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It has been recently suggested that a significant amount of information about coccolithophore 
blooms could be retrieved by analysis of their light polarization properties. In recent optical 
modeling work we have shown that light backscattering from Emiliania huxleyi coccoliths is 
dominated by the reflection from their calcite surfaces. Here, we extend our model to include the 
polarization signal of backscattered light from E. huxleyi liths. Previous investigations using 
exact numerical Discrete Dipole Approximation models have assumed a single uniform average 
index of refraction for the multi crystalline calcite material of the liths while in reality calcite is 
strongly birefringent. We show that this structured birefringence induces significant 
depolarization effects which are spatially distributed over the surface of the liths. These effects 
are completely unaccounted for in exact codes. Using the optic axis structure of liths we have 
developed an approximate model that allows us to evaluate the effect of this internal 
depolarization on the overall polarized backscattering of E. huxleyi coccoliths and quantify the 
difference with the backscattering depolarization computed for a material with a single 
orientation averaged index. 

Previous investigations using exact numerical Discrete Dipole Approximation models have 
assumed a random orientation of the multi crystalline calcite material of the coccoliths of 
Emiliana huxleyi and used a single uniform average index of refraction to model this. In reality 
the spatial distribution of the optical axis of the coccoliths is highly structured in a radial pattern. 
This structure results in a significant measured depolarization in the forward direction which is 
not accounted for by any model to date. As shown in Figure 1 we model the liths, as a first 
approximation, as disks of bi-refringent calcite cristals with radial orientation of their optical 
axes.  

Since the particles are large we can separate the contributions of the diffraction, transmission and 
reflection terms and neglect their mutual interference terms. The resulting formulas are shown in 
Figure 2 for the simple case of random crystalline axis orientation modeled by an average index 
of refraction. For the polarization effect of the diffracted rays that do not penetrate the material 
of the disk we use the simple dipole form for the Mueller Matrix. For the transmitted rays we 
again use the dipole form but modified by the polarization induced by the reflection loss. For the 
reflected rays we use the Mueller Matrix for reflecting surfaces to evaluate the resulting 
polarization. To obtain the final Mueller matrix the diffraction, transmission and reflection terms 
are added and unity normalized by integrating their sum over all angles. 



In the case of a radial distribution of optical axes model we use the same overall approach as for 
the random orientation model but with one very significant difference. We account for the 
polarization rotation induced by the transmission through the birefringent disk which acts as a 
classic phase shifting plate. This polarization rotation effect is denoted by the flame colored 
arrows in Figure 3 . For reference the phase shift Mueller matrix is given by the following term: 

∆𝜑𝜑 = (𝑛𝑛0 − 𝑛𝑛𝑒𝑒)
2 𝜋𝜋 𝐿𝐿(𝜏𝜏𝑑𝑑,𝜃𝜃𝑡𝑡)
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𝜹𝜹𝒕𝒕(𝜏𝜏𝑑𝑑,𝜃𝜃𝑡𝑡) = cos∆𝜑𝜑 

In the expression above n0 and ne are the ordinary and extraordinary indices of refraction of 
calcite. L(td ,θt ) is the ray path length through a disk of thickness td tilted at an angle θt. Δφ is the 
polarization phase difference induced by the difference in indices in the directions along and 
perpendicular to the optical axis. 

The graphs in Figure 4 show a side by side comparison of the Mueller matrix elements for disks 
with a randomly oriented optical axis and for disk with a radial optical axis structure. The 
randomly oriented case (blue curve) was compared with exact results (yellow curve) from a full 
T-matrix code [4]. The first element shown is the total phase function M1,1 while the subsequent 
elements are those of the relative Mueller matrix mi,j (The elements are the elements of the full 
Mueller matrix Mi,j divided by M1,1). The depolarization effects due to the radial structure of the 
optical axes is most evident for the m2,2 and the m4,4 elements. 

The main conclusion of the present work is that it is imperative that the structural distribution of 
the optical axes of any calcite coccolith be explicitly accounted for in polarized scattering 
studies. More seriously this implies that all the modeling results obtained with exact codes that 
assume a random crystalline orientation are seriously in error. Future models both analytic and 
numerical need to account explicitly for the structure of the optical axes of the coccoliths. We are 
pursuing and extending the analytic approach outlined above but exact numerical codes are 
urgently required as an accuracy check.  
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Figure 1: the images on the right show our approximate disk model with the radial spatial orientation of 
the optical axes of the crystalline structure outlined in red  

 

 

Figure2: diagram of the model separation of the diffraction, transmission and reflection terms. The 
diffraction phase function is given by 𝑝𝑝𝑑𝑑(𝜃𝜃,𝜃𝜃𝑡𝑡)  . The dipole Mueller matrix scattering pattern is given by 
𝑴𝑴𝒅𝒅����(𝜃𝜃) . The surface reflection Mueller matrix is denoted by 𝑹𝑹𝒔𝒔����(𝜃𝜃𝑡𝑡)  .  



 

Figure3: diagram of the model separation of the diffraction, transmission and reflection terms. 
The diffraction phase function is given by 𝑝𝑝𝑑𝑑(𝜃𝜃,𝜃𝜃𝑡𝑡) . The dipole Mueller matrix scattering 
pattern is given by 𝑴𝑴𝒅𝒅����(𝜃𝜃). The surface reflection Mueller matrix is denoted by 𝑹𝑹𝒔𝒔���(𝜃𝜃𝑡𝑡). The 
depolarization due to the phase change term is denoted by 𝜹𝜹𝒕𝒕� (𝜃𝜃𝑡𝑡). The scattered rays that have 
been depolarized by the phase plate effect are shown in orange. 



 

Figure 4: comparative graphs of the Mueller matrix elements for a random orientation of the 
optical axes and the radial structured  orientation of the optical axes found in real Emiliana 
huxleyi coccoliths. 


