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Abstract: Accurate identification of aerosols and cloud from remote sensing observations is
of importance for quantitatively evaluating their radiative forcing and related impacts. Even
though polarization lidar has exhibited a unique advantage of classifying atmospheric aerosols
and clouds over the past several decades, polarization measurements are often achieved at one
wavelength (UV or VIS) using laser remote sensing. To better identify the types of aerosols and
clouds, we developed a ground-based dual-polarization lidar system that can simultaneously
detect polarization measurements at wavelengths of 355 nm and 532 nm. Our results show that
the volume depolarization ratios (VDRs) at 355 nm and 532 nm markedly differ for typical types
of aerosols and clouds in the atmosphere. For non-spherical particles, the ratio of VDRs at
532 nm and 355 nm are 2.87 + 1.35 for ice cloud and 1.51 + 0.29 for dust-dominated aerosols,
respectively. However, for spherical particles, the ratios are 0.43 +0.26 for water cloud and
0.56 £ 0.05 for air pollutants. Consequently, we proposed a simple reliable method for classifying
atmospheric aerosols and clouds from polarization measurements observed by the developed
lidar system. The proposed method first distinguishes clouds from aerosols using a combination
of the color ratio (CR, 532 nm/355 nm) and attenuated backscattering coefficients (ABC) at 532
nm. Then, subtypes of clouds and aerosols are identified based on the ratio of VDRs at 532
nm and 355 nm. The results showed that dual-polarization lidar measurements can remarkably
improve the classification of atmospheric aerosols and clouds, compared with results using a
traditional method. This study illustrates that more information on atmospheric aerosols and
clouds can be obtained from polarization measurements at multiple wavelengths by active remote
sensing.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Previous studies have shown that aerosols and clouds play a significant role in regional and global
climate systems [1]. Aerosols can change the radiation balance of Earth’s atmospheric system by
scattering and absorbing shortwave and longwave radiation [2-5]. In addition, aerosols can act
as cloud condensation nuclei, consequently affecting the cloud occurrence and lifetime [6-9]
and changing the microphysics of clouds [10,11], which is related to the number, phase and
size of cloud droplets and ice crystals [12,13]. Clouds also have a strong modulation effect on
Earth’s radiation budget by reflecting solar radiation and absorbing longwave thermal emission
from Earth. For example, the net effect of boundary layer clouds is cooling the climate system
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[14,15]. On the other hand, various aerosols, which mainly come from natural and anthropogenic
pollution processes, play different roles in the atmosphere. It has been proven that anthropogenic
aerosols can completely change the attribution of drought to meteorological variables by causing
large negative anomalies of surface temperature [16,17], effective energy and precipitation [18],
and also favor haze conditions in particular periods of the year [19].

The influence of aerosols on atmospheric radiation depends on the spatial-temporal distribution
of their microphysical and chemical properties. In recent years, ground-based and spaceborne
lidar has been widely used in aerosol and cloud detection [20,21,22-29,30]. Reichardt et al.
[31] developed a Raman lidar for unattended, continuous multi-parameter atmospheric profile
measurements, which is used to observe water vapor, temperature, aerosols and clouds in the
atmosphere. Intrieri et al. [32]. determined the temporal distributions of cloudiness, the
vertical distribution of cloud boundary heights and the occurrence of the liquid phase in the
clouds with a combination of radar/lidar observations. Li et al. [33] analyzed the long-term
variation in the cloud droplet number concentrations (Ng) from space-based lidar measurements,
indicating that the climatology of temperature-dependent Ny can reduce the uncertainties of
indirect effect estimations of aerosols in model simulations. Yorks et al. [34] analyzed the optical
property trends of ice clouds and liquid water clouds (altocumulus clouds) based on four-year
observations from a multi-wavelength polarization lidar. Ansmann et al. [35] studied several
pollution outbreaks in Europe during the Second Aerosol Characterization Experiment (ACE
2) in the summer of 1997 based on multi-wavelength lidar and sun photometer measurements.
Tesche et al. [36]. investigated the vertical distributions of Sahara dust in southern Morocco
by using Raman lidar and high-spectral-resolution lidar (HSRL). Using a combination of lidar
measurements of dust aerosols during three field activities, Zhou et al. [37] found that the
frequency of dust occurrence in Northwest China was higher than 88%, and the maximum height
of dust layers typically reached 7.8-9 km or higher. Moreover, numerous previous studies have
focused on lidar measurements of the vertical distributions of aerosols and clouds in China
[38—44]. Hu et al. [45] observed the characterization of Taklimakan dust (including polluted
dust) in Kashi using multi-wavelength polarization Raman lidar in April 2019. Sugimoto et
al. [46] observed fluorescence signals from dust aerosols and air pollutants in the atmosphere
using a lidar spectrometer with excitation wavelength of 355 nm. With the development of space
technology, increasing attention has been paid to spaceborne lidar in global aerosol research due
to its advantages of a wide detection range and high resolution [47,48]. More frequent summer
dust aerosol plumes over the Tibetan Plateau have been detected by the Cloud—Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) lidar, showing that these dust eruptions
will affect the radiation balance of the atmosphere in the region [49]. Moreover, the vertical
distribution of aerosols and clouds in the atmosphere has been studied using four-year CALIPSO
observations in the Arctic [50].

Classification of aerosols and clouds is the basis for investigating their effects on climate
systems and the environment. In recent decades, polarization lidar measurements have been
widely used to identify different aerosol and cloud types [51-58]. Many methods have been
proposed to classify and identify aerosols [59-61] and clouds [62—-64]. Polarization lidar has
unique research capabilities in unambiguous cloud-phase discrimination and an almost ideal
sensitivity to cirrus clouds [65]. Liu et al. [66] introduced a three-dimensional algorithm for
distinguishing clouds and aerosols detected in a two-wavelength backscatter lidar profile by
using the layer-averaged attenuation backscatter at 532 nm, the layer-averaged color ratio (1064
nm/532 nm), and the middle layer height from the CALIPSO observation mission, consequently
improving the theoretical basis of the CALIPSO lidar cloud and aerosol discrimination (CAD)
algorithm [67]. Zhou et al. [68] identified dust aerosols by using the depolarization—attenuated
backscatter relationship from CALIPSO lidar observations. Wang and Sassen [69] distinguished
various atmospheric targets, such as ice and water clouds, virga, precipitation, and aerosols, based
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on lidar measurements. Zhao et al. [70] proposed a new algorithm for aerosol and cloud detection
based on micro pulse lidar measurements. Veselovskii et al. [71] asserted that the calculation the
accuracy of microphysical parameters of bimodal particle size distribution from multi-wavelength
Mie-Raman lidar can reach 50%. Gro8 et al. [72] proposed that the combination of the lidar
ratio and particle linear depolarization ratio can be used to distinguish continental pollution
aerosols from other types of aerosols over Europe. Floutsi et al. [73] combined multi-wavelength
polarization Raman lidar observations with HYSPLIT backward trajectory analysis to identify
advection of biomass burning aerosols towards Punta Arenas. Burton et al. [74] identified aerosol
types by integrating the lidar ratio, backscatter color ratio and depolarization ratio from lidar
measurements. Moreover, the spectrum depolarization ratio of particles has also been reported
in the literature by Burton et al. [75]. For dust-dominated aerosols, the DR at 532 nm is greater
than that at 355 nm, but for smoke particles, the results are opposite [76]. Mishchenko et al. [77]
found that the linear depolarization ratio (LDR) measurement of spectral backscatter can indicate
the presence of smoke particles with complex morphology.

To better identify the types of aerosols and clouds, we developed a ground-based dual-
polarization lidar system that can simultaneously detect polarization measurements at both 355
nm and 532 nm. In this study, a simple yet reliable method was proposed to distinguish the
different types of aerosols and clouds from dual-polarization lidar measurements. In Section
2, the developed lidar system is briefly introduced. The results and discussion are provided in
Section 3. Finally, the conclusion is given in Section 4.

2. Lidar and observational data

A ground-based dual-polarization lidar system that simultaneously collected polarization measure-
ments at 532 nm and 355 nm was developed by Lanzhou University. A schematic diagram of the
developed lidar system is shown in Fig. 1. The system employs a flash-lamp-pumped Nd:YAG
laser to generate fundamental laser beam at wavelength of 1064 nm, then convert into a 532
nm source in second harmonic generation (SHG). Finally, 355 nm laser is generated combing
the remaining 1064 nm and newly created 532 nm lasers in third harmonic generation (THG).
After that the lidar system sends laser beams to the atmosphere simultaneously at wavelengths of
532 nm and 355 nm. The energy of a single pulse is ~ 210 mJ (532 nm) and ~80 mJ (355 nm),
and the pulse repetition rate and duration are 20 Hz and 8.7 ns, respectively. Then, backscatter
signals from atmospheric aerosols and clouds were collected by a receiving Schmidt-Cassegrain
telescope with a diameter of 350 mm, consequently separated by a dichroic mirror. The field of
view (FOV) of the system was 0.5 mrad. Polarization measurements at 532 nm and 355 nm were
detected simultaneously by using two polarizing beam splitters (PBS). Finally, signals in analog
and photon counting modes were simultaneously measured by Licel transient recorders and then
detected by four photomultiplier tubes (PMTs). The spatial resolution and temporal resolution of
the developed dual-polarization lidar system were 3.75 m and 2 min, respectively.

The vertical structure of tropospheric aerosols and clouds was measured by the developed lidar
over northern China in Lanzhou (36.05 °N, 103.85 °E, 1493.1 m AGL) in March 2014 and Linze
(34.73 °N, 114.00 °E) in April 2014. The volume depolarization ratio (VDR) is defined by the
ratio of the parallel and perpendicular components of the backscattering signals, and the color
ratio (CR (532/355)) is defined by the ratio of the attenuated backscattering coefficients (ABC) at
532 nm and 355 nm. Lidar data corrections, such as background subtraction, range correction
and polarization calibration, were achieved in this study.

The VDR is the total depolarization ratio of atmospheric molecules and particles, whose value
can be used to measure the physical properties of particles. It is a parameter of particle shape:
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Fig. 1. Schematic diagram of the developed dual-polarization lidar system used in this
study.
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where 3, is the attenuated backscattering coeflicient of the perpendicular channel and f3,; is the
attenuated backscattering coeflicient of the parallel channel signal. C is the calibration factor of
polarization measurements. In this study, the ratio of VDRs (d532/0355) is defined as a parameter
to distinguish aerosols and clouds.
Color ratio is a parameter relating to particle size, in which large color ratios corresponds to
coarse particle:
_ Bsaz + B3y

 Pass. + Bass)

2

3. Results and discussion

Dust events originating from the Taklimakan Desert and Gobi Desert usually occur in East Asia
in late winter and spring. In March, 2014, there were dust-dominated aerosol events and haze
episodes in Lanzhou, China. Figure 2 shows the vertical structure of clouds and aerosols observed
by the developed dual-polarization lidar on March 5-6 and March 26-27. The results show that
there was a distinct air pollutant layer at 0-2 km in the afternoon on March 5-6. The ABCs of
the air pollutant layer were small with a low VDR (~0.1) at 532 nm. However, the VDRs at
532 nm were much smaller than those at 355 nm in this layer. On March 26-27, we found a
dust layer at 0-2 km. The ABCs of the dust layer were small with a high VDR (~0.24) at 532
nm. However, the VDRs at 355 nm were much smaller than those at 532 nm in this layer. This
phenomenon has been proven by other previous studies [75-77]. We also observed ice cloud
layers at approximately 6-9 km on March 5-6. For ice clouds, at 532 nm, the ABCs were stronger
and the VDRs were larger than the corresponding values of dust-dominated aerosols. However, it
is interesting that the VDRs at 355 nm were smaller than those at 532 nm, also indicating similar
results for ice clouds on other observed days in March and April. In addition, for water clouds,
the VDRs at 355 nm were larger than those at 532 nm. Therefore, we can confirm that aerosols
and clouds show different features on lidar measurements at UV and visible wavelengths, which
may be related to particle size.

To explore the differences in aerosol and cloud observation results at 532 nm and 355 nm, we
studied the relationship between the ABC, VDR and CR at wavelengths of 532 nm and 355 nm
for typical types of aerosols and clouds, such as air pollutants (A), dust-dominated aerosols(D),
water clouds (W), mixed phase clouds (MP) and ice clouds (I). Data sets of the five types were
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Lidar measurements in Lanzhou (36.05 °N, 103.85 °E, 1463.1 m) in 2014

(1) March 5-6 (2) March 26-27 x103
10 10 0
€ 8 8
= =
8 6 6 5
3 49 4 P
= =
< 2 2
0 0
10 10 4
8 i
£ {
;’ 6 3 6 02
S 4 4 " ’
i 2 2 '
0 04 | 0.0
10 10 04
e : |
= 61 6
8 : 0.2
2 4 44 M
< 2 2 i '
0 04 0.0
18:00 0:00 6:00 12:00 18:00 0:00 4:00 8:00 12:00 16:00
(3/6) (327)
Local time Local time

Fig. 2. Vertical structure of atmospheric aerosols and clouds observed by the developed
lidar in Lanzhou (36.05°N, 103.85°E, 1493.1 m) on March 5-6 and March 26-27, 2014.

selected from polarization lidar measurements in March and April. The time and heights of the
aerosol and cloud layers are summarized in Table 1. The relationships between the ABC and
VDR at wavelengths of 532 nm and 355 nm for these five types are shown in Fig. 3. The results
show that for ice clouds and dust-dominated aerosols, the VDRs at 532 nm were larger than 0.18,
but those at 355 nm were smaller. Moreover, the VDR of ice cloud was the largest (smallest) at
532 (355) nm. In particular, the VDRs of water clouds and air pollutants were similar at both
532 nm and 355 nm, indicating that the VDR cannot be used to distinguish water clouds from air
pollutants. In addition, classification of the four types cannot be achieved according to the results
of the ABCs at 532 nm and 355 nm, even though they are slightly different.

The relationships between the CR (532/355), ABC and VDR at wavelengths of 532 nm and
355 nm for these five types are shown in Fig. 4. The CRs of ice clouds were the largest among
the five types. According to the results, the relationships between the CR (532/355) and VDR
at wavelengths of 532 nm and 355 nm did not show clear features for the four types. The
combination of CRs and the ABC at the wavelength of 532 nm can distinguish atmospheric
aerosols from clouds. The CRs of clouds are greater than 3.0, and the ABC at 532 nm is larger
than 0.015/km/sr. These thresholds could be used to successfully separate clouds and aerosols.
Finally, we compared the differences in VDRs at 532 nm and 355 nm for aerosols and clouds, as
shown in Fig. 5. The VDRs of non-spherical particles (ice clouds and dust-dominated aerosols)
at 532 nm are larger than those at 355 nm, but for spherical particles (water clouds and air
pollutants), the opposite is true.

The mean values and standard deviations of the VDRs for the five types were calculated
and are provided in Fig. 6. We can see that for aerosols, the average VDR values at 532 nm
are 0.22 +0.02 for dust-dominated aerosols and 0.09 +0.01 for air pollutants, but these values
are 0.16 £ 0.04 for dust-dominated aerosols and 0.17 + 0.01 for air pollutants at 355 nm. In
addition, for clouds, the average VDR values at 532 nm are 0.30 + 0.07 (ice cloud), 0.05 +0.03
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Fig. 3. Relationship between the attenuated backscatter coefficient and volume depolar-
ization ratio at wavelengths of 532 nm and 355 nm for air pollutants (A), dust-dominated
aerosols (D), ice clouds (I), water clouds (W) and mixed phase clouds (MP) from lidar
measurements in Lanzhou in March and in Linze in April, 2014. The datasets are summarized
in Table 1. The grid resolution is 40x40.

(water cloud) and 0.12 = 0.05 (mixed phase cloud), while these values are 0.16 + 0.12 (ice cloud),
0.13 £0.04 (water cloud) and 0.14 + 0.07 (mixed phase cloud) at 355 nm. Then, we found that for
non-spherical particles, the ratio of VDRs at 532 nm and 355 nm are 2.87 + 1.35 for ice cloud and
1.51 + 0.29 for dust-dominated aerosol, while for spherical particles, the ratios are 0.43 +0.26 for
water cloud and 0.56 + 0.05 for air pollutants. Finally, lidar observations of atmospheric aerosols
and clouds in March and April were used to calculate the ratio of VDRs at 532 nm and 355
nm, as shown in Fig. 7 and 8. We found that layers of ice clouds and dust-dominated aerosols
are clearly seen and separated from others. This study indicated that spectral VDRs at UV and
visible wavelengths are very useful for the identification of aerosols and clouds in the atmosphere
by lidar measurements.

Now, we can conclude that for spherical particles, the ratio of VDRs at 532 nm and 355
nm (0532/83s5) are less than 1, while for non-spherical particles, the values are greater than 1.
Moreover, we found that the threshold value of the ratio for dust-dominated aerosols is 1.1-2.5,
and for air pollutants, this value is less than 0.8. According to this result, a ratio between 0.8 and
1.1 is attributed to a mixture of dust and air pollutants. These thresholds are consistent with our
previous results (Huang et al., 2020). In addition, the ratio of VDRs for water clouds are less
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Table 1. Information on the data points selected for the analysis shown in Figures 3-5.

Date Ice cloud (I) Water cloud (W) Mixed-phase Dust- Air pollutant (A)
(Location) cloud (MP) dominated
aerosol (D)
Mar. 6 - - - - 15:00-17:00
(Lanzhou) 1.0-2.0 km
Mar. 11 19:30-20:00 - 21:00-22:00 18:00-20:00 10:00-12:00
(Lanzhou) 6.0-7.0 km 2.5-3.0 km 0.5-1.5 km 2.5-2.8 km
Mar. 12 - 13:00-15:00 - -
(Lanzhou) 1.8-2.0 km
Mar. 13 17:00-19:00 - - - 15:00-17:00
(Lanzhou) 8.5-9.5 km 1.0-2.0 km
Mar. 27 - - 3:00-4:00 6:00-9:00 -
(Lanzhou) 3.5-4.0 km 0.5-2.0 km
Apr.11 (Linze) - 12:30-15:00 - - -
2.8-3.5 km
Apr.13 (Linze) 18:00-20:20 - - - -
7.0-8.5 km
Apr.14 (Linze) - - 2:00-3:00 0:00-4:00 -
3.2-4.0 km 0.5-1.0 km
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Fig. 4. Upper panel: relationships between the color ratio (532 nm/355 nm) and volume
depolarization ratios at 532 nm and 355 nm. Lower panel: the relationships between the
color ratio (532 nm/355 nm) and attenuated backscatter coefficient at 532 nm and 355 nm.
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Lidar measurements in Lanzhou (36.05 °N, 103.85 °E) on March 11-14, 2014 S0
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Fig. 7. Vertical structure of atmospheric aerosols and clouds from lidar observations in
Lanzhou on March 11-14, 2014.

Lidar measurements in Linze (34.73°N, 114.00°E) on April 11-23, 2014
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Fig. 8. Vertical structure of atmospheric aerosols and clouds from lidar observations in
Linze on April 11-23, 2014.
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than 0.5, but for ice clouds, these values are greater than 1.5. Using these results, we can clearly
separate water clouds from ice clouds. In this study, mixed-phase clouds were detected during
our observational period, leading to the identification of mixed-phase clouds being achieved, the
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Fig. 9. Vertical profiles of lidar measurements. (a) Data are from Lanzhou at 14:00 on
March 6, 2014; (b) Data are from Lanzhou at 18:00 on March 11, 2014; (c) Data are from
Linze at 13:00 on April 11, 2014 (A: air pollutant; D: dust; W: water cloud; I: ice cloud).
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ratio of VDRs for mixed-phase clouds are about 1.0. The value is consistent with the results of
previous study [78]. Figure 9 shows the vertical profiles of three different time points, and the
expression of the results is more intuitive. Finally, a method for accurately classifying typical
types of aerosols and clouds from lidar measurements is proposed, and a flow chart of the
proposed method is shown in Fig. 10. After correction of the lidar data, we first distinguished
clouds from aerosols using a combination of the CR and ABC at 532 nm. Then, subtypes of
clouds and aerosols are identified based on the ratio of VDRs at 532 nm and 355 nm.

Lidar Raw Data
Data Correction

CR (532 m3s5nm) < 3.0
ABC,;,< 0,015

Cloud Aerosol

! 1 { — 1
| 0.4<653)/8,5:<0.8 | | 0.8¢B53/8155<1.5 | | 1.5¢B3/8355 | | 1.1<B53/815552.5 | | 0.8¢655,/B355<1.1 | | 8539/655550.8 ‘

! ! ! ! ! |
Water Mixed Phase Ice Dust Mixture Air
Cloud Cloud Cloud Pollutant
Fig. 10. Flow chart of the proposed method for classifying atmospheric aerosols and clouds
from dual-polarization lidar measurements in this study.

We applied the proposed method to lidar measurements on March 6, and the vertical feature
mask (VFM) of atmospheric aerosols and clouds could be obtained, as shown in Fig. 11. Ice
cloud layers and water clouds on March 6 were successfully identified. For aerosols, we not only
separated dust-dominated aerosols and air pollutants but also identified their mixture. The results
of the classification using the proposed method have been roughly validated by weather records
(dust event records), local in situ ground-based monitoring observation data and CALIPSO
observation results.
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Fig. 11. (1) Vertical feature mask (VFM) of atmospheric aerosols and clouds identified
using the proposed method from lidar measurements in Lanzhou on March 6, 2014. (2) and
(3): VEM of atmospheric aerosols and clouds identified using CALIPSO.
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4. Conclusions

In this study, we developed a ground-based dual-polarization lidar system that can simultaneously
detect polarization measurements at wavelengths of 355 nm and 532 nm. The developed lidar
was used to observe the vertical distribution of atmospheric aerosols and clouds over Northwest
China in the spring 2014. Our results show that VDRs at 355 nm and 532 nm markedly differ for
typical types of aerosols and clouds. For ice clouds and dust-dominated particles, the VDRs
at 532 nm are larger than those at 355 nm. However, for water clouds and air pollutants, the
VDRs at 532 nm are smaller than those at 355 nm. The ratio of VDRs at 532 nm and 355 nm
are 2.87 + 1.35 for ice clouds and 1.51 + 0.29for dust-dominated particles, but these values are
0.43 +0.26 for water clouds and 0.56 + 0.05 for air pollutants. Moreover, we proposed a simple
reliable method for identifying atmospheric aerosols and clouds based on the spectral VDRs,
CR and ABC at 532 nm. The proposed method first distinguishes clouds from aerosols using a
combination of the CR and ABC at 532 nm. Then, subtypes of clouds and aerosols are identified
based on the ratio of VDRs at 532 nm and 355 nm. The results showed that dual-polarization
lidar measurements can remarkably improve the classification of atmospheric aerosols and clouds.
It is proven that more information on atmospheric aerosols and clouds can be obtained from
polarization lidar measurements at multiple wavelengths. This study encourages the laser remote
sensing community to make lidar systems that can detect spectral VDRs for the study of aerosols
and clouds in the atmosphere.
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