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Abstract: Polarization lidar has been widely used in recent decades to observe the vertical
structures of aerosols and clouds in the atmosphere. We developed a dual-polarization lidar
system that can detect polarization measurements simultaneously at 355 nm and 532 nm. Dust
events and haze episodes over northern China in 2014 were observed by the developed lidar. The
results showed that the dust-dominated aerosol depolarization ratios at 532 nm were larger than
those at 355 nm, but those of the air pollutants were smaller, indicating that this tool could provide
a more accurate classification of aerosols. Moreover, we found a good relationship between the
absorption coefficient of aerosols and the ratio of depolarization ratios at 532 nm and 355 nm for
dust aerosols. Our results imply that aerosol absorption from polarization measurements may be
determined by lidar at the ultraviolet and visible wavelengths.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Atmospheric aerosols can alter the radiative balance of the Earth-atmosphere system by scattering
and absorbing shortwave and longwave radiation [1,2]. Aerosol absorption is a significant
property driving climate forcing, particularly at the local scale [3]. Black carbon (BC) is known
as the main aerosol absorbing light in the atmosphere. Taking light-absorbing BC and non-light
absorbing organic carbon as examples, their preferential absorptions at the blue wavelength can
be extended to the ultraviolet (UV) wavelength [4]. In addition, there are important contributions
from other aerosols, such as unknown brown carbon and mineral dust [5,6].

The absorption of aerosols can be detected by both remote sensing and in situ measurements
[5]. For example, Arola et al. [7] presented an approach to correct aerosol absorption results
from Ozone Monitoring Instrument (OMI) measurements, combining global aerosol model
simulation and Aerosol Robotic Network (AERONET) observations. Satheesh et al. [8] suggested
that OMI-Moderate Resolution Imaging Spectroradiometer (MODIS)-Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) combined observation retrieval has great
potential to further improve aerosol absorption detection. Single scattering albedo (SSA), as an
important parameter in aerosol absorption, can be retrieved from the ground-based AERONET
based on a solar-sky radiometer [9—13]. The measurement of aerosol absorption characteristics
could be accurately achieved by various on-site instruments, such as an aethalometer (AE)
and multi-angle absorption photometer (MAAP). Real-time mass concentrations of BC can
be measured by AE31 [14], a particle soot absorption photometer (PSAP) [15], and MAAP
[16]. In addition, the absorption characteristics of BC and dust in snow have been collected and
consequently analyzed by using laboratory spectroscopy [17]. However, until now, the vertical
profile of aerosol absorption is still very difficult to obtain. Over the past decade, profiles of the

#390475 https://doi.org/10.1364/OE.390475
Journal © 2020 Received 14 Feb 2020; accepted 17 Feb 2020; published 24 Feb 2020


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.390475&amp;domain=pdf&amp;date_stamp=2020-02-24

Research Article Vol. 28, No. 5/2 March 2020/ Optics Express 7029 |
Optics EXPRESS b Ny \

aerosol absorption coeflicient were measured by unmanned aerial vehicles (UAVs) [18] and radio
sounding balloons [19].

Polarization lidar has been widely used to detect the spatiotemporal distribution of aerosols
and clouds in the atmosphere [20-27]. Sugimoto et al. [28] found a mixture of dust and sulfate in
the upper boundary layer during dust events and anthropogenic aerosol plumes in the Northwest
Pacific. GroB et al. [29] reported vertical distribution of the Saharan dust after long-range
transport across the Atlantic Ocean by use of a dual-wavelength polarization lidar. Janicka et
al. [30] analyzed polarization measurements of simultaneous advection of Saharan dust and the
Canadian biomass burning aerosol in well separated in time and space layers over Warsaw in
July 2013. It is well known that particle types can be identified from polarization measurements
[22,31-34]. Liu et al. [35] investigated the characterization of dust in the troposphere by
using layer-averaged depolarization ratios (DRs) from CALIPSO lidar observations. Zhou et
al. [36] identified dust plumes over the Taklimakan Desert using the relationship between the
layer-integrated attenuated backscatter coefficient and layer-integrated DR. Burton et al. [37]
proposed a parameterization scheme that can divide aerosols into two or more types by using
polarization lidar measurements. In addition, spectral DRs of particles have also been reported
in the literature. For dust-dominated aerosols, the DRs at 532 nm are larger than those at 355 nm
but are smaller for smoke particles [38]. The reason for this phenomenon is likely related to the
absorption of particles [39,40].

In this study, we developed a dual-polarization lidar system aimed at investigating the relation-
ship between the DRs of atmospheric aerosols at UV and visible (VIS) wavelengths. Moreover,
the identification of aerosol types is achieved based on spectral polarization measurements. We
attempted to determine the relationship between the DRs and the absorption of dust aerosols.
Section 2 briefly introduces the developed lidar system and methods used in this paper. The
results and discussions are described in Section 3. Finally, the conclusion is given in Section 4.

2. Instruments and observational data
2.1.  Dual-polarization lidar system

We developed a ground-based dual-polarization lidar system for observing the vertical structure
of aerosols and clouds in the troposphere. The developed lidar employs a flash-lamp-pumped,
third /second-harmonic Nd:YAG laser with two wavelengths of 532 nm and 355 nm. Then,
the backscattering signal from the atmosphere was collected by a receiver telescope with a
diameter of 350 mm. The polarization measurements were detected at 532 nm and 355 nm
simultaneously. Licel transient recorders were used to simultaneously measure multichannel
signals in analog mode and photons counting. The DR at each wavelength was calculated by the
ratio of the parallel and perpendicular components of the backscattering signals, consequently
incomplete overlap can be eliminated. It is noted that overlap problem could be solved by use of
Scheimpflug lidar system [41]. To compare lidar measurements with co-located ground-based
absorption observation, the overlap height of the developed lidar was set to very low (~50 meters).
The spatial resolution and temporal resolution of the lidar system were 3.75 meters and 2 min,
respectively. The lidar measurements of dust aerosols and air pollutants in the atmosphere over
northern China in 2014 were used in this study.

2.2. Multiangle absorption photometer (MAAP)

The MAAP (model-5012, Thermo Scientific, USA) is a single wavelength (637 nm) instrument
with a half maximum width of 18 nm [42]. The transmittance of the filter and scattering from
two angles (130° and 165°) are monitored by using a two-stream radiation transfer model with
a glass fiber filter band (GF-10, Thermo Fisher Science, USA) [16,43]. Without the influence
of scattering particles, the absorbance of deposited particles is determined. The absorption
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coefficient measured by the MAAP is expressed in terms of BC mass concentration. The reference
absorption coefficient is calculated by measuring the difference between the extinction coefficient
and scattering coefficient and by photoacoustic photometry. The advantages of these methods are
that the particles can be sampled for a long time to improve the filter, which not only collects
particles on the actual surface of the filter but also penetrates far below the limit of the detectable
absorption coefficient of 1 Mm~!. Using this filter, even for particles less than 100 nm, the
deposition efficiency is very high, and the process of sampling is simple [43]. The MAAP is
currently a relatively simple means of automatically and continuously observing BC. To ensure
the accuracy of the data before measurement, the instrument should be calibrated for temperature,
pressure and flow. In this paper, the aerosol absorption coefficient oy, (Mm™") is obtained by
using the empirical conversion factor of BC (6.6 m?/g), as reported by Hitzenberger et al. [44]:

Oab = 6.6M3c. (1)

where Mpc is the concentration of BC.

3. Results and discussion

Dust storms usually occur over east Asia in late winter and springtime and have significant
impacts on the regional climate, environment and ecosystem [45,46]. On April 12-13, 2014, a
heavy dust storm originating from the Taklimakan Desert occurred over northern China and was
observed by the developed dual-polarization lidar system. The vertical structure of atmospheric
aerosols and clouds from lidar observations in Linze (39.14°N, 100.17°E) during the dust event
on April 13, 2014, is shown in the left panel of Fig. 1. The lidar observations of another dust
case in Zhongmou (34.73°N, 114.00°E) on December 14, 2014, are shown in the right panel
of Fig. 1. The attenuated backscattering coefficients (ABC) and DRs at 532 and 355 nm are
shown. There was a dust event on the afternoon of April 13 in Linze according to the high ABC
and DR values at 532 nm from the lidar measurements. However, the results show a small DR
value at 355 nm during the dust event. Moreover, it is noted that for dust particles the ABCs at
532 nm are larger than those at 355 nm, also as reported by previous studies [e.g., 47-49]. The
reason may be due to absorption of dust particles [47]. This finding was confirmed from lidar
measurements observed by another lidar system for a dust case in Zhongmou on December 14,
2014. We can see that multilayer dust aerosols were found between 1 km and 3 km at a height
above ground level. The same phenomenon, where the DR value at 532 nm was larger than that
at 355 for dust-dominated particles, still clearly existed. Air pollutants were also observed below
1 km during this dust event. However, we can see that for air pollutants, the DR value at 532 nm
was smaller than that at 355 nm. These phenomena regarding the spectral DRs of dust aerosols
and air pollutants are quite different, which has also been reported by previous studies [38,40].
The identification of aerosol types has been studied over past decades based on lidar measure-
ments [37,50,51]. Aerosol classification can be markedly improved by using high-spectral-
resolution lidar (HSRL), especially by employing polarization measurements at different wave-
lengths [31,37,38]. In this study, we used the ratio of the DRs at 532 nm and 355 nm to classify
the aerosol types more effectively. The relationship between the DRs at 532 nm and 355 nm
and the DR at 532 nm is shown for two typical aerosol types (dust and air pollutants) in Fig. 2.
The data points were selected from red boxes as marked in Fig. 1. We can see that these two
aerosol types can be obviously separated using this relation. For dust aerosols, the DR at 532 nm
is larger than 0.22, and the ratio of the DRs at 532 nm and 355 nm is greater than 1.1. However,
for anthropogenic air pollutants, the DR at 532 nm is smaller than 0.16, and the ratio of the DRs
at 532 nm and 355 nm is less than 0.8. According to this pattern, the ratio of the DRs at 532
nm and 355 nm ranges from 0.8 to 1.1, while the DR at 532 nm is attributed to a mixture of
dust and air pollutants. The average values of DR for dust aerosols are 0.25 +0.03 (532 nm)
and 0.20 £ 0.02 (355 nm) respectively, but for anthropogenic air pollutants are 0.14 + 0.01 (532
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Fig. 1. Vertical structure of atmospheric aerosols and clouds from lidar observation. Left
panel: dust case in Linze (39.14°N, 100.17°E) on April 13, 2014. Right panel: case of dust
and air pollutant mixing in Zhongmou (34.73°N, 114.00°E) on December 14, 2014. The
data points of dust aerosols (D) and air pollutants (A) in Fig. 2 are marked by red boxes.

nm) and 0.27 + 0.02 (355 nm). Following this idea, we identified aerosol types based on lidar
measurements in Zhongmou on December 14, 2014, as shown in Fig. 3. The results show that
there was multilayer aerosol mixing during the observation time. Moreover, dust aerosols can be
clearly seen as mixing with air pollutants within the boundary layer. Therefore, dual-polarization
measurements can be used to largely improve aerosol classification.
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Fig. 2. Probability distribution function (PDF) of dust aerosols and air pollutants for the
relationship between the DR (532 nm) and ratio of DRs at 532 nm and 355 nm from lidar
measurements of Zhongmou on December 14, 2014. The grid resolution is 40x40.

To investigate the reason why different DRs are observed at 532 nm and 355 nm for aerosols,
we studied the relationship between the ratio of the DRs at the two wavelengths from the lidar
measurements and the aerosol absorption coefficient from the independent observations. To
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Fig. 3. Vertical distribution of aerosol identification using dual-polarization lidar measure-
ments in Zhongmou on December 14, 2014. The temporal and spatial resolutions are 1 min
and 19 m, respectively.

compare with the surface aerosol absorption coeflicient observed by the colocated MAAP, lidar
measurements between 70 and 100 meters were used and averaged. Figure 4 shows that the
aerosol absorption coefficient observed by the MAAP in Zhangye on April 12, 2014, decreased
with increasing DR ratio at the two wavelengths for dust aerosols. The correlation coefficient R is
0.71, and the standard root mean square error (RMSE) is 2.11. The difference in DR between 532
and 355 nm may be caused by the absorption characteristics of aerosols [38,39]. Previous studies
have proven that dust aerosols show substantial absorption characteristics. The amount of dust
absorption varies with particle size distribution, composition and shape [52,53]. In addition, the
absorption of dust aerosols has been studied from AERONET sun-photometer observations over
northwestern China [54-56]. It is worth noting that dust particles accounted for approximately
26.7% of aerosol absorption during floating dust events but increased to 71.6% during heavy
dust storms over northwestern China [57]. Therefore, it can be concluded that the absorption
characteristics of dust aerosols cause a difference in the DR at the UV and VIS wavelengths.
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Fig. 4. The relationship between the aerosol absorption coefficient observed by a colocated
MAAP and the ratio of the DRs at 532 nm and 355 nm from lidar measurements in Zhangye
on April 12, 2014, during the dust event.
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4. Conclusion

To obtain more information from polarization lidar measurements, we developed a dual-
polarization lidar system that can detect polarization measurements simultaneously at both 355
nm and 532 nm. The vertical distributions of atmospheric aerosols and clouds over northern
China were successfully observed by the developed lidar. Observational data during two typical
cases (dust events and haze episodes) were used for the analysis in this study. The results showed
that for dust-dominated aerosols, the DR at 532 nm was larger than that at 355 nm, but that for
air pollutants was smaller. This can provide more information for the accurate classification
of aerosol types. Our results show that dual-polarization measurements can be used to largely
improve aerosol classification. Moreover, we found that there is a good relationship between the
absorption coefficient of aerosols and the ratio of DRs at 532 nm and 355 nm for dust aerosols.
These results confirm that the absorption characteristics of dust aerosols cause a difference in DR
at the UV and VIS wavelengths. In the future, aerosol absorption may be obtained from lidar
spectral polarization measurements.
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