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1. Introduction 
 

The Mie-Debye theory is a simple method for modeling the optical properties of aerosols 

with known refractive indices. It has been used extensively not just for Earth's 

atmosphere, but also for modeling aerosols in other terrestrial atmospheres, particularly 

Mars. 

 Mars is a popular planet to compare to Earth. It has similar geological features, an 

atmosphere, similar period of rotation, somewhat lower but comparable temperatures, 

and possible evidence of past liquid water. Its weather features are also recognizable: 

winds, dust devils, water ice clouds, dust storms, and seasonal variations. 

 On the other hand, the Martian atmosphere is considerably thinner, and is 

primarily composed of carbon dioxide. There are some traces of other compounds in the 

atmosphere, as well as a mix of dust, which becomes prominent during dust storms. 

Some of these dust storms are of special interest, as they encircle the entire planet. We do 

not yet fully understand the causes of these global dust storms, but think that there may 

be important dust feedback effects within them. 

 In radiative models of the Earth's atmosphere, we have to take into account a wide 

variety of molecules, including the highly variable water vapor, which may form thick 

clouds. We also have to account for large variety of aerosols: desert dust, volcanic 

particles, human pollution, just to name a few. 

 In contrast, the simple Martian atmosphere provides a "clean laboratory" to study 

radiative processes. Some of the radiative constituents are well known and familiar to us 

already from Earth studies. 

 However, we do not have direct knowledge of the composition, and hence the 

precise radiative properties of dust. Our study is mainly limited to data provided by 

orbiting satellites we sent to the planet. 

 This project will explore the initial steps used in the data inversion algorithm. It 

will use Mie theory to model the optical properties of various materials. The project will 

compare the results of two past works that used different methods in their retrieval 

algorithm. The first method, used by Toon et al (1977) takes guesses of the refractive 



spectra of known Earth materials, and tries to match the data. The other method, 

developed by Kelly Snook (1999) retrieves the optical constants using an iterative 

computational technique, thus determining the constants independently of Earth 

materials. 

 

2. Mariner 9 Data 
 

In studying the emission of the Martian atmosphere, we want to separate out the 

contributions from each constituent. Dust is best analyzed when its emission is dominant 

over others. Martian global dust storms present the best solution to this requirement. In 

addition, it is favorable to use data from mid-latitudes, near the sub-solar point in the 

early afternoon, in order to maximize the thermal contrast between ground and 

atmosphere. Also, this will minimize the contribution of CO2 and H2O ice crystals in the 

atmosphere. 

In 1971, the Mariner 9 spacecraft arrived at Mars just a little after the beginning 

of a global dust storm, and began thermal infrared data retrieval using its infrared 

interferometer spectrometer (IRIS). IRIS had a spectral range of 200-2000 cm-1 (5-

50µm), and a spectral resolution of 2.4 cm-1. The instantaneous field of view was 4.5o and 

the spatial resolution varied between 125-350 km, due to the spacecraft's highly eccentric 

orbit, which had a period of about 12 hours. 



 
Figure 1: Typical IRIS brightness temperature spectrum. The dashed/dotted lines 

are reference blackbody emission temperatures (Snook, 1999) 

 

The typical IRIS spectra (Figure 1) are remarkably smooth, showing few distinct 

features, even before processing/averaging. The averaging was done from data in close 

proximity (both time and spatial) of one another, at similar solar angles. 

The spectra show two broad absorption features due to dust, centered around 500 

cm-1 and 1100 cm-1. The bottom of these bands provides information on temperature at 

the top of the atmosphere, as well as the optical depth of the dust. There are few fine lines 

of H2O absorption features between 250-330 cm-1, but the data averaging and sampling 

smoothed over these. There is also a sharp CO2 absorption feature between 600-800 cm-1. 

The CO2 feature may best be used to retrieve the atmospheric temperature profile. The 

peak near 1300 cm-1 is where the dust is most "transparent," and can be used as an 

estimation of the surface brightness temperature, although the surface is likely to be 

several degrees warmer than this. The data beyond 1400 cm-1 becomes increasingly 

noisy, and unreliable. Data beyond this point and within the CO2 feature cannot be used 

for analyzing the dust. 

 

3. Previous Work 



 

This project is largely based on the work of Toon et al (1977), as well as the thesis by 

Kelly Snook (1999). Here I'll outline their work, and some of their results. 

 

 Toon et al analyzed the Mariner 9 data from the afore mentioned dust storm. 

Their analysis used infrared optical constants from known Earth materials, with an 

assumed Deirmendijian size distribution. They noted that the form of the size distribution 

(modified gamma, as opposed to logarithmic) will not influence the results significantly. 

They also used a simple, homogeneous, plane-parallel atmospheric model to produce 

brightness temperature profiles for the various materials, which they proceeded to 

compare to the IRIS data. They explored the fit as a function of varying parameters. 

These free parameters are total optical depth, surface temperature, the dust particle size 

distribution, and the wavelength-dependent refractive indices. 

 The best fit to the data came from either igneous materials with high SiO2 content, 

or clay minerals, such as montmorillonite. The fit to the data produced some bounds on 

the SiO2 content of the dust. On the other hand, no single material fit really well with the 

data, and combinations of the materials yielded non-perfect, non-unique solutions. The 

Martian dust particles are also smaller than the grains that form many of the tested rocks, 

and thus it is not certain that the optical behavior of the bulk rock is representative of the 

same rock dispersed. 

 The particle size distribution is also controversial, although Toon et al found that 

it must follow, or lie below an r -3 power law distribution. They also concluded, based on 

data from various times during the dust storm that the size distribution does not change 

appreciably with time. This result has significant implications for dust lifting during the 

storm, since it contradicts the expectation that larger particles fall out faster from the 

atmosphere. The mean particle size was about 3µm, although this result is uncertain due 

to lack of reliable information on the size distribution below 1µm. 

 Changing the optical depth is equivalent to changing the total number of particles, 

and produces a uniform, wavelength-independent shift in the spectrum. The change in 

surface temperature has greatest effect in band wings. 

 



 

Figure 2: flowchart detailing the iterative technique used to retrieve refractive 

indices (Snook, 1999) 

 

Kelly Snook took a different approach to Martian dust. She sought to find the optical 

properties without relying on previous knowledge of the refractive indices of Earth 

materials. 

 Snook's approach is detailed in Figure 2. She started with an initial guess of 

refractive indices (based on the Earth materials), surface temperature, particle size 

distribution, and optical depth. Then through iterations she refined them to the most 

consistent combination that fit the data the best. She used Mie theory on the refractive 

indices and a multi-layer, multi-scattering atmospheric model to calculate the brightness 



temperatures. Snook tried the method on several data sets, from different times during the 

1971-1972 dust storm. 

 Snook's choice of size distribution was logarithmic, but, as noted above, this does 

not influence the results significantly. 

 The results were sensitive to reasonable initial guesses, and thus the dependency 

on guesses of Earth materials is not entirely eliminated. Nevertheless, the method proved 

successful in producing refractive indices of the dust, as well as reasonable values for the 

other parameters. The calculated fit to the data was several times better than previous 

studies. The spectral shape was quite different from any known Earth material, although 

still consistent with silicate materials. 

 However, it turned out that the solution is not perfectly unique, and that more than 

one combination of parameters gives a good fit to the available data. The results were 

particularly insensitive to variations in size distribution. Nevertheless, the method could 

produce a single set of parameters for a given size distribution, and Snook produced the 

indices for the best fit to the data. 

 

In my project, I follow some of the methods in these two works. Through Mie theory, I 

produce spectra of optical coefficients (extinction and scattering). I use the indices of 

Earth materials as quoted in Toon et al (1977). As a comparison, I use Snook's results as 

a control input for the refractive indices and size parameters. Section 5 will present the 

comparison, and conclusions about the two approaches. 

  

4. Algorithm: Mie modeling of dust 
 

The Mie-Debye theory provides a popular model to calculate the scattering and 

absorption coefficients, as well as the phase function of aerosols based on their complex 

refractive indices and size distribution. 

 The Mie theory assumes that the particles are spheres, and that the particles are 

homogeneous and are thus characterized by a single complex refractive index, m = n - ik, 

for a given wavelength. The first assumption is questionable, as it has been shown that 

the Martian dust particles are likely to be disk shaped (Murphy et al, 1990). Nevertheless, 



for the wavelengths studied here (5-50µm), the effective particle size is small (<2µm), 

and therefore the particle shape will not deter the results significantly. 

 The theory defines scattering amplitudes as (Sokolik, 2003): 

 
where πn and τn are Mie angular functions 

 
where Pn1 are associated Legendre polynomials. 

 From the scattering amplitudes, we can define the extinction cross-section of the 

particle as: 

 
where S(0o)=S1(0o)=S2(0o) 

 From the cross-sections we can define the efficiency factors as: 

 
 Finally, integration over the particle size distribution gives the extinction and 

scattering coefficients: 

  
 This project uses a computer program written by Frank Evans to calculate the 

coefficients. It takes a complex refractive index, an associated wavelength, parameters for 



a modified gamma distribution, and outputs the extinction and scattering coefficients, 

along with the phase function. 

 In my project, I input the refractive index spectra for materials proposed by Toon 

et al (1977), and the control spectra by Snook (1999). I modified the code to 

automatically take a list of indices and wavelengths, and output the list of coefficients. 

Since the Snook coefficients are supposed to fit the data well, this comparison will test 

the validity of the traditional, Earth-material approach. Even without such a control set of 

indices, we can draw general comparison between the features in the extinction spectra, 

and the brightness temperature data. 

 If we take the derived coefficients, and use them in a radiative transfer model, we 

could compare the Earth materials to the data directly, just as Toon et al did. However, 

this task is beyond the current project. 

 

5. Result of Case Study, Comparison to Snook 
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Figure 3: Extinction coefficient versus wavenumber in the "Control 1" case 

 



The extinction coefficients as a function of wavenumber are plotted in Figure 3, for the 

case of granite, montmorillonite 219b and 222b, and Snook's derived "control" results. 

The effective radius for the size distribution was 1.39µm. The Earth material spectra have 

been smoothed to remove minor features, and bring out the important major features. 

 We can immediately see that the Earth materials match the "control" features in 

their location pretty well. The montmorillonite materials better match the peak extinction 

of the larger absorption feature, while granite follows the "control" shape below 800 cm-1 

better. However, recall that this is the location of the CO2 absorption band, so we have no 

information what the "control" shape really should look like in that region, and hence we 

cannot conclude which material best matches there. 

 In general, all materials overestimate extinction in the absorption bands, and 

underestimate it below 400 cm-1. 

 The graph above shows that comparison to the proposed Earth materials is not 

unreasonable, but not quite satisfactory either. It is possible that Martian dust best fits 

with a combination of one or more of these materials with some other ones not explored 

here. In order to determine the optical properties of the dust, it is better to try an 

independent method. On the other hand, we need to be able to test the validity of the 

independent method. In the case of Snook's result, I have mentioned that her solution was 

not perfectly unique. She could produce a single set of optical indices for a given size 

distribution, but the size distribution cannot be easily determined. Also, the same size 

distribution and indices can be fitted to different combinations of surface temperature and 

optical depth. 
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Figure 4: Extinction coefficient versus wavenumber in the "Control 2" case 

 

 Figure 4 shows the extinction spectra resulting from a different set of parameters 

than the one before. "Control 1" extinction, from Figure 3, uses a 1.39µm effective 

radius, while "Control 2," in Figure 4 uses 1.71µm. The first case can be fitted to orbit 8 

data with optical depth τ=1.47, and surface temperature Ts=283K, as well as orbit 56, 

with τ=1.28, Ts=261K, and orbit 206, with τ=0.08, and Ts=283K. "Control 2" indices can 

be fitted well to orbit 8 data with τ=1.59, Ts=290K, orbit 56, with τ=1.44, Ts=263K, and 

orbit 206, with τ=0.85, and Ts=282K. Some of these results may have physical meaning. 

The surface temperature and optical depth are expected to change throughout the storm. 

However, the conflict between the competing sets of refractive indices that fit the same 

data (hence we rule out spatial and temporal variations in chemical composition) still 

remains. Snook blamed the quality of the out-dated Mariner 9 data for not being able to 

narrow down the solutions. A comparison of the two spectra is shown in Figure 5. 
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Figure 5: Comparison of extinction coefficients between the two "control" cases 

 

6. Conclusions 
 

This project explored some of the initial steps of fitting optical parameters to the Martian 

dust data. I used the Mie theory to produce extinction coefficient spectra for different 

materials, and compared the general features to those of brightness temperature data from 

Mariner 9. 

 I compared the traditional approach of fitting known Earth materials to the data, 

to the approach of Snook, who independently determined the coefficients based on the 

data. The earlier approach gives fair results, able to reproduce the major features of the 

data spectrum. The latter approach is more reliable, although it does not give a unique 

solution to the Mariner 9 data. 

 The Mie computation explored here is insufficient in itself to fit the model to the 

data, but its results may be used as initial step to a more extensive study, explained in the 

next section. 

 



7. Future work 
 

There are several directions this project can be extended. 

 First, the extinction coefficients, along with phase functions also produced by the 

Mie code, will be used as input to a radiative model of the Martian atmosphere. The 

resulting brightness temperatures will be fitted directly against the data. The radiative 

model may be simple, homogeneous, as used by Toon et al, or may be more elaborate, 

multi-layer, multi-scattering model, as used by Snook. 

 Second, the fitting would be done against a higher quality, more up-to-date data. 

This data, from the Mars Global Surveyor's Thermal Emission Spectrometer is fast 

becoming available, and is considerably more reliable than Mariner 9's IRIS data was. 

 The project may continue to search for combinations of Earth materials that fit the 

data. As we saw in this project, this is not an unreasonable option, although the results 

may not prove perfect, or yield unique solutions. 

 Other possibilities mentioned, but not fully explored by several previous works is 

to allow for varying particle size distributions both spatially and temporally. The dust 

composition may also be treated as a variable in future works. 

 The optical qualities and resulting radiative properties of the dust have significant 

implications for the Martian atmosphere. The properties may be used in Martian weather 

and climate models, which may give new constraints on the dust properties in return. 

 Ultimately, however, all of these explorations will need to be tested against 

independent, in situ measurements that we do not yet have. Future Mars missions will be 

the ultimate test of the theories explored in these studies. 
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