
Research Article Vol. 31, No. 5 / 27 Feb 2023 / Optics Express 7599

Method for retrieving range-resolved aerosol
microphysical properties from polarization lidar
measurements
ZHONGWEI HUANG,1,* QINGQING DONG,1 BIN CHEN,1 TIANHE
WANG,1 JIANRONG BI,1 TIAN ZHOU,1 KHAN ALAM,2 JINSEN SHI,1

AND SHUANG ZHANG1

1Collaborative Innovation Center for West Ecological Safety (CIWES), Lanzhou University, Lanzhou
730000, China
2Department of Physics, University of Peshawar, Peshawar 25120, KPK, Pakistan
*huangzhongwei@lzu.edu.cn

Abstract: Aerosol microphysical properties, such as volume concentration (VC) and effective
radius (ER), are of great importance to evaluate their radiative forcing and impacts on climate
change. However, range-resolved aerosol VC and ER still cannot be obtained by remote sensing
currently except for the column-integrated one from sun-photometer observation. In this study, a
retrieval method of range-resolved aerosol VC and ER is firstly proposed based on the partial
least squares regression (PLSR) and deep neural networks (DNN), combining polarization lidar
and collocated AERONET (AErosol RObotic NETwork) sun-photometer observations. The
results show that the measurement of widely-used polarization lidar can be reasonably used to
derive the aerosol VC and ER, with the determination coefficient (R2) of 0.89 (0.77) for VC
(ER) by use of the DNN method. Moreover, it is proven that the lidar-based height-resolved
VC and ER at near-surface are well consistent with independent observations of collocated
Aerodynamic Particle Sizer (APS). Additionally, we found that there are significant diurnal
and seasonal variations of aerosol VC and ER in the atmosphere at Semi-Arid Climate and
Environment Observatory of Lanzhou University (SACOL). Compared with columnar ones from
the sun-photometer observation, this study provides a reliable and practical way to obtain full-day
range-resolved aerosol VC and ER from widely-used polarization lidar observation, even under
cloud conditions. Moreover, this study also can be applied to long-term observations by current
ground-based lidar networks and spaceborne CALIPSO lidar, aiming to further evaluate aerosol
climatic effects more accurately.
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1. Introduction

Atmosphere aerosols play an important role in the global climate and ecological environment,
but there are still significant uncertainties because of the complexity of aerosols [1]. Aerosols not
only absorb and scatter solar radiation to directly change the earth-atmosphere radiation balance
but also indirectly affect the formation process of clouds and their microphysical properties [2–7].
To accurately evaluate their effects on climate and the environment, quantitative information on
aerosol physical and chemical characterizations is needed [8–11].

Lidar, as an active remote sensing, has been widely used over the past decades [12–14]. It
has unique advantages of aerosol detection with high spatiotemporal resolution, especially in
the vertical direction [15]. Numerous studies have characterized atmospheric aerosols based on
ground-based or spaceborne lidar measurements [16–19]. The combination of the depolarization
ratio and extinction coefficient profiles measured by Raman lidar can distinguish biomass burning
aerosols and mineral dust. Hair et al. found that the radiation effect of biomass burning aerosols
is sensitive to the vertical distribution of aerosols by combining lidar observations and model
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simulations [20]. By establishing a network, ground-based lidar can obtain large spatial scale and
continuous four-dimensional atmospheric data to meet the needs of environmental, meteorological
and climatic research [21]. AD-Net is a lidar network for the continuous observation of the
vertical distribution of dust and other aerosols in East Asia [22]. Other lidar networks, such
as the NASA Micro-Pulse Lidar Network (MPLNET) [23], the European Aerosol Research
Lidar Network (EARLINET) [24,25] and the Network Detection of Atmospheric Composition
Change (NDACC) [26] provide very important observational data for studying aerosol-cloud
interaction at a large scale. Spaceborne lidar systems have a wider range of observations than
ground-based lidar systems. The seasonal variation and the vertical distribution of aerosol can be
observed by Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) lidar
measurements [27]. Yu et al. compared satellite-based lidar observation with the results of the
Goddard Chemistry Aerosol Radiation Transport (GOCART) model simulations [28]. Vermier
et al. found that there is an aerosol layer on the top of the troposphere in Asia during the Asian
monsoon based on CALIPSO observations [29]. The aerosols vertical distribution characteristics
have quantified by combining ground-based lidar and spaceborne lidar observations. The
phenomenon of cross-border transport of urban aerosols in a large-area during haze events was
found employing a combination of ground-based lidar and CALIPSO lidar measurements [30].
It is found that dust aerosols originating from the Taklimakan Desert can be lifted up to a height
of 9 km and can be transported to the Western Pacific Ocean by long-range airmasses [31].

The optical and physical parameters of aerosols, such as the VC and ER of the particle, are
important parameters to study the influence of aerosols on atmospheric processes, which are
also necessary to characterize aerosol types [32,33]. Sun-photometer is a very effective tool to
measure aerosol microphysical properties and has been widely used to study aerosol physical
and optical properties of pollution events such as haze [34–36]. With the development of laser
technology, lidar has been applied to the study of aerosol microphysical properties [37–40]. The
aerosol size distribution can be derived from two-wavelength rotational Raman lidar observations
[41]. Multi-wavelength Raman lidar observations of the scattering and absorption characteristics
of different aerosols are usually used to further retrieve the microphysical characteristics of
aerosols. A scanning Raman aerosol lidar system with 6 wavelength lasers and 11 channels
receiving signals was first developed by Althausen et al. [42]. Then, the particle size distribution
was obtained mainly by use of regularization technology and cross-validated with an error of
approximately 20% [43]. Moreover, some important microphysical parameters of particles,
such as the ER and number concentration, were inversed using only two extinction coefficients
and three backscatter lidar systems (3β+ 2α) and were improved using an inversion method
of (3β+ 2α+ 1δ) detected by a multi-wavelength Mie-Raman lidar system [44]. In addition,
aerosol microphysical properties retrieved from satellite multi-wavelength lidar observations
were simulated, and the inversion results were found to be acceptable based on only one extinction
coefficient and three backscattering coefficients (3β+ 1α) [45]. However, there are still limitations
for multi-wavelength lidar observations due to their high cost and complicated configuration as
well as difficult maintenance.

The purpose of this paper is to study a simple and reliable way to derive the range-resolved
VC and ER of aerosols from measurements observed by widely used lidar systems (such as Mie
polarization lidar systems), which is based on partial least squares regression (PLSR) and deep
neural networks (DNN). In this study, we use continuous polarization lidar measurements at
Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL) (35.95°N,
104.14°E) over Northwest China and Osaka (34.65°N, 135.59°E) in Japan. The VC and ER
of aerosols are derived from lidar measurements and validated by collocated AERONET and
APS observations. Furthermore, seasonal variations of the range-resolved VC and ER are also
investigated. Section 2 briefly introduces the instruments and observational data used in this
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study. The retrieval method and validation are described in Section 3. Results and discussion are
given in Section 4.

2. Instruments and observational data

2.1. Ground-based Mie polarization lidar system

The ground-based polarization lidar system used in this study was developed by the National
Institute for Environmental Studies (NIES) of Japan for continuous network observations [22]. A
flash-lamp-pumped Nd:YAG laser was employed to generate first- and second-harmonic outputs
at wavelengths of 532 nm and 1064 nm. The energy of a single pulse is ∼ 20 mJ, and the pulse
repetition rate is 10 Hz. Then, backscattering signals from the atmosphere were collected by a
receiver telescope with a diameter of 200 mm. The field of view (FOV) of the system is 1 mrad.
The spatial resolution and temporal resolution of the lidar system are 6 m and 15 min, respectively.
Polarization measurements were observed at 532 nm using polarizing beamsplitters (PBSs) and
calibrated on site using a half-wave plate [46]. The depolarization ratio (DR) at 532 nm is defined
as the ratio of the parallel to the perpendicular components of the backscattering signals, and
the color ratio (CR) is defined as the ratio of the backscattering signals at 1064 nm to those at
532 nm. The vertical structure of tropospheric aerosols and clouds measured by the ground-based
polarization lidar system at SACOL (from October 2009 to March 2011), Osaka (2013 and 2015)
was used in this study. Compared with co-located AERONET results, profiles of lidar data were
selected according to the time of sun-photometer observation. There is an uncertainty when
converting volume DR to particle DR for Mie polarization lidar measurements. So, it is noted
that volume DR is directly used in this paper.

2.2. AERONET sun-photometer

The AERONET sun-photometer is an automatic direct solar and sky radiometer that observes
wavelengths of 440, 670, 870, and 1020 nm with spectral interference filters (10 nm bandwidth)
for aerosol measurements [47–49]. Direct sun measurements are performed at these wavelengths
to determine the aerosol optical depth (AOD). The water vapor content is retrieved using received
signals at 940 nm. The instrument is calibrated annually by comparison with an AERONET
master sun-photometer. The uncertainty of AOD retrieval is less than 0.02 for AERONET
observations [50]. In this study, the VC and effective radius (ER) from the level 2.0 products of
the collocated AERONET sun-photometer observations at SACOL and Osaka sites were also
used. The calculation formulas are as follows,

VC =
r max∫

r min

dV(r)
d ln r

d ln r (1)

ER =

r max∫
r min

r3 dN(r)
d ln r d ln r

r max∫
r min

r2 dN(r)
d ln r d ln r

(2)

where dV(r)/dlnr (µm3/µm2) is aerosol size distribution of the particle volume, and dN(r)/dlnr is
the distribution of the particle number.

2.3. Aerodynamic particle sizer (APS)

The APS 3321 (TSI, Inc., St. Paul, MN) is an instrument for measuring aerosol particle
size distribution in the atmosphere [51]. Based on the principle of double laser particle size
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measurement, the particle size distribution of aerosol particles can be determined by measuring
the flight speed and flight time of particles between two laser beams. A particle size range of
0.5-20 µm can be measured [52,53]. The APS is suitable for field measurements because of its
small size, simple operation and convenience. It can be used in environmental air monitoring,
indoor air quality monitoring and so on [54,55]. In this study, APS observations at SACOL in
2010 were used to validate lidar-derived range-resolved VC and ER at near-surface.

3. Retrieval method and validation

As an active remote sensing tool, lidar has great advantages in continuous and range-resolved
aerosol observation. There is a certain relationship between the lidar observations, and the
aerosol microphysical characteristics observed by the sun-photometer. Figure 1 shows the
lidar measurements and sun-photometer observations for two typical weather conditions at
SACOL on February 4, 2010 and November 9, 2010. Figure 1(a) represents the attenuated
backscattering coefficient (ABC) (532 nm), linear DR (532 nm) and CR (1064/532 nm) observed
by the ground-based lidar system, showing the vertical structure of atmospheric aerosols. The
aerosol VC, ER, and AOD observed by the collocated AERONET sun-photometer are shown
in Fig. 1(b). On February 4, from the ground to approximately 1 km, the ABC has a strong
backscatter signal greater than 0.01 (/sr/km), which indicates a dense dust layer loading. The
linear DR is approximately 0.15 ∼ 0.20 due to the non-spherical shape of dust particles, which
can be used to characterize the shape of aerosol particles. A larger DR value of approximately
0.17 was also reported by previous study [56]. Additionally, the size of dust particles can also
be characterized by the CR from lidar observations. Lidar signal intensity decreased from the
ground to approximately 1 km at first and then increased on November 9, 2010. According to the
variation of DR and CR, there was a mixed layer of dust and pollution. Overall, we can see that
the variations of aerosol VC and ER are consistent with lidar results, which indicates that there is
a certain correlation between these two observations.

Figure 2 shows the relationships between the DR and CR from lidar measurements and the VC
and ER from AERONET sun-photometer observation at SACOL from October 2009 to March
2011 and Osaka sites from 2013 to 2015. Columnar DR and CR were calculated by integrating
from near-ground to the maximum detection height, in order to make comparisons between
results from these two instruments. The maximum detection height of each profile is defined
according to Signal-to-Noise Ratio (SNR) with a threshold of 10. There is different observational
style for these two instruments. The laser direction of the lidar is always perpendicular to the
ground and points to the sky, while the observation angle of sun-photometer changes with time
(especially in the morning and evening). In order to compare the data of the two observation
methods, we further select the data of the sun-photometer between 10 am and 16 pm and eliminate
the observation data with larger angle of the sun-photometer. To further discuss the relationship
among these parameters in detail, all data points of DR and CR were divided into three intervals.
The results show that the aerosol DR increases linearly with the increase of the VC, which
indicates there is a good relationship between the DR and VC for aerosol loading. In addition,
there is a similar relationship between the DR and ER for aerosols but with large dispersion.

It is shown that CR increases with VC, which is approximately linear. In addition, different
linear DR have obvious hierarchical divisions. Moreover, DR and CR of aerosol decreases as the
ER of the particle increases. When the ER of the particle is fixed, the CR increases as the DR
increases. The DR increases as the CR and ER of the particle increase. In conclusion, the CR
and linear DR from lidar measurements are obviously related to the aerosol VC and ER obtained
by the sun-photometer. It should be noted that the correlation results may be different if the
wavelength and configuration of lidar system change.
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Fig. 1. (a) Vertical structure of atmospheric aerosols observed by the ground-based
polarization lidar system at SACOL (35.95°N, 104.14°E) in China during a dust event (4
February) and clear day (9 November 2010); (b) Corresponding columnar microphysical
properties of aerosols measured by the collocated AERONET sun-photometer (CE318).

3.1. Partial least squares regression (PLSR)

The Partial Least Squares Regression (PLSR), which was proposed by Wold [57], has developed
rapidly due to combined advantages of principal component regression, canonical correlation
analysis and multiple linear regression. PLSR can represent as much information as possible in
the independent variable system and can explain as many changes as possible in the dependent
variable system. Moreover, it can effectively solve the problem of multiple correlation between
variables [58,59], which provides a way to retrieve aerosol microphysical properties from lidar
measurement.

To obtain reliable aerosols VC and ER from lidar measurement, a regression model should be
established in advance. The independent variables in the model are the observation results of
lidar. Combined with the analysis in Fig. 1 and Fig. 2, we found that DR, CR and ABC obtained
from lidar have good correlations with VC and ER, so the three key parameters are selected as
the independent variables of the model. The corresponding dependent variable VC and ER can
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Fig. 2. Upper panel: relation between the lidar columnar DR and results from the collocated
AERONET sun-photometer (CE318) at SACOL from October 2009 to March 2011 and
Osaka site from 2013 to 2015. Different colors represent different ranges of the CR. Lower
panel: same as the upper panel but for the columnar CR (1064 nm/532 nm). Different colors
represent different ranges of the DR. The number of data points in each panel is 718

be obtained by AERONET. The PLSR model can be expressed as follow,⎧⎪⎪⎨⎪⎪⎩
VC = F1(DR, CR, ABC)

ER = F2(DR, CR, ABC)
(3)

F1 and F2 are the expected inversion formulas for VC and ER. The aerosol microphysical
properties (VC and ER) can be obtained when the observation data of lidar are input.

3.2. Deep neural networks (DNN)

Compared with traditional machine learning, deep learning is able to uncover more implicit
features of data, and deep neural networks (DNNs) are the frameworks of deep learning. The
model is first built, then the loss function is selected to evaluate the performance of the model,
and the optimizer is used to guide the loss function to continuously approach the optimum in
the process of deep learning backpropagation. Generally, DNNs can be divided into input layer,
hidden layer and output layer, where the hidden layer can have many layers, and all the layers
are connected to each other. And the activation functions should be selected for nodes of each
hidden layer. The common activation functions are ReLU, Sigmoid and so on. ReLU has simple
derivation and fast convergence speed, which can effectively alleviate the gradient disappearance
problem. Adamax is a variant of Adam method, which provides a simpler range for the upper
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Fig. 3. A flowchart of retrieving range-resolved aerosol VC and ER from polarization lidar
measurements by PLSR and DNN used in the study.

limit of learning rate, with high computational efficiency and low memory requirements. In this
study, the supervised learning method is used. Similar to PLSR, an optimal model is obtained by
training the existing training samples, namely the given independent variable (DR, CR and ABC)
and the corresponding dependent variable (VC and ER). The model belongs to a set of functions.
Then use this model to map all inputs (lidar observation data) to corresponding outputs (aerosol
microphysical properties). But unlike PLSR, the formulas of the model are implicit.

The flowchart of retrieving range-resolved aerosol VC and ER from polarization lidar measure-
ments is shown in Fig. 3. We used two methods (PLSR and DNN) for inversion. All data points
at SACOL and Osaka sites are divided randomly into two groups with the same samples. Then
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Fig. 4. Comparison of the lidar-derived columnar VC and ER with the results from the
AERONET sun-photometer (CE318) observations at SACOL from October 2009 to March
2011 and in Osaka from 2013 to 2015, using the PLSR and DNN methods respectively.

group one is used to achieve the PLSR regression and DNN model using lidar and sun-photometer
datasets, and group two is used to check and validation. The aerosol microphysical parameters
data are taken as dependent variables, and the integration of lidar results are used as independent
variables to establish the PLSR model and DNN model using group one of data points respectively.
After that, columnar aerosol VC and ER were calculated using the regression formula and model
tuning parameter from group two of lidar data. Consequently, lidar-derived columnar results
were validated using corresponding sun-photometer data.

3.3. Validation

In this study, the two methods, PLSR and DNN are used for inversion based on lidar data. The
comparisons of aerosol VC and ER between the inversion results and the observation results of
AERONET are shown in Fig. 4. The first row is the inversion comparison result of PLSR, and
the second line is DNN inversion comparison result.

Totally, the two inversion methods of the VC and ER at two stations are all significant with a
level of 0.05. The coefficients of determination (R2) of aerosol VC and ER for both sites are 0.68
(0.89) and 0.59 (0.77) by PLSR (DNN), respectively. It is shown that the RMSE (Root Mean
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Square Error) and MAE (Mean Absolute Error) of aerosol VC are smaller than the RMSE and
MAE of ER. The inversion result of DNN is better than that of PLSR, especially in the high value
of VC and ER, however, the PLSR inversion result is on the low side.

To better evaluate the retrieval results, we obtain continuous variation of lidar-based columnar
aerosol VC and ER between November to December 2010 at SACOL and validated by corre-
sponding sun-photometer results, as shown in Fig. 5. It is clearly seen that both PLSR and
DNN inversion results show a good consistency with those from sun-photometer. In particular,
high values of VC and ER could be characterized for December 13 and 29. Generally, the
aerosol VC ranged from 0.2-0.3 µm3/µm2 at SACOL during the study period. Moreover, we also
validate lidar-retrieved results between March to May, 2013 at Osaka site where exists abundant
maritime aerosol, as shown in Fig. 6. For PLSR inversion method, both VC and ER are obviously
underestimated. In contrast, DNN inversion results are closer to observation values. Overall,
reasonable aerosol VC and ER are still obtained from polarization lidar measurements using the
two retrieval methods, even though the effects are not so good as those at SACOL. The reason
may be that the aerosol content in Osaka site is less than those in SACOL and the particle size is
also smaller. It is worth mentioning that lidar-retrieved results can provide more information of
aerosols microphysics with high temporal-resolution, even though under high cloud conditions,
due to the unique advantage of active remote sensing. Therefore, lidar observational data will be
useful to improve the understanding of radiative forcing estimation, and aerosol-radiation and
aerosol-cloud interactions.

Fig. 5. Vertical structure of atmospheric aerosols and clouds from the ground-based
polarization lidar measurements at SACOL from November to December 2010 and the
corresponding retrieved VC and ER by PLSR (black points) and DNN methods (green
points)) and AERONET sun-photometer (red crosses) observations.
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Fig. 6. Same as Fig. 5 but in Osaka from March to May, 2013.

4. Characterization of aerosol VC and ER over east Asia

The variation of aerosols microphysics is generally distinct due to its source and other related
factors. To investigate the differences, monthly variations of lidar-retrieved columnar aerosol
VC and ER at SACOL both for PLSR and DNN from December 2009 to November 2010 are
shown in Fig. 7. The results from co-located AERONET sun-photometer observations are used
for validation and comparison purpose. The results show that lidar-retrieved aerosol VC and
ER have some differences from sun-photometer observations, the inversion results of PLSR and
DNN are relatively close. However, the inversion results of the two methods are overestimated,
especially for VC. This may be due to the lack of sun-photometer data and night observation
data. However, the lidar data has high resolution and can still obtain data at night, which lead
to the large differences. It is clearly seen that there is obvious seasonal variation for columnar
aerosol VC and ER at SACOL. The largest VC was found in spring due to dust events that usually
occurred [60,61]. It is interesting that aerosols ER in spring and winter are similar, indicating
that size of air pollutants in winter are comparable to dimension of dust aerosol. The inversion
and observation results of ER in summer show low values in each year, mainly because there is
more precipitation in summer and washout of aerosol from the atmosphere due to more rain.

To investigate characterization of aerosol microphysics in marine environment, columnar
aerosol VC and ER retrieved from lidar measurements at Osaka site is shown in Fig. 8. Obviously,
the values of VC and ER of aerosols at Osaka site are much smaller than those at SACOL,
illustrating that source and types of aerosols for two sites are largely different. However, seasonal
variation of aerosols VC and ER at Osaka site are similar to those at SACOL. The largest aerosols
VC and ER appeared in spring are consistent with previous studies [62,63]. In addition, DNN
inversion results are generally higher than observations, however the PLSR results are closer to
the observation results for aerosol effective radius. The inversion results of PLSR are obviously
underestimated, especially for ER. In some months, the inversion results at SACOL are even
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Fig. 7. Monthly variation in the VC and ER measured by CE318 (red bars) compared
with those derived by PLSR (yellow bars) and DNN (blue bars) based on ground-based
polarization lidar system from December 2009 to November 2010 at SACOL.

about 30% lower than the observed values, and these values may be close to Osaka Station values.
Therefore, the cloud distribution has certain impacts on the inversion results in the region.

Range-resolved aerosol VC and ER is of great importantance to evaluate its radiative forcing.
Here, we assess the performance of retrieval method for obtaining vertical distribution of
aerosol VC and ER from lidar measurements. The aerosol VC and ER from the co-located
APS observations are employed to validate the lidar-based retrieval results at the near-surface.
Considering the effects of lidar blind zone, lidar-retrieved results between 200 and 350 meters
above the ground level is averaged and compared with APS results in this study. Figure 9 shows
near-surface aerosol VC and ER at SACOL in 2010, the first row is the comparison results of
VC and ER inversion by PLSR method, and the second row is DNN. It can be seen that reliable
aerosol VC and EC are obtained from lidar measurements. Aerosols VC near the earth surface is
consistent with those from the APS observations. For VC, the inversion results of PLSR seem to
be closer to the observation results of APS, but in fact, the distribution of corresponding points
is not centralized, while the inversion result of DNN is underestimated. Objectively speaking,
lidar-retrieved aerosol ER of the two methods are comparable with those from APS observations
even though they are overestimated. It is concluded that height-resolved aerosol VC and ER
could be reasonably retrieved from polarization measurements.

To further compare the ability of retrieval algorithm to characterize the vertical structure of
aerosol VC and ER for different aerosol events, a dust case on March 9, 2010 and a haze episode
on December 8, 2010 at SACOL station were selected in this study. Figure 10 shows the vertical
structure of the lidar-retrieved dust aerosol VC and ER at SACOL station. The first column
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Fig. 8. Same as Fig. 7 but in Osaka from2013 to 2017.

and second column show the inversion results of PLSR and DNN, respectively, and the third
column is the profiles of PLSR–derived (red line), DNN–derived (blue line) VC and ER. It can
be observed that the overall trends of the two inversions are consistent, but as discussed earlier,
the inversion results of DNN are slightly higher than PLSR, and the inversion results of some low
values around 2 to 3 km are better. Dust layer can extend from the ground up to 3 km at midnight,
however, during daytime, the deposition and spread of dust aerosols are trapped below 1 km. The
dust VC and ER totally decreased with the increase of height at nighttime, but a peak occurred at
about 800 m at the daytime. The vertical profiles of aerosol VC and ER are selected to show
the distribution of aerosol in the vertical direction as shown in Fig. 10, in which the red real
line represents the PLSR inversion results of lidar, the blue real line represents the DNN in the
morning (10:00). There are some differences between the inversion results of VC and ER by the
two methods. For example, for the inversion results of high aerosol content near the surface of
VC, DNN is greater than PLSR, while for the inversion results of more than 1 km, PLSR is greater
than DNN, while the inversion results of ER are just the opposite. During the haze episode, the
aerosol VC and ER can also be characterized reliably by the two methods as shown in Fig. 11.
The peaks of aerosol VC and ER always occurred at the near-surface [64]. The VC changes
obviously in the vertical direction, especially under 1 km. But it fluctuates less above 1 km. The
ER also presents larger values below 1 km, but decrease with height slowly and fluctuates about
0.4 µm above 1 km. For ER inversion, the results of the two methods near the ground are very
close, while the results of DNN above 1 km are slightly higher than those of PLSR.

Seasonal variations of the lidar-derived VC and ER profiles at SACOL in 2010 are shown
in Fig. 12. The solid line represents the PLSR inversion result, the dotted line represents the
DNN inversion result, and different colors represent different seasons (blue is spring, green is
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Fig. 9. Validation of range-resolved aerosol VC and ER from lidar measurements by use of
collocated APS observation at SACOL in 2010.

summer, red is autumn, and black is winter). The points in the figure represent the observation
results of the sun-photometer. The inversion results of VC by the two methods are relatively
close, while the inversion results of ER by DNN are lower than those by PLSR. The seasonal
variation characteristics of the VC and ER are the highest in spring, which are mainly due to
the dry and windy spring in Western China, which is prone to dust and other events, resulting
in higher aerosol concentrations [65]. The VC of aerosol in winter is slightly lower than those
in spring, which is mainly due to the influence of heating and coal burning in winter, and the
inversion layer often occurs over SACOL station in winter, which leads to serious pollution
problems [66]. The curve of the ER of the particle with height is consistent with the change in
the VC. The values of the ER in spring are higher than those in the other three seasons and are
slightly lower in winter. The aerosol VC and ER in summer were the lowest ones all around the
year. The columnar aerosol VC and ER observed by sun-photometer are represented by dots of
different colors, and the seasonal variation trends are consistent with the profiles.
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Fig. 10. Vertical structure of the lidar-derived VC and ER at SACOL during a dust event on
March 9th, 2010. The first column is the inversion result of PLSR, and the second column is
the inversion result of DNN and the third column is the profiles of PLSR–derived (red line),
DNN–derived (blue line) VC and ER in the morning (10:00).

 

Fig. 11. Same as Fig. 10 but for a haze event on December 8th, 2010.
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Fig. 12. Seasonal variations of lidar-derived VC and ER at SACOL in 2010. The solid line
represents the PLSR inversion result, the dotted line represents the DNN inversion result, and
different colors represent different seasons (blue is spring, green is summer, red is autumn,
and black is winter). The points of different colors represent the observation results of the
sun-photometer.

5. Conclusion

To obtain range-resolved aerosols VC and ER from remote sensing, we proposed a novel method
for retrieving profiles of VC and ER of aerosols mainly by use of a ground-based Mie polarization
lidar measurements in this study, based on PLSR and DNN. The inversion results of the VC and
ER of two methods are significant at the 0.05 level, and the VC results are obviously better than
those of the ER. The measurement coefficients of the VC and ER are 0.68 (0.89) and 0.59 (0.77)
at SACOL and Osaka by PLSR (DNN) inversion. In particular, the results show that the inversion
results of the two variables with long-term observation data are concentrated and reasonable.
For the column integration results, the two retrieval methods are better when the VC and ER are
small, but the results of DNN are better when the VC is large (more aerosols). For the profiles,
the two retrieval methods perform well when the VC and ER are small, while the retrieval results
of PLSR are better when the VC is large. The VC and ER from SACOL have obvious seasonal
trends, and the values in spring and winter are higher than those in summer and autumn. The
values are slightly lower in autumn and lowest in summer, especially in June, which is mainly due
to the wet removal of aerosols due to more rainfall in summer. By comparing the average VC at
heights from 200-350 m above the ground with the collocated APS observation, it is found that
the ER retrieved by PLSR and DNN corresponds well, while the VC inversion result of DNN is
underestimated, which may be due to different retrievals algorithms and sensor characteristics of
the two instruments. The average profiles of the VC and ER of SACOL observations in each
season can clearly describe the vertical characteristics of the aerosol microphysical characteristics
of the site. Generally, the values of the two characteristics are the largest in spring and the
smallest in summer.
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