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Abstract

:

Characterization of aerosol transportation is important in order to understand regional and global climatic changes. To obtain accurate aerosol profiles and wind profiles, aerosol lidar and Doppler wind lidar are generally combined in atmospheric measurements. In this work, a method for calibration and quantitative aerosol properties using coherent Doppler wind lidar (CDWL) is adopted, and data retrieval is verified by contrasting the process with synchronous Rayleigh–Mie–Raman lidar (RMRL). The comparison was applied to field measurements in the Taklimakan desert, from 16 to 21 February 2023. Good agreements between the two lidars was found, with the determination coefficients of 0.90 and 0.89 and the root-mean-square error (RMSE) values of 0.012 and 0.013. The comparative results of continuous experiments demonstrate the ability of the CDWL to retrieve aerosol properties accurately.
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1. Introduction


The study of atmospheric aerosols, especially in the planetary boundary layer (PBL), is of great importance in understanding the vertical exchange of sensible heat (temperature), latent heat (moisture), particles, and trace gases between the surface and the lower troposphere [1,2,3], which has a strong influence on global climate and atmospheric composition. To observe vertical and regional transport [4,5] and conduct pollution tracing and forecasting [6], it is necessary to carry out accurate detection of meteorological parameters and aerosol properties with high temporal and spatial resolutions.



In the past several decades, lidar has been proven to be a powerful and potential tool in remote sensing of the atmosphere. Atmospheric lidars are widely used in ground-based, ball-borne, airborne, and satellite-borne detection devices [7,8]. Generally, atmospheric lidars can be classified into two categories by different atmospheric backscatter recordings: heterodyne coherent detection and direct detection. Direct detection has been employed in the majority of lidar systems, and numerous lidar applications have been applied in the detection of aerosol and clouds [9,10,11], the boundary layer [3,12,13], temperature [14,15], trace gas [16,17], and wind [18]. Heterodyne coherent detection detects the beat signal between the backscatter and a local oscillator laser to retrieve the Doppler shift due to moving particles. Coherent detection lidar is widely used in the detection of wind profiles, boundary layers [19,20], clear air turbulence and wind shear [21], aircraft wake vortices [22], and precipitation [23,24].



With the Doppler wind lidar technique, one of the most important indicators in the observation of atmospheric vertical exchange processes, that is, the accurate measurements of the vertical wind component, can be obtained. Using the combination of Doppler wind lidar and other types of aerosol lidars, accurate aerosol backscatter signals and wind profiles were obtained simultaneously [13]. There is no doubt that the combination of several lidars would make it more accurate, but it also increases the cost and volume, making it less conducive to airborne and spaceborne detection. Recently, many studies have been devoted to calibrating the backscatter of coherent Doppler wind lidar (CDWL) to obtain the profiles of aerosols and wind with only one lidar. To accurately retrieve the extinction coefficient of aerosol using CDWL, the effect of heterodyne efficiency needs to be considered [25,26], which represents the coupling of the mode field of the local oscillator and backscatter light. To quantify the aerosol transport and change in aerosol properties from the Sahara desert to the Caribbean, backscatter and extinction coefficient profiles were retrieved from airborne CDWL using function fitting of heterodyne efficiency, measured by changing the altitude of the aircraft [27]. Normalized backscatter power data points from horizontal detection were used to fit heterodyne efficiency, and the results of aerosol optical depth were calibrated with other devices, including a sun photometer [28], ceilometers [29], and atmospheric visibility [30]. Moreover, theoretical focus function and calibration based on liquid clouds were also adopted in the retrieval of aerosol [31,32,33].



Comparison and calibration are usually performed on the aerosol optical depth (AOD), due to the lack of high accuracy and resolution of the reference devices. In this work, an experimental comparison between the aerosol extinction profiles using CDWL and Rayleigh–Mie–Raman lidar (RMRL) was achieved. By applying the heterodyne efficiency from horizontal measurement, the backscatter profiles of CDWL were calibrated and used to retrieve the aerosol extinction coefficient. To compare the results of the two lidars, a data assimilation and comparison method is proposed, and the data from the Raman lidar are involved to improve the accuracy of the results. A consistency analysis of the results was conducted, and good agreement with the determination coefficients of 0.90 and 0.89 was found.



The paper is organized as follows. The involved lidar systems are described in Section 2, and Section 3 introduces the retrieval and comparison methods. To focus on the detection of aerosol optical properties, the retrieval of wind speed will not be discussed in this work. Section 4 introduces the comparison results during a 5-day vertical desert aerosol observation. Finally, Section 5 summarizes the conclusion and the outlook of future studies.




2. Instrument


2.1. Coherent Doppler Wind Lidar


In this work, an all-fiber CDWL was deployed to provide the atmospheric wind profiles and backscatter measurements. The lidar system emits a laser at a wavelength of 1548 nm, with a pulse energy of 110 μJ, a repetition frequency of 10 kHz, and a pulse full width at half maximum of 200 ns. A 100 mm diameter telescope was used as a coaxial transmitter and receiver, and then, the backscatter was coupled with the local oscillator light and finally detected by the balanced detector (BD), with a noise bandwidth of 200 MHz.



Aiming at studying the transport and sedimentation of Taklimakan desert dust, the CDWL was employed in Minfeng, Xinjiang province, China (82.69°E, 37.06°N). In response to the instability caused by the large diurnal temperature variation, the lidar system was designed with an all-fiber structure and temperature control system. The CDWL was operated in a velocity azimuth display (VAD) scanning mode during the experiment, and the elevation angle was set to 70°. The scanning range of the azimuth angle is from 0° to 360°, where 0° corresponds to the north and 90° corresponds to the east. The step of the azimuth angle is 12°, and the period of one scan is about 1 min. The radial range resolution was set to 30 m/60 m/150 m in the range of 0–3 km/3–6 km/6–15 km. In our previous work, the performance of wind measurements was validated; the standard deviations of wind speed and direction were 0.84 m/s and 9.2°, respectively [23]. The key system specifications are listed in Table 1.




2.2. Rayleigh–Mie–Raman Lidar


To examine the performance of the CDWL in aerosol measurements, an RMRL was running near the CDWL simultaneously. The lidar uses an Nd: YAG power laser, which generates 20 pulses per second with a pulse energy of 250/350/350 mJ at the wavelength of 355/532/1064 nm. The backscatter signals are collected by a 450 mm diameter Cassegrain telescope and then separated into several channels using dichroic beam splitters, including the elastic channels (355, 532, and 1064 nm) and the nitrogen Raman (386 nm) channels. During the daytime, the elastic channels detect backscattered light with interferometric filters of 0.3 nm bandwidth to reduce the solar light, while the inelastic channels do not work due to the weak Raman scattering and strong background noise. The backscatter signals are detected by the photomultiplier tubes (PMT), and recorded using multichannel scaler (MCS) boards with a resolution of 30 m and 60 s.





3. Methodology


The following section introduces the analysis steps applied to the signal measured by the CDWL and RMRL, including the pre-processing of data, the retrieval algorithm of optical properties, and the data assimilation method for the different kinds of lidar.



3.1. Retrieval Algorithm of the CDWL


In this subsection, we prefer to discuss the retrieval of aerosol optical properties rather than wind profiles, for wind measurement, as discussed in many works [21,34,35], is not this paper’s focus. In the CDWL measurements, the photocurrent in response to the beat signal of the atmospheric backscatter and the local oscillator can be expressed as [35]


   i d  = R  P  L o   + R  P s  ( r ) + 2 R      η h  ( r )  P  L o    P s  ( r )     0.5   cos    ω c  t + θ   +  i n  ,  



(1)




where   R   is the response of the detector (  R =   η   q   q / h ν  ,     η   q     is the quantum efficiency,   q   is the elementary charge,   h   is the Planck constant, and   v   is the photon frequency),   r   is the range, and     P   L o     and     P   s   ( r )   are the power of the signal from the local oscillator and the atmospheric backscatter, respectively.     η   h   ( r )   is the heterodyne efficiency, which represents the fraction of the total signal power matched with the local oscillator field.     ω   c     and   θ   are the frequency and phase of the IF (intermediate frequency) signal. The first two terms of Equation (1) are filtered through AC (alternating current) coupling, and the third and fourth terms are signal current     i   s     and noise current     i   n    , respectively. The wide band CNR (carrier-to-noise ratio) is defined as the ratio of signal power and noise power and can be expressed as


  C N R ( r ) =      i s 2         i n 2      =    η q   η h  ( r )  P s  ( r )   h v B   ,  



(2)




where   B   is the receiver noise equivalent bandwidth. Combined with the lidar equation [36], the lidar equation of coherent lidar can be expressed as:


    C N R ( r )  r 2     η h  ( r )   =    η q  C  E 0    h ν B   β ( r ) exp   −    ∫ 0 r   2 α ( r )    dz   ,  



(3)




where   C   represents the lidar constant,     E   0     is the pulse energy of the outgoing light, and   β ( r )   and   α ( r )   are the backscatter and extinction coefficient, respectively. For a monostatic pulsed coherent lidar, due to the heterodyne efficiency caused by the telescope focus function, a distance-dependent modulation is applied to the backscatter signal, resulting in the distortion of the near-field signal. This may have little impact on wind measurements, but it will cause false values in the attenuated backscatter coefficient profiles. Using the estimation or calibration of the heterodyne efficiency, the calibrated backscatter signal can be obtained, and the backscatter and extinction coefficient of atmospheric aerosol can be further retrieved.



Similar to the processing method of overlap factor correction [37], the modulation of the heterodyne efficiency over the backscatter signal can be estimated from the horizontal measurements. To calibrate the heterodyne efficiency in the near field, an advanced horizontal measurement is performed, and the average result of the CNR is applied and fitted, as shown in the subfigure of Figure 1a. Due to the different range resolutions, the density of numerical points varies with the range. Using the ratio of the range-correct CNR and the linear fit result, the heterodyne efficiency can be obtained and used to calibrate the CNR profiles in the experiment. Figure 1a depicts four heterodyne efficiency profiles at different times, which seem to be stable within the range of 3 km due to the all-fiber structure and the stable temperature of the system.



In contrast, limited by the non-coaxial telescope and the space optical structure, the RMRL system is more affected by temperature changes, which are huge in the desert. Figure 1b depicts four overlap factor profiles of the 355 nm channel, measured at 0:00, 6:00, 12:00, and 18:00 local time on 14 February 2023. The temperature variation affects the optical coupling of the space optical system significantly, resulting in an unstable overlap factor for the RMRL. The signal in the near field, mainly below 0.5 km is distorted, so only the results above 0.5 km are involved in the comparison.



As mentioned earlier, the CDWL is operated in a VAD scanning mode with an elevation angle of 70°. The CNR profiles have to be converted vertically to match the backscatter profiles of the RMRL, so an approximation is taken so that the average CNR of a circle scan is approximate to the vertical CNR profile at the projection height. Furthermore, the vertical CNR profile is interpolated to a height resolution of 30 m to match the profile of the RMRL.




3.2. Retrieval of the RMRL


In this subsection, two methods are used to retrieve the optical properties of aerosols. Generally, by assuming a constant lidar ratio between   α ( r )   and   β ( r )  , the inversion algorithm proposed by Klett and Fernald (KF method) can be used to retrieve   α ( r )   and   β ( r )   [38,39]. This method can be used to invert the extinction and backscatter with only one elastic backscatter lidar, with the assumption of the lidar ratio and boundary value. Different assumptions of boundary value may lead to various results [40,41]. In general, the boundary value is chosen at a reference altitude where the atmosphere is relatively pure and the signal-to-noise ratio (SNR) is high enough. Sometimes, it may be difficult to find the reference height, and soft targets such as clouds are used to estimate the boundary value [42].



In addition, the Raman backscatter signals can be used alone to retrieve aerosol extinction profiles [43]. The independent aerosol extinction coefficient can be expressed as: [44,45]


   α  a e r   (  λ L  , r ) =    d  d r     ln    n x  ( r )    r 2  P (  λ x  ,  λ L  , r )     −  α  mol      λ L  , r   −  α  mol      λ x  , r     1 +   (    λ L     λ x    )  k    ,  



(4)




where the subscripts   a e r   and   m o l   stand for aerosol and atmospheric molecules, respectively.     n   x   ( r )   is the number density of the Raman molecule;     λ   X     and     λ   L     are the wavelength of the Raman-shifted laser and the output laser, respectively.   P (   λ   X   ,   λ   L   , r )   is the backscatter power of the Raman-shifted signal, and   k   is the Angstrom exponent. With the combination of Mie scattering data, aerosol backscatter coefficient profiles can be obtained by:


   β  aer   (  λ L  , r ) = −  β  mol   (  λ L  , r ) +  β  mol   (  λ L  ,  r 0  ) ⋅   P (  λ L  , r ) ⋅ P (  λ x  ,  λ L  ,  r 0  ) ⋅  n x  ( r )   P (  λ L  ,  r 0  ) ⋅ P (  λ x  ,  λ L  , r ) ⋅  n x  (  r 0  )   ⋅   exp [ −    ∫   r 0   r    α  aer   (  λ X  , r ) +  α  mol   (  λ X  , r ) dz    ]   exp [ −    ∫   r 0   r    α  aer   (  λ L  , r ) +  α  mol   (  λ L  , r ) dz    ]   ,  



(5)




where     r   0     is the reference height and   P (   λ   L   , r )   is the backscatter power of the Mie lidar signal.     β   mol     can be calculated by the atmospheric temperature and pressure from the radiosonde measurement or the atmosphere model. The two approaches present different advantages and disadvantages; for example, the KF method relies on the accurate assumption of the lidar ratio and boundary value, and the Raman method relies on the accurate assumption of the Angstrom exponent. Figure 2 depicts some retrieval results of the experiments, and the two algorithms show good consistency under correct assumptions.



To compare the data retrieval of the RMRL and CDWL, the backscatter and extinction coefficients of aerosol at the wavelengths of 355, 532, and 1064 nm had to be converted to the wavelength of 1548 nm. However, the extinction coefficient retrieved with the Raman method only uses the backscatter signal at the Raman wavelength of 386 nm, which may bring errors to the data conversion process. In this work, the two methods were combined. First, the aerosol extinction coefficient was obtained at the reference height with the Raman method using the data from 386 nm and then applied to the KF method as the boundary value. Next, with the KF method, the extinction coefficient at the wavelengths of 355, 532, and 1064 nm could be obtained using the data from the different elastic lidars. The Angstrom exponent varies with the wavelength, and an empirical relationship between aerosol extinction and wavelength can be expressed with a second-order polynomial [46,47]:


  ln  α  a e r   ( λ ) =  a 0  +  a 1  ln λ +  a 2    ( ln λ )  2  ,  



(6)




where the coefficient     a   2     accounts for a “curvature” often observed in Sun photometry measurements. For a special case of     a   2   = 0  , Equation (6) equals the Angstrom exponent law and     a   1   = − k  . With the profiles of the aerosol extinction coefficient from the RMRL, the profiles of the aerosol extinction and the backscatter coefficient at the wavelength of 1548 nm can be obtained, as shown in Figure 3.



In this way, the data sets of the two lidars were assimilated to the same wavelength and their inversion results could be compared. The data processing procedure is displayed in Figure 4. The number density of Nitrogen molecules was calculated by the profile of temperature and pressure from the Atmosphere model, and the lidar ratio was set as 30/32/45/50 Sr at the wavelength of 355/532/1064/1548 nm.





4. Experiments and Results


Field joint experiments with the CDWL and RMRL were conducted from 16 to 21 February 2023. The Raman lidar only works from 22:00 to 6:00 local time, so only the data during the nighttime were compared. Figure 5 depicts the backscatter profiles averaged over ten minutes altitude during the nighttime and daytime. Both the CDWL and RMRL demonstrate a vertical detection capability of more than 3 km during the nighttime, and it can be seen that the aerosols are mainly distributed at altitudes below 3 km. The backscatter signal at 386 nm decays smoothly because the Raman backscatter coefficient is proportional to the density of nitrogen, which is independent of the aerosol profiles. During the daytime, the Raman lidar is turned off, and the effective detection ranges of the other lidars are also reduced.



With the method in Figure 4, the extinction coefficients at various wavelengths were retrieved with the resolution of 30 m/1 min, as shown in Figure 6, which also can be used to retrieve the color ratio. Only the results from 22:00 to 6:00 local time are plotted. Figure 6d, e shows the extinction coefficients at 1548 nm using the data from the RMRL and CDWL, respectively, and the comparison results show good consistency.



It can be noticed that longitudinal stripes appear in Figure 6, which may mean the internal gravity waves strongly affect the backscatter, particularly at 0:00 on 20 February. To compare the retrieval of extinction coefficients with the two lidars in detail, the results within a height range at the same time are displayed, as shown in Figure 7. It needs to be mentioned that the results vary greatly in the near field (mainly in altitudes ranging below 0.5 km). The signal of the RMRL is uncalibrated in the range of 0–0.5 km due to the lack of a stable overlap factor, while the CDWL is calibrated with a relatively stable heterodyne efficiency. Inconsistent results appear at 6:00 local time on 18 February, the output power of the laser in the RMRL decreases, and the effective detection distance is reduced. Consequently, the measurement of the RMRL shows poor ability in aerosol retrieval, causing a large difference between the CDWL and RMRL.



The scatter diagrams of the aerosol extinction coefficients retrieved from the CDWL and RMRL are shown in Figure 8. The results of the CDWL are plotted versus those of the RMRL, and the density of the data points is normalized and displayed in different colors. Moreover, the distributions of the bias are inserted in the bottom right corner of each panel, in which the negative bias means that the results of the CDWL are lower than that of the RMRL. In addition, due to the effects of different overlap factors, comparisons using data ranging from 0.5 to 3 km and from 0 to 0.5 km are divided into two groups. The first-order linear fitting functions of the results, the determination coefficients R, and the root-mean-square error (RMSE) are added to the upper left corner of each graph. Good performance with an R of 0.90 and 0.89 was obtained, proving the accuracy of aerosol retrieval by coherent detection after heterodyne efficiency correction. In contrast, results ranging from 0 to 0.5 km are shown in Figure 8c,d. The uncorrected overlap factor leads to the result that the aerosol extinction of the RMRL is smaller than that of the CDWL.



The continuous observation results from 16–21 February are shown in Figure 9, including the CNR, aerosol extinction coefficients, horizontal wind speed and direction, and vertical wind speed. When the Raman lidar does not work during the daytime, the boundary value is set as the interpolation of the result during the night. To ensure the accuracy of the results, the retrieval of wind speed and direction with the CNR less than −17 dB is plotted as white. In Figure 9e, the positive value of vertical velocity is defined as downward, and the upward wind speed appearing every afternoon is consistent with the results of the extinction coefficient, which also confirms the vertical transport process of aerosols. The results prove the aerosol retrieval capability of the CDWL system.




5. Conclusions


An experimental comparison between aerosol measurements using the CDWL and the RMRL was achieved. To calibrate the aerosol retrieval, a method using boundary values from the Raman lidar was proposed, and the extinction coefficients were compared from the two lidar systems. Good agreements were achieved during the continuous field experiments, with the fitting slopes of 0.97 and 0.96, and the determination coefficients of 0.90 and 0.89. The results prove the accuracy of aerosol retrieval by coherent lidar after correction powerfully, and the aerosol detection by all-fiber wind lidar was extended, which may achieve the miniaturization and stabilization of the lidar for meteorological measurements.
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Figure 1. (a) The heterodyne efficiency from four horizontal experiments, which was obtained from the ratio of the range−correct CNR (blue circles) and the linear fit result (orange line), as shown in the subfigure. (b) The overlap factor of the 355 nm channel from three horizontal experiments, measured at 0:00, 6:00, 12:00, and 18:00 local time on 14 February 2023. 
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Figure 2. Comparison of retrieval using the Raman method (blue dotted line) and the KF method (red line). Aerosol backscatter coefficient     β   aer     from the data of (a) 355 nm, (b) 532 nm, and (c) 1064 nm lidar observed at 1:30 local time on 20 February 2023. The lidar ratios assumed for KF inversion are 30, 32, and 45. The Angstrom exponent applied in Equation (4) is set as 1.5. 
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Figure 3. (a) Three groups of aerosol extinction coefficients at a height of 2 km retrieved from the RMRL (red dots); second-order poly fit curves using the extinction coefficients and the wavelength (blue line); aerosol extinction coefficients at the wavelength of 1548 nm derived from the poly fit curves (blue triangle); (b) a magnification of part of (a) from 1.5 to 1.6 μm; aerosol extinction coefficients retrieved from the CDWL (pink square), and the blue lines and blue triangles are the same as in (a), derived from the RMRL. The gray circles indicate the same group of data. 
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Figure 4. Overview of the data processing procedure. CDWL, coherent Doppler wind lidar; DC, direct current. 
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Figure 5. Ten minutes averaged altitude profiles of backscattered signals measured at (a) 0:00 and (b) 12:00 local time on 20 February. The Raman lidar does not work during the daytime. The legend indicates the wavelengths of the backscatter signals in nanometers. 
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Figure 6. Results of extinction coefficients at the wavelengths of (a) 355 nm; (b) 532 nm; (c) 1064 nm; (d) 1548 nm using the RMRL; (e) and 1548 nm using the CDWL. The results from 22:00 to 6:00 local time on the 16, 17, 18, 19, and 20 February are displayed when the Raman lidar works routinely. The time resolution and height resolution are 1 min and 30 m, respectively. 
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Figure 7. Comparison of the aerosol extinction coefficients with the two lidars, measured at 0:00, 3:00, and 6:00 local time on the 17, 18, and 20 February, respectively. The red lines show the results of the CDWL at 1548 nm, and the blue dotted lines show the fitting results of the RMRL at 1548 nm. 
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Figure 8. Scatter diagrams of the aerosol extinction coefficients derived from the RMRL and the CDWL. Results ranging from 0.5 to 3 km during the nighttime of the 17 and 20 February are compared in Figure 8 (a,b), respectively. In contrast, results ranging from 0 to 0.5 km are shown in Figure 8 (c,d). The color-shaded dots denote the normalized density. The black dashed lines denote 1:1 lines, and the red dashed lines show the linear fitting results. The distributions of y-x are inserted in the bottom right corner of each panel. 
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Figure 9. Continuous observation by the CDWL from the 16 to 21 February. (a) CNR, (b) aerosol extinction coefficient, (c) horizontal wind speed, (d) horizontal wind direction, and (e) vertical wind speed. The CNR and extinction coefficient are averaged over a vertical scanning duration of 1 min. The positive value of vertical velocity is defined as downward. 
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Table 1. Key parameters of CDWL and RMRL systems.
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Parameter

	
CDWL

	
RMRL






	
Laser

	

	

	




	

	
Wavelength

	
1548 nm

	
355/532/1064 nm




	

	
Frequency offset

	
80 MHz

	
/




	

	
Pulse energy

	
110 μJ

	
250/350/350 mJ




	

	
Repetition rate

	
10 kHz

	
20 Hz




	

	
Pulse width

	
200 ns

	
8 ns




	
Telescope

	

	

	




	

	
Diameter

	
100 mm

	
450 mm




	

	
Elevation angle

	
70°

	
90°




	
Data

acquisition

	
Detection type

	
BD

	
PMT




	
Noise bandwidth

	
200 MHz

	
0.3 nm




	
Sampling rate

	
250 MHz

	
20 MHz




	

	
Temporal resolution

	
1 s

	
60 s




	

	
Spatial resolution

	
30, 60, 150 m

	
30 m
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