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Abstract: To investigate the vertical distribution of aerosol optical characteristics in Nanyang City, a
ground-based dual-wavelength (532 nm and 355 nm) lidar system was developed for aerosol obser-
vation at the Nanyang Normal University Station (NYNU) from November 2021 to December 2022.
Spatio-temporal dynamics information on vertical distributions of aerosol optical properties during
polluted and non-polluted days was obtained. Aerosols were characterized by low altitudes (up to
2 km), thinner layers, and high-altitude (up to 4 km) thick layers during non-polluted and polluted
days, with extinction coefficient values of ~0.03 km−1 and ~0.2 km−1, respectively. The mean values
of the extinction coefficient at different altitudes (0~5 km) were all about ten-times higher on polluted
days (0.04~0.19 km−1) than on non-polluted days (0.004~0.02 km−1). These results indicate that
aerosol loadings and variations at different altitudes (0~5 km) were much higher and more promi-
nent on polluted days than non-polluted days. The results show ten-times larger aerosol optical
depth (AOD) values (0.4~0.6) on polluted days than on non-polluted days (0.05~0.08). At the same
time, AOD values on both polluted and non-polluted days slightly decreased from 19:00 to 05:00,
possibly due to dry depositions at nighttime. For the first time, this study established a ground-based
lidar remote sensing system to investigate the vertical distribution of atmospheric aerosol optical
characteristics in Henan Province. The experimental results can provide scientific dataset support for
the local government to prevent and control air pollution.

Keywords: aerosol; particle; lidar; vertical distribution; optical property

1. Introduction

Aerosols are solid or liquid particles suspended in the atmosphere, ranging from
submicron to 100s of microns [1,2]. Aerosols can absorb or scatter solar radiation, thus
affecting the earth’s radiation balance, or act as condensation nuclei of clouds, altering their
life cycles and affecting the climate system [3–9]. With the increasing mass concentration of
suspended particulate matter in the atmosphere, haze pollution events could occur [10,11],
deteriorating visibility and air quality [12–16]. Therefore, an observational study of the
aerosol is a prerequisite for haze management and is of great scientific importance [17–21].

The vertical aerosol distribution is essential information for studying aerosol char-
acteristics, which can influence weather and climate change. The vertical distribution of
aerosols changes rapidly, bringing some uncertainty to aerosol monitoring [22–24]. Tra-
ditional aerosol observation techniques, such as station sampling observation, can only
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obtain information about the aerosol near the surface but not the vertical distribution of
the aerosols. Accurate acquisition of spatial three-dimensional vertical dynamic details
of the aerosol layer is necessary and will improve the accuracy of aerosol monitoring and
traceability. Lidar remote sensing technology has a high temporal resolution, which has
been gradually applied to obtain aerosol vertical distributions [25–30]. By actively emitting
laser signals and receiving the scattering signals of atmospheric aerosol and molecules,
Lidar can accurately obtain the vertical distribution of aerosol optical characteristics and
provide the necessary means for atmosphere research [31–34].

Many researchers worldwide have studied aerosols’ vertical distribution using Lidar
remote sensing technology and have achieved remarkable results [19,26,35–38]. Sicard et al.,
developed and tested a dual-wavelength lidar system based on 1064 and 532 nm to ob-
serve aerosols vertically [39]. Gasmi et al., used a home-built ground-based Lidar system
to achieve aerosol/cloud profiles in the lower atmosphere [40]. Liu et al., developed a
dual-field Lidar system, which enabled the simultaneous acquisition of near- and far-field
aerosol data, effectively improving the detection altitude range of the Lidar system [41].
Li et al., developed an integrated fluorescence-Mie Lidar to achieve fluorescence aerosol
profile information in meteorological monitoring [42]. Shukla et al., studied the vertical
distribution of the aerosol layer over the Himalayas using the range correction signal of
micro-pulse Lidar [43]. Zhu et al., compared the difference in vertical aerosol distribution
between urban and suburban areas and studied the influence of regional transport on local
pollution sources [44]. Sugimoto et al., studied the vertical distribution of the extinction
coefficient and depolarization ratio of aerosols utilizing the Mie–Raman polarization Lidar
in Phimai, Thailand [45]. Rosati et al., also studied the vertical distribution of extinction
coefficients of aerosols in the atmospheric boundary layer at the San Pietro Capofiume
(SPC) station in Italy using an elastic scattering Lidar [46]. Based on Lidar’s advantages in
atmospheric observation, the Lidar aerosol European observation network (EARLINET)
was established worldwide, which played an essential role in global aerosol profile acquisi-
tion and application [47,48]. In summary, Lidar technology, with a wide range of detection
altitudes and strong data signal-to-noise ratio, is essential for aerosol observation.

In this study, we developed a ground-based dual-wavelength (532 nm and 355 nm)
Lidar system for aerosol observation. The experimental site was chosen in the Nanyang
Normal University (NYNU) station in Nanyang City, Henan Province, China. The study
period was from November 2021 to December 2022. Information on vertical aerosol distri-
bution in hazy and clear weather was obtained, which can provide scientific data support
and theoretical support for haze prevention and control in Nanyang City. According to
previous reports, no relevant team in Henan Province has been found to develop ground-
based Lidar in haze experimental observation. Additionally, this experiment is the first to
establish a ground-based Lidar system and utilize it to observe the vertical distribution
of atmospheric aerosol optical characteristics in Henan Province. The experimental site,
equipment, and research methods are explained in Section 2, the results and discussion are
presented in Section 3, and the conclusion is in Section 4.

2. Materials and Methods
2.1. Experimental Site

The NYNU site (32◦58′ N, 112◦29′ E) is located in Nanyang City, Henan Province,
China (Figure 1). Nanyang City borders Hubei Province and Shanxi Province, which
is the core city of the central Plains economic zone and the sub-center city of Henan
Province. Nanyang belongs to China’s typical subtropical continental monsoonal climate
and the Yangtze River basin. Nanyang has four distinct seasons and moderate annual
precipitation (1295.8 mm), and a yearly temperature of 16.7 ◦C [49]. It is located north of
the Funiu Mountains and the Han River. It is the largest prefecture-level city in Henan
Province, with an area of 26,600 square kilometers and a population of 9,629,000. Nanyang
has a privileged geographical position, convenient transportation, and well-developed
transportation. In recent years, Nanyang has become an emerging regional economic center
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and a national comprehensive transportation hub. This rapid economic development has
been accompanied through frequently increasing serious haze pollution events, making it
imperative to monitor and study the haze in Nanyang.
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Figure 1. The location information of the experimental site.

2.2. Lidar Equipment

The 2-wavelength Lidar system consists of a laser transmitting system, an optical
telescope receiving system, and a signal acquisition processing system. Figure 2 shows a
schematic diagram of the Lidar, and Table 1 gives the technical parameters of the system.
The laser transmitting and the optical telescope receiving systems (high-power pulsed
laser, transmission unit, laser power meter, laser echo spectroscopy detector, telescope,
photomultiplier tube) are placed on an optical platform for long time series of stable
observations. The signal acquisition system (IPC, mobile data acquisition controller, echo
signal monitor) is housed in the PDU acquisition cabinet. As shown in Figure 2, the
transmission unit consists of three parts (total reflector 1, collimated beam expander 2, and
total reflector 3). The laser beam from the high-power pulsed laser is passed through the
total reflector 1 and then directed through the collimating beam expander 2, where the
beam diameter changes from 1 cm to 3 cm, and then to the total reflector 3. By adjusting
the angle of the total reflector 3, the final output laser beam is parallel to the receiving
telescope’s optical axis. It is directed vertically into the sky through the skylight at the top
of the laboratory (Figure 3).

After the two telescopes had picked up all the received light, the visible 532 nm
signal was filtered out by green filter 4 and picked up by the telescope (MEADE LX200),
and the 355 nm signal was filtered out by UV filter 5 and picked up by the telescope
(MEADE LX850). Then, signals of the two channels were concentrated in their respective
photomultiplier tubes. The signal of each channel is amplified by a signal amplifier behind
the photomultiplier, which is then used for analog-to-digital conversion and acquisition
via the digital acquisition card.
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Table 1. Equipment parameters of the 2-wavelength Lidar system.

Laser emission systems

Lasers Quantel CFR BIG SKY Q-switched Nd: YAG
Wavelength 532 nm, 355 nm
Pulse energy 130 mJ@532 nm, 60 mJ@355 nm
Maximum heavy frequency 20 Hz
Pulse width 10 ns@532 nm, 9 ns@355 nm
angle of divergence 0.25 mrad

Optical reception systems

Model MEADE Schmidt-Cassegrain
(MEADE LX200/MEADE LX850)

Focal length 2000 mm/4064 mm
Calibre 203 mm (8 in)/355 mm (14 in)
Field of view 1.5 mrad (Adjustable)
Filter bandwidth 3 nm

Signal acquisition systems

High resolution 7.68 m
Time resolution Adjustable (common 60 s)
Data processing Automated, Manual
Sampling rate 50 ns

2.3. Experimental Methodology

The Lidar emits laser pulses vertically into the sky. The scattering occurs when
the laser pulses hit the atmospheric particles and molecules, where the backscattered
signal returns vertically to the receiving telescope. The profiles of aerosol optical prop-
erties (extinction coefficient, backscattering coefficient) can be obtained by inversion of
the backscattering signals. After the Lidar receives the echo signal of atmospheric aerosol
particles and molecules, it is necessary to retrieve it to obtain accurate aerosol optical
properties quantitatively. Several researchers have contributed to this area by proposing
many Lidar aerosol retrieval algorithms. For example, Collis et al., proposed the slope
method based on homogeneous aerosols [50], Klett et al., proposed the aerosol composition
method [51], and Fernald et al., proposed the inversion method considering molecules
and aerosols [52]. The slope method is premised on the assumption that the aerosols in
the atmospheric environment are uniformly distributed and that the backscattering and
extinction coefficients in the inversion equations are constants; the Klett–Fernald inversion
method is currently the classical method for retrieving aerosol extinction coefficient profiles
from Lidar signals. In this method, if the extinction coefficients of aerosol particles and
atmospheric molecules at a certain altitude zi are known in advance, the backscattering and
extinction coefficients of aerosol particles at altitudes above the reference altitude zi can be
obtained by using the Fernald forward integration method. Similarly, the backscattering
and extinction coefficients of aerosol particles at each height below the reference height zi
can also be found using the Fernald backward integration method. The relevant formula is
shown as follows:

Backward integration:

βa(i− 1) =
X(i− 1) exp[A(i− 1)]

X(i)
βa(i)

+ Sa{X(i) + X(i− 1)exp[A(i− 1)]}∆z
− βm(i− 1) (1)

Forward integration:

βa(i + 1) =
X(i + 1) exp[−A(i)]

X(i)
βa(i)

− Sa{X(i) + X(i + 1)exp[−A(i)]}∆z
− βm(i + 1) (2)
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where βa is the backscattering coefficient of aerosol particles, X(z) = P(z)z2, and the sub-
scripts a and m denote aerosol particles and atmospheric molecules, respectively. Sa and Sm
are the Lidar ratios of aerosol and atmospheric molecules. In this method, three parameters
must be assumed [52]: (1) The Lidar ratio Sa is chosen roughly depending on the prevailing
aerosol type/size. A value of 50 sr is often preferred for unknown or mixed aerosols. This
study assumes Sa as a fixed constant value of 50 Sr in the 532 nm band. Sm is supposed
to be 8π/3 Sr [53–56]. (2) The backscattering coefficient of atmospheric molecules βm is
derived using the U.S. Standard Atmosphere Model and Rayleigh scattering theory [51,52].
(3) The boundary value X(i) is solved via the matching method assuming the existence of
a clean atmosphere at the top of the troposphere (at a determined height zi), where the
aerosol backscattering ratio is usually considered to be βa (zi)/βm (zi) = 0.02 [51,52].

In this experiment, we only use 532 nm data for analysis; the variables include 532 nm
extinction coefficient profile data and 532 nm AOD data. Because of the intense sunlight
and the poor signal-to-noise ratio during the daytime, all the experimental observations
were carried out at night. This study divided the data into polluted and pollution−free
weather and compared the vertical distribution of aerosol extinction coefficients. According
to the standard of PM2.5 data of Nanyang Meteorological Bureau, the weather with a daily
average of PM2.5 mass concentration greater than 75 µg/m3 was regarded as pollution
weather, and the weather in which a daily average of PM2.5 mass concentration less than
75 µg/m3 was considered as pollution−free weather. This rule was consistent with the
Chinese ambient air quality standards (secondary quality standard, 75 µg/m3 24 h average
of PM2.5) [57]. The time used in this study was the local time (L.T.).

3. Results and Discussion
3.1. Lidar-Based Vertical Distribution of Pollution−Free Weather Aerosols in Nanyang

Figure 4 displays the altitude–time color map of 2-wavelength Lidar for pollution−free
weather at the NYNU site. Meanwhile, Table 2 displays the statistical information of mean
values, standard deviations, and percentiles of extinction coefficients at various heights during
the pollution−free period. It can be seen that average values of the extinction coefficients
at 1 km, 2 km, and 3 km altitudes were 0.0221 km−1, 0.0234 km−1, and 0.0114 km−1 during
pollution−free weather, respectively, while the values of the extinction coefficients above 4 km
were all less than 0.01 km−1, indicating that aerosols were mainly concentrated below 3 km.
The standard deviation values of the extinction coefficients at 1 km, 2 km, and 3 km heights
were 0.0068, 0.0052, and 0.0033 during pollution−free weather, respectively, while the values
of standard deviation above 4 km were all less than 0.003, indicating that aerosol extinction
coefficients changed relatively more significantly below 3 km than above 3 km.
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Table 2. Extinction coefficients at various heights during the pollution−free period.

R
(km)

Mean
(km−1) S.D.

P (km−1)

10% 25% 50% 75% 90%

0 0.0001 0.0001 0.0000 0.0001 0.0001 0.0001 0.0001
1 0.0221 0.0068 0.0138 0.0177 0.0222 0.0264 0.0307
2 0.0234 0.0052 0.0175 0.0198 0.0225 0.0268 0.0302
3 0.0114 0.0033 0.0083 0.0093 0.0107 0.0126 0.0147
4 0.0064 0.0021 0.0045 0.0051 0.0060 0.0072 0.0085
5 0.0043 0.0018 0.0028 0.0033 0.0040 0.0049 0.0058

Figure 5 showed the 532 nm aerosol optical depth (AOD) of the Lidar at the NYNU site
in pollution−free weather. Meanwhile, Table 3 displayed AOD statistics information (mean
values, standard deviations, percentiles) at various times during the study in pollution−free
weather. It can be revealed that mean AOD values of pollution−free weather at the NYNU
site were low (0.05~0.08) and showed a decreasing trend from 19:00 to 5:00 L.T., which
could be due to the dry deposition phenomenon of aerosols at night, resulting in a decrease
in aerosol concentration after midnight.
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Figure 5. Aerosol 532 nm aerosol optical depth (AOD) of Lidar in NYNU site at pollution−free weather:
(a) 4 May 2022; (b) 5 May 2022; (c) 6 May 2022; (d) 15 May 2022; (e) 20 May 2022; (f) 22 May 2022;
(g) 11 October 2022; (h) 17 October 2022.

Table 3. AOD statistics at various times during the study in pollution−free weather.

Time Mean SD
P

10% 25% 50% 75% 90%

19:00 0.076 0.023 0.063 0.063 0.064 0.084 0.095
20:00 0.072 0.013 0.056 0.063 0.074 0.081 0.086
21:00 0.071 0.025 0.044 0.055 0.067 0.086 0.105
22:00 0.061 0.015 0.048 0.051 0.059 0.062 0.075
23:00 0.051 0.015 0.032 0.044 0.049 0.062 0.069
00:00 0.052 0.015 0.034 0.043 0.056 0.062 0.065
01:00 0.054 0.016 0.039 0.047 0.056 0.064 0.069
02:00 0.054 0.019 0.035 0.050 0.054 0.064 0.073
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Table 3. Cont.

Time Mean SD
P

10% 25% 50% 75% 90%

03:00 0.057 0.023 0.030 0.046 0.059 0.073 0.082
04:00 0.055 0.023 0.025 0.040 0.059 0.067 0.079
05:00 0.062 0.015 0.050 0.055 0.063 0.070 0.074

3.2. LIDAR-Based Vertical Distribution of Polluted Weather Aerosols

Figure 6 displays the altitude–time color map of 2-wavelength Lidar for polluted
weather at the NYNU site. Meanwhile, Table 4 displays the statistical information of mean
values, standard deviations, and percentiles of extinction coefficients at various heights
during the polluted period. As shown, during the polluted weather, the mean values of
extinction coefficients at 1 km, 2 km, and 3 km heights were 0.1911 km−1, 0.1349 km−1, and
0.0955 km−1, respectively. The mean values of extinction coefficients above 3 km were less
than 0.09 km−1, indicating that aerosols were mainly concentrated below 3 km.
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Figure 6. Altitude–time color map of 2−wavelength Lidar for pollution weather in NYNU site:
(a) 12 March 2022; (b) 14 March 2022; (c) 1 April 2022; (d) 2 April 2022; (e) 3 April 2022; (f) 9 April 2022;
(g) 10 April 2022; (h) 19 April 2022; (i) 21 April 2022; (j) 2 May 2022; (k) 8 June 2022; (l) 2 September 2022;
(m) 5 September 2022; (n) 6 September 2022; (o) 10 October 2022; (p) 14 November 2022.

Table 4. Extinction coefficients at various heights during polluted weather.

R (km) Mean SD
P

10% 25% 50% 75% 90%

0 0.0330 0.0208 0.0215 0.0257 0.0325 0.0381 0.0438
1 0.1911 0.0422 0.1607 0.1755 0.1923 0.2122 0.2281
2 0.1349 0.0413 0.1040 0.1177 0.1335 0.1551 0.1723
3 0.0955 0.0352 0.0663 0.0784 0.0941 0.1114 0.1317
4 0.0622 0.0285 0.0374 0.0451 0.0592 0.0755 0.0908
5 0.0427 0.0202 0.0244 0.0302 0.0401 0.0529 0.0643
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Figure 7 shows the 532 nm aerosol optical depth (AOD) of Lidar at the NYNU site in
polluted weather. Meanwhile, Table 5 displays AOD statistics information (mean values,
standard deviations, percentiles) at various times during the study in pollution−free
weather. As shown, the mean values were larger (0.40~0.50) than during the non-polluted
period (Table 3). The decreasing trend could be due to the dry deposition of aerosols at
night, which led to a decrease in aerosol concentrations after midnight. In summary, AOD
values were higher during the polluted winter and spring seasons in Nanyang.
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Figure 7. Aerosol 532 nm aerosol optical depth (AOD) of Lidar in NYNU site in pollution weather:
(a) 12 March 2022; (b) 14 March 2022; (c) 1 April 2022; (d) 2 April 2022; (e) 3 April 2022; (f) 9 April 2022;
(g) 10 April 2022; (h) 19 April 2022; (i) 21 April 2022; (j) 2 May 2022; (k) 8 June 2022; (l) 2 September 2022;
(m) 5 September 2022; (n) 6 September 2022; (o) 10 October 2022; (p) 14 November 2022.

Table 5. AOD statistics at various times during the study in pollution weather.

Time Mean SD
P

10% 25% 50% 75% 90%

19:00 0.503 0.188 0.275 0.382 0.581 0.628 0.679
20:00 0.499 0.132 0.337 0.437 0.518 0.580 0.640
21:00 0.471 0.134 0.306 0.401 0.449 0.566 0.637
22:00 0.446 0.133 0.266 0.356 0.470 0.530 0.609
23:00 0.452 0.117 0.312 0.401 0.457 0.520 0.580
00:00 0.463 0.102 0.353 0.402 0.472 0.532 0.578
01:00 0.471 0.089 0.369 0.398 0.454 0.523 0.591
02:00 0.439 0.109 0.335 0.378 0.453 0.482 0.573
03:00 0.431 0.125 0.260 0.379 0.450 0.500 0.606
04:00 0.449 0.134 0.246 0.380 0.467 0.520 0.599
05:00 0.458 0.142 0.262 0.351 0.501 0.544 0.580

3.3. Synthesis of the Measurements

We calculated the mean and standard deviation of extinction coefficient profiles for
polluted and non-polluted weather. As shown in Figure 8, it could be seen that the mean
value of aerosol extinction coefficient mean values in polluted weather varies from 0.045 to
0.19 with an altitude from 5 km to 0 km. The mean values of aerosol extinction coefficients
decreased exponentially with the increase in altitude, and the variation range of standard
deviation decreased gradually. Under non-polluted weather conditions, the mean values of
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extinction coefficients changed from 0 to 0.025. With the height rising, the extinction coefficient
decreased, and the variation range of standard deviation gradually reduced. The average
extinction coefficient of polluted weather is about 10-times that of non-polluted weather.
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Figure 8. Vertical means and standard deviations map of aerosol 532 nm extinction coefficient based
on Lidar for polluted and non-polluted weather at the NYNU site.

Meanwhile, standard deviations of both polluted and non-polluted weather decreased
gradually with the increase in altitude (0~5 km), indicating that changes in aerosol concen-
trations at low altitudes were more significant than that at high altitudes, both in polluted
and non-polluted weather. At the same time, the standard deviations in the extinction coef-
ficients for polluted weather, at any altitude, were much larger than those for non-polluted
weather. These results indicated that aerosol mass concentrations for polluted weather
were higher than that for non-polluted weather at any altitude at the NYNU site. At the
same time, the change degree of aerosols in polluted weather was more severe than in
non-polluted weather at any altitude.

4. Conclusions

To investigate the vertical distribution of aerosol optical characteristics in Nanyang
City, our team developed a ground-based dual-wavelength (532 nm and 355 nm) Lidar
system for aerosol studies. The NYNU station in Nanyang City, Henan Province, China,
was chosen as the experimental site. The experimental period was from November 2021
to April 2022. The dynamic spatial information and vertical distribution of aerosol optical
properties in pollution−free and polluted weathers can be obtained, providing data support
and theoretical support for haze prevention and early warning in Nanyang City. The
relevant conclusions are as follows:

(1) During the whole experiment period, the vertical distribution of aerosols in non-
polluted weather was characterized by a lower altitude (0–2 km), thinner cleaner aerosol
layers, and low extinction coefficient values (~0.03 km−1). The vertical distribution of
aerosols in polluted weather was characterized by a thicker aerosol layer (0–4 km) and
higher extinction coefficients (~0.2 km−1).

(2) During the whole experiment period, aerosol extinction coefficient mean values
(0.04~0.19 km−1) at different altitudes (0~5 km) in polluted weather were about 10-times
higher that in non-polluted weather (0.004~0.02 km−1). At the same time, aerosol extinc-
tion coefficient standard deviations (0.02~0.04) at different altitudes (0~5 km) in polluted
weather were also about 10-times those in non-polluted weather (0.002~0.006). These
results indicated that aerosol concentrations at different altitudes (0~5 km) were much
higher than that during non-pollution days, and aerosol concentration variations were
much larger during pollution days than during non-pollution days.
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(3) During the whole experiment period, aerosol AOD values of pollution weather
(0.4~0.6) were about 10-times those of non-pollution weather (0.05~0.08), which also re-
vealed that aerosol concentrations in polluted weather were much higher than those in
non-polluted weather. At the same time, AOD values decreased slightly from 19:00 to 05:00
in polluted and non-polluted weather, indicating that aerosol loadings would decrease
slightly at night due to dry depositions.
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