
ÓPTICA PURA Y APLICADA – Vol. 39, núm. 1 – 2006 – 3rd-Workshop LIDAR Measurements in Latin América 

Recibido:   26 october 2005 - 23 -

Model Calculation of backscatter and extinction coefficients for urban 
aerosols in Cali, Colombia 

 
Modelo de Cálculo de los coeficientes de retrodispersión y extinción para 

aerosoles urbanos en Cali, Colombia 
 

Elena Montilla (1), Álvaro Bastidas (2), Edith Rodríguez (2), Efraín Solarte (1), 
Mauricio Jaramillo (3) 

 
1. Quantum Optics Group, Dept. of Physics, Universidad del Valle, Ciudad Universitaria 

Meléndez, Carrera 100 # 13-00 / Cali-Colombia 
E-mail: esolarte@calima.univalle.edu.co, emontill@univalle.edu.co 

2. Applied Optics Research and Didactics Group, Dept. of Physics, Universidad del Cauca, 
Calle 5 # 4-70, Sede Tulcán / Popayán-Colombia, 

 E-mail: bastidas@unicauca.edu.co, elrodriguez@unicauca.edu.co 
3. Cleaner Production Group, Pontificia Universidad Javeriana, Calle 18 # 118-250,  

Av. Cañas Gordas / Cali- Colombia 
E-mail: mjaramil@puj.edu.co 

 

 

ABSTRACT: 
The city of Cali  (3º30' N, 76º30' W) is located in the equatorial circulation zone. It has an 
air quality and meteorological monitoring network, with instruments for measuring 
particulate matter (PM10) and other atmospheric pollutants. We show here the results of 
the Mie scattering model calculation of the extinction and backscatter coefficient, as well 
as scattering diagrams, applied to particles typical of aerosols in the air above Cali, as 
determined from the in situ data provided by the monitoring network. The extinction and 
backscatter coefficients were calculated for a range of particle sizes between 0 to 4 µm, 
with a resolution of 0,001µm, and for Nd:Yag laser of 532 nm wavelength. This work 
will be significant for lidar techniques in the modeling and determination of physical and 
chemical properties of the type of pollutants present in the region of study. 
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RESUMEN: 
La ciudad de Cali (0.3º30’ N, 76º30’ W) está localizada en la zona de circulación 
ecuatorial; cuenta con una red de monitoreo de la calidad del aire y meteorológica, dotada 
de instrumentación para el análisis de material particulado PM10 y otros contaminantes 
atmosféricos, así como de instrumentación meteorológica para reportar las condiciones 
típicas de la región. A partir de los datos suministrados por esta red, se han calculado los 
coeficientes de retrodispersión y absorción, así como los diagramas de dispersión 
aplicando el modelo de dispersión Mie para radios de partículas entre 0 y 4 µm, con un 
incremento de 0.001µm y para un láser de Nd:Yag con una longitud de onda de 532 nm. 
Este trabajo es importante para la técnica lidar en cuanto al modelamiento y 
determinación de las propiedades físicas y químicas del tipo de partículas contaminantes 
presentes en la región de estudio. 
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1. Introduction 
 

The impact of particulate matters 
and aerosols on environment and on 
radiative forcing is well recognized. 
However variety in size and composition of 
aerosols makes a complete characterization 
difficult, which is more pronounced for 
urban aerosols. Moreover the spatial and 
time distributions of aerosols in the 
atmosphere are inhomogeneous, which 
increases the difficulty in aerosols 
characterization [1]. For this work a 
database of urban aerosol measurements 
was provided by Departamento 
Administrativo de Gestión del Medio 
Ambiente (DAGMA), which have 
instrumentation for analysis of 
atmospherics pollutants such as, PM-10, 
SO2, NOX and CO, like wise, have 
meteorological instrumentation for analysis 
of temperature, relativity humidity, 
barometric pressure and, speed and wind 
direction. 
 
 

In this paper, we present the results 
of the Mie scattering model calculation of 
the extinction and backscatter coefficient, 
as well as scattering diagrams and single 
scattering albedo, applied to particles 
typical of aerosols in the air above Cali, 
determined from the in situ data provided 
by the DAGMA monitoring network, and 
other a priori information, such as 
refraction index obtained from Hänel 
(1976) [2], which has real and imaginary 
part; and using a Matlab numerical program 
under assumption of Mie scattering theory 
for spherical particles is in equilibrium with 
local relative humidity.  

Coupling point and remote 
measurements of aerosols to Mie scattering 
model calculation provides an efficient tool 
in regards to the evaluation of pollution 
impact on the region scale. 
 
2. Data Base 
 

The measurements of 
meteorological variables, particle 
concentrations and chemical species content 
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were carried out in the city of Cali, between 
April 2003 and November 2003 by an air 
quality and meteorological monitoring 
network of DAGMA, constituted by eight 
monitoring stations. SO2, NOX and CO, 
were measured with model S100A API, 
S200A API and S300 API gas analyzers, 
respectively. The particulate matter PM-10 
was measured with model MP101M 
ENVIROMENT sensor. Table 1, shows the 
average values for PM10, SO2 and NO2 in 
the period above mentioned and the values 
according to the environmental legislation, 
at the region and national level. 

 
TABLE 1. Particulate matter and principal chemical 

species data 
 

Measure
d 

Values 

Nation
al Rule 
(25°C, 
1 
Atm.)  

Particulate matter < 
10 µ, geometric mean 

[µg/m3] 
43.1 50 

SO2[µg/m
3] 

5.0 100 

CO[µg/m3

] 
1.77 15000 

 
Arithmet
ic mean 

NO2[µg/m
3] 

16.9 100 

 
According to the monitoring data, 

we assume that aerosols are formed from 
S02, NO2, CO, water and other residues, 
and that they are in equilibrium with the 
relativite humidity (RH) present at the 
region (68.26%), but the aerosols 
experience a change in their refractive 
index as RH increase. Generally, as the 
water uptake by the particles gets more 
important, the real and imaginary parts of 
their refractive index tend to decrease 
(Figure 1), [3]. 

Therefore, we find that the real and 
imaginary parts of the refractive index n, 
have the follow value: 
 
n = 1.463 + 0.028 i     (1) 
 

This result is applicable to this work for 
obtained the optics parameters of urban 
aerosols in Cali. 
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Figure 1. Variations of the refractive index of 
urban aerosols as a function of relative humidity. 
Based on measurements taken at Mainz, 
Germany in 1970 (adapted from Hänel (1976)). 

 
3.  Model 
 

If the scatterers are large compared 
to the wavelength of light then geometric 
optics provide a good approximation. 
However, in most atmospheric situations 
aerosols are neither large nor small enough 
to be treated simply (the size parameter 
2πa/λ is between 1 and 20). This problem 
was first solved by Gustav Mie (1908) by 
determining the wave vector in spherical 
coordinates for electromagnetic waves, 
specified by Maxell’s equations. 

In general particles absorb as well as 
scatter and Mie gave solutions for the 
absorption, scattering and extinction cross 
sections as a function of the scattering 
angle. A function for the extinction 
efficiency factor, Qext, for spheres of 
refractive index n in a medium of unity 
refractive index can be derived using Mie 
theory which describes the efficiency with 
which light is scattered as a function of the 
size parameter [4]. A major application is 
lidar backscattering from atmospheric 
components. 

In this work, we consider elastic 
light scattering of an Nd:Yag laser, with 
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wavelength 532 nm, due to suspended 
particles which we assume to be spherical. 

In accordance to Mie theory, the 
calculations of the electric field matrix 
elements transformation from incident to 
diffuse were performed iteratively with 
Legendre polynomials for the angular, and 
Bessel functions for the radial parts [5], 
using the software package Matlab. For this 
process, we defined the size parameter as 
 
x = kr      (2) 
 

Where k is the wavenumber of the 
light (in µm-1) and r is the particle radii in 
µm. The range of the size parameter varied 
from 0 to 50 [6]. 
 
4. Results 
 
Figure 2 show the Backscattering 
Efficiency, for urban aerosols with 
refractive index with imaginary part. The 
behavior of backscattering efficiency Qba 
as a function of particle radius for 532 nm. 
The curve shows a low frequency of 

oscillations in r.  The magnitude of this type 
of oscillations decreases as the imaginary 
part of the index of refraction increases.  
 

Figure 2. Backscattering efficiency as a function 
of r, for λ = 532 nm and n = 1.463 + 0.028i 

 
In Figure 3, we show the curve for 

extinction efficiency for the refractive index 
used, and we compare that result with 
Figure 4, which contain four curves for 
extinction efficiency for refractive index 
values different. The extinction efficiency 
Qext as a function of radius r, for 532 nm. 
This curve exhibits a characteristic series of 
maxima and minima as the size parameter 
increases. Efficiency factor for extinction, 
Qext, as a function of the radius r. The real 
part of the refractive index used is m. 

In Figure 5, we show the asymmetry 
factor as a function of the radius. Keeping 
in mind that this asymmetry factor indicates 
the mean or statistically expected value of 
the scattering angle, we observe a large 
variation for values of radius of scatter 
under 0.5, and as this parameter increases, 
the asymmetry factor tends to a constant 
value, thus demonstrating a well defined 
direction for the intensity distribution of 
scattered, relative to incident, light. 

Figure 6a, shows the scattering 
diagram for a size parameter of 0.9. At 532 
nm, this value is within the particle size 
range for which light scattering is well 
described by Rayleigh’s theory. We can see 
here certain symmetry in the scattered light. 
 

 
Figure 3. Extinction efficiency as a function of r, 

for 
λ = 532 nm and n = 1.463 + 0.028i 
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Figure 4. Efficiency factor for extinction, Qext,, as 
a function of the size parameter x = 2πra/A. The 
real pan of the refractive index used is m r — 1.5, with 
results shown for four values of the imaginary part m¡ 
[7]. 

Figures 6b, 6c, y 6d show scattering 
diagrams for a particle with x = 5.0, 
equivalent to a radius of 20.0 µm, and for   
x = 22.0. The figures show an increasingly 
well defined forward direction for the bulk 
of the scattered light distribution. Incidence 
is from left to right. These two cases fall 
within the range of sizes where Mie theory 
gives a better description of light scattering. 
The behavior shown on the diagrams 
reaffirms the predictions of Rayleigh theory 
in the limit of molecule scattering, and Mie 
theory for aerosol particle scattering. 

 

Figure 5.  Asymmetry Factor 
 

Figure 6a. Asymmetry Factor for x =0,9 
 
 

 

Figure 6b. Asymmetry Factor for x = 5 
 

Figure 6c. Asymmetry Factor for x = 20 
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Figures 6d.  Asymmetry Factor for x = 22 
 
5. Conclusions 
 
We have applied a computer model to 
predict scattering and absorption 
characteristics of laser light from 
environmental aerosols representative of 
those found over the city of Cali, using 
input parameters such as refractive index 
and particle size, for one of the wavelengths 
of an Nd: YAG laser. The results obtained 
include the effects of relative humidity 
typical for the city. This  model will help us 

to understand atmospheric particle 
formation over the tropics by predicting the  
radiative properties of aerosols in the 
equatorial region. They will be useful for 
future lidar measurements of the 
atmosphere over Cali, since at present we 
do not have a model for aerosol size 
distribution. 

The main uncertainties in the model 
come from an incomplete knowledge of the 
particle index of refraction and the climate 
conditions at the time of the lidar 
soundings. 

The method can be used to relate in-
situ air monitoring measurements with lidar 
remote soundings, and from these to gain a 
more complete understanding of the impact 
of atmospheric pollutants on regional and 
global climate. 
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