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2 Abstract 

 

Quantifying optical properties of atmospheric aerosol is important because aerosol affects 

climate and environment significantly. In particular the aerosol optical thickness (AOT), ����, is 

one the most crucial characteristic influencing atmosphere’s radiation budget. Aerosol can 

directly affect global radiation budget by scattering and absorption of solar and terrestrial 

radiations, and also indirectly affect the radiation by changing cloud’s microphysical and 

chemical properties. These effects strongly depend on the physical and optical properties of 

aerosol particles. In this work, we used the CIMEL sunphotometer (passive measurement) to 

retrieve the aerosol optical depth considering temperature effect of the instrument on the 

measured values from September, 2002 to March, 2006 for the site Bremen, Germany. The 

primary results show that the proposed consideration of instrumental temperature effect 

improved the measurement of aerosol optical depth effectively. The comparison of the retrieved 

AOT time series with the old AOT time series (with no temperature consideration) is analyzed, 

i.e, on the average a difference of 0.009 (±0.002) in the AOT was found. AOT retrieval showed 

pronounce temporal trends, with maximum aerosol loading during summer with mean values of 

0.30 (±0.10) at 0.5µm. Furthermore validation of the retrieved AOT from MERIS and SeaWiFS 

top-of-atmosphere reflectance is performed with coincident ground based sunphotometer 

measurements. Also these data will be useful for future understanding about their environmental 

and climate effects. 
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4 List of abbreviations and notations 

 

(λ)  Wave length  

(τ)  Optical thickness 

 ������  Aerosol optical thickness 

���	
�  Rayleigh optical thickness 

���	��  Gaseous optical thickness 

( ώ����) Single scattering albedo 

p(θ)  Phase function 

�������  Extinction coefficient 

����  Extinction efficiency factor 

���	���� Scattering coefficient 

M  Relative air mass factor 

��   Zenith distance 

AOT  Aerosol optical thickness 

MERIS  MEdium Resolution Imaging Spectrometer 

SeaWiFS Sea viewing Wide Field Spectrometer 

Cext  Extinction cross-section 

G  Geometric cross-section 
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1 Introduction 
 

1.1 Motivation 

 

The role of atmospheric aerosols is very significant in the study of the Earth's climate system, 

because they interact (scattering, absorption, extinction) with incoming solar shortwave and 

outgoing terrestrial long wave radiation and alter the climate. Their impact is very complex and 

uncertain on radiative transfer or more precisely on climate (Charlson et al 1999). The 

contribution of atmospheric aerosols to the climate radiative forcing is given in IPCC report 

2007, Figure 1-4, where I-beams denote estimated uncertainties. So it is very necessary to 

investigate the aerosol characteristics, and quantifying and reducing the uncertainty in aerosol’s 

effect. Aerosol Optical Thickness (AOT), an important aerosol optical property, should be 

correctly determined to remove the atmospheric effect. For that reason ground based CIMEL 

sunphotometer was used in this work for the retrieval of AOT at the site IUP, Bremen 

considering the instrumental temperature effect and validation of the retrieved AOT from MERIS 

and SeaWiFS top-of-atmosphere reflectance. 

 

                       

Figure 1-1: Aerosol’s direct and indirect effect, its production and effect on nature. Source: 
http://cires.colorado.edu/jimenez/AtmChem/CHEM-5151_S05_Aerosols_all.pdf 
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1.2 Background Theory 

 

The suspended complex and dynamic mixture of solid and liquid particles in the atmosphere 

from natural and anthropogenic sources are known as atmospheric aerosol. They are very small 

in size and can not be seen with naked eyes, but they scatter and absorb light, can produce 

haze (visibility degradation), climate variability, and act as cloud condensation nuclei and can 

cause health problems, Figure 1-1.The aerosol has a size distribution with a size range 0.005─ 

5(≥10) µm in radius (von Hoyningen-Huene, 2008) with different size modes, mentioned below, 

Figure 1-2. The modes are gained by the different aerosol production processes. Aerosol 

particles can be emitted directly as primary aerosols into the atmosphere by volcanoes, through 

wind by lifting dust particles from land surfaces, from biomass burning, from sea spray, from 

forest fire etc. They can also be the result of gas-phase reactions or gas-to-particle conversion 

(secondary aerosols). 

 

Figure 1-2: Aerosol particles of different types :marine aerosol, sea salt, fly ash, sulfate particles, biogenic 
particle (bacteria), different soot particles 

   

The size distribution consists of the following main modes, listed in Table 1-1, (also explained in 

section 2.2). 
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Table 1-1:  Aerosols different modes 

Mode Size range in Radius (µm) Other name 
Nucleation mode 
(also called Aitkin mode) 

0.005 - 0.05 

 
Ultrafine 

Accumulation mode 0.05 - 0.5 Submicron 
Coarse mode 0.5 - 5 (≥10) super-micron 

 
 
The accumulation mode for some aerosol types is the dominant one. This mode has a typical 

size of r ~ 0.1 µm. Depending on aerosol source also coarse mode (sea salt, desert dust) can 

be dominant. 

 

Aerosol particles have arbitrary form spherical to non-spherical shape, as one can see from 

Figure 1-2 with consequences on radiative properties.  The chemical composition of the aerosol 

depends on the sources and can be internally and/or externally mixed. 

 

1.2.1 Direct and indirect effect of Atmospheric Aerosol 

 

The climate effect of aerosol on climate is ambivalent (can cause cooling or heating), as 

described in Figure 1-4. One can distinguish two main influences on climate:   

 

• Direct effect: Aerosols can scatter or absorb solar and terrestrial radiation and hence 

influence earth’s radiation budget. Their optical properties depend on their physical and 

chemical structure, as discussed in section 2.4. 

 

• Indirect effect: Aerosol influences the earth’s radiative balance indirectly in several 

ways. Aerosols act as CCN (cloud condensation nuclei) and can thus change cloud’s 

optical properties. They can change cloud’s albedo, increase cloud’s coverage and thus 

change the radiative balance. (d’Almeida, 1991). They also affect the processes of 

precipitation, which plays a prominent role in influencing the life time and degree of 

clouds. So we can say that aerosol can affect the dynamical processes causing cloud 

formation and growth. 
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Figure 1-3:   Radiative forcing of aerosols for absorbing and non-absorbing aerosol (single scattering albedo 
1 and 0.6) and for different asymmetry parameters of the aerosol phase functions 

 

       

Figure 1-4: Radiative transfer in earth’s atmosphere (Net radiation flux change), Fourth IPCC report 2007. 
Here it shows the very low scientific understanding for the labeled part (Aerosol’s effect), which is very 
uncertain. The IPCC 2007 report also analyzed the effect of the black carbon (Aerosol) deposition on the 
surfaces (snow), along with other mechanisms of the indirect radiative forcing of aerosols, like;  aerosol 
particles affect the abundance and lifespan of atmospheric gases which in consequence changes in radiative 
forcing of these gases (e.g., aerosol-induced changes in O3) 
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For the direct climate effect and remote sensing the effect of aerosol creates large uncertainty in 

climate modeling and it is important to analyze to understand its climate effect. For this purpose 

knowledge of aerosol radiative properties play a vital role (Hand et., al 2004). The direct optical 

climate effect, remote sensing of aerosol and atmospheric correction of satellite imagery require 

the knowledge of the optical properties like aerosol optical thickness ( AOT(λ) ), phase function ( 

p(θ) ) and single scattering albedo ( ώ���� ) and can either be obtained by direct measurements, 

or also calculated from micro-physics using Fredholm integral equation described in part 

1.2.4.1. The parameters aerosol size distribution, particle refractive index and shape determine 

the optical properties (optical thickness, asymmetry parameter and single scattering albedo 

(Kuzmanoski et al., 2005), if the appropriate scattering theory for the particle shape is applied.   

 

 

1.2.2 Sources of aerosols/ Origin of the aerosols 

 

Sources of aerosol are as well natural as well anthropogenic. 

1.2.2.1 Natural 

    (Primary aerosol) 

• Sea salt and marine aerosol is the most spread aerosol of the globe, because 

about 70 % of the globe is covered with oceans.  

• Wind blown dust is originated from dry bare soil or arid areas with sparse 

vegetation cover. About 30 % of the continents are arid regions or desert. The 

dust can be transported far from its origin region.  

• Volcanic dust and aerosol is connected as well as with eruptions as well with 

permanent exhaust of volcanoes.   

• Organic aerosols are biogenic particles, like pollen, bacteria 

. 

     (Secondary aerosol) 

• Sulfates from biogenic gases, Sulfates from volcanic SO2 , Nitrates from NOx .   
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1.2.2.2 Anthropogenic 

Industrial dust, Soot, Biomass burning, etc.. (primary). About 50% of the soil 

dust aerosol causes to move around by human commotion of soils and can 

therefore be dealt as "anthropogenic" (Tegen and Fung, 1994; Tegen et al., 

1996), and burning processes from heating, energy production, traffic produces 

produce mainly fine and accumulation mode aerosol under them sulfates from 

SO2 , Nitrates from NOx .. (Secondary) 

 

1.2.3 Aerosols different modes 

             

Aerosols can be divided into three modes: 

• Nucleation mode:  size range (0.005 ─ 0.05) µm in radius. They are short lived in the 

atmosphere as they coagulate to accumulation mode or serve as site for condensation.  

• Accumulation mode:  size range (0.05 ─ 0.5) µm in radius. This mode mostly includes 

combustion particles. Coagulation from nuclei mode is the responsible process for its 

production. Aerosols in this mode are long-lived in atmosphere and do not coagulate to 

coarse mode. 

• Coarse mode: The sources of this mode are dust, sea salt and small droplets. They are 

short lived, usually settle out. 
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1.2.4 Properties of aerosol 

 

1.2.4.1 Optical properties of atmospheric aerosol 

 

Atmospheric aerosols can scatter and absorb light. The processes of scattering and absorption 

can determine the reduction in the intensity of direct solar radiation. Scattering by atmospheric 

particles/droplets (spherical in shape) can be described by Mie theory (Mie, 1908), but for non-

spherical particles (ice crystals, mineral particles, dry sea salt, etc) some other complicated 

scattering formalisms are used (Mishchenko, 1991). The optical characteristics (AOT, phase 

function and single scattering albedo) of aerosols can be derived from in-situ, airborne and 

satellite measurements. 

 

The relationship between micro-physical properties and the aerosol optics is described by the 

Fredholm integral equation:  

 

� Extinction:  is the combine effect of scattering and absorption by particles and gases 

in the atmosphere. Scattering by air molecules (Rayleigh scattering), scattering by 

aerosols, and molecular absorption are the dominant components of the atmospheric 

extension. 

 

� Extinction coefficient: part of light scattered or absorbed per unit distance in 

a particular medium, or it is a measure of the ability of scattering or 

absorption of a matter 

  

                             ������� � � ����� �. �  ������, �,"� �#�������� . $%&'�                                   �1.1�    
                    
Extinction coefficient yields by the integration of the product of extinction efficiency with the size 

distribution over the radius range r. 

Here ���� is extinction efficiency factor. 

 

                              ���� � )*+,
�     (=

���-.��-�. �����/����-�.
���0���-� �����/����-�.)  ,      with    1��� 2 3    
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(Kokhanovsky, 2008 (p16) ), because 1��� includes diffraction also as illustrated below; 

 

                                          

But scattering cross-section depends on the wavelength λ of radiation and the refractive index 

m of the matter of the aerosol used, therefore the optical parameters calculated are spectrally 

dependent properties. 

 

The cross sections can be calculated, using light scattering theories for the corresponding 

particle shape, such as Mie-theory for spherical particles.  

 

 

� Aerosol optical thickness is obtained by the integration of the vertical extinction 

coefficient profile over the height z 

    

   ������� � ��  ������, 4�$4                                                                             �1.2� 
 

  Combining this equation with equation (1.1) one obtains 

 

������� � ��  �������. �  ������, �,"�$6��, 4�$%&'� . $%&'�. $4                                �1.3� 
 

Assuming a columnar averaged size distribution the AOT is obtained in following 

form 

 

������� � ��������  ������, �,"�$68&%9":���$%&'� . $%&'�                                   �1.4� 
 

� Scattering:  
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� Scattering coefficient: 

 

���	���� � <
�����

��  ���	���, �,"�$6���$%&'� . $%&'�                              �1.5� 
 

Scattering coefficient yields by the integration of the product of scattering efficiency with 

the size distribution over the radius range r. 

 
 

� Phase function: 

 

>�����, �� � <
�����

�� ?��, �,", �� $6���$%&'� . $%&'�                              �1.6� 
 

? ��, �,", ��  Is a phase function for a single particle of radius r and for a specific 

wavelength λ, refractive index m and scattering angle θ (The angle between the initial 

and final paths traveled by a scattered light). 

The aerosol phase function is the measure of scattered light in each direction. Scattering 

angle is shown in the Figure 1-4. To estimate phase function, the spectral sky radiance 

(in almucantar) data is inverted by radiative transfer equation (Dubovik and KIing, 2000), 

or by the CIRATRA approach by Wendisch and von Hoyningen-Huene, 1994, and (von 

Hoyningen-Huene and Posse, 1997). Almucantar is set of measurements retrieved at 

the same sun angle for specified azimuth angles relative to the sun position. Almucantar 

mode profile is shown in Figure 1-. 

 

 
1-5: Scattering angle 
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Figure 1-6: Almucantar mode 

 
 
Atmospheric phase function includ Rayleigh scattering of molecules and Mie scattering on 

aerosol particles: 

A��� � ��	
A�	
��� B ����A��������	
 B ����                                                          �1.7� 
 

Phase function of Rayleigh scattering is given as 

 

A�	
��� � 3
16� �1 B 8&D ��                                                                       �1.8� 

 

The aerosol phase function has to be derived from equation 1.7 or 1.6 and depends on particle 

size distribution, shape and chemical composition. Assuming spherical shape particle for 

calculating phase function by Mie theory, but strong effect has been shown by non-spherical 

particles in the experimental result. 
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� Absorption 

 

�	F���� � <
�����

��  �	F���, �,"�$6���$%&'� . $%&'�                            �1.9� 
 

Absorption coefficient can be calculated by the integration of the product of absorption 

efficiency with the size distribution over the radius range r. 

 �	F�(r, �,m) is the absorption efficiency as a function of particle radius r, wavelength λ    

and refractive index m.  

 

1.2.4.2 Physico-chemical properties of the aerosol  

 

The micro-physical properties of the aerosol are the structure in form of a size 

distribution, the aerosol shape and its chemical composition: 

o Structure: 

• Size distribution:  

 

$6���
$%&'� �

69"HI� &J >K�LM8%ID &J K DM4I 8%KDD
NK:'I &J LOI DM4I 8%KDD                                                �1.10� 

 

$6���
$� � � $6���$%&'�                                                                                                        �1.11� 

 

The size distribution gives the number of particles dN(r) in a certain size class dr or dlogr. 

Depending on linear or logarithmic size class increments the size distribution can be given in 

different form.  

Typically a log-normal size distribution can be assumed for the different aerosol components. It 

represents the most aerosol types depending on the choice of the parameters. 

 

o Log normal size distribution for the different aerosol components: 

$6���
$%&'� �Q 6M

%:10. �M√2� . IS> T
�%&'� U %&'�M� 

2� V
�

-WX
                                                   �1.12� 
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Where l= number of modes 

�- � mode radius 

�M= standard deviation of i-th component (mode) 

 Ni= number concentration 

 Represents the real mode structure of the atmospheric aerosol 

 

More simple forms of size distributions are in form of approximations by a power law or gamma 

distribution. 

 

o Junge disrtribution/ power law distribution: 

 

$6���
$%&'� � 6. �Y                                                                                               �1.13� 

or 

$6���
$%&'� � 6. Z ��&

Y[                                                                                       �1.14� 
 

If reference radius �& \ 1.0 

Where v is size distribution exponent, describe roughly the general behavior in the range 

(0.2─2) µm. 

 

o Gamma distribution derived by Levin, (1961); (sometime used for stratospheric aerosol 

and sometimes for marine aerosol). 

 

$6���
$%&'� � 6&. �] . Î�                                                                                    �1.15� 

 

 

 

o State of particle: 

Spheres, cubic, ellipsoids; solid, liquid, mixed 
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o Chemical Composition: 

 PM2.5 is mainly produced by vapors condensation and coagulation processes, so their 

composition depends on the reactive and condensable gases existing in the air. For 

example; HNO3, SO2, NH3, VOC’s etc. NO3
-, NH4+, C (soot) with water if biomass 

burning is predominant. 

      

PM10 normally consist additionally to PM2.5 particles of SiO2 (silicate), CaCO3, MgCO3 

and NaCl, as they are produced by mechanical weathering and wave breaking 

phenomenon.  

 

- In term of optical properties; 

• Refractive index (complex) 

 

    "��� � :��� B  M. _���                                                                                               �1.16� 
where;  

       n – Real part, responsible for reflection, refraction and scattering. 

       k – imaginary part, responsible for absorption of light. 

 For data see (d’Almeida et al 1991) 

Micro-physical properties of aerosols such as optical properties (extinction, absorption of 

light) and hygroscopic properties (particle growth with water, solubility) determine most 

of the aerosols behavior. 
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2 Determination of optical properties of atmospheric aerosol 

 

2.1 Aerosol optical thickness 

 

The optical characteristics of aerosols can be measured by the processes of solar light 

attenuation in the atmosphere, using active and passive remote sensing techniques 

(Kokhanovsky, 2008). Measurement of the transmission of direct solar light radiation can give 

optical thickness, considering the contribution from forward scattering. Diffused skylight also 

contributes to the measured AOT, for this purpose the FOV of the instrument are made as good 

as the FOV of the sun.  

 

According to Lambert–Bouguer law the intensity ‘ I ’  of a solar beam of a particular wavelength 

that reaches the earth's surface making sun zenith angle as shown in the Figure 2-1, and is 

given as: 

 

` � `&IS> aU �
8&D�&b                                                                                       �2.1� 

 

 

 
Figure 2-1: Illustration of light ray making angle z_sun or θ_z in a plane parallel atmosphere 
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Where �� is the solar zenith angle (described in detail in section 2.2), and `� is the intensity of 

sunlight just above the earth's atmosphere. By rearranging this equation for optical thickness of 

atmosphere; 

 

                       � � 8&D�� ln aefe b                                                                                         �2.2�  
 

or more general for non-parallel atmosphere as it is considered in section 2.2.  

 

                                     � � X
g . ln aefe b                                                                                    �2.3�                                              

                       

As given in equation 2.3, the optical thickness is determined by the following constituents. 

 

a) M ─ the relative optical air mass given by (Kasten et al.,1989) and Buchholz, 1995, for 

several lower zenith angles. Air mass factor is discussed in section 2.2. 

b) Io ─ the extraterrestrial signal of the instrument, which is described in section 3.3 

c) I – the measured signal, which is dependent of solar irradiation and temperature. Thus 

temperature effects have to be considered, sections 3.2 and 3.3. 

 
We can modify the last equation to a linear equation, which is used in the calibration procedure, 

described in section 3.3: 

 

                                           %:` � %:`� Uh�                                                                                  �2.4�                                                         
  

It is assumed that the value of �  does not change (constant atmosphere) during the 

observations, Langley plot (the plot of lnI versus M) determined the value of ln `�  by 

extrapolating the measurement to air mass M=0, as shown in Figure 3-3. The effect of 

atmospheric sphericity, refraction, according to Kasten and Young (1989), gaseous absorption 

and Rayleigh scattering must be corrected to get aerosol optical thickness from total optical 

thickness. Diffused sky light aureole has a significant effect on observed AOT and is reduced by 

making the FOV of the intrument close to the FOV of the solar disk (von Hoyningen-Huene et 

al., 2009).  
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                             ������� � ���� U ��	
��� U ��i��� U �j k��� U �#k ���                                   �2.5� 
 

To obtain the aerosol optical thickness the measured optical thickness of atmosphere has to be 

corrected for: 

a) Rayleigh scattering (for whole wavelength range). 

b) O3 (for 0.5 and 0.67µm). 

c) NO2 (0.38 and 40µm). 

d) H2O (strong water vapor absorption occur at channel 0.94µm so not considered for AOT 

measurement). 

 

2.1.1 Rayleigh optical thickness 

 

The Rayleigh optical thickness is estimated from the Teillet equation (see equation (2.6)) 

(Teillet, 1990). We can also determine the molecular optical thickness following Bodhaine et al. 

(1999), (equation 2.8). 

  

 ��	
 � 0.008569�/l�1 B 0.0113�/ B 0.00013�/l� m A���	� m A�/X                       �2.6� 
 

Where ��	
 is Rayleigh optical thickness, A���	� is the local pressure, A� is the sea-level pressure 

(A� = 1013.15 hPa) and λ is the wavelength in nm. 

To account for the fact that the exponent changes, some authors (e.g., Frohlich and Shaw 1980; 

Nicolet 1984) used equation of the form; 

 

��	
 � 0.008735. �/�i.nXopq.qr �pq.qs/��                                                               �2.7� 
 

And Bodhaine equation is; 

��	
 � ��	
 m A& m u
"	'                                                                                                  �2.8� 
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Where ��	
  is the molecular scattering cross-section, A�  is the pressure at the surface, A is 

Avogadro’s number, "	 is the mean molecular weight of dry air and g is the acceleration due to 

gravity. A� is measured using the standard mid-latitude atmosphere (summer or winter) value.  

 

2.1.2 Gaseous constituents 

 

The other terms like Ozone and NO2 optical thickness can be measured using the relation; 

 

�ki/#k � �ki/#k . vw. 2.69 m 10Xo                                                                                    �2.9� 
 

Here, �ki/#k  is the absorption cross-section for O3 and NO2, in cm2/molecule (McGee and 

Burris, 1987; Molina and Molina, 1986) and the Dobson Units (DU) of the integral of the 

atmospheric gaseous column.The ozone contribution in optical thickness becomes significant 

for wavelengths < 330 nm, and in the case of NO2 the contribution is very small in the whole 

wavelength range (Brogniez et al., 2008). 

 

 

2.1.3 Aureole correction 

 

Next is the aureole correction, i.e., low sun elevation gives rise to light contribution from the 

aureole into the FOV. So for large air mass factor M, the AOT is corrected for the aureole. 

                                       

� � 1
h %: `&���

`��� U `$MJJ���        �including diffuse sky radiation�                       �2.10� 
  Where:        

• `�-����� �  `&���. �?��IU�������.g.h. >���$� ─  diffuse sky radiation 

• $� ─  solid angle 

• `��� is measured intensity at air mass M 

• `���� intensity at the top of the atmosphere derived by Langley-plots 
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2.2 Air mass factor  

 

When radiation traverses through earth’s atmosphere, it is attenuated through the process of 

extinction (scattering, absorption). The attenuation of the solar light depends on the nature of 

the medium through which it passes and the relative optical air mass (Iqbal, 1983). The relative 

air mass is the ratio of the amount of air in the path of the ray (at some zenith distance ��) to the 

amount in the zenith direction. It is taken unity at the zenith, and about 38 at the horizon at sea 

level. The relative airmass would be just the reciprocal of the cosine of the zenith distance, if the 

earth’s curvature is ignored and considering the atmosphere to be homogeneous and 

nonrefractive Figure 2-1 or Figure 2-2(a). 

 

h � 1
8&D��                                                                                                                           �2.11� 

 
However, due to earth’s curvature and refraction of the atmosphere Figure 2-2(b), the above 

relation is not sufficient. Kasten considered these factors in his formulation. According to Kasten 

et al., (1989), the relative optical air mass for the US standard atmosphere curvature and 

refraction for zenith angles up to 86 degree is; 

 

h � 1
8&D� B K�H U ��/�                                                                                                  �2.12� 

 

Where the coefficients are; 

o a = 0.50572 

o b = 6.07995 

o c = 1.6364 

For CIMEL sunphotometer this parameterization is sufficient.  

Zenith angle or zenith distance����, Figure 2-2, is the angle from the point directly overhead to 

the sun’s position in the sky and can be computed carefully by using proper latitude, longitude 

and exact time of the day.  



 

Figure 2-2: Demonstration of air mass and zenith angle. Path of the light ray through; (a) Assuming plane 
parallel, homogenous and non-

   

: Demonstration of air mass and zenith angle. Path of the light ray through; (a) Assuming plane 
-refractive atmosphere (b)Spherical, refractive and inhomogeneous 

atmosphere 
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: Demonstration of air mass and zenith angle. Path of the light ray through; (a) Assuming plane 
refractive atmosphere (b)Spherical, refractive and inhomogeneous 
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3 Instrument 

 

3.1 Sun photometer 

 

The Cimel sunphotometer is a multi-channel (wavelength range between 0.35 ─ 1.05µm), 

automatic optical instrument that measures the spectral direct solar radiance made in France, 

Figure 3-1. It consists of an optical head, an electronic box and a robot. There are two 

microprocessors in the electronic box, one for data acquisition and the other for automatic 

control of the motors. Motors in the robot part move it the direction of zenith and azimuth plan. 

Measurements are taken at specified discrete wavelengths to determine atmospheric scattering, 

absorption and transmission properties. The instrument is made by the company CIMEL 

Electronique and its use is described with its operation modes in the CIMEL user manual 

(2001). Aerosol optical thickness can be determined from direct solar radiation to an accuracy of 

± 0.02 - 0.04 at an airmass of 2 (M. Rainwater and L. Gregory, 2005). CIMEL sunphotometers 

have 8 channels (0.340, 0.380, 0.440, 0.500, 0.670, 0.870, 0.936, 1.020µm), amongst these, for 

channel 0.936µm and 0.50, 0.670, water and ozone absorptions take place, respectively. 

Aerosol size distribution can be retrieved by inversion modeling from the spectral aerosol optical 

thickness. However some instrumental (temperature change), calibration, method followed and 

atmospheric factors can influence the AOT measured values less then 8%.(Landulfo et al., 

2003). The instrumental temperature influence the measured signal as CIMEL has no 

stabilization for temperature (von Hoyningen Huene et al., 2009) A schematic view of the 

sunphotometer is shown in the Figure 3-2 below.  
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Figure 3-1: CIMEL sunphotometer 

 
 

 
Figure 3-2: Schematic view of sunphotometer 

Tube for preventing sky light

Filter wheel (with several interference filter)

Quartz window

Lens for focussing 
light on detector

Detector (Photo diode)

Amplifier

Recorder

direct sun light

Principle Scheme of a Sun Photometer
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A sunphotometer consists of a collimating tube which determines the viewing angle (>0.5q) of 

the instrument, a quartz window for the protection of the interior of the instrument, set of 

interference filters on a rotating wheel, a light focusing lens, one (or more) solid state detector 

(usually of the silicon photodiode type) which transforms light into current and a voltmeter (E. M. 

Rollin, 2000). The photo current detected on voltmeter is proportional to the incoming radiance. 

                                M��� � J. ���� � J.  �
�����                                                                                          �3.1� 

 

3.2 Characteristics of the CIMEL CE318 sun photometer 

 

The main characteristics, like wavelength of the channels, the extraterrestrial calibration 

intercepts and temperature coefficients for the used CIMEL instrument are given in Table 3-1. 

The determination of the extraterrestrial calibration intercepts and the temperature coefficients 

are described in section 3.3 and 3.4.  

 

3-1: Different channels of CIMEL sunphotomete and the corresponding intensities at TOA and temperature 
coefficients. 

Channel 
Wavelength 

(λ) 

Intensity at TOA 

(Io) 

Temperature 

(L�) 
1 1.022 1320.14 0.003755 

2 0.868 2513.26 0.001779 

3 0.667 4547.35 0.003810 

4 0.440 1796.30 0.009754 

5 0.500 3569.82 0.007428 

6 0.936 1357.86 0.005484 

7 0.383 22872.1 0.010089 

8 0.340 35356.7 0.020982 

 

 

3.2.1 Temperature correction 

 

Temperature correction is also needed to the retrieved data, as CIMEL sunphotometer may not 

be stable for temperature for different channels. According to Holben et al., 1998 temperature 
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correction is not prominent for all the channels except 1020 nm (1.02µm), which is  (0.25%/� 

±0.05%/�). Normally the measured data is a function of instrument temperature t, and for valid 

Langely-plot calibration, taking a reference temperature L��� . (von Hoyningen-Huene et al., 

2009). 

                                         `��� � `��, L�. �1 B L�. �L U L�����                                          (3.2) 

 

The L� characteristics for single channel are different, table 3-1, values from 0.03%/ċ for visible, 

0.30%/ċ for 1.02µm and 0.5%/ċ for 0.340µm channels respectively (von Hoyningen-Huene et 

al., 2009). 

 

3.3 Calibration 

 

A good quality data of aerosol optical depth, phase function and aerosol size distribution from 

sun-photometer depends on accurate instrument calibration, selecting a cloudless day and 

method followed.  

Langley plot method is an elementary and accurate procedure to provide the calibration of 

CIMEL sunphotometers. Actually most of the people use Langley plot method as it can be 

exceedingly precise and simple.  Langley plot makes use of Lambert-Beers law defining the 

transmittance of the atmosphere, recalling equation 2.1. 

    �̀�� � `���� exp�U�h�                                                                                                   �3.3�   
 Where Io is the intensity of the solar radiation at the top of the atmosphere; I is the measured 

intensity of solar radiation arriving at the instrument; � is the atmospheric optical thickness, M is 

the air mass factor (M � X
���θ  , where �� is the solar zenith angle, Figure 2-2; and can be 

measured for each latitude, longitude and particular date and time). 

We can also write: 

� � �&IS> aU ¡
���¢£b                                                                                                    �3.4�                                   

Here Vo is the voltage that the instrument would measure just above the atmosphere, V is the 

voltage the instrument measured on surface of earth, all the other quantities are described in 

the previous paragraph.  
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One can write the above equation 3.4 in linear form (ln(V) as a function of the atmospheric air 

mass, defined as 1/8&D�� as : 

        %:� � %:���� U ¡
���¢£                                                                                                           �3.5� 

 %: �̀�� � %:`���� Uh�                                                                                                         �3.6� 
If we plot the natural logarithm of the sun radiation as a function of air mass, the exponentially 

varying signal can be fit to a straight line as shown in Figure 3-3. By extrapolating the line to air 

mass zero is the extraterrestrial radiance and its slop is the optical thickness. The refined 

Langley-plot is the same but corrected for the Rayleigh scattering, e.g. divided by the 

transmission for the Rayleigh scattering as given in equation 4.8 and generally shown in Figure 

3-3. 

 

                    �̀�� � `���� exp�U����� . exp�U��	
�                                                                           �3.7� 
   

        
e�¤�

¥¦§ �/¡¨�©� � `���� exp�U�����                                                                          �3.8� 
 

A good Langley needs sufficient variation in the atmospheric air mass while the optical 

thickness (slope of equation 3.5) remains constant. That is why Langley plots are taken mostly 

in morning or at afternoon times. As good Langley plot requires constant (unperturbed) 

atmosphere during measurements. More accurate Langley plots can be obtained at the top of 

high mountains in locations with low atmospheric optical thickness. The limitations of air mass to 

angles less than 60 degrees are held due to refraction, surface albedo, and other issues. But for 

solar zenith angles more than 85 degree more accurate calculations are required.    

One can either measure the air mass directly during each photometric measurement, or can be 

calculated as a function of the exact time, latitude and longitude of the measurement. Little 

inaccuracies in time, latitude and longitude can create substantial errors in the measurements.  

The calibration of the CIMEL sunphotometer at the IUP(Institute für Umwelt Physik), University 

of Bremen has been done many times during measurement of AOT at the University of Bremen, 

Zugspitze and Morroco. But last time on 6th of January, 2009, some unusual data points were 

found especially in the region of 0.38µm channel during the calibration and AOT measurements 

processes. It is most probably due to damaged filter of the channel 0.38µm. In 2007 this 



40 

 

photometer was transported to Arctic for taking measurement, and that could be the reason of 

this damaged filter. This steep change in the spectral AOT data in the channel 0.38µm can be 

observed in Figure 3-4 and Figure 3-5. Other measurements in Figure 3-4 are taken at the site 

IUP (University of Bremen), Zugspitze (Germany) and Morroco (during Sahara campaign 

SAMUM). 

 

 

 

 

Figure 3-3: Langley extrapolation for the channel 4 (0.440 µm) of the CIMEL sun photometer of the University 
of Bremen. The simple Langley-plot (full circles) is the normal one according to equation 3.1. The refined 

Langley-plot (empty circles) is obtained for the data corrected for Rayleigh scattering. 
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Figure 3-4 

 

 

Figure 3-5: Ten minute averaged spectral AOT on the day Jan, 6
th

, 2009 from CIMEL sunphotometer of the 
IUP (Institute für Umwelt Physik), University of Bremen. Here channel 0.38 shows some unusual 

measurement (Data points), which means there could be any technical hitches (e.g,.broken) in this channel. 
Water vapor absorption in the channel 0.94µm. 
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                      3-6: Spectral aerosol optical thickness 

 

3.4 Data screening 

 

In this section it is inscribed how the data has been screened for cloud and other 

contaminations other than atmospheric aerosols for quality control, as in automatic mode 

CIMEL sunphotometer CE-318 acquires data regardless of the condition of the sky. Normally 

clouds show high spatial variability while aerosol exhibit homogeneity (Martins et al., 2002). 

 

3.4.1 Triplet variability checks 

 

The screening process starts from analyzing the stability in the triplet observation per 

wavelength. A triplet consists of three measurements at any wavelength, each established 30 

seconds apart over a total time of one minute. It is considered that if the aerosol optical 

thickness varies by more than 0.02 within one triplet then the measurement is contaminated by 

clouds. We can write the aerosol optical depth as   ����� � �0	� U �0-.<0.02 by eliminating 
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rapid increase or decrease in the measurement which could be due to cirrus clouds, as clouds 

are more variable than atmospheric aerosol (Smirnov et al., 2000). Moreover, in the case of the 

site Bremen the AOT value around 0.6 or less (for 500nm) was accepted within the triplet 

observation. 

 

3.4.2 Data quality checks: 

 

Since negative values of AOD are not physical, so those observed �  were discarded for which 

aerosol optical depth was lower than -0.01 (Smirnov, et al., 2000) or more than 0.9 at any 

channel. Measured AOD for which � < 0.01 or � >0.9 could be due to temperature effect of 

different parts of the instruments, calibration, errors, damaged interference filters, or inadequate 

ozone amounts. 

 

3.4.3 Diurnal spikes checks 

 

AOT standard deviation is another parameters used to screen cloud contaminated AOT values. 

One can see the variation in the measured AOT values for the whole day. Measurements for 

which standard deviation (σ) of the average � is less than 0.002 at 500nm for whole day are 

accepted. In special cases where the AOT at 500 increased (for example for pollution 

episodes), the standard deviation of AOT greater than 0.002 are kept. And also measured  � > 

0.5 for 500nm at the site Bremen (clean atmosphere) are assumed to be contaminated by 

clouds. 

The corresponding flow diagram (Figure 3-8) describes the procedure for data screening in 

which two main criterion are considered e.g., short time period variation (Triplet variability 

check) and long time period variation (diurnal spikes checks). 

In this work most of the data was taken from CIMEL sunphotometer in the manual mode (before 

June 2005), and measurement after June 2005 was taken in automatic mode. In manual mode 

one can easily observe clouds and do not take measurements under unfavorable conditions, but 

taking records for a long time (years) cannot be performed continuously under the supervision 

of individuals to deal with the clouds and henceforth automatic mode is used. Here in the later 
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case cloud masking is requisite (Smirnov et al., 2000). But separating thin cirrus cloud from 

heavy aerosol is not a trivial task. 

Figure 3-7shows the spectral AOT data before and after clouds screening algorithm. It is 

observed that some cirrus clouds appeared at about 13:00pm, as one can see the steep change 

in the AOT spectrum, Figure 3-7.      
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Figure 3-7: The intercomparison of spectral AOT for the measurement at IUP (Bremen) on 16th Sept, 2004 
before (Graph A) and after (Graph B) applying cloud screening algorithm. The cloud contamination is labeled 
in circles. 

Graph B 

Graph A 
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Figure 3-8: Flow chart for data screening. 

 

 

3.5 Observational site 

 

Bremen (53° 4′ N, 8° 48′ E) is a Hanseatic city in northwestern Germany (Europe), Figure 3-9. 

Bremen occupies a land of 326.73 km², and a population of about 663,082 including 

Bremenhaven (Statistisches Bundesamt Deutschland). Bremen's climate is fairly clean of 

particulate matter though little amounting of natural and anthropogenic aerosols are present. 

Aerosol affects radiation, cloud formation, and environment severely. The experimental site is 

on the roof of the IUP (NWI, Uni-Bremen) building. 
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Figure 3-9: The geographical location of IUP (Institute of Environmental Physics), Uni-Bremen 

 

IUP 
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4 Results and Discussion 

 

In this section, the experimental results is presented and discoursed. The AOT measurements 

cover the period from September 2002 to March 2006. The sunphotometer measurements were 

performed automatically from September 2005 to March 2006. In 2007 the instrument was 

taken to Arctic for measurement. The data taken at Bremen were selected for without rainy, 

snowy, or cloudy days. And there are limited results retrieved from these measurements due to 

other contaminations, e.g., cirrus clouds. The data screening process has been described 

earlier. 

 

4.1 AOT time series 

 

As noted previously, the focus of this work is on the retrieval of aerosol optical thickness 

considering temperature effect of the instrument on the measured values. InFigure 4-1, the 

temperature corrected time series of aerosol optical thickness is obtained and is compared with 

the old time series of aerosol optical thickness without temperature correction obtained by von 

Hoyningen Huene. The application of the obtained values of temperature sensitivity reduced the 

temporal variability of the existing aerosol optical thickness data of the measurements for the 

site of Bremen. 
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  (i) (ii) 

Figure 4-1: (i) Time series of the AOT of channel 5 (0.5 µm) for the CIMEL measurements at the site Bremen. 
And comparison of the two time series of aerosol optical thickness at channel 0.5µm at the site Bremen, i) 

Without temperature correction. ii ) Temperature corrected. Reduction in the temporal variability of the 
existing aerosol optical thickness data of the measurement is observed 

 

The aerosol optical thickness over the site showed a distinguishable seasonal variations, with 

eminent values of AOT observed during summers, with mean values of 0.30 (±0.10) at 0.5µm, 

while in winters comparatively low values were observed, with mean value of 0.20 (±0.10) at 

0.5µm. Aerosol properties show diurnal variations, with comparatively lower values of AOT 

being observed in the evening and morning while higher in after noon, Figure 3-7 (Graph B). 

These diurnal variations are within a limit of 5%of the average values observed for the day. 

Figure 4-2 and Figure 4-3 shows is the average variation in the time series of AOT for the two 

cases (temp-correction and no temp-correction), taken at channel 500nm and average 

difference in temporal variability change of spectral AOT for the day 21th April, 2003 

respectively. Further more the comparison of the retrieved AOT time series with the old AOT 

time series (with no temperature consideration) is analyzed, i.e, on the average a difference of 

0.009 (±0.002) in the AOT was found. 
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Figure 4-2: Average difference in AOT for two different cases (without temp-correction, with temperature 
correction) at the channel 0.5µm. 

.  

Figure 4-3: Average difference in temporal variability change of spectral AOT for the day 21/04/2003, for 1) 
Red line - Not considering instrumental temperature effect 2) Black line – Considering instrumental 

temperature effect 3) Mean difference in the two cases (1 and 2) 
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Figure 4-4: Spectral AOT (a). Temperature corrected, (b). Without temperature correction, for march and August 2003 
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The effect of instrumental temperature can also be observed in the figures of spectral aerosol 

optical thickness variation for the two cases. The retrieved spectral AOT without temperature 

correction shows significant variability as compare to temperature corrected AOT, especially in 

August 2003, Figure 4-4 (b). 

 

4.2 Validation 

 
Validation of AOT retrievals, using MERIS and SeaWiFS top-of-atmosphere reflectance with the 

ground-based AOT data (from sunphotometer)   

 
Since one objective of this work was to use CIMEL Sun photometer retrievals to validate AOT 

measurements made from instruments on satellites. For that reason the coincidence clouds free 

days were chosen from MERIS TOA reflectance and Sea WiFS AOT products of the BAER 

(Bremen Aerosol Retrieval) processing. The MEdium Resolution Imaging Spectrometer 

(MERIS) aerosol optical thickness (AOT) product (�MRIS) was compared with sunphotometer 

AOT  (�SP)  at Bremen (53° 4′ N, 8° 48′ E), Germany (Figure 4-5) for the day 13th of October, 

2005. The �MISR and �SP are in very close agreement with each other, Figure 4-6. We could not 

found more cloud free and coincident days for validation of AOT retrievals using MERIS AOT 

product and sunphotometer data.     
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Figure 4-5: Aerosol optical thickness for ~500 nm retrieved from the MERIS (Medium Resolution Imaging 
Spectrometer) from 13. October,2005; a cloudless day at Bremen (53° 4′ N, 8° 48′ E), Germany. 

Bremen 

AOT 
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Figure 4-6: Satellite measurement (above) of AOT is in close agreement with the CIMEL sunphotometer’s 
retrieved AOT (lower) for channel 0.5µm for the day 13th October, 2005.  

τ=0.331 from CIMEL 

sunphotometer 

τ=0.3385  from 

MERIS 
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Comparisons of AOT values from CIMEL sunphotometer and SeaWiFS for validation were 

conducted only at times when the sky was totally clear or nearly free of clouds. Unfortunately we 

could not found more days for validation, due to clouds cover and the unavailability of the 

coincident daily data. Plots of the mean AOT for the 440 nm and 500 nm sunphotometer 

channels against the AOT for the 443 nm and 510 nm SeaWiFS channels are shown in Figure 

4.7. Linear regressions of the paired data sets for various selections of time of days are made to 

determine the level of agreement. As seen in Figure 4.7, we can find, that both – retrieved and 

ground based measurements are correlated and give a reasonable agreement between the 

����ª.«¬� and  ����	®-¯�. The comparison confirms that the retrieval under-estimates the AOT 

for higher values, as it was also found in comparison with AERONET sites. 

 

 

Figure 4-7: AOT measured by (a) the blue (0.440/0.443 µm) and (b) the green (0.500/0.510 nm), channels of 

CIMEL sunphotometer and SeaWiFS. 
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