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Introduction: The New Horizons flyby has provided 
the first observations of Pluto in a range of phase 
angles from 15°-170° and at spatial resolutions less 
than 1 km/pixel [1]. From such observations we 
determine the size and distribution of Pluto’s haze 
through investigation of the limb scatter phase curves.  
Data: We use images acquired by New Horizon’s 
Multispectral Visual and Infrared Camera (MVIC; [2]) 
to generate calibrated phase curves of Pluto’s 
atmosphere. MVIC is composed of 7 independent 
CCD arrays; we used observations taken by 3 of the 4 
color frames, the RED, BLUE, and NIR. We acquired 
calibrated data from the PDS and convert from the 
calibrated DN to physical reflectance units following 
procedures in [3]. We only use images taken with an 
average pixel scale less than 15 km/pixel. This 
produces a dataset of 7 observations, at 8 phase angles, 
spanning ~30 hours around closest approach.   

For each observation, we generated a 
navigation file using the JPL NAIF SPICE routines 
[4]. These files contain geographic location 
predictions, viewing geometry, and derived products, 
like tangential altitude. To account for errors in the 
predicted location of Pluto and Charon’s disk, we 
manually shifted the navigation files until the disk 
predicted by SPICE matched with the disk in the 
image. These shifts were ~5 pixels in line and sample. 

There is an instrument effect, similar to stray 
light, which causes spurious brightness at least 50 
pixels from the limb of the disk of Pluto [5]. To 
account for this glow, we follow a similar strategy in 
[5]; we use the hazeless body of Charon [6] to model 
the effect. We derived a robust 2 dimensional 
description of the Charon’s off disk brightness for 
each filter as a function of limb brightness, distance 
from the disk, and pixel brightness. This function can 
be extrapolated to remove spurious brightness from 
Pluto’s disk regardless of limb brightness or the lack 
of contemporaneous observation of Charon, as is the 
case at a phase angle of 169°. 

Phase curves were generated by binning the 
data into 20 km high altitude bins and taking the 
median of the pixels in the bin (Fig1). To limit the 
variation in the brightness profiles we constrained our 
data to subtangent points with an incidence angle of 
75-85° and in the region of 35 - 50N° latitude and -80 
– 40E° longitude. We choose our upper limit to be 500 
km as this is the height where photolysis of methane 

takes place, and below this altitude aerosol growth 
begins. Negative median values arise from level 1 
calibrations and the Charon off disk subtraction, 
predominantly in the NIR channel. Data with negative 
I/F values were set to zero, assuming that these 
observations were valid but below the lowest limit of 
detection. We present the uncertainty in I/F as the 
standard deviation, σ, of the pixels in each bin. 
Methods: We use the limb scatter technique to 
describe the radiative transfer equations governing our 
phase curves [7,8,9]. For an optically thin atmosphere, 
like Pluto, scattering into the line of sight vector is 
dominated by the single scattering contribution from 
the tangent altitude [8].  

After an exploration of many analytic and 
numerical techniques [10], we chose to use the phase 
function, 𝑃𝑃11, described by [11] for scattering by a 
fractal aggregate composed of small monomers, as 
there is consensus that Pluto’s atmosphere is 
composed of aggregates similar to Titan [12,13,5] . 
This 𝑃𝑃11 is a function of the fractal dimension, 𝐷𝐷𝑓𝑓, 
number of monomers per aggregate, 𝑁𝑁, the complex 
index of refraction, 𝑚𝑚𝑟𝑟 + 𝑖𝑖𝑚𝑚𝑖𝑖, and the monomer size 
parameter, 𝑋𝑋𝑚𝑚, given by 𝑋𝑋𝑚𝑚 = 2𝜋𝜋𝑟𝑟𝑚𝑚/𝜆𝜆, where 𝑟𝑟𝑚𝑚 is 
the radius of the monomers. As with other authors 
[13,14], we use the 𝑚𝑚𝑟𝑟 + 𝑖𝑖𝑚𝑚𝑖𝑖 for Titan’s haze, 
extrapolated from [15]. We assume 𝐷𝐷𝑓𝑓 = 2. 

𝑃𝑃11 produced by a distribution of particles 
sizes characterized by differential particle radius 
number density distribution 𝑛𝑛(𝑟𝑟) are found by 
integrating the product of the 𝑃𝑃11(𝑟𝑟, 𝜃𝜃), the scattering 
efficiency 𝑄𝑄𝑠𝑠(𝑟𝑟), the effective radius 𝑅𝑅𝑓𝑓 =  𝑟𝑟𝑚𝑚√𝑁𝑁, and 
𝑛𝑛(𝑟𝑟), over all particle sizes [16]. Our particle size 
range was between 2 monomers large (𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚 = 𝑟𝑟𝑚𝑚√2) 
to 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = 1𝜇𝜇𝑚𝑚. 
Analysis: We tested several particle population types 
including monodispersed, log normal, bimodal, and 
power law. We determine the value of 𝑟𝑟𝑚𝑚, and shape 
of 𝑛𝑛(𝑟𝑟), that produce 𝑃𝑃11 that best fit our phase curves 
using a grid search inspired by the non-linear least 
squares minimization technique. We determined the 
absolute value of 𝑛𝑛(𝑟𝑟) and 𝑄𝑄𝑠𝑠(𝑟𝑟), by setting our 
extinction coefficient, 𝛽𝛽𝑒𝑒, at 165 nm to match the 𝛽𝛽𝑒𝑒 
from [13], which used UV solar occultation from the 
New Horizons Alice instrument. We assume any 𝑃𝑃11 
must fit the 3 filters equally well. We assume 𝑟𝑟𝑚𝑚 will 
remain fixed for all altitude bins.  
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The monodisperse distribution failed because 
the phase curves are predominately forward scattering 
especially in the lower atmosphere and the forward 
scattering component is steep, but there is also a not 
insignificant back scatter component. These aspects 
require a distribution of large and small scatters.  

[14] determined 𝑛𝑛(𝑟𝑟) as a function of altitude 
and particle radius for spherical and fractal aggregate  
particle composed of monomer with 𝑟𝑟𝑚𝑚 of 5nm and 
10nm using the 1D Community Aerosol and Radiation 
Model for Atmospheres (CARMA). 𝑃𝑃11 produced by 
these log-normal distributions were unable to fit our 
data. 𝑛𝑛(𝑟𝑟) for spherical particles produced isotropic 
𝑃𝑃11, while 𝑛𝑛(𝑟𝑟) for fractal aggregate  particles 
produced 𝑃𝑃11 with forward and back scatter 
components at the right order of magnitude (Fig1). 

We then tried a bimodal distribution with 
arbitrary weights that summed to one. The population 
described by high weighted small particles and low 
weighted large particles successfully produced 𝑃𝑃11 
with shapes matching our phase curves.  

Finally, we investigated a power law 
distribution. We find that a power law distribution for 
𝑛𝑛(𝑟𝑟) is able to produce 𝑃𝑃11that match the shape of the 
observed phase curves (Fig1). For 𝑃𝑃11 with 𝑟𝑟𝑚𝑚<2nm 
and 𝑟𝑟𝑚𝑚>=10nm, we found no solutions for the 
exponent of the power law size distribution. This 
begins at 200km and becomes prevalent in more 
altitude bins for larger 𝑟𝑟𝑚𝑚. 𝑟𝑟𝑚𝑚 between 2-9 nm 
produced similar quality fits all within the variation of 
brightnesses for our phase curves, where smaller 
monomers produced slightly better fits. We present 
our results using monomers of 5nm, which we can 
directly compare with [14]. We found a similar trend 
in altitude to [14], with populations of scatters moving 
towards smaller and fewer particles as altitude 
increased.  
Results: Our results suggest that 𝑛𝑛(𝑟𝑟) is composed of 
a large amount of small scatterers, fewer intermediate 
size scatterers than [14] and a small, yet not 
insignificant amount of large scatterers. For example, 
at 20-40km (Fig1) our distribution is 𝑛𝑛(10𝑛𝑛𝑚𝑚) ≈
103𝑐𝑐𝑚𝑚−3, 𝑛𝑛(. 1𝜇𝜇𝑚𝑚) ≈ 1𝑐𝑐𝑚𝑚−3, and 𝑛𝑛(1𝜇𝜇𝑚𝑚) ≈
10−2𝑐𝑐𝑚𝑚−3, while the distribution from [14] is 
𝑛𝑛(10𝑛𝑛𝑚𝑚) < 10−4𝑐𝑐𝑚𝑚−3, 𝑛𝑛(. 1𝜇𝜇𝑚𝑚) ≈ 102𝑐𝑐𝑚𝑚−3, and 
𝑛𝑛(1𝜇𝜇𝑚𝑚) ≈ 10−4𝑐𝑐𝑚𝑚−3.   

In contrast to [14], we find the number of 
small scatters only increases toward lower altitudes, 
suggesting that the production rate and fall out time 
are greater than the coagulation rate to produce larger 
fractal aggregates.  

Second, the paucity of intermediate scatterers 
and the lack of removal of small scatterers, suggests 
that the coagulation rate is lower than previously 
thought. This could suggest that the haze particles 

have a higher charge to particle radius ratio, 𝑒𝑒−/𝑅𝑅𝑓𝑓. 
This is further supported by [14 Figure 5a], which 
shows 𝛽𝛽𝑒𝑒 produced from the different 𝑒𝑒−/𝑅𝑅𝑓𝑓 in 
comparison to UV solar occultation by Alice. Here 
they show that, although 𝛽𝛽𝑒𝑒 is not significantly 
perturbed by variations in 𝑒𝑒−/𝑅𝑅𝑓𝑓, larger values of 
𝑒𝑒−/𝑅𝑅𝑓𝑓 match the solar occultation observations better 
below ~175 km.  

Third, the presence of more large scatterers 
suggests that, although the coagulation rate is low, the 
fallout timescale is low enough in the lower 
atmosphere that very large particles are able to form. 
If sedimentation is taken to be the dominate form of 
downward transport, then this suggests that the fractal 
aggregates of Pluto’s haze have a 𝐷𝐷𝑓𝑓 ≤ 2. 

 

 
Figure 1: Median phase curve observed between 20-40km. Dashed 
lines are 𝑃𝑃11 described by a power law defined 𝑛𝑛(𝑟𝑟). The power law 
exponent for this altitude bin is -2.714. The two additional green 
lines show the 𝑃𝑃11 produced using 𝑛𝑛(𝑟𝑟) from [14]. The dash-dot line 
uses 𝑛𝑛(𝑟𝑟) as is in [14]. The dotted line uses 𝑛𝑛(𝑟𝑟) integrated along 
the line of sight vector through the atmosphere. 
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