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Abstract 

 

Parametric Study of LCROSS Impact Plume 

 

 

 

 

 

Justin Meredith Lamb, M.S.E. 

The University of Texas at Austin, 2013 

 

Supervisor:  David Goldstein 

 

In 2009, NASA’s LCROSS mission impacted Cabeus Crater near the Lunar South 

Pole with the spent Centaur upper stage rocket. The impact was observed by the trailing 

sheperding spacecraft (S-S/C) that impacted the moon 250 seconds after the Centaur 

impact. The main objective of the LCROSS mission was to verify the existence of water 

ice in the lunar regolith—the subsequent analysis of the data confirmed water ice present 

in the crater.  The analysis of the S-S/C instrument data suggested that the plume 

consisted of two components: a central “spike” component and a thin, outward “cone” 

component. A model has been developed at The University of Texas at Austin improve 

the analysis of the data obtained by the S-S/C. This model is created with a free-

molecular ballistic grain code that involves simulating individual regolith grains in the 

debris plume through grain-heating and grain-movement models and then modeling the 
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spectral radiance properties of the grains as observed by the S-S/C. Mie scattering theory 

is used to model scattering and absorption of incoming solar radiation by the particles in 

the plume assuming they are perfect spheres. The UT LCROSS code was utilized in a 

parametric study that evaluated the effect of variations in assumed model plume 

parameters on the modeling of S-S/C UV-VIS instrument observations. The plume 

parameters were chosen based on the assumption that the dust plume was split into two 

components: a central spike and a surrounding high angle cone. The following 

parameters were varied: the spike and cone angles, the spike and cone grain radius 

distributions, and the spike mass fraction. The following parameters could be varied but 

were given fixed values: ice fraction between plume components, ice grain purity, 

albedo, and ice fraction in plume. The impact of these plume parameters upon plume 

brightness and blue/red color ratio was determined. Two grain models were used. In the 

initial grain species model all grains have a soil core surrounded by a thin ice shell. In the 

second, two species model two grain types were utilized: a pure ice grain component and 

a pure soil grain component. 
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CHAPTER 1: INTRODUCTION 

NASA launched the Lunar Crater Observation and Sensing Satellite (LCROSS) 

mission along with the Lunar Reconnaissance Orbiter (LRO) mission on June 18, 2009. 

After launch, the LCROSS payload—attached to a Centaur upper stage rocket—

transitioned into a polar Earth orbit that was necessary to position the satellites for a lunar 

polar approach. On October 9
th

, the 2,336 kg Centaur upper stage impacted the lunar 

South Pole in Cabeus Crater. The Centaur impact created an ejecta plume which was 

observed by the Sheperding Spacecraft (S-S/C) along its ballistic trajectory towards the 

Centaur impact site. The S-S/C utilized infrared to ultraviolet cameras and spectrometers 

to observe the incident radiation for ~250 s following the impact. At ~250 s—after 

traveling through the ejecta plume—the S-S/C itself impacted in Cabeus Crater. In 

addition to instruments on board the S-S/C, Earth and space based telescopes were 

utilized to observe the Centaur impact (Gladstone et al, 2010; Killen et al, 2010). 

The scientific goals of the LCROSS mission were focusedon finding water ice in 

the lunar regolith. The goals can be broken down into the following: 1) to identify the 

form of hydrogen at the lunar poles, 2) to identify and quantify the amount of water in the 

lunar regolith, and 3) to understand composition of the lunar regolith within a 

permanently shadowed region (Colaprete et al. 2010). Permanently shadowed regions 

exist on the Moon due to several factors such as the small angle between the normal to 

the ecliptic plane and Moon’s rotational axis, Earth’s low inclination in orbit around the 

Sun, and topographical features present on the Moon. These factors combine to create 

regions at both lunar poles that are thought to be among the coldest in the solar system 

(Arnold 1979; Bussey et al., 2003; Feldman et al., 2001; Crider and Vondrak, 2003; 

Margot et al., 1999; Stacy et al., 1997; Vasavada et al., 1999). The Diviner instrument 
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onboard LRO detected the temperature to be 38K on the floor of Cabeus Crater (Paige et 

al., 2010). LRO surveyed the Cabeus Crater region during July of 2009—a couple 

months ahead of the LCROSS impact.  The Diviner instrument surveyed infrared 

emission from the Moon using seven spectral channels that span a wavelength from 7.55 

to 400μm. The temperature acquired from these seven channels is the bolometric 

brightness temperature—this value is the wavelength-integrated radiance from all seven 

channels modeled as the temperature of an equivalent blackbody. The thermal mapping 

conducted by LRO using Diviner indicated that the coldest regions were located at the 

base of larger impact craters that received no direct sunlight. Cabeus Crater became an 

intriguing scientific prospect when taking into account that cold spots can allow volatile 

species, if present, to remain stable for billions of years (Vasavada et al., 2009). 

An extensive observation campaign was conducted driving the LCROSS impact 

that included several observation platforms located at various locations. Observation 

from near the Moon came from the S-S/C—the data studied here—and LRO instruments. 

The LRO instruments that were best suited to this observation were Lyman Alpha 

Mapping Spectrometer (LAMP) and Diviner. LRO adjusted its orbit to approach within 

45km of the impact site at ~94s after impact. The data obtained from these two observing 

instruments were useful in categorizing Cabeus Crater. LAMP collected ultraviolet 

spectra that quantified the mass of several species that were released: carbon monoxide, 

molecular hydrogen, calcium, mercury, and magnesium. The thermal signature measured 

by Diviner indicated that the LCROSS impact heated a region 30 by 200 square meters to 

~1000 K. The Diviner instrument was able to constrain the mass per area of ejecta 

reaching sunlight to be ~     to      kilograms per square meter. (Colaprete et al., 

2010) 
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The S-S/C employed several instruments in order to obtain observational data 

from a top down view of the impact site. The S-S/C had two Near-Infrared Cameras, an 

ultraviolet-visible (UV-VIS) Spectrometer, and two Near-Infrared Spectrometers. The 

focus for this thesis will be the data obtained by the UV-VIS Spectrometer. The UV-VIS 

Spectrometer had a 1˚ Field of View (FOV) looking down on the lunar surface and it 

obtained spectral data in the range ~263-650 nm. These data were collected with 

integration times of 10 and 2 s in the intial ~200 s with the integration times in the final 

~50 s being at 100, 200, and 400 ms (Ennico et al., 2011). 

Observations by the UV-VIS Spectrometer indicated several important features 

present in the LCROSS plume. The first main feature involved the structure of the ejecta 

plume. Before LCROSS impacted the moon, experiments were conducted at NASA 

Ames’ Vertical Gun Facility. These experiments used hollow cylinder projectiles that 

were launched at 2.5 km/s into a sand substrate. The hollow cylinder projectiles were 

chosen to be a close representation of the Centaur used in the LCROSS impact. This 

experiment produced two plume components: a vertical, high angle component and a 

radial, low angle component (Hermalyn et al., 2009). The observations from the UV-VIS 

Spectrometer shown in Figure 1 support this experimental suggestion (Colaprete et al., 

2010). Figure 1 shows the Visible Spectrometer (VSP) Radiance curve from the Centaur 

time of impact at 0 s to the S-S/C time of impact at ~250 s. One interpretation is as 

follows. This curve shows lofted grains leaving the FOV at ~50 s post-impact and the 

curve clearly remains above pre-impact levels beyond ~50 s. This behavior has been 

hypothesized to come from the two distinct plume components (Colaprete et al., 2010; 

Schultz et al., 2010; Heldmann et al., 2010). Observations from the Near-Infrared camera 

also give evidence towards the two component hypothesis—visual camera imagery 
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indicated that the plume was not ring shaped.  This would indicate that the plume was not 

comprised of only a low angle cone component (Schultz et al., 2010).  

The last two features involved the presence of ice throughout the plume 

observation and grains being micron to sub-micron. The UV-VIS Spectrometer indicated 

a changing Blue/Red (B/R) ratio as a function of time. Figure 2 shows that the B/R ratio 

gets slightly bluer after it levels off when compared to the pre-impact levels. This 

indicates a change in the physical properties of the grains being observed and sublimation 

of ice is the likely explanation. These observations, along with the initial lack of Earth-

based observations (Heldmann et al., 2010), indicated that the grains were micron to sub-

micron in size. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Observed VSP Radiance pre-impact and post-impact gathered from the UV-

VIS Spectrometer  
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Figure 2 – Observed B/R Ratio pre-impact and post-impact gathered from the UV-VIS 

Spectrometer 

Re-analysis from Earth-based instruments was recently conducted by Strycker, et 

al. (2013) from observations conducted at Apache Point Observatory (APO). This new 

analysis used a technique known as Principal Component Analysis (PCA). PCA is a 

matrix factorization technique that finds principal components that are statistically 

independent—this technique was needed in order to isolate the plume signal from the 

surroundings. A synthetic plume using around ~    grains was constructed in order to 

obtain a best fit for this APO data. The synthetic plume included features found from 

previous analysis by Heldmann, et al. These features were: multiple plume components, 

~6% ice mass, and grains being micron to sub-micron in size. Several key conclusions 

from this analysis go further in quantifying the LCROSS ejecta plume. One conclusion 

involves the possibility of more than two plume components. In their analysis, they 

included two cone components: a high angle cone and a low angle cone. The high angle 

cone had a random ejection angle assigned to grains that were launched 50-70˚ with 
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respect to the surface. The low angle cone component was more like the cone component 

found in previous analysis with an ejection angle for the particles ~35˚ (Hermalynn et al., 

2012). This three component model was found to be the best fit to the APO observations. 

The other key observation from this analysis involved the observed mass ejected by the 

impact. In Stryker et al, the ejecta mass was found to be ~30% smaller than found by 

Colaprete et al. (2010). Observations from sources besides the S-S/C are valuable in 

order to help quantify and constrain the LCROSS plume. 
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CHAPTER 2: NUMERICAL MODELING 

Section 1: Model Overview 

The LCROSS impact plume is modeled with a 3-D Monte Carlo simulation of the 

particle dynamics to analyze the morphology and evolution of the plume over time.  The 

dust and gas plumes created by the LCROSS impact are simulated for a spray of grains 

and sublimed molecules (Goldstein et al., 2008; 2009; Summy et al., 2009; 2010).  The 

code tracks the motions of isolated representative grains and molecules and their photo-

dissociation and photo-ionization products. The model includes both molecular thermal 

hopping over the surface and the possibility for planetary escape though neither is 

important for the impact simulation.  Permanently shadowed craters are modeled as open-

topped cylinders of shadow extending some height above the surface of the Moon, and 

the terrain modeling includes some Kaguya and LRO laser altimetry results.  In Cabeus 

the height from the crater surface to sunlight ranges from ~863 m to ~903 m.  This 

distance is calculated taking into account the sub-solar longitude and latitude at crater 

center at the time of the impact.   In the simulations, we can incorporate different viewing 

angles, specific observation platforms (e.g., S-S/C, LRO, or ground based observatories), 

different gas-surface interactions, different grain compositions, and different models of 

the dusty plume. Grains are currently generated at the impact point with velocities that 

produce the “inverted truncated cone” debris curtain (Cintala et al., 1999; Colaprete et al., 

2010; Schultz et al., 2010) and a “spike” of material presumed to arise from the 

collapsing transient crater (Illustration 1).  The grains are then tracked as they rise from 

the shadowed crater floor into sunlight, where they warm and sublimate frost as water 

vapor molecules.  Particle motion is computed with a simple predictor-corrector approach 

in a lunar-centric gravitational force field.  The water molecules that sublime from the 

grains are given a thermal velocity appropriate to the temperature of the parent grain.  
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The water molecules are then tracked and can be counted by the various simulated 

instruments and projections that constitute the outputs.  

The impact crater model assumes a     13 m radius circular crater with an 

excavated mass of 100,000 kg of regolith in the form of a uniform density cylinder 

(Illustration 2) the width of the crater (Schultz et al., 2010)  The model assumes that the 

Illustration 1 – A schematic of the plume with the cone and spike components is shown to 

the left. Important features are labeled including: S-S/C, Spike 

component, Cone Component, Shadow region, Sunlight region, and 

angles. A side of view of the model plume is shown to the right. This 

model view represents each grain as a black circle with the Spike and 

Cone components clearly seen.   

 

Spike Plume 

Cone Plume 

Time: 50s 

Lunar Surface 
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Illustration 2 – Schematic of the mass cylinder with the spike grain and cone grain 

properties shown. 

density of an individual soil grain is ~3300 kg/m
3
 and that the regolith has a porosity of 

70% (Schultz et al., 2010). Thus, considering the ejected mass from within the resultant 

13m crater, it can be inferred that the cylinder of material extended to a depth of ~19 cm.  

This 19 cm cylinder is then divided into two sections, sourcing the “inverted truncated 

cone” plume and the center “spike” plume sections. The mass fraction ratio between the 

center spike and the cone is a free parameter, determining how many grains are in each 

component. The cone and spike portions are further parameterized by average grain size, 
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         , ejection angle from the vertical,   and   , and maximum grain speed,     and 

   . 

GRAIN INITIALIZATION 

The grains are assumed to have been distributed randomly and in a uniform 

manner throughout the whole area of the 13 m crater--the physical properties of each 

individual grain are not correlated with its initial position in the crater. Each grain’s 

speed, v, is suggested by Cintala et al. (1999)—in the case of aluminum spheres impacted 

into coarse-grained sand—to depend on the distance, r, between its point of origin and 

the center of the crater, the radius of the impact crater,        , the gravitational constant 

at the lunar surface g, and empirical constants C=.49 and k=2 through the expression: 

    
 

  
   √                  2.1.1 

Grains whose vertical velocities are too low to escape the crater and reach 

sunlight are ignored; this provides a lower limit to the velocity distribution as: 

   
√

     

    

       
     2.1.2 

where   is the ejection angle,    is the radius of the moon, and h is the minimum 

calculated height to sunlight.  This minimum velocity is also a function of the angle at 

which the grains are ejected, which differs between the low and high angle plume 

components. Very fast moving grains are also ignored (P. Schultz, pers. comm.), with the 

upper limit,   , determined by an arbitrary cutoff which is also specific for each plume 

component. 

Ejection angles are assigned according to which plume component the grain is a 

part of. The cone grains are generally given a single angle value to produce a conical 

sheet of particles. To visually match the experimental impact plumes produced by 

Hermalyn et al., (2011), the spike grains are given a range of angles between zero and   . 
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Figure 3 gives a distribution of the spike angles. The distribution for spike angles is 

drawn from Eq. 2.1.3, where          is a randomly generated number for the     grain: 

            
       2.1.3 

 

Figure 3 – Distribution of angles for spike grains when       . 

Having established maximum and minimum velocity limits for both the cone and 

spike plumes, the range of allowable grain velocities is mapped to the corresponding 

cylinder of grain origins by inverting Eq. 2.1.1. The upper and lower limits for the 

cylinder radii then are    and    , respectively:  

     (        √
           

       
)

 

 

   2.1.4 

   (  
 √   

  
)

 

 

     2.1.5 

Knowing that all of the regolith present in the sunlit plume originated within this 

cylinder yields the mass of regolith which reached sunlight.  The mass of each plume 

component is equal to the percent of total crater area covered by the ring of allowable 
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velocities for that component multiplied by the total mass of that component’s mass 

cylinder: 

              
  

         
      

  
        2.1.6      

             
  

          
       

  
        2.1.7 

where    is the ratio of excavated spike mass to the total excavated mass,   . This ratio 

includes mass that did not reach sunlight. By contrast,    is the ratio of the spike plume 

mass which reaches sunlight to the total plume mass which reaches sunlight, and is 

related to    by: 

   
  (  

         
      )

  (  
         

      )       (  
          

       )
      2.1.8 

The grains are assumed to be spherical, with radii given by log normal 

distributions. There is a separate average grain size for the cone and spike for the first 

grain model, Grain Model I. In Grain Model I, ice is assumed to form a thin transparent 

coating, comprising 6% of the grain mass, on the surface of each regolith grain. The 

coating is sufficiently thin that grain optical properties (size and albedo) remain 

effectively constant in time even as the ice sublimes away. In a second two species 

model, Grain Model II, composed of separate pure regolith and pure ice grains, the total 

mass of ice still comprises 6% of the plume mass (Colaprete, 2010). This two species 

model has been added in order to explore the possibility of a pure ice layer existing in the 

crater. This two species model will be discussed in detail later.  

GRAIN HEATING MODEL 

Based on previous studies of lunar samples ([Kring, 2006), the coated single 

Grain Model I utilizes a representative grain emissivity of 0.5 and a grain density of 3300 

kg/m
3
.  The specific heat of lunar samples over the present temperature range of interest 

is well fit by a linear variation with temperature (Horai and Fujii, 1972).  Temperature is 
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computed individually for each grain by balancing the power absorbed from sunlight 

against the power lost by gray body emission (εσT
4
) and sublimation processes: 

  

  
 

 (
     

 
         )  ̇   (          )

           
   2.1.9 

where A is the surface area, σ is the grain albedo,     is the specific heat of ice,     is the 

specific heat of regolith,       is the latent heat of sublimation,  ̇   is the instantaneous 

rate at which water sublimates away, and      is the solar irradiance at the Moon. 

Sublimation is modeled with the Clausius-Clapeyron relation as occurring at a 

temperature-dependent rate (Summy et al. 2009; 2010). As the water sublimates away, 

the grain radius decreases by:  
       

  
 

 ̇   

   
     2.1.10 

Together Eqs. 2.1.9 and 2.1.10 form a system of first order equations describing 

the thermal state of the grain. These equations are solved numerically with an RK4 

routine. As the grains sublimate water molecules from their surfaces isotropically, these 

molecules are tracked independently as they travel ballistically, and they may 

photodissociate or photoionize.  Photodissociation products are tracked; ions are assumed 

to be lost immediately [Goldstein et al., 2007].  This current work concentrates on the 

grains; the results for the molecules will be described elsewhere. 

The surface temperature model assumes the smooth sunlit lunar surface is in 

radiative equilibrium; day side temperatures are approximated by a cosine
1/4 

law, the 

night side is set at 120 K, and the floors of the craters (and therefore of the ejecta, 

initially) are at 25 K.  The model includes a surface temperature dependent mean 

residence time for molecules falling to the lunar surface (Sandford and Allamandola, 

1999, Stewart et al, 2011).  Regolith grains striking the surface simply stick and 

immediately take on the local surface temperature. 
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Figure 4 – Log normal distribution of grains in the spike component of the impact plume. 

Section 2: Grain Composition 

The model initially creates grains using a log normal size distribution with a user 

specified average grain radius (Figure 4). In the one-species Grain Model I, each grain 

has a soil core with a thin ice coating. In the two species model Grain Model II, grains are 

either pure soil or nearly pure ice.    

GRAIN MODEL I COMPOSITION 

The one species model assumes that all grains start with the same fraction of ice, 

          . This fraction mirrors the ice fraction observed by Colaprete et al, 2010, for the 

overall plume: 6% ice. The model uses            and the radius value drawn from the log 
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normal size distribution to compute the mass of soil and ice in each individual grain. A 

factor,       , is used to scale the grain radius values to determine the soil core size: 

        (   
 
     
    

           

               
)

 

 

    2.2.1 

The grain radius values are divided by        in order to obtain the soil core radius 

values. The initial soil mass and ice mass in each grain are then: 

              
 

 
      

          2.2.2 

            
                      

              
    2.2.3 

GRAIN MODEL II COMPOSITION 

The two species model has nearly pure ice and pure soil grains:            = 0% or 

99.5%, and equations 2.2.1 to 2.2.3 still apply. In studying this model, we are particularly 

interested in the relative amounts of ice and soil in the cone and spike components since 

they presumably represent excavations from different depths. Hence, if      is the ice 

mass fraction present in the spike component,      is the ice mass fraction present in the 

cone component: 

     
              

      
     2.2.4 

     
                  

          
    2.2.5 

In equations 2.2.4 and 2.2.5            is the fraction of total ice mass in the plume 

that is in the spike component and      is the fraction mass in the plume that is ice. 

Section 3: Plume Spectral Modeling 

Spectral properties of the plume are calculated based on the Enceladus plume 

particulate model used in (Ingersoll et al, 2011). Equating the power scattered by all of 

the grains with the power incident to the detector at a certain wavelength,  : 
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             ∑     
 
     (

           

  
 

) ,  2.3.1 

where        is the plume spectral irradiance at the detector,      is the area of the 

detector,    is the cross sectional area of the j
th

 grain,         is the scattering phase 

function for the j
th

 grain, and    is the distance between the j
th

 grain and the detector. The 

radiance      emitted by the j
th

 grain is: 

                        

 

  
 ,    2.3.2 

where         is the solar spectral irradiance at wavelength,  , and          
 is the 

scattering efficiency of the j
th

 grain (Ingersoll et al, 2011). The spectral irradiance at the 

detector, neglecting absorption, is: 

          ∑
 

 

 
                

       (
  

  
)
 

   2.3.3 

where    is the radius of the particle. 

When the plume fully occupies the field of view, the spectral radiance        of the 

plume is given by         , where   is the solid angle of the detector’s conical FOV, 

having an angle of 1˚. Integrating        over the 250 nm to 650 nm band yields plume 

radiance values comparable to the UV/Visible Spectrometer light curve in Figure 1.  

Taking the ratio of        integrated the over 550 nm to 650 nm band and        integrated 

over the 300 nm to 400 nm band yields a Blue:Red color ratio comparable to the 

observed data in Figure 2. 
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Illustration 3 – Schematic of the Spectral Model with oncoming solar radiation labeled 

along with the scattered radiation directed towards the S-S/C. A model 

of a single grain is shown that includes the constant phase angle. 

ATTENUATION MODEL 

Attenuation by scattering within the optically thin plume can be included in the 

spectral modeling calculations—the scattering by attenuation in this model is single-

scattering due to the diffuse nature of the plume. The major contribution to the 

attenuation model described here came from Daniel Asturias. With attenuation enabled, 

the model takes into account the extinction efficiency of each grain,         
. The values 

for         
 are obtained from pre-calculated data obtained from Dr. Anthony Colaprete. 

This extinction efficiency is dependent on the grain radius and the wavelength of the 

solar spectral irradiance. The extinction efficiency is defined as the ratio of the total 

extinction cross section of a particle to its physical cross section (   ). In this ratio, the 
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total extinction cross section is the ratio of total radiant power removed by the particle to 

the radiant power incident on the particle. The extinction cross section is used in equation 

2.3.4 to find the optical depth for both incoming and outgoing paths through the plume 

that the solar radiation traverses before it is detected by the S-S/C: 

         
         

    
.         2.3.4 

For the plume spectral model, the extinction efficiency factor enters twice during 

the calculations. This is due to the geometry of the modeled plume—the solar radiation 

initially travels through the plume where the photons have a chance of being scattered. 

After a scattering event, the photon, before being observed, has to travel towards the S-

S/C through more of the plume. During both of these time periods—before and after a 

scattering event—the photon has a chance of being removed by scattering. This 

consideration results in a slight change to equation 2.3.3 as follows: 

           ∑
 

 

 
                

                      (
  

  
)
 

         2.3.5 

In equation 2.3.5,         is the attenuation before the scattering event and          

is the attenuation after the scattering event. Applying this equation to the spectral model 

produces radiance curves that are reduced in value by a factor called the attenuation ratio. 

The attenuation ratio for regions of the plume can be computed when comparing the non-

attenuated radiance model to the attenuated radiance model. The attenuation ratio is the 

ratio of the radiance with the plume extinction included to the radiance without plume 

extinction. Figure 5 shows the attenuation ratio for the entire plume from the vantage 

point of the S-S/C at 25 s post-impact. The solar radiation comes from the top of this 

figure indicated by the white arrow. The highest attenuation ratio can be seen in the 

region along 0 km on the y-axis (i). This high attenuation ratio results from the solar 

radiation having just entered the plume—there would not be many scattering/absorption 
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events by this point. As the photons travel further into the plume, it is apparent that the 

attenuation ratio decreases. The central circular region of low attenuation ratio (ii) is 

produced by the high density spike component of the plume. For the nominal case 

described below, ~20% of the plume grains are located within the dense circular region. 

The region just below the central spike (iii) has the lowest values for the attenuation ratio. 

This ‘shadow’ is caused by the photons that have to travel through the central spike 

component as well as portions of the cone component. The mirrored regions (iv) occur 

due to the extended regions that photons must travel inside the cone component. This 

increases the chance for a scattering or absorption event. The attenuation model is 

important to the model—it clearly affects the level of brightness seen by the S-S/C. This 

is evident in Figure 5 with region iii having ~15% brightness reduction with attenuation. 

Figure 5 – Attenuation ratio of plume from the S-S/C at 25 seconds 
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CHAPTER 3: PARAMETER VARIATION 

Using the approach discussed above, several model parameters were varied 

systematically in order to explore the effect each has on the results predicted by the 

model. For the cone component of the plume the average cone grain radius and the cone 

angle were varied systematically.  For the spike component of the plume, the average 

spike grain radius, spike angle, and fraction of the total mass in the spike component 

were varied systematically. There is one additional parameter that is varied when using 

the two species Grain Model II: the fraction of total ice in the spike component.  In each 

study all parameters with a single exception were held constant at nominal values. The 

model sensitivity to each of these parameters must be understood when interpreting the 

simulated results for comparison with the LCROSS spacecraft data. Following a 

discussion of the nominal case, the effects of parameter variation upon brightness curves 

are shown in Section 2 while the effects upon the B/R ratio curves are shown in Section 

3. The brightness varied in Section 2 is defined as the solar radiation incident from lofted 

grains detected by the S-S/C UV-VIS spectrometer. The B/R ratio is varied in Section 3 

is defined as the ratio of blue radiance (300-400 nm) detected by the UV-VIS 

Spectrometer to the red radiance (550-650 nm) detected by the UV-VIS spectrometer. 

Section 1: Nominal Case 

Figure 6 displays the simulated S-S/C observed brightness for the nominal case 

based on the seven parameterized variables in Table 1. Included also are the observed 

data extracted from Figure 1. The nominal values in the Table 1 were chosen in order to 

roughly re-produce the observed brightness curve seen in Figure 1 and were obtained 

based on a preliminary parametric study performed using the seven main plume 

parameters. In this nominal case, the initial peak in the brightness curve at ~20 s can be 
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attributed to the S-S/C viewing the inverted cone component that comprises 80% of the 

plume mass. The radiance begins to drop off from its peak value as cone grains begin to 

leave the S-S/C 1˚ FOV. The cone grain radiance peak is labeled in Figure 6 with the 

plume parameters that affect this physical feature: cone grain radius, spike grain radius, 

spike mass fraction, and cone angle.  

Figure 6 - Nominal case brightness curve shown in blue along with the observed data 

from the S-S/C UV-VIS spectrometer shown in black. Several key features 

are labeled. 

The leveling off at ~50 s occurs when the cone component leaves the S-S/C FOV. 

The plume parameters were chosen in order to match the inflection time in Figure 1. A 

cone component with variable thickness was implemented in order to match the observed 

shape. With a thicker cone component, the cone grains leave the FOV less abruptly—this 
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leads to a more rounded kink in the curve just before it levels off. For the nominal case, a 

30˚ thickness in the cone was chosen as the nominal value. This 30˚ thickness was 

applied as ±15˚ from the nominal cone angle. This was chosen in order to match the slope 

of the curve after the brightness peak. The kink in the curve at ~50 s is labeled with the 

plume parameters that affect this physical feature: cone angle, spike mass fraction, and 

cone grain radius. The spike-only contribution after ~50 s can be understood by 

observing the S-S/C FOV along the trajectory of the S-S/C. While the brightness curve is 

flat from ~50 s to ~150 s, the S-S/C keeps the majority of spike grains in its FOV. After 

~150 s, the S-S/C begins to enter the spike component of the plume—the brightness 

increase can be attributed to S-S/C descending through the spike component of the 

plume. Once the brightness curve begins its terminal drop off at ~200 s, the majority of 

spike grains have left the FOV as they are behind the descending S-S/C. It is, of course, 

understood that the nominal case does not represent a unique solution for these seven 

parameters, just a reasonable one. 

 

Parameter Nominal Value Variation Examined 

Spike Mass Fraction 20% 0.10-0.30 

Cone Grain Mean Radius 1.6 μm 1.2-2.0 μm 

Cone Angle 67˚ 25˚-67˚ 

Cone Grain Velocity Limit 800 m/s Negligible 

Spike Grain Mean Radius 3.5 μm 3.1-3.9 μm 

Spike Angle 12˚ 5˚-25˚ 

Spike Grain Velocity Limit 1000 m/s Negligible 

Table 1 – Nominal plume parameters along with variation range examined in Section 3. 
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GRAIN MODEL I VS GRAIN MODEL II 

With the single species Grain Model 1, soil spectra could be used for all grains 

since all were at least 94% soil. With the two species Grain Model 2, both soil and ice 

spectral data are utilized. In this model, the code checks each grain if it has water ice 

present and draws from the soil or ice pre-computed spectra data that were obtained from 

Dr. Anthony Colaprete. The pre-computed spectra data have values for absorption 

efficiency, extinction efficiency, asymmetry factor, and albedo at seven radii ranging 

from 0.1 μm to 16 μm and for incident solar radiation values at 250 nm to 750 nm 

wavelength. In the model, an interpolation scheme is used in order to obtain the correct 

spectral values for each grain. Equations 2.3.1 to 2.3.4 are used to obtain brightness data 

after this interpolation scheme has provided the appropriate spectral data. 

Figure 7 displays the nominal case for Grain Model 1 and Grain Model 2. Grain 

Model 2 shows a very slight decrease in the peak radiance at ~20 s during the cone grain 

radiance peak. With ice grains present, one would expect that higher albedo ice would 

reflect more incident radiation when compared to equivalent soil grains. In order to 

explore this problem, we compare spectral data for several different grain sizes. Figure 9 

clearly shows that for most grain sizes—except 0.1 μm—the ice grains will reflect more 

incident radiation than the soil grains. This does not seem to match the data obtained in 

Figure 7. An explanation for this behavior is that the majority of ice has sublimated by 20 

s; therefore, the ice grains are substantially smaller than their initial size. If the ice grains 

are already small at ~20 s, then it would be expected that they would reflect substantially 

smaller amounts of radiation than the larger soil grains. This is evident when looking at 

figures 10 and 11—the plot with ice radiance is a couple orders of magnitude smaller 

than the soil radiance plot. 
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Figure 7 – Nominal Radiance curve using different spectral data sources. The blue curve 

only uses soil data. The black curve uses soil and ice data. 

 

Figure 8 – Nominal B/R ratio curve using different spectral data sources. The blue curve 

only uses soil data. The black curve uses soil and ice data. The spike near 

the end of the curve is noise due to very few grains in the S-S/C FOV. 
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Figure 10 displays the blue and red spectrum radiance contributions for several 

pure dirt grain size bins during the first 60 s after impact. The bins included in this figure 

are: 0.1-0.2 μm, 0.5-0.6 μm, 1.0-1.1 μm, 2.0-2.1 μm, and 4.0-4.1 μm. Figure 11 shows 

pure ice grain blue and red spectral radiance contributions for the same size bins as in 

Figure 10.  The difference between Grain Model I and Grain Model II arise from the 

differences between Figures 10 and 11. 

In Figure 10, the variation in the radiance is due to the grains entering the field of 

view and, towards the end of the record, cone grains leaving the field of view. There are 

several peaks seen in the curves for the larger grain size in Figure 11. A kink in the curve 

can be seen in the one, two, and four micron bins, after which the radiance levels off. 

This kink is due to the sublimation process and the time of each kink corresponds with 

the time at which the corresponding bin grain size completely sublimates all of its ice. 

This is shown in Figure 11 by shading each curve gray once those grains are completely 

sublimated and no longer factored into the spectral calculations. This supports Figure 9 

discussed earlier with the smaller ice grains contributing less to the total radiance. The 

data in Figure 8 can also be supported by comparing Figures 10 and 11. Adding ice 

grains increased the B/R ratio in Figure 8—this is apparent closer to impact as more ice 

remains on the lofted grains. This difference between grain models in Figure 8 can be 

explained by looking at the curves in Figure 11—Grain model II in Figure 8 uses the data 

displayed in Figure 11. The curves in Figure 11 appear to contribute more to the blue 

spectrum relative to the red spectrum when compared to the curves in Figure 10. 

 



26 

Figure 9 – Incident radiance for ice and soil at six grain sizes: 0.1 μm, 0.5 μm, 1 μm, 2 

μm, 4 μm, and 8 μm. 
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Figure 10 – Radiance contributions of pure ice grains in blue (300-400 nm) and red (550-

650 nm) curves. Each curve has radiance contributions from a 0.1 μm initial 

radius range of pure soil grains. Note the scale extends to 60 seconds. 

 

Figure 11 – Radiance contributions of pure ice grains in blue (300-400 nm) and red (550-

650 nm) curves. Each curve has radiance contributions from a 0.1 μm initial 

radius range of pure ice grains. Note the Scale extends to 60 seconds. 
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Figure 12 shows the average grain radius evolution in time for Grain Model I and 

Grain Model II. The black curves represent Grain Model I grains—these curves level off 

after just a few seconds due to the ice coating having sublimated away. The blue curves 

represent the pure ice grains in Grain Model II—these curves level off ~20 seconds for 

the cone grain curve and ~60 seconds for the spike grain curve. This represents a large 

difference between the ice sublimation physics in the two different models. With Grain 

Model II, the ice will contribute to the brightness and B/R ratio for longer. The large peak 

seen in the Figure 8 Grain Model II curve at ~10 s is due to this extended ice contribution 

to the spectral properties. The peak in the Grain Model II B/R ratio can be attributed to a 

combination of two things: the addition of ice spectral data and the nearly pure ice grain. 

Figure 12 – Grain Evolution for Grain Model I and Grain Model II grains. The blue 

curves correspond to pure ice grains in Grain Model II, brown curves 

correspond to pure soil grains in Grain Model II, and black curves are the 

grains in Grain Model I. 
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Section 2: Effects of Parameter Variation on the Brightness Curve 

We now examine the effects of parametric variation of cone grain radius, cone 

angle, spike mass fraction, spike angle, and spike grain radius upon the modeled 

brightness as a function of time, and present pairs of plots comparing the results of the 

two grain models in each case. Grain Model II includes ice spectral data when calculating 

the observed brightness. The general trends are the same for the two grain models; 

however, Grain Model II predicts slightly smaller brightness values, similar to the results 

in Figure 7. They are presented for completeness. 

CONE GRAIN RADIUS  

Figures 13 and 14 show the variation in the simulated brightness seen by the S-

S/C when the average radius of the cone grains is changed.  As the average radius of cone 

grains decreases, the maximum brightness of the first peak increases.  This trend is 

observed while the total mass in the overall plume mass and the mass ratio between the 

two plume components are held constant. Thus, while the surface area of each grain 

varies proportionally to the square of the grain radius, the total number of grains in that 

cone plume component will vary as   
  . This leads to a substantial decrease in brightness 

proportional to   
   as assumed grain size is increased.  After ~50 s, the cone grains leave 

the field of view of the S-S/C and variations in the average grain radius of the cone grains 

cease to have an effect on brightness. 
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Figure 13 – Effect of cone grain radius upon the S-S/C observation of plume brightness 

for Grain Model I. 

 

Figure 14 – Effect of cone grain radius upon the S-S/C observation of plume brightness 

for Grain Model II. 
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CONE ANGLE 

Figures 15 and 16 show the effects of varying the cone angle,   , on the 

brightness as a function of time. The two most prominent features that are affected are the 

end point of the initial brightness peak and the magnitude of the initial brightness peak. 

The end point of the initial brightness peak occurs when the cone plume leaves the S-S/C 

field of view--between 40 to 100 s for this range of cone angles. The cone angle changes 

the time when cone grains leave the S-S/C field of view. Smaller cone angles yield cone 

grains with a lower radial velocity component (the component normal to the cone axis), 

so it takes longer for those cone grains to move out of the view of the S-S/C. The radial 

velocity component is nearly perpendicular to the S-S/C line of sight.  

 The second prominent feature is the large difference in maximum 

brightness of the peak attributed to the cone plume.  The cone angle is measured with 

respect to the surface-normal of the Moon.  Decreasing the cone angle in the model leads 

to a larger fraction of the cone grains reaching sunlight, resulting in higher brightness. 
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Figure 15 – Effect of cone angle upon the S-S/C observation of plume brightness for 

Grain Model I. 

 

Figure 16 – Effect of cone angle upon the S-S/C observation of plume brightness for 

Grain Model II. 
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FRACTION OF MASS IN SPIKE 

Figures 17 and 18 show the brightness variation when the fraction of the total 

mass in the spike plume is varied.  Increasing the fraction of mass in the spike increases 

the brightness throughout the observation period.  The increase is more pronounced after 

~40 s since the spike component is the only component in view after the initial peak.  

One subtle feature of the curve is that the increased number of spike grains slightly 

increases the time of maximum brightness. The brightness observed by the S-S/C during 

the first 10 s post impact is not sensitive to which plume component the grains are in, 

since both cone and spike are in view. Beyond the peak which occurs around 25-35 s, 

grains from the cone plume begin to leave the field of view and this accounts for the 

subsequent drop in brightness at ~40-60 s. With more mass in the spike component, a 

smaller decrease in brightness is observed. 
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Figure 17 – Effect of spike mass fraction upon the S-S/C observation of plume brightness 

for Grain Model I. 

 

Figure 18 – Effect of spike mass fraction upon the S-S/C observation of plume brightness 

for Grain Model II. 
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SPIKE ANGLE 

Figures 19 and 20 illustrate the effect on the brightness profile of varying the 

spike angle from 5 - 25˚. The spike angle changes the slope of the brightness curve after 

~50 s—the slope increases as the spike angle decreases. This trend is explained by two 

coupled factors: with a smaller spike angle more mass is concentrated toward the plume 

axis and the S-S/C enters the top of the plume at around 150 s. With low spike angles, the 

plume is traveling almost entirely along the plume central axis and spends much time in 

the field of view.  In fact, for very narrow spikes (~ 5˚ plumes) most of the spike mass 

remains in the FOV until ~150 s when the S-S/C begins to enter the top of the spike. The 

spike plume is more spread out, when the spike angle is higher, so the spike mass leaves 

the field of view more quickly and the brightness curve has smaller values overall.  
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Figure 19– Effect of spike angle upon the S-S/C observation of plume brightness for 

Grain Model I. 

 

Figure 20– Effect of spike angle upon the S-S/C observation of plume brightness for 

Grain Model II. 
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SPIKE GRAIN RADIUS 

Figures 21 and 22 show the variation of the brightness as the average spike grain 

radius is varied. The spike grain radius acts as a scaling factor for the brightness, for the 

same reasons that changing the average cone grain size affects brightness. As the average 

spike grain radius is increased (while maintaining a fixed amount of mass in the spike), 

the brightness curve shifts down. The curves Figures 13 and 14 differ from Figures 21 

and 22 because the spike grains are in the S-S/C field of view for the full 250 s, while the 

cone grains leave the field of view at ~50 s.  
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Figure 21 – Effect of spike grain radius upon the S-S/C observation of plume brightness 

for Grain Model I. 

 

Figure 22 – Effect of spike grain radius upon the S-S/C observation of plume brightness 

for Grain Model II. 
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Section 3: Effects of Parameter Variation on the B/R Ratio Curve 

We now examine the effects of parametric variation of Cone Grain Radius, Cone 

Angle, Spike Mass Fraction, Spike Angle, and Spike Grain Radius upon the modeled B/R 

ratio as a function of time. Grain Model II uses ice spectral data when computing the B/R 

ratio. This leads to an increase in the initial peak of the B/R ratio that occurs a few 

seconds after the Centaur impact. As the majority of the ice sublimates away, there is a 

large drop in the B/R ratio when compared to Grain Model I. The differences between the 

plots arise from the difference between the spectral data for ice and soil. Most of the ice 

has sublimated away by the time the cone grains have left the FOV, so the differences 

vanish. This can be explained by the behavior in Figures 8 and 12—the ice grains 

sublimate quickly once exposed to sunlight. This peak in Grain Model II subsides as the 

ice grains sublimate off. We do not have a nominal case that matches the B/R ratio seen 

in Figure 2—the behaviors of the plots are similar; however, the values do not agree. 

CONE GRAIN RADIUS 

Figures 23 and 24 show the effects of varying the average cone grain radius on 

the time dependence of the B/R ratio. The only variation in the plots occurs in the first 50 

s while the cone grains remain in the FOV. After 50 s, the variation in the average cone 

radius has no effect on the curve; therefore, all curves are identical. During the first 50 s, 

the B/R ratio increases as the average cone grain radius is increased. This trend is the 

result of a shift in the spectral properties as the grains get larger. This trend can be seen 

by looking at Figure 10. By comparing the curves for the red and blue radiance values for 

the 1.0-1.1 μm and 2.0-2.1 μm, it can be concluded that the difference between the two 

curves decreases from the 1.0-1.1 μm bin to the 2.0-2.1 μm bin. This results in the larger 

grains in this specific range of values having a more blue B/R ratio—this is what is seen 

in Figures 23 and 24 with the larger cone grains having a larger B/R ratio.  
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Figure 23 – Effect of cone grain radius upon the S-S/C observation of plume B/R ratio for 

Grain Model I. 

 

Figure 24 – Effect of cone grain radius upon the S-S/C observation of plume B/R ratio for 

Grain Model II. 
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CONE ANGLE 

Figures 25 and 26 show the effects of varying the cone angle,   , on the time 

dependence of the B/R ratio. The most prominent variation is in the behavior of the initial 

peak as it decays to a relatively constant value. There are two features that vary in the 

initial portion of the curve as the cone angle is increased: the kink in the curve between 

30-80 s and the maximum value of the peak. As described in the discussion of the 

radiance plots, the kink in the curve occurs when the cone grains leave the S-S/C FOV. 

The cone grains leave the S-S/C FOV sooner with a larger cone angle—these larger 

angles imply a greater radial velocity of the cone grains (normal to the cone axis). Each 

component of the plume has distinct average grain radius values and different radius 

values scatter with unique B/R ratios. By looking at the blue and red radiance curves for 

the 2.0-2.1 μm and 4.0-4.1 μm bins in Figure 10, it can be concluded that the difference 

between the two curves increases from the 2.0-2.1 μm bin to the 4.0-4.1 μm bin. This 

results in larger grains between these two bins contributing more to the red spectrum 

when compared to the smaller grains. Since cone grains have an average radius of 3.5 μm 

and spike grains have an average radius of 1.6 μm, the cone grains leaving the FOV 

between 50-100 s will have a larger B/R ratio than spike grains. 

There is also a slight variation seen in the peak value for the B/R ratio in Grain 

Model I. As the cone angle is increased, the peak decreases—this is most apparent when 

looking at the 67˚ curve. This can also be explained by the velocity of the grains. As the 

cone angle is increased, the grain velocity normal to the surface will decrease. This 

velocity decrease will result in fewer cone particles able to reach sunlight. With fewer 

cone particles in the FOV, the spectrum will get redder due to the spike grains remaining 

unchanged. In Figure 26, this feature is only noticeable after ~25 s when the curves 

diverge. 
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Figure 25 – Effect of cone angle upon the S-S/C observation of plume B/R ratio for Grain 

Model I. 

 

Figure 26 – Effect of cone angle upon the S-S/C observation of plume B/R ratio for Grain 

Model II. 
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FRACTION OF MASS IN SPIKE 

Figures 27 and 28 show the effects of varying the spike mass fraction on the B/R 

ratio as a function of time. There is a slight variation in the behavior of the curves during 

the first 50 s. As the fraction of mass in the spike increases, the B/R ratio decreases. This 

trend can be explained with the spectral properties used to explain the previous figures. If 

the mass in the spike is increased, the plume will have slightly more grains that scatter in 

the red portion of the spectrum. This can be seen by looking at Figure 10 similar to the 

analysis used with the Cone Angle parameter variation. The radiance curves in Figure 10 

that contribute to the B/R ratio for the given spike grain average radius trend more red 

than the curves that contribute to the B/R ratio for the cone grains. 
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Figure 27 – Effect of spike mass fraction upon the S-S/C observation of plume B/R ratio 

for Grain Model I. 

 

Figure 28 – Effect of spike mass fraction upon the S-S/C observation of plume B/R ratio 

for Grain Model II. 
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SPIKE ANGLE 

Figures 29 and 30 show the effects of varying the spike angle on the B/R ratio as 

a function of time. There appears to be no significant variation in the curve. The only 

variation occurs after ~150 s. After this time, the number of grains in the FOV decreases 

significantly; therefore, the variation could be the result of noise in the model. There is no 

significant change before ~150 s due to all spike grains in the simulation being identical 

in their B/R ratio. 
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Figure 29 – Effect of spike angle upon the S-S/C observation of plume B/R ratio for 

Grain Model I. 

 

Figure 30 – Effect of spike angle upon the S-S/C observation of plume B/R ratio for 

Grain Model II. 
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SPIKE GRAIN RADIUS 

Figures 31 and 32 show the effects of varying the average spike grain radius on 

the B/R ratio. The B/R ratio increases as the average grain radius decreases. When 

compared to the cone grain radius plots (Figures 22 and 23 respectively), the differences 

persist for the entire simulated record since the spike grains remain in the FOV for the 

entire duration. The more pronounced difference after ~50 s can be attributed to 80% of 

the mass leaving the FOV. The mass that leaves the S-S/C FOV is identical for each 

curve; therefore, that mass won't contribute to any differences between the curves before 

~50 s. As before, Figure 10 can be used to explain the difference between the curves. The 

contribution from the blue curve decreases when going from the 2.0-2.1 μm  bin to the 

4.0-4.1 μm  bin, resulting in a smaller B/R ratio as you increase the average grain size. 
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Figure 31 – Effect of spike grain radius upon the S-S/C observation of plume B/R ratio 

for Grain Model I. 

 

Figure 32 – Effect of spike grain radius upon the S-S/C observation of plume B/R ratio 

for Grain Model II. 
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CHAPTER 4: CONCLUSIONS 

A parametric study of the LCROSS plume parameters was motivated by the need 

for a detailed understanding of the properties of the volatiles in lunar cold traps. This 

knowledge will contribute to existing literature on the evolution of the lunar surface and 

will aid in future missions to the moon. The parametric study was conducted in order to 

understand several observations made during the LCROSS mission. The hypotheses to be 

tested against the S-S/C observations included the following: 

1. There was a high angle spike plume component and a low angle cone component. 

2. Grains present in the ejecta plume were on the order of micron to sub-micron in 

radius. 

3. The spike component made up 20% of the total lofted mass in the ejecta plume. 

4. The mass of the ejecta plume comprised 6% water ice and 94% lunar soil. 

5. Ice sublimates from the grains as they are lofted into sunlight. 

The results obtained from the parameter variation on the plume brightness validate 

the first hypothesis. The brightness data obtained with the UV-VIS spectrometer aboard 

the S-S/C could be explained by the presence of two plume components. The presence of 

an initial brightness peak followed by steady brightness values higher than pre-impact 

levels suggests that there are grains that contribute to the initial peak that leave the FOV 

and grains that remain in FOV for the entire duration. Modeling this two component 

behavior with the LCROSS code clearly duplicates this observation—this multiple 

component model remains the only likely explanation to the observations. The parameter 

variation results involving cone parameters illustrate the connection between the 

observed data and the model data. In the model, the cone angle and the cone grain radius 

can be tuned in order to match the observed initial brightness peak. The cone angle could 

be decreased to keep the cone grains in the FOV for a longer duration and the cone grain 
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radius could be decreased to increase the peak brightness value. Spike parameters had 

similar effects on the entire brightness curve due to the model keeping the spike 

component in the FOV for the entire 250 s observation period. The results of the 

parametric study show that the two component plume is a valid explanation for the data 

that was observed by the S-S/C. 

 The second and third hypotheses were found to be linked during the parametric 

study of plume variables. The second hypothesis can be reproduced by the simulations as 

long as the total lofted mass in the spike component is not at an extreme value such as 

~0% or ~100%. The spike grain radius value would need to be extremely small to get the 

correct brightness value if the model were required to match the observed data with only 

0.1% of the total lofted mass in the spike component. In a similar fashion, the cone grain 

radius would need to be larger than micron-sized in order to get a matching brightness 

value. This linked behavior then leads to the conclusion that there are multiple “nominal 

cases”. If the amount of mass lofted in the spike component is changed, the cone and 

spike grain radii can be adjusted in the model in order to match the observations. We 

conclude that a range of parameters are consistent with the second hypothesis. The third 

hypothesis is consistent with the UV-VIS S-S/C observations but the correct value cannot 

be confirmed by the model. 

 The percentage of water ice in the model remained a constant for all parametric 

variations presented in Chapter 3. This value was not varied due to studies that have 

accurately estimated the amount of ice in the plume to be ~6% (Colaprete et al., 2010). 

With the nominal case matching the observed data quite well, it is certainly possible that 

this value of ~6% was accurate. It is also possible that there is an acceptable range of 

values that could match the observed data—the value of 6% is not unique in order to 

accurately model the S-S/C observational data. According to Figure 7, the addition of ice 
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spectral data in Grain Model II decreased the total brightness curve. If ice were added to 

the plume and soil removed, the brightness curve would decrease in value. In Ch. 3, Sec. 

2, the plots on grain radius variation indicated that the brightness curve could be altered 

by changing the average grain radius for either plume component; therefore, there must 

be an acceptable range of values for the percent of ice in the plume so that the grains 

remain in the micron to sub-micron level. The fifth hypothesis is validated by the results 

in Figures 11 and 12. In Figure 12, the nearly pure ice grains get smaller while lofted in 

sunlight. This is a result of the sublimation physics added in Grain Model II—the 

addition of sublimation produces model results that can accurately match the S-S/C 

observational data. Sublimation physics will be utilized in order to create a better model 

of the water vapor source into the plume. 

 The B/R ratio plots outlined in Ch.3, Sec. 3 do not match the observed B/R ratio 

plot seen in Figure 2. The B/R ratio plots provide a fairly similar match to the behavior of 

the B/R ratio in Figure 2; however, the curve values in Figure 2 are shifted down by 

several tenths. The reason for the shift is unknown. However, several conclusions can be 

made from comparing what we presently have. The variance of both components’ 

average grain radius provides an insight into matching the initial peak seen in the Figure 

2 curve. In Grain Model 2, with larger cone grains in Figure 24, the B/R ratio peak 

increases in magnitude. Therefore, we can assume that there is likely a cone grain radius 

that will match the magnitude of the peak. In a similar fashion, when looking at Figure 

24, we can see that there is a threshold for cone grain radius size under which the 

behavior of the curve does not even qualitatively match Figure 2. This creates a threshold 

for the minimum average cone grain radius that is needed in order to match the Figure 2 

behavior. The difference between the two figures still needs to be addressed in future 

work. 
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