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Abstract

:

In past decades, lidar techniques have become main tools for atmospheric remote sensing. However, traditional pulsed lidar systems are relatively expensive and require considerable maintenance. These shortcomings may be overcome by the development of a blue band Scheimpflug lidar system in Dalian, Northern China. Atmospheric remote measurements were carried out for 10 days in an urban area to validate the feasibility and performance of a 450-nm Scheimpflug lidar system. A 24-h continuous measurement was achieved in winter on a near horizontal path with an elevation angle of about 6.4°. The aerosol extinction coefficient retrieved by the Fernald-inversion algorithm shows good agreement with the variation of PM10/PM2.5 concentrations recorded by a national pollution monitoring station. The experimental result reveals that the linear ratio between the aerosol extinction coefficient and the PM10 concentration under high relative humidity (75–90%) is about two-times that in low relative humidity (≤75%) when the PM10 concentrations are less than 100 µg/m3.
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1. Introduction


Air pollution, especially anthropogenic particulate pollution has been a serious environmental problem in China since the rapid development of industrialization and urbanization during past decades [1,2]. Morbidity and mortality of cardiovascular and respiratory diseases significantly increase during recent years due to severe hazes in China [3]. Moreover, the absorbing and scattering effects of particulate matters can also influence earth’s radiation budget and global climates [4,5,6,7]. Atmospheric particles and gas pollutants monitoring appears particularly important and urgent. The Chinese Environmental Council recently released an air pollution prevention and control action plan, aiming at reducing inspirable particle concentrations by 20% from 2012 to 2017.



Remote sensing of atmospheric aerosols is traditionally achieved by detecting backscattered light from nanosecond laser pulses emitted into the atmosphere. Atmospheric backscattering or extinction coefficient, which are correlated to particle concentrations, can be retrieved from the backscattering lidar signal according to the Fernald-Klett inversion method, etc. [8,9,10,11,12]. As a remote sensing technique, lidar is capable of real-time monitoring of atmospheric particle distribution and variation in large areas, e.g., urban area pollution monitoring, while point monitoring instruments are only able to measure local concentrations. Extensive work has been pursued by utilizing atmospheric lidar techniques for atmospheric pollution monitoring [13,14,15,16,17,18,19]. Scott M. Spuler et al. presented a field-deployable lidar system based on an eye-safe laser (1.54 µm) with a blind range of about 500 m [14]. T. Y. He et al. demonstrated a lidar system employing a 532-nm pulsed Nd:YAG laser, which was capable of tracking two-dimensional particle distribution with an angular resolution of 0.1° [15]. However, the incomplete overlap region is rather large, it extends as far as 0.8 km. Recently, C.-W. Chiang, et al., developed a mobile and portable scanning lidar system for profiling pollutants in lower troposphere [20]. The lidar systems discussed above mainly employ high-cost and sophisticated laser sources, e.g., Nd:YAG lasers. Besides, a data acquisition unit with high sampling rate and large dynamic range is often used to achieve high spatial resolution as well as long detection range. The relatively robust and inexpensive ceilometers, e.g., Jenoptik CHM15k, are now broadly deployed for cloud and aerosol layer detections [21,22]. However, the signal-to-noise ratio (SNR) of the atmospheric lidar signal decreases to about 1 at 4 km during daytime with 30-min signal averaging due to low pulse energy [22]. Furthermore, a common issue of the pulsed lidar systems is the large blind range due to incomplete geometric overlap between the transmitter and the receiver, which could be partially solved by measuring the overlap function or adjusting the alignment for near and far range.



Recently, the Scheimpflug lidar (SLidar) technique, based on the Scheimpflug principle, has been demonstrated successfully for atmospheric remote sensing [23,24,25]. The backscattering light of the entire aerosol volume illuminated by the transmitted laser beam can be clearly focused on a tilted image sensor, if the image sensor plane, the lens plane and the laser beam (object) plane intersect into a single line—satisfying the Scheimpflug principle. The pixels of the Complementary Metal Oxide Semiconductor (CMOS)/ Charge-coupled Device (CCD) sensors correspond to the distances of the illuminated volume. The SLidar technique significantly reduces system complexity and cost by utilizing high-power continuous-wave laser diodes and highly integrated CMOS/CCD sensors. Besides, the SLidar technique can achieve a short blind range less than 100 m or even up to 30 m by employing a large-area rectangular senor. Small-scale 450-nm Scheimpflug lidar system has been recently implemented, but mainly for applications in short range, such as aquatic ecosystem studies [26] and oil pollution monitoring [27]. An all-time (24-h) operating blue-band SLidar system has not been implemented for atmospheric pollution monitoring, in spite of the great interest for atmospheric aerosol monitoring and differential absorption measurement of NO2 distribution [28,29,30,31].



This work aims at developing a SLidar system operating in the blue region by employing a high-power 3.5-W multimode 450-nm laser diode as the laser source. Twenty-four-hour continuous atmospheric measurements were performed for 10 days in Dalian, Northern China during haze and clean weather conditions on a near horizontal path. The Fernald-inversion algorithm is also applied for the time-range map retrieval of the aerosol extinction coefficient. The performance and feasibility of employing the 450-nm SLidar system for atmospheric pollution monitoring is also validated by comparing the experimental results with the PM2.5/PM10 concentrations measured by a national pollution monitoring station under various atmospheric conditions.




2. Experimental Setup


2.1. The 450-nm Scheimpflug Lidar (SLidar) System


The optical layout and the primary specifications of the SLidar system are shown in Figure 1 and Table 1, respectively. A high-power multimode continuous-wave 450-nm laser diode and a CMOS image sensor are employed as the laser source and the detector, respectively. The high-power laser diode with a TO9 package is housed by a customized mount for fine case temperature controlling. Laser diodes commonly have large divergence and an elliptical beam shape. For instance, the divergences of the 450-nm laser diode are about 46° along the fast axis (1/e2) and 14° along the slow axis (1/e2). The emission facet is about 1 µm (fast axis) × ≈ 50 µm (slow axis). The large divergence leads to a very low geometrical transmission efficiency particularly in the fast axis when employing large f-number optics. In this work, a cylindrical lens pair is employed to reduce the divergence of the laser beam in fast axis before collimated by a long focal refractor telescope (F6, f = 600 mm, ∅ = 100 mm). The laser beam along the fast axis is first collimated by a convex cylindrical lens with an acceptance angle of ±19° and then a concave cylindrical lens, which are confocal. As a result, the emission facet along the fast axis is magnified to form an enlarged virtual image, while the divergence is reduced to about ±4.6° that matches the acceptance angle of the F6 lens of the refractor telescope. The laser beam that has been enlarged in the fast axis is then collimated by the F6 lens and transmitted into atmosphere, while the slow axis of the laser diode is placed in the Scheimpflug plane (the plane of the optical layout). The geometrical transmission efficiency along the fast axis can be improved by a factor of 3 compared to the situation with only the F6 lens as the collimator.



Atmospheric backscattering light is collected by a 200-mm F4 Newtonian telescope. Although the linewidth of the 450-nm laser diode is about 2 nm, interference filters with similar bandwidth are not readily available. In this work, a 450-nm interference filter with a 10-nm full-width at half maximum (FWHM) is utilized to suppress the sunlight background radiation. The backscattering light from the probe volume is clearly focused on a 45° tilted CMOS sensor by the Newtonian telescope. The refractor telescope and the Newtonian telescope are mounted on an aluminum-alloy bar with approximately 806 mm separation to satisfy the Scheimpflug principle. The lidar system is mounted on an equatorial mount, allowing the adjustment of the observation angle. The laser diode is on/off modulated through the driving current. As shown in Figure 1a, the exposure signal of the CMOS camera is fed to a Johnson counter, where the on/off modulation signal is generated. Atmospheric background image (off image) as well as the backscattering image of the laser beam (on image) are thus captured alternatively in the region of interest (ROI: 2048 × 200 pixels) of the CMOS sensor. The on/off image pairs are vertically binned, respectively. The atmospheric background signal is then subtracted by signal interpolation to obtain a single lidar recording [25]. The raw lidar signal is obtained from the median average of a number of lidar recordings, e.g., 1000 times.



The exposure time of the CMOS camera is automatically changed during 24-h continuous measurements to optimize the SNR [32], e.g., 20 ms under full sunshine and 500 ms during nighttime. The averaging number for a single lidar curve is also changed in order to keep identical total measurement time for each lidar curve, e.g., 1000 times @20 ms exposure time and 40 times @500 ms exposure time. Thus, the total measurement time for a single lidar curve is approximately 45 s, including the time of measuring both the on/off images, as well as the data acquisition and transfer time. After signal averaging, the lidar signal is further de-noised by the Savitzky-Golay (S-G) filter with a frame length of 79 and an eight-order polynomial to eliminate the sunlight background noise and the noise of the CMOS sensor. Besides, signal resampling is performed for the lidar curve in the near range (85–700 m) by taking the weighted average of each 3-m subset signals [32].




2.2. Divergences of the Laser Beam


The divergences as well as the beam sizes of the transmitted laser beam should be minimized to achieve the best effective range resolution for the Scheimpflug lidar technique [25]. Atmospheric backscattering images were thus measured with 500-ms exposure time during nighttime to characterize the profile of the transmitted laser beam, as shown in Figure 2. The pixel-distance relationship can be calibrated by measuring the pixel position of the backscattering echo from a hard target (approximately 1 km away). When aligning the slow axis in the Scheimpflug plane (the plane of the optical layout), the CMOS sensor records the image of the transmitted laser beam along the fast axis (fast-axis image); vice versa. Figure 2a, b shows the laser images measured with only the F6 lens as the collimator. As can be seen, the fast-axis and slow-axis images are nearly the same, although the beam divergence and the chip size of the 450-nm laser diode along the slow and fast axes are quite different. The FWHM of the laser beam in atmosphere can be estimated from the width of the images according to the geometrical optics. The image width in different distance (pixel) can be obtained by finding the half maximum along vertical pixels, as illustrated by the black-solid lines in Figure 2. The width of the laser beam in atmosphere is estimated according to the lens equation. As shown in Figure 3, the beam width linearly increases with the measurement distance. The beam divergences along the fast and slow axes are identical, i.e., 0.1 mrad. Figure 2c shows the fast axis image when the transmitted laser beam is collimated by the cylindrical lens pair and the F6 lens. As can be seen, the image width in the later part of Figure 2c, corresponding to the far range, is much larger compared to the situation when the laser beam is collimated with only the F6 lens. The divergence along the fast axis is increased to about 0.36 mrad.





3. Measurements


Atmospheric measurements were performed in Dalian city on a near horizontal path from 22 December to 31 December 2017. A severe haze occurred on 28 to 29 December. Atmospheric parameters such as relative humidity, temperature, wind speed, and PM2.5/PM10 concentration were reported once an hour by a local national pollution monitoring station, located at 2.5 km away from the lidar system in the southwest-south direction. The elevation angle of the lidar system is about 6.4°, limited by the field of view of our laboratory. The pixel-distance relationship is calibrated by measuring the backscattering echo from a tall building located at about 971 m. As shown in Figure 2, the laser beam image can be fully captured, leading to a geometrical compressions factor of 1 even in the near range. Thus, the minimum measurement distance, which is then limited by the length of the CMOS sensor, can reach to about 85 m. Range correction is not required as the backscattering intensity of the SLidar technique does not decrease with the square of the measurement distance. The time-space map of the atmospheric backscattering signal is shown in Figure 4. The signal-to-noise ratios (SNRs) of the lidar curves are beyond 150 during daytime and 300–400 during night time in the measurement range of 85–150 m. The SNR generally increases with the decreasing of the sunlight background. However, it is finally limited by the photon-response non-uniformity (PRNU) noise of the CMOS sensor. Nevertheless, the SNR does not decrease with the square of the measurement distance. Although the near-range SNR is lower than that in conventional pulsed lidar techniques, the maximum measurement distance with SNR larger than 10 can still reach up to 7 km during daytime in clean atmospheric conditions. The maximum measurement range may be limited to 2–3 km during severe haze weather (PM10 ≈ 200 µg/m3), as can be seen from backscattering signals in the period from 28 to 29 December.



The aerosol extinction coefficient can be retrieved by the Fernald-inversion method, given by:


   α a  ( z ) = −    S a     S m     α  mol   ( z ) +   P ( z ) exp  [  2 (    S a     S m    − 1 )    ∫ z   z c      α m  ( ζ ) d ζ     ]      P (  z c  )    α a  (  z c  ) +    S a     S m     α m  (  z c  )   + 2    ∫ z   z c     P ( ζ ) exp  [  2 (    S a     S m    − 1 )    ∫ ζ   z c      α m  (  z ′  ) d  z ′      ]  d ζ      .  



(1)







Here   P ( z )   is the backscattering intensity at distance  z ,    S m   , and    S a    are the molecular and aerosol lidar ratio, respectively,    α m  ( z )   and    α a  ( z )   are the molecular and aerosol extinction coefficients, respectively,    z c    is the calibration distance of the aerosol extinction coefficient and    α a  (  z c  )   is often referred to as the boundary value. The molecular lidar ratio and the extinction coefficient can be estimated from the atmospheric model, which can be considered as range-independent as the measurements were performed on a near horizontal path. The aerosol lidar ratio at 450 nm can be set to 50. The boundary value of    α a  (  z c  )   must be determined in order to retrieve the range-dependent aerosol extinction coefficient, as shown by Equation (1). The boundary value is retrieved by linearly fitting the log-scale lidar signal in a homogeneous subinterval range according to the Colis’ slope method. The retrieval distance of the boundary value is often in the far end to achieve a more stable solution for Equation (1). In this work, the maximum retrieval distance of the boundary value is set to 7 km. As the retrieval range is also limited by the SNR of the lidar signal, the boundary value is evaluated in the subinterval signal regions where the signal intensity is not less than 10 (SNR > 10).




4. Results and Discussions


The time-space map of the aerosol extinction coefficient is shown in Figure 5, from which the transportation and time-variation of atmospheric pollution can be readily observed. On 22 December, a severe haze was accumulating, while the north wind (5–8 m/s) blew away particulate matters at noon. The peak concentrations of PM2.5 and PM10 are 190 µg/m3 and 118 µg/m3, respectively, corresponding to an aerosol extinction coefficient of 1.35 km−1. In the early morning on 24 December, the particulate concentrations as well as the aerosol extinction coefficient suddenly increased in companion with the strong wind from the North (5–10 m/s). However, the pollution shortly disappeared. This implied that the suddenly appeared pollution was most likely due to the transportation of external pollution sources. After this period, the atmosphere is rather clean and homogeneous, and the PM2.5 and PM10 concentration were below 12 µg/m3 and 41 µg/m3 until the morning on 27 December. Nevertheless, local emissions due to traffic, road construction, etc., can still be observed in the near range between 85–1000 m, corresponding to an altitude below 100 m for an elevation angle of 6.4°. During this period, the aerosol extinction coefficient is also very low, about 0.1 km−1. Since the afternoon on 27 December, atmospheric pollution started to accumulate. In the meanwhile, the relative humidity also gradually increased, and reach up to 80% at midnight. The high relative humidity promoted the rapid growth of particulates, leading to very high concentrations of PM2.5 and PM10, i.e., 125 µg/m3 and 200 µg/m3, respectively. The aerosol extinction coefficient is about 1.7 km−1. Since the early morning on 30 December, the atmospheric pollution started to dissipate.



The aerosol extinction coefficient is highly relevant with the particulate concentration as has been discussed above. In order to compare the result measured by the lidar technique and the point monitoring station, the aerosol extinction coefficient should be averaged in both space and time. The spatial averaged value of the aerosol extinction coefficient can obtained from the ratio between the integral of the aerosol extinction coefficient along the measurement path and the total measurement range for each lidar signal:


   α  aer   ∗ =  1   z  max   −  z  min        ∫   z  min      z  max       α  aer   ( z ) d z    .  



(2)







Here    z  max     and    z  min     are the maximum and minimum retrieval distances of the extinction coefficient for each lidar curve. The value of    z  max     can vary significantly under different weather conditions, while the value of    z  min     is nearly unchanged. The time-variation of the spatial averaged extinction coefficient together with the PM2.5/PM10 concentration is shown in Figure 6c. As can be seen, the variations of the extinction coefficient and the particulate concentrations are in good agreement.



The spatial-averaged aerosol extinction coefficient was further averaged in one hour, as the particle concentrations were reported once-an-hour by the national monitoring station. The relationship between the one-hour averaged aerosol extinction coefficient and the PM10 concentration with different relative humidities is shown in Figure 7. Generally speaking, the aerosol extinction coefficient increased with the increasing of the particulate concentrations. However, the aerosol extinction coefficient was also influenced by atmospheric relative humidity and particle compositions, etc. As shown in Figure 8, the coefficients of the linear fitting between the aerosol extinction coefficient and the PM10 concentration are quite different under different relative humidities when the PM10 concentration is below 100 µg/m3. The coefficient of the linear fitting is 0.015 km−1/µgm−3 in the case of high relative humidity (>75%), while it is only about 0.0033 km−1/µgm-3 when the relative humidity is no more than 75%. The correlation coefficients between the aerosol extinction coefficient and the PM10 concentration in the case of high relative humidity (>75%) and low relative humidity (≤75%) are 0.88 and 0.73, respectively. On the other hand, the discrepancy of the aerosol extinction coefficient under high and low humidities is not significant when particle concentrations are beyond 120 µg/m3. The relationship between the aerosol extinction coefficient and particulate concentration is more sophisticated.




5. Conclusions


This work developed a 450-nm Scheimpflug lidar system for atmospheric pollution monitoring by employing a 3.5 W 450-nm continuous-wave laser diode and a CMOS image sensor. 24-h continuous atmospheric monitoring on a near horizontal path in December 2017 is achieved with a 10-nm FWHM interference filter to suppress the sunlight background. The laser beam of the laser diode, which has large divergences along the fast and the slow axes, is collimated by a cylindrical lens pair and a F6 achromatic refractor, to improve the geometrical efficiency. The laser power that is transmitted into atmosphere is estimated to be 2.7 W. The divergence of the laser beam in the Scheimpflug plane is about 0.1 mrad. The SNRs of the lidar signals were beyond 150 and 300–400 for daytime and nighttime, respectively. The noise of the lidar signal in daytime measurements is dominated by the sunlight background and may be further suppressed by employing a narrowband interference filter. However, it is limited by the PRNU noise of the image sensor during nighttime measurements. The SNR can be further improved by employing image sensors with lower PRNU noise, e.g., scientific CMOS or CCD sensors. The PRNU noise could be as low as 0.01%. The promising result also implies that differential absorption lidar (DIAL) monitoring of atmospheric nitrogen dioxide (NO2) can be feasible during daytime based on the present 450-nm lidar system with improved SNRs.



The aerosol extinction coefficient is extracted from lidar data by the Fernald inversion method, which is then spatially averaged to compare with local particle concentrations. It has been found that atmospheric relative humidity has played a significant role on the aerosol extinction coefficient due to hygroscopic growth of particles. Experimental result reveals that the linear ratio between the aerosol extinction coefficient and PM10 concentration under high relative humidity (75–90%) is about two-times that in low relative humidity (≤75%) when PM10 concentrations are less than 100 µg/m3. Nevertheless, the relationship is more sophisticated with the increasing of the relative humidity and particle concentrations.







Author Contributions


Conceptualization, Z.K. and L.M.; Methodology, K.Z., Z.L., L.Z., P.G., L.L. and L.M.; Software, K.Z.; Validation, K.Z., Z.L., L.Z., P.G., L.L. and L.M.; Formal Analysis, K.Z.; Investigation, K.Z., Z.L. and L.Z.; Resources, L.L. and L.M.; Data Curation, K.Z. and Z.L.; Writing-Original Draft Preparation, Z.K.; Writing-Review & Editing, K.Z. and L.M.; Visualization, K.Z.; Supervision, L.M.; Project Administration, L.M.; Funding Acquisition, L.M.




Funding


National key research and development program of China (2016YFC0200600); National Natural Science Foundation of China (61705030); Fundamental Research Funds for the Central Universities (DUT18JC22); Natural Science Foundation of Liaoning Province, China (201602163).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, Y.; Zhang, R.Y.; Saravanan, R. Asian pollution climatically modulates mid-latitude cyclones following hierarchical modelling and observational analysis. Nat. Commun. 2014, 5, 3098. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jin, Y.N.; Andersson, H.; Zhang, S.Q. Air pollution control policies in China: A retrospective and prospects. Int. J. Environ. Res. Public Health 2016, 13, 1219. [Google Scholar] [CrossRef] [PubMed]

	



Pui, D.Y.H.; Chen, S.C.; Zuo, Z.L. PM2.5 in China: Measurements, sources, visibility and health effects, and mitigation. Particuology 2014, 13, 1–26. [Google Scholar] [CrossRef]

	



Andreae, M.O.; Rosenfeld, D.; Artaxo, P.; Costa, A.A.; Frank, G.P.; Longo, K.M.; Silva-Dias, M.A.F. Smoking rain clouds over the Amazon. Science 2004, 303, 1337–1342. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.Q. Influence of absorbing aerosols on the inference of solar surface radiation budget and cloud absorption. J. Clim. 1998, 11, 5–17. [Google Scholar] [CrossRef]

	



Che, H.Z.; Shi, G.Y.; Zhang, X.Y.; Arimoto, R.; Zhao, J.Q.; Xu, L.; Wang, B.; Chen, Z.H. Analysis of 40 years of solar radiation data from China, 1961–2000. Geophys. Res. Lett. 2005, 32, L06803. [Google Scholar] [CrossRef]

	



IPCC. Climate Change 2007: The Physical Science Basis; Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2007; p. 996. [Google Scholar]

	



Guerrero-Rascado, J.L.; da Costa, R.F.; Bedoya, A.E.; Guardani, R.; Alados-Arboledas, L.; Bastidas, A.E.; Landulfo, E. Multispectral elastic scanning lidar for industrial flare research: Characterizing the electronic subsystem and application. Opt. Express 2014, 22, 31063–31077. [Google Scholar] [CrossRef] [PubMed]

	



Di, H.G.; Hou, X.L.; Zhao, H.; Yan, L.J.; Wei, X.; Zhao, H.; Hua, D.X. Detections and analyses of aerosol optical properties under different weather conditions using multi-wavelength Mie lidar. Acta Phys. Sin. 2014, 63, 244206. [Google Scholar]

	



Rocadenbosch, F.; Reba, M.N.; Sicard, M.; Comeron, A. Practical analytical backscatter error bars for elastic one-component lidar inversion algorithm. Appl. Opt. 2010, 49, 3380–3393. [Google Scholar] [CrossRef] [PubMed]

	



Marchant, C.C.; Moon, T.K.; Gunther, J.H. An iterative least square approach to elastic-lidar retrievals for well-characterized aerosols. IEEE Trans. Geosci. Remote Sens. 2010, 48, 2430–2444. [Google Scholar] [CrossRef]

	



Matthais, V.; Freudenthaler, V.; Amodeo, A.; Balin, I.; Balis, D.; Bosenberg, J.; Chaikovsky, A.; Chourdakis, G.; Comeron, A.; Delaval, A.; et al. Aerosol lidar intercomparison in the framework of the EARLINET project. 1. Instruments. Appl. Opt. 2004, 43, 961–976. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, K.; Gong, W.; Temple, D.A.; Omar, A.H.; Mangana, J. Development of a 3-D scanning 1.5 μm portable aerosol lidar. In Proceedings of the IGARSS 2002: IEEE International Geoscience and Remote Sensing Symposium and 24th Canadian Symposium on Remote Sensing, Toronto, ON, Canada, 24–28 June 2002; Volumes I–VI, pp. 3595–3598. [Google Scholar]

	



Spuler, S.M.; Mayor, S.D. Scanning eye-safe elastic backscatter lidar at 1.54 μm. J. Atmos. Ocean. Technol. 2004, 22, 696. [Google Scholar] [CrossRef]

	



He, T.Y.; Stanic, S.; Gao, F.; Bergant, K.; Veberic, D.; Song, X.Q.; Dolzan, A. Tracking of urban aerosols using combined LIDAR-based remote sensing and ground-based measurements. Atmos. Meas. Tech. 2012, 5, 891–900. [Google Scholar] [CrossRef][Green Version]

	



Parracino, S.; Richetta, M.; Gelfusa, M.; Malizia, A.; Bellecci, C.; de Leo, L.; Perrimezzi, C.; Fin, A.; Forin, M.; Giappicucci, F.; et al. Real-time vehicle emissions monitoring using a compact LiDAR system and conventional instruments: First results of an experimental campaign in a suburban area in southern Italy. Opt. Eng. 2016, 55, 103107. [Google Scholar] [CrossRef]

	



De Wekker, S.F.J.; Mayor, S.D. Observations of atmospheric structure and dynamics in the Owens valley of California with a ground-based, eye-safe, scanning aerosol lidar. J. Appl. Meteorol. Clim. 2009, 48, 1483–1499. [Google Scholar] [CrossRef]

	



Behrendt, A.; Pal, S.; Wulfmeyer, V.; Valdebenito, A.M.; Lammel, G. A novel approach for the characterization of transport and optical properties of aerosol particles near sources—Part I: Measurement of particle backscatter coefficient maps with a scanning UV lidar. Atmos. Environ. 2011, 45, 2795–2802. [Google Scholar] [CrossRef]

	



Xie, C.B.; Zhao, M.; Wang, B.X.; Zhong, Z.Q.; Wang, L.; Liu, D.; Wang, Y.J. Study of the scanning lidar on the atmospheric detection. J. Quant. Spectrosc. Radiat. Transf. 2015, 150, 114–120. [Google Scholar] [CrossRef]

	



Chiang, C.W.; Das, S.K.; Chiang, H.W.; Nee, J.B.; Sun, S.H.; Chen, S.W.; Lin, P.H.; Chu, J.C.; Su, C.S.; Su, L.S. A new mobile and portable scanning lidar for profiling the lower troposphere. Geosci. Instrum. Meth. 2015, 4, 35–44. [Google Scholar] [CrossRef][Green Version]

	



Wiegner, M.; Geiss, A. Aerosol profiling with the Jenoptik ceilometer CHM15kx. Atmos. Meas. Tech. 2012, 5, 1953–1964. [Google Scholar] [CrossRef][Green Version]

	



Heese, B.; Flentje, H.; Althausen, D.; Ansmann, A.; Frey, S. Ceilometer lidar comparison: Backscatter coefficient retrieval and signal-to-noise ratio determination. Atmos. Meas. Tech. 2010, 3, 1763–1770. [Google Scholar] [CrossRef][Green Version]

	



Mei, L.; Brydegaard, M. Continuous-wave differential absorption lidar. Laser Photonic Rev. 2015, 9, 629–636. [Google Scholar] [CrossRef]

	



Brydegaard, M.; Gebru, A.; Svanberg, S. Super resolution laser radar with blinking atmospheric particles—Application to interacting flying insects. PIER 2014, 147, 141–151. [Google Scholar] [CrossRef]

	



Mei, L.; Brydegaard, M. Atmospheric aerosol monitoring by an elastic Scheimpflug lidar system. Opt. Express 2015, 23, A1613–A1628. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.Y.; Ljungholm, M.; Malmqvist, E.; Bianco, G.; Hansson, L.A.; Svanberg, S.; Brydegaard, M. Inelastic hyperspectral lidar for profiling aquatic ecosystems. Laser Photonic Rev. 2016, 10, 807–813. [Google Scholar] [CrossRef]

	



Gao, F.; Li, J.W.; Lin, H.Z.; He, S.L. Oil pollution discrimination by an inelastic hyperspectral Scheimpflug lidar system. Opt. Express 2017, 25, 25515–25522. [Google Scholar] [CrossRef] [PubMed]

	



Volten, H.; Brinksma, E.J.; Berkhout, A.J.C.; Hains, J.; Bergwerff, J.B.; van der Hoff, G.R.; Apituley, A.; Dirksen, R.J.; Calabretta-Jongen, S.; Swart, D.P.J. NO2 lidar profile measurements for satellite interpretation and validation. J. Geophys. Res. Atmos. 2009, 114. [Google Scholar] [CrossRef]

	



Cao, N.; Fukuchi, T.; Fujii, T.; Collins, R.L.; Li, S.; Wang, Z.; Chen, Z. Error analysis for NO2 DIAL measurement in the troposphere. Appl. Phys. B 2006, 82, 141–148. [Google Scholar] [CrossRef]

	



Hu, S.; Hu, H.; Zhang, Y.; Zhou, J.; Yue, G.; Tan, K.; Ji, Y.; Xu, B. A new differential absorption lidar for NO2 measurements using Raman-shifted technique. Chin. Opt. Lett. 2003, 1, 435–437. [Google Scholar]

	



Mei, L.; Guan, P.; Kong, Z. Remote sensing of atmospheric NO2 by employing the continuous-wave differential absorption lidar technique. Opt. Express 2017, 25, A953–A962. [Google Scholar] [CrossRef] [PubMed]

	



Mei, L.; Zhang, L.; Kong, Z.; Li, H. Noise modeling, evaluation and reduction for the atmospheric lidar technique employing an image sensor. Opt. Commun. 2018, in press. [Google Scholar]








[image: Sensors 18 01880 g001 550] 





Figure 1. (a) Optical layout of the Scheimpflug lidar system, the figure is not to scale. The slow axis is placed in the Scheimpflug plane (paper plane), while the fast axis is placed perpendicular to the paper plane. The laser beam along the fast axis is collimated by both the cylindrical lens pair and the F6 lens, which are confocal. (b) Recorded image of the laser beam by the Complementary Metal Oxide Semiconductor (CMOS) image sensor (on image). 






Figure 1. (a) Optical layout of the Scheimpflug lidar system, the figure is not to scale. The slow axis is placed in the Scheimpflug plane (paper plane), while the fast axis is placed perpendicular to the paper plane. The laser beam along the fast axis is collimated by both the cylindrical lens pair and the F6 lens, which are confocal. (b) Recorded image of the laser beam by the Complementary Metal Oxide Semiconductor (CMOS) image sensor (on image).
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Figure 2. Images of the laser beam in atmosphere: (a) fast axis; (b) slow; and (c) fast axis are placed perpendicular to the Scheimpflug plane, respectively. The laser beam is collimated with the cylindrical lens pair and the F6 lens in figure (c). The black-solid curves indicate the half intensities of an image in vertical direction. 
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Figure 3. Full-width at half maximum (FWHM) of the laser beam in atmosphere along different axes. The blue-dot curve is obtained when the laser beam is collimated by the cylindrical lens pair and the F6 lens. 






Figure 3. Full-width at half maximum (FWHM) of the laser beam in atmosphere along different axes. The blue-dot curve is obtained when the laser beam is collimated by the cylindrical lens pair and the F6 lens.



[image: Sensors 18 01880 g003]







[image: Sensors 18 01880 g004 550] 





Figure 4. Time-space map of the atmospheric backscattering signal measured from 22 December to 31 December 2017. 
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Figure 5. Aerosol extinction coefficient retrieved by the Fernald-inversion algorithm. The white-stripe area is the period with suspicious cloud appearing in the laser beam path. 
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Figure 6. (a) Temperature; (b) wind speed and relative humidity; (c) atmospheric aerosol extinction coefficient retrieved from the lidar measurement and the particle concentrations reported by a local national pollution monitoring station. It should be noted that the spatial-averaged aerosol extinction coefficient is 10-times averaged in figure (c). 
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[image: Sensors 18 01880 g006]







[image: Sensors 18 01880 g007 550] 





Figure 7. The relationship between aerosol extinction coefficient and the PM10 concentration under different relative humidities. 
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Figure 8. The correlation between the aerosol extinction coefficient and the PM10 concentration when the PM10 concentration is lower than 100 µg/m3, the relative humidities are: (a) ≤75% and (b) >75%, respectively. 
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Table 1. Primary specifications of the 450-nm Scheimpflug lidar (SLidar) system.
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Model

	
Specifications






	
Laser source

	
Nichia, NDB7K75

	
Wavelength: 450 nm; Power: 3.5 W; Divergence: 14° ║ × 46° ┴;




	
Collimator

	
Tianlang, F6 refractor

	
Focal length: 600 mm, Diameter: 100 mm




	
Cylindrical lens pair: LJ1918L1-A & LK1426L1-A

	
Convex lens: f = 5.8 mm, height: 4 mm; Concave lens: f = −25 mm, height: 10 mm

Laser beam divergence: 0.1 × 0.36 mrad




	
Receiver

	
Skywatcher, CFP200

	
Focal length: 800 mm; Diameter: 200 mm




	
Detector

	
CMOS, CMV2000

Lt225NIR

	
Tilt angle: 45°; Resolution: 2048 × 1024 Pixels; Frame rate:170 fps; Bit depth: 12/8 bit; Pixel size: 5.5 µm × 5.5 µm; Quantum efficiency: 45% @ 450 nm; ROI: 2048 × 200 pixels




	
Filters

	
450 nm interference filters

	
10 nm FWHM (Edmund optics)












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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