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kilometers from ground, generally called the planetary 
boundary layer. Aerosol monitoring, especially on its verti-
cal structures, is needed for the air pollution control. Right 
now, remote sensing techniques enabled by a variety of 
instruments have been applied to detect aerosol vertical 
distribution, and the main tool is the backscattering lidar 
providing range-resolved atmospheric profiles continu-
ously [1, 2]. But the common backscattering lidar system 
has a shortcoming in the lower hundreds of meters because 
of the geometric form factor caused by the configuration 
of the transmitter divergence and receiver’s field-of-view 
(FOV) at the near range [3]. The geometric form factor can 
be derived by horizontal-pointing measurement of a lidar 
system. For the vertical fixed lidar system, the Raman tech-
nique can be adopted. The aerosol vertical distribution in 
near ground is very important and attracts the attention of 
the environmental and meteorological department, but the 
traditional lidar needs the correction of the geometric form 
factor which could cause additional errors.

Our side-scattering lidar (S-lidar) based on charge-
coupled device (CCD) detector is a developing technique 
in which the CCD camera is set to look the laser beam in 
a certain distance [4]. Compared with the backscattering 
lidar, there are four different aspects: (1) using side-scat-
tering instead of backscattering light, (2) receiving signals 
without range square dependence, (3) variable vertical 
altitude resolution, and the closer to the surface, the better 
resolution, and (4) no overlap issues. With overlap prob-
lem solved, the side-scattering lidar is especially suitable 
to detect aerosol vertical profile in the near range [5–7]. 
The fundamental principle and key techniques including 
the retrieval and validation of the aerosol phase function 
and backscattering coefficient profiles measured by a CCD 
side-scattering lidar have been described in the previous 
work [7]. This paper focuses on the observational results 
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rated very well due to the unavailable measurement tools. 
We present the continuous observations of the vertical 
profile of near-ground aerosol backscattering coefficients 
by employing our self-developed side-scattering lidar sys-
tem based on charge-coupled device camera. During the 
experimental period from April 2013 to August 2014, four 
catalogs of aerosol backscattering coefficient profiles are 
found in the near ground. The continuous measurement is 
revealed by the contour plots measured during the whole 
night. These experimental results indicate that the aerosol 
backscattering coefficients in near ground are inhomogene-
ous and vary with altitude and time, which are very useful 
for the model researchers to study the regional air pollution 
and its climate impact.

1  Introduction

Aerosol is one of the sources which deteriorate the air 
quality. Air pollution often happens in a layer of a few 

 *	 Dong Liu 
	 dliu@aiofm.cas.cn

1	 Department of Basic Sciences, Army Officer Academy, 
Hefei 230031, China

2	 Key Laboratory of Atmospheric Composition and Optical 
Radiation, Anhui Institute of Optics and Fine Mechanics, 
Chinese Academy of Sciences, Hefei 230031, China

3	 University of Science and Technology of China, 
Hefei 230026, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-015-6175-0&domain=pdf


632 Z. Tao et al.

1 3

of near-range aerosol vertical profile patterns and new find-
ings based on more than 1-year experiments.

2 � System and methods

Side-scattering lidar system consists of laser, CCD cam-
era, geometric calibration, and data acquisition units. The 
diagram of a S-lidar is shown in Fig.  1. Side-scattering 
signals are recorded by CCD, with each pixel recording a 
side-scattering signal at its corresponding altitude. For the 
S-lidar, the received laser power scattered by the aerosol 
then can be written as [5]

where P(θ) is the received photon number at altitude z 
and scattering angle θ by a pixel, P0 is the photon number 
emitted by laser, A is the area of the CCD camera lens, K 
is a system constant, D is the distance from CCD to laser 
beam, Tz and Tr are the molecular and aerosol atmospheric 
transmittance from the laser to altitude z and from altitude z 
along the slant path to the CCD camera, respectively, β(θ) 
is the molecular and aerosol side-scattering coefficient, and 
dθ is the FOV of a pixel.

The main specifications of the S-lidar system are sum-
marized in Table 1, and the detailed description is described 
in Ref. [7].

The vertical altitude resolution dz is described as

From Fig. 1 and Eq. (2), one can know that the vertical 
altitude resolution is finer in lower altitude of the planetary 
boundary layer [5].

(1)P(θ) =
P0KA

D
β(θ)TzTrdθ

(2)dz =
D

sin2 θ
dθ

Fernald provided an interactive inversion solution to 
backscattering lidar [8], but his method is not suitable to 
side-scattering lidar, due to the difference of the atmos-
pheric transmittance and the adoption of the molecular 
and aerosol phase function. Using relative aerosol phase 
function f (θ), the S-lidar equation in backscattering 
(90

◦

≤ θ ≤ 180
◦

) can be rewritten as

where βa(z) and βm(z) are aerosol and molecule backscat-
tering coefficients, respectively, fa(θ) and fm(θ) are relative 
aerosol and molecule phase function, respectively, αa(z) 
and αm(z) are aerosol and molecule extinction coefficients, 
respectively.

Generally, there are six unknown variables in Eq.  (3), 
i.e., relative phase functions, backscattering and extinc-
tion coefficients for aerosol and molecule. Three molecu-
lar variables can be calculated in accordance with Rayleigh 
scatter theory and molecular model. A prior assumption has 
to be given; i.e., lidar ratio (extinction-to-backscatter ratio) 
of aerosol and the relative aerosol phase function is deter-
mined from skyradiometer (e.g., POM02) [9], and then 
only one variable (backscattering or extinction coefficient 
of aerosol) is left in Eq. (3).

In our experiment, vertical-pointing backscattering 
lidar (V-lidar) and S-lidar worked simultaneously. For 
V-lidar data processing, it is a traditional way to select 
the clear point about the tropopause as reference point 

(3)
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P0KA

D
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]
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}
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Fig. 1   Diagram of side-scattering lidar

Table 1   Main specifications of the side-scattering lidar system

Laser (Quantel Brilliant) Nd:YAG

 Wavelength (nm) 532

 Pulse energy (mJ) 200

 Repetition rate (Hz) 10

Detector (SBIG) ST-8300M

 Pixel array 3352 × 2532

 Pixel size (μm) 5.4 × 5.4

 A/D convector (bits) 16

 Wide-angle lens Walimexpro f/2.8

 Lens focal length (mm) 14

CCD sensor (Kodak) KAF-8300

 Quantum efficiency (532 nm) ~55 %

Interference filter (Semrock corporation)

 Bandwidth (nm) 25.6

 Peak transmittance ~95 %
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where assumed has minimum aerosol. The V-lidar signals 
and S-lidar signals have an overlap region around 1  km 
in height in our case. For S-lidar, the reference point is 
selected in this overlap region. Aerosol backscatter coeffi-
cient value at reference point thus can be given from V-lidar 
retrieval. When the aerosol backscatter coefficient value 
at the scattering angle θc (as reference point) is known, 
according to Eq. (3), the backscattering or extinction coef-
ficient of aerosol can be derived by our proposed numerical 
inversion method [7].

3 � Validation and error analysis

In order to further validate the numerical inversion method 
proposed by us, comparative experiments were arranged 
as follows: Three lidars worked at same position simulta-
neously; one CCD side-scattering and one backscatter-
ing lidars worked vertically; another backscattering lidar 
worked horizontally. In the evening on October 22, 2013, 
the comparison experiments were performed. On that 
nighttime, it was clear sky with the minimum temperature 
of 10 °C near ground and southeast wind of not more than 
5 m s−1. Figure 2 shows the validation results.

Figure 2 shows the retrieved aerosol backscattering coef-
ficients by different lidars at 18:40 LST. The black solid 
lines in Fig. 2 are the retrieved aerosol backscatter coeffi-
cient profiles using V-lidar; the gray lines in Fig. 2 are the 
aerosol backscattering coefficient profiles from the S-lidar 
by our proposed method; the black star is the aerosol back-
scattering coefficient near the ground by the horizontal-
pointing backscattering lidar (H-lidar).

From Fig. 2, one can see that between 0.6 and 1.4 km 
altitude, the aerosol backscattering coefficients measured 
by the side-scattering lidar and vertical-pointing back-
scattering lidar are in a good agreement. From the ground 
to about 0.6  km, the aerosol backscattering coefficient 
retrieved from V-lidar is not correct due to the overlap 
factor, so there is a big divergence between V-lidar and 
S-lidar results in this range. The S-lidar results have a 
good agreement with the H-lidar retrieval at 50 m above 
ground level (AGL). In practice, to avoid the obstruc-
tions, the laser beam has an elevation angle of 2° in 
the process of the horizontal measurement. The slant 
range corresponding to 50 m in vertical is about 1.5 km 
horizontally.

The errors of the backscattering coefficient retrieval 
from the CCD lidar were also examined. Error sources are 
from six unknown variables and uncertainties in Eq.  (3), 
i.e., molecular backscattering coefficient, relative phase 
functions of molecule and aerosol, aerosol extinction–
backscattering ratio, aerosol backscatter coefficient value at 
reference point and the received photon number.

Once changing one unknown variable independently, 
and applying the error propagation method, the error 
caused by this changing variable could be computed from 
Eq.  (3). In this way, the individual error was computed 
first, and then, the total errors could be composed [10]. 
Taking the data in Fig.  2 as example, if the relative error 
of molecular backscattering coefficient is 5 %, the relative 
error from molecular relative phase function is 5 %; the rel-
ative error of the received photon number is 5 %; the rela-
tive error from aerosol relative phase function is 10 %; the 
relative error from aerosol backscatter coefficient value at 
reference point is 10 %; the relative error of aerosol extinc-
tion–backscattering ratio is 15 %; the total relative error of 
backscattering coefficient is less than 18 %.

4 � Results

The measurements of near range aerosol vertical profiles 
were made during April 2013 through August 2014 with 
our self-developed side-scattering lidar in use. Aerosol lidar 
ratio is assumed as 50 Sr, and relative aerosol phase func-
tion is retrieved from POM02 sky radiometer at the same 
place and the same day. All the data have been analyzed 
to derive aerosol backscattering coefficient. After analyzing 
the experimental results, we found that aerosol backscatter-
ing coefficient is not uniform with altitude in near ground 
and can be classified into four categories. Figure 3 shows 
four typical cases acquired on August 3, 2014 (a), August 
2, 2014 (b), July 10, 2014 (c) and August 15, 2013 (d).

On August 3, 2014, it was clear at night, with the mini-
mum temperature of 26 °C near ground, southwest wind of 
not more than 5 m s−1. In Fig. 3a, the aerosol profile was 

Fig. 2   Retrieved profiles of aerosol backscattering coefficient by ver-
tical-pointing backscattering lidar, side-scattering lidar and backscat-
tering lidar pointing horizontally measured at 18:40 LST
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measured at 21:30 Beijing time on August 3, 2014; the dis-
tance D between laser beam and CCD camera is 14.21 m. 
The aerosol backscattering coefficient approximately had a 
constant value 0.009 km−1 sr−1 within 0.8 km. This means 
that the aerosol concentration kept almost constant within 
this range in this case, indicating the boundary layer was 
well mixed.

On August 2, 2014, it was clear at night, with the mini-
mum temperature of 26 °C near ground, west wind of not 
more than 5 m s−1. In Fig. 3b, the aerosol profile was meas-
ured at 21:00 Beijing time on August 2, 2014; the distance 
D between laser beam and CCD camera is 8.83  m. The 
aerosol backscattering coefficient increased versus altitude 
from 0.007 to 0.035 km−1 sr−1 within 1.3 km, which was 
quite exceptional compared with the normal exponential 
decreasing trend of the aerosol loading in planet boundary 
layer.

On July 10, 2014, it was cloudy at night, with the mini-
mum temperature of 25 °C near ground, south wind of not 
more than 5 m s−1. In Fig. 3c, the aerosol profile was meas-
ured at 04:00 Beijing time on July 10, 2014; the distance 

D between laser beam and CCD camera is 9.23  m. The 
aerosol backscattering coefficient decreased from 0.015 to 
0.007 km−1 sr−1 within 0.8 km, indicating a good normal 
exponential decreasing trend. And also, one can find there 
is another inversion layer at the altitude of 200 m, which 
cannot be observed by the traditional backscattering lidar, 
highlighting the advantage of the CCD side-scattering lidar.

On August 15, 2014, it was cloudy at night, with the 
minimum temperature of 21  °C near ground, southeast 
wind of not more than 5  m  s−1. In Fig.  3d, the aerosol 
profile was measured at 21:30 Beijing time on August 15, 
2013; the distance D between laser beam and CCD cam-
era is 11.50 m. The aerosol backscattering coefficient dis-
played multilayer structure within 1.4  km; the subpeaks 
are at ground, 0.5 and 1.0 km in altitude, demonstrating the 
complexity of the vertical aerosol distribution.

In order to show the continuous aerosol backscatter-
ing coefficient variation, Fig.  4 depicts two contour plots 
measured at summer night and autumn night, respectively. 
In Fig.  4a, aerosol profile was measured from 20:00 on 
July 9, 2014, to 05:00 on July 10, 2014, and the distance 

Fig. 3   Four catalogs aerosol profiles, a acquired on August 3, 2014, at 21:30, b on August 2, 2014, at 21:00, c on July 10, 2014, at 4:00, d on 
August 15, 2013, at 21:30, respectively
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D between laser beam and CCD camera is 9.22 m. During 
that period, it was cloudy, with the minimum temperature 
of 25 °C near ground, west wind of not more than 5 m s−1. 
From Fig.  4a, one can see that aerosol showed complex 
layered characteristic in nocturnal boundary layer, all layer 
descended versus time, and the height of the planetary 
boundary layer decreased from 1.2 to 0.9  km during the 
whole night. Around 1:00 a.m., between 0.5 and 0.9  km, 
the aerosol backscattering coefficient increases probably 
due to the change in the ambient meteorological conditions.

In Fig. 4b, aerosol profile was measured from 19:00 on 
October 8, 2013, to 05:30 on October 9, 2014, and the dis-
tance D between laser beam and CCD camera is 23.74 m. 
During that period, it was clear, with the minimum tem-
perature of 26 °C near ground, east wind of not more than 
5 m s−1. Figure 4b shows the residual layer within 1.30 km, 
changing slightly during the whole night. In near ground 
within 150  m in altitude, a surface layer formed and got 
thicker with time, reaching peak at 05:30.

5 � Conclusions

In summary, our self-developed side-scattering lidar system 
could measure the profile of aerosol backscattering coeffi-
cient from ground, and the spatial and temporal variations 
of near-ground aerosol backscattering coefficients were 
obtained quantitatively. From the experimental results, one 
can find the near-ground aerosol backscattering coefficients 

are inhomogeneous and change with altitude and time. Tak-
ing the advantage of the CCD side-scattering lidar, the fine 
resolution structures of the near-ground aerosol distribution 
could allow the molders to study the regional air pollution 
and assess the effect of the corresponding control measures.
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