILS function mainly depend on the electronic passband of LHR. This also makes the spectral resolution mainly depends on the electronic bandwidth.

Signal light

The signal light source used in heterodyne detection can be equivalent to a blackbody with a specific temperature. The blackbody radiation formula is expressed as follows:

2 5 2h = exp 1 k λ c B hc λ λT (1.25)
Where λ B is the radiant intensity at λ, c is the speed of light of 2.99792×10 8 m/s, h is the Planck constant of 6.62607004×10 -34 m 2 kg/s, and k is the Boltzmann constant of 1.3806×10 -23 J/K, T is the absolute temperature of the blackbody.

For ordinary light sources such as thermal light sources and gas-discharge light sources, due to the violent movement of atoms and continuous collisions with each other, the radiation process of the atomic system is easily interrupted, so the light emission is intermittent, and the time interval for each light emission is the time interval for each collision. The direction and initial phase of the electric field vector of multiple radiations generated by each atom or molecule are also irregular. The radiation of an ordinary light source can be regarded as the superposition of light waves with infinite kinds of electric field vectors, and there is no polarization characteristic. Several signal light sources commonly used in experiments include artificial blackbody, carbon-silicon rod, halogen lamp, xenon arc lamp, and so on.

It is generally believed that solar energy comes from the nuclear fusion reaction of hydrogen atoms, and the energy released during the nuclear fusion process is converted into solar radiation energy. The diagram of the sun is shown in Figure 1.10, which can be divided into the sun's interior and the solar atmosphere. Its interior is composed of the core zone, the radiation zone, and the convective zone. The solar atmosphere contains the photosphere, chromosphere, and corona. Most of the electromagnetic energy of the earth comes from the visible region of the photosphere, the sun, with an average temperature of about 5800 K, and the radiation spectrum is a continuous spectrum. Radiant light contains various wavelengths from rays to radio waves. Because of the non-quantized electronic transition, most of the solar energy is stored in the continuous spectrum. The temperature of the sun reaches a minimum (approximately 4000 K) at the height of the layer where the cooler gas is concentrated.

These gases can absorb the corresponding electromagnetic radiation so that the emission spectrum of the sun has a spectral structure. Among them, the continuous absorption of visible light and infrared spectrum is produced by the absorption of negative hydrogen ions, which is called the Fraunhofer spectrum.

On the top of the earth's atmosphere, the distribution of solar radiation with wavelength is called the solar spectrum, as shown in the yellow area in Figure 1.11.

The black solid line in Figure 1.11 is the simulated blackbody spectrum at a temperature of 5250 K according to the Planck formula. The red area is the solar radiation at sea level. It can be seen that the solar radiation is strongly absorbed by the earth's atmosphere, adding more absorption line structures. These devices have the characteristics of low dark current, high-speed response, low electronic noise, and good linearity of photoelectric response. Its working mode can be divided into photovoltaic mode and photoconductive mode. In a photovoltaic way, the applied bias voltage of the PN junction is zero. When light is incident, the generated photocurrent has a linear relationship with the intensity of incident light. In the photoconductive mode, a reverse voltage is applied to the diode, which is beneficial to increase the responsivity of the detector.

Spectral sensitivity and quantum efficiency

Spectral sensitivity is the ratio of the photocurrent output by the photodetector to the received optical power at a specific wavelength when the photodetector is in the linear region. It describes the photoelectric conversion efficiency and is a macro parameter.

The spectral sensitivity (unit is A/W) can be expressed as follows:

i R P   = (1.26)
Quantum efficiency is a microscopic concept. It is defined as the ratio of the number of electrons produced per second to the number of photons incident. The higher the ratio, the better. The conversion relationship between spectral sensitivity and quantum efficiency can be expressed as:

λ hc R eλ (1.27)
In the formula, h is Planck's constant, c is the speed of light, λ is the wavelength, and e is the elementary charge.

Noise Equivalence Power (NEP)
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The output signal of the photodetector contains the photocurrent (I) generated by the useful signal and the noise current (IN) caused by the background light and detector defects. They all produce power on the load resistance (RL), and the ratio of the two is defined as the SNR of the photodetector as shown in the following equation: For a single optoelectronic device, the SNR is related to factors such as the incident light power and the light-receiving area. The response to infinitely weak signal light is likely to be submerged in noise. It is impossible to distinguish whether the signal light is received from the output signal. Therefore, the noise equivalent power (unit: W) is used to represent the lower limit of a detector's detection performance. It is defined as the optical signal power when the SNR of a detector output signal is 1, as shown in the following formula:

N II NEP = = (1.29)
The smaller the noise equivalent power, the more sensitive the device, and the weaker the radiation can be detected. However, the actual detection limit of the device is related to the detection technology. NEP is just a sign of the detection capability of a detector.

The detection degree (D, the unit is W -1 ) represents the obtainable SNR for per unit radiant power on the detector, which can be expressed as the following formula:

1 D NEP =
(1.30)

Other parameters

Other parameters of the photodetector include the area and shape of a photosensitive surface, the shunt resistance and junction capacitance of a photodiode, the applied Chapter 1 Theoretical basis of laser heterodyne technique for the ground-based remote sensing of atmospheric greenhouse gases 50 voltage and operating temperature required during operation. The photodetector needs to be selected and operated within the specified range of these parameters.

RF signal processing module

The beat signal directly output by the PD is feeble and distributed in the RF band, so low-speed data acquisition cannot collect this signal. Therefore, the beat signal needs to be amplified, filtered, converted, etc., before being collected. Figure 1.12 shows each device's physical diagram and beat signal conversion process in the RF signal processing circuit. The output current signal from the PD can be divided into a DC part (iDC) and an AC (iAC). The DC part is the sum of the PD's responses to signal light and LO. The AC part reflects the beat information. Therefore, a Bais-Tee is used to separate the iDC from the iAC. The iDC is loaded on a 50-ohm resistor welded on the Bais-Tee to generate a DC voltage signal which can be collected directly. The iAC within the response range of the PD is very small and can be affected by laser noise significantly.

Therefore, Three RF amplifiers are used to amplify the power of the AC part, and the total magnification is about 10 6 times. Due to the material properties, mechanical properties, laser relaxation properties of the laser, and the noise of the laser driver, the noise power introduced by the laser is much greater than the power of the beat signal within some particular RF bands. Then an RF high pass filter and an RF low pass filter are used to filter out the noise in these bands. On the other hand, these RF filters reduce the measurement bandwidth and improve the spectral resolution of the measurement system. The retained beat signal is converted to a low-frequency signal by a Schottky diode. The low-frequency signal has the same frequency as the chopping frequency, and it will be demodulated by a lock-in amplifier (LIA) with the same reference frequency. The output of LIA is the laser heterodyne signals. where T0 = 290 K. The noise factor of a system composed of n stages can be described as:

2 1 1 1 2 1 1 1 n n F F FF G G G G (1.33)
It can be seen that an increase in the temperature of the RF amplifier will lead to a rise in the noise figure, so heat dissipation of the device is required in the experiment. In addition, the first-stage noise factor of the RF amplifier has the most significant impact on the final signal. Therefore, an RF amplifier with a small noise figure should be used as much as possible in the first stage of amplification. In the experiment, the RF In the experiment, the Schottky diode is used as a square-law detector for small signals. Its working bandwidth is from 100 kHz to 2 GHz with a sensitivity of 1 mV/μW.

Its input signal voltage is from 10 μV to 5 V (corresponding to the input power from -50 dBm to +20 dBm), and it also has an extremely flat frequency response. In the near-infrared band, the general heterodyne detector is a PIN-type InGaAs photodetector, which works at room temperature. There are four kinds of noises in the photovoltaic detector of the PIN tube: thermal noise, generated-composite noise, shot noise, and 1/f noise. Combining the causes of various noises explained above and the characteristics of heterodyne detection, it is concluded that thermal noise and shot noise are the main influencing factors. Because the beat signal is in the RF range, the other two types of noise are related to the frequency and are relatively small in the RF range and can be ignored. The following analysis is carried out on the two types of noise with greater impact.

Substituting the output current of the photodetector into the expression of shot

Chapter 1 Theoretical basis of laser heterodyne technique for the ground-based remote sensing of atmospheric greenhouse gases 54 noise, the power of shot noise can be obtained as:
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Where f is the detection bandwidth which is determined by the RF filter bandwidth. The thermal noise power can be calculated within the detection bandwidth at room temperature as: 4

(5.5 1509

) NT P kT f T f (1.35)
When a bandwidth of 1 GHz is used for detection, the thermal noise power will be calculated as 1.647×10 -11 W. According to actual conditions, suppose that the power of signal light is ten pW in the beat frequency bandwidth (∆B), the intensity of the LO is 3 mW, the photoelectric coupling efficiency is 1, the responsivity K of the photodetector is 1, and the dark current is 1.5 nA in the experiment. Then the power of shot noise is calculated approximately to be: Under this condition, the shot noise is greater than the thermal noise, but they are in the same order of magnitude.

SNR of the output from the RF amplifiers

The SNR (Sp) at the output of the RF amplifier can be expressed as [5] :

2 2 2 2 2 2 AC p S T BT J A i S i i i i i (1.37)
When the power of the local oscillator is large enough, except for shot noise and thermal noise, other noises can be ignored, and the following equation is obtained: (1.39)

SNR of the output from LIA

When the passband of the RF amplifier is an ideal rectangular passband, and the bandwidth is 0 f ( 0 Δ ff ) and p 1 S , after the square rate detection of the beat signal, the SNR of the output voltage is:

1/2 vo 0 1 Δ = 2 p f SS f (1.40)
If the output filter is a first-order RC filter circuit, then

1 0 4 f τ where τ RC ,
therefore, under the condition of the quantum limit state, the SNR of the output signal of the photoconductive mixer [5] is expressed as:

vo =2 Δ Δ s I Sf τ hv f (1.41)

Summary

This chapter mainly introduces the basic theory of laser heterodyne spectroscopy detection technology which provides a theoretical basis for the establishment of laser heterodyne radiometers. 

Introduction

Carbon dioxide (CO2) and methane (CH4) are key greenhouse gases emitted by human activities, accounting for ~76% and ~16% of total greenhouse gases emissions at the global scale [1] . However, current knowledge about the sources and sinks of both gases is still insufficient for reliable climate predictions. Current space-based observations, though useful for quantification of the sources and sinks on large scales, suffer from limited precision, limited density of observations, and biases related to details of atmospheric scattering properties [2] . Whilst ground-based observations (such as TCCON [3] ), usually equipped with Fourier transform spectrometer (Bruker, IFS125HR) with ~0.01 cm -1 spectral resolution, can provide column-averaged abundances with high precision and accuracy, however, the shortfalls (such as large dimensions and high cost of maintenance) limit further expansion of the observing network. Over the last decade, portable FTIR spectrometers (Bruker, EM27/SUN) with 0.5/0.2 cm -1 spectral resolution, which sacrifices the spectral resolution for portability, have proven to be a promising complement to the ground-based observations [4][5][6] . With the objective to develop a portable instrument maintained with high spectral resolution (< 0.01 cm -1 ), a chapter 2 Preliminary near-infrared laser heterodyne radiometer 58 preliminary setup of a high-resolution laser heterodyne radiometer (LHR) for ground-based atmospheric remote sensing was developed.

Early LHR based applications, employing carbon dioxide (CO2) gas lasers or lead-salt diode lasers as the local oscillators [7][8] for the mid-infrared spectral region, where many important atmospheric species exhibit fundamental rotational-vibrational absorptions. More recently, quantum cascade lasers (QCLs) and inter-band cascade lasers (ICLs) offered more reliable alternatives to traditional local oscillators in the mid-infrared region with the merits of room-temperature, operation wide spectral tuning range, compactness, and robustness. Over the past decade, the QC-LHR and IC-LHR have been successfully developed for atmospheric observations of different species [9][10][11][12][13] . However, limited by the lack of matured fiber optical components or optical waveguides in the mid-infrared spectral region, further integration of the optical module is currently difficult. LHR using telecommunication distributed feedback (DFB) diode lasers as local oscillators operating in the near-infrared spectral region exhibit their unique advantages. Combined with single-mode optical fibers, couplers, and attenuators, the NIR-LHR can be made small, low-power consumption, compact and robust, which make it a promising instrument for ground-based observations [14][15][16][17][18] .

In the present work, an all-fibered NIR-LHR is demonstrated in ground-based solar occultation mode. A 1x2 fiber optical switch is employed as an alternative modulator to a traditional chopper, which makes the system more stable and compact. system to move following the solar. The tracking accuracy can reach 4×10 -6 rad [19] ,

which is much smaller than the divergence angle of sunlight (9.6×10 -3 rad). So it can meet the requirements of the laser heterodyne measurement system. The low-pass filter only affects the shape of the rectangular wave sequence, and will not affect the entire absorption spectrum. Therefore, in the experiment, the point-by-point scanning method was used to obtain the laser heterodyne absorption spectrum. This makes the ILS function mainly depend on the electronic passband of LHR and makes the spectral resolution mainly depends on the electronic bandwidth.

Near-infrared photomixer

The high-speed photodetector (HS-PD, shown in Figure 2.8) with a electronic bandwidth of 5 GHz was selected as the heterodyne mixture. Its parameters are shown in table 2.1. Its response sensitivity near 1600 nm is about 1 A/W and it has low noise equivalent power and small dark current. In order to achieve the maximum coupling and matching, the fiber jumper with connectors of FC/APC and FC/PC was used between the fiber combiner and the high-speed photodetector. 

Data acquisition

The It can be seen from Figure 2.12 that the power spectrum of the beat signal isn't distributed uniformly. The data acquisition parameters in the experiment with the resolution of 0.0073 cm -1 (CO2) and 0.0083 cm -1 (CH4) are shown in 

Measurement with a resolution of 0.00442 cm -1

When the band-pass filters of [330, 375] MHz were used in the system, the actual electronic bandwidth (3 dB bandwidth) of the measurement system is about 66.3 MHz.

The ILS functions (shown in Figure 2.17 respectively. The two DFB lasers have wavenumber variations of 0.97 cm -1 (CO2) and 1.83 cm -1 (CH4). When the drive current changes 0.1 mA, the average wavenumber changes about 0.00245 cm -1 (CO2) and 0.00234 cm -1 (CH4), and they are smaller the spectral resolution (0.00442 cm -1 ). 

Comparative and analysis of spectra with different resolutions

It can be seen from Due to the relatively low atmospheric pressure in the stratosphere, the true absorption spectrum linewidth of CO2 in the atmosphere is narrow. When the absorption linewidth is narrower than the bandwidth of the passband filter and is chapter 2 Preliminary near-infrared laser heterodyne radiometer 74 smaller than the low cut-off frequency, the double peaks will appear in the measurement spectrum, according to the principle of laser heterodyne. shows the transmittance of CO2 (6236.0369 cm -1 ) with an SNR of 209. And there is a bimodal in it.

In the ILS function, the center distance of the passband is 705 MHz, so the center distance (expressed by △υILS) of the two frequencies generating the heterodyne signal in the solar radiation is 0.0235 cm -1 . From the measured spectrum, the distance between the double peaks (expressed by △υm) is 0.0275 cm -1 . Theoretically, △υm should be equal to △υILS, but they differ by 0.004 cm -1 . Compare this deviation with the spectral resolution (0.0044 cm -1 ). This deviation is within the allowable deviation range of the measurement system. The absorption of CH4 includes four absorption lines with similar intensities. The distribution range is 0.0474 cm -1 , which is wider than υILS. Due to the overlap of four absorption lines, there is no bimodal in the transmittance of CH4.

Results

Data processing

Before data retrievals, the raw NIR-LHR signals need to be pre-processed, including intensity normalization and wavenumber calibration. The LM iterative process is considered to be converged when Δχ 2 /χ 2 < 1E-3

within an upper limit of 20 iterations. In a well-conditioned retrieval, the ultimate cost function (χ 2 ) should be close to the size of the measurement vector (m). The retrieval results of CO2 and CH4 are shown in equals to ~1 is obtained after 7 and 6 iterations, respectively. After the iterations, the retrieved CH4 and CO2 profiles are calculated by multiplying the retrieved scale factor with relative a priori profile. Based on the retrieved CH4 and CO2 profiles, the total column abundance of CH4 and CO2 is calculated to be ~412.7 ppm (or ~8.2E21 molecules/cm 2 ) and ~1.886 ppm (or ~3.74E19 molecules/cm 2 ), respectively. By using the water vapor profile obtained from CMCC, the mixing ratio in dry air (XCH4 and XCO2) are calculated to be ~415 ppm and ~1.897 ppm, respectively. For calculating the XCH4 and XCO2 more accurately, real-time retrieval of NIR-LHR spectrum of the water vapor will be performed in the future.

chapter 2 Preliminary near-infrared laser heterodyne radiometer 78 of the NIR-LHR can be sorted as errors resulted from system noises and retrieval errors. For further improvement of the measurement accuracy, efforts will be focused on improving the signal to noise ratio of the NIR-LHR signals, building appropriate covariance matrices, so as to employing more reasonable a priori profiles for the data retrievals. 

Validation with GOSAT measurements

In order to evaluate the results of the NIR-LHR, comparisons with GOSAT data were performed in the sunny days during the period from October 2018 to May 2019. and XCO2, where the GOSAT results were selected within a 3 degree radius of the observation site (Hefei, China, 31.9°N 117.16°E). The standard deviations are found chapter 2 Preliminary near-infrared laser heterodyne radiometer 80 to be in the range of [3,17] ppb for XCH4 and for [0.7,2.2] ppm for XCO2 during the measurements, which correspond to an uncertainty region of 0.15%-0.7% for XCH4 and 0.17%-0.5% for XCO2, respectively. As seen from the 

Summary

An all fibered NIR-LHR has been developed for operation in ground-based solar occultation mode. A 1x2 fiber optical switch is employed to modulate solar radiation, which makes the system more stable and compact. High resolution NIR-LHR spectra chapter 2 Preliminary near-infrared laser heterodyne radiometer 81 of atmospheric CO2 and CH4 were obtained by employing two DFB lasers (1.6 μm and 1.65 μm) as the local oscillators. After power calibration, the wavenumbers were precisely calibrated using a correlation correction method. Subsequently, an OEM and RFM based retrieval algorithm was developed for retrieval of the vertical profiles, column-averaged abundances and mixing ratios in dry air of atmospheric CO2 and CH4. Finally, the long term NIR-LHR results were validated by comparing the GOSAT results during the same time period, which indicates a uncertainty region of 0.15%-0.7% for XCH4 and 0.17%-0.5% for XCO2, respectively. The NIR-LHR demonstrated in this manuscript has great potential to be a portable and high spectral resolution instrument for atmospheric multi-component gases sensing. For the FTIR, the higher resolution, the larger volume and the higher cost.

Bruker's EM27/SUN is a portable FTIR suitable for long-term measurements in remote areas. This device is shown in Figure 3.1 (a). In addition, the LHR is a low-power consumption, small-sized, high-resolution atmospheric remote sensing observation instrument that can be used. Based on the research of the signal in the LHR measurement system, an integrated portable near-infrared laser heterodyne radiometer for the remote sensing of atmospheric CO2 and CH4 was developed, which is shown in Other signal processing methods and laser scanning modes are the same as those introduced in Chapter 2. The data in laser heterodyne absorption spectrum was collected point by point.

The integrated box (shown in Figure 3.3) was divided into two layers. The lower layer was equipped with power converters, optical fiber paths, optical fiber switch, and DAQ. The upper layer was equipped with laser drive circuits, DFB lasers, two radio frequency processing modules, two preamplifiers, and power modules, etc. The outputs of the optical fiber were connected to the corresponding photodetectors on the upper layer. Each module will be described in detail below. HCS was proposed and widely used [1,2]. The most important requirement in the system is to ensure that the injected current (also called the source current) has a constant amplitude over a wide frequency range, so high output impedance is required. Figure 3.6 is an improved HCS schematic [3] . This circuit includes a negative feedback circuit and a positive feedback circuit to make the output resistance infinite. It is necessary to match the resistances R1, R2, R3, R4, R5, so the output current has nothing to do with the load. A, and the wavelength is  , the interference signals VIF in the photodetector can be expressed as follows:

2 = cos(2 ) 2 IF AL V    (3.1)
Supposed that the wavenumber corresponding to the maximum value in a sinewave is k1, the minimum value is k2, and the next maximum value is k3. k1 < k2 < k3, then the following equation can be obtained: In the process of using the DLIA to demodulate the heterodyne signal, it is necessary to filter the result of the multiplication of the original signal and the sine wave. The low-pass filter will affect the output signal. Therefore, the filter's passband will contain a part of the noise signal, which is relatively small compared to the heterodyne signal. This signal and the heterodyne signal will be output by the DLIA.

When the sunlight is weak, the heterodyne signal decreases, and it is larger than the heterodyne signal. Figure 3.17 After the complete spectrum is obtained, it needs to subtract the lowest point. (3) The sky is covered with clouds, as shown in Figure 3.20 (d), (e), and (f). In this situation, the power (5 mW) of sunlight can still be collected and is relatively stable.

The thin clouds will drift with the wind, and the collected sunlight intensity will weaken the heterodyne signal, which will distort the spectrum. Therefore, in this case, 

Spectral comparison with FTIR

Take the methane absorption spectrum as an example, use the center position of the absorption spectrum to determine the corresponding wavenumber, and combine the interference data to perform wavelength correction on the heterodyne spectrum to obtain the wavelength-calibrated CH4 absorption spectrum, as shown in the red curve in 

Retrieval results

The transmittance of CH4 and CO2 measured at 9: 32 on the same day was inverted through the inversion algorithm. The fitting results of the two measured transmittances in the area with larger wave number and the absorption peak. This is due to the lower laser output power in the area with larger wave number, which reduces the signal-to-noise ratio, while the sunlight is absorbed at the absorption peak, the signal-to-noise ratio of the heterodyne signal here is lower than the signal-to-noise ratio where there is no absorption. From the inversion of the measured spectrum of CH4 and CO2, the column concentration of CH4 gas below 24 km is 2.695×10 19 molecular/cm 2 , and the column concentration of CO2 gas is 5.804×10 21 molecular/cm 2 . This part of the inversion work is mainly done by myself. The inversion principle and process are explained in appendix 1 and appendix 2. 

Summary

This chapter introduces the development of IP-NIR-LHR, designs the laser diode current control circuit and temperature control circuit, combined with the radio frequency amplifier to make the spectral resolution of the measurement system reach 0.00442 cm -1 . The laser wavelength calibration structure is constructed by using the Chapter 3 Integrated portable near-infrared laser heterodyne radiometer 104 optical fiber combiner and the optical fiber splitter. The preamplifier is designed to block, filter and amplify the weak voltage signal output by the RF signal processing circuit. Combined with the digital lock-in amplifier, the collected signal is demodulated, and finally the heterodyne signal is averaged. When the sky is cloudless, the entire layer of atmospheric transmittance of CH4 and CO2 with a signal-to-noise ratio of about 250 can be obtained every 3 minutes. This instrument is the first high-resolution portable laser heterodyne detection instrument in China, and its ability to observe in the field has been verified through experiments in the Dachaidan area. The next step is to perform secondary temperature control on this instrument, further optimize the internal structure, and improve the stability of its measurement. Improve the data acquisition and processing software to enable unattended observation.

Introduction

Initial LHRs, employed carbon dioxide (CO2) gas lasers as local oscillators, focused in the 8~12 μm atmospheric window, where numerous important atmospheric species exhibit fundamental rotational-vibrational absorptions. However, the CO2 lasers suffered from line-tuned spectral tunability. As an alternative, lead-salt diode lasers offered better frequency choice and frequency tuning ability but lacking reliability and optical powers and suffering from the requirement of LN2 temperature cooling [1,2] . The quick development of quantum-cascade lasers (QCLs) offers an ideal alternative to the traditional local oscillators in the mid-infrared region with the merits of room-temperature operation, wide spectral tuning range, compactness, and robustness.

Over the last decade, the QC-LHR applications for atmospheric observation have been successfully developed [3][4][5][6][7][8] . At the same period, the application of LHR for passive sensing of atmospheric CO2 and CH4 in the shortwave infrared band (around 1.6 μm) is also investigated, where telecommunication distributed feedback lasers are employed as the local oscillators. Combined with single-mode optical fibers, couplers, and attenuators, the system can be made small, low-power consumption, compact and robust [9][10][11][12] .

The atmospheric window of 3-5 μm is another attractive spectral region for Chapter 4 Mid-infrared laser heterodyne radiometer based on a room-temperature interband cascade laser 107 mid-infrared atmospheric sounding. However, commercially available QCLs operate generally in the [4,12] μm spectral region, which led to a "mid-infrared gap" in the QC-LHR applications. Since the first demonstration in 2008 [13] , interband cascade 

Collection and monitoring of solar radiation

Solar radiation containing atmospheric absorption information was captured with the help of a homemade solar tracker and reflected into the system by the reflectors (R1, R2, R3). And then, it was chopped at 2 kHz for lock-in amplification of the LHR signal by a chopper controlled by an SR540 chopper controller. The two iris diaphragms (I1, I2)

and two reflectors (R3, R4) were used to mark and adjust the solar light path to be collinear with the laser path. After a 50T/50R beam splitter (BS2), the reflected solar 

Extraction of the heterodyne signal

The solar radiation containing atmospheric absorption information was down-converted to the RF domain via PD1, followed by a band-pass filter (consisted of F1: 10 MHz~3 GHz and F2: DC~60 MHz) employed to determine RF detection bandwidth which defines the instrument lineshape (ILS) of the LHR system.

Subsequently, the RF signal after the band-pass filter was converted to a DC signal by a Schottky diode (HEROTE, DHM020BB) and demodulated at first harmonic using a lock-in amplifier (Stanford Research Systems, SR830) with the chopping frequency as reference. LHR signal can ultimately be obtained by tuning the laser frequency across the target molecular absorption lines.

Wavelength calibration

A small fraction of the ICL beam reflected by BS1 was used for wavelength calibration: a flip mirror (R5) directed the ICL beam either to a 50.8 mm germanium etalon (with a free spectral range of ~0.0246 cm -1 ) followed by PD2 recording etalon fringe signal or Chapter 4 Mid-infrared laser heterodyne radiometer based on a room-temperature interband cascade laser 110 to a wavemeter (Bristol Instruments, 621) for absolute frequency measurements or for relative frequency metrology.

Data record

A personal laptop equipped with a DAQ card (National Instruments, USB-6366) and

LabVIEW software was employed for data acquisition and instrument control (solar tracker controlling, frequency tuning, and wavenumber reading). Signals from 5 channels were recoded: the in-phase (X) and quadrature (Y) outputs of the lock-in amplifier for phase compensation of the LHR signal by using the angle sum and difference identities (trigonometric identities), the DC output of PD1 for tracking the ICL power, the signal from PD2 for the relative wavelength calibration, and the signal from PD3 for tracking the solar power variation.

Features of the key devices involved in the IC-LHR

Characteristics of the ICL

The used local oscillator was a distributed feedback ICL (shown in The relationships between laser wavenumber, laser power, and laser injection current are shown in Figure 4.4. During LHR measurement, the laser temperature and current were set at 14 °C and 30 mA to probe the CH4 and HDO absorption lines located around 2831.92 cm -1 (CH4 @ 2831.9199 cm -1 with a spectral line intensity of 1.622 × e -21 cm/mol; HDO @ 2831.841 cm -1 with a spectral line intensity of 3.014×e -24 cm/mol.

The data are retrieved in HITRAN database). The frequency tuning of the laser could be performed by changing the laser current point-by-point via laser controller or scanning the injection current with a common function waveform (such as sinusoidal or triangle waveform). 

Solar tracker in freedom space

The solar tracker used in IC-LHR was designed by T. Tan and Y. Cao. It can track the solar steadily and reflect the direct sunlight into the LHR. In the process of tracking, the path of the beam incident on the LHR by the sun tracker remains unchanged. Its X-axis and Y-axis tracking accuracy were 0.068° and 0.06°. R1, R2, and R3 reflected the solar beam into the IC-LHR system. In the experiment, the position of the solar beam should remain fixed. This plays an important role in the beat between the laser and the solar beam in freedom space. In order to verify the stability of the reflected beam of the solar tracker, another CCD image sensor (size: 38 mm × 38 mm, pixel: 5120 × 3840) was placed at the position of the IC-LHR system to collect the coordinates of the center of mass of the solar spot.

We used this solar tracker to track the solar for two hours and obtained the drift of the In order to study the source of system noise, the outputs from LIA (integration time: 30ms, roll-off: 24dB, sensitivity: 5 μV, reference frequency 1.3 kHz) under the following six situations were collected (sampling rate: 1kHz, 8600 samples per cycle when a sine wave demodulated the laser with a cycle time of 32 s and amplitude of The possible reason for the low SNR is that the filter bandwidth (10MHz ~150 MHz) used in the experiment contains considerable RF noise. Therefore, the outputs of LIA when using RF filters of different bandwidths were collected in Figure 4.12. It was evident that the smaller the filter bandwidth, the smaller the signal value. And the fluctuation amplitude on the signal baseline (samples points 0 ~ 1500 and 3500 ~ 8600) is relatively small. Reducing the bandwidth can reduce the RF noise but also reduce the heterodyne signal. Therefore, when choosing the RF filters and ensuring that they can filter out high-noise bands, it is also necessary to balance the bandwidth of the filters and the size of the heterodyne signal. Because the power of solar radiation is greater than that of CSR, this will increase the amplitude of the heterodyne signal. Therefore, the bandwidth can be appropriately reduced when solar radiation is used as the signal light. Before the data retrieval, the raw LHR data needs to be pre-processed. Firstly, the offset of the LHR signal, where the injection current to the ICL equals zero, was subtracted. Then the LHR signal is divided by the ICL intensity signal (DC signal) for normalization of the LHR signal. When large solar power fluctuations (more than 10% of the average of solar power intensity) occurred during the scan, the LHR data would Chapter 4 Mid-infrared laser heterodyne radiometer based on a room-temperature interband cascade laser 120 not be considered for further analysis. Thirdly, a frequency calibration of the LHR signal was performed with the help of relative frequencies (germanium etalon signal)

and absolute frequencies from a wavemeter or the positions of the absorption lines (from the HITRAN database) [14] . In the present work, peaks of the etalon signal were fitted to a 5 th order polynomial function to determine the relative frequency of the data points, and the CH4 line position (2831.92 cm -1 ) was employed to calibrate the absolute frequency. In addition, a scale factor and an offset were used for further frequency calibration according to the wavemeter results and the forward model calculation.

Finally, the calibrated the LHR results were interpolated with the same frequency interval as the forward model, and then the processed the LHR spectrum is now ready (blue dots in Figure 4.16 (a)) for further data retrieval to inverse the LHR spectrum to the corresponding vertical concentration profiles.

Retrieval results of XCH4 and XHDO

The main work of data retrieval was completed by G. Wang [15 ] . In this section, a brief introduction to the parameters and process in the data retrieval is described to verify that the measurement results of the IC-LHR can be used for the inversion of atmospheric column concentration.

The temperature and pressure profiles used in the retrieval are shown in The iterative solution is defined to be converged with Δχ 2 /χ 2 < 1E -3 , within an upper limit of 20 iterations. In a well-conditioned retrieval, the ultimate cost function (χ 2 ) should be close to the size of the measurement vector (m). CH4 and water vapor profiles, the total column abundance of water vapor is calculated to be ~2868 ppm (or ~5.8E +23 molecules/cm 2 ), the total column abundance of methane and its mixing ratio in dry air (XCH4) are found to be ~1.875 ppm (or ~3.8E +20 molecules/cm 2 ) and ~1.88 ppm (part per million), respectively.

The total retrieval error of the two-scale factors was calculated to be ~6% and ~8%, respectively. 20 consecutive measurements indicate uncertainty of 20 ppb (part per billion) and 21 ppb for the total CH4 column abundance and XCH4, respectively. For Chapter 4 Mid-infrared laser heterodyne radiometer based on a room-temperature interband cascade laser 122 further improvement of the measurement uncertainty, works in the near future will be focused on improving the SNR of the IC-LHR signal and determining an appropriate weight of the constraint in the retrieval so as to a 'true' profile retrieval. 

Summary

An ICL based mid-infrared LHR has been demonstrated, for the first time, in ground-based solar occultation mode. High-resolution (0.0033 cm -1 ) LHR spectrum near 3.53 μm were obtained for simultaneous atmospheric observations of H2O vapor and CH4. OEM and RFM based retrieval algorithm was developed for retrieval of the vertical profiles of H2O and CH4 and error analysis. The measured total CH4 column abundance and XCH4 were determined to be 1.87  0.02 ppm and 1.88  0.02 ppm, Chapter 5 Detection of stable carbon isotope ratio of CO2 in the atmospheric column using a wide-band fiber near-infrared laser heterodyne radiometer 126

Chapter 5 Wide-band near-infrared laser heterodyne radiometer

Objective A wide-band fiber near-infrared laser heterodyne radiometer for the detection of the carbon isotope ratio of CO2 gas in the atmosphere is demonstrated. A tunable external cavity diode laser operated in the near-infrared band is employed as the local oscillator, which makes the 13 CO2 and 12 CO2 can be measured in a wide band range.

This device can provide an effective measurement method for the detection of stable isotope ratios in the atmosphere.

Introduction

Compared with the DFB lasers with a narrow output wavelength range, although the tunable external cavity diode laser has a larger volume and a higher price, its output spectral wavelength range is wide, and the intensity noise of the laser is small, the output optical power is stable, and it can be used in a wide spectral range. A series of spectral absorption peaks of CO2 are continuously measured. Therefore, a laser heterodyne radiometer was established with a Tunable External Cavity Laser as the local oscillator source (EC-LHR ), and the 12 CO2 and 13 CO2 in the atmosphere were measured in the range of 6248.5 cm -1 ~ 6256 cm -1 .

In the process of plants turning into petroleum, the decay of 14 C in their bodies is reduced. Because 13 C is a stable isotope, the content of 13 C in fossil fuels will not change over time, and because plants that form fossil fuels absorb 12 C instead of 13 C, Therefore, the 13 C content in fossil fuels is lower than the current 13 C content in atmospheric CO2. Therefore, when fossil fuels burn, the abundance of 13 C in atmospheric CO2 will decrease [1] . The influence of the combustion of chemical fuels on the atmosphere can be studied by detecting the concentration of 13 C in CO2 in the atmosphere. Figure 5.1 shows the observational data of 12 C and 13 C in atmospheric CO2 published by the World Meteorological Organization [1] . The emission of CO2 in the atmosphere has increased year by year, as shown in Figure 5.1 (a), while the Chapter 5 Detection of stable carbon isotope ratio of CO2 in the atmospheric column using a wide-band fiber near-infrared laser heterodyne radiometer 127 content of 13C in atmospheric CO2 has decreased year by year. As shown in Figure 5.1 (b), the ratio of carbon isotopes in CO2 increases as shown in Figure 5.1 (c). Since there is no 13C in fossil fuels, it is inferred that the increase in CO2 emissions caused by fossil fuels will reduce the content of isotopes in the atmosphere. Simultaneous observations of 12 CO2 and 13 CO2 indicate that the emission of fossil fuel combustion leads to a reduction in the 13 C content of atmospheric CO2. Therefore, measuring the carbon isotope composition of CO2 in the atmosphere can help identify and quantify the sources and sinks of CO2. 13 C in the atmosphere [1] The burning of fossil fuels emits CO2 and the photosynthesis and respiration of plants leave their isotope signals in the atmosphere at different time and space scales.

By detecting CO2 gas and its isotope molecules, the sources and sinks of the atmospheric carbon cycle can be identified and measured [2] . Therefore, the use of stable carbon and oxygen isotopes of CO2 in the atmosphere as a tracer to study the carbon cycle has become a research hotspot [3,4] . In addition, the observational data of CO2 and its stable isotopes can be used to speculate on the photosynthesis and respiration of plants and the contribution of fossil fuel combustion to CO2 in the atmosphere. Remote sensing measurement technology can prevent the transmission of ground topography, boundary layer changes, and vertical air quality from affecting the Chapter 5 Detection of stable carbon isotope ratio of CO2 in the atmospheric column using a wide-band fiber near-infrared laser heterodyne radiometer 128 Measurement of atmospheric isotopes near the ground. Therefore, this chapter uses a wide-band external cavity laser to construct a laser heterodyne radiometer to detect 12 CO2 and 13 CO2 in the atmosphere.

LHR based on a tunable external cavity laser NIR laser (EC-LHR)

The schematic of the EC-LHR is shown in Figure 5. The mechanical chopper was installed in front of the collimator with a focusing lens of 17 mm which can be adjusted by an optical adjustment frame. This structure makes the collimator and the solar tracker's lens have the same angle and follow the sun to move in unison. Then the direct sunlight can be collected into the measurement system. On a sunny day, the solar power that can be collected in the single-mode fiber can achieve 8 μW. The local oscillator is selected as the tunable external cavity laser on account of its wide working band. Its radiation is connected to the measurement system also by a single-mode fiber. 45MHz) of the measurement system. Besides, the stability of laser power can reach ± Chapter 5 Detection of stable carbon isotope ratio of CO2 in the atmospheric column using a wide-band fiber near-infrared laser heterodyne radiometer 131 0.01 dB that is beneficial to calibrate measurement spectrum. The maximum power of the laser is about 5 mW. For characteristics of the laser wavelength, the absolute precision, repeatability, and resolution on a fixed wavelength are ± 0.04 nm, ± 0.005 nm, and 0.001 nm respectively.

Experimental detail

Choice of absorption lines

According to the working band of ECL, the reference data of CO2 absorption lines was found in the HITRAN database. The measurement wavelength lies in 1598.3 nm ~ 1600.6 nm. In this band, the absorption line intensity is about 2.02×e -25 cm/mol and 2.4×e -23 cm/mol for molecules 13 CO2 and 12 CO2 respectively. The measured spectrum by Fourier transform spectrometer in this band is shown in 

Ré sumé

L'augmentation de la concentration de gaz à effet de serre dans l'atmosphè re entraî ne un ré chauffement climatique, qui a suscité une inquié tude gé né ralisé e dans la socié té .

L'é tude de l'atmosphè re terrestre et la pré vision des futurs changements climatiques sont é troitement lié es à l'observation pré cise des concentrations de gaz à effet de serre.

A l'heure actuelle, les instruments à haute ré solution spectrale utilisé s pour observer la concentration de gaz à effet de serre dans la colonne atmosphé rique ont gé né ralement Le principal travail de ré cupé ration des donné es a é té ré alisé par G. Wang. La Where c4 contains c2, c3, and P(y), to find the solution of MAP is to find the solution that minimizes the cost function on the right side of the above formula. The z T Mz form is called the quadratic form, and the quadratic form on the right side of the above equation can also be written as the following equation [4] : Among them x is the MAP profile to be searched, and Ŝ is the covariance matrix.

When the forward model is linear, the equation for the best-estimated value x can be found. The above formula can be rewritten as [4] : Expanding the above formula, the corresponding equations about x is: The covariance of the MAP profile is obtained as: Through further calculation, the MAP profile [4] is: Generally, the contribution function (D) [4] is defined as: Then the expression of the contribution function can be written as [4] : 
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Non-linear problem solving

When the forward model is nonlinear, the cost function can be derived from Bayesian theory by using the method similar to solving linear problems, and the following form is obtained [4] : When it is assumed that the prior profile has Gaussian statistics, the first term on the right side of the equation has no nonlinearity, and the second term can introduce nonlinearity F(x). In the nearly linear case, using yL+K(x-xL) to approximate F(x), the cost function can be rewritten as [4] : 2 The cost function takes the partial derivative of x and sets it to 0 to obtain the MAP profile [4] as: When the problem is moderately non-linear, the x calculation using the above formula is not enough to minimize the cost function. But in many cases, the above formula can make the cost function smaller. So, the expression of x can be used to find a new solution in a loop to make the cost function gradually becomes smaller.

2 1 1 ( ) ( ) ( ) ( ( )) ( ( ))
Use the last calculated solution xi instead of xL to recalculate yL and K. Then, the next iterative solution can be recalculated. For such a loop solving process, it is possible to find a solution that minimizes the cost function. The iterative solution [4] is expressed as follows: This method is called the Gauss-Newton method or the Inverse Hessian method.

Another form of this iterative solution [4] can be expressed as: The steepest descent method is generally combined with the Newton iteration formula to obtain the following formula [4] :
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This formula is the Levenberg-Marquardt formula. After substituting the cost function into the Newton Gaussian iterative formula, the form of the iterative solution [4] is: Where D is a scaling matrix in order to make γ dimensionless and to ensure that this term has the same unit as increases the cost function, it means that the calculation direction is wrong, so keep xi unchanged and increase γ to recalculate.

Retrieval steps

According to the theory of inversion algorithm, the parameters needed before calculation are atmospheric pressure profile P(z) and temperature profile T(z) (z is the altitude), the concentration prior profile Xa, prior parameters a0, b0 , C0, a priori covariance matrix Sa, molecular absorption information in the GEISA database, longitude and latitude of the measurement location and measurement time, measurement of transmittance, measurement of the covariance matrix, instrument linear function and the initial value of each calculation parameter. The inversion
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  studies, developments, and applications of laser heterodyne radiometer (LHR) based on different local oscillators for the remote sensing of column concentration of CH4, CO2, HDO in the atmosphere. This introductive chapter describes the motivation for developing LHR and its characteristics. A brief historical review of LHR techniques and the development state will be described. The main content of each chapter of the thesis is introduced at the end of this chapter.Ⅰ Research background Ⅰ1 Observation of greenhouse gases (GHGs)Nowadays, the change of the earth's climate is a common concern of all countries in the world today. Obtaining the actual atmospheric observation data is a key link in the research and prediction of climate change. So, it is essential to improve the monitoring of greenhouse gases such as CO2 and CH4 to obtain the most basic research data. Therefore, in-depth research on the sources and sinks of carbon in the atmosphere, prediction of the relationship between global warming trends and atmospheric greenhouse gas concentrations requires high-precision greenhouse gases detection technology and monitoring networks to assess the changes in atmospheric greenhouse gases quantitatively.

  (a), (b), and (c) show the radiative forcing corresponding to various greenhouse gases. Figure 2(d) shows the rate of change of these greenhouse gases corresponding to radiative forcing. It can be seen that CO2 is the most influential greenhouse gas, CH4 is the second, followed by N2O, chlorofluorocarbons, and other greenhouse gases. To carry out reliable estimation and research on carbon sources and sinks, long-term observation and research on CO2 and CH4 are needed. The concentration of CO2 and CH4 in the global atmosphere has far exceeded the value of the pre-industrial atmosphere. Figure 3(a) and (b) are the monthly average concentration data (red circle) and long-term change trend (black line) of CO2 and CH4 in the atmosphere published by NOAA in the past thirty years. It can be seen that the concentrations of both in the atmosphere have been increasing in recent years, and they have had an important impact on the greenhouse effect.
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 2 Figure 2Radiative forcing of mixed greenhouse gases[4] 

Figure 3

 3 Figure 3 (a) Global monthly average change of CO2 in the atmosphere; (b) Global monthly average change of CH4 in the atmosphere

Figure 4

 4 Figure 4 The observation methods of global greenhouse gases

  includes all-weather, long-term measurements on four atmospheric reference observatories and eight observation towers. It collects local air samples for testing in more than 50 locations around the world, regularly uses small aircraft to collect high-altitude air samples, and uses balloons and AirCore sampling systems to measure the vertical profile of greenhouse gases.

Figure 7

 7 Figure 7 Distribution of NOAA global greenhouse gas observation experiments (https://www.esrl.noaa.gov/gmd/ccgg/about.html)

Figure 8

 8 Figure 8 TCCON observation site in Paris (https://tccon-wiki.caltech.edu/Main/Paris)

Figure 10 .

 10 Figure 10. The laser light emitted by EC-QCL is reflected by an off-axis parabolic mirror to a beam splitter through an adjustable optical attenuator. The sun tracker tracks the movement of the sun and uses a beam splitter to divide the sun into two beams, which are reflected into the FTIR and transmitted into the LHR. The transmitted sunlight is reflected by two off-axis parabolic mirrors to combine the sunlight with the laser beam. The combined beam of laser and sunlight is focused on

Figure 13 (

 13 Figure 13 (a) Schematic diagram of LHR; (b) Physical diagram of LHR device[START_REF] Hoffmann | Thermal infrared laser heterodyne spectroradiometry for solar occultation atmospheric CO2 measurements[END_REF] 

  (a). The local oscillation laser is divided into two beams with a fiber splitter. One beam passes through the optical attenuator and incident on an input port of the balanced detector. The other laser beam is divided into two beams again. One of them is used for laser wavelength calibration, and the other is combined with sunlight and incident on the other input of the balanced photodetector. Through the amplitude detection and processing of the output signal of the balanced detector, after 10 minutes of averaging, the atmospheric transmittance spectrum of the sunlight around 1.651 m in the range of 1.1cm -1 was obtained (SNR~120), as shown in Figure 15 (b).

Figure 15 (

 15 Figure 15 (a) Principal diagram of laser heterodyne radiometer based on balance detection; (b)Measurement spectrum[START_REF] Rodin | High resolution heterodyne spectroscopy of the atmospheric methane NIR absorption[END_REF] 

  (a). The two channels of sunlight collected by the light-receiving device on the sun tracker are modulated by a mechanical chopper. One channel is beaten with the local oscillator, and the other is used for monitoring the intensity of sunlight. The photodetector converts the optical signal into the electrical signal in the radio frequency (IF) range, and then the absorption spectrum of CO2 in the atmosphere (the measuring range is about 1 cm -1 ) is obtained after the processing of the R.F. signal, as shown in Figure 16 (b). The physical map of the measuring device is shown in Figure 16 (c).

Figure 16 (

 16 Figure 16 (a) Schematic diagram of laser heterodyne fiber measuring device; (b) Measuring spectrum; (c) Physical picture of measuring device[START_REF] Wilson | Miniaturized laser heterodyne radiometer for measurements of CO2 in the atmospheric column[END_REF] 

Figure 17 (

 17 Figure 17 (a) Mini-LHR; (b) Complete measurement spectrum and fitting; (c) Measurement spectrum and fitting of CH4; (d) Measurement spectrum and fitting of CO2[55] 

Figure 18 (

 18 Figure 18 (a) Schematic diagram of EC-QCL-LHR results; (b) Observation site[57] 

  photomixer which can output the photocurrent signal (iphoto) containing the information of LO, solar radiation and the beat signal between them. Schematic of the principle of laser heterodyne radiometer used in the ground-based remote sensing of atmospheric greenhouse gases is shown in Figure 1.1. In the optical domain, the optical signals are converted into electrical signals. Through the processing (consisting of the separation of AC and DC, RF signal processing module, heterodyne signal extraction module, and LO scanning) to the electronic signals (in electronic domain), the atmospheric molecular transmittance can be obtained. After the processing of each module, the characteristics of the electronic signals will change accordingly. Therefore, in order to better understand and analyze the process, the signal output from each stage are classified as the intermediate frequency (IF) signal, the low frequency (LF) signal, and heterodyne signal, respectively. The atmospheric molecular column can be inversed by retrieval method from the measured atmospheric molecular transmission.

Figure 1 . 1

 11 Figure 1.1 Schematic of the principle of laser heterodyne radiometer used in the ground-based remote sensing of atmospheric greenhouse gases; LO: local oscillator; IF: intermediate frequency; LF: low frequency

  photodetector at point P for the synthesized light wave can be expressed as:

Figure 1 . 3

 13 Figure 1.3 Schematic of a high-speed photodetector circuit; The dashed box is the equivalent circuit diagram of PD. IPD: photocurrent, ID: dark current, CJ: junction capacitance, RSH: shunt resistance, RS: series resistance, RL: Load Resistance.

Figure 1 .Figure 1 . 4

 114 photocurrent with different frequencies and amplitude.

Figure 1 . 5

 15 Figure 1.5 Schematic diagram of the frequency distribution of beat signal

Figure 1 . 6

 16 Figure 1.6 Schematic of electronic signal processing chain for heterodyne detection

  ILO is the intensity of LO, IS is the intensity of signal light, and IB is the intensity of background light), the shot noise can be expressed as: 2 2

.

  receiving bandwidth. If the area of the telescope's objective lens is AT and the observed solid angle of the heat source is ΩS, the received optical power is: Assuming that in the case of full thermal background (TS>TB), the field of view of the detection system to the signal source is small (

Figure 1 . 7

 17 Figure 1.7 Experimental setup of laser wavelength scanning mode; DL: DFB laser (CH4); FOS: fiber optic switch; LDC: laser diode controller; Cell: the absorption cell is filled with pure methane gas; PD: photodetector; LIA: lock-in amplifier; DAQ: data acquisition card; PC: personal computer.

Chapter 1

 1 Theoretical basis of laser heterodyne technique for the ground-based remote sensing of atmospheric greenhouse gases 44 collected per cycle. The frequency of FOS was set as 125 Hz. The absorption spectra were demodulated under different parameters of LIA shown in Figure1.8. It can be seen that when the integration time of LIA changes, the shape of the absorption spectra can be changed greatly. When the laser heterodyne absorption spectrum is obtained in this way, it will cause the distortion of the atmospheric absorption spectrum. We can regard this deformation as a component of the ILS function and re-correct it in data processing, but this complicates the ILS function and introduces errors that are likely to occur during correction.

Figure 1 . 8 Figure 1 . 9 ,

 1819 Figure 1.8 Absorption spectra under different parameters in continuous scanning mode

Figure 1 . 9

 19 Figure 1.9 Absorption spectra under different parameters in point-by-point scanning mode

Figure 1 . 11 1 . 3 . 5

 111135 Figure 1.11 Solar radiation spectrum

Chapter 1 51 Figure 1 . 12

 151112 Figure 1.12 Physical diagram of the RF signal processing circuits

Figure 1 .

 1 Figure 1.13 (a) Insertion loss changes with signal frequency; (b) Isolation changes with signal frequency

  amplifiers have an NF of 3.9 dB. The gain curve and noise figure curve of the RF amplifiers are shown in Figure 1.14 (a) and (b), respectively. The gain of the RF amplifier decreases with the increase of frequency, and the noise figure increases with the rise of the frequency, so the RF signal in the lower-frequency band should be used. So, a bandpass filter of 290 MHz ~ 3 GHz was used in the experiment.

Figure 1 .

 1 Figure 1.14 (a) Gain curve; (b) Noise figure curve

Figure 1 . 15

 115 Figure 1.15 Signal conversion schematic of Schottky diode
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 22 Preliminary near-infrared laser heterodyne radiometer 57 Proof of concept near-infrared laser heterodyne radiometer (NIR-LHR) Objective In this Chapter, the development of a proof of concept near-infrared laser heterodyne radiometer based on two DFB lasers (NIR-LHR) is presented. The developed NIR-LHR was tested in Anhui Institute of Optics and Fine Mechanics, Science island, Hefei, China. Ground-based measurements of CH4 and CO2 in the atmospheric column were performed.

FC2, and then

  connected to another high-speed photodetector (PD2) for CO2 heterodyne detection. Before the two laser beams are combined with the solar radiation, 10% of the power of lasers are split by the fiber beam splitters (FS1, FS2) and enters the wavelength meter (WM1, WM2) for the real-time laser wavelength. The beat signals generated from PD1 and PD2 are processed by two Radio frequency (RF) processing modules (RM1 and RM2), where the DC component and AC component (RF signal) are extracted through a bias-Tee (Mini-Circuits) for monitoring local oscillator powers and further RF processing. During RF processing, the RF signals are first amplified by three amplifiers (Mini-Circuits, ZX60), then filtered by a band-pass filter, and finally converted to low-frequency signals by a Schottky diode (HEROTE, DHM020BB) which is demodulated at first harmonic using a lock-in amplifier (Stanford Research Systems, SR830) for the heterodyne signal. The experiment of primary NIR-LHR is shown in Figure 2.2, and the solar tracker is installed on the track mount fixed to the laboratory window.

chapter 2 Figure 2 . 1 2 . 2

 22122 Figure 2.1 Schematic diagram of the measurement system; SMF: single-mode fiber; LDC: laser diode controller; DL: DFB laser; FOS: fiber optic switch; FS: fiber splitter; WM: wavelength meter; FC: fiber coupler; PD: photodetector; HS-PD: high-speed photodetector; RM: radio frequency processing module (it consists of a bias-Tee, three RF amplifiers, RF band-pass filters and a Schottky diode in sequence); DC: DC signal; HS: heterodyne signal; LIA: lock-in amplifier; RS: reference signal; DAQ: data acquisition card; PC: the personal computer Figure 2.2 Experiment of NIR-LHR 2.3 Key modules involved in NIR-LHR 2.3.1 Collection and modulation of solar radiation

Figure 2 . 3

 23 Figure 2.3 (a) Solar tracker in NIR-LHR; (b) Solar image

Figure 2 . 4

 24 Figure 2.4 Collection principle of solar radiation

Figure 2 . 5 Figure 2 . 6

 2526 Figure 2.5 Surface reflectance of the fiber collimator changes with wavelength

Figure 2 . 7 2 . 8

 2728 Figure 2. 7 Physical diagram of DFB lasers Figure 2.8 High-speed photodetector (DET08CFC)

Figure 2 . 9 2 . 4

 2924 Figure 2.9 Flow chart of the laser heterodyne spectrum acquisition program; DC: DC signal; HS: heterodyne signal; RS: reference signal

Figure 2 .

 2 Figure 2.10 RF signal power spectrum

Figure 2 .

 2 12 is obtained by calculating the areas of the spectrum curves with the horizontal axis (represent the size of heterodyne chapter 2 Preliminary near-infrared laser heterodyne radiometer 67 signals) under different driving currents. The areas which can represent the size of beat signals increase with the increase of the driving currents. There is a large background of 0.7 V in the beat signals. When this background is converted, a larger DC bias will be generated.

Figure 2 . 11 Figure 2 . 12

 211212 Figure 2.11 Spectrums of beat signals under different drive currents

Figure 2 .

 2 13 shows the spectrum under different filter bandwidths. The energy distributions contained in different bandwidths are different.

Figure 2 .

 2 Figure 2.14 shows the areas that were calculated from the data of Figure 2.13. The blue curve indicates the changes of areas with nominal bandwidths and the green

Figure 2 . 13 Figure 2 . 14 2 . 5 Measurements in laboratory with different resolutions 2 . 5 . 1 1

 213214252511 Figure 2.13 Spectrum of beat signals under different filter bandwidths

Figure 2 .Table 2 . 2

 222 Figure 2.15 The ILS functions, (a) The ILS function for measuring CH4, (b) The ILS function for measuring CO2.

chapter 2

 2 Preliminary near-infrared laser heterodyne radiometer 70 are shown in Figure 2.16, which were measured on April 17, 2019. And one typical scan time is about 4 minutes.

Figure 2 . 16

 216 Figure 2.16 Example of raw signals acquired in one scan on April 17, 2019. (a) (b) the CH4 and CO2 NIR-LHR signals; (c) DC signals for monitoring the power of the two local oscillators (lasers for CO2 in red, for CH4 in blue); (d) Amplitudes of the signals of the solar power.

  ) can be obtained according to the frequency spectrum analysis data. The upper figure is the ILS function of the CH4 measurement channel, and the other figure is the ILS function of the CO2 measurement channel. The ordinate is the response amplitude of the system to the RF signal, and the abscissa represents the difference between the radiation frequency in the solar spectrum and the laser with a fixed radiation frequency. The calculated response bandwidth of the system chapter 2 Preliminary near-infrared laser heterodyne radiometer 71 is about 132.6 MHz, and the spectral resolution is about 0.00442 cm -1 for CH4 and CO2.The power of the RF signal in this bandwidth is about 0.15 W, and this power will be changed into low-frequency signals by the Schottky diode.
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 2231 Figure 2.17 The ILS functions for the measurement of CH4 and CO2

Figure 2 .

 2 Figure 2.18. shows one measurement data for CH4 and CO2 in the atmosphere, and the corresponding experiment parameters are in Table 2.3. The measurement data of heterodyne signals of CH4 and CO2 in the atmosphere are shown in Figure 2.18 (a) and (b). The corresponding wavenumber data are shown in Figures 2.18(c) and (d),

Figure 2 . 18

 218 Figure 2.18 One measurement data, (a) the heterodyne signal for the measurement of CH4 in the atmosphere; (b) the heterodyne signal for the measurement of CO2 in the atmosphere; (c) laser wavenumber of DFB laser -CH4; (d) laser wavenumber of DFB laser -CO2.

Figure 2 .

 2 Figure 2.18 (a) and (b) show that the measured signal has different background values, which should be subtracted. After normalization and wavelength calibration of the two absorption spectra, the transmittances of CH4 and CO2 in the atmosphere were obtained, which are shown in Figures 2.19(a) and (b).

  (a) and (b).

chapter 2 Figure 2 .

 22 Figure 2.19 (a) The transmittance spectrum of CH4 in the atmosphere; (b) The transmittance spectrum of CO2 in the atmosphere.

Figure 2 .

 2 16 (b) and Figure2.18 (b) that when the spectral resolution is higher, a finer spectral structure can be measured. The position of the strongest gas absorption is consistent with the position of the absorption line recorded in the Hitran database. In Figure2.19 (a), there are three strong methane absorption lines (interval about 0.01 cm -1 ) on the right side of the strongest methane absorption line (6057.0795 cm -1 ). Therefore, the methane absorption peak is asymmetric, and the absorption line width is relatively wide. An absorption line (6056.508 cm -1 ) of CO2 was also recorded in the transmittance spectrum, showing a double-peak phenomenon. The center position of the solar spectrum (6056.636 cm -1 ) is the same as the measurement results of the FTS. The SNR of the CH4 absorption signal in this spectrum is 197, the SNR of the absorption signal at the CO2 weak absorption line is 35, and the SNR of the solar spectrum is 44.

Figure 2 .

 2 19 (b) 

  For intensity normalization, the offset of the NIR-LHR signal is first subtracted, which equals to the mean value of the NIR-LHR signal before the laser emitting light. Then, the NIR-LHR signal is divided by the DC signal ((a) / (c)blue and (b) / (c)red in Figure 2.16) to normalize the power variations caused by the local oscillator. It should be noted that, if large solar power fluctuations appeared in the scan, the NIR-LHR data would no longer be considered for further analysis.Since the laser currents are scanned in the point-by-point mode, it is convenient to calibrate the wavenumber by using a wavelength meter (Bristol, 621B). However, the laser wavenumber may slightly change during the measurements (Figure2.20 (a)).

chapter 2

 2 Preliminary near-infrared laser heterodyne radiometer 75 In order to accurately identify the wavenumber shift, as shown in Figure2.20 (b), the correlation coefficient of the reference signal (calculated using the forward model) and the real signal is calculated by moving the real signal, where the moving step can be defined as an arbitrarily small length by using interpolation method. Finally, the wavelength shift can be precisely determined by the location of the maximum correlation coefficient (inset of Figure2.20 (b)). Especially, the proposed correlation method still works at low SNR. After intensity normalization and wavenumber calibration, the processed data is now ready for data retrievals.

Figure 2 . 20

 220 Figure 2.20 Principle of the wavenumber shift identification. (a) Wavenumber shift between the reference signal and real signal; (b) The process of calculating the wavenumber shift, the inset shows the result of correlation coefficients.

2. 6 . 2

 62 Retrieval of XCH4 and XCO2Considering the balance between SNR and spectral resolution, the band-pass filters with[290, 400] MHz and [395, 520] MHz were chosen for the detections of CO2 and CH4 in the long-term observation. The two DFB lasers' center wavenumbers are around 6238.78 cm -1 (CO2) and 6046.96 cm -1 (CH4). The data inversion part of the work is mainly completed by G. WANG. The following briefly describes the inversion process to verify the working performance of the measurement system of NIR-LHR. chapter 2 Preliminary near-infrared laser heterodyne radiometer 76In order to describe the data retrieval process more clearly, the data acquired on April 17, 2019 are chosen as a representative. The pressure and temperature profiles used for the data retrieval are shown in Figure2.21, which were obtained from China Meteorological Data Service Center (CMCC), National Centers for Environmental Prediction (NCEP) and the European Centre for Medium-Range Weather Forecasts (ECMWF). Data from 0.2km to 55 km (blue dots) were interpolated from the data of Hefei observation station (NECP), while the data above 55 km (pink dots) were interpolated from the typical zonal mean profiles in April (obtained from ECMWF), and the surface data (red star) were obtained from CMCC. Note that the atmosphere is separated to 45 layers from surface (30 m altitude) to 78 km with an altitude grid of 0.5, 1, 2, 4 and 6 km, separately. For the a prior profiles of CO2 and CH4, typical mid-latitude daytime profiles were used in the retrieval, while the water vapor profile was interpolated from the upper air data from CMCC. Besides the atmospheric parameters, a solar position calculation program is also compiled to determine the real-time solar zenith angle, and the relative deviation was found to be less than 0.1% by comparison with the NOAA (National Oceanic and Atmospheric Administration) solar calculator.

Figure 2 .

 2 Figure 2.21 Pressure (a) and temperature (b) profiles used for the data retrieval on April 17, 2019, which are interpolated based on the data from CMCC (red star), NDACC (blue dots) and ECMWF (pink dots)

  the a prior profile for CO2 retrieval. a a0 100% Polynomial coefficients of the baseline, where a0, b0, and c0 are calculated by using a second-order polynomial fit of the ratio of the pre-processed NIR-LHR signal to the forward-calculated spectrum (after removing the absorption part). the Gaussian like solar spectrum in CH4 retrieval, where S1 defines the peak height, S2 defines the peak position, S3 defines the peak width, and S4 defines the offset.

Figures 2 .

 2 22 (a), 2.22 (b) and Figures 2.23 (a), 2.23 (b), respectively, where the pre-processed NIR-LHR data, the fitted spectrum, baseline and residuals are presented with an interval of 0.001 cm -1 . The iterative processes are shown in the inset of Figures 2.22(a) and Figures 2.23(a), where χ 2 /m

Figure 2 . 22

 222 Figure 2.22 Retrieval results of CO2 on April 17, 2019. (a) Preprocessed (blue dots), baseline (gray line) and fitted (red line) NIR-LHR spectra and the iteration process (inset); (b) the residuals.

Figure 2 . 23

 223 Figure 2.23 Retrieval results of CH4 on April 17, 2019. (a) Preprocessed (blue dots) and fitted (red line) NIR-LHR spectra, baseline (gray line) and the convergence of the iteration process (inset); (b) the residuals

(a) and 2 .

 2 24 (b) indicate a standard deviation of ~6 ppb (part per billion) for XCH4 and ~1 ppm (part per million) for XCO2, respectively. It should be noted that, only the measurement results from 11:00 am to 13:00 pm were analyzed in this study, because the timestamp chapter 2 Preliminary near-infrared laser heterodyne radiometer 79 of NCEP and CMCC data was 12:00, and the atmospheric parameters were considered stable during this time period. The factors affecting the detection accuracy

Figure 2 . 24

 224 Figure 2.24 Retrieval results of the XCH4 and XCO2 from 11:00 to 13:00 on April 17, 2019. (a) XCH4 results versus time; (b) XCO2 results versus time

Figures 2. 25

 25 Figures 2.25(a) and 2.25 (b) show the time series of the daily averaged NIR-LHR

  Figures 2.25(a) and 2.25 (b) show the time series of the daily averaged NIR-LHR retrieval results (with standard deviation as the error bar) and GOSAT results of XCH4

Figure 2 .

 2 25 (a), for the measurements of XCH4, there is a bias of ~10 ppb between the NIR-LHR results and GOSAT results, which means that the XCH4 is underestimated from the GOSAT measurements. The probable reason may be the existence of methane sources around the observation site. While for the measurements of XCO2 (shown in Figure2.25 (b)), the NIR-LHR results are in good agreement with the GOSAT results. In the future, longer term analysis will be carried out for the study of seasonal and annual variations of atmospheric CO2 and CH4.

Figure 2 . 25

 225 Figure 2.25 Time series of the NIR-LHR data retrieval results and GOSAT results. (a) NIR-LHR results (blue sphere) and GOSAT results (circle) of XCH4; (b) NIR-LHR results (blue sphere) and GOSAT results (up triangle) of XCO2.

chapter 2 Chapter 3 3. 1 Introduction

 231 Preliminary near-infrared laser heterodyne radiometer Integrated portable near-infrared laser heterodyne radiometer (IP-NIR-LHR) Objective In this Chapter, for the further development of field experiments, the development of an integrated portable near-infrared laser heterodyne radiometer (IP-NIR-LHR) based on two DFB lasers is presented. Ground-based measurements of CH4 and CO2 in the atmospheric column of Dachaidan (in Qinghai province, China.) were performed. In order to avoid the interference of pollution emissions in urban areas, observation experiments on the atmospheric background are usually carried out in areas with less human activities. A variety of locations, long-term, and high-quality atmospheric observation data are beneficial to studying the Earth's climate change. At present, the Total Carbon Column Observing Network (TCCON) observation network with high-resolution ground-based FTIR as the observation instrument provides a large amount of research data for the observation of CO2, CH4, and other atmospheric molecules in the global atmosphere. However, the current observation network is relatively sparse and still lacks a large number of ground-based observations.

Figure 3 .

 3 Figure 3.2 (b).Table 3.1. shows the comparison between the FTIR and IP-NIR-LHR.
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 3132323 Figure 3.1 (a) Device of EM27/SUN; (b) Device of IP-NIR-LHR

Figure 3 . 3 3 . 3 Design description of key modules 3 . 3 . 1 3 . 4 .Figure 3 Figure 3 . 4 Figure 3 . 5

 33333313433435 Figure 3.3 Internal physical map of IP-NIR-LHR

Figure 3 . 6

 36 Figure 3.6 Improved HCS schematic

Figure 3 . 7 3 . 3 . 2

 37332 Figure 3.7 Physical map of homemade DFB laser control circuit

Figure 3 . 8 Figure 3 . 9

 3839 Figure 3.8 Design schematic diagram of the preamplifier

Figure 3 . 10 2 .Figure 3 . 11 (Table 3 . 2 Figure 3 . 11 Figure 3 1

 31023113231131 Figure 3.10 Output of the preamplifier under different voltages

2 N and 3 N 21 k 21 k

 232121 are the integer multiples of the optical path difference to the wavelength. The optical path difference can be expressed as:  is the difference between the corresponding wavenumbers at the peaks and troughs of the two interference signals. Record the wavelength data and interference signal measured by the wavelength meter at the same time. The interference signals are shown in Figure 3.13. Evaluate whether the laser wavelength is stable by observing the quality of the interference signal. The calculation of  is shown in Figure 3.14. The average value of the wavenumber difference is 0.01172 cm -1 , and the standard deviation is 0.0009 cm -1 . Assign 21 N  to 0, 1, 2, 3…… to calculate L  . The difference between the lengths of the two arms of the optical fiber splitter is about 0.3 m, with a core refractive index of 1.4682, the estimated value of the optical path difference is 44, Only 21 N is 0 can the optical path be 42.82, small difference from the estimated value of optical path difference, therefore, it is obtained this optical path difference, and the wavenumber difference corresponding to each two maximum and minimum values in the interference image is 0.011677 cm -1 , the wavenumber difference between each two maximum and minimum values in the interference image is 0.011677 cm -1 .
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 313314342 Figure 3.13 Interference signal

Figure 3 . 15 Figure 3 . 16

 315316 Figure 3.15 Measurement spectrum of CH4 when ALIA (SR830) and DLIA are used for simultaneous demodulation

  shows the changes in the output of the DLIA with the decrease of sunlight intensity. When the sunlight intensity is zero, the output of the DLIA is not zero. The signal produced by noise can change the absorption depth of the absorption spectrum, so this background needs to be subtracted. Before collecting heterodyne signals, the first is to set the needed parameters of DLIA and then collect a group of background signals without solar radiation input. The average value of this background signal can be regarded as the lowest point of the absorption spectrum.

Figure 3 . 17 3 . 5 Field observation in Dachaidan 3 . 5 . 1

 31735351 Figure 3.17 Changes in the output of the DLIA with the decrease of sunlight intensity

Figure 3 .

 3 Figure 3.18 (a) Observation location; (b) Observation site

Figure 3 . 19 3 . 5 . 2

 319352 Figure 3.19 Observation status of the instrument

Figure 3 . 20 ( 1 )( 2 )Figure 3 .

 320123 Figure 3.20 Weather conditions during the measurement
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 34 Integrated portable near-infrared laser heterodyne radiometer 100 it is necessary to eliminate the slight amplitude fluctuation of the heterodyne signal. For sunny weather, the sunlight is strong, but floating clouds in the sky will block the sunlight. Due to the collection device has a small field of view, the collected sunlight can generally pass through the gap between the clouds, as shown in the distribution of clouds in Figure3.20 (g). Then the heterodyne signal is greatly affected by the cloud layer.

Figure 3 .

 3 Figure 3.21 A group of sunlight signal data corresponding to a heterodyne signal

Figure 3 .

 3 Figure 3.22 is a group of sunlight intensity fluctuations during the measurement process that have a greater impact on the heterodyne signal; (a) is the sunlight fluctuations during the spectrum measurement process; (b) is the DC signal indicating the laser power; (c) is the heterodyne signal demodulated by the DLIA; (d) is the heterodyne signal after removing the sunlight intensity. From Figure 3.22 (a) and (c), the fluctuation of the heterodyne signal is basically the same as the fluctuation of the sunlight intensity. From Figure 3.22 (d) and (b), the baseline signal increases with the increase of laser power. The sunlight fluctuations are basically eliminated

Figure 3 .

 3 Figure 3.22 (a) Change of sunlight intensity; (b) DC signal; (c) Heterodyne signal; (d) Heterodyne signal after removing sunlight intensity.

Figure 3 . 23 .

 323 Figure 3.23. The black curve in Figure 3.23 is taken from the high-resolution FTIR measurement spectrum. Because the measurement time and location of the two spectra are inconsistent, the absorption position of CH4 in the two spectra is the same, and the spectral absorption depth measured by FTIR is deeper than that measured by IP-NIR-LHR. However, the solar spectrum in the two spectra almost overlaps, because the solar spectrum is not affected by time and location, which also shows the validity of the instrument measurement data.

Figure 3 . 23 3 . 5 . 4

 323354 Figure 3.23 Measured spectrum of IP-NIR-LHR and FTIR in the same waveband

Figure 3 .

 3 Figure 3.24 (a) Change of atmospheric transmittance of CH4 before 14:15; (b) Change of atmospheric transmittance of CH4 after 14:15; (c) Change of atmospheric transmittance of CO2 before 14:15; (d) Changes in atmospheric transmittance of CO2 after 14:15
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 3 Integrated portable near-infrared laser heterodyne radiometer 103 obtained by iterative calculation are shown in Figure 3.25 (a) (c), respectively. Figure 3.25 (b) (d) is the residual difference between the measured transmittance of CH4 and CO2 and the simulated transmittance. It can be seen that the calculation result and the measured spectrum can be well fitted. The absolute value of the residual error is larger

Figure 3 .

 3 Figure 3.25 (a) Fitting result of the entire atmosphere CH4 transmittance measurement spectrum; (b) Residual of the CH4 simulation transmittance and the measured transmittance; (c) Fitting result of the entire atmosphere CO2 transmittance measurement spectrum; (d) Residual difference between CO2 simulated transmittance and measured transmittance.
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 4142 Figure 4.1 Schematic of the developed mid-IR IC-LHR. SG: signal generator ( SP-F120 ); LDC: laser diode controller (ILX Lightwave, LDC-3724C); ICL: interband cascade laser; BS: beam splitter; I: iris diaphragm; R: reflector; L: lens; CC: chopper controller; PD: photodetector (PD1 is used as a photomixer); SD: Schottky diode; F: filter; LIA: lock-in amplifier (SR830); USB:

Chapter 4 2 .

 42 photodetector (PD1, Vigo PV-2TE-4 with a custom preamplifier), which had both DC ([0,1] MHz, for monitoring the ICL power) and AC ([1 kHz,100 MHz], for LHR detection at radio-frequency (RF)) by L1 (f = 25 mm, ZnSe). The iris diaphragms of I3 and I4 were used to assist in adjusting the collinearity of LO and solar radiation.

Figure 4 .

 4 3(a)) operating around 3.53 μm and mounted on TO-66. There was a collimator lens to shape the output beam. The thermal image of the collimated laser beam at 3.0 m distance from the laser facet is shown in Figure 4.3(b). Around the 3.53 μm, the output power spectrum of the ICL is shown in Figure 4.3(c). This laser can be coarsely tuned ~10 cm -1 by tuning the temperature at a constant current or precisely tuned over ~1 cm -1 by tuning the injection current at a constant temperature.

Figure 4 . 3

 43 Figure 4.3 (a) Distributed feedback ICL mounted on TO-66 with TEC, cap, and collimating lens (consist of a lens (f = 12.7 mm, ZnSe) and a lens mount Thorlabs, CXY1); (b) Thermal image of

Figure 4 . 4

 44 Figure 4.4 Relationships between laser wavenumber (solid red symbols), power (blue hollow symbols), and laser injection currentt

Figure 4 .

 4 5 (a) shows the Chapter 4 Mid-infrared laser heterodyne radiometer based on a room-temperature interband cascade laser 112 propagation of the sunlight beam in the solar tracker. The solar tracker working principle is as follows: Combine the Labview application to get the local time and the local longitude and latitude through the external GPS module. According to the information of the time, the latitude and the longitude, the elevation, and the azimuth of the sun are calculated and converted into the number of pulses for driving stepper motors S1 and S2. In this way, the amount of movement of the stepper motor is controlled separately. When the CCD image sensor collects the solar spot (as shown in the set in Figure 4.5 (a)), the offset of the center position of the spot can be obtained through image processing, which can be converted to the number of pulses to control the stepper motors finely. The homemade solar tracker is shown in Figure 4.5 (b).

Figure 4 . 5

 45 Figure 4.5 (a) Propagation of the sunlight beam in the solar tracker. R (R1, R2, R3): reflector; S (S1, S2): stepper motors. (b) Homemade solar tracker.
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 4 Mid-infrared laser heterodyne radiometer based on a room-temperature interband cascade laser 113 center particle of the CCD sensor on the X-axis and the Y-axis. The results are shown in Figure 4.6.
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 46 Figure 4.6 Drift of the center particle of the CCD sensor on the X-axis and the Y-axis
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 474948 Figure 4.7 (a) Physical image of the mid-infrared photomixer; (b) The mechanical layout of the mid-infrared photomixer.
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 4944441 Figure 4.9 The power spectrum of the outputs from the photodetector. Conditions: red curve responds to input the laser (drive current = 30 mA); the black curve responds to the spectrum of the background signal.

Figure 4 . 10

 410 Figure 4.10 Optical path for heterodyne measurements of CH4 absorption spectra performed in a 12 cm single-pass cell in the laboratory. PM: Parabolic mirror, CSR: carbon-silicon rod; R: reflector; BS: beam splitter; I: iris diaphragm.
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 411 photomixer contained the power fixed laser and the CSR; (3) outputs 3 of LIA: the light incident on the photomixer only contained the power scanned laser; (4) outputs 4 of LIA: the light incident on the photomixer only contained the power fixed laser; (5) outputs 5 of LIA: the light incident on the photomixer only contained the CSR; (6) outputs 6 of LIA: no light incident on the photomixer. The collected data are shown in
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 411 Figure 4.11 Under different input conditions, the collected heterodyne signal
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 44124454 Figure 4.12 The outputs of LIA when using RF filters of different bandwidths
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 44 Figure 4.15 (a) Temperature and (b) pressure profiles used for the IC-LHR retrieval

Figure 4 .

 4 16 (a) shows the pre-processed IC-LHR data and the fitted spectrum over the spectral region of 2831.64 ~ 2832.07 cm -1 with an interval of 0.001 cm -1 . The iterative process is shown in the inset of Figure 4.16 (a), where χ 2 /m equal to ~1.05 is obtained after 6 iterations. The residuals between the pre-processed data and the fitted result are shown in Figure 4.16 (b), where the random distribution indicates a well-configured fit. The retrieved CH4 and water vapor profiles (Figure 4.16 (c) and Figure 4.16 (d)) are calculated by multiplying the retrieved scale factor with the a priori profile. Based on the retrieved

Figure 4 .

 4 Figure 4.16 LHR data retrieval results: (a) experimental (blue) and fitted (red) LHR spectra and the convergence of the iteration process (inset); (b) the residuals (pink); (c) and (d) the retrieved vertical concentration profiles of CH4 and water vapor, respectively.
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 51 Figure 5.1 Changes in CO2 and13 C in the atmosphere[1] 

2 .

 2 As the traditional structure of LHR, the laser and solar radiation modulated by a mechanical chopper are combined by a fiber combiner and beat in the surface of a photodetector. The current signal from the photodetector is amplified, filtered, and converted by the RF signal processing circuit, and demodulated by a lock-in amplifier. The signal of solar radiation power and the heterodyne signals are collected by an acquisition card. Solar radiation collecting structure (shown in Figure5.3) is installed in the sun tracker and the collected power is transmitted by a single-mode fiber into the measurement system.
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 5253 Figure 5.2 The schematic diagram of the EC-LHR
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 54 Figure 5.4 RF signal processing circuit
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 55 The black font indicates the position of the absorption line of 12 CO2, and the red font indicates the position of the absorption line of 13 CO2. The laser work in this band to achieve atmospheric transmittance detection for 13 CO2 and 12 CO2.
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 55532 Figure 5.5 FTS measurement spectrum
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 565754 Figure 5.6 Response of RF signal
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 58 Figure 5.8 Atmospheric transmittance
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 21 iii. Radiomè tre laser hé té rodyne moyen infrarouge basé sur un laser en cascade interbande (IC-LHR) Le dé veloppement d'un radiomè tre laser hé té rodyne moyen infrarouge (mid-IR) basé sur un laser en cascade interbande (IC-LHR) est pré senté . L'IC-LHR dé veloppé a é té testé à l'Institut d'optique et de mé canique fine d'Anhui, sur l'î le des sciences, à Hefei, en Chine. Des mesures au sol du CH4 et du HDO dans la colonne atmosphé rique ont é té effectué es. (Note : Dans cette partie, pour les Figures, les tableaux et les formules, veuillez vous rappeler au Chapitre 4.) iii.1. Un IC-LHR fonctionnant à 3.53 μm L'IC-LHR dé veloppé est repré senté sché matiquement sur la Figure 4.1. Et la Figure 4.2 montre l'image physique de l'IC-LHR. Il est composé d'un module de captation de la lumiè re solaire directe associé à un tracker solaire, un module de modulation du rayonnement solaire, et ICL, un photodé tecteur, et un module d'extraction de signal hé té rodyne, ainsi qu'un module de mé trologie fré quentielle (dans notre cas, une longueur d'onde module de correction et les raies d'absorption du CH4 et de l'HDO extraites de la base de donné es Hitran ont é té utilisé es).Ré sumé 149 Le rayonnement solaire contenant des informations sur l'absorption atmosphé rique a é té capturé à l'aide d'un suiveur solaire fait maison et ré flé chi dans le systè me par les ré flecteurs (R1, R2, R3). Et puis, il a é té haché à 2 kHz pour une amplification verrouillé e du signal LHR par un hacheur contrôlé par un contrôleur de hacheur SR540. Les deux diaphragmes à iris (I1, I2) et deux ré flecteurs (R3, R4) ont é té utilisé s pour marquer et ajuster le trajet de la lumiè re solaire afin qu'il soit coliné aire avec le trajet laser. Aprè s un sé parateur de faisceau 50T/50R (BS2), le faisceau solaire ré flé chi a é té dirigé vers PD3 focalisé par L3 (f = 25 mm, ZnSe) pour surveiller la fluctuation de l'intensité solaire pendant la mesure. Un sé parateur de faisceau (BS2) a é té utilisé comme dispositif de mé lange pour combiner le rayonnement solaire ré flé chi avec le faisceau lumineux d'un ICL utilisé comme oscillateur local (LO). Le mode de sortie de l'ICL é tait contrôlé par un contrôleur à diode laser et un gé né rateur de signaux. Les faisceaux combiné s é taient concentré s sur un photodé tecteur à haute vitesse au tellurure de mercure et de cadmium (PD1, Vigo PV-2TE-4 avec un pré amplificateur personnalisé ), qui avait à la fois DC ([0,1] MHz, pour surveiller la puissance ICL) et AC ( [1 kHz, 100 MHz], pour la dé tection LHR en radiofré quence (RF)) par L1 (f = 25 mm, ZnSe). Les diaphragmes à iris de I3 et I4 ont é té utilisé s pour aider à ajuster la coliné arité de LO et du rayonnement solaire. Le rayonnement solaire contenant les informations d'absorption atmosphé rique a é té converti dans le domaine RF via PD1, suivi d'un filtre passe-bande (constitué de F1 : [10 MHz, 3 GHz] et F2 : [DC, 60 MHz] utilisé pour dé terminer la bande passante de dé tection RF qui dé finit la forme de ligne de l'instrument (ILS) du systè me LHR. Par la suite, le signal RF aprè s le filtre passe-bande a é té converti en un signal continu par une diode Schottky (HEROTE, DHM020BB) et dé modulé au premier harmonique à l'aide d'un amplificateur de verrouillage (Stanford Research Systems, SR830) avec la fré quence de dé coupage comme ré fé rence. Le signal LHR peut finalement ê tre obtenu en ré glant la fré quence laser sur les raies d'absorption molé culaire cibles. Une petite fraction du faisceau ICL ré flé chi par BS1 a é té utilisé e pour Ré sumé 150 l'é talonnage de la longueur d'onde : un miroir à bascule (R5) a dirigé le faisceau ICL soit vers un é talon de germanium de 50.8 mm (avec une plage spectrale libre d'environ 0.0246 cm -1 ) suivi d'un enregistrement PD2. signal de frange é talon ou à un ondemè tre (Bristol Instruments, 621) pour des mesures de fré quence absolue ou pour la mé trologie de fré quence relative. Un ordinateur portable personnel é quipé d'une carte DAQ (National Instruments, USB-6366) et du logiciel LabVIEW a é té utilisé pour l'acquisition de donné es et le contrôle des instruments (contrôle du suiveur solaire, ré glage de la fré quence et lecture du nombre d'ondes). Les signaux de 5 canaux ont é té recodé s : les sorties en phase (X) et en quadrature (Y) de l'amplificateur de verrouillage pour la compensation de phase du signal LHR en utilisant les identité s de somme et de diffé rence d'angle (identité s trigonomé triques), la sortie CC de PD1 pour le suivi de la puissance ICL, le signal de PD2 pour l'é talonnage de la longueur d'onde relative et le signal de PD3 pour le suivi de la variation de la puissance solaire. iii.2 Caracté ristiques des dispositifs clé s impliqué s dans l'IC-LHR iii.Interband cascade laser L'oscillateur local utilisé é tait un ICL à ré troaction distribué e (illustré à la Figure 4.3(a)) fonctionnant autour de 3.53 μm et monté sur le TO-66. Il y avait une lentille de collimation pour faç onner le faisceau de sortie. L'image thermique du faisceau laser collimaté à une distance de 3.0 m de la facette laser est illustré e à la Figure 4.3(b). Autour de 3.53 μm, le spectre de puissance de sortie de l'ICL est illustré à la

Figure 4 . 2 . 2

 422 Figure 4.3(c). Ce laser peut ê tre ré glé grossiè rement sur ~10 cm -1 en ajustant la tempé rature à un courant constant ou avec pré cision sur ~1 cm -1 en ajustant le courant d'injection à une tempé rature constante. Les relations entre le nombre d'ondes laser, la puissance laser et le courant d'injection laser sont illustré es à la Figure 4.4. Pendant la mesure LHR, la tempé rature et le courant laser ont é té ré glé s à 14 °C et 30 mA pour sonder les raies d'absorption

Figure 4 . 158 ( 5 . 9 . 159 ⅳ. 3 Conclusion

 4158591593 Figure 4.16 (a) montre les donné es IC-LHR pré traité es et le spectre ajusté sur la ré gion spectrale de 2831.64 à 2832.07 cm -1 avec un intervalle de 0.001 cm -1 . Le processus ité ratif est illustré dans l'encadré de la Figure 4.16 (a), où χ 2 /m é gal à ~1.05 est obtenu aprè s 6 ité rations. Les ré sidus entre les donné es pré traité es et le ré sultat ajusté sont illustré s à la Figure 4.16 (b), où la distribution alé atoire indique un ajustement bien configuré . Les profils de CH4 et de vapeur d'eau ré cupé ré s (Figure 4.16 (c) et Figure 4.16 (d)) sont calculé s en multipliant le facteur d'é chelle ré cupé ré par le profil a priori. Sur la base des profils de CH4 et de vapeur d'eau ré cupé ré s, l'abondance totale de la colonne de vapeur d'eau est calculé e à ~2868 ppm (ou ~5.8E +23 molé cules/cm 2 ), l'abondance totale de la colonne de mé thane et son rapport de mé lange dans l'air sec ( XCH4) sont respectivement de ~1.875 ppm (ou ~3.8E +20 molé cules/cm 2 ) et ~1.88 ppm (partie par million). L'erreur de ré cupé ration totale des facteurs à deux é chelles a é té calculé e à ~6% et ~8%, respectivement.

20 )

 20 For the MAP solution, it can be expressed by D as: ˆ() aa K x x D y x (A2.21)

1 aS . Generally, 1 aS

 11 is chosen as D, which can slightly simplify the iterative formula. When γ is relatively small, this formula approaches the Inverse Hessian method and approaches the steepest descent method conversely. The steepest descent method is more stable to find the optimal solution, but the convergence speed is slow. When a solution xi+1 can reduce the cost function, it means that the calculation direction is correct, then replace xi with the xi+1, and reduce γ to continue the next cycle calculation. On the contrary, if the solution xi+1
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 A11 The absorption bands of gas molecules in the atmosphere .....................
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	F LHR P	Laser Heterodyne Radiometer
	FASCODE LHD PD	Fast Atmospheric Signature CODE Laser Heterodyne Detection Photodetector
	A FC LO PC	Fiber Combiner Local Oscillator Personal Computer
	AC FoV LP PDF	Alternating Current Field of View Low-Pass Probability Density Function
	AIOFM FSR LIA	Anhui Institute of Optics and Fine Mechanics Free Spectral Range Lock-In Amplifier
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	ECMWF LBLRTM OCO-2	European Center for Medium Range Weather Forecasts Line-By-Line Radiative Transfer Model Orbiting Carbon Observatory-2
	EM27/SUN LM OEM	a Bruker Optics TM potable solar-viewing spectrometer Levenberg Marquardt Optimal Estimation Method
	LPCA	Laboratoire de Physico Chimie de l'Atmosphè re
		xvii xviii xix

for atmospheric CO2 measurement in 2016. The experimental schematic diagram and the physical diagram of the device are shown in Figures

  Hoffmann et al. reported the use of thermal infrared LHR

Proof of concept setup of NIR-LHR The

  experimental setup of the fibered NIR-LHR is schematically shown in Figure2.1.

	chapter 2 Preliminary near-infrared laser heterodyne radiometer
	2.2 Solar radiation containing atmospheric absorption information is captured by a
	custom-made solar tracker equipped with a fiber collimator (Thorlabs, FC/APC 1550),
	then chopped by a 1x2 fiber optical switch (Angiltron, CL1x2) for lock-in
	amplification of the heterodyne signals. One output arm of the optical switch is
	coupled with a local oscillator centered at ~1.6 μm (DL1, NEL) through a fiber
	coupler (FC1), and then connected to a high-speed photodetector (PD1, Thorlabs,
	DET08CFC, 5 GHz) for CH4 heterodyne detection. The other arm is separated by a
	By employing two DFB lasers (1.6 μm and 1.65 μm) as the local oscillators,
	measurements of column-averaged abundances and mixing ratio in the dry air of
	atmospheric CO2 and CH4 were performed over six months in our laboratory (Hefei,
	China, 31.9°N 117.16°E). The experimental details, data processing, as well as analysis
	results and validation through comparison with GOSAT results will be presented and
	discussed.
	59

5% : 95% fiber splitter (FS3), where the 5% part is connected to PD (Thorlabs, PDA20CS2) for tracking the solar power and generates the reference signal, while the rest part is coupled with a local oscillator centered at ~1.65 μm (DL2, NEL) through
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 21 Parameters of DET08CFC

	Parameters	value
	Bandwidth (GHz)	5.0

Spectral Range (nm) 800~1700 Sensitive Area (Dia.μm / mm 2 ) 80/0.005 Noise Equivalent Power (W/Hz 1/2 ) 2×10 -15 Dark Current (nA) 1.5 Material InGaAs
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.2. The corresponding signals

Table 2 . 4

 24 Definition of the state vector used in the data retrieval

	State vector	a priori	Error	Description
	x1 (CH4)	1	10%	Scale factor of the a prior profile for CH4 retrieval.
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	Chapter 3 Integrated portable near-infrared laser heterodyne radiometer

.1. 

shows the comparison between the FTIR and IP-NIR-LHR.

The EM27/SUN Series spectrometers provide a very compact and robust design, relatively low weight. They are highly portable and hence ideally suited for long term

Table 3 . 1

 31 Comparison between Bruker FTIR and LHR

	Parameters	IFS 125HR FT-IR	EM27/SUN (NIR)	IP-NIR-LHR
	Spectral range	10 ~ 50000 cm -1	5000 ~14500 cm -1	Cover 1 ~ 2 cm -1
	Spectral resolution	Maximum 0.001 cm -1	Maximum 0.5 cm -1	0.00442 cm -1
		(30 MHz)	(15000 MHz)	(126 MHz)
	Species	CO2 CH4 H2O NO2 etc.	CO2 CH4	CO2 CH4
	Main composition	CAM Tracker		
		Optics bench		
		Vacuum pump		

Table 4 . 1

 41 Description of the mid-infrared photomixer

	Parameter	Mid-infrared photomixer
	Transimpedance	AC output : 2.1×10 4 V/A; DC output: 1.9×10 3 V/A
	Low cut-off frequency	AC output: 1 kHz; DC output: DC
	High cut-off frequency	AC output: 100 MHz; DC output: 1MHz
	Output noise density	AC output: 345 nV/√Hz
	Voltage responsivity ±20%	AC output: 2.25×10 4 V/W
	FOV	70°
	Active area	0.1×0.1 mm 2
	Window	wBaF2
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 51 Mode of components

	Devices	Model
	Photodetector	DET08CFC/M
	Bias-Tee	ZFBT-4R2GW+
	RF amplifier	ZFL-500LN+, ZX60-4016E-S+
	Filters	BHP-250+, BLP-300+
	Schottky diodes	DMH020BB
	Lock-in amplifier	SR830
	Sun power detector	DET410
	Data acquisition card	IN USB-6361 (16bits)
	Tunable External Cavity Laser	NetTest, TUNICS-Plus 3642 HE CL

Preuve de concept radiomè tre laser hé té rodyne proche infrarouge (NIR-LHR)

  de grandes tailles et de coûts é levé s, ce qui ne permet pas de surveiller les gaz à effet de serre à grande é chelle. Le radiomè tre hé té rodyne laser à haute ré solution pré sente des avantages uniques, tels que petite taille, compact et robuste (donc portable), faible consommation d'é nergie. Il est propice à la ré alisation de l'observation mobile des gaz à effet de serre atmosphé riques sur le terrain. la dé tection du 13 CO2 et du 12 CO2 dans l'atmosphè re. Une mesure continue du spectre sur une plage de 6248.5 cm -1 à 6256 cm -1 a é té ré alisé e. Afin d'enregistrer le spectre large bande de13 CO2 et du 12 CO2 dans la colonne Dans un premier temps, le dé veloppement d'une preuve de concept de radiomè tre laser hé té rodyne proche infrarouge basé sur deux lasers DFB (NIR-LHR) est pré senté . Les modules clé s (tracker solaire, commutateur à fibre optique, deux lasers DFB proche infrarouge, photomixer proche infrarouge) sont dé crits et analysé s. Le NIR-LHR dé veloppé a é té testé à l'Institut d'optique et de mé canique fine d'Anhui, Science Island, Hefei, Chine. Des mesures au sol du CH4 et du CO2 dans la colonne atmosphé rique ont é té effectué es. (Note : Dans cette partie, pour les Figures, les tableaux et les formules, veuillez vous rappeler au Chapitre 2.) Le photodé tecteur à grande vitesse (HS-PD, illustré à la Figure 2.8) avec une bande passante é lectronique de 5 GHz a é té sé lectionné comme mé lange hé té rodyne.

	Ré sumé Ré sumé Ré sumé
	pour suivre l'é nergie solaire et gé nè re le signal de ré fé rence, tandis que la partie restante est couplé e à un oscillateur local centré à ~1.65μm (DL2, NEL) via FC2, puis connecté à un autre photodé tecteur haute vitesse (PD2) pour la dé tection hé té rodyne Ses paramè tres sont indiqué s dans le tableau 2.1. Sa sensibilité de ré ponse proche de dé veloppé pour atmosphé rise. de CO2. Avant que les deux faisceaux laser ne soient combiné s avec le rayonnement 1600 nm est d'environ 1 A/W et il a une puissance é quivalente à faible bruit et un
	solaire, 10% de la puissance des lasers sont divisé s par les sé parateurs de faisceaux à faible courant d'obscurité . Afin d'obtenir le couplage et l'adaptation maximum, le
	Cette thè se porte principalement sur le dé veloppement et l'application des radiomè tres hé té rodynes lasers fonctionnant dans l'infrarouge. Les principaux travaux fibre (FS1, FS2) et entrent dans le mesureur de longueur d'onde (WM1, WM2) pour la longueur d'onde laser en temps ré el. Les signaux de battement gé né ré s par PD1 et PD2 sont traité s par deux modules de traitement de radiofré quence (RF) (RM1 et de polarisation (mini-circuits) pour la surveillance puissances d'oscillateur local et traitement RF supplé mentaire. Lors du traitement RF, les signaux RF sont d'abord amplifié s par trois amplificateurs (Mini-Circuits, ZX60), puis filtré s par un filtre passe-bande, et enfin convertis en signaux basse fré quence par une diode Schottky (HEROTE, DHM020BB) qui est dé modulé e au premier harmonique en utilisant un amplificateur à verrouillage (Stanford Research Systems, SR830) pour le signal cavalier de fibre avec des connecteurs FC/APC et FC/PC a é té utilisé entre le combineur de fibre et le photodé tecteur à grande vitesse. i.1 La configuration expé rimentale du NIR-LHR fibré est sché matisé e à la Figure RM2), où la composante continue et la composante alternative sont extraites via un té i.2
	et innovations de la thè se sont les suivants : 2.1. Le rayonnement solaire contenant des informations sur l'absorption hé té rodyne. L'expé rience du NIR-LHR primaire est illustré e à la Figure 2.2, et le
	(1) Un LHR fonctionnant dans l'infrarouge prochain à double canaux tout fibré a atmosphé rique est capté par un tracker solaire sur mesure é quipé d'un collimateur à suiveur solaire est installé sur le support de piste fixé à la fenê tre du laboratoire.
	é té dé veloppé pour dé tecter simultané ment le CH4 et le CO2 dans l'atmosphè re. Dans fibre (Thorlabs, FC/APC 1550), puis haché par un commutateur à fibre optique 1x2 Contrairement au hacheur mé canique traditionnel, le commutateur à fibre
	le dispositif, un commutateur à fibre optique et d'autres dispositifs à fibre optique ont (Angiltron, CL1x2) pour une amplification verrouillé e de l'hé té rodyne signaux. La optique (FOS) (Figure 2.6 (a)) pré sente les avantages d'une structure compacte, d'une
	é té utilisé s pour amé liorer considé rablement la stabilité et la fiabilité du systè me de pré cision de suivi du suiveur solaire peut atteindre 4×10 -6 rad, ce qui est beaucoup faible consommation d'é nergie, d'une longue duré e de vie et d'une ré sistance aux
	mesure. Des expé riences d'observation continue ont é té ré alisé es à Hefei, et les plus petit que l'angle de divergence de la lumiè re solaire (9.6 ×10 -3 rad). Ainsi, il peut chocs. Les signaux solaires modulé s é mis par les deux canaux du FOS sont illustré s à
	ré sultats des mesures sont approximativement cohé rents avec les ré sultats de GOSAT. ré pondre aux exigences du systè me de mesure laser hé té rodyne. L'é nergie solaire la Figure 2.6 (b). On constate que l'intensité de sortie des deux canaux est similaire et
	L'instrument inté gré a é galement mené des observations sur le terrain dans la province collecté e qui a é té produite par le collimateur à fibre peut varier de 5 W à 8 W au le taux de modulation peut atteindre plus de 90%. La puissance de sortie ré elle de
	du Qinghai. (2) Ensuite, un LHR fonctionnant dans l'infrarouge moyen utilisant un cours de la journé e. Une fibre monomode a é té utilisé e pour connecter le collimateur à chaque canal est d'environ 310 nW.
	laser à cascade interbande a é té dé montré dans la fenê tre atmosphé rique de 3-5 μm, fibre et le commutateur à fibre optique. Un bras de sortie du commutateur optique est LHR utilisant des lasers à diodes à ré troaction distribué e de té lé communication
	pour la premiè re fois, en mode d'occultation solaire au sol. Un spectre à haute couplé à un oscillateur local centré à ~1.6 μm (DL1, NEL) via un coupleur de fibre (DFB) en tant qu'oscillateurs locaux fonctionnant dans la ré gion spectrale du proche
	ré solution (0.0033 cm -1 ) proche de 3.53 μm a é té obtenu pour des observations (FC1), puis connecté à un photodé tecteur haute vitesse (PD1, Thorlabs, DET08CFC, infrarouge pré sentent leurs avantages uniques. Dans l'expé rience, le contrôleur de
	atmosphé riques simultané es de HDO et CH4. (3) Enfin, un LHR utilisant un laser à 5 GHz) pour la dé tection de CH4 hé té rodyne. L'autre bras est sé paré par un sé parateur diode laser du modè le LDC-3724B est utilisé pour contrôler la sortie de deux lasers
	cavité externe fonctionnant sur une large bande spectrale de 1500 à 1640 nm a é té de fibre 5%: 95% (FS3), où la partie 5% est connecté e au PD (Thorlabs, PDA20CS2) DFB.
	139 140 141

Mesures en laboratoire avec diffé rentes ré solutions

  Un analyseur de spectre a é té utilisé pour mesurer le spectre des signaux RF dans le systè me. D'aprè s les ré sultats, il existe une grande quantité de bruit RF dans la bande de 10 MHz à 200 MHz, et selon l'analyse, ces bruits RF proviennent principalement du laser et le signal RF causé par le rayonnement du corps noir est minime. Ainsi, les filtres RF sont né cessaires pour supprimer le bruit RF en dessous de 200 MHz pour ce systè me. Selon la distribution du bruit RF, nous avons sé lectionné deux types de filtres passe-bande pour les expé riences.

i.

2.1 Mesure avec une ré solution de 0.0073 cm -1 et 0.0083 cm -1

  

	Lorsque les filtres passe-bande de [290, 400] MHz et [395, 520] MHz ont é té utilisé s
	dans le systè me, les fonctions ILS peuvent ê tre obtenues à partir des donné es
	d'analyse spectrale des signaux RF . Sur la Figure 2.15, (a) et (b) sont les fonctions
	ILS pour mesurer respectivement le CH4 et le CO2, et les ré solutions spectrales
	calculé es sont 0.0073 cm -1 (CO2) et 0.0083 cm -1 (CH4). Les paramè tres d'acquisition
	de donné es dans l'expé rience avec la ré solution de 0.0073 cm -1 (CO2) et 0.0083 cm -1
	(CH4) sont pré senté s dans le tableau 2.2. Les signaux correspondants sont illustré s à la
	Figure 2.16, qui ont é té mesuré s le 17 avril 2019. Et un temps de balayage typique est
	d'environ 4 minutes.
	i.2.

2 Mesure avec une ré solution de 0.00442 cm -1

  Lorsque les filtres passe-bande de[330, 375] MHz ont é té utilisé s dans le systè me, la bande passante é lectronique ré elle (bande passante de 3 dB) du systè me de mesure est d'environ 66,3 MHz. Les fonctions ILS (illustré es à la Figure2.17) peuvent ê tre obtenues en fonction des donné es d'analyse du spectre de fré quence. Le chiffre du haut est la fonction ILS du canal de mesure CH4, et l'autre chiffre est la fonction ILS du canal de mesure CO2. L'ordonné e est l'amplitude de ré ponse du systè me au signal RF, et l'abscisse repré sente la diffé rence entre la fré quence de rayonnement dans le spectre solaire et le laser avec une fré quence de rayonnement fixe. La bande passante de ré ponse calculé e du systè me est d'environ 132,6 MHz et la ré solution spectrale est d'environ 0.00442 cm -1 pour le CH4 et le CO2. La puissance du signal RF dans cette bande passante est d'environ 0,15 µW, et cette puissance sera transformé e en signaux basse fré quence par la diode Schottky. Graphique 2.18 montre une donné e de mesure

	Ré sumé
	Figures 2.18 (c) et (d), respectivement. Les deux lasers DFB ont des variations de
	nombre d'onde de 0.97 cm -1 (CO2) et de 1.83 cm -1 (CH4). Lorsque le courant
	d'entraî nement change de 0.1 mA, le nombre d'onde moyen change d'environ 0.00245
	cm -1 (CO2) et 0.00234 cm -1 (CH4), et la ré solution spectrale est plus petite (0.00442
	cm -1 ).
	i.2.
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pour le CH4 et le CO2 dans l'atmosphè re, et les paramè tres d'expé rience correspondants sont dans le tableau 2.3. Les donné es de mesure des signaux hé té rodynes de CH4 et de CO2 dans l'atmosphè re sont pré senté es sur la Figure 2.18 (a) et (b). Les donné es de nombre d'onde correspondantes sont repré senté es sur les

3 Comparatif et analyse de spectres avec diffé rentes ré solutions

  de raie du spectre d'absorption du CO2 dans l'atmosphè re est é troite.Lorsque la largeur de raie d'absorption est infé rieure à la bande passante du filtre passe-bande et infé rieure à la fré quence de coupure basse, les doubles pics apparaî tront dans le spectre de mesure, selon le principe du laser hé té rodyne.

	Ré sumé Ré sumé
	i.4 Conclusion Un NIR-LHR entiè rement fibré a é té dé veloppé pour fonctionner en mode d'occultation solaire au sol. Un commutateur à fibre optique 1x2 est utilisé pour moduler le rayonnement solaire, ce qui rend le systè me plus stable et compact. Les vé ritable largeur i.3 Ré sultats spectres NIR-LHR à haute ré solution du CO2 et du CH4 atmosphé riques ont é té
	obtenus en utilisant deux lasers DFB (1.6 μm et 1.65 μm) comme oscillateurs locaux.
	Avant la ré cupé ration des donné es, les signaux NIR-LHR bruts doivent ê tre pré traité s, Aprè s l'é talonnage de la puissance, les nombres d'onde ont é té pré cisé ment é talonné s
	y compris la normalisation de l'intensité et l'é talonnage du nombre d'ondes. Compte à l'aide d'une mé thode de correction de corré lation. Par la suite, un algorithme
	tenu de l'é quilibre entre SNR et ré solution spectrale, les filtres passe-bande à [290, d'extraction basé sur l'OEM et le RFM a é té dé veloppé pour l'extraction des profils
	400] MHz et [395, 520] MHz ont é té choisis pour les dé tections de CO2 et CH4 dans verticaux, des abondances moyennes sur colonne et des rapports de mé lange dans l'air
	l'observation à long terme. Les nombres d'onde centraux des deux lasers DFB sont sec du CO2 et du CH4 atmosphé riques. Enfin, les ré sultats NIR-LHR à long terme ont
	d'environ 6238.78 cm -1 (CO2) et 6046.96 cm -1 (CH4). La partie inversion de donné es
	du travail est principalement ré alisé e par G. WANG.
	Afin d'é valuer les ré sultats du NIR-LHR, des comparaisons avec les donné es
	GOSAT ont é té effectué es pendant les jours ensoleillé s pendant la pé riode d'octobre
	2018 à mai 2019. Les Figures 2.25 (a) et 2.25 (b) montrent la sé rie chronologique des
	moyennes quotidiennes. Ré sultats de ré cupé ration NIR-LHR (avec é cart type comme
	barre d'erreur) et ré sultats GOSAT de XCH4 et XCO2, où les ré sultats GOSAT ont é té
	sé lectionné s dans un rayon de 3 degré s du site d'observation (Hefei, Chine, 31,9°N
	117,16°E). Les é carts types se situent dans la plage de ppb pour XCH4 et pour [0.7, 2.2]
	ppm pour XCO2 pendant les mesures, ce qui correspond à une zone d'incertitude de
	0.15%-0.7% pour XCH4 et 0.17%-0.5% pour le XCO2, respectivement. Comme le
	montre la Figure 2.25 (a), pour les mesures de XCH4, il existe un biais de ~10 ppb
	On peut voir à partir de la Figure 2.16 (b) et de la Figure 2.18 (b) que lorsque la entre les ré sultats NIR-LHR et les ré sultats GOSAT, ce qui signifie que le XCH4 est
	ré solution spectrale est plus é levé e, une structure spectrale plus fine peut ê tre mesuré e. sous-estimé par rapport aux mesures GOSAT. Alors que pour les mesures de XCO2
	La raie d'absorption (6056.508 cm -1 ) du CO2 a é galement é té enregistré e dans le (illustré es à la Figure 2.25 (b)), les ré sultats NIR-LHR sont en bon accord avec les
	spectre de transmittance, montrant un phé nomè ne de double pic. La position centrale ré sultats GOSAT. À l'avenir, des analyses à plus long terme seront mené es pour
	l'é tude des variations saisonniè res et annuelles du CO2 et du CH4 atmosphé riques.
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du spectre solaire (6056.636 cm -1 ) est la mê me que les ré sultats de mesure du FTS. En raison de la pression atmosphé rique relativement faible dans la stratosphè re, la é té validé s en comparant les ré sultats GOSAT au cours de la mê me pé riode, ce qui indique une ré gion d'incertitude de 0.15%-0.7% pour XCH4 et 0.17%-0.5% pour XCO2, respectivement. Le NIR-LHR dé montré dans ce manuscrit a un grand potentiel pour ê tre un instrument portable et à haute ré solution spectrale pour la dé tection des gaz atmosphé riques à plusieurs composants.

ii.

Radiomè tre hé té rodyne laser proche infrarouge portable inté gré (IP-NIR-LHR)

  

	Ré sumé Ré sumé Ré sumé
	Sur la base des recherches du chapitre 2, le diagramme sché matique de l'IP-NIR-LHR couche supé rieure. Chaque module sera dé crit en dé tail ci-dessous. le rapport signal/bruit du spectre peut ê tre d'environ 250.
	a é té conç u (illustré à la Figure 3.2). Les structures fibreuses (constitué es du tracker
	solaire, du collimateur fibre, SMF, FOS, FS0, FS1, FC1, FS3, FC3) utilisé es pour la ii.2 Observation de terrain à Dachaidan ii.3
	gé né ration du signal hé té rodyne et du signal de ré fé rence sont les mê mes que celles de Une observation de 20 jours a é té mené e dans le district de Dachaidan, pré fecture
	la Figure 2.1. Le module de traitement radiofré quence est é galement le mê me que la autonome mongole-tibé taine de Haixi dans la province du Qinghai (37,7442°N,
	description du chapitre 2. Dans cette conception, afin d'inté grer tous les modules de 95,3424°E). L'atmosphè re dans cette zone est moins affecté e par les activité s
	contrôle dans un petit boî tier, deux contrôleurs à diode laser (LDC1, LDC2), deux humaines et peut ê tre utilisé e comme site d'observation de fond atmosphé rique illustré
	compteurs de longueur d'onde et deux les amplificateurs de verrouillage doivent ê tre à la Figure 3.18 (a) et (b). L'é tat d'observation de l'instrument dans l'expé rience est
	miniaturisé s. illustré à la Figure 3.19. La fibre monomode transporte le rayonnement solaire
	Connectez les sorties des ré partiteurs à deux faisceaux (FS2, FS4) et les entré es collecté par le dispositif de ré ception de lumiè re du suiveur solaire dans
	des combineurs à deux faisceaux (FC2, FC4), respectivement ; lorsque les longueurs
	des deux bras ne sont pas é gales, les signaux d'interfé rence (IS1, IS2) lié s aux
	Deux pré amplificateurs (PA1, PA2) ont é té conç us pour amplifier les signaux
	basse fré quence des deux diodes Schottky. Les signaux de sortie (AC1, AC2) ont é té
	collecté s par la carte d'acquisition de donné es et traduits vers l'ordinateur personnel.
	Deux amplificateurs numé riques verrouillables ont é té programmé s dans le PC pour
	dé moduler l'AC1 et l'AC2. Les autres mé thodes de traitement du signal et modes de
	Deuxiè mement, pour le dé veloppement ulté rieur d'expé riences sur le terrain, le balayage laser sont les mê mes que ceux pré senté s au chapitre 2. Les donné es du Ré alisé sur le terrain selon les conditions mé té orologiques locales, la Figure 3.23
	dé veloppement d'un radiomè tre hé té rodyne à laser proche infrarouge portable inté gré spectre d'absorption hété rodyne laser ont é té collecté es point par point. montre les ré sultats de mesure de la transmission atmosphé rique du CH4 et du CO2 le
	(IP-NIR-LHR) basé sur deux lasers DFB est pré senté . Des mesures au sol du CH4 et La boî te inté gré e (illustré e à la Figure 3.3) a é té divisé e en deux couches. La 18 août, avant 14h00 du matin, la profondeur d'absorption du CH4 et du CO2 dans
	du CO2 dans la colonne atmosphé rique de Dachaidan (dans la province du Qinghai, couche infé rieure é tait é quipé e de convertisseurs de puissance, de chemins de fibre l'atmosphè re a progressivement augmenté avec le temps, et la profondeur d'absorption Chine.) ont é té effectué es. (Note : Dans cette partie, pour les Figures, les tableaux et les formules, veuillez vous rappeler au Chapitre 3.) optique, d'un commutateur de fibre optique et d'un DAQ. La couche supé rieure é tait des deux dans l'aprè s-midi a progressivement diminué avec le temps. Le spectre
	é quipée de circuits de commande laser, de lasers DFB, de deux modules de traitement d'absorption change lentement de 11h00 à 14h00 à midi, et change rapidement à
	ii.1 Conception inté gré e
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longueurs d'onde de deux lasers DFB seront gé né ré s dans le photodé tecteur (PD2, PD3), qui ont servi à calibrer les nombres d'onde. Sé lectionnez la diffé rence de longueur de fibre en fonction de la longueur d'onde du laser. radiofré quence, de deux pré amplificateurs et de modules de puissance, etc. Les sorties de la fibre optique é taient connecté es aux photodé tecteurs correspondants sur la l'IP-NIR-LHR pour la dé tection. Pour é viter le vent, le sable et la pluie à tout moment, l'IP-NIR-LHR est placé dans une tente pour travailler. Aprè s correction et filtrage du signal, le spectre d'absorption du mé thane mesuré a é té comparé aux ré sultats mesuré s du FTIR. Comme le montre la Figure 3.23, comme le temps de mesure et l'emplacement des deux spectres sont incohé rents, la position d'absorption du CH4 dans les deux spectres est la mê me et la profondeur d'absorption spectrale mesuré e par FTIR est plus profonde que celle mesuré e par IP-NIR-LHR. Cependant, le spectre solaire dans les deux spectres se chevauche presque, car le spectre solaire n'est pas affecté par le temps et l'emplacement, ce qui montre é galement la validité des donné es de mesure de l'instrument. d'autres moments. Le temps né cessaire à l'instrument pour collecter un spectre varie avec le changement d'intensité de la lumiè re solaire. Dans la plage de 5 min à 10 min,

Ré sultats de la ré cupé ration

  et du CO2 et la transmittance simulé e. On peut voir que le ré sultat du calcul et le spectre mesuré peuvent ê tre bien ajusté s. La valeur absolue de l'erreur ré siduelle est plus grande dans la zone avec le plus grand nombre d'ondes et le pic d'absorption. Cela est dû à la puissance de sortie laser plus faible dans la zone avec un nombre d'onde plus grand, ce qui ré duit le rapport signal/bruit, tandis que la lumiè re du soleil est absorbé e au pic d'absorption, le rapport signal/bruit du signal hé té rodyne est ici infé rieur au rapport signal sur bruit lorsqu'il n'y a pas d'absorption. à verrouillage numé rique, le signal collecté est dé modulé , et enfin le signal hé té rodyne est moyenné . Lorsque le ciel est sans nuages, la totalité de la couche de transmission atmosphé rique de CH4 et de CO2 avec un rapport signal/bruit d'environ 250 peut ê tre obtenue toutes les 3 minutes. Cet instrument est le premier instrument de dé tection hé té rodyne laser portable haute ré solution en Chine, et sa capacité à observer sur le terrain a é té vé rifié e par des expé riences dans la ré gion de Dachaidan. L'é tape suivante consiste à effectuer un contrôle de tempé rature secondaire sur cet instrument, à optimiser davantage la structure interne et à amé liorer la stabilité de sa mesure. Amé liorez le logiciel d'acquisition et de traitement des donné es pour permettre une observation sans surveillance.

	Ré sumé
	l'amplificateur
	La transmittance du CH4 et du CO2 mesuré e à 9:32 le mê me jour a é té inversé e grâ ce
	à l'algorithme d'inversion. Les ré sultats d'ajustement des deux transmittances
	mesuré es obtenus par calcul ité ratif sont illustré s à la Figure 3.25 (a),(c),
	respectivement. La Figure 3.25 (b),(d) est la diffé rence ré siduelle entre la
	transmittance mesuré e du CH4 D'aprè s l'inversion du spectre mesuré du CH4 et du CO2, la concentration de la
	colonne de gaz CH4 en dessous de 24 km est de 2.695 × 10 19 molé culaire/cm 2 , et la
	concentration de la colonne de gaz CO2 est de 5.804 × 10 21 molé culaire/cm 2 . Cette
	partie du travail d'inversion est principalement effectué e par moi-mê me. Le principe
	et le processus d'inversion sont expliqué s dans l'annexe 1 et l'annexe 2.
	ii.4 Conclusion
	Ce chapitre pré sente le dé veloppement de l'IP-NIR-LHR, conç oit le circuit de
	contrôle du courant de la diode laser et le circuit de contrôle de la tempé rature,
	combiné s à l'amplificateur radiofré quence pour que la ré solution spectrale du systè me
	de mesure atteigne 0.00442 cm -1 . La structure d'é talonnage de longueur d'onde laser
	est construite en utilisant le combineur de fibre optique et le sé parateur de fibre
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optique. Le pré amplificateur est conç u pour bloquer, filtrer et amplifier le signal de tension faible é mis par le circuit de traitement du signal RF. Combiné avec
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Summary

This chapter mainly introduces the device structure and measurement spectrum of EC-LHR. Achieve spectral detection of 12 CO2 and 13 CO2 in the atmosphere in the range of 6248.5 cm -1 ~ 6256.8cm -1 with a spectral resolution of 0.0086 cm -1 . The device provides a reference for the detection of wide-band laser heterodyne spectroscopy for the measurement of CO2 and its isotope gases in the atmosphere.

Summary and perspectives Ⅰ Summary

Laser heterodyne spectroscopy detection technology has great applicant value for high spectral resolution detection of atmospheric GHGs. Based on the principle of laser heterodyne spectroscopy and the research and application of the laser heterodyne radiometer are conducted. The main works of the thesis are as follows:

(1) Use fiber optic devices which are fiber optic switch, fiber combiner, fiber splitter and single-mode fiber to establish a full-fiber NIR-LHR with a spectral resolution of 0.00442 cm -1 . The inversion results of the long-term observation data are well consistent with the GOSAT results and indicate that this measurement system can be used for the detection of CH4 and CO2 in the atmosphere.

(2) A full fiber IP-NIR-LHR is integrated, and the external field experiment was conducted in the Dachaidan, Qinghai province. In cloudless weather conditions, the atmospheric transmittance of CH4 and CO2 in the atmosphere with a SNR of about 250 can be obtained within 3 min.

(3) An ICL based mid-infrared LHR has been demonstrated in ground-based solar occultation mode. High-resolution (0.0033 cm -1 ) LHR spectrum near 3.53 μm were obtained for simultaneous atmospheric observations of HDO and CH4.

(4) Use a tunable outer cavity laser as a local oscillator light source to establish the EC-LHR with a spectral resolution of 0.0086 cm -1 . The absorption spectra of 12 CO2 and 13 CO2 in the whole atmosphere were measured and compare with the corresponding bands of the FTIR measurement spectrum.

Ⅱ Perspectives

Due to the limitation of objective factors such as time and experimental conditions, there are still some deficiencies in the relevant research work, which requires further research, which puts forward a preliminary outlook for the future work: Summary and perspectives
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(1) RF noise caused by the laser is an important factor affecting the SNR of laser heterodyne signal so that at the next step: the narrow line-wide fiber laser can be used as the local oscillator. Not it only can reduce the influence of the laser-induced RF noise on the heterodyne signal, but it also can improve the spectral resolution of the measurement system.

(2) To improve the structure design of IP-NIR-LHR. A secondary temperature control for the whole device can be designed to enable the instrument to work steadily. Establish a simple atmospheric simulation environment in the lab to verify and improve the inversion algorithm. IP-NIR-LHR should be compared repeatedly with other observation instruments to optimize the inversion algorithm.

(3) The laser heterodyne signals can be dealt with random resonance method to improve the SNR of the measured spectrum while improving the temporal resolution.

Appendix Appendix 1 Forward model 1. Atmospheric structure

The research on atmospheric greenhouse gas measuring instruments not only needs to understand the basic theory of measurement technology but also needs to fully understand the characteristics of the measurement target so that more reasonable measurement requirements and experimental parameters can be put forward.

Generally, the atmosphere can be divided into the troposphere, stratosphere, mesosphere, thermosphere, and exosphere according to the vertical structure of the atmospheric temperature field, as shown in Figure A1.1. The troposphere is the lowest layer of the atmosphere. The height of the troposphere is approximately between 10 km and 15 km. Almost all water vapor is distributed in the troposphere, and its mass accounts for about 80% of the total mass of the earth's atmosphere. As the altitude increases, the temperature decreases. In addition, the vertical mixing process in the troposphere proceeds quickly due to convection and turbulence. Most weather phenomena occur in the troposphere and are closely related to human life. The exchange of matter and energy between the troposphere and the stratosphere has always been one of the problems to be solved in atmospheric science.

The top of the stratosphere is generally between 45 km and 55 km, and the temperature is around 270 K. Because atmospheric ozone absorbs solar ultraviolet radiation, its temperature increases with altitude, so the vertical mixing process proceeds slowly. The top of the mesosphere is generally between 80 km and 90 km, and its temperature will decrease with the increase in altitude. Its characteristics are similar to those of the troposphere, and rapid vertical mixing can also be carried out. The top of the thermosphere is about 500 km. Because N2 and O2 in this layer absorb the solar short-wave radiation strongly, the temperature of in thermosphere changes significantly.

Therefore, the vertical mixing process carried out in it is quite fast. Combining the hydrostatic formula and the ideal gas algorithm, the change of atmospheric pressure p(z) with height z can be derived [1] as: air M ( ) () RT( )

In the formula, Mair is the average molecular weight of air (28.97g/mol), R(g) is the molar gas constant, and T(z) is the temperature at the geometric height z. The pressure of the earth's atmosphere can change by 6 to 7 orders of magnitude.

Basic of molecular absorption

The absorption of various gas components in the atmosphere attenuates the radiation energy. The study of the law of gas absorption of radiation is mainly to study the influence of O2, O3, H2O, CO2, N2O, CH4, et al. in the atmosphere on radiation. It is generally believed that O2, CO2, N2O, and CH4 in the atmosphere are relatively stable and uniform. O3 and H2O have great temporal and spatial changes, and they are also the most active and vital absorption gases. The absorption of sunlight by gas molecules in the atmosphere has wavelength selectivity, and the absorption of the same atmospheric component at different wavelengths is different.

(

1) Line position of molecular absorption

The value of the position of the gas absorption line is related to the motion state Appendix 162 and energy of the molecule [1] . The energy (E) of a molecule can be expressed as the sum of the following motion states: The most important absorbing gases in the near-infrared spectral region are H2O, CO2, O2, CH4. Each molecule has specific absorptions and emission lines due to its specific molecular structure. Table A1.1 lists the absorption bands of solar radiation by gas molecules in the atmosphere in the near-infrared band.

Table A1. 1 The absorption bands of gas molecules in the atmosphere (

2) Line strength of molecule absorption

For the electric dipole transition, the line strength is determined by the square of the temperature correlation matrix elements of the electric dipole moment and other factors such as Boltzmann distribution and stimulated emission [2][3][4] . The line strength is expressed as:

Where T is the temperature, gi is the degeneracy of the nuclear spin in the low-energy state, Ia is the relative abundance of the isotope, Q(T) is the total number of partitions, and the Rif is the transition probability given by the matrix element of the electric dipole operator.

(3) Absorption broadening

In practice, a single absorption line will be broadened into a spectrum with a certain line width. The broadening of the spectral line mainly comes from the processes of natural broadening, collision broadening, and Doppler broadening. The Appendix 164 collision broadening in the bottom atmosphere is more important.

(3.1) Collision broadening

Collision widening is also called pressure widening. Under pressure, the absorption cross-section of a single radiation transition broadens. Generally described by the Lorentzian line type, expressed as the following formula [2,4] :

Where γL is the Lorentz HWHM, which is proportional to the pressure and decreases with the increase of temperature.

(3.2) Doppler broadening

The thermal motion of the molecule causes the Doppler broadening of the absorption spectrum, which is described by the Gaussian line type [2] as shown in the following formula:

( )

The HWHM is determined by line position, temperature, and molecular mass.

(3.3) Compound broadening

When pressure broadening and Doppler broadening exist at the same time, it is described by the Voigt line type. The combined effect of the two expansion mechanisms can be simulated by convolution [2] , which is expressed as:

Where c1=1.0692, c2=0.086639 corresponds to an accuracy of 0.02%. The absorption line width of atmospheric molecules decreases as the height increases. At lower altitudes, the absorption line width is mainly determined by the pressure broadening, but when the altitude reaches a certain level, it gradually tends to Doppler broadening.

Atmospheric transmittance simulation (1) Absorption cross-section

For the absorption cross-section k (v, z) of a single absorption line, it is the product of the line strength S(T) and the broadening mechanism described by the normalized linear function g(v). It can be simplified as the following formula [2] :

) ( , ( ), ( ))

Where z is the altitude. In practice, the same absorption cross-section will be affected by the absorption of multiple molecules. Generally, the sum of all absorption cross-sections [2] is taken and expressed as: (

2) Absorption coefficient

The absorption coefficient is the product of the absorption cross-section and the molecular concentration. At different altitudes, the concentration of the same gas in the atmosphere is different. Assuming that the pressure (p) and temperature (T) in the i-th layer of the atmosphere are uniformly distributed, there are m kinds of molecules and the corresponding concentration at the altitude of zl is nm, then the absorption coefficient [2] of this layer of atmosphere is expressed as:

Where α(c) is the continuous absorption coefficient between molecules.

(

3) Optical depth

In the l-th layer of the atmosphere, the optical thickness τl of the l-th layer can be obtained by integrating the path z taken by the absorption coefficient [2] :

) Monochromatic Transmission

From Beer's law, the monochromatic light transmittance of the medium can be Appendix 166 obtained [2] :

The expression in parentheses of the e index is the optical depth.

The calculation of atmospheric transmittance in this paper is based on Py4CAts, which is a Python script used to calculate the atmospheric spectrum [2] , and it is a rewrite of the infrared radiation transmission code written in Fortran. The computationally intensive code part uses python's highly optimized numerical processing. Each step of infrared or microwave radiation transmission calculation is executed in a separate script, so molecular lines in any spectral range can be extracted.

The absorption cross-section can be calculated by line-by-line integration based on the actual pressure and temperature.

The first is to obtain the absorption information (such as the position of the absorption line, the intensity of the absorption line at different temperatures, etc.) of the target molecule within the specified wavelength range from the Hitran or Geisa database. Combining the vertical profile of atmospheric temperature and pressure shared by ECMWF, the molecular absorption cross-section in a specific wavelength range can be calculated layer by layer. In the case of ignoring continuous absorption, the absorption coefficient of each layer of molecules is calculated using the product of the gas concentration profile and the absorption cross-section. The optical depth is obtained by integrating the absorption coefficient of each layer according to the path.

Finally, take the e index for the optical depth to calculate the atmospheric transmittance. 

Appendix 2 Retrieval method 1. Understanding of the retrieval problem

According to the basic theory of atmospheric transmittance simulation introduced in Appendix 1, the atmospheric absorption spectrum under certain conditions can be approximately calculated. The absorption spectrum detected by the laser heterodyne measurement device is affected by the noise in the measurement process, so there is an error between the real spectrum and the measured spectrum, so an error term ε needs to be introduced between the simulated spectrum and the measured spectrum.

The forward model [1] for simulating atmospheric transmittance can be expressed as:

Where Y = (y1, y2,…yj, …ym) T , (j = 1,2,3...m), yj represents the spectral value at each wavenumber; X = (x1, x2,…xi, …xn) T , (i=1,2,3...n), xi represents the concentration of gas in each layer of the atmosphere; A = αij, (

the absorption coefficient at each wavenumber in each layer of the atmosphere. v represents the wavenumber, and the introduction of a, b, and c is to describe the laser power. The concentration profile is inverted using the inversion algorithm developed by D. Weidoman [1][2][3] et al.

This algorithm is based on the best estimation method (OEM) [4] to determine the cost function and uses the Levenberg-Marquardt method to solve the concentration profile iteratively to minimize the cost function finally and obtain the optimal solution.

Approximate linear problems solving

Suppose there is a set of measured values y = (y0, y1, y2,…, ym) and a set of values x = (x0, x1, x2, …, xn) to be inverted. Assuming that the relationship between the x and y is linear. Then the linear equation can be expressed in the form of a matrix as:

Where K is a matrix composed of equation coefficients, y T = (y0, y1, …,ym),x T = (x0, x1, …,xn). When n = m and K -1 exists, the solution of the equation is K -1 y. When K -1 does not exist, K is a singular matrix. When n > m, The equation has many possible solutions. When n < m, the number of equations is greater than the number of unknowns. This problem is over-determined. There are enough channels in the spectrum measurement to formulate the equation to make m > n.

For this over-determined problem, there is no exact solution, and the best solution (x) needs to be found. Define the error corresponding to the best solution x as e = y-Kx, and the sum of squares of the error represents the cost function: This method is called the least-squares method, and the function that needs to be minimized is called the cost function (or penalty function). Differentiate the above formula to get the following formula:

This equation is the ordinary equation and can be solved by the usual methods.

When x and y are linear approximations, the relationship between the two can be written as:

Where F is called the forward model.

Due to errors in measurement and calculation, each element in x and y can be regarded as a random variable. They can be described by Probability Density Function (PDF) [4] . Assume that the PDF of x and y before measurement are P(x) and P(y), respectively. The PDF of x after the measurement is P(x|y). When x is found to maximize P(x|y), then x is the optimal solution of x. This method is called the Maximum A-posteriori Probability (MAP) method.

In order to perform the next calculation, it is necessary to guess the PDF of the random variable. Suppose v is a random variable in vector form, N is the number of measurements, and the j-th measurement value is vj, and the mean square value of v is defined as:

The covariance matrix (S) of v is used to measure the change of the sampling points relative to its average value. It can be expressed as follows:

Each diagonal element of the covariance matrix is the variance of each element in v, and each off-diagonal element is the covariance of every two different elements in v. It is generally assumed that the PDF of the random vector v is normally distributed, which can be expressed as follows:

Where v is the average value of v, S is the covariance matrix of v, and P(v) can also be expressed as:

Among them, c1 is a constant that does not correlate with v. When v is equal to the average value, P(v) has the maximum value.

Similarly, for a random vector x, P(x) can be expressed as follows:

Where xa is the prior profile of x, and it is the best-estimated profile before measurement. P(y|x) is expressed [4] as: The meaning of P(y|x) is to find the possibility of y given x. The variation range of y is determined by the covariance matrix Sy of the measurement error. According to Bayesian theory, combining the above formulas, the equation about P(x|y) is [4] :