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ABSTRACT 

 

Ocean wave heights are typically measured at select geographic locations using in situ ocean 

buoys.  This dissertation has developed a technique to remotely measure wave heights using 

imagery collected from a polarimetric camera system mounted on an airborne platform, enabling 

measurements over large areas and in regions devoid of wave buoys.  The technique exploits the 

polarization properties of Fresnel reflectivity at the ocean surface to calculate wave slopes.  

Integrating the slope field produces a measurement of significant wave height.  In this 

dissertation, I present experimental data collection and analysis of airborne remotely sensed 

polarimetric imagery collected over the ocean using Areté Associates’ Airborne Remote Optical 

Spotlight System-MultiSpectral Polarimeter, as well as modeled results of the expected radiance 

and polarization at the sensor.  The modeling incorporates two sources of radiance/polarization: 

surface reflected sky radiance and scattered path radiance.  The latter accounts for a significant 

portion of the total radiance and strongly affects the polarization state measured at the sensor.  

After laying the groundwork, I describe my significant wave height retrieval algorithm, apply it 

to the polarimetric data, and present the results.  While further development and refinement of 

the significant wave height retrieval algorithm and testing with a more extensive data set are 

required, the initial results are promising for the practical application of this technique.  
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Chapter 1 – Introduction 

Measurement of significant wave height is an important component of an ocean observation 

system.  It provides mariners with knowledge of the current sea state, indicating the safety of 

navigation.  It also provides ground truth to validate and improve ocean wave models.  Currently, 

most ocean wave height measurements are derived from ocean buoys at select geographic 

locations.  Polarimetric remote sensing from an airborne platform offers a unique opportunity to 

improve observational capabilities by rapidly measuring the two-dimensional slope field and 

significant wave height over much larger areas of interest.   

 

The polarization state of light contains valuable information about imaged scenes that cannot be 

obtained from luminance and spectral measurements alone, such as surface orientation, surface 

roughness, and index of refraction.  When considering ocean imaging, reflection at the water 

surface generates polarization determined by the surface orientation.  The angle of linear 

polarization (Ψ) is determined by the normal to the plane of reflection defined by the incident ray 

and the surface normal.  The degree of linear polarization (P) is a function of the incidence angle 

θi and the index of refraction n.  By measuring the polarization state, it is possible to define the 

surface slope, and through integration, the significant wave height.  Thus, an airborne platform 

with a polarimetric imager will enable rapid, accurate measurements of sea state in areas devoid 

of buoys and, depending on the choice of optics, will also generate data over large areas.  

 

In this dissertation, I present research on airborne polarimetric remote sensing of ocean waves 

and describe a technique to calculate wave slopes and significant wave heights from polarimetric 

imagery.  The dissertation is organized as follows.  Chapter 2 reviews relevant literature 
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pertaining to ocean wave imaging; presents my research objectives; and outlines my approach.  

Chapter 3 discusses the theory of polarization; describes how the polarization state of light is 

measured; explains the process by which Fresnel reflection and Rayleigh scattering produce 

polarized light; presents some history of polarimetric remote sensing; and discusses ocean wave 

theory.  In Chapter 4, I present my experimental data collection.  Specifically, I describe the 

polarimetric sensor system; detail the data collections; present quicklook data quality checks; 

describe the in situ instruments; and report the in situ measured significant wave heights.  

Chapter 5 presents analysis of the collected polarimetric data, including a comparison of 

frequency-direction spectra, an example of polarimetric imagery, and a discussion of both spatial 

and temporal trends in the measured polarization.  In Chapter 6, I describe a sensor polarization 

model which calculates the expected radiance and polarization; present model validation and 

application to polarimetric data collections; discuss results from a standard deviation model 

combining reflected sky and path components; review atmospheric correction techniques; and 

present polarized atmospheric correction results.  Chapter 7 discusses the polarization state of 

light reaching the sensor and the contributions of the three components which compose it (path, 

reflected sky and upwelling); describes my significant wave height retrieval algorithm; details an 

example retrieval; presents results from applying the significant wave height retrieval algorithm 

to polarimetric data collected over an instrumental ocean array and ocean buoys; explores the 

effect of pixel resolution on wave height retrievals; and proposes potential improvements to the 

algorithm.  In Chapter 8, I present my conclusions and guidance for future work.  Appendix A 

describes the polarimetric sensor system calibration procedures and presents error analysis. 
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Chapter 2 –Prior art, research objectives, and approach 

Since the invention of the camera and the development of flight, remote sensing of ocean waves 

has matured considerably with advances in sensor and platform technologies.  In this chapter, we 

will review several fields of research to derive remote optical measurements of wave height.  

First, we discuss stereo imaging, which uses multiple simultaneous views to triangulate 3-D 

positions of wave crests and troughs.  The next section presents sunglint reflection techniques 

that use a transfer function to relate image intensities to surface properties.  Then, we introduce a 

polarimetric slope sensing technique that exploits the polarization state of light to calculate 

surface slope fields; however, it has only been implemented from a platform mounted on a pier.  

After reviewing prior art in the field, we present the research objectives and approach of this 

dissertation. 

 

2.1 Stereo imaging 

One set of methods to retrieve optical measurements of wave characteristics utilizes stereo 

imaging.  This field of techniques uses at least two images collected simultaneously in time but 

separated in space.  Corresponding features imaged from different perspectives are triangulated 

to calculate 3-D position.  This is similar to the mechanism of human vision, in which 

differences between a scene viewed by the left and right eyes are interpreted as depth by the 

brain. 

 

One of the earliest attempts to observe sea surface elevation using stereo imaging is the Stereo 

Wave Observation Project (SWOP) in 1954 [1].  During the SWOP experiment, images were 

taken of a designated surface area from two separate aircraft flying at about 600 m altitude.  
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After the data collection, several images were manually synchronized, correspondence matched, 

and triangulated to produce elevation maps.  Since then, technological advances in imaging 

systems and processing have enabled advancement in stereo imaging efforts.  For example, 

Benetazzo [2] and de Vries et al. [3] have presented results using binocular imaging, where two 

spatially offset cameras image overlapping fields of view, to observe wave characteristics.  

Using a partially supervised 3-D stereo system, Benetazzo reconstructed the shape of water 

surface waves from imagery collected during two field campaigns.  Retrieved wave heights 

compared well to an ultrasonic wave gauge.  Using laboratory data, De Vries et al. reconstructed 

surface elevations which showed excellent agreement with an in situ pressure sensor.  From 

collected field data, they reconstructed the sea surface elevation for a measurement area of 

approximately 1800 m
2
 with qualitatively successful results. 

 

An automated trinocular stereo imaging system (ATSIS) has been developed by Wanek and Wu 

[4].  Three progressive digital cameras are mounted to an adjustable tripod and synchronized to 

collect images simultaneously, providing three independent stereo-pairs.  Two area-based 

schemes are used to match the images and produce 3-D coordinates.  The additional view 

provides a more accurate estimation of scene depth by resolving correspondence problems due to 

specular reflection and adding additional image matching constraints.  The ATSIS system has 

been validated against a calibrated capacitance wire wave gauge and has demonstrated the ability 

to measure directionality, speed, and amplitude of large- and small-scale surface wave features 

under both low wind, non-breaking and high wind, breaking wave conditions. 
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Using ATSIS, Bechle and Wu developed a virtual wave gauge (VWG) technique which directly 

tracks the elevation of the water surface at a selected point of interest [5].  By reducing the 

search field from a whole image to a single point and implementing an Eulerian based dynamic 

search algorithm, the VWG technique minimizes computational costs and has the potential to 

make real-time measurements.  In field tests, VWG measurements compared well with a wire 

wave gauge, an array of VWGs measured the directional spectrum of an offshore breaking wave 

field, and an array of VWGs was used to compute the reflection coefficient of a rock-mounted 

wall.   

 

2.2 Reflection of sunglint 

Another group of optical techniques to measure wave characteristics are based on the reflective 

properties of the ocean surface.  While some research uses the reflected intensity of skylight [6-

9], a large portion of the literature is focused on direct reflections of sunlight, referred to as 

sunglint [10-16].  Cox and Munk were the pioneers in this field.  In 1954, they published seminal 

works [10-11] deriving a relationship between received radiance and ocean wave statistics.  For a 

perfectly calm ocean surface, there would be a mirror-like reflection of the sun at the horizontal 

specular point.  However, the real ocean surface is roughened by waves.  The area of sunglint is 

expanded due to slopes satisfying specular reflection criteria, with larger slopes located farther 

from the horizontal specular point.  By measuring the intensity of light at each location and 

assuming a Gaussian distribution, they estimated a distribution of slopes on the surface and 

related that to wind speed. 
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Gelpi et al. have developed a passive optical remote sensing technique to compute wave height 

spectra using a modulation transfer function (MTF) relating the ocean surface wave slopes to at-

sensor radiance [14].  The MTF is a function of atmospheric transmittance, small-scale wave 

slope statistics, and observational geometry.  Their model adds large-scale, deterministic, 

resolved waves to the small-scale, Gaussian distribution of waves used by Cox and Munk.  It is 

applicable for geometries where sun glint is the most significant factor in surface reflectance.  

The technique is also limited to wavelengths in the near- to shortwave-infrared regime to 

eliminate upwelling radiation contributions.  They successfully applied their technique to two 

data sets collected by AVIRIS over the Santa Barbara Channel of California. 

 

2.3 Polarimetric slope sensing 

In their paper “Retrieval of short ocean wave slope using polarimetric imaging”, Zappa et al. 

present a passive optical remote sensing technique to recover the instantaneous two-dimensional 

slope field of the ocean surface [17].  In particular, they studied fine-scale surface wave features.  

Their polarimetric slope sensing (PSS) concept determines local surface orientation from the 

degree and angle of polarization of specularly reflected skylight.  According to Fresnel 

reflection, unpolarized light reflected at an interface will become partially linearly polarized with 

the polarization axis determined by the normal to the plane of reflection defined by the incident 

ray and the surface normal.  Figure 2.1 shows the reflection geometry.  The degree of linear 

polarization (P) is determined by the incidence angle and the angle of linear polarization (Ψ) is 

orthogonal to the projected surface orientation.  By measuring the reflected P and Ψ, one can 

uniquely define the surface orientation for each pixel, and thus the slope field. 
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Figure 2.1 – Reflection geometry for polarimetric slope sensing technique, reproduced from [17] 

 

In general, the radiance measured by a sensor viewing an ocean scene is the linear combination 

of three components: path radiance Lpath, reflected sky radiance Lsky, and transmitted upwelling 

radiance Lwater.  Path radiance is solar radiance that has been scattered by the atmosphere into the 

field of view of the sensor.  Reflected sky radiance is solar radiance which has been scattered by 

the atmosphere, reflected from the surface, and transmitted through the atmosphere to the sensor.  

Transmitted upwelling radiance is solar radiance which has penetrated the water column, been 

scattered and transmitted out of the water body, and then transmitted through the atmosphere to 

the sensor.  The total radiance can be expressed as 

                                                                         2.1 

where Ris the Fresnel reflectivity,  is the transmission through the atmosphere, and  is the 

angle of incidence, determined by the grazing angle  and local surface slope in the look 

direction  [18].  Figure 2.2 illustrates these components. 
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As presented in Section 3.3, both atmospheric scattering and Fresnel reflection generate partial 

polarization, with the degree and angle of polarization determined by the scattering angle and 

reflection geometry, respectively.  To retain the polarization state information, the radiance 

equation can be expressed using Stokes parameter formalism (described in Section 3.1) in terms 

of Stokes vectors and Mueller matrices: 

                                                                           2.2 

where is the atmospheric transmission matrix, and R and T are the Mueller matrices for 

reflection and transmission at the air-water interface. 

 

 

Figure 2.2 – Three components of radiance contributing to total radiance at the sensor 

 

In their work, Zappa et al. made several assumptions to simplify the radiance equation.  The first 

assumption was that the input skylight was unpolarized.  They also assumed that the upwelling 

radiation (Lwater) was unpolarized, and that it could be eliminated by imposing a flatness 

constraint on the water.  Additionally, they neglect the path radiance since their instrument is 

placed approximately two meters above the water surface.   

 

With these assumptions, their observed radiance equation reduces to 

δ 
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                               2.3 

where Ssky is equal to the sky radiance multiplied by an unpolarized Stokes vector, expressed as 

Lsky[1,0,0,0]
T
.  Under these conditions, the degree of linear polarization is a function of the index 

of refraction n, which is known, and the incidence angle θ, given by 

 
  

               

               
 2.4 

where Rs and Rp are Fresnel reflection coefficients perpendicular and parallel to the plane of 

incidence, respectively.  Thus, by measuring P, the angle of incidence can be determined.  The 

projected surface orientation is obtained by measuring Ψ and adding 90°.  These two angles 

uniquely define the slope of the surface. 

 

To test their technique, Zappa et al. executed a controlled laboratory experiment in a wave tank 

and a field experiment off of a pier on the Hudson River.  They collected imagery with a digital 

camera staring at the water surface with incidence angles of 40° in the laboratory and 60° in the 

field.  The spatial resolution per pixel was approximately 0.1 mm for the laboratory and 1 mm 

for the field experiments.  The camera they used was an Equinox polarization camera, which is a 

3-channel sensor employing a proprietary optical beamsplitter design.  It was configured to 

simultaneously collect imagery at 0°, 45°, and 90° polarization orientations.  Measuring the 

polarization products led to a direct calculation of the incidence angle and angle of orientation, 

producing a 2-D map of the slope fields.  In both experiments, measured slope fields compared 

reasonably well to in situ measurements made using a wire wave gauge and a laser altimeter.  

The success of these experiments in measuring the slope fields of short gravity waves provides 

validation of the polarimetric slope sensing concept. 
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2.4 Research objectives and approach 

This dissertation builds upon the work performed by Zappa et al. by transitioning the 

polarimetric slope sensing concept to an airborne platform measuring the sea slope and retrieving 

the significant wave height of a larger distribution of waves over a much larger area, with 

reduced resolution.  At typical flight altitude (10,000 ft), the resolution of our polarimetric sensor 

is nominally one meter, covering a 2.4 square kilometer area.  With this resolution, it is 

measuring the large wind waves and swells which define the significant wave height of the sea. 

 

This collection geometry introduces several effects.  First, at the altitudes we fly, there is a 

considerable amount of atmosphere between the camera system and the water surface.  This 

results in a non-negligible loss of signal due to transmission through the atmosphere, as well as 

the addition of polarized path radiance.  The second significant effect is inherent in the camera 

resolution.  Each pixel is imaging a patch on the surface that is approximately 1 square meter in 

area.  Within this patch, there are many unresolved waves which will impact the reflected 

signature.  While these effects add complexity to the slope retrieval process, transitioning to an 

airborne platform will make the technique practical for a variety of real-world applications. 

 

This research to develop a method to rapidly characterize wave slope and height will provide 

benefit to the polarimetric remote sensing and ocean wave communities.  It will improve 

observational capabilities by rapidly measuring the slope field and significant wave height over 

areas of interest.  In addition to producing a unique measurement technique, this research will 
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enhance the knowledge base with a better understanding of the remotely-sensed polarimetric 

signature of ocean waves. 

 

My research plan incorporates experimental collection and analysis of remotely sensed 

polarimetric imagery over the ocean, and modeling the expected radiance and polarization at the 

sensor.  This two-fold approach will provide a better understanding of the remotely-sensed 

polarimetric signature of ocean waves and facilitate the development of an algorithm to calculate 

the slope field and wave height from collected imagery. 

 

Specific objectives and approach of this dissertation research project are to: 

 Plan and execute airborne polarimetric data collections over the ocean 

Data will be collected using Areté Associates’ Airborne Remote Optical Spotlight System Multi-

Spectral Polarimeter (AROSS-MSP), leveraging planned deployments of the instrument.  

National Oceanic and Atmospheric Administration’s (NOAA) National Data Buoy Center 

(NDBC) buoys and United States Army Corps of Engineers Field Research Facility’s (USACE 

FRF) 8-m array will provide in situ measurements of significant wave height. 

 

 Perform analysis of collected data 

Using quicklook software, I will verify the quality of the collected data and flag any questionable 

data sets.  I will analyze the data to determine trends and statistics in the polarization products 

across single images and over entire data collects. 

 

 Develop a model of the polarimetric signature expected at the sensor 
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The model will incorporate three sources of radiant energy – sky radiance reflected off of the 

ocean surface, intervening path radiance, and radiance upwelling from the water body.  Sky and 

path radiance will be modeled using MODTRAN, the MODerate spectral resolution atmospheric 

TRANsmittance algorithm and computer model, developed by the Air Force Research 

Laboratory.  Since the available version of MODTRAN does not account for polarization, I will 

integrate MODTRAN output with a Rayleigh polarization model for the skydome.  The 

upwelling term will be included when measurements are available and assumed to be a randomly 

polarized constant term when measurements are unavailable.  I will use the model to investigate 

the relationship between the reflected component and the total signal. 

 

 Develop a physics-based algorithm to calculate ocean surface slopes and significant wave 

height from remotely-sensed multispectral polarimetric time-series imagery 

Utilizing knowledge learned from my preliminary data analysis and polarimetric modeling, I will 

develop a technique to isolate the reflected signature, account for skydome polarization, and 

calculate the surface orientation.  Once I have computed the surface slope field, I will integrate 

the slopes to obtain the significant wave height.  I will apply this technique to a range of 

collected data to generate statistics and evaluate its effectiveness. 

 

 Investigate the effect of unresolved surface roughness 

I will use collected imagery and polarimetric model results to explore the effect that sub-pixel 

variation has on the remotely-sensed signature and wave height retrievals.  I will compare 

downsampled image data, polarization products, and height retrievals to their full resolution 

counterparts.  
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Chapter 3 – Theory 

In this chapter, we present some of the physical principles which provide the framework for this 

dissertation research.  First, we discuss the nature of polarized light.  Next, we describe one 

technique to measure the state of polarization.  We continue the discussion of polarization by 

explaining two processes which produce polarized light in the natural environment – Fresnel 

reflection and Rayleigh scattering.  Then, we briefly present some history of polarimetric remote 

sensing.  We conclude the chapter with a discussion of ocean waves. 

 

3.1 Polarization 

Light is a transverse electromagnetic wave, defined as 

                               

                           3.1 

                              

where the light is traveling in the z-direction and  is the phase difference between the    and    

components [19].  Incoherent natural light, such as sunlight, has a randomly varying phase 

difference.  A beam of light which has a constant phase difference is called polarized.  The 

polarization state describes the orientation in space of the electric field oscillation in time.  For 

linearly polarized light, the orientation of the electric field is constant in time, while the 

magnitude and sign vary (=  n for any integer n).  Circularly polarized light has an electric 

field that remains constant in magnitude, but rotates in orientation either clockwise or 

counterclockwise (E0x = E0y,  = /2  n for any integer n). 
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The most general form of polarization is elliptical polarization which is a combination of linear 

and circular polarization.  The orthogonal components of the electric field differ in phase and 

magnitude.  At a given point in space, the electric field vector will trace an ellipse defined by 

 
 

  

   
 

 

  
  

   
 

 

   
  

   
  

  

   
            3.2 

Figure 3.1 displays pictorial representations of linear, circular, and elliptical polarization.  The 

electric field vector, shown in gray for the linear and circular cases, traces the path shown in 

black. 

 

 

Figure 3.1 – Representations of linearly, circularly, and elliptically polarized light. 

 

The polarization ellipse can also be described in terms of the orientation angle Ψ,and the 

ellipticity angle , which are defined by 

                 3.3 

                 3.4 

where 

          
     

  3.5 

 
     

   

   
 3.6 
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 3.7 

In general, light streams are partially polarized, composed of specific amounts of natural 

(randomly polarized) and polarized light. 

 

In order to describe partially polarized light, we will use Stokes parameters, which represent 

polarized light in terms of intensities.  In the mid 1800’s, Sir George Gabriel Stokes found that 

any state of polarized light can be completely described by a vector of four measurable 

quantities: S0 is the total intensity of light; S1 is the amount of linear horizontal or vertical 

polarization; S2 is the amount of linear +45° or -45° polarization; S3 is the amount of right or left 

circular polarization.  For elliptically polarized light, 

 

 

  

  

  

  

  

 
 
 
 
 

   
     

 

   
     

 

           

            
 
 
 
 

 3.8 

Equivalently, the Stokes vector can be defined by using complex notation, where E* is the 

complex conjugate of E, or by using the orientation and ellipticity angles of the polarization 

ellipse.  For these cases, the Stokes vector is given by 

 

 

  

  

  

  

  

 
 
 
 
 

      
        

 

      
        

 

      
        

 

        
        

   
 
 
 
 

   
  

 
          
          

     

  3.9 

Table 3.1 displays the normalized Stokes vectors for some basic polarization states. 
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Table 3.1 – Stokes vectors for basic polarization states 

 

Partially polarized light can be expressed as a linear combination of natural light and completely 

polarized light, defined by 

 

 

  

  

  

  

        

  

 
 
 

    

  

  

  

  

  3.10 

where P is the degree of polarization 

 
  

   
    

    
     

  
 3.11 

We can also calculate a degree of linear polarization (PL) and degree of circular polarization 

(PC). 

 
   

   
    

     

  
 3.12 

 
   

  

  
 3.13 

The orientation angle Ψand the ellipticity angle  are related to the Stokes parameters by 

 
      

  

  
 3.14 
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 3.15 

Since circular polarization makes up less than 1% of polarization in marine environments [20-

24], we will omit the subscript L, and use P to denote the degree of linear polarization in 

subsequent sections. 

 

Physical processes, such as interaction with optical devices, scattering, and reflection, alter the 

intensity and polarization state of light.  This transformation of a Stokes vector can be 

represented by a 4 x 4 matrix, called a Mueller matrix.  The output Stokes vector is related to the 

input Stokes vector via the matrix equation 

       3.16 

 

 
 
 
 
  

 

  
 

  
 

  
  
 
 
 

  

            

            

            

            

  

  

  

  

  

  3.17 

where M is the Mueller matrix.  The Mueller matrices for Rayleigh scattering MRS and Fresnel 

reflection MFR are 

 

    
 

 
 

               
               

        
        

  3.18 

where θ is angle between the incident beam and the scattered beam, and 

 

    
 

 

 
 
 
 
 
            

            

         

          
 
 
 
 

 3.19 

where Rs and Rp denote the Fresnel reflectance parallel (s) and perpendicular (p) to the plane of 

incidence. 
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3.2 Measuring polarization 

Stokes parameters can be measured by passing a beam of light sequentially through a retarder 

with its fast axis oriented at an angle Ω and a linear polarizer oriented at an angle θ [25].  Both 

angles are measured with respect to the x-axis and the retarder produces a phase difference of ε.  

Figure 3.2 displays the setup. 

 

 

Figure 3.2 – Setup to measure Stokes parameters with a retarder and a linear polarizer 

 

The Mueller matrices of the optical components are 

 

    

    
                                              

                                             
                        

  3.20 

 

    
 

 
 

            
                      
                      

    

  3.21 

and the resulting Stokes vector after successive interactions is 
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           3.22 

Applying the matrix multiplication yields the following for the intensity of transmitted light 

 
  

         
 

 
                                    

                                      

                  

3.23 

For a linear polarizer oriented at an angle θ, this reduces to 

 
  

         
 

 
                     3.24 

and for a perfect quarter-wave plate oriented at 45° to a linear polarizer at angle θ, the intensity is 

 
  

    
 

 
   

 

 
  

 

 
        3.25 

By inverting these relations, we can transform intensity measurements into Stokes parameters. 

 

A classical setup is to take four measurements.  The first three measurements utilize a linear 

polarizer oriented at 0°, 45°, and 90°.  For the fourth measurement, a quarter-wave plate is 

placed at 45° in front of the linear polarizer at 90°.  The measured intensities are 

 
     

         
 

 
        

3.26 

 
      

          
 

 
        

 
      

          
 

 
        

 
      

            
 

 
        

From these measurements, the Stokes parameters are calculated using 
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3.27 

           

            

            

A modification that optimally spans the polarization space is to use polarization filters oriented at 

30°, 90°, and 150° [26].  Using this setup, the first three Stokes parameters are 

 
   

 

 
               

3.28 
 

   
 

 
           

 

 
    

 
   

 

    
           

Other techniques to measure polarization include Fourier analysis using a rotating quarter-wave 

retarder, the method of Kent and Lawson, which utilized a phase compensator plate and rotating 

analyzer [27], and a time-variable retardance method using dual photoelastic modulators [28]. 

 

3.3 Natural sources of polarization 

Two of the largest sources of polarization in nature are Fresnel reflection and Rayleigh 

scattering.  The former source makes polarized sunglasses popular amongst fishermen, water-

sport enthusiast, and drivers.  Light reflected from water or cars is largely horizontally polarized.  

Sunglasses, which are vertically polarized, attenuate sun glare reflecting off of these surfaces.  

Rayleigh scattering produces a polarized sky [29-32].  It has been used as a navigation aid by 

both humans and animals alike.  In this section, we describe the mechanisms of polarization by 

Fresnel reflection and Rayleigh scattering. 
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Fresnel reflection 

When a beam of light, with components Eip and Eis, impinges on an interface at an angle i with 

respect to the surface normal, a portion of the light is reflected (Erp and Ers) while the rest of the 

light is refracted or transmitted (Etp and Ets) [33].  The subscript p refers to the component 

vibrating parallel to the plane of incidence; s, perpendicular to the plane of incidence.  This is 

represented in Figure 3.3. 

 

 

Figure 3.3 – Fresnel reflection and transmission at an interface 

 

The Law of Reflection states that the angle of incidence (i) is equal to the angle of reflection 

(r) and that the incident ray, the surface normal, and the reflected ray all lie in the same plane, 

called the plane of incidence.  Refraction is governed by Snell’s Law, which relates the 

transmission angle (t) to the angle of incidence and the indices of refraction of the incident and 

transmitting mediums (ni and nt respectively) by 

                 3.29 

The amplitude and phase shift of reflected and transmitted light are determined by the Fresnel 

equations: 

Eis 

Eip Erp 

Ers 

i r 

t 

Ets 
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3.30 

 
   

   

   
 

               

               
 

 
   

   

   
 

        

               
 

 
   

   

   
 

        

               
 

Thus, light reflected and transmitted at a surface will have the following electric field 

components: 

           

3.31 

           

           

           

The electric fields squared are proportional to the intensities of reflected and transmitted light.  

These can also be calculated directly from incident intensity using reflectance (R) and 

transmittance (T) coefficients, defined by 

      3.32 

 
  

       

       
   3.33 

where R and T sum to one, obeying the conservation of energy. 

 

Figure 3.4 shows the amplitude and intensity coefficients for light in an ambient air medium (ni = 

1.0) incident upon an interface with water (nt = 1.33).  The x-axis represents the angle of 

incidence.  We see that rs is negative for all incident angles, representing a 180° phase shift upon 
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reflection for the perpendicular component of the electric field.  The sign of rp switches from 

positive to negative at an angle called Brewster’s angle (B).  For all incident angles up to 

Brewster’s angle, Erp is in phase with Eip; for angles greater than Brewster’s angle, Erp is 180° 

out of phase with Eip.  At Brewster’s angle, the value for rp is zero.  Thus, for light incident at B, 

only the portion of the light normal to the plane of incidence will be reflected.  The reflected 

beam of light is polarized, since it is oscillating in a single plane.  For this reason, Brewster’s 

angle is also known as the polarization angle.  For angles other than Brewster’s, the reflected 

radiation will be partially polarized, shown in Figure 3.5.   

 

 

Figure 3.4 – Fresnel coefficients for air-water interface 
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Figure 3.5 – Reflected degree of linear polarization as a function of incident angle 

 

Rayleigh scattering 

Rayleigh scattering describes elastic scattering of light by non-ionized, isotropic particles with an 

index of refraction close to one that are much smaller than the wavelength of light.  Typical 

atmospheric molecules of nitrogen and oxygen fit these criteria.  Rayleigh scattering has strong 

wavelength dependence proportional to 1/λ
4
.  This preferential scattering at lower wavelengths 

produces a visibly blue sky and visibly yellow sun.  The intensity of scattered light is given by 

 
     

 
  

    
          3.34 

where K is a constant incorporating material characteristics of the medium, V is the particle 

volume, r is the distance from particle to point of observation, and Ω is the scattering angle. 

 

We can consider a Rayleigh scatterer as a dipole subject to an incident electromagnetic wave.  

The incoming oscillating electric field causes electron oscillation.  This induces a secondary 

wave to emanate from the particle.  Figure 3.6 demonstrates this effect.  When the source 

radiation is vertically polarized, it causes vertical electron oscillation, which reradiates vertically 

polarized energy.  This energy is greatest in the plane perpendicular to the direction of oscillation 
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and reduces to zero along the oscillation axis.  Similar behavior is found for horizontal source 

polarization. 

 

 

Figure 3.6 – Visualization of Rayleigh scattering for vertical and horizontal source polarization 

 

Sunlight is a randomly polarized source, which combines vertical and horizontal polarization 

components.  When incident on a Rayleigh particle, it scatters both vertical and horizontal (or 

parallel and perpendicular) components.  The total scattered intensity is the sum of the two 

components, as shown in Figure 3.7.  The greatest scattered intensity is in the forward and 

backward directions, with equal parts parallel and perpendicular oscillation.  Scattering at ninety 

degrees has the least energy, since the parallel scattered component goes to zero.  At this 

scattering angle, the scattered radiation is completely polarized.  For all other scattering angles, 

partial polarization is induced.  Figure 3.7 plots the degree of polarization as a function of 

scattering angle.   
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Figure 3.7 – Plots of the intensity (left) and degree of linear polarization (right) for Rayleigh scattering 

 

Applying the Mueller matrix for Rayleigh scattering (3.18) to a randomly polarized Stokes 

vector representing sunlight yields 

 

       

  

 
 
 

  
 

 
 

           

        

 
 

  3.35 

where   is the scattering angle in the plane defined by solar position, observer, and observed 

point in the sky.  The degree of linear polarization is 

 
  

     

       
 3.36 

The angle of polarization is oriented in a direction normal to the scattering plane defined by the 

source, observer, and observed point in the sky. 

 

Using the law of cosines, the scattering angle is defined as 

                                      3.37 
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where    and    are the solar zenith and azimuth angle, and    and    are the zenith and 

azimuth angles of the observation point on the celestial sphere.  The azimuth angles are 

expressed in degrees CCW of East.  To derive the angle of polarization, we define a coordinate 

system where East is the x-axis, North is the y-axis, and zenith is the z-axis.  Unit vectors from 

the observer to the solar position (nsun) and to the celestial point (npt) are 

 

      
          

          

     

  3.38 

 

     
          

          

     

  3.39 

The direction of polarization (npol) is perpendicular to the scattering plane and can be calculated 

using the cross product npol = nsun x npt.  We construct a reference vector which lies in the plane 

defined by zenith z, npt, and the observer and points away from zenith using nref = z x npt x npt.  

The angle between npol and nref, given by 

 
     

         

            
 3.40 

specifies the angle of linear polarization for an observer looking up at the celestial point.  The 

angle is referenced to vertical increasing counterclockwise.  To transform to a horizontal 

reference frame, we add 90 degrees. 

 

Figure 3.8 displays the degree and angle of polarization calculated using the Rayleigh model for 

a solar position of 40° elevation and 180° azimuth.  On the plots, the distance from the center 

corresponds to the zenith angle, which is the angle from vertical.  The smaller dotted rings mark 

30° and the larger ones mark 60°.  The red asterisk denotes the sun position.  We clearly see the 

highly polarized band located at a 90° angle to the solar position.  The angle of linear 
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polarization varies smoothly across the skydome.  It changes more rapidly in regions near the 

solar position and zenith, where it is ill-defined.  The pattern of degree and angle of linear 

polarization shifts depending on solar position, but remains qualitatively the same, even under 

overcast conditions [34].  

 

 

Figure 3.8 – Skydome plots of the degree and angle of linear polarization.  The radial distance represents the 

angle from zenith, while the clockwise angle from vertical represents the azimuth E of N 
 

In an ideal case, the maximum degree of linear polarization is equal to one.  However, turbidity 

in the atmosphere causes depolarization and reduces P.  The attenuation is a function of multiple 

scattering, a wavelength dependent phenomenon most strongly affecting lower wavelengths.  

Typically, the maximum degree of polarization ranges from 60-80%, though it can reach over 

90% under optimal conditions (dry air, no clouds) [35-36].   

 

In [23], Coulson presents calculations of the degree of linear polarization for seven solar zenith 

angles at seven wavelengths.  Tables 3.2 and 3.3 display the calculated maximum degree of 

polarization and the degree of polarization at zenith.  As can be seen, the P is lowest at 312 nm 

and increases to a maximum value at 809 nm.  For the range of solar zenith angles, the maximum 
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degree of polarization remains fairly constant with deviations typically less than 2%.  The 

polarization at zenith varies greatly depending on solar elevation. 

 

To quantify the polarization dispersion, I normalized each row of tabulated values by the P at 

809 nm, combined them into a single data set, and fit a 4
th

 order polynomial.  The fit is 

                                              

with an R
2
 value of 0.9734.  The data and fit are shown in Figure 3.9.  While the fitted values 

capture the shape of polarization dispersion, the deviations indicate that the amount of 

polarization dispersion is a function of solar position. 

 

 
Table 3.2 – Maximum P (%) for seven solar zenith angles (degrees) at seven wavelengths (nm) 

 

 
Table 3.3 – P (%) at zenith for seven solar zenith angles (degrees) at seven wavelengths (nm) 
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Figure 3.9 – Plot of maximum P and zenith P normalized by the value at 809 nm with 4
th

 order polynomial fit 

 

3.4 Polarimetric remote sensing 

Remote sensing is the stand-off acquisition of information about physical objects and the 

environment.  Since the invention of the camera and the development of flight, the field has 

matured considerably with advances in sensor and platform technologies.  Today, there is a wide 

range of instruments and techniques providing data for various research, civil, and military 

purposes.  In the visible regime, panchromatic or multi-spectral digital camera systems are 

commonly used.  However, the polarization state of light provides information about imaged 

scenes that cannot be obtained from luminance and spectral measurements alone [37].  Recent 

advances utilize polarimetric measurements in military, ecological, astrophysical, biomedical, 

and technological applications [38].  Limiting ourselves to Earth observations, there have been 

several polarimetric systems developed and deployed on aircraft and satellite platforms. 

 

One of the airborne systems is Areté Associates’ Airborne Remote Optical Spotlight System-

MultiSpectral Polarimeter (AROSS-MSP).  It is a 12-channel sensor system that measures four 

color bands (blue, green, red, and near-infrared) and three polarization states for the full linear 
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polarization response of the imaged scene [39-43].  The system was designed to support littoral-

zone environmental intelligence products and to enhance oceanographic, estuarine, and riverine 

characterization.  The polarization products have been utilized to minimize surface reflections, 

enabling observation of the sub-surface water column at greater depth, detect objects in high 

environmental clutter, increase image contrast through marine haze, enhance waterline contour 

detection, and improve current retrievals.  This system has also provided polarimetric data over 

the ocean, which has been used to carry out the work of this dissertation.  AROSS-MSP and the 

collected ocean data are described in Chapter 4 and Appendix A. 

 

Other airborne polarimetric sensors include SpecTIR Corporation’s Research Scanning 

Polarimeter (RSP) [44-45], Aerodyne Research’s Hyperspectral Polarimeter for Aerosol 

Retrievals (HySPAR) [46], and the Jet Propulsion Laboratory’s Airborne Multiangle 

SpectroPolarimetric Imager (AirMSPI) [47].  These systems were developed in order to better 

characterize aerosol and cloud properties.  The RSP system has been used to determine the 

parameters of a bimodal size distribution, identify the presence of water-soluble and sea salt 

particles, and retrieve the optical thickness and column number density of aerosols [48].  Last 

year, the AirMSPI system underwent successful flight testing aboard NASA’s high-altitude Earth 

Resources 2 (ER-2) aircraft [49]. 

 

The first satellite-flown instrument to measure polarization was POLDER (POLarization and 

Directionality of the Earth’s Reflectances) [50].  Developed by the French Space Agency, it flew 

aboard the ADEOS-1/NASDA platform from November 1996 until June 1997.  POLDER has a 

wide field of view with multiangle viewing capability.  A second identical instrument was flown 
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on ADEOS-2 with a seven month useful lifetime in 2003.  POLDER data has led to improved 

aerosol retrieval algorithms, the ability to distinguish between droplets and ice crystals in clouds 

on a global scale, and improved accuracy of vegetation parameter retrievals [51]. 

 

The PARASOL (Polarization & Anisotropy of Reflectances for Atmospheric Sciences coupled 

with Observations from a Lidar) satellite, in operation since December 2004, carries a derivative 

of the POLDER sensor [52].  The microsatellite orbits within the A-train constellation, a series 

of Earth-observing satellites flying in close formation.  Its ongoing scientific objectives are to 

improve the characterization of microphysical and radiative properties of clouds and aerosols.  

Its location within the A-train enables complementary use of the different sensors on board the 

AQUA, CALIPSO, and CLOUDSAT platforms. 

 

3.5 Ocean waves 

In any medium, three things are necessary for oscillations: an equilibrium state, a disturbing 

force, and a restoring force.  The disturbing force disrupts the equilibrium state and creates 

waves, while the restoring force attempts to damp out the waves and return the system to the 

equilibrium state.  When considering the oceans, the equilibrium state is mean-sea level, which is 

the equipotential surface of the ocean in the absence of any disruptive force.  There are several 

naturally occurring disturbing forces (moon’s gravity, storm systems, wind) which create ocean 

waves with periods ranging from milliseconds to years.  Figure 3.10 depicts a range of wave 

bands, along with their primary disturbing and restoring forces.  Of these wave bands, the sea 

surface slope field is largely determined by gravity waves, while capillary waves roughen the 

surface. 
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Figure 3.10 – Schematic (and fanciful) representation of the energy contained in the surface waves of the 

oceans – in fact, a guess at the power spectrum, reproduced from [53] 

 

Wind creates and develops waves by transferring energy to the ocean surface through three 

processes: a direct push of the air on the upwind wave faces, frictional drag of the air on the sea 

surface, and pressure differences in the air.  Accordingly, the wind speed, generation area (fetch), 

and duration directly influence wave formation.  These factors, along with water depth, 

determine the wavelength (λ), height (H), period (T), and propagation direction of ocean waves.  

The wave height most commonly observed and forecast is the significant wave height H1/3, 

defined as the average height of the highest one third of the waves [54].   

 

The most basic wave form is a long crested sinusoid aligned with the x-axis whose surface 

elevation   is described by 

                3.41 

where 



34 

 

 
  

  

 
 3.42 

 
  

  

 
 3.43 

are the wave number and frequency respectively and a is the amplitude of the wave, equal to half 

of the wave height H.  In linear wave theory, the wave number and frequency are related by the 

linear-dispersion relation 

               3.44 

where g is the acceleration due to gravity, and h is the local water depth [53].  For deep water 

waves (h > λ/2), the hyperbolic tangent term approaches one, and for shallow water waves (h < 

λ/20), tanh(kh) approaches kh.  The significant wave height can be calculated from the measured 

wave displacement using 

               3.45 

The energy of a wave is related to the variance of the surface displacement by 

           3.46 

where w  is water density and g is the acceleration due to gravity. 

 

The simple model of a long crested wave with a particular amplitude, period, and propagation 

direction is not adequate to describe a realistic ocean surface, which contains waves of varying 

heights, periods, and propagation directions.  However, we can approximate the ocean surface 

elevation using an infinite sum of sine and cosine functions, each with a different amplitude and 

frequency moving in a specific direction, given by 

 
                       

 

   

 3.47 
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where k is now a wave number vector with components along x and εi denotes a random phase 

angle.  The variance of the surface elevation is 

 
     

 

 
      

 

 

   

 3.48 

resulting in wave energy that is proportional to wave amplitude squared.  The distribution of 

wave energy among different frequencies and directions is called the directional wave spectrum, 

denoted S(k), or more commonly S(ω,θ), where θ defines the direction.  The full directional 

spectrum can be decomposed into the product of a frequency spectrum S(ω), and a directional 

spreading function G(θ).  Figures 3.11 and 3.12 show examples of a 2-D frequency-direction 

spectrum and marginal 1-D spectra which were calculated using Fourier processing of time-

series imagery collected by one of Areté Associates’ AROSS systems over the Torrey Pines 

Outer buoy [55].  The spectra exhibit a peak frequency of 0.085 Hz and peak directions of 

approximately 255° and 280°.  The bimodal spectrum is due to wave shadowing from San 

Clemente Island, which is located west of the buoy. 
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Figure 3.11 – 2-D f-d spectrum calculated from airborne imagery collected over Torrey Pines Outer buoy
 

 

 

Figure 3.12 – Marginal 1-D direction and frequency spectra 
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Chapter 4 – Experimental data collection 

To support this dissertation research, we have collected remotely-sensed polarimetric image data 

over the ocean in areas containing in situ instrumentation to measure wave height.  In this 

chapter, I describe the polarimetric sensor system, detail the data collections, and present 

quicklook data quality checks.  Then, I describe the in situ instruments and report the 

measurements collected during the polarimetric data collections. 

 

4.1 Polarimetric system and data collection 

We collected airborne polarimetric data on several occasions spanning a range of grazing angles, 

collection modes, and environmental conditions over the mid-Atlantic Bight, coastal Oregon, and 

coastal North Carolina.  The polarimetric sensor used was Areté Associates’ Airborne Remote 

Optical Spotlight System Multi-Spectral Polarimeter (AROSS-MSP).  The following sections 

will describe the camera system, its operation, and the data collections. 

 

4.1.1 AROSS-MSP description 

AROSS-MSP is a 3
rd

 generation sensor in Areté Associates’ AROSS family of sensors.  AROSS 

is a series of passive electro-optic sensors providing remotely-sensed, time-series imagery for 

algorithm development [39-43,56-63].  The design approach for AROSS is to utilize commercial 

off-the-shelf high-dynamic range digital cameras mounted into a yoke-style positioner controlled 

by an inertial navigation system (INS) with integrated Global Positioning System/Inertial 

Measurement Unit (GPS/IMU).  The computer-based control system can spotlight or stare at a 

given GPS location, maintaining large spatial overlap of collected imagery.  Time-series imagery 

provides multi-angle looks at the scene, as well as the capability to use Fourier processing. 
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Figure 4.1 – AROSS-MSP system mounted into a Twin Otter aircraft 

 

AROSS-MSP, shown in Figure 4.1, is a research-grade imaging system capable of acquiring 

multispectral, polarimetric imagery.  The system is composed of 12 PCO Pixelfly QE digital 

CCD cameras with ruggedized Schneider Xenoplan 1.9/35mm lenses.  Some of the features of 

the cameras and lenses are displayed in Tables 4.1 and 4.2.  The field of view (FOV) of this 

configuration is 15° by 11°, and it has a ground resolution of 1.0 m by 1.6 m at 10,500 ft and 37° 

grazing angle. 

 

Parameter Pixelfly QE 

Number of pixels 1392 (H) x 1024 (V) 

Pixel Size 6.45m x 6.45m 

Sensor format 2/3” 

Dynamic Range 12 bit 

Max frame rate 12 fps 

     Table 4.2 – Camera features 

90° 

30° 

150° 

NIR R G B 

90° 

30° 

150° 

Xenoplan 1.9/35mm lens 

~ high resolution optics 

~ broadband coating (400-1000nm) 

~ compact size 

~ robust mechanical design 

~ precise focusing 

~ minimal distortion 

 

 

Table 4.1 – Lens features 
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Currently, the MSP system is set up to collect three linear polarization states (30°, 90°, and 150°) 

for four pass bands (blue, green, red, and near-infrared).  To select the desired light state, each 

camera has a specially designed filter which combines a spectral bandpass filter and linear 

polarization filter.  The transmission of the filters is shown in Figure 4.2, along with the 

transmission of the lens and the quantum efficiency of the CCD.  The average total efficiency for 

each band is approximately 13% for blue, 5.5% for green, 9.5% for red, and 2.5% for near-

infrared. 

 

 

Figure 4.2 – MSP filter and lens transmissions, CCD quantum efficiency 

 

Prior to deployment, I fully calibrated the camera system using a combination of lab techniques 

and in situ measurements [40,43].  Individual camera calibrations optimize the focus, compute 

flat field and radiometric corrections, and characterize the intrinsic camera parameters, which are 

focal length, principle point, and geometric distortion.  Inter-camera calibrations compute the 
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relative position and angular pointing of the cameras to one another and to the GPS/IMU system.  

Appendix A describes each calibration in detail. 

 

The camera system uses a distributed computing system with a dedicated PC for each camera for 

data acquisition.  The Master PC sends commands to each of the slaves and is the interface 

between the system and operator.  A graphical user interface allows the operator to set the frame 

rate, integration time and aimpoint, view real-time imagery, and collect data.  The program 

features an auto exposure setting which uses a proportional-integral-differential loop to adjust the 

integration time for each camera to reach a desired value, specified by mean pixel value or 

percentage saturation in the image.  We typically collect data with a 2 Hz frame rate and set the 

auto exposure to maintain either 1% saturation or half well-fill. 

 

AROSS-MSP is flown on a DeHavilland, DHC-6 Twin Otter aircraft, leased from Twin Otter 

International.  The positioner is mounted in an aerial photography port and the cameras are 

controlled to point in azimuth and elevation.  The data acquisition system and auxiliary systems 

are mounted inside the aircraft.  Data is collected using multiple modes of flight operation.  

These are strip map mode, linear spot dwell mode, and orbit spot dwell mode.  Each mode 

utilizes the attitude and position information provided by the INS to calculate the camera 

pointing to a specified geodetic location or point-of-interest (POI). 

 

The Strip map leg is designed to provide long dwell times over large areas by aligning the long 

axis of the sensor footprint with the direction of aircraft motion and “dragging” the sensor 

footprint with the aircraft. The Linear Dwell mode is designed to provide the ability to “stare” at 
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a fixed point (generally on the nearest surface of the earth) while the aircraft executes a straight 

line trajectory.   This mode is generally most useful when observing a specific fixed target for a 

range of grazing angles.  The Orbit Dwell mode is designed to provide the ability to “stare” at a 

fixed point (generally on the nearest surface of the earth) while the aircraft executes a circular 

orbit.  This mode is generally most useful when observing a specific fixed target for long dwell.  

Unlike during the strip map mode, the azimuth angle changes constantly covering the entire 

range of values.  For this type of collection, the grazing angle is fixed and the pixel aspect ratios 

will not change. 

 

During a field experiment, we typically fly two four-hour flights per day.  Each flight is 

identified by a sequential Op number.  On each flight, we collect between 10 and 20 data sets, 

which we call Runs.  A single run can range in collection time from 3 to 15 minutes, depending 

on the collection mode, altitude, and grazing angle. 

 

4.1.2 AROSS-MSP data collections 

Using AROSS-MSP, we have collected data over National Data Buoy Center (NDBC) buoys off 

the coasts of Oregon and New York.  The NDBC buoy identifiers are 46029, 20 nautical miles 

west of the Columbia River Mouth, and 44025, 33 nautical miles south of Islip, NY.  The buoys 

provide in situ measurements of the significant wave height, swell height, and wind wave height, 

as well as various environmental conditions.  Our collected polarimetric data includes 16 orbit 

runs spanning a range of grazing angles from 20° to 70° with a heavy focus on Brewster’s angle 

at 37°.  We collected 8 stripmap runs with fixed grazing angles of 20°, 37°, 50°, and 70°.  For 

each grazing angle, we collected data with the camera yaw oriented 90° and 180° from the solar 

azimuth.  We collected 3 stripmap runs with the camera spotlighting a surface aimpoint. 
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In addition to these dedicated buoy collections, we had several collections of opportunity.  Ocean 

imagery was collected over the 8-m ocean directional wave spectrum array at the United States 

Army Corps of Engineers Field Research Facility (USACE FRF) in Duck, NC.  This instrument 

provides in situ measurements of the wave height and propagation direction.  We also collected 

data over Taylor Bay, which feeds into the Albemarle Sound in North Carolina.  This protected 

body of water provides a contrast to the wavy ocean imagery.  Unfortunately, we do not have 

any in situ measurements of the sea state in the bay.  Table 4.3 details the data collections.   

 

Op Run Date Time (UTC) Run Type Altitude (ft) GA Location 

45 10 9/26/07 19:32 Orbit 5000 37 Taylor Bay 

45 11 9/26/07 19:42 Orbit 5000 45 Taylor Bay 

47 8 9/29/07 13:56 Orbit 5000 37 8-m array 

47 9 9/29/07 14:07 Orbit 5000 30 8-m array 

47 10 9/29/07 14:24 Orbit 5000 45 Taylor Bay 

47 11 9/29/07 14:33 Orbit 5000 37 Taylor Bay 

49 6 9/30/07 14:14 Orbit 5000 37 8-m array 

50 18 9/30/07 20:55 Orbit 5000 37 8-m array 

82 4 9/29/08 21:31 Orbit 10500 50 Buoy 46029 

82 6 9/29/08 21:43 Orbit 10500 30 Buoy 46029 

90 4 10/10/08 12:17 Orbit 10500 50 Buoy 44025 

90 5 10/10/08 12:30 Orbit 10500 37 Buoy 44025 

90 6 10/10/08 12:42 Orbit 10500 25 Buoy 44025 

90 7 10/10/08 13:05 Stare W-E 10500 -- Buoy 44025 

90 8 10/10/08 13:14 Orbit 10500 50 Buoy 44025 

90 9 10/10/08 13:23 Orbit 10500 37 Buoy 44025 

90 10 10/10/08 13:35 Stare W-E 10500 -- Buoy 44025 

90 11 10/10/08 13:49 Orbit 10500 37 Buoy 44025 

90 12 10/10/08 14:03 Stare S-N 10500 -- Buoy 44025 

9 2 7/10/09 19:03 Orbit 10500 20 Buoy 46029 

9 3 7/10/09 19:23 Orbit 10500 30 Buoy 46029 

9 4 7/10/09 19:36 Orbit 10500 37 Buoy 46029 

9 5 7/10/09 19:40 Orbit 10500 50 Buoy 46029 

9 6 7/10/09 19:59 Orbit 10500 60 Buoy 46029 

9 7 7/10/09 20:12 Strip W-E 10500 37 Buoy 46029 

9 8 7/10/09 20:33 Strip N-S 10500 37 Buoy 46029 

9 9 7/10/09 20:48 Strip W-E 10500 20 Buoy 46029 

9 10 7/10/09 21:02 Strip N-S 10500 20 Buoy 46029 

9 11 7/10/09 21:19 Strip N-S 10500 50 Buoy 46029 

9 12 7/10/09 21:31 Strip W-E 10500 50 Buoy 46029 

9 13 7/10/09 21:48 Strip W-E 3000 70 Buoy 46029 

9 14 7/10/09 22:03 Strip W-E 3000 37 Buoy 46029 

9 15 7/10/09 22:11 Orbit 3000 37 Buoy 46029 

9 16 7/10/09 22:18 Orbit 3000 60 Buoy 46029 

Table 4.3 – AROSS-MSP data collections 
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After data collection, I ran a quicklook code on the image data and associated ancillary data to 

assess the quality.  The quicklook code generates plots of the time difference between 

subsequent frames (delta) for image time, IMU time, trigger time, and turret time to enable quick 

verification of proper timing, plots of exposure time to pinpoint runs which may have image 

smear, and plots of IMU position and INS attitude to provide the analyst with orientation 

information.  The quicklook code produces a summary text file which includes user inputs of 

location, flight geometry, quality, cloud cover and comments, as well as general collection 

parameters, mean exposure times and mean sampling intervals.  The quicklook code also creates 

a downsampled movie of camera 3 (red, vertical polarization channel) imagery. 

 

Examination of the quicklook code results for the AROSS-MSP collections described above 

yielded useful guidance.  The delta image time plots were a little noisy for cameras 9 and 12 

during Op 82 and for camera 10 during Op 90.  This is something to be aware of, but will likely 

not be a problem.  They were very noisy for camera 12 during Op 9, indicating a serious problem 

that we believe was attributed to a faulty cable.  For runs 2 through 12, camera 12 was dropping 

a considerable number of frames, rendering the data unusable without some intensive processing.  

All of the other delta time plots looked acceptable. 

 

The exposure time plots and mean values in the summary file indicated that the near-infrared 

cameras had very high exposure times.  This is largely due to a combination of low solar flux 

and low camera efficiency.  It is a two-fold concern because the imaged scene is dynamic and the 

imagery is collected from a moving platform.  These factors introduce motion blur and degrade 

the imagery.  For our typical flight altitudes and aircraft speeds, 10 to 12 ms tends to be the 
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upper limit of integration times to collect acceptable airborne imagery.    The near-infrared 

camera bank had exposure times greater than 20 ms for most of the Op 90 runs.  With a few 

exceptions, the rest of the runs were collected with near-infrared exposure time greater than 10 

ms.  Although the other color banks performed much better, there were several runs during Op 

90 where both the red camera bank and the green camera bank had exposure times slightly 

greater than 10 ms.  This data is likely ok, but it is worth noting that there could be a potential 

problem.   

 

From the summary text files, we know that there was patchy cloud cover during Ops 47 and 9.  

The movies revealed visible waves in all imagery, whitecaps in Ops 47, 49, 50, and 9, and 

streaks in Ops 45 and 47. 

 

4.2 In situ measurements 

The AROSS-MSP data collections were over or near in situ instruments measuring significant 

wave height.  These measurements will serve as ground truth to compare with imagery retrieved 

significant wave heights.  The following sections describe the instrumentation and present the 

significant wave heights measured during AROSS-MSP data collections. 

 

4.2.1 NDBC buoys 

The National Oceanic and Atmospheric Administration’s (NOAA) National Data Buoy Center 

(NDBC) designs, develops, operates, and maintains a network of moored buoys which measure 

and transmit barometric pressure; wind direction, speed, and gust; air and sea temperature; and 

wave energy spectra from which significant wave height, dominant wave period, and average 
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wave period are derived [64,65]. Many moored buoys measure the direction of wave 

propagation.  Before dissemination, the data undergoes data quality control procedures to ensure 

that all sensors are performing within stated accuracies [66]. 

 

The buoys indirectly measure non-directional wave spectra using the motion of the buoy hull.  

An accelerometer or inclinometer in the buoy hull measures heave acceleration or vertical 

displacement during the wave acquisition time, which is typically 20 or 40 minutes.  The 

processor on board the buoy applies a Fast Fourier Transform (FFT) to the data, transforming it 

into the frequency domain.  Response amplitude operator (RAO) processing is then performed 

on the transformed data to account for both hull and electronic noise. From this transformation, 

non-directional spectral wave measurements are derived. 

 

Selected stations report directional wave data by measuring hull azimuth, pitch, and roll in 

addition to heave acceleration.  Two methods are used to collect these measurements.  In the first 

method, a Datawell Hippy sensor measures vertical heave acceleration, pitch and roll, and a 

triaxial magnetometer measures hull azimuth [67].  The second method uses an accelerometer to 

measure vertical heave acceleration and a triaxial magnetometer to measure hull azimuth, pitch, 

and roll [68].  The processing stream applied to the raw data is similar to that for the non-

directional measurement – Fourier processing followed by RAO processing.  In addition to 

spectral energies, four frequency-dependent parameters characterizing the directionality are 

calculated.  The parameters are alpha1 (mean wave direction), alpha2 (principle wave direction), 

r1 and r2 (directional spreading about the mean and principle wave directions). 
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The wave spectrum is used to calculate significant wave height.  The significant wave height Hs, 

the average of the highest one-third of the waves, is approximated by 

         4.1 

where mo is the variance of the wave displacement time series acquired during the wave 

acquisition period.  Since the NDBC buoys transmit spectral energies instead of wave 

displacement, the variance is calculated by summing the spectral energy over all frequency 

bands.  Typical systems sum up to 0.485 Hz with bandwidths that vary from 0.005 Hz at low 

frequencies to 0.02 Hz at high frequencies.  Greater detail on the processing of NDBC wave data 

can be found in the 1996 technical document Nondirectional and Directional Wave Data 

Analysis Procedures [65]. 

 

I am using in situ data from buoys 44025 and 46029, which are 33 nautical miles south of Islip, 

NY and 20 nautical miles west of the Columbia River mouth respectively.  Buoy 44025 is 

located at [40.250°N, 73.166°W] in a water depth of 36 m; Buoy 46029, [46.144°N, 

124.510°W], 135 m.  Both buoys have 3-meter circular aluminum hulls with ARES 4.4 payloads.  

These instruments report significant wave height with a stated resolution of 0.1 m and an 

accuracy of +/- 0.2 m. 

 

4.2.2 USACE FRF Instruments 

The United States Army Corps of Engineers Field Research Facility (USACE FRF) is on the 

Atlantic Ocean near the town of Duck, NC.  Established in 1977, it is an internationally 

recognized coastal observatory. The facility maintains a collection of instruments to monitor and 

record winds and weather, tides, waves, currents, and water temperature.  They also have 
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equipment and specialized vehicles to support a wide variety of nearshore experiments.  Data of 

interest to this project are significant wave heights provided by an 8-m array and a Baylor/Staff 

Gauge. 

 

The 8-m array, described in [69], is composed of 15 pressure gauges mounted approximately 0.5 

m above the ocean floor.  They are located in the 8-m isobath, which is outside of the surf zone 

at about 900 m offshore.  At this depth, the gauges are sensitive to 3-second and longer waves.  

The bottom topography is fairly regular, supporting homogeneous wave fields.  The spacing 

between the gauges produces unique separation between each gauge pair, satisfying array design 

criterion [70].  In the FRF array, there are 12 intentionally redundant spacings and 93 unique 

spacings ranging from 5 m in both the alongshore and cross-shore directions up to a maximum 

spacing of 255 m in the alongshore direction and 120 m in the cross-shore direction. 

 

Each pressure gauge in the 8-m array is a Senso-Metric Model SP973(C).  The instrument 

measures the displacement of a pressure-sensitive diaphragm using a piezoelectric strain gauge.  

Site calibrations indicate an accuracy of the pressure equivalent of 0.006 m of water for wave-

induced fluctuations about a static water column height of 8 m.  Wind wave directional spectra 

are computed from these gauges using an iterative maximum likelihood estimator derived and 

described by Pawka [71].  His recommended convergence parameters and a maximum of 30 

iterations are applied to 8192-sec time series of data collected at 2 Hz.  Significant wave height, 

wave period, and wave direction are derived from the directional spectra. 
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The Baylor/Staff Gauge provides a second measure of wave height.  Two wires are held vertical 

under tension and partially submerged off the end of a 560 m pier.  By running a small voltage 

down the cables, the instrument electrically senses where the water shorts the wires and 

measures this distance as wave height.  It collects data at 4 Hz. 

 

4.2.3 Significant wave height measurements 

Table 4.4 displays measured significant wave heights during the AROSS-MSP collections over 

the 8-m array, Taylor Bay, Buoy 46029, and Buoy 44025.  The 8-m array collections were all 

during a moderate sea state.  The FRF data is provided as a subjective reference for Taylor Bay, 

as no in situ measurements are available there.  The first Taylor Bay collection occurred during a 

smooth ocean, while the second occurred during a moderate sea state.  We expect that the 

conditions in Taylor Bay were very calm during Op 45 and somewhat wavy during Op 47, 

though with a smaller significant wave height than the ocean measurements due to its protected 

geography.  The first collection over Buoy 46029 was during a slight sea state, while the second 

collection was during a moderate sea state which was changing fairly rapidly.  The Buoy 44025 

data collection was over a steady slight sea state. 

 

Op 8-m array Baylor Buoy 46029 Buoy 44025 

45 0.38 0.41 - - 
47 1.28 1.30 - - 
49 1.46 1.49 - - 
50 1.39 1.37 - - 
82 - - 0.8 - 
90 - - - 0.55 

9 - - 1.1-1.5 - 

Table 4.4 – Significant wave height measured by the USACE FRF’s 8-m array and Baylor/Staff 

Gauge and NDBC buoys 46029 and 44025 during AROSS-MSP data collections 
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Chapter 5 – Polarimetric data analysis 

As described in the previous chapter, we have collected 30 runs of polarimetric image data over 

in situ ocean instruments measuring significant wave height and 4 runs of polarimetric image 

data over a sheltered bay with relatively flat water.  Quicklook examination showed the data to 

be of good quality.  Exceptions to this occurred when there was a hardware failure and when low 

light conditions forced high integration times.  This chapter presents analysis of the collected 

polarimetric data.  In section 5.1, I further assess the quality of collected data by examining a 

comparison of frequency-direction spectra calculated from image data, measured by an ocean 

buoy and modeled by an operational ocean wave model.  Next, I present an example of 

polarimetric imagery collected over an ocean buoy and discuss spatial trends within the single 

images.  This chapter concludes with analysis of mean value trends over orbital and stripmap 

runs. 

 

5.1 Comparison of frequency-direction spectra 

Collecting time-series AROSS imagery enables us to calculate the 2-D frequency-direction (f-d) 

spectrum using algorithms developed by Areté Associates [55,58-62].  The image data is geo-

rectified to a geodetic grid at mean sea level, providing a common coordinate system for time-

series collections.  Three-dimensional space-time data cubes are constructed by stacking 

sequential geo-rectified images.  The data cubes are de-meaned, cosine tapered, and Fourier 

transformed to calculate 3-D ω-k radiance spectra.  After dividing by k
2
 to scale to wave 

amplitude units, we identify the 2-D dispersion surface for gravity waves and integrate the 

spectral data over k to obtain 2-D f-d data.  1-D direction and frequency spectra are obtained by 

integrating the 2-D f-d spectrum. 
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To further assess the collected AROSS-MSP data, I applied Areté Associates’ validated 

algorithms for calculating wave spectra.  Figure 5.1 shows the f-d spectrum calculated for a two 

minute dwell of AROSS-MSP combined red S0 image data collected during Op 90 Run 9 over 

buoy 44025 on 10 October 2008.  The swell peak is near .14 Hz and is traveling from the SSE.  

Wind wave energy is centered near 0.38 Hz and originates in the WNW.  The figure also 

displays the f-d spectrum calculated using buoy 44025 data recorded from 1320 to 1340 UTC on 

10 October, and the f-d spectrum output from Wavewatch III, an operational ocean wave model 

developed by NOAA.  The model was run at 1500 UTC using operational National Weather 

Service National Centers for Environmental Prediction products as input.  All three spectra 

display similar energy distributions. 

 

The AROSS-MSP derived and buoy measured spectra compare well, capturing both the swell 

and wind wave energies.  The modeled spectrum swell energy agrees reasonably well, but the 

wind wave energy is localized from a different direction.  This is likely due to the time gap 

between the measured spectra and the model run.  Figure 5.2 displays the integrated 1-D 

frequency and direction spectra.  Again, we see good agreement between the spectra.  The 

frequency spectra all capture the lower frequency features, but we see better resolution and 

higher frequency features in the AROSS-MSP data and the buoy measurement.  The direction 

spectra agree on the direction of the peak swell energy; however, the AROSS-MSP data and the 

model result resolve the swell energy direction distribution better than the buoy.  A second peak 

corresponding to wind wave energy shows up in the AROSS-MSP data and buoy measurement.  

The AROSS-MSP data better resolves the directional spread of this peak as well.  This 

successful comparison of data products derived using established algorithms further verifies the 
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integrity of the collected image data.  We now transition into analysis of the measured 

polarization products. 

 

 

Figure 5.1 – 2-D frequency-direction spectra from AROSS-MSP data (left), NOAA buoy measurement 

(center), and Wavewatch III model (right).  Color scales are at 3 dB increments. 

 

 

Figure 5.2 - Marginal 1-D frequency and direction spectra from AROSS-MSP data (black, scaled by 10), 

NOAA buoy measurement (red), and Wavewatch III model (blue). 

 

5.2 Polarimetric imagery 

Combining the three channels of an AROSS-MSP color bank produces Stokes vectors and 

polarization data products.  Figure 5.3 shows images of the total intensity S0, degree of linear 

polarization P, and angle of linear polarization Ψ for frame 177 of Op 90 Run 9.  For this 

particular frame, the camera system was at approximately 3260 meters altitude with a 36° 
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grazing angle and -55° yaw.  The solar position was 25 degrees elevation at 125 degrees azimuth.  

This corresponds to a 169° bidec angle, which is the angular difference between the camera 

system view direction and a vector pointing toward the solar position.  The displayed images are 

800 x 800 pixel subregions.  With this geometry, each pixel is approximately 1 meter in the cross 

direction by 1.3 meters in the look direction.  Buoy 44025 is visible in the lower right region of 

the imagery. 

 

We expect the reflected signal from the ocean at Brewster’s angle to have a large degree of 

polarization with angles close to zero.  In the imagery, we see that the maximum degree of 

polarization is greatly reduced from one and the angle of linear polarization is centered on zero.  

The reduction in P is greatest in the blue channel.  In each image, we can clearly see modulations 

due to the surface waves.  The small-scale modulations depict short wind waves traveling from 

the west, and the large-scale modulations portray long-wavelength swell traveling from the 

south.  The Ψ images highlight the small-scale modulations while the P images accentuate the 

large-scale modulations.  In addition to wave modulations, we also see mean value trends that 

smoothly vary gradually across the imagery.  P is highest in the upper central region, while it is 

has the lowest values in the lower sides of the imagery.  Ψ has the highest mean value in the 

upper left corner of the imagery, while the lowest mean values are found in the upper right.  The 

spread in mean values is approximately 0.1 in P and 5 degrees in Ψ. 
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 Blue Green Red 

 

 

 

Figure 5.3 – Total intensity and polarimetric data products for imagery collected over an ocean buoy.  The 

scaling of the S0 images corresponds to the values in the appropriate colors on the scale 

 

A later frame from the same run is shown in Figure 5.4.  This frame was collected at the same 

altitude with a slightly steeper grazing angle of 38° and the view direction rotated 60° to -115°, 

resulting in a 128° bidec angle.  The figure displays P and Ψ calculated from the red camera 

bank.  The other color banks produce similar results.  In this imagery, we see that the magnitude 
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of P is higher and the measured Ψ is centered about 90 degrees, instead of zero.  In addition, this 

imagery displays very different spatial trends from frame 177.  P is greatest in the left hand side 

of the image and decreases moving to the right.  The mean value shifts by 0.2, from 0.35 to 0.15.  

In the Ψ imagery, the greatest angles are found at the bottom of the image.  The mean angle 

lessens from 97 degrees to 83 degrees in the top of the image, a 15 degree spread. 

 

 

Figure 5.4 – Red channel P and Ψ for frame 351 of Op 90 Run 9 

 

This difference in mean value spread, disparity between trend directions, and deviation from 

expected overall mean values for P and Ψ suggest that the measured polarimetric products are 

affected by more than just the reflected signal.  Located at a high altitude, the sensor is imaging 

through a significant amount of atmosphere.  The next section presents comparisons of mean 

polarization products to the Rayleigh model for atmospheric polarization. 

 

5.3 Mean value trends over orbital and stripmap runs 

First, let’s consider Op 47 Runs 10 and 11, which were collected on 9/29/2007 from 1425-1450 

UTC.  Run 10 was collected with a 45-degree grazing angle; Run 11, a 37-degree grazing angle.  

The solar position at 1430 UTC was 38.8 degrees elevation at 131 degrees azimuth.  These runs 
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were collected over Taylor Bay on a fairly windy day.  With limited fetch, the waves were small 

but visible in the imagery. 

 

Figure 5.5 displays plots of the mean P and Ψ for a 200 by 200 pixel (2.1° by 2.1°) subregion in 

the center of the red channel images.  The red curves plot the measured values versus the 

recorded azimuth angle that the camera system was pointing.  The darker red curves plot the 

same measured polarization products versus the azimuth angle where the plane was located.  The 

blue curves plot the Rayleigh model sky polarization.  For Ψ, the light blue curve was calculated 

with respect to a reference frame on the surface looking up, while the dark blue curve is 

referenced from the sky looking down.  Also shown is a full sky rendering of the Rayleigh model 

sky polarization with the path of the plane depicted in blue and the solar position depicted by a 

red asterisk. 

 

As can be clearly seen, the measured polarization products plotted versus location generally 

follow the Rayleigh sky polarization curve.  The measured Ψ tracks with the model curve 

referenced in the sky looking down.  This indicates that the measured polarization products are 

largely influenced by the atmospheric path between the sensor and the surface.  The measured 

values deviate from the Rayleigh sky model in regions looking away from the sun where the path 

polarization is very low.  P exhibits an increase in value and Ψ shifts closer to zero.   
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Figure 5.5 – Plots of measured polarization products versus look azimuth (red) and versus location azimuth 

(dark red).  Also included is output from the Rayleigh sky polarization model shown in blue.  In the Ψ plots, 

the light blue curve presents the angle as viewed from the surface; the dark blue, as viewed from space. 

 

Another example case is shown in Figure 5.6.  This data was collected during Op 90 Run 9 over 

buoy 44025 on 10/10/2008 with a 37 degree grazing angle.  The solar position during the run 

was 25 degrees elevation at 125 degrees azimuth.  The plots display the mean values of P and Ψ 

for each color bank, plotted versus plane location, along with the Rayleigh model path 

polarization, calculated with respect to a reference frame in the sky looking down.  Similarly to 

the Op 47 results, the measured P and Ψ closely match the Rayleigh model in regions where the 

path polarization is high.  However, they diverge from the Rayleigh model where the path 

polarization is low.  As we saw previously, there is a bump in the measured degree of 

polarization and the measured angle of polarization is shifted closer to zero.   
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Figure 5.6 – Plots of P and Ψ versus location azimuth for Op 90 Run 9.  Included in light blue is output from 

the Rayleigh sky polarization model, with Ψ calculated as the angle viewed from space. 

 

Similar behavior is seen in the data collected using stripmap mode in Op 9.  During each run, the 

imagery was collected with approximately the same view geometry.  As expected, the mean 

values for the measured polarization products remained fairly constant over the course of the 

data collection.  On average, the standard deviation of the mean value of P was less than 0.02 

and of Ψ was less than 2 degrees.  The highest outliers were 0.06 in P and 11 degrees in Ψ. 

 

Plots of the mean values for each run are shown in Figure 5.7.  The figure also includes full sky 

renderings of the Rayleigh model sky polarization for the solar position during Run 11 and a 

table of grazing and bidec angles.  The view geometry locations are plotted on the model 

renderings.  In the P plot, red asterisks denote the solar position for each run, with the rightmost 

asterisk corresponding to Run 7. 

 

In comparison with the Rayleigh sky polarization model, we see trends analogous to the orbital 

data.  The measured P is reasonably close to the expected path polarization.  When the Rayleigh 

modeled path P is small, the measured P is greater.  In all cases, the red channel measured the 

highest P and the blue channel measured the lowest P.  This is likely due to the greater 
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depolarizing effects of multiple scattering at lower wavelengths.  In most cases, the measured 

angles of linear polarization are shifted toward zero from the corresponding Rayleigh model 

values.  

 

 

 

Figure 5.7 – Plots of P and Ψ for stripmap runs in Op 9 

 

In the presented data sets, we have looked at comparisons of measured mean values of P and Ψ 

with a Rayleigh sky polarization model.  Over the course of an orbit, the measured polarization 

products generally follow the sky polarization model; however, in regions where the path 

polarization is low, the measured values deviate from the model.  There is an increase in P, and 

Ψ is shifted toward zero.  This result, also demonstrated in the Op 9 stripmap runs, indicates that 

the path polarization is a significant contributor to the measured polarization products.  In 
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regions where the path polarization is very high, it dominates the polarimetric signal.  Where the 

path polarization is low, the measured polarization products are shifted closer to the expected 

values for the reflected component.  The next chapter presents modeled results of the expected 

polarimetric signature when path, reflected, and upwelling components are considered. 
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Chapter 6 – Polarimetric modeling 

Polarimetric data analysis revealed that measured polarization products were strongly dependent 

on collection geometry.  To verify the assertion that the bulk of this signal is due to path 

polarization, and therefore, to atmospheric scattering, I have developed a sensor polarization 

model (SPM) which calculates the expected radiance and polarization reaching the sensor.  I 

describe the model in section 6.1, present model validation comparisons in section 6.2, and apply 

the model to polarimetric data collections over Taylor Bay and the open ocean in section 6.3.  In 

section 6.4, I present results from a standard deviation model combining reflected sky and path 

components to investigate the effect of path polarization on variations in the reflected angle of 

linear polarization.  This chapter concludes with a discussion of atmospheric correction 

techniques and presents some atmospheric correction results. 

 

6.1 Sensor polarization model description 

We recall from Section 2.3 that the radiance detected at the sensor is a linear combination of 

diffuse scattering of the atmosphere Lpath, skylight reflected from the water surface Lsky, and 

upwelling radiation emitted from the water Lwater.  To retain the polarization state information, 

we express the light reaching the sensor in terms of Stokes vectors and Mueller matrices by 

                                                                           6.1 

where  is the angle of incidence, determined by the grazing angle and local surface slope in the 

look direction,  is the atmospheric transmission, and Ra-w and Tw-a are the Mueller matrices for 

reflection and transmission at the air-water interface.  For reference, Figure 2.2 illustrates the 

components and their direction vectors   ,   , and   . 
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In my polarimetric model, path radiance, sky radiance, and atmospheric transmission are 

modeled using MODTRAN, the MODerate spectral resolution atmospheric TRANsmittance 

algorithm and computer model developed by the Air Force Research Laboratory [72,73].  

MODTRAN inputs include various environmental parameters and line of sight geometry.  Since 

the currently available version of MODTRAN does not include polarization, I integrate the 

MODTRAN output radiance with the Rayleigh polarization model for the skydome to calculate 

Ssky and Spath.  When available, I use a measurement of the upwelling radiance to account for the 

upwelling term.  Currently, the model is configured for a flat surface; as a result, the grazing 

angle determines the angle of incidence.  Fig. 6.2 shows an overview of the process, while the 

following sections explain in more detail. 

 

 

Figure 6.2 – Flowchart outlining steps in the Sensor Polarization Model 

 

MODTRAN simulations 

MODTRAN calculates the atmospheric transmittance and radiance for wavelengths ranging from 

the ultraviolet through the visible to the thermal infrared (0.2 to 10,000 μm).  The band model 

algorithm includes spherical refractive geometry, solar and lunar source functions, scattering 

(Rayleigh, Mie, single and multiple), and default profiles (gases, aerosols, clouds, fogs, and 

rain).  Further MODTRAN features are described on the Kirtland Air Force Base website [74]. 
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The MODTRAN model is controlled by an input file, ‘rootname.tp5’, which consists of input 

lines called cards.  The first card specifies the execution mode, atmospheric path, and scattering 

regime, among other things.  Card 1A activates the discrete ordinate multiple scattering 

algorithm (DISORT) [75,76] and chooses the solar spectral irradiance resolution and input file.  

Card 2 allows for modification of the atmospheric conditions, including aerosol profiles, clouds, 

and rain.  Card 3 specifies the atmospheric line-of-sight path parameters.  Card 4 specifies the 

output parameters.  There are many optional cards which define additional parameters. 

 

The primary output file (‘rootname.tp6’) includes the inputs, model used, atmospheric profiles, 

atmosphere path, layer absorber amounts, single scattering solar path geometry, and 

transmittance and radiance results by frequency.  The output file ‘rootname.7sc’ contains the 

component and total radiances at the desired wavelength resolution. 

 

I typically run MODTRAN in the multiple scattering mode using a selection of standard 

atmospheric and aerosol models.  The 1976 US Standard atmospheric model defines the 

temperature, pressure, molecular gas concentrations, and heavy molecule concentrations for 36 

atmospheric layers spanning 100 km.  Boundary layer (0–2 km) aerosols are modeled using a 

choice of regional sources applicable to the location of interest and defining a surface 

meteorological range [77].  For this research, I have used rural, maritime, and urban models with 

visibilities ranging from 5 to 50 km.  Aerosols in the free troposphere (2–10 km), the lower 

stratosphere (10–30 km), and the upper atmosphere (30–100 km) are defined using standard 

models with seasonal dependence. 
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To model the path radiance and atmospheric transmission, I define a geometric line of sight with 

an initial altitude at the plane altitude (typically 3.2 km) and a final altitude at the surface (0 km).  

The initial zenith angle is 90 degrees plus the grazing angle.  To model the sky radiance, I define 

a geometric line of sight with an initial altitude at the surface (0 km) and a final altitude at space 

(100 km).  The initial zenith angle is 90 degrees minus the grazing angle.  For both runs, I define 

the look azimuth, observer latitude and longitude, and time.  The location and time information is 

used to calculate the solar position. 

 

Stokes parameters calculation 

To calculate the total Stokes parameters as measured by our sensor, the model first calculates the 

spectral Stokes parameters for the path, reflected sky, and upwelling terms.  For the ease of the 

reader, wavelength dependence is assumed and not explicitly included in the following 

equations.  The path term is a function of MODTRAN simulated path radiance (Lpath) and 

calculated Rayleigh sky polarization (Ppath and Ψpath), given by 

 

       

 
              

              

 

       6.2 

The reflected sky term is a function of MODTRAN simulated sky radiance (Lsky), calculated 

Rayleigh sky polarization (Psky and Ψsky), Fresnel reflectance at the surface (Rs,p), and 

MODTRAN simulated transmission through the atmosphere (path), defined by 

 

                 

 
 
 
 
 
            

            

         

          
 
 
 
 

 

 
            

            

 

      6.3 
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The upwelling term is a function of measured radiance just below the surface (Lwater), Fresnel 

transmittance at the surface (s,p), and MODTRAN simulated transmission through the 

atmosphere (path).  For principle plane observations, it has been shown that the contributions of 

polarized water leaving radiance are very small [78-81].  For observations made outside of the 

principle plane, the degree of polarization can become non-neglible and is highly dependent 

upon particulate concentrations [82].  Higher concentrations increase multiple scattering events, 

which act to depolarize light.  Since I will be applying the SPM to turbid scenes, I make the 

assumption that Lwater is randomly polarized.  The Stokes vector is given by 

 

                   

 
 
 
 
 
          

          

 
 

 
 

                    

                     
 
 
 
 

 

 
 
 
 

        6.4 

The total Stokes parameter as measured by the sensor is given by 

                             6.5 

When a measurement of Lwater is not available, the upwelling term is dropped from the 

summation.  Since the model assumes that the upwelling contribution is randomly polarized, 

omitting it will artificially lower the modeled S0 and increase the modeled P, while having little 

effect on the modeled Ψ. 

 

To compare with results from the measurement sensor AROSS-MSP, the model calculates band-

averaged Stokes vectors using 

 
          

          

        
 6.6 

Tband is the camera response curve for each color bank, defined as 
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     6.7 

where A is the pixel area, Tl is the lens transmission, Tf is the filter transmission, Qe is the 

quantum efficiency, λ is the wavelength of incoming light, h is Planck’s constant and c is the 

speed of light. 

 

Figure 6.3 shows example plots of some intermediate calculations and final output.  These 

simulations were optimized to compare with frame 180 from Op 79 Run 6, an AROSS-MSP data 

collect over the Skagit River in Washington State.  The frame was taken at 16:36:23 UTC on 

9/28/2008.  It was collected from a position looking North at 9000 feet altitude with a 37° 

grazing angle.  The MODTRAN runs use the 1976 US standard atmosphere with a fall-winter 

rural aerosol distribution.  The ozone column was set to an approximate seasonal value of 0.29 

ATM-cm [83], resulting in scaling the default ozone column by 0.844. 

 

During the data collection flight, a boat crew on the river measured the aerosol optical thickness 

using a Microtops sun photometer and the upwelling radiance using a HydroRad hyperspectral 

radiometer.  The optical thickness measurement was used in the MODTRAN simulations to set 

the VIS parameter, which specifies surface meteorological range or, in this case, vertical aerosol 

plus Rayleigh optical depth at 550 nm, to -0.1876.  This value corresponds to a 36.5 km 

meteorological range at sea level.  The upwelling radiance Lwater was created by averaging 22 

HydroRad collects near the surface. 
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Figure 6.3 – Example plots of modeled components and total S0 
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Mimicking the solar spectrum, total modeled path radiance peaks in the blue wavelengths and 

decreases close to zero in the near-infrared wavelengths.  Modeled atmospheric transmission is 

lowest in the blue wavelengths and increases with increasing wavelength.  This follows the 

preferential scattering at shorter wavelengths by both molecules and aerosols, although the effect 

is much more marked in molecular scattering.  Two absorption features are evident: an oxygen 

band at 763 nm and a water vapor band centered at 930 nm.  Modeled sky radiance has a similar 

shape as path radiance but with a higher magnitude.  After reflection at the surface and 

transmission through the atmosphere, this magnitude is greatly reduced.  The measured 

upwelling radiance spans the visible wavelength range and peaks in the green.  There is very 

little radiation in the near-infrared wavelengths.  As evident in the fifth plot of Figure 6.3, the 

path radiance is the largest contributor to the total S0 reaching the sensor.  Upwelling radiation is 

most significant near the peak at approximately 575 nm.  The reflected component is about an 

order of magnitude smaller than the path radiance. 

 

 
Table 6.1 – Band-averaged values for modeled S0 (μW/cm

2
/sr/nm), P, and Ψ (degrees) 

 

Table 6.1 displays band-averaged S0 values for each component and the total.  The table also 

displays band-averaged values of P and Ψ.  For this particular case, the path polarization was 
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close to 0.3, while the reflected sky was completely polarized and the upwelling radiation was 

only slightly polarized upon transmission through the water-air interface.  After combining the 

three terms, the resulting degree of linear polarization was approximately 0.2.  The angle of 

linear polarization for the path component was -89.2°; the reflected sky component, 0.4°; the 

upwelling component, 90.0°.  After combining the components, the resulting angle was -89.2°, 

matching the path component.  

 

6.2 Polarimetric model validation 

To validate the sensor polarization model, it was tested against data collected by a sun 

photometer and AROSS-MSP.  The first assessment compares top of atmosphere irradiance 

modeled by MODTRAN to the sun photometer calibration values.  Next, irradiance at the 

surface modeled by MODTRAN is compared to a sun photometer measurement on the Skagit 

River.  Then, using the parameters established in the surface irradiance comparison, I run the full 

SPM and compare it to data collected by AROSS-MSP during Op 79 Run 6.  This is the same 

case used for the example output presented in the previous section.  Additionally, I present 

results from running the full polarimetric model for cases over three additional rivers.  In all of 

the assessments, there is good agreement between the modeled and measured output. 

 

Comparison with sun photometer 

The sun photometer, described in [84,85] measures the aerosol optical thickness (AOT) and 

direct solar irradiance for 5 bands, centered at 440, 500, 675, 870, and 936 nm with 10 nm full 

width at half maximum (FWHM).  Each channel has an optical collimator with full FOV of 2.5°, 

a narrow-band interference filter, and a photodiode.  A sun target and pointing assembly enables 
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the user to orient the instrument.  Radiation is incident on the photodiodes, converted to 

electrical current, and then converted to a digital signal by a high resolution A/D converter.  

AOT and water vapor column are determined assuming the validity of the Bouguer-Lambert-

Beer law, which states 

                                    6.8 

where m, the optical air mass, is approximately equal to secant(zenith angle), and τ is the optical 

depth due to aerosols (a), uniformly mixed gases (g), nitrogen dioxide (NO2), water vapor (w), 

ozone (O3), and Rayleigh scattering (r).  The optical depth due to Rayleigh scattering is 

subtracted from the total optical depth to obtain AOT.  Optical depths from other processes (i.e. 

O3 or NO2 absorption) are ignored.  The instrument precision is .001 for AOT. 

 

The instrument comes with calibration constants that convert the electrical signal measured into 

desired quantities, such as irradiance and AOT.  Five calibration constants (Cλ, W/m
2
/mV) 

convert measured signal (Vλ, mV) into absolute radiometric power (IRRλ, W/m
2
) of direct solar 

radiation.  The equation to apply the calibration is 

           6.9 

The top of atmosphere (TOA) irradiance for the sun photometer can be expressed as 

                 6.10 

where the lnV0λ are calibration constants representing the natural logarithm of the theoretical 

signal adjusted to mean Earth-Sun distance each channel would read at the top of the 

atmosphere.  AOT is calculated by 

 
     

              

 
    

 

  
 6.11 
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where      is the mean Earth-Sun distance correction,     is the Rayleigh optical thickness, P is 

the measured station pressure, and P0 is the standard sea-level pressure (1013.25 mB).   

 

For the first assessment, I compare TOA irradiance values modeled using MODTRAN to the 

values calibrated by the sun photometer.  I ran the MODTRAN simulation in irradiance mode 

with an altitude of 99km.  Since the output depends on the day of year (Earth-Sun distance), I 

adjusted the day until the sun elliptic orbit factor was approximately 1.  The model atmosphere, 

aerosols, and solar zenith angle had no effect on the output, as expected.  Using a filter file of 

Gaussian curves centered at the sun photometer wavelengths with 10 nm FWHM, I calculated 

irradiance values for comparison.  The results, shown in table 6.2, agree reasonably well.  The 

model values are 6-7% higher than the sun photometer for 4 of the 5 wavelengths.  The 

discrepancy could be due to the assumption about filter shape or the chosen spectral database 

used in the simulation. 

 

For the second assessment, I compare modeled irradiance at the earth’s surface to sun 

photometer measurements.  The sun photometer data was collected at 1634 UTC on 9/28/2008, 

coinciding with AROSS-MSP data collection Op 79 Run6.  I ran many MODTRAN simulations 

varying the input parameters to find the best set of parameters for the environment at that 

location on that day.  Testing the atmospheric models, I found that the 1976 US Standard 

matched the shape better than either of the mid-latitude models.  For the aerosol model, I found 

that none of the stock models were close to being an appropriate fit, so we adjusted the VIS 

parameter, which can be used to specify surface meteorological range in km or vertical aerosol 

plus Rayleigh optical depth at 550 nm.  In this case, I specified the latter, using a value of 0.1786 
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interpolated from the sun photometer measurements.  Altering the ozone column to an 

approximate seasonal value of 0.29 ATM-cm improved the results slightly.  Using these 

parameters, I achieved <2% error (7% for 936) between the measured and modeled irradiance at 

the earth’s surface, as shown in table 6.2. 

 

 
Table 6.2 – Irradiance values measured by the sun photometer (SP) and modeled using MODTRAN (M) 

 

Comparison with Op 79 Run 6 

As described in the previous section, Op 79 Run 6 was an AROSS-MSP data collection over the 

Skagit River in Washington State on 9/28/2008.  The data collection was at approximately 9000 

ft with a 37° grazing angle.  For this comparison, I selected four frames pointing in the cardinal 

directions: frame 180 points north, frame 387 points west, frame 602 points south, and frame 836 

points east.  The solar azimuth was approximately 123°, so each of the images avoided regions 

of sun glint.  After applying geometric distortion, radiometric, and registration corrections, I 

calculated total intensity and polarization product imagery.  For each look direction, I selected a 

25 by 25 pixel (0.26° by 0.26°) sub region over approximately the same region of river, shown in 

Figure 6.4.  I calculated the mean value of S0, P, and Ψ.  These mean values are the AROSS-

MSP measurements. 
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Figure 6.4 – Example image showing region of Skagit River selected for comparison 

 

For the MODTRAN simulations, I used the best fit parameters determined from the sun 

photometer comparison.  The upwelling radiance Lwater was created by averaging 22 HydroRad 

collects near the surface.  The collection geometry was used to model the polarization state.  

Combining the modeled path radiance, sky radiance, and atmospheric transmission, the measured 

upwelling radiance, and the modeled polarization, I calculated the expected S0, P, and Ψ at the 

sensor.  Figure 6.5 displays plots of modeled versus measured values.  They compare well. 
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Figure 6.5 – Modeled versus measured S0, P, and Ψ for cardinal look frames from Op 79 Run 6 

 

Comparison over three other rivers 

To further test it, I ran the SPM using parameters specific to six AROSS-MSP runs collected 

over the Cape Fear, Delaware, and Hudson Rivers.  Table 6.3 details the rivers, op and run 

numbers, grazing angles, and particular frames used, including both the frame number (Frame) 

and pointing direction (Dir).  For each run, I selected frames pointing in the cardinal directions 

(using -61° instead of W for three of the Delaware runs due to pixel saturation from sun glint), 

applied geometric distortion, radiometric, and registration corrections, and calculated total 

intensity and polarization product imagery.  I averaged 25 by 25 pixel (0.26° by 0.26°) sub 

regions to calculate measured S0, P, and Ψ.  Figure 6.6 displays images of the collection areas 
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and Figure 6.7 presents plots of model output versus measured values.  All cases show good 

agreement. 

 

 
Table 6.3 – Collection parameters and frame selection for polarization model comparison 

 

 

Figure 6.6 – Images of Cape Fear, Delaware, and Hudson Rivers showing regions selected for comparison 

 

N
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Figure 6.7 - Modeled versus measured S0, P, and Ψ for cardinal look frames from three rivers 

 

6.3 Application of polarimetric model to Taylor Bay and open ocean data 

In section 5.3 we looked at mean value trends of data collected over Taylor Bay and buoy 44025.  

The polarization product mean values compared reasonable well to the Rayleigh polarization 

model for certain collection geometries, but deviated greatly for others.  In this section, we will 

compare the mean values to output from the sensor polarization model, which incorporates both 

path and reflected sky components.  Since we do not have measurements of the upwelling 

radiation, we set that term equal to zero.  This results in an artificially low modeled S0 and an 

artificially high modeled P.  It has little effect on Ψ. 
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Taylor Bay comparison 

Recall that Op 47 Run 11 was collected over Taylor Bay, a sheltered back bay, on 9/29/2007 

with a 37° grazing angle.  It was a fairly windy day with small waves and foam streaks visible in 

the imagery.  For the modeling, I used the mid-latitude summer atmosphere, default molecular 

profiles and rural extinction with 20 km visibility.  During this collect, the sun was located at 

38.8° elevation and 131° azimuth.  When the camera was pointing at -49° azimuth, it was 

looking almost directly away from the solar position. 

 

Figure 6.8a plots the total radiance (solid line), path radiance (dashed line), and reflected sky 

radiance (dotted line) modeled at the sensor.  As we saw earlier, the path radiance composes a 

large percentage of the total signal.  In Figure 6.8b, we just consider the polarized portion of the 

path and reflected sky radiance.  For all azimuth angles, the polarized reflected sky radiance is a 

larger contributor to the total polarized radiance, and for some azimuths, it is equal to or greater 

than the polarized path radiance.  As shown in Figure 6.8c, which plots the ratio of polarized 

reflected sky radiance to the total polarized radiance incident on the sensor, the polarized 

reflected sky radiance ranges from about 15% to 100% of the total polarized signal.   
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Figure 6.8 – Plots of (a) total modeled radiance (solid), path (dashed) and reflected sky (dotted) components, 

(b) polarized radiance components, and (c) ratio of polarized reflected sky radiance to total radiance.  

Parameters and geometry correspond to Op 47 Run 11, an AROSS-MSP data collection over Taylor Bay.   

 

Figure 6.9 presents plots of S0, P, and Ψ.  In the total radiance plot, the solid line represents 

AROSS-MSP measurements and the dashed line represents the SPM results.  In the degree and 

angle of linear polarization plots, the AROSS-MSP measurements are plotted as distinct points in 

their respective colors.  For the ease of the reader, one representative set of modeled results are 

plotted in solid black.  The modeled results in the other color bands are very similar.  The angle 

of polarization calculated using the Rayleigh sky polarization model for the path is plotted in 

dashed black.  The SPM results show good agreement with the measured data.  The shape of the 

modeled P curve accurately depicts the measured values.  The modeled angles match the 

measurements very well, in contrast to the simple Rayleigh model.  These observations highlight 

the importance of the reflected term, especially in regions looking away from the sun, where the 
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polarized reflected sky radiance composes a high percentage of the total polarized signal 

reaching the sensor. 

 

 

 

Figure 6.9 – Comparison between Op 47 Run 11 measured and modeled S0, P, and Ψ.  In the total radiance 

plot, solid lines represent measurements and dashed lines represent modeled results.  In the P and Ψ plots, 

representative SPM results are shown in solid black, and simple Rayleigh results are shown in dashed black. 

 

Buoy 44025 comparison 

Recall that Op 90 Run 9 was collected over buoy 44025 on 10/10/2008 with a 37° grazing angle.  

Since this data was collected out over the open ocean, I used the maritime extinction option in 

MODTRAN for the polarization modeling. It was a clear day and a 50 km visibility fit the data 

best.  The other parameters were kept the same.  During this collect, the sun was located at 25° 

elevation and 125° azimuth.  When the camera was pointing at -55° azimuth, it was looking 

away from the solar azimuth with a 12° bidec angle. 
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Figure 6.10 presents plots of the total radiance and components, polarized radiance components, 

and ratio of polarized reflected sky radiance to total incident polarized radiance, as described 

previously for the Taylor Bay comparison.  Again, we see that the path component is the 

dominant contributor to the total radiance, but the polarized reflected sky radiance is larger than 

the polarized path radiance for certain viewing geometries.  The polarized reflected sky radiance 

ranges from less than 10% to greater than 80% of the total polarized signal.  It doesn’t reach 

100% due to the non-zero bidec angle. 

 

 

 

Figure 6.10 – Plots of (a) total modeled radiance, path and reflected sky components, (b) polarized radiance 

components, and (c) ratio of polarized reflected sky radiance to total radiance incident on the sensor.  

Parameters and geometry correspond to Op 90 Run 9, an AROSS-MSP data collection over buoy 44025.  
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Figure 6.11 presents plots of S0, P, and Ψ, as described previously for the Taylor Bay 

comparison.  We see good agreement between the SPM results and the AROSS-MSP 

measurements.  The modeled degree of linear polarization exhibits the bump when looking in the 

region away from the sun, albeit with slightly lower values.  The modeled Ψ captures the 

horizontal shift in the measured angle from the Rayleigh model for path polarization. 

  

 

 

Figure 6.11 – Comparison between Op 90 Run 9 measured and modeled S0, P, and Ψ.  In the total radiance 

plot, solid lines represent measurements and dashed lines represent modeled results.  In the P and Ψ plots, 

representative SPM results are shown in solid black, and simple Rayleigh results are shown in dashed black. 

 

The SPM model results suggest that both the path component and the reflected sky component 

are significant contributors to the polarization state of light reaching the sensor, and that their 

individual contributions are highly dependent on view geometry.  The resulting total polarization 

state is determined by the relative contributions of each component.  For viewing regions where 
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the polarized signal is dominated by the path component, the resulting polarization at the sensor 

is determined by the polarization state of the path.  In contrast, for viewing regions where the 

path polarization is very low, the polarized signal is largely composed of light reflected from the 

ocean surface.  The degree of linear polarization measured at the sensor will be reduced due to 

the path and upwelling contributions to total radiance; however, the angle of linear polarization 

approximates the reflected sky polarization angle.  In the next section, we look at the effect 

polarized path radiance has on variations of the reflected sky polarization angle. 

 

6.4 Study of variations in Ψ 

We have seen the mean value effect of the path polarization contribution.  When the path 

component is highly polarized, the angle of linear polarization at the sensor is close to the angle 

of linear polarization of the path.  On the contrary, when the path component is randomly 

polarized, the angle of linear polarization at the sensor is equal to the angle of the reflected 

component.  For wave slope work, the interest is not in the mean value, but in the variations of 

reflected polarization. 

 

To investigate the effect of path polarization on variations in the reflected angle of linear 

polarization, consider the following standard deviation model combining reflected sky and path 

components.  For the reflected sky, I define S0 = 1, P = 1, and populate Ψ, a 100 by 100 array, 

with a randomly generated Gaussian distribution of mean 0 and standard deviation 10.  I vary the 

path contribution using the following set of parameters: S0 = [1, 3, 9], P = [0.0, 0.1, 0.2, 0.4, 0.6, 

0.8], and Ψ = [0, 20, 40, 60].  Using the defined degree and angle of linear polarization, I 

calculate the Stokes vectors for the path and reflected sky.  Summing the path and reflected sky 
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terms yields the total Stokes vector, from which I calculate arrays of P and Ψ.  Figure 6.12 

displays the resulting mean values of P and Ψ, as well as the standard deviation of Ψ.  The plots 

are separated by total radiance contribution from the path.  When S0path equals [1, 3, 9], it 

composes [50%, 75%, 90%] of the total radiance.  In each plot, the x-axis denotes the input path 

P and each curve specifies a different input path Ψ, as shown in the legend at the bottom right. 

 

As we have seen, the degree and angle of linear polarization at the sensor are strongly dependent 

on the state of polarization of the path term.  The resulting P is reduced from complete 

polarization.  When the path is randomly polarized, P is equal to the percent contribution of 

reflected sky and Ψ is equal to zero.  As the path P is increased, the P at the sensor is increased.  

An exception to this occurs when the Ψ input is 60°.  The vertical portion of polarization is 

canceled out by the horizontal portion in the reflected sky term, reducing the overall degree of 

polarization.  As the percentage of path radiance increases, the P at the sensor is closer in value 

to the path input P.  The resulting Ψ also increases as path P increases, escalating with percent 

contribution of the path radiance.  When the path term is half of the total radiance, the resulting 

angle roughly increases linearly, peaking at values less than half of the input Ψ.  However, when 

the path term composes 90% of the signal, the resulting angle increases rapidly and 

asymptotically approaches the input Ψ.  These results are consistent with observations and sensor 

polarization model results. 
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Figure 6.12 – Results of standard deviation model for 50%, 75%, and 90% path contributions 

 

It is evident from the standard deviation plots that the variations in angle of linear polarization 

are also dependent on the input path polarization.  With a few exceptions, the standard deviation 

of Ψ at the sensor exponentially decays from the reflected input value of 10.  The rate of decay 

increases with percent contribution from the path to the total signal.  When the path makes up 

90% of the total signal, the variations in Ψ at the sensor are reduced by almost half when the path 

signal is only 10% polarized. 
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This result is observed in data collected by AROSS-MSP.  Figure 6.13 presents plots of the 

standard deviation of Ψ in 200 by 200 pixel (2.1° by 2.1°) subregions of imagery from Op 47 

Runs 10 and 11 and Op 90 Run 9.  This data corresponds to the mean values presented in section 

5.3.  The two extreme peaks in the data are artificially caused by rapidly changing path 

polarization within the field of view.  Disregarding these, the measured standard deviation 

follows the trend of the model.  In regions where the path has a strong degree of polarization, the 

deviation in Ψ is small; whereas in regions of little path polarization, the deviation is large.  This 

does not take into account the direction of wave propagation, which also affects the amount of 

deviation in the measured angle, but seems to be a secondary effect.  In the next section, I 

discuss an attempt to atmospherically correct the imagery in order to recover the modulations in 

Ψ attributable to the reflected component. 

 

 

Figure 6.13 – Plots of the standard deviation of Ψ for three AROSS-MSP data collections 

 

6.5 Atmospheric correction 

Within the remote sensing field, atmospheric correction is a very important step in many 

applications.  As such, there is a breadth of research on atmospheric correction techniques [86].  
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Some general categories of techniques are dark object subtraction [87-92], radiative transfer code 

models [93-99], and look up tables [100-105].  Dark object subtraction is based on the 

assumption that some pixels within an image are in complete shadow and their radiances are due 

to atmospheric scattering (path radiance).  An improved method correlates dark-object haze 

values between bands and assumes a 1% minimum reflectance since very few targets are 

absolute black.  Radiative transfer (RT) code models use in situ measurements to model 

atmospheric parameters and path radiance.  Look up table methods use aerosol information 

derived from certain narrowband channels in the 0.66 to 0.87 m spectral range. 

 

In recent years, polarization has become an important concern when calculating atmospheric 

corrections.  It has been shown that neglecting polarization introduces significant errors into RT 

calculations [106-109].  Vector RT codes (which include polarization) are used to calculate 

Raleigh corrections for some systems; however, corrections for aerosol scattering are calculated 

using scalar RT codes (radiance only) [110,111].  Some atmospheric correction schemes include 

measurements of the polarization reaching the sensor to correct spectral measurements for 

instrument polarization sensitivity [112,113].  Another technique applies a Rayleigh correction to 

polarimetric data before calculating polarized reflectances [81,114]. 

 

While typical atmospheric correction schemes convert the measured signal to reflectance, this 

research is interested in removing the path component while retaining measurements of P and Ψ.  

Adopting a similar approach as [114], I atmospherically correct the polarimetric data by 

subtracting a modeled path component incorporating Rayleigh polarization.  To calculate the 

correction, I use the SPM, restricting my calculations to the path component.  Taking advantage 
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of the slowly varying attribute of path radiance, I calculate path Stokes parameters at discrete 

geometries spaced equivalent to 100 pixels apart in image space, then interpolate these values to 

generate modeled path images equal in size to our AROSS-MSP measurements.  I subtract the 

modeled path Stokes images from the AROSS-MSP measured Stokes images to generate 

atmospherically corrected Stokes images.  From these, I calculate the degree and angle of linear 

polarization. 

 

 

 

 

Figure 6.14 – Example S0 and polarization imagery derived from Op 90 Run 9 Frame 500 measurements 

(left) and modeled path component for atmospheric correction (right) 
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For an example case, consider Op 90 Run 9 Frame 500.  This frame was collected at 3257 meters 

altitude with a 38° grazing angle pointing at -162° E of N.  For this geometry, the camera system 

is imaging through a highly polarized section of the skydome.  Figure 6.14 presents 500 by 300 

pixel subregions of the measured S0, P, and Ψ for the red channel.  The figure also presents 

modeled path images.  The SPM was run using the parameters described in Section 6.3. 

 

The results of subtracting the modeled path Stokes vectors from the measured Stokes vectors are 

presented in Figures 6.15, 6.16, and 6.17.  Average values of S0, P, and Ψ are given in Table 6.4.  

The intensity plot exhibits modeled path values which compose about half of the signal in the 

blue channel, about two thirds of the signal in the green and red channels, and about three 

quarters of the signal in the near-infrared channel.  While there are a larger proportion of shorter 

wavelengths in upwelling and reflected light, these results seem to underestimate the path 

radiance contribution.  Looking at the degree of polarization, we see that the visible channels 

measure a P of approximately 0.57 and the near-infrared channel measures a P of approximately 

0.37.  This discrepancy in the near-infrared channel is due to the polarization filter properties.  

As described in section A.4 of the Appendix, the polarizer lacks extinction ability for 

wavelengths greater than 850 nm.  Applying the atmospheric correction has the effect of slightly 

increasing the average values while increasing the magnitude of the deviation from the mean.  

This is most marked in the near-infrared channel.  The measured angle of linear polarization was 

approximately 60° for the visible channels and 53° for the near-infrared channel.  For the visible 

channels, the corrected angles shift slightly lower in value.  The average of the near-infrared 

values is shifted from 53 degrees to 0 degrees.  As with P, the magnitudes of deviation from the 

mean for Ψ are increased. 
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Figure 6.15 – Plot of measured (noisier, higher line) and modeled (thinner, lower line) S0 for each channel of 

a 300 by 500 pixel subregion of Op 90 Run 9 Frame 500.  The channels are plotted with their respective color, 

using orange for near-infrared. 

 

 

Figure 6.16 – Plots of measured (black), modeled (purple), and corrected (channel color) P 
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Figure 6.17 – Plots of measured (black), modeled (purple), and corrected (channel color)  

 

  S0 P 

Channel Meas Model Corr Meas Model Corr Meas Model Corr 

Blue 3.58 1.80 1.78 0.563 0.521 0.606 61.87 63.06 60.84 
Green 1.73 1.08 0.65 0.564 0.555 0.595 59.94 63.06 55.14 
Red 0.97 0.64 0.33 0.579 0.572 0.608 60.44 63.06 55.73 

Near-ir 0.33 0.24 0.09 0.367 0.586 0.571 53.21 63.06 0.70 

Table 6.4 – Average measured, modeled, and corrected values of S0 (μW/cm
2
/sr/nm), P, and Ψ (degrees) 

 

The atmospheric correction successfully increased the magnitude of modulations in P and Ψ, 

and, for the near-infrared channel, shifted the average Ψ to zero, which is the expected value for 

light reflected from a relatively flat surface.  However, the visible channels retained a high angle 

of polarization.  Adjusting the model parameters altered the results for the calculated P and Ψ by 

shifting the mean value higher or lower and either increasing or decreasing the magnitudes of the 

deviations.  In some cases, the corrected P exceeded one.  No combination of parameters were 

found to yield corrected values which realistically represented the intensity and polarization 
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measured just above the ocean surface for all four channels.  This is likely due to the simplifying 

assumption made in the model that the polarization state is completely characterized by the 

Rayleigh approximation. 

 

To further pursue the atmospheric correction of our imagery, it is necessary to make use of a 

vector RT code which includes polarization of both molecular and aerosol scattering.  Since I did 

not have access to a vector RT code, I decided to limit my investigation of wave slopes and 

heights to collection geometries with a bidec angle close to 180°.  In the next chapter, I describe 

an algorithm to calculate cross-look wave slopes and significant wave height, present results 

from AROSS-MSP data, and evaluate the performance. 
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Chapter 7 – Wave slope and height retrieval 

This chapter begins with a discussion of the polarization state of light reaching the sensor and the 

contributions of the three components which compose it.  Then, I describe my significant wave 

height retrieval algorithm, followed by an example retrieval from Op 47 Run 9 illustrating the 

intermediate steps.  Next, I present the results from applying the significant wave height retrieval 

to polarimetric data collected over the 8-m array and ocean buoys, followed by a study of the 

effect of pixel resolution on wave height retrievals.  Finally, I propose some potential 

improvements to the wave height retrieval algorithm. 

 

7.1 Polarization reaching the sensor 

The Stokes vector for light reaching the sensor is a superposition of three partially polarized 

components – the radiance scattered in the path between the sensor and the ocean surface (path, 

p), the skydome radiance that has been reflected off of the surface and transmitted to the sensor 

(reflected, r), and the radiance emitted from the water and transmitted to the sensor (upwelling, 

u), given by 

                 7.1 
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The measured degree and angle of linear polarization are 
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As evident, the polarization magnitude and orientation are complicated functions of the incident 

components of path, upwelling and reflected light. 

 

The upwelling component is largely composed of light which has been multiply scattered by the 

water column.  The effect of multiple scattering is to depolarize the light.  For randomly 

polarized light, transmission through the water-air interface generates a small degree of 

polarization (<4%).  If we neglect this slight partial polarization and assume that the upwelling 

component is completely depolarized (Pu=0), the polarization products reduce to 
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  7.6 

The cross term in P has the following relationships for its extrema:  

                                        7.7 

                                          
   7.8 

When the components are polarized with the same orientation, the degree of polarization reduces 

to 

 
  

           

           
 7.9 

and the angle of polarization is parallel to the input components.  For the case with perpendicular 

polarization orientations, the degree of polarization reduces to 

 
  

              

           
 7.10 
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and the angle of polarization is equal to the angle of the component with higher polarized 

intensity.  The polarized intensities of parallel components are additive, resulting in an increased 

degree of polarization; whereas, the polarized intensities of orthogonal components are 

subtractive, resulting in a reduced degree of polarization.  Making the assumption that the 

upwelling component is randomly polarized simplifies the equations for P and Ψ; however, the 

resulting polarization products remain a complicated superposition of the reflected and path 

terms. 

 

If we further assume that path polarization also equals zero, the resultant polarization products 

reduce to 

 
  

     

           
 7.11 

      7.12 

Inverting these equations, we find that the reflected degree of polarization is equal to the total P 

multiplied by a factor of total radiance divided by reflected radiance and the reflected angle of 

polarization is simply equal to the resulting angle of the total.  Without knowledge of the relative 

contributions of path and upwelling radiance, a measurement of the polarization products in this 

scenario will provide the angle of linear polarization of reflected light.  I utilize this property to 

transform measurements of Ψ into cross-look slopes and significant wave heights. 

 

The significant wave height retrieval algorithm uses the measured angle of linear polarization 

collected with a view geometry pointing away from the solar position to approximate the slope in 

the cross-look direction.  Line integration of these slopes produces height profiles.  Significant 
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wave height is calculated as 4 * , where  is the standard deviation of wave displacement.  

The next section describes this process in detail. 

 

7.2 Significant wave height retrieval algorithm 

First, I choose a data set.  Using the date, time, and location of data collection, I determine the 

solar position using NOAA’s solar calculator [115].  Image frames are selected with recorded 

yaw values fitting the following criterion: 

                      7.13 

After reading in each frame, I calculate the percentage of saturated pixels (pixel value equals 

4095, the maximum recordable value) for each camera.  If greater than 20% of pixels are 

saturated, I set to zero every pixel in the frame for that camera and the other two cameras in its 

color band.  I apply radiometric, geometric, and registration corrections, then calculate Stokes 

vectors and polarization products.  If the average measured degree of polarization is less than 

0.06, I set to zero every pixel in the frame for that color band.  I then extract a 200 by 200 pixel 

(2.1° by 2.1°) sub-region from each angle of linear polarization image.  This choice of sub-

region size provides a large enough extent to capture the ocean swell while reducing errors due 

to the change in azimuth angle across the FOV.  An optional step at this point is to downsample 

the data by some integer value using neighborhood averaging. 

 

Using either the full resolution or downsampled data, I calculate the pixel ground resolution in 

the cross-look direction (dxj) for each row j.  dxj is function of pixel pitch (6.45 m), focal length 

(34.9 mm), altitude in meters (alt), grazing angle (     ), and downsampling factor (down), given 

by 
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       7.14 

The grazing angle for row j is derived from the recorded grazing angle gaanc and the ifov of the 

pixel, given by 

                      7.15 

where j0 is the central row. 

 

While the images are selected with collection geometry that minimizes the polarized contribution 

from the path scattered light, some polarized path radiance still reaches the sensor.  This causes 

slowly varying trends across the image.  To remove this contribution, I subtract off a polynomial 

fit to the surface, Ψfit.  The fitted function is 

                
    7.16 

with a maximum degree of two for all dimensions combined. 

  

After removing the trace path contribution, the angles represent the angles of linear polarization 

reflected from the water surface, measured in an x-z plane perpendicular to the look direction y.  

To approximate the cross-look slope, I project Ψ onto a vertical plane x’-z’ by applying a counter 

clockwise rotation of     about the positive x-axis.  Figure 7.1 presents the reference frames and 

associated angles. 
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Figure 7.1 – Reference frame in image space (x-y-z) and rotation to world vertical (x-y’-z’) 

 

A unit vector     representing the angle of linear polarization in the x-z plane is defined by 

 
     

    
 

    
  7.17 

Applying the rotation about x yields 

 

       
   
             

              

  
    

 
    

   
    

          

          

  7.18 

where       is expressed in the (x-y’-z’) reference frame.  The cross-look slope is 

 
           

        

       
     

          

    
                  7.19 

To remove outliers which will skew later results, I set any pixel greater than five times the 

standard deviation equal to zero, pixels > 5σ = 0.  Then I set any pixel greater than three times 

the standard deviation equal to that limit, pixels > 3σ = 3σ. 

 

For each row j, I execute numerical integration of one-dimensional slope slices to generate 

elevation profiles using the trapezoidal rule.  After setting the elevation of the first pixel,     , to 

zero, each subsequent pixel has an elevation      of 

                   7.20 

where       is given by 
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                       7.21 

Then, I subtract a second degree polynomial fit from the elevation profile.  Since each initial 

pixel is arbitrarily set to an elevation of zero, the polynomial subtraction corrects for a linear 

offset.  It also minimizes the runaway effect of saturated pixels and removes any residual trends 

leftover from atmospheric fluctuations.  Stacking the elevation profiles for each row yields an 

array of elevations.  From this, significant wave height is calculated as four times the standard 

deviation of the elevation.  Single retrievals for each color band are generated by averaging the 

calculated significant wave height across all of the frames.  The retrieval has an error metric 

defined as ±2σswh, where σswh is the standard deviation of the significant wave height retrievals. 

 

7.3 Example significant wave height retrieval 

In this section, I present an example of the intermediate steps and final output.  The selected data 

set is Op 47 Run 9.  This imagery was collected over the 8-m array on 9/29/2007 at 1407 UTC 

from an altitude of 1500 m with a 30° grazing angle.  The 8-m array measured a 1.28 m 

significant wave height coming from 32° E of N.  The solar position during this collection was 

126° azimuth and 36° elevation.  Since the collection spanned two orbits, frames meeting the 

criteria for yaw are 436-457 and 1173-1197.  In these ranges, 23 red frames had polarization less 

than 0.06 and were set to zero. 

 

In particular, I will focus on frame 448.  This frame was collected at 1514 m altitude with a 31.3° 

grazing angle.  Using Equations 7.14 and 7.15, I calculate the grazing angle and cross-look 

ground resolution for each row of pixels, limiting the calculation to a 200 pixel vertical field of 

view.  The results are plotted in Figure 7.2.  There is an approximately 2° change in grazing 
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angle from the bottom to the top of the imagery.  This results in an approximate 0.03 m increase 

in pixel ground width. 

 

 

Figure 7.2 – Plots of grazing angle and cross-look ground resolution for frame 448 

 

The top row of Figure 7.3 displays the extracted 200 by 200 pixel (2.1° by 2.1°) sub-images of Ψ 

for frame 448.  We see that the blue, green, and red images are very similar in both magnitude 

and distribution.  The blue channel has less dynamic range and the red channel has the most 

noise.  The near-infrared channel is visibly different from the other channels.  It has much more 

vertical structure than the other channels.  The near-IR images were collected with integration 

times greater than 10 ms, so image blur is a potential cause.  Of note in the imagery are two dark 

regions near the center.  They are areas of white water from breaking waves.  These Lambertian 

scattering surfaces reflect randomly polarized light and typically saturate the pixels. 
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 Blue Green Red Near-infrared 

 

 

 

 

Figure 7.3 – 200x200 pixel images from Op 47 Run 9 Frame 448 of Ψ (top row, degrees), polynomial surface 

fits (second row, degrees), cross-look slopes (third row, degrees), and sea surface elevations (bottom row, 

meters).  From left to right, the images correspond to the blue, green, red, and near-infrared channels. 

 

The second, third, and bottom rows of Figure 7.3 present the polynomial surface fits, 

approximate cross-look slopes in the vertical plane, and calculated elevation images.  Again, we 

see consistent magnitudes and distributions for the blue, green and red channels, while the near-

infrared channel is different.  The polynomial surface fits are smoothly varying over a few 
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degrees.  Subtracting these and applying the rotation yields cross-look slopes distributed about 

zero, as expected for the ocean surface.  In the integrated height field images, regions of bright 

pixels indicate wave crests, while regions of dark pixels indicate wave troughs.  Excluding the 

near-IR channel, the structure of the elevation images appears reasonable for the given 

conditions.  With a viewing azimuth of approximately -56°, the waves coming from 32° are 

moving from right to left in image space, and the crests and troughs are oriented vertically.  This 

is more evident in a sequence of elevations images.  Figure 7.4 shows six sequential elevation 

images calculated using the green channel.  The collection geometry for these frames varied 0.7° 

in azimuth and 1.8° in grazing angle.  In the sequence, we see vertical wave trains that appear to 

be moving to the left. 

 

 

Figure 7.4 – Sequence of elevation images derived from the green channel 

 

Profiles of the cross-look slope and elevation, shown in Figure 7.5, exhibit small discrepancies 

between the channels.  Root mean square differences between the blue and green channels are 

2.2° in slope and 0.07 m in elevation; between the blue and red channels, 3.3° in slope and 0.15 

m in elevation; between the blue and near-infrared channels, 5.2° in slope and 0.34 m in 

elevation.  I also calculated linear Pearson correlation coefficients of pairs of elevation images.  

The coefficients are 0.91 between blue and green; 0.85, blue and red; 0.23, blue and near-

infrared; 0.80, green and red; 0.30, green and near-infrared; and 0.44, red and near-infrared.  The 

coefficients show that there is a strong correlation between the blue, green, and red channels.  
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The near-infrared channel is most like the red channel and least like the blue channel.  The 

deviations and correlations support our earlier visual assessments that the red channel has the 

most noise and the near-infrared channel is very different from the other three.  Despite their 

inconsistencies, the overall agreement between the blue, green, and red channels is a good 

indicator that they are in fact measuring the surface reflected angle of linear polarization.  More 

research is needed to understand the differences seen in the near-infrared channel. 

 

 

 

Figure 7.5 – Profile plots of cross-look slope and elevation, offset by increments of 10° in slope and 0.5 m in 

elevation for visual ease 

 

From the elevation arrays for Frame 448, the following significant wave heights are calculated: 

0.90 m (blue), 0.97 m (green), 1.1 m (red), and 1.25 m (near-IR).  The near-infrared retrieval is 

closest to the in situ measured value of 1.28 m, but that color channel is suspect, as there are 

features I do not yet understand.  Figure 7.6 plots the Hm0 retrievals for all of the frames in Run 

9.  The horizontal black line indicates the in situ measurement.  The frames that failed the 

saturation and degree of linear polarization tests are included with a retrieval value set to zero.  
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Also plotted are results from Run 8, which was collected just prior to Run 9 with a grazing angle 

ranging from 37° to 45°.  Some elevation images show good spatial correlation between the blue, 

green, and near-infrared channels, while others do not.  Figure 7.7 displays examples of each.  In 

the plot, we see that the significant wave height retrievals are grouped closely within each color 

band and decrease in magnitude as the grazing angle increases.  Both the blue and green 

channels underestimate the significant wave height, with blue being slightly lower than green.  

The red channel retrievals are near to the in situ measurement, but that channel fails many times 

due to very low measured polarization.  At grazing angles less than 35°, the near-infrared 

retrievals are greater than the in situ measurement. 

 

 

Figure 7.6 – Significant wave height retrievals from Op 47 Runs 8 and 9 
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 Blue Green Near-infrared 

 

 

Figure 7.7 – Elevation images derived from frame 464 (top row) and frame 1090 (bottom row) of Op 47 Run 8 

 

Averaging over all eligible frames from Run 9, the significant wave height retrievals are 0.95  

0.20 (blue), 1.04  0.22 (green), 1.25  0.26 (red), and 1.43  0.30 (near-ir).  Despite a high 

failure rate and noise level, the red channel retrieval matches the in situ measurement very well.  

The results from Run 8 are 0.81  0.16 (blue), 0.89  0.16 (green), and 0.88  0.20 (near-ir).  The 

red channel had very low P and failed on every frame.  These values are closely grouped but 

significantly underestimate the significant wave height.  In the next section, I present results 

from data collections over the 8-m array, Buoy 46029, Buoy 44025, and Taylor Bay. 

 

7.4 Significant wave height results 

I ran the significant wave height retrieval algorithm on data collected during Ops 49 and 50 over 

the 8-m array, Op 82 over Buoy 46029, and Op 90 over Buoy 44025.  Op 49 Run 6 was collected 

with a 37° grazing angle.  Frames 596-615 and 1183-1210 fit the yaw criterion, with an average 
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viewing azimuth of -52°.  During this data collection, the wave measurement reported by the 8-m 

array was 1.46 m from 44° E of N, approximately perpendicular to the view direction.  Figure 

7.8 plots the significant wave height retrieval for each frame.  The red channel failed for all 

frames and the near-infrared channel had six failed retrievals.  Looking at the imagery shown in 

Figure 7.9, the blue and green channels have consistent structure, while the near-infrared channel 

is again anomalous.  This correlation coefficient between the blue and green channel elevations 

is 0.93, while it is -0.23 between the blue and near-infrared channel elevations.  Calculating the 

significant wave height for each group of frames yields 1.09  0.09 m and 1.15  0.19 m for the 

blue channel and 1.09  0.10 m and 1.18  0.22 m for the green channel.  These values are 

precise; however, they underestimate the significant wave height by approximately 20%. 

 

Op 50 Run 18 was collected with a 37° grazing angle on the same day as Op 49 Run 6.  There 

were about six and a half hours between the collections.  During this time, the sea state remained 

fairly constant, with the significant wave height measured at 1.39 m from 62°, but the solar 

position shifted considerably.  The yaw criterion for this run is 70°  5°, fit by Frames 586-599.  

With this viewing azimuth, the cameras are imaging nearly parallel to the wave propagation.  As 

expected, the retrievals, shown in Figure 7.8, severely underestimate the significant wave height.  

Since our significant wave height retrieval algorithm is dependent upon the cross-look slope, it 

makes sense that it will not perform well when the wave train is coming towards or away from it, 

as shown in the elevation images displayed in Figure 7.10.  We also see that the structure is 

similar in each color channel.  Correlation coefficients range between 0.6 and 0.8. 
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Figure 7.8 – Significant wave height retrievals over the 8-m array 

 

 Blue Green Near-infrared 

 

Figure 7.9 – Elevation images derived from frame 1197 of Op 49 Run 6 

 

 Blue Green Red Near-infrared 

 

Figure 7.10 – Elevation images derived from frame 592 of Op 50 Run 18 

 

Two runs, 4 and 6, were collected over Buoy 46029 during Op 82, with 50° and 30° grazing 

angles respectively.  The buoy measured a significant wave height of 0.8 m with dominant swell 
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from 277°.  The average yaw was 27° for Frames 540-557 of Run 4 and 32° for Frames 1-35, 

1168-1199 of Run 6.  Retrievals are plotted in Figure 7.11.  All of the near-infrared channel and 

most of the blue channel frames failed.  The successful blue channel frames produced retrievals 

which overestimated the significant wave height.  While the green and red channel retrievals at 

higher grazing angles underestimate the significant wave height, the retrievals at lower grazing 

angles, particularly from the later set of frames, agree well with the buoy measured value.  Those 

retrievals are 0.75  0.06 m for the green channel and 0.75  0.07 m for the red channel.  

Elevation images for example frames from each run are shown in Figure 7.12.  The spatial 

structure is similar across the three channels, though less strongly correlated, with coefficients 

ranging from 0.38 to 0.65. 

 

Five runs were processed from data collected over Buoy 44025 during Op 90.  The buoy 

measured the waves to have a 0.55 m significant wave height, composed of swell coming from 

the southeast and wind waves coming from the west.  Due to solar position, the qualifying 

frames have an average viewing azimuth ranging from -68° to -50°.  The significant wave height 

retrievals are plotted in Figure 7.11.  At steeper grazing angles, all four color channels 

underestimate the significant wave height; whereas at shallower grazing angles, the blue, green, 

and near-infrared channel results are all grouped about the in situ measurement.  The red channel 

retrievals are considerably higher.  Looking at the elevation imagery, displayed in Figure 7.13, 

we see that the red channel exhibits an apparent vertical structure which overwhelms any 

horizontal structure present.  The other channels contain this to a lesser degree, with blue having 

the most visible signal.  The blue, green, and near-infrared channels also contain wave structure 

oriented diagonally in the image.  The correlation coefficients between channels are given in 
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Table 7.1.  As the imagery suggests, the red channel is most strongly correlated with the blue 

channel.  The blue channel also has a positive correlation with both the green and near-infrared 

channels. 

 

 

Figure 7.11 – Significant wave height retrievals over Buoys 46029 and 44025 

 

 Blue Green Red 

 

 

Figure 7.12 – Elevation images derived from frame 548 of Op 82 Run 4 (top row) and frame 9 of Op 82 Run 6 

(bottom row) 
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 Blue Green Red Near-infrared 

 

 

 

 

 

Figure 7.13 – Elevation images derived the following frames from Op 90: frame 112 of Run 4 (top row), frame 

118 of Run 5, frame 529 of Run 8, frame 181 of Run 9, and frame 241 of Run 11 (bottom row) 
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Table 7.1 – Correlation coefficients between channels for frames from Op 90 

 

All of the significant wave height retrieval results are compiled in Figure 7.14 and Table 7.2.  

The table presents the significant wave height retrievals for each color band, along with the in 

situ measurements of significant wave height.  The table highlights in blue the retrievals that 

show good agreement with the in situ measurements.  These are generally at shallow grazing 

angles.  The retrievals highlighted in red are derived from elevation images which displayed 

inconsistent vertical structure.  Further investigation is needed to better understand the signature 

they are measuring.  In Figure 7.14, the retrieved heights are plotted versus the in situ heights, 

with error bars.  The blue, green, and near-infrared channels tend to agree with or underestimate 

the significant wave height.  The red channel has retrievals both above and below the in situ 

measurements. 
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Figure 7.14 – Plots of airborne retrievals versus in situ measurements of significant wave height 

 

 
Table 7.2 – Significant wave height retrievals from AROSS-MSP imagery.  Blue values agree with the in situ 

measurements to within error tolerances.  Red values are highlighted for inconsistent spatial structure. 

 

To quantify how well the significant wave height algorithm is working, I calculate a root-mean-

square error (RMSE) and bias, defined by 
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 7.23 

Before calculating, I removed the retrievals that were flagged for visual inconsistencies.  The 

calculated RMSE are 0.40 (blue), 0.36 (green), 0.36 (red), and 0.49 (near-infrared).  The 

calculated bias are 0.28 (blue), 0.28 (green), 0.23 (red), and 0.31 (near-infrared).  I also averaged 

the retrievals from each color band into a single significant wave height for each run.  The 

RMSE and bias for the averaged retrievals are 0.36 and 0.27. 

 

Given that the retrievals were better when the data was collected at shallower grazing angles, I 

calculated the RMSE and bias for subsets of retrievals collected with grazing angle greater than 

and less than 40°. I also generated subsets based off of the sea state, grouping retrievals for 

significant wave heights greater than and less than 1 m.  These results are shown in Table 7.3.  

As can be seen, the lowest errors are found in cases with grazing angles less than 40° and 

significant wave heights less than 1 m.  Taking a subset with both of these criteria, the errors are 

even smaller, less than 10 cm in both RMSE and bias.  While refinement of the algorithm and 

testing with a more extensive data set are required, these results are promising for the practical 

application of this technique.  In the next section, I explore the effect of ground resolution on the 

significant wave height retrievals. 
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Table 7.3 – RMSE and Bias, both expressed in meters, calculated for the entire data set and specific subsets 

 

7.5 Results with downsampled resolution 

The choice of optics in the AROSS-MSP system design and of collection altitudes and grazing 

angles in the flight planning determined the ground resolution of our polarimetric data.  The 

cross-look pixel resolution ranged between 0.4 and 0.55 m for collections at 5000 ft. and 

between 0.75 and 1.15 m for collections at 10,000 ft.  To test the effect of increasing the ground 

resolution, I calculated significant wave height for frames that have been downsampled by 

factors of 2, 4, 8, and 16 using neighborhood averaging.  Figure 7.15 shows an example 

sequence of elevation images for frame 448 of Op 47 Run 9.  The elevation images calculated 

from data downsampled by two are almost visibly identical to the full resolution elevation 

images.  As the downsampling factor increases, the wave structures remain visible, but become 

blurred and lose contrast. 
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 Blue Green Red Near-infrared 

 

 

 

 

 

Figure 7.15 – Sequence of elevation images at downsampled resolutions for frame 448 of Op 47 Run 9.  The 

top row is full resolution; the second row, downsampled by 2; the third row, downsampled by 4; the fourth 

row, downsampled by 8; and the bottom row, downsampled by 16. 
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Quantitatively, the correlation coefficients, given in Table 7.4, are very high for the first two 

downsampling cases and degrade as the downsampling factor increases.  This is most marked in 

the near-infrared channel.  The loss in contrast results in lower values for the significant wave 

height retrieval.  Table 7.5 displays the calculated significant wave heights for the full resolution 

and downsampled data and the percent loss from downsampling, calculated as 

 
       

                                   

                   
     7.24 

The blue and green channels had less than 5% loss in retrieved significant wave height after 

downsampling by 2 and 4.  With a downsampling factor of 16, all of the channels had > 20% 

loss in retrieved Hm0. 

 

 
Table 7.4 – Correlation coefficients between full resolution and downsampled elevation images 

 

 
Table 7.5 – Significant wave height retrievals from full resolution and down sampled data for frame 448 

 

Figure 7.16 plots downsampled versus full resolution retrievals for the set of all individual 

frames from each run.  We see an almost one to one correspondence between some, but not all, 
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of the downsampling by 2 cases.  Considering the blue and green channels, these cases also 

exhibit very little loss when downsampling by 4.  After downsampling by 8, these cases appear 

to trend linearly with the cases of reduced retrievals after downsampling by 2.  The red and near-

infrared channels demonstrate greater loss in retrieval value due to downsampling.  The red 

channel performs the worst for retrieval values less than 0.5 m and between 0.8 and 1.3 m.  The 

near-infrared channel fares the worst for retrieval values between 0.55 and 0.75 m. 

 

 

   

Figure 7.16 – Plots of downsampled versus full resolution retrievals 
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To explore this effect further, I calculate the percent loss of downsampled retrievals.  For this 

study, I am using the average values over each run instead of the individual frame retrievals.  

Figure 7.17 displays a plot of the results versus pixel resolution.  At small pixel resolutions, 

which correspond to low downsampling factors, the percent loss is small.  As the pixel resolution 

gets larger, the percent loss also increases.  For each resolution, there is a large spread in percent 

loss both between channels and within each channel.  

 

 

Figure 7.17 – Plot of the % loss of downsampled retrievals versus pixel resolution 

 

The variation within a channel can be attributed to a sampling interval effect.  The surface being 

measured is defined by waves with characteristic wavelengths.  If the sampling interval is large 

in relation to the wavelength, the measured slopes will experience considerable averaging, 

causing a reduction in wave height.  To illustrate this, consider a simple 1-D sine wave with 

amplitude of 1, giving it a height H of 2.  The slope of the surface is a cosine wave.  I calculate 

slope profiles with sampling intervals ranging from λ/2 to λ/256, and then integrate the sampled 

slopes to derive elevation profiles, illustrated in Figure 7.18.  The largest sampling interval 

completely averages the slope profile to zero and calculates a flat elevation profile.  As the 
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sampling interval is reduced, the curves trend toward the expected sinusoidal shapes.  The 

retrieved heights H, calculated as the difference between the maximum and minimum values, are 

displayed in Table 7.6.  We see that for the three smallest sampling intervals, the retrieved height 

rounded to the hundredths place is equivalent to the input value.  A sampling interval of λ/32 

produces only 1% loss in retrieved height.  The next step size has 4% loss.  Increasing the 

sampling interval greater than λ/16 introduces significant error into the calculation. 

 

 

 
Figure 7.18 – Plots of downsampled slope profiles and integrated elevation profiles for a simple sinusoidal 

wave.  The flat red curve represents a sampling interval equal to half of the wavelength.  The increasing 

peaks are λ/4 (blue), λ/8 (black), λ/16 (red), λ/32 (blue), and λ/64 (black).  The sampling intervals λ/128 and 

λ/256 curves are indistinguishable from the λ/64 curve and are omitted for visual clarity. 
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dx/λ 1/256 1/128 1/64 1/32 1/16 1/8 ¼ ½ 

H 2.000 1.999 1.996 1.982 1.926 1.711 1.006 0.000 

% loss 0.0 0.0 0.2 0.9 3.7 14.4 49.7 100.0 

Table 7.6 – Retrieved height H and % loss for various sampling intervals dx/λ 

 

Now we examine the sampling interval effect in our significant wave height retrievals.  Because 

I did not have measurements of the dominant wavelengths during our polarimetric data 

collections, I approximate the effect by using the pixel resolution normalized by the measured 

significant wave height.  Since wave heights and wavelengths trend positively with each other, 

this is a reasonable substitute to explore the qualitative effect.  Figure 7.19 plots the percent loss 

as a function of this dimensionless ratio.  As expected, the retrievals perform the best for small 

ratios. The retrieval fidelity degrades as the ratio increases.  Plotting versus the normalized pixel 

resolution reduces the spread in percent loss values within the color channels.  However, with 

sampling accounted for, we see separation between the color channels.  The blue channel 

consistently performs the best, followed by the green channel.  The red and near-infrared 

channels exhibit the greatest loss in retrieval value due to downsampling.  Taking this into 

account, as well as RMSE, bias values, and failure rates, I consider the green channel to perform 

the best overall.  In the next section, I present potential improvements to the retrieval algorithm. 
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Figure 7.19 – Plot of the % loss of downsampled retrievals versus a dimensionless ratio of pixel resolution 

divided by in situ measured significant wave height 

 

7.6 Potential improvements to the wave height retrieval algorithm 

One improvement to the algorithm is an automated self-selection process which chooses the 

optimal color channel or channels.  This is similar to the manual process employed during 

analysis of the retrievals.  By setting acceptable levels of spatial correlation between the images, 

we can remove any channel that is substantially different.  Evaluating the error associated with 

the retrieval from each color band allows us to select either the color band retrieval with the 

lowest error or average the retrievals from multiple bands if their errors are comparable.  For the 

example given in Section 7.3, the first step would remove the near-infrared channel from 

consideration, since it had low correlation values with the other color bands.  The error values for 

the blue, green and red channels were each approximately 21% of the retrieval values, so the 

optimal retrieval value is 1.08 m, which is an average of those three channels. 

 

In addition to the optimal selection of color channel, we can potentially take advantage of the 

multi-spectral aspect of the data by applying the retrieval algorithm to combinations of color 
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channels.  Two possible avenues to pursue are principle components analysis (PCA) and multi-

spectral image processing (MSI).  Principle components analysis is a multivariate analysis tool 

which reduces the number of observed variables into a smaller number of artificial variables 

(principle components) that account for the observed variance.  The first principle component is 

a linear combination of observed variables which is optimally weighted to maximize the 

variance.  For our application, we can apply the PCA to a dataset composed of the intensity 

images from each of the four color channels.  Using the eigenvector with the highest eigenvalue 

ei0, we can calculate a principle component intensity image S0pc using 

                                                 7.25 

We can use the same weights to calculate principle component images of S1 and S2.  Combining 

these images yields polarization products on which we can then apply the retrieval algorithm.  

By using this approach, we can maximize the variance in the image.  Since the atmospheric 

contribution is slowly varying within the angular field of consideration, we expect the variance 

to be largely due to reflection at the surface. 

 

Multi-spectral image processing takes advantage of the optical properties of water to remove 

unwanted radiance components from the measured signal.  The diffuse attenuation coefficient 

governing transmission through water is a function of wavelength, with a minimum located at 

approximately 480 nm and high attenuation in the red and near-infrared wavelengths.  

Consequently, the upwelling contribution to the measured signal is high in the blue and green 

channels, but low to negligible in the red and near-infrared channels.  A technique to remove 

surface features, which are nearly constant across the visible wavelengths, is to subtract a 

weighted red or near-infrared image from a blue or green image [116-118].  In [118], the authors 
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present weighted band difference imagery which enhances the visibility of a pod of humpback 

whales while minimizing clutter from sunglint.  Conversely, we want to enhance the reflected 

component of the signal while reducing the contribution from the upwelling radiation.  To do 

this, we can calculate a difference image by subtracting a weighted blue or green image from a 

red or near-infrared image, using the same weighting for the S0, S1, and S2 parameters.  We can 

apply the retrieval algorithm to the polarization products derived from the difference images.  

The benefit of this approach is that we are suppressing the upwelling signal; however, research is 

needed to determine an appropriate weighting factor. 

 

Besides enhancements based on color, the mechanics of the retrieval algorithm can be improved.  

Currently, the slope to height integration is performed on a row by row basis, and the subsequent 

height profiles are detrended before stacking them to form an elevation array.  This process can 

be improved by constraining the integration based on pixels from neighboring rows.  Another 

refinement to the algorithm is to derive an error metric which relates how well the retrieval 

compares with the actual wave conditions.  Ideally, this metric would propagate the error from 

counts collected in each individual camera through the entire processing progression. 

 

A limiting factor to the wave height retrieval algorithm is that it is using a projection of the 

measured angle onto the vertical cross-plane to approximate the wave slope.  This works well for 

shallow grazing angle data collected with a look direction perpendicular to the wave propagation 

vector.  However, when it is not operationally possible to collect imagery with those viewing 

constraints, an alternative approach to the retrieval algorithm which incorporates the direction of 

propagation is needed.  One possible way to do this is to calculate the slope as the intersection of 
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the plane defined by the measured Ψ and the sensor look direction with the plane defined by the 

wave propagation vector and vertical.  The wave propagation direction,     , can be found by 

taking a Fourier transform of the image and finding the angle with the maximum energy.  This 

approach is valid when the wave field contains one well-defined wave train and will fail for 

confused seas with waves traveling in multiple directions. 

 

 

Figure 7.20 – Representations of the sensor reference frame (x-y-z) and the reference frame determined by 

the direction of wave propagation (x”-y”-z’) 

 

To calculate the line of intersection between the two planes, we must first define normal vectors 

to the planes in a common frame of reference.  We choose this to be the reference frame 

determined by the wave propagation vector (y”) and vertical (z’), shown in blue in Figure 7.20.  

To transform a vector in the (x-y-z) coordinate system into the (x”-y”-z’) coordinate system, we 

apply a rotation of     about the x-axis, followed by a rotation of    about the z’-axis, where 

              7.26 

The rotation matrices are given by 

 

    
   
             

              

  7.27 
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  7.28 

The unit vector                  representing the angle of linear polarization in (x-y-z)  

can be expressed in (x”-y”-z’) as 

              7.29 

 

     
                         

                          
          

  7.30 

 Applying the rotations to the sensor look direction            yields 

 

     
           
           

       

  7.31 

Taking the cross product yields the normal vector to the plane, given by 

 

     
                         
                         

          

  7.32 

The normal vector to the plane defined by the wave propagation vector        and the z’-

axis is           .  The cross product of these two normal vectors yields a vector 

describing their line of intersection, given by 

            7.33 

 

    
 

          

                          
  7.34 

The slope, given by 

 
      

                          

          
 7.35 

is in the plane defined by the wave propagation direction and vertical.   
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As a test case, I applied this technique to frame 448 from Op 47 Run 9.  We recall that this image 

was collected over the 8-m array with a 31° grazing angle and -54° yaw angle.  The 8-m array 

measured a 1.28 m significant wave height coming from 32° E of N.  For this frame,    = -86°, 

and from looking at the imagery, the wave train appears to be well-defined.  Running the wave 

height retrieval algorithm using Equation 7.35 to calculate the slope yielded the following results 

for significant wave height: 1.20 m (blue), 1.31 m (green), 1.50 m (red), and 1.86 m (near-IR).  

Comparing these retrievals to the in situ measurement shows good agreement in the blue and 

green channels, while the red and near-IR channels overestimate the significant wave height.  

This is an improvement over the results calculated using the projection method, where the blue, 

green, and red channels all underestimated the significant wave height. 
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Chapter 8 – Conclusion 

In the course of this dissertation research, I have investigated the polarimetric signature of ocean 

waves as measured by a multispectral polarimetric sensor system on an airborne platform and 

have developed a technique to calculate significant wave height using remotely sensed 

polarimetric image data.  I have calibrated and deployed a 12-channel multi-spectral polarimetric 

camera system that measures four color bands (blue, green, red, and near-infrared) and three 

polarization states for the full linear polarization response of the imaged scene.  After 

radiometric calibration, the radiance error for each camera is, on average, less than 1.5% for 

images collected with 2000 counts (½ well fill).  Combining the channels to calculate 

polarization products is subject to errors due to filter misalignment and pixel misregistration.  

The collective effects of these errors are uncertainties less than 0.03 in P and 3° in Ψ. 

 

We collected 34 runs of airborne polarimetric data spanning a range of grazing angles, collection 

modes, and environmental conditions over NOAA buoys in the mid-Atlantic Bight and coastal 

Oregon, and over the USACE FRF 8-m array and a sheltered back bay in coastal North Carolina.  

After post-processing the data, I calculated the degree and angle of linear polarization; P and Ψ, 

respectively.  In the imagery, we can clearly see modulations in the degree and angle of linear 

polarization due to the surface waves.  Polarimetric data analysis revealed that mean values of 

the polarization products calculated over an orbit generally agreed with the simple Rayleigh sky 

polarization model when the degree of polarization was high; however, when the degree of 

polarization was low, there was an increase in P and Ψ was shifted toward zero. 
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To better understand the measured degree and angle of linear polarization, I developed a model 

of the polarimetric signature at the sensor.  The sensor polarization model results suggest that the 

proportion of the individual contributions of the path and reflected sky components are 

dependent on view geometry and confirm that the polarized signal reaching the sensor is 

dominated by the path component when its P is high and is dominated by the reflected 

component when the path P is low.  Using a standard deviation model, I found that the 

magnitudes of variations in the angle of linear polarization at the sensor are also dependent on 

the path P.  As the degree of polarization of the path component increases, the standard deviation 

of the resulting Ψ at the sensor decreases. 

 

Using these insights into the polarization state of light reaching the sensor, I developed a 

technique to remotely measure the significant wave height of ocean waves using remotely sensed 

polarimetric data.  The significant wave height retrieval algorithm approximates slopes in the 

cross-look direction using angle of linear polarization imagery collected with a view geometry 

pointing away from the solar position.  Line integration of the slope profiles produces sea surface 

elevation images.  Significant wave height is calculated as 4 * , where  is the standard 

deviation of wave displacement.  Applying the significant wave height retrieval algorithm to the 

collected polarimetric imagery yielded root mean square errors ranging from 0.36 to 0.49 and 

biases ranging from 0.23 to 0.31 across the color channels.  I found that retrievals from data 

collected with shallower grazing angles compared to in situ measurements better than retrievals 

from data collected with steeper grazing angles.  I also noticed that the retrievals tended to 

underestimate the significant wave height for sea states greater than 1 m and for the case where 

the viewing direction was nearly parallel to the direction of wave propagation.  Limiting 
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consideration to a subset of retrievals from data collected with a grazing angle less than 40° and 

wave heights less than 1 m reduced the errors and biases to less than 10 cm. 

 

By calculating retrievals from downsampled images, I learned that pixel ground resolution is an 

important factor in the significant wave height retrieval.  As the downsampling factor increased, 

the retrieved significant wave height decreased.  For a few cases, the initial pixel ground 

resolution was small enough compared to the surface waves that downsampling by 2 and 4 had 

little effect.  When the pixel resolution was less than the in situ measured significant wave 

height, the percent loss of the downsampled retrieval was less than 5%.  I also found that the blue 

channel retrievals suffered the least from downsampling, while the red and near-infrared channel 

retrievals exhibited the highest loss. 

 

Taking this into account, as well as RMSE, bias values, and failure rates, I consider the green 

channel to perform the best overall.  However, a more robust algorithm would integrate all four 

channels and self-select which channels to include in the final retrieval calculation.  This self-

selection process should be based on spatial correlation between images and consistency between 

retrieval values.  Other potential ways to exploit multiple color channels are to use principle 

components analysis or multi-spectral image processing.  The mechanics of the algorithm can be 

improved by using information from neighboring rows to constrain the slope to elevation 

integration and by developing a more descriptive error metric.  Another potential improvement is 

to take advantage of the direction of wave propagation when approximating the wave slope. 
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While further development and refinement of the significant wave height retrieval algorithm and 

testing with a more extensive data set are required, these initial results are promising for the 

practical application of this technique.  They suggest the following collection guidance for 

optimal performance with a minimal system: 

 Select suitable optics to 

o measure linear polarization in the green channel 

o provide a GSD of 0.5 m at desired flight altitude 

o set an integration time < 10 ms while collecting sufficient counts (> ½ well fill) 

 Collect data with 

o 30° grazing angle 

o close to 180° bidec angle 

o viewing direction perpendicular to the direction of wave propagation 

Obviously, the desired viewing geometry may not always be operationally feasible.  Further 

testing can provide guidance on which criterion is most important.  Better performance can be 

achieved with a multi-spectral system.  Having multiple channels provides redundancy to guard 

against failures and check for consistency.  AROSS-MSP is well suited for these collections, as it 

simultaneously collects polarimetric imagery in four spectral bands, and is a good candidate 

sensor for future data collections to support significant wave height retrieval algorithm 

enhancement and testing. 
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Appendix A – AROSS-MSP calibrations 

Camera calibration is a fundamental requirement of all photogrammetric systems.  The 

calibrations required by a multi-camera sensor system can be roughly grouped into two 

categories, single camera calibrations and inter-camera calibration.  The individual camera 

calibrations optimize the focus, compute flat field and radiometric corrections, and characterize 

the intrinsic camera system parameters, which are innate characteristics of the system relating the 

pixel coordinates of an image to the camera reference frame.  The second group of measurements 

is concerned with the relative position and angular pointing of the cameras to one another and to 

the IMU/ GPS system.  We take a systems approach to the instrument using both laboratory and 

in situ measurements to arrive at the best calibration [119]. 

  

Individual camera calibrations are executed in the optics lab prior to deployment.  Each camera 

is focused by optimizing its modulation transfer function (MTF), which describes the camera’s 

ability to transfer fine spatial detail from the object to the image [120].  The MTF is calculated 

using the knife-edge method on imagery of a half moon projected at infinity.  Radiometric 

calibrations are made using an integrating sphere and a grating spectrometer, similar to the 

technique used by [121].  Intrinsic camera parameters are measured using standard grid patterns 

and techniques developed at Areté Associates, based on work done by [122].  Filter orientations 

are also set and calibrated using a HeNe laser and polarimeter. 

 

After each of the individual camera heads is calibrated, the cameras are installed on tip-tilt 

kinematic mounts in 3-camera modules.  Each of the cameras is aligned to a reference camera 

using a target projector that produces a collimated array of regularly spaced dots.  Initially, the 
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reference camera is fixed in place.  It is placed in front of the target projector and aligned to the 

center of the spot array.  Each subsequent camera’s kinematic stage is translated and rotated to 

bring it in alignment with the reference camera.  Figure A.1 displays the resulting center spot 

positions.  The center of the camera array is at [696, 512].  The red channel pointing has the 

closest alignment, being grouped within two pixels, while the largest spread, found in the blue 

channel, is approximately 13 pixels.  This is still small compared to the CCD size, ensuring a 

large overlap region between cameras. 

 

 

Figure A.1 – Resulting center positions after coarse mechanical alignment 

 

Following this coarse mechanical alignment, the angular offsets and position offsets of the 

cameras are determined using flight data and in situ measurements [123,124].  A number of 

fiducial targets are placed throughout the system’s field-of-view when it is at its nominal flight 

altitude.  Typically this is done around the airport from which the aircraft takes off.  The true 

locations of these target points are measured with a kinematic GPS system.  Using imagery of 

these targets and data from the IMU/GPS system, the bore-sight offset between the reference 

camera and the IMU is calculated.  Using these same targets as well as other tie points in the 
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scene, the inter-camera alignments are measured such that composite images can be generated 

with sub-pixel fidelity, on the order of 1/20
th

 of a pixel. 

 

Individual camera and inter-camera calibrations are necessary to produce high quality images for 

use in quantitative analysis.  The next several sections detail how the sensor system is optimally 

focused, corrected for lens vignetting, non-uniform pixel response, relative radiometry and 

geometric distortion, and cameras aligned and imagery mapped to a geodetic surface.  Error 

analysis for various calibrations and polarization products is also presented. 

 

A.1 Optimal focus 

Theory 

An image g(x,y) of a point source f(x,y) will have a finite spatial extent due to diffraction and 

aberration.  The amount of spreading is quantified by the impulse response h(x,y) of the system.  

The final image is a convolution of the impulse function with the input image.  

                      A.1 

Taking the Fourier Transform and utilizing the convolution theorem yields the following, in 

frequency space: 

                     A.2 

The impulse response in frequency space is called the optical transform function (OTF) and can 

be broken down into magnitude and phase components, called the modulation and phase transfer 

functions (MTF and PTF) respectively. 

                                  A.3 

              A.4 
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            A.5 

The MTF is the change in signal amplitude due to the imaging process; the PTF is the change in 

phase due to the imaging process. 

 

 

Figure A.2 – Modulation transfer when imaging a sinusoid, reproduced from [120] 

 

Illustrated in Figure A.2, another way to view the MTF is to consider a sinusoidal wave of 

increasing frequency.  The modulation depth is defined by 

 
  

         

         
 A.6 

When the sinusoid is imaged, the modulation depth decreases as frequency increases.  The ratio 

of modulation in the image to modulation in the object is the modulation transfer. 

 
   

      

       
 A.7 

The modulation transfer as a function of frequency is the MTF.  

 
       

         

       
 A.8 

A higher MTF corresponds to greater transfer of information from the scene into the image. 

Amax 

Amin 
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The theoretical maximum system response is comprised of three main components: optical, 

detector-footprint, and sampling.  The optical MTF is given from measurements provided by the 

lens manufacturer.  The detector footprint MTF is due to spatial averaging inherent in the 

instantaneous field of view of a pixel.   Averaging by a square pixel of size w by w is equivalent 

to convoluting the signal with the rectangle function, yielding a sinc function footprint MTF. 

                
 

 
  A.9 

 
                            

      

   
  A.10 

The MTF also depends on the alignment of the target and the sampling sites.  The sampling MTF 

is an average over all possible alignments.  The sampling impulse response is also a rectangle 

function, yielding a sinc function sampling MTF.  

 
                               

          

       
  A.11 

Other components of the system which contribute to the MTF are electronics, motion blur, 

vibration, and the viewing atmosphere.  

 

Implementation 

To calculate the MTF in the laboratory, we image a slanted knife edge.  The knife edge is an 

impulse signal and it encompasses all spatial frequencies simultaneously.  We slant the edge to 

spatially average the sampling response inherent in the pixel structure of the CCD.  To create the 

knife edge, we use a half moon target illuminated by an integrating sphere (Labsphere Uniform 

Source System) with >98% radiance uniformity.  In order to focus the lenses at infinity within 

our optics lab, we project the target at infinity using a Santa Barbara Infrared Research 14000 

series target projector.  Once we have an edge image, we find the edge location and determine 
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the perpendicular distance to the edge for each pixel in the region of interest [125], creating an 

edge spread function (ESF), illustrated in Figure A.3.  Taking the derivative of the ESF yields 

the line spread function (LSF).  The normalized Fourier Transform of the LSF generates the 

MTF.   

 

 

Figure A.3 – Mechanism of perpendicular edge detection, reproduced from [125] courtesy of GeoEye, and an 

example edge spread function calculated from laboratory data 

 

To optimize image quality, we adjust the focus of the lenses until we maximize the MTF.  Figure 

A.4 demonstrates the process with some preliminary and final focusing results for an 11-

megapixel Imperx camera with an 85 mm Nikon lens.  The plot also displays the theoretical 

maximum MTF, which is based on the detector footprint and sampling response.  Figure A.5 

displays the final focusing results for each of the AROSS-MSP cameras.  This calibration was 

done prior to RiverEye Deployment #5.  The red band has the highest MTFs, while the blue band 

performs the worst.  Each camera has an MTF greater than 0.1 at Nyquist. 
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Figure A.4 – Example of preliminary and final focusing results.  In the plot, the theoretical maximum MTF is 

displayed in black, and the colored lines correspond to measurements at different focus settings. 

 

 

Figure A.5 – Final focusing results for AROSS-MSP cameras. 

 

A.2 Flat field and radiometric calibration 

Flat-fielding imagery corrects variations in pixel response due to three effects which all camera 

systems have: variations in pixel sensitivities, dust/debris on the CCD, and optical vignetting (a 
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gradual darkening of the image approaching the edges).  Radiometric corrections account for 

pixel response as a function of wavelength or bandpass due to different filter transmissions, lens 

transmission, and quantum efficiency of the CCD.  Applying these corrections enables 

comparison of MSP data across the spectral and polarimetric channels.  The following figures 

show examples of flat field and radiometric corrections. 

 

 

Figure A.6 – Flat field correction 

 

 

Figure A.7 – Radiometric correction produces proper color scaling 

 

Theory 

The flat-fielding formalism exploits the linear response of a camera pixel.  The total counts N for 

a pixel subject to incident irradiance, I, is given by: 
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    A.12 

where n'e is the number of electrons in the pixel well,  is the pixel gain of the A/D converter and 

b is the offset.  The offset includes both the dark current and readout noise of the CCD 

electronics.  For short integration times (<< 1 sec), the dark current is negligible.  The number of 

electrons is determined by the quantum efficiency (Qe), lens transmission (Tl), filter transmission 

(Tf), pixel area (A), incident irradiance, and integration time (t).  Thus, for a given light intensity 

and integration time, n'e is given by 

   
          A.13 

where ne is the number of electrons expected to be present in the pixel well, based on physical 

properties, if there were no loss of light or electrons in the pixel,  is an unknown loss in signal 

due to defects (e.g., dust) that is assumed to affect all wavelengths equally and  is the rate of 

electron production, defined by 

 
         

 

  
    

  

  

 A.14 

where λ is the wavelength of incoming light, h is Planck’s constant and c is the speed of light. 

 

All of the terms in Equation A.14 are based on properties of the scene, the optics and the CCD.  

They are assumed to not vary over the exposure time, so the term  is fixed.  These properties 

are the same for all pixels.  Thus, the total number of electrons in each pixel should be the same 

if an extended, uniform light field is imaged by the camera system.  The only variation in the 

number of electrons in the pixel wells is contained in the scaling factor .   
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If the filter set includes a linear polarizer, then the transmission curve is characterized by 

components parallel and perpendicular to the polarization axis, Tf|| and Tf┴.  Similarly, the 

incident irradiance I can be decomposed into the sum of I|| and I┴.  The irradiance which passes 

through the filter is 

                 A.15 

If the polarizer has a high extinction ratio, the perpendicular transmission is negligible, and the 

rate of electron production becomes 

 
           

 

  
    

  

  

 A.16 

For a randomly polarized input I, the parallel component is simply half of the total irradiance. 

 

Combining the above equations yields the response as a function of exposure time to a given 

light field: 

      
                 A.17 

Thus, if a sequence of images is obtained using a known input spectrum and integration times, 

then  and b can be determined using the known quantum efficiency, lens transmission and filter 

transmission.  With  and b determined in the laboratory,  can be obtained for any image by 

rewriting Equation A.17 as: 

 
  

   

  
  

 

 
 

 

 
 A.18 

where 

 
  

 

 
   

  

 
 A.19 
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Application of this equation on a pixel-by-pixel basis will flat field each image and provide the 

photo-electron production rate  of the pixels, which allows for comparison between images with 

different exposure times. 

 

Between channels, we would like to compare the average incident irradiance, I, being selected by 

each channel.  We can divide the equation for  by a radiometric weighting term defined by 

 
        

 

  
    

  

  

 A.20 

to yield 

 
 

 
 

       
 
  

    
  

  

      
 
      

  

  

     A.21 

Thus, the resulting equation for the average incident irradiance is 

 
    

 

 
 

   

   
 

     

  
 A.22 

To convert from irradiance to radiance, we divide by the solid angle Ω.  Application of this 

equation will radiometrically correct imagery for comparison between channels. 

 

Implementation 

Our experimental technique to implement this calibration utilizes an integrating sphere as a 

uniform light source.  We set up each camera to stare into the integrating sphere and collect data 

at five different integration times, spanning the dynamic range.  Simultaneously, we collect the 

light spectrum using an Ocean Optics USB2000 spectrometer.  We also use the spectrometer to 

measure the transmission of the filter placed in front of the camera.  Using this data and the 

given specifications of the lens transmission and CCD QE, we calculate the rate of electron 
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production (for the setup, as well as the radiometric weighting factor.  On a pixel by pixel 

basis, we fit the image counts and integration time to solve for  and b, from which we calculate 

 and .  The gammas, betas, and weighting factor are saved in binary files for use in post-

processing of collected image data.  Figure A.8 shows example images of gamma and beta 

calculated for camera 3 prior to the RiverEye Deployment #5.  As can be seen, the gamma 

coefficients are least in the center and increase with increasing radius.  The beta coefficients 

exhibit small fluctuations about a constant mean. 

 

 

Figure A.8 – Images of Gamma (left) and Beta (right) calculated for the Red 90° camera 

 

Error in the radiometric calibration 

The radiometric calibration has several sources of error associated with it.  Recall that to convert 

from counts into band-averaged radiance L, we apply 

 
  

   

    
 A.23 

where α and b are the flatfield calibration slope and offset respectively,   is the camera response, 

and Ω is the solid angle.  Since the variables are independent, we define the error in radiance as 

[126] 
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  A.24 

Applying the partial derivatives yields 

 
 
  

 
 

 

  
  

   
 

 

  
  

   
 

 

  
  

 
 

 

  
  

 
 

 

  
  

 
 

 

  
  

 
 

 

 A.25 

 

The first term accounts for the imaging system error in measuring the number of counts.  The 

primary sources of error in this measurement are photon noise (also called shot noise), dark 

noise, and read noise.  Photon noise is due to statistical variation in the photon incidence rate, 

follows Poisson statistics, and is characterized by the square root of the signal.  Dark noise 

results from thermally generated electrons within the chip and is negligible for the sensors used.  

Other sources of system noise are combined into the read noise.  For the Pixelfly cameras, the 

read noise is specified as 6-9 electrons rms, which is equivalent to approximately 2 counts.  

Combining the photon noise and read noise yields 

 

    
  

    
    A.26 

where the gain is the gain of the A/D conversion. 

 

The second and third terms in the error equation result from the flatfield calibration.  The terms 

   and    are the mean rms errors in slope and offset calculated during the linear fit of the 

flatfield imagery.  The camera manufacturer does not specify an error in the integration time, so 

we approximate      as 0.1%.  The next error term accounts for the system response, which can 

be approximated as 
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 A.27 

Applying the error equation to these independent variables yields 

 

 
  

 
 

 

 
     

   
   

     

   
   

     

   
   

         

           
 A.28 

We set    
 and    

 as 0.01 and    
 as 0.001. 

 

The last term in the error equation is the error in the solid angle.  This term is a systematic error 

common to all twelve cameras.  Consequently, it will introduce absolute error into the count to 

radiance conversion, but will preserve the relative relationship between channels.  Since the 

relative relationship is of primary interest, we set this term to zero and do not include it in further 

calculations. 

 

Figure A.9 displays results of the radiance error calculated using the error equations and 

measured from flat field imagery.  The equation calculation characterizes the error well.  Above 

2000 counts (the desired operating range), the relative error for all cameras is better than 2%.  As 

Figure A.9 shows, the largest contributors to the error are the counts term and the flatfield fit 

terms.  Comparatively, the error due to integration time and the radiometric weighting term are 

negligible. 
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Figure A.9 – Plots of total radiance error and percentage contributions of individual terms 

 

Radiance error contributes to error in combination products, such as Stokes parameters, degree 

of linear polarization P, and angle of linear polarization Ψ.  The error in combination products is 

also a result of errors in polarization filter orientation.  Generally, the Stokes parameters and 

associated error can be expressed as 

                                 A.29 

    

       
     

       
     

        
      

     
       

     
       

      
        

  A.30 

where      is the multiplicative coefficient for the radiance    measured at polarizer orientation j 

to calculate Stokes parameter i.  Since the Stokes parameters are not independent and random, 

the errors in P and Ψ are 

 
  

   
    

 

  
  

A.31 
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A.32 
 

    
  

   
    

  
  

   
    

 

 
      

  

    
    

  
    

  

    
    

  
 

Figure A.10 shows the P and Ψ sensitivity to radiance error over a range of input polarization 

states for the red channel.  The other channels have similar results.  We see that the P sensitivity 

is largest in magnitude when the input P is high.  The Ψ sensitivity is very low for high input P 

and increases as P decreases. 

 

 

Figure A.10 –P and Ψ sensitivity to radiance error for the red channel 

 

A.3 Geometric distortion calibration 

In order to characterize the focal length, principal point (CCD location of intersection with the 

optical axis of the lens), and distortion parameters, we perform a geometric distortion calibration 

for each camera.  We have developed a distortion calibration method based on machine vision 

techniques [127-132].  It utilizes the fact that two images of a scene before and after a camera 
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rotation are related by a simple transform.  The method has the advantage that knowledge of 

locations of points in real space is not needed; only the identification of mutual points between 

the images and their locations in image space are needed. 

 

Theory 

To project a three-dimensional scene onto a two-dimensional image plane, we convert to 

homogeneous coordinates by augmenting the object coordinates (M) and image coordinates (m) 

with 1.  This allows for use of matrix notation and simplifies the manipulation of the equations. 

                  A.33 

                 A.34 

In this formalism, a matrix P, the essential matrix, maps 3D object space into 2D image space: 

        A.35 

The projection matrix can be decomposed into intrinsic (K) and extrinsic (R, t) parameters: 

          A.36 

The intrinsic parameters include the coordinates of the principal point (uo,vo), the focal lengths in 

x and y (fu and fv), and the skewness s.  They compose the intrinsic camera parameter matrix K, 

defined as 

 
   

     

     

   

  A.37 

The extrinsic parameters represent the camera orientation (rotation matrix R) and position 

(translation vector t) with respect to the world frame.  A camera viewing a scene at infinity is 

translation independent; thus, t becomes a zero vector and the transform can be reduced to 

                 A.38 
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Solving this equation for the scene coordinates yields 

            A.39 

If the camera is rotated, then the new image viewing the same scene is 

          A.40 

Combining the above equations yields an expression for the new image in terms of the initial 

image, intrinsic camera parameters, and rotation: 

                 A.41 

Thus, we can employ a rotational technique to determine the intrinsic camera parameters with no 

knowledge of the scene other than that it is static. 

 

Implementation 

For the distortion calibration, we image a 5 by 5 grid of round dots that are projected at infinity 

using a Santa Barbara Infrared target projector.  We set the initial azimuth (  ), elevation (  ), 

and roll (  ) angles of the camera to position the grid at the edge of the field of view (FOV).  We 

then collect images as we rotate the camera, sweeping the grid across the FOV using a precision 

rotating stage.  We collect five horizontal and five vertical scan lines for each camera.  Figure 

A.11 shows a composite image of all of the scan lines. 
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Figure A.11 – Composite image of horizontal and vertical scans for geometric distortion calibration 

 

Once we’ve collected the data, then we begin processing by using a centroid routine to find the 

center locations of each dot on the grid.  We do this for each image, creating an output file with 

the grid point locations.  This file is fed into a fitting program which uses a downhill simplex 

routine to determine the intrinsic camera parameters.  First, we determine which grid is closest to 

the center of the image and use this as a reference grid   .  We then calculate an initial guess for 

the az, el, and roll of the first grid in each scan line (3 angles * 10 scan lines = 30 unknowns).  

Next, we loop through every grid, using as input the accurately known change in azimuth angle 

(   ) from the precision rotation stage to determine the rotation matrix    which, along with the 

camera parameter matrix K, transforms the reference grid into the current grid: 

 

    
           

            
   

  
                       

   
                        

  
   
           

            

  A.42 

We apply Equation A.42, distort the calculated grid, and then fit the parameters to minimize the 

difference between the distorted transformed reference grid and the measured grid location.  This 

will solve for the intrinsic camera parameters as well as forward distortion parameters 

(undistorted space to distorted space).  To obtain reverse distortion parameters (distorted space to 
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undistorted space), we apply both reverse and forward distortion parameters to each grid and 

minimize the difference. 

 

The distortion model we are using includes both radial (  ) and tangential components (  ).  For 

a given pixel location (u,v), the coordinates (xd,yd) in the distorted image are defined by: 

         

A.43 

         

The corresponding undistorted coordinates (xu,yu) are 

                  

A.44 

                  

where 

      
    

      A.45 

      
  

  
 A.46 
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           A.48 

           
      

                
           A.49 

The ci and pi are calibration coefficients. 

 

Since the distortion of the AROSS-MSP lenses is very small, we only calculate and apply the 

first term of radial distortion.  Table A.1 shows the geometric distortion calibration results for the 

MSP system.  Fu and Fv are the focal length in x and y.  [u0, v0] is the principal point.  FC3 is 

the c3 coefficient in the forward direction, going from undistorted space to distorted space.  RC3 

is the c3 coefficient in the reverse direction, going from distorted space to undistorted space.  
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This is the coefficient we apply to the collected imagery.  FRMS and RRMS are the error metrics 

associated with the forward and reverse data fits.  Note the focal lengths are close to the 34.9 mm 

value specified by Schneider, the principal point is close to the center of the CCD [696, 512], the 

distortion coefficients c3 are very small, the RMS error in the forward direction is less than 1.1 

for all cameras, and the RMS error in the reverse direction is less than 0.0005. 

 

 

Table A.1 – AROSS-MSP distortion calibration results 

 

A.4 Polarization filter orientation calibration 

To select the desired polarization for each channel, polarizing filters are attached to the 

faceplates in front of the cameras.  The polarizers are oriented at 30°, 90°, and 150° with respect 

to the short side of the faceplate (horizontal) on the 3-camera module.  Each filter is oriented 

using a polarized HeNe laser light source and Thorlabs polarimeter.  The filter orientation is 

fixed firmly into place using a quick drying adhesive. 
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Once the filters are affixed to the faceplates and the 3-camera modules are assembled into one 

payload, we perform a calibration to verify the filter orientations.  A polarizing filter is placed in 

front of an integrating sphere.  Each camera captures an image of the illuminated polarizer while 

it is rotated at 10° intervals through a full revolution.  The measured counts N are fit to Malus’ 

Law 

           A.50 

by minimizing the cost function 

         

         
 A.51 

where 

                   A.52 

       A.53 

                           A.54 

         A.55 

to solve for the initial intensity (in counts) A, the angle offset B, and the crossed transmission 

intensity (in counts) C. 

 

Figure A.12 and Table A.2 display results for a calibration executed prior to the Tidal Flats 2009 

experiment.  All filters are oriented well with respect to one another.  The blue and red cameras 

have a low offset value; unexpectedly, the green and near-infrared cameras have values around 

425 counts and 1450 counts respectively.  This is due to non-zero transmission in the near-

infrared wavelengths.  Figure A.13 shows a plot of the aligned and crossed filter transmissions, 

measured using a USB2000 spectrometer, as well as an example curve of the integrating sphere 

irradiance.  While the green filter transmission in the near-infrared is low, multiplying it by the 
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source irradiance generates a large contribution.  The polarizer in the near-infrared filter becomes 

ineffectual between 800 and 850 nm, allowing throughput of all light regardless of polarization 

orientation.  This will artificially lower the calculated degree of linear polarization, while 

removing sensitivity to the angle of linear polarization in this color band. 

 

 

Figure A.12 – Plot of polarization filter calibration fit for camera 3 (Red 90°) 

 

 
Table A.2 – Polarization filter calibration results 
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Figure A.13 – Aligned and crossed filter transmission 

 

Figure A.14 displays plots of the calculated degrees and angles of linear polarization versus 

polarizer angle for the four color bands, as well as the differences between measured and 

expected values.  Table A.3 presents the mean and standard deviation of the measured values.  

As expected from the offset fit, the green and near-infrared channels measure polarizations less 

than one.  The residual measured P when viewing a uniform randomly polarized scene is less 

than 0.03.  The measured Ψ has a mean offset for each channel.  After correcting for this, the 

measured Ψ reproduces the input polarization reasonably well.  
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Figure A.14 – Plots of P and Ψ measurements and error 

 

 

Table A.3 – Mean and standard deviation of measured P and Ψ 

 

Since the polarization filters are not oriented perfectly at 30°, 90°, and 150°, there is systematic 

error introduced into the P and Ψ calculations.  Figure A.15 shows plots of the calculated error in 

the red channel for a spectrum of possible P and of the calculated Ψ error.  We see that the 

systematic P error reaches a maximum of approximately 0.03 when the input is completely 
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polarized, matching the measured result.  The systematic Ψ error oscillates about zero, reaching a 

maximum of 0.9° in the blue channel.  Both the P errors and Ψ errors are slowly varying.  

Because of this, for homogenous imaged scenes with small variations in polarization state, 

systematic errors introduce a bias to the image but have little effect on relative values. 

 

 

Figure A.15 – Systematic error in P, shown for the red channel, and Ψ 

 

A.5 Inter-camera alignment 

When the MSP system was put together, the cameras underwent a coarse mechanical alignment; 

however, in order to truly compare data between channels, we need to apply a fine inter-camera 

alignment to achieve sub-pixel registration.  Since the physical spacing of the camera is much 

less than the pixel resolution on the ground, we assume that the inter-camera alignment can be 

captured by a simple rotation R between cameras: 

                      A.56 

where roll is a rotation about the z-axis, pitch is a rotation about the x-axis, and yaw is a rotation 

about the (-y)-axis.  The technique we use to determine the rotation angles is a feature-based 

correlation requiring high contrast data, without needing known fiducials in the scene.  The 
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processing flow for rotation estimation is as follows: undo camera n distortion, apply rotation, 

apply reference camera distortion, determine overlap region with reference camera, convert to 

contrast units, and calculate a cost function.  The cost function is defined as 

 
                    

 

       
      

 
A.57 

where In is the intensity of a given pixel xi for camera n and Iref is the intensity of a given pixel xi 

for the reference camera.  The rotation angles are iterated to minimize differences between 

images.  We repeat this process for eleven of the twelve cameras to determine a rotation to the 

12
th

 or reference camera.  We typically use camera 3 (red 90) as our reference camera.  Using 50 

frames of image data for rotation estimation yields results better than one twentieth of a pixel.  

Table A.4 displays typical results. 

 

 
Table A.4 – Results of inter-camera registration using feature-based correlation 
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Once we have the rotation matrices, we can apply them to register all of the images to camera 3’s 

reference frame.  This enables creation of combination imagery, such as color, degree of linear 

polarization, and angle of linear polarization images.  The following figures show a combined 

RGB image without applying the inter-camera alignment, a registered RGB image, and 

magnified views of the corner of the image for cases where the alignment was performed with 

and without the calibrated distortion parameters.  Using the distortion parameters removes the 

color anomalies, indicating an improvement in the registration. 

 

 

Figure A.16 – RGB image without camera to camera alignment 
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Figure A.17 – RGB image after applying rotations 

    

Figure A.18 – Distortion not applied       Figure A.19 – Distortion applied 

 

Error due to pixel misregistration 

Since the linear polarization state (P and Ψ) is calculated using a combination of three separate 

images, the fidelity of the polarization products is dependent in part on how well the images are 

registered to one another.  We quantify the effect of misregistration by modeling the calculated P 

and Ψ while varying the fractional overlap of one channel with a neighboring pixel.  We define 

the polarization state of both a target pixel and a neighboring pixel.  From this, we calculate the 

expected intensities for analyzers at 30, 90, and 150 degrees.  We set the measured intensities for 

the 90 degree and 150 degree channels to the expected intensities for the target pixel.  We 

calculate the measured intensity for the 30 degree channel by summing fractions of the expected 
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intensities for the target pixel and neighboring pixel.  Using the measuring intensities, we 

calculate the degree and angle of linear polarization. 

 

To determine the upper limits of our polarization error, we look at extreme cases where the pixel 

of interest is completely polarized at angles 30, 60, 90, and 120 degrees.  We set the neighboring 

pixel to be either unpolarized or completely polarized at the same range of angles.  In Figure 

A.22, Table 1a displays percent difference in measured degree of polarization P for a tenth of a 

pixel misregistration (the upper limit of our registration accuracy); Table 1b, degree difference in 

measured angle of polarization Ψ.  From these tables, we see that the P error can be as high as 

18.8% and the Ψ error can be as high as 2.6 degrees. 

 

During normal operation of our system, we actually measure a much closer range of values.  In a 

typical scene, a large difference between neighboring pixels is .1 in P and 10 degrees in Ψ.  We 

set the P of the pixel of interest to .5 and of the neighboring pixel to .6.  We set the Ψ to a range 

of values for the pixel of interest and defined the Ψ of the neighboring pixel to be 10 degrees 

greater.  Figure A.21 plots the percent difference in P and degree difference in Ψ over a range of 

pixel misregistration values.  At a tenth of a pixel misregistration, the highest P error is about 2% 

and the highest Ψ error is 0.5 degrees. 
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Figure A.20 – Tables of percent difference in P and degree difference in Ψ for a tenth of a pixel 

misregistration for several neighboring pixel cases 

 

 

Figure A.21 – Plots of percent difference in P and degree difference in Ψ as a function of fractional 

misregistration for several orientation angles 

 

A.6 Boresight alignment 

Applying the inter-camera alignment will align all of the cameras with the reference camera.  To 

align the line of sight of the reference camera with the pointing direction of the IMU, we apply a 

boresight rotation.  We assume that a simple roll, pitch, yaw offset exists between the IMU and 

the camera center.  For the boresight alignment, we collect imagery over fiducials, which are 

high contrast points in the imagery with accurately known latitude, longitude, and altitude (lla).  

For fiducials, we arrange targets (4’ x 4’ pieces of painted white plywood or white cloth) 

throughout the system’s field of view at its nominal flight altitude.  The true locations of these 
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targets are measured with a kinematic GPS system, which has centimeter accuracy.  Figure A.27 

shows the locations of fiducials placed at the Field Research Facility (FRF) in Duck, NC during 

RiverEye Deployment #3.  Using imagery of these targets and data from the IMU, we calculate 

the boresight offset.  Ideally during a deployment, we collect data daily while orbiting the 

fiducial field.  This enables us to improve our boresight by calculating and comparing the result 

over several different data sets.  Table A.5 shows results from several different deployments.  All 

of the calculated angular offsets are small, providing minor corrections to improve the mapping. 

 

 

Figure A.22 – Fiducial locations at FRF 

 

Deployment Roll Pitch Yaw 

RED3 -0.222 0.504 0.108 
RED4 0.331 0.645 0.238 
RED5/6 -0.216 0.496 0.545 
TF09 -0.124 0.507 0.430 

Table A.5 – Boresight offsets, angles in degrees 
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From: Christopher J. Zappa [zappa@ldeo.columbia.edu] 
Sent: Tuesday, April 03, 2012 1:10 PM 
To: Baxter, Becky 
Subject: Re: FW: permission request 
 

Dear Becky, 

 

I give my consent to reproduce the figure in your dissertation. 

 

Regards, 

 

Chris 

 

 

From: Schwendemann, Joann [jschwendemann@doverpublications.com] 
Sent: Tuesday, April 03, 2012 10:42 AM 
To: Baxter, Becky 
Subject: Dover Publications: Rights & Permissions - permission request 
 
Dear Becky, 

Dover Publications, Inc., hereby grants you permission to reproduce the image/graph as shown 
below for your dissertation from the following title:  

Title:  Wind Waves  
Publisher: Dover Publications, Inc. 
Pub. Date: 5/1/2002 
Author: Blair Kinsman 
 

Please credit the author, title and publisher, Dover Publications, Inc., in any standard form.  

Sincerely,  
Joann Schwendemann  
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::  
Joann Schwendemann  
Contracts/Rights & Permissions 
Dover Publications, Inc. 
31 East 2nd Street 
Mineola, NY 11501  
Tel: 516-294-7000 x 164 
Fax: 516-746-1821 
jschwendemann@doverpublications.com 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::  

mailto:jschwendemann@doverpublications.com
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From: Baxter, Becky [mailto:BBaxter@arete.com]  

Sent: Monday, April 02, 2012 2:19 PM 
To: Diana_Grey 
Subject: permission request 

 

2 April 2012 

To whom it may concern, 

I am preparing a dissertation entitled “Ocean wave slope and height retrieval using airborne polarimetric remote 

sensing” to be submitted to Georgetown University. 

I would appreciate permission to reproduce the following item in both print and electronic versions of my 

dissertation, any derivative products, and in publisher authorized distribution by third party distributors, 

aggregators and other licensees such as abstracting and indexing services. I should be grateful for nonexclusive 

perpetual world rights in all languages and media.  

In case you do not control these rights, I would appreciate it if you could let me know to whom I should apply for 

permissions. 

 

 

from B. Kinsman, Wind Waves, Englewood Cliffs, NJ: Prentice-Hall, 1965. 

 

Thank you for your prompt attention to this request. 

 

Yours sincerely 

Becky Baxter 

 

mailto:BBaxter@arete.com
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From: Scott McNeill [scottm@spie.org] 
Sent: Thursday, April 05, 2012 11:03 AM 
To: Baxter, Becky 
Subject: RE: permission request 
 
Dear Becky Baxter, 
 
Thank you for seeking permission from SPIE to reprint material from our publications. 
Publisher's permission is hereby granted under the following conditions: (1) you obtain 
permission of the author(s); (2) the material to be used has appeared in our publication without 
credit or acknowledgment to another source; and (3) you credit the original SPIE publication. 
Include the authors' names, title of paper, volume title, SPIE volume number, and year of 
publication in your credit statement. 
 
Sincerely, 
 
Scott McNeill for 
Eric Pepper, Director of Publications 
SPIE 
P.O. Box 10, Bellingham WA 98227-0010 USA 
360/676-3290 (Pacific Time) eric@spie.org  
 
From: Baxter, Becky [mailto:BBaxter@arete.com]  

Sent: Monday, April 02, 2012 11:26 AM 
To: reprint_permission 
Subject: permission request 

 

2 April 2012 

 

To whom it may concern, 

 

I am preparing a dissertation entitled “Ocean wave slope and height retrieval using airborne polarimetric remote 

sensing” to be submitted to Georgetown University. 

I would appreciate permission to reproduce the following item in both print and electronic versions of my 

dissertation, any derivative products, and in publisher authorized distribution by third party distributors, 

aggregators and other licensees such as abstracting and indexing services. I should be grateful for nonexclusive 

perpetual world rights in all languages and media.  

In case you do not control these rights, I would appreciate it if you could let me know to whom I should apply for 

permissions. 

 

mailto:eric@spie.org
mailto:BBaxter@arete.com
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From G.D. Boreman, Modulation Transfer Function in Optical and Electro-Optical Systems, Bellingham, WA: 

SPIE Press, 2001. 

 

Thank you for your prompt attention to this request. 

 

Yours sincerely 

Becky Baxter 

 
 
From: Boreman, Glenn [gboreman@uncc.edu] 
Sent: Thursday, April 05, 2012 11:56 AM 
To: Baxter, Becky 
Subject: RE: permission request 
 
Dear Ms Baxter 
 
Sure, this is fine with me. 

 
Best regards 
 
Glenn D. Boreman 
Professor and Chair, Dept. of Physics & Optical Science 
Director, Center for Optoelectronics & Optical Communications 
University of North Carolina at Charlotte 
     gboreman@uncc.edu 
     704 687 8173 (direct) 
     http://maxwell.uncc.edu/gboreman/ 

 

 

From: Val Webb [Webb.Val@geoeye.com] 
Sent: Thursday, April 05, 2012 6:30 PM 
To: Baxter, Becky 
Cc: Kevin Kohm (kevin.kohm@remotesensingassociates.com) 

mailto:gboreman@uncc.edu
http://maxwell.uncc.edu/gboreman/


166 

 

Subject: FW: permission request 
 
Hello Ms. Baxter and thank you for your request for permission to reproduce a portion of Kevin 

Kohm’s ISPRS report. As far as GeoEye is concerned, you may use the information/graphic(s) in 

your dissertation, provided you update the credit to read “Courtesy of GeoEye.” However, 

ASPRS may retain copyright, so you will also need to check with them. 

 

Unfortunately, Mr. Kohm is no longer with GeoEye. I’ve copied him on this mail, so he is aware 

of your inquiry.  

 

Best of luck to you from GeoEye, Val 

 

 
Valerie (Val) K. Webb  
Manager, Corporate Communications 
(NASDAQ: GEOY)  
303.254.2120   cell: 303.242.6777  
webb.val@geoeye.com  
 

 
 

 

 
 

From: Baxter, Becky [mailto:BBaxter@arete.com]  
Sent: Monday, April 02, 2012 3:29 PM 

To: info 
Subject: permission request 

 

2 April 2012 

 

To whom it may concern, 

 

I am preparing a dissertation entitled “Ocean wave slope and height retrieval using airborne polarimetric 

remote sensing” to be submitted to Georgetown University. 

I would appreciate permission to reproduce the following item in both print and electronic versions of my 

dissertation, any derivative products, and in publisher authorized distribution by third party distributors, 

aggregators and other licensees such as abstracting and indexing services. I should be grateful for 

nonexclusive perpetual world rights in all languages and media.  

mailto:webb.val@geoeye.com
mailto:[mailto:BBaxter@arete.com]
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According to the isprs website, the copyright resides with the author, except where it is retained by the 

author’s employer.  The author was employed by Orbimage at the time of publication, so the rights may 
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