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Abstract—Using a CCD as the detector, side-scatter lidar has 

great potential application in the near range atmospheric 

detection. Side-scatter lidar equation is different from 

backscatter lidar in terms of atmospheric transmittance and 

atmospheric scatter coefficient. A new inversion method is 

proposed for side-scatter lidar retrievals, and numerical 

simulation is used to analyze the sensitivity to aerosol backscatter 

coefficient at the reference point. The results presented in this 

paper show that this method is reasonable and feasible. 
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1 INTRODUCTION 

 

Aerosols play a strong role in global climate change both 

directly, by affecting Earth’s radiation balance, and indirectly, 

by affecting cloud properties[1]. Understanding their 

contribution to climate change requires aerosol altitude profile 

information[2]. As aerosol types, chemstry, concentrations are 

highly variable and strongly altitude dependent, measurements 

of aerosol properties as a function of altitude are especially 

important. The majority of aerosols exsit in the lower few 

kilometers in near surface. This aerosol-rich layer is generally 

called the atmospheric (or planetary) boundary layer. Remote 

sensing techniques have been applied to aerosol detection by 

use of a variety of instruments. Sun photometers provide total 

collumn aerosol content, indicative of the aerosol properties 

integrated through the entire altitude range of the atmosphere. 

Backscatter lidars are capable of providing range-resolved 

atmospheric measurements continuously, making backscatter 

lidars valuable tools in the remote sensing of atmospheric 

aerosols[3]. But the backscatter lidar system has a shortage in 

the lower hundreds of meters because of the overlap function 

caused by the configuration of the transmitter divergence and 

receiver field of view at ranges close to the instrument[4]. This 

limits the backscatter lidar to apply to near range field. 

Applied a charge coupled device (CCD) camera detector, a 

side-scatter lidar, in which the detector is spatially separated 

from the transmitter by a certain distance, is different to 

backscatter lidar, in which the transmitter and detector are 

collocated. The side-scatter lidar solved the overlap problem in 

backscatter lidar, and is especially suitable to apply to measure 

aerosol in near range[5-6]. But there is a new difficult problem 

that is how to solve the side-scatter lidar equation.  

 

2 TECHNIQUE 

 

The diagram of side-backsactter lidar is shown in Fig. 1. 

For side-scatter lidar configuration, the lidar equation can be 

described as[5]  

0( , ) ( , ) t r

P KA
P z z TT d

D
    ,                       (1) 

Where ( , )P z  is the received power at height z and 

scattering angle   by a pixel, K is a calibration constant 

representing the system optical efficiency and A is the effective 

collecting area of the optics, and 
tT and 

rT are the total (aerosol 

and molecular) atmospheric transmittance from the laser to 

altitude z and from altitude z along the slant path to the CCD 

receiver, respectively. ( , )z  is the total atmospheric side-

scattering coefficient. Because of 2    , d  (equal to 

d ) is one pixel field of view. 

 
Fig. 1.  Side-scatter lidar diagram 

For CCD receiver, side-backscatter lidar signals record by 

different pixels. From geometry, the spacial resolution dz  is 

expressed as 

                    
2R

dz d
D

  .                               (2) 

For CCD receiver, the pixel field of view d  is 

approximate constant, so the spacial resolution dz  increases 

with slant distance R . 

By comparison equations (1) and (2) with backscatter lidar 

corresponding equations, side-scatter lidar has two main 
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difference aspects with backscatter lidar, one is spacial 

resolution is not constant, the another is received power is not 
21 R dependence. The cancellation of the 21 R dependence has 

beneficial consequences for the dynamic range of the side-

scatter lidar system. For short range detection, such as 

atmospheric boundary layer, the spacial resolution of side-

scatter lidar still are good in suitable optics design. 

 

3 METHOD 

 

To backscatter lidar equation, Fernald provided an 

interactive solution[7]. But to side-scatter lidar equation, 

Fernald’s inversion method is not suitable, because of 

atmospheric transmittance difference and adoption of the 

aerosol phase function. The side-scattering coefficient ( )   

and the total scattering coefficient 
s  of aerosol have the 

relationship as  

( ) ( ) sf    ,                  (3) 

Where ( )f   is phase function of aerosol. If backsacttering 

coefficient is known, the side-scattering coefficient ( )   can 

be expressed as  

( )
( ) ( )

( )
f

f

 
  


 .              (4) 

If we consider the atmosphere is homogenous in the 

horizontal, side-scatter lidar equation can be rewritten as  
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where ( )z  is extinction coefficient, subscripts “1” and “2” 

indicate aerosol and molecule respectively.  

Using optical depth  
z

zdzz
0

21 ))()((  , equation (5) 

becomes as 
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At reference point 
cz , aerosol backscatter coefficient 

1( , )cz   is known, we get  
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We define C as 

0 exp( / cos( ))c c c

P KA
C

D
       .                  (8) 

In practice, we determine C using  
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The attenuated side-scatter ( , )z  , can then be computed 
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Where  
z

zc

zdzz ))()(( 21  .When
cz z ,

0 ; otherwise 0 . 

Known aerosol phase function, extinction to backscatter 

ratio and aerosol backscatter coefficient at reference point, 

aerosol extinction or backscatter coefficient can be retrieved 

from 
cz  to  consecutive points one after one as the followed 

steps.  

  Step 1  using equation (9) and aerosol backscatter 

coefficient at reference point 
cz , get the constant C. 

Step 2  using equation (10a), get the attenuated side-scatter 

( , )z  . 

Step 3  giving the optical depth 
c , supposing the aerosol 

backscatter value 
1,s changed in a reasonable range, compute 

zSs  1,1  (S1 is aerosol extinction to backscatter ratio ), 

then using equation (10b) to get the supposed attenuated side-

scatter, ( , )s z dz d     . 

Step 4 compute the difference 

( , ) ( , )s z dz d z dz d             ,when  is 

minimum, the corresponding backsacter coefficient value 

1,s is the retrieved value. 

Step 5 from the retrieved aerosol extinction coefficient 

profile, compute the supposed optical 

depth  
cz

sc zdzz
0

21, ))()((  . 

Step 6  if 
c is not equal to

sc, , leting 
scc ,  ,repeat step 

3 and 5 , until %1.0)( ,,  scscc  .   

 

4 SENSITIVITY ANALYSIS AND CONCLUSION 

 

In order to check the above inversion method, numerical 

simulation is investigated . Supposing a simulation aerosol 

extinction profile, aerosol phase function, and extinction to 

backscatter ratio, from equation (5), we can get the simulation 

side-scatter lidar signals. Taking the altitude 4.24 km as 

reference point, and letting the aerosol backscatter coefficient 

having a relative error at as reference point, using our inversion 

method, the retrieved aerosol extinction profile is shown in Fig. 

2. The grey line is the supposed aerosol extinction profile and 

the black solid line is retrieved one with a 5% relative error for 

aerosol backscatter coefficient at reference point, the black dot 

line is retrieved one with a 10% relative error for aerosol 

backscatter coefficient at reference point. From Fig. 2, we see 

that in altitude 2.5 km to 4.5 km range, the retrieved aerosol 

extinction coefficients are sensitive to backscatter coefficient 
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error at reference point. But for atmospheric boundary layer 0 

to 2.5 km, the retrieved aerosol extinction coefficients are not 

changed with backscatter coefficient deviation at reference 

point. This means that this inversion method is convergence in 

backward direction computation. So this simulation test 

indicates that this method is reasonable and feasible.       

 
Fig. 2.  Simulation test for inversion method. 

 As the extension of our technique,  aerosol phase function 

can be measured by side-scatter lidar combined with other 

instrument[8]. In this case, side-scatter lidar emits laser in 

horizontal direction. If the aerosol extinction and backscatter 

coefficients are obtained, the aerosol phase function can be 

retrieved by our inversion method also. 
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