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a b s t r a c t 

The exploration of the Pluto-Charon system by the New Horizons spacecraft represents the first opportu- 

nity to understand the distribution of albedo and other photometric properties of the surfaces of objects 

in the Solar System’s “Third Zone” of distant ice-rich bodies. Images of the entire illuminated surface of 

Pluto and Charon obtained by the Long Range Reconnaissance Imager (LORRI) camera provide a global 

map of Pluto that reveals surface albedo variegations larger than any other Solar System world except 

for Saturn’s moon Iapetus. Normal reflectances on Pluto range from 0.08–1.0, and the low-albedo ar- 

eas of Pluto are darker than any region of Charon. Charon exhibits a much blander surface with normal 

reflectances ranging from 0.20–0.73. Pluto’s albedo features are well-correlated with geologic features, 

although some exogenous low-albedo dust may be responsible for features seen to the west of the area 

informally named Tombaugh Regio. The albedo patterns of both Pluto and Charon are latitudinally orga- 

nized, with the exception of Tombaugh Regio, with darker regions concentrated at the Pluto’s equator and 

Charon’s northern pole. The phase curve of Pluto is similar to that of Triton, the large moon of Neptune 

believed to be a captured Kuiper Belt Object (KBO), while Charon’s is similar to that of the Moon. Prelim- 

inary Bond albedos are 0.25 ± 0.03 for Charon and 0.72 ± 0.07 for Pluto. Maps of an approximation to the 

Bond albedo for both Pluto and Charon are presented for the first time. Our work shows a connection 

between very high albedo (near unity) and planetary activity, a result that suggests the KBO Eris may be 

currently active. 

© 2016 Published by Elsevier Inc. 

1

 

f  

e  

m  

t  

(  

g  

c  

t  

C  

p  

g  

c  

a  

a  

t  

f

 

P  

r  

m  

h

0

. Introduction 

Quantitative measurements of the albedo of planetary sur-

aces yield clues to geological processes, including resurfacing,

xogenous alterations by meteoritic impact or accretion of dust,

agnetospheric interactions, and bombardment by ionizing pho-

ons. Observations by the Long Range Reconnaissance Imager

LORRI) camera on the New Horizons spacecraft offer the first

lobal, highly resolved measurements of dwarf planet Pluto, its

ompanion Charon, and four minor moons, the first system in

he Solar System’s “Third Zone” to be visited by a spacecraft (see

heng et al., 2008 for a description of the camera). This region is
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opulated by small, ice-rich bodies that are distinct from the gas

iants and the rocky terrestrial planets. Prior to the spacecraft’s

losest approach LORRI obtained views of the global albedo vari-

tions on Pluto– the focus of this paper – while during closest

pproach the spacecraft imaged the surface at sub-km resolution

o provide a view of albedo patterns within the context of geologic

eatures and exogenous alteration processes. 

Ground-based observations revealed large albedo variations on

luto. A lightcurve of about 0.3 magnitudes in the blue and visible

egion of the spectrum and albedo maps based on Pluto-Charon

utual events both suggested high-albedo regions juxtaposed to

uch lower albedo areas ( Stern et al., 1997; Buie et al., 2010a,b;

uratti et al., 2003, 2015 ). The lightcurve pattern was not sinu-

oidal such as those of the Saturnian moons, and to a lesser ex-

ent the three outer Galilean moons, which exhibit albedo patterns

http://dx.doi.org/10.1016/j.icarus.2016.11.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.11.012&domain=pdf
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largely due to exogenous processes ( Johnson et al., 1983; Buratti

et al., 1990; Verbiscer et al., 2007; Schenk et al. 2011 ). Iapetus

exhibits the largest albedo variations on any airless body, more

than a factor of 10. These variations are due almost entirely to ac-

cretion of low-albedo dust from Saturn’s Phoebe ring, augmented

by thermal migration ( Buratti and Mosher 1995; Verbiscer et al.,

2009; Spencer and Denk, 2010 ). Dione has a lightcurve of nearly

0.4 mag, and albedo variegations of at least a factor of two ( Buratti,

1984; Buratti and Veverka, 1984 ), but it is almost all due to exoge-

nous processes such as accretion of E-ring particles, and magneto-

spheric and meteoritic bombardment ( Buratti et al., 1990; Schenk

et al., 2011 ) possibly augmented by thermal migration ( Blackburn

et al., 2012 ). For Pluto a model with two spots separated by 134 ° in

longitude and with albedos twice that of the surrounding terrain,

which could likely exist as a low-albedo longitudinal band, ex-

plained the photoelectric lightcurves measured between 1954 and

1988 ( Marcialis, 1988 ). Although not unique, this model showed

an early awareness of stark albedo differences on Pluto’s surface,

including the possibility of “polar caps with albedos near unity”.

The production of a map from the mutual event season pinpointed

a very bright localized feature “that may be due to condensation

around a geyser or in a crater” ( Young et al., 1999 ). Finally, Stern et

al. (1988) pointed out that the replenishment of seasonal volatiles

on a periodic basis would lead to high albedos. 

Since the turn of the millennium, Pluto also showed changes

in its lightcurve beyond those expected for a static frost model in

which the only temporal variations in albedo are those due to the

easily calculated excursions in the radiance angles ( Buratti et al.,

2015 ). Hubble Space Telescope ( HST ) maps obtained in 2002 ( Buie

et al., 2010b ) also showed slight changes in albedo that were con-

sistent with those of the rotational lightcurves, both in terms of

the area undergoing changes and the amount of the change. Pluto

seemed to join Triton as an icy body in the outer Solar System that

was undergoing seasonal volatile transport on its surface ( Bauer

et al., 2010; Buratti et al., 2011 ), with the possibility of active geo-

logic processes being responsible for the changes as well. 

In remote observations Charon exhibited much smaller albedo

variations than Pluto ( Buie et al., 2010a,b ), suggesting a far differ-

ent and less complex history. No changes through time were ob-

served in Charon’s lightcurve or on its surface as imaged with the

HST . Thus, all ground-based photometric measurements obtained

prior to the New Horizons encounter with the Pluto system sug-

gested these two worlds were very different, with Pluto being the

more dynamic of the two. 

Most variations in the specific intensity of a planetary sur-

face are not intrinsic, but rather due to changes in the incident,

emission, and solar phase angles. The variations in incident and

emission angles, often called the photometric function, need to be

modeled and fully accounted for to produce a map of the intrinsic

reflectivity of a surface. Additional changes in the intensity are

also due to factors that are a function of the physical nature of the

surface, including macroscopic roughness, which alters the local

incident and emission angles of the surface and removes radiation

through shadowing; non-isotropy in the single particle phase func-

tion; and mutual shadowing among the small particles comprising

the optically active portion of the regolith. The latter effect, which

is responsible for the opposition surge observed on Pluto ( Buratti

et al., 2015 ), along with other effects such as coherent backscatter,

cannot be studied by New Horizons because it never reached the

small ( < 6 °) solar phase angles necessary to characterize the surge.

Verbiscer et al. (2016) provide the opposition surge observations

for Pluto and Charon from HST during the New Horizons epoch at

phase angles ranging from 0.06–1.72 °
The goal of this paper is to derive global normal reflectances for

Pluto and Charon with all geometric effects removed, and to pro-

duce a preliminary map of the Bond albedo for both objects. The
atter is an integral part of thermal models for the surface of these

bjects, and for understanding energy balance on them. We focus

n global albedo patterns, with some first analyses of disk-resolved

mages of Pluto, with emphasis on quantitative albedo differences

n the surface and their connection with the underlying geology. 

The approach images of Pluto and Charon were obtained at rel-

tively small solar phase angles: 11 °−17 ° (with the ones in this

aper covering 15 °−17 °), obviating the necessity of fitting com-

lex photometric models and extrapolating them to normal re-

ectances. Radiative transfer models, which connect the intensity

o the physical properties of the surface ( Hapke 1981, 1984, 1986,

990; Goguen, 1981; Shkuratov and Grynko, 2005; Irvine, 1966;

uratti, 1985 ), require a full excursion in viewing geometry and

imultaneous analysis of disk-resolved and disk-integrated obser-

ations to derive unique information ( Helfenstein et al., 1988 ).

e instead take a more empirical approach which seeks to uti-

ize ground based and New Horizons measurements of Pluto’s and

haron’s solar phase curve to extrapolate the approach images to

ormal reflectances. 

All names of features used in this study are informal ones as

resented in Stern et al. (2015) that have been adopted by the New

orizons flight team to facilitate uniform discussion and analysis.

hey have not been approved by the International Astronomical

nion (IAU). 

. Observations and data analysis 

Pluto and Charon are tidally evolved such that they rotate about

 common center of gravity every 6.387 days. In the week leading

p to the New Horizons fly by of Pluto and its moon, images at

ll longitudes of Pluto were obtained by the remote sensing in-

truments on the spacecraft. (Closest approach images provided,

f course, disk-resolved measurements of only one hemisphere of

luto and Charon). LORRI images obtained in the week leading up

o the New Horizons closest approach of Pluto thus provide a global

ap of all the illuminated regions of Pluto’s and Charon’s disk. 

The LORRI images used for constructing the maps of normal

eflectance of Pluto and Charon are listed in Table 1 , along with

heir integration times and their associated geometric information

ncluding solar phase angle, range, subspaccraft and subsolar geo-

raphical latitude and longitude, and spatial resolution These im-

ges represent the best spatial resolution obtained for each geo-

raphical location within the week prior to closest approach. For

ost of the data, Pluto and Charon appear on the same image

It wasn’t until three days before closest approach that the binary

air exceeded the LORRI Field-of-View.) Pipeline calibration proce-

ures were employed to flatfield each image, remove blemishes,

nd transform data numbers (DNs) into radiometric units using the

ight calibration current as of late February 2016. 

.1. Global maps of normal reflectance 

Since geologic analysis of images requires the knowledge of in-

rinsic values of the albedo, changes due solely to viewing geome-

ry must be modeled and removed from the data. The images used

n this study were obtained at small solar phase angles (although

till larger than any observed from Earth); thus the corrections for

olar phase angle effects are not large. 

Photometric changes on a surface are due to two primary fac-

ors: changes in the viewing geometry as the incident, emission,

nd solar phase angle change, and the physical character of the

urface. This latter factor includes the anisotropy of scatterings

n the surface, which is expressed by the single particle phase

unction; the compaction state of the surface, which leads to the

ell-known opposition surge attributed to the rapid disappearance
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Table 1 

Full disk images used for albedo maps (all angles are in degrees). 

LORRI Image # UTC Exp Target α Lat Long Lat Long Res Range(km) 

July 2015 (s) Subspacecraft Subsolar (km/pixel) 

LOR_0298615084 07–22:46:05 .7 0 .10 P 15 .08 43 .11 155 .31 51 .53 136 .73 38 .67 7,792,553 .7 

LOR_0298615084 07–22:46:05 .7 0 .10 C 15 .08 43 .03 335 .39 51 .53 316 .73 38 .74 7,805,416 .1 

LOR_0298721714 09–04:23:15 .8 0 .10 P 15 .11 43 .09 85 .75 51 .54 67 .15 31 .39 6,324,328 .1 

LOR_0298721714 09–04:23:15 .8 0 .10 C 15 .11 43 .10 266 .00 51 .54 247 .16 31 .38 6,322,923 .3 

LOR_0298787094 09–22:32:55 .8 0 .10 P 15 .15 43 .06 43 .13 51 .54 24 .50 26 .92 5,424,146 .7 

LOR_0298787094 09- 22:32:55 .8 0 .10 C 15 .15 43 .17 223 .32 51 .54 204 .50 26 .87 5,413,459 .7 

LOR_0298787344 09–22:37:05 .8 0 .10 P 15 .15 43 .06 42 .97 51 .54 24 .33 26 .90 5,420,703 .7 

LOR_0298787344 09–22:37:05 .8 0 .10 C 15 .15 43 .17 223 .16 51 .54 204 .33 26 .85 5,409,989 .6 

LOR_0298893504 11–04:06:25 .8 0 .10 P 15 .24 43 .01 333 .82 51 .54 315 .07 19 .64 3,957,621 .4 

LOR_0298893754 11–04:10:35 .8 0 .10 C 15 .24 43 .19 153 .47 51 .54 134 .91 19 .56 3,941,522 .6 

LOR_0298959350 11–22:23:51 .8 0 .10 P 15 .31 42 .98 290 .96 51 .55 272 .11 15 .13 3,04 9,14 9 .9 

LOR_0298959599 11–22:28:00 .8 0 .10 C 15 .33 43 .06 110 .32 51 .55 91 .94 15 .09 3,041,035 .2 

LOR_0298959629 11–22:28:30 .8 0 .10 C 15 .33 43 .06 110 .30 51 .55 91 .93 15 .09 3,040,625 .8 

LOR_0298996724 12–08:46:45 .8 0 .10 P 15 .39 42 .95 266 .65 51 .55 247 .72 12 .57 2,533,343 .9 

LOR_0298996974 12–08:50:55 .8 0 .10 C 15 .39 42 .93 85 .89 51 .55 67 .56 12 .56 2,531,227 .9 

LOR_0298997004 12–08:51:25 .8 0 .10 C 15 .39 42 .93 85 .87 51 .55 67 .54 12 .56 2,530,818 .8 

LOR_0299075349 13–06:37:10 .7 0 .15 C 15 .64 42 .40 35 .04 51 .55 16 .42 7 .25 1,460,446 .9 

LOR_0299123689 13–20:02:50 .8 0 .10 P 16 .07 42 .55 184 .57 51 .55 164 .88 3 .88 781,930 .7 

LOR_0299124574 13–20:17:35 .8 0 .10 P 16 .08 42 .54 84 .01 51 .55 164 .31 3 .81 769,733 .3 

LOR_0299147641 14–02:42:02 .7 0 .15 C 16 .85 40 .50 350 .33 51 .55 329 .26 2 .31 466,350 .5 

Target: P = Pluto. 

C = Charon. 

α=solar phase angle. 

o  

c  

(  

b  

r  

1  

d  

(  

1  

T  

a  

a  

u  

H  

t  

c  

n  

f  

H  

m  

r

 

d  

s  

fl  

i  

o  

i  

s  

s

w  

t  

p  

s  

i  

i  

t  

fi  

t  

f

 

m  

t  

a  

d

r

 

e  

t  

f  

fi  

i  

1

 

w  

o  

(  

“  

t  

t  

f  

e  

g  

g  

n  

p  

t  

i

 

a  

2  

f  

u  

f  
f mutual shadows among regolith particles as the surface be-

omes fully illuminated to an observer, and to coherent backscatter

 Irvine, 1966; Hapke, 1990 ); and to macroscopic roughness, which

oth alters the local incident and emission angles and removes

adiation due to shadowing ( Hapke, 1984; Buratti and Veverka,

985 ). Radiative transfer models have been developed that fully

escribe the specific intensity returned from a planetary surface

 Horak 1950; Chandrasekhar, 1960; Goguen, 1981; Hapke, 1981,

984, 1986, 1990; Buratti, 1985; Shkuratov and Grynko, 2005 ).

hese models suffer from a number of shortcomings, foremost

mong them are that they do not represent physical reality well,

nd that even with the complete data sets returned by spacecraft,

nique fits to physical parameters cannot be made ( Buratti, 1985;

elfenstein et al., 1988; Shepard and Helfenstein, 2007 ). The lat-

er problem is particularly acute with a planetary flyby, and in the

ase of New Horizons , much of the data at large solar phase angles

eed to be corrected for atmospheric contributions, as was done

or Triton ( Hillier et al., 1990 ). Some recent work by Sherpard and

elfenstein (2011) and Helfenstein and Shepard (2011) has been

ore positive, showing that unique fits of physical photometric pa-

ameters can be made to surfaces of low to moderate albedos. 

Fortunately, simple empirical photometric models have been

eveloped that are more appropriate for the data set in hand: ob-

ervations at small solar phase angles ( ∼10 °−15 °) leading up to the

yby. Two widel y used models are those of Minnaert (1961) , which

s essentially a first-order Fourier fit that describes the distribution

f intensity on a planetary surface, and a lunar-Lambert model that

s the superposition of a lunar, or Lommel-Seeliger law, describing

ingly scattered radiation, and a Lambert law describing multiple

cattered photons ( Squyres and Veverka, 1981; Buratti, 1984 ): 

I 

F 
= 

f ( α) A μ0 

μ0 + μ
+ ( 1 − A ) μ0 (1) 

here I is the intensity of scattered light at a point on a plane-

ary disk, πF is the incident solar flux at that point, α is the solar

hase angle, μo is the cosine of the incident angle, μ is the co-

ine of the emission angle, and A is the fraction of radiation that

s singly scattered. The term f( α) is the surface phase function:

t expresses changes on the surface due to the physical proper-

ies of roughness, compaction state, and scattering anisotropy de-
ned above. This equation is only semi-empirical, as it contains

he leading terms of more complete equations of radiative trans-

er ( Goguen, 1981 ). 

This paper presents global maps for two fundamental photo-

etric properties for Pluto and Charon: the normal reflectance and

he Bond albedo. The first quantity expresses the I/F for incident

ngle, emission angle, and ( α = 0 °). For the photometric function

efined by Eq. (1) the normal reflectance is: 

 n = 

(
I 

F 

)
measured 

f ( 0 ◦) A 
2 

+ ( 1 − A ) 
f ( α) A μ0 

μ0 + μ + ( 1 − A ) μ0 

(2) 

The surface phase function f( α) can be computed by using

quations derived in Buratti and Veverka (1983, 1984) based on in-

egral solar phase curves, or it can be measured from an image or

rom a point on the surface. This function at 0 ° can be derived by

tting a function to f( α) measured at larger solar phase angles, or

t can be derived from the following equation ( Buratti and Veverka,

983 ): 

p = (2 / 3) ( 1 − A ) + A ( f ( 0 

◦) ) / 2 (3)

here p is the geometric albedo, defined as the brightness of an

bject at a solar phase angle of 0 ° relative to a perfectly diffuse

Lambert) disk of the same size also at 0 ° Note that this equation

partitions” the geometric albedo between the Lambert portion of

he photometric function, for which the geometric albedo is 2/3

he normal reflectance, and the Lommel-Seeliger portion, for which

(0 °) equals twice the geometric albedo. (The normal reflectance

quals the geometric albedo for a Lommel-Seeliger surface). The

eometric albedo of Pluto close to the New Horizons encounter is

iven in Buratti et al. (2015) as 0.62 ± 0.03 at 0.62 μm, which is

ear the pivot wavelength of the LORRI camera of 0.607 μm (the

ivot wavelength is close to the effective wavelength for a spec-

rally flat source; for an exact definition see Cheng et al. 2008 ). A

s derived through a best fit procedure. 

To obtain integral solar phase curves of Pluto and Charon, we

pplied the LORRI flight calibration current as of late February

016 to images at the range of solar phase angles for which

ull-disk images were available. Integral photometric procedures

sing IRAF were applied to these images, which were corrected

or rotational light variations and distance from the New Horizons
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Fig. 1. The solar phase curves of Pluto and Charon compared with other Solar System objects. The existing curves are based on Buratti and Veverka, 1984; Buratti, 1991; 

Hillier et al., 1990 , and Lane and Irvine, 1973 . 
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c  

e  

s  
spacecraft using best-fit procedures described in Buratti et al.

(2015) . There are observations at very large solar phases which

were not included because of scattered light problems (Charon)

and atmospheric contamination (Pluto). A series of images aver-

aged over a rotational light curve at 11 ° and 14.5 ° was used for

Pluto, while a similar set of images was used for Charon at 14.5 °
For the zero-point of the phase curve (which was not observed

from New Horizons ), we used the ground-based values for both

Pluto and Charon of Buie et al., (2010a) , which are in good agree-

ment with those of Buratti et al. (2015) for Pluto. Fig. 1 shows the

phase curves of Pluto and Charon in the V-filter compared with

several icy moons, the Moon, and Mercury. 

2.2. Pluto 

For Pluto the challenge is in assigning a photometric function

to a surface that exhibits a wide range in terrains and albedos.

Preliminary studies of Pluto with New Horizons measurements

indicated the albedo variations on Pluto were large, as suggested

by both ground-based light curves and HST maps ( Young et al.,

1999; Stern et al., 1997; Buie et al., 2010a,b; Buratti et al., 2015;

Grundy et al., 2016a ). These wide variations in albedo indicate

that the scattering properties of Pluto are expected to change as

a function of albedo and position on the body. This complicated

situation cannot be fully disentangled, as in many cases changes

due to excursions in incident and emission angle mimic changes

in albedo. This problem is especially acute near the polar cap(s)

of Pluto where the increasing thickness of frost is associated with

a gradual increase in albedo. For this first study we shall adopt

a single photometric function for Pluto that represents the best

global fit to the surface of Pluto. A best-fit value of A = 0.70 was

found by seeking a photometric function that minimized offsets

between overlapping images. The surface phase function at 0 °,
f(0 °), was calculated from Eq. (3) and the ground-based geometric

albedo ( Buratti et al., 2015 ; Buie et al., 2010a ). The normal re-

flectances were derived from Eq. (2) . The surface phase function

for each solar phase angle, f( α), was computed using the observed

disk-integrated solar phase function of Pluto (Fig. 1) and Eq. (2) on

p. 403 of Buratti (1984) . The use of a single photometric function

for Pluto results in an underestimation of the highest albedo

regions of Pluto, as the specific intensity is undercorrected for the

effects of limb-darkening. Likewise, the lowest albedos are over-
stimated. Since the extreme albedo regions on our maps do not

ccur in regions with high incident angles, this effect is not great. 

Fig. 2 shows the map of normal reflectance for Pluto obtained

ith the images listed in Table 1 . Normal reflectances range from

 low of 0.08 in the lowest-albedo regions of Cthulhu Regio (be-

ween latitudes of −30 °S to 0 ° and longitudes of 40 °E to 170 °E) to

.0 in the highest albedo regions of the feature informally named

putnik Planitia (between latitudes of 0 ° to 45 °N and longitudes

f 160 °−200 °). No other body except the Saturnian satellite Iape-

us exhibits such large albedo variegations, and those are due to

n exogenous process, augmented by thermal segregation ( Buratti

nd Mosher, 1995; Spencer and Denk, 2010 ). Pluto also has a dis-

inct polar cap in the north and there are hints of one in the south

s well, but they are not nearly as bright as Tombaugh Regio, the

arge high-albedo region near the middle of the map. 

.3. Charon 

The albedo of Charon is relatively uniform; the problem of

he photometric function changing with position on its surface is

hus avoided. Previous work on the photometric functions of icy

oons suggested that Charon would exhibit scattering properties

imilar to that of the Moon. Squyres and Veverka (1981) found

hat the surface of Ganymede with a visible geometric albedo of

.43, slightly higher than that of Charon, could be described by a

unar-like photometric function (A = 1). But based on Dawn Fram-

ng Camera observations, Asteroid 4 Vesta with a visible geometric

lbedo of 0.43 had a small degree of non-lunar like scattering ( Li

t al., 2013 ). Buratti (1984) found that the icy moons of Saturn,

ith geometric albedos ranging from about 0.40 to 1.0, closely

ollowed a lunar-like photometric function for geometric albedos

f about 0.55–0.60. Charon was well within the range of icy

urfaces following lunar-like scattering. Thus, it was surprising

hat the best-fit photometric function is similar to that of Pluto,

ith A = 0.70. Fig. 3 shows three maps of the geometric albedo

f Charon with various values of A: 1.0; 0.7; and 0.5. Clearly, the

alue of 1.0 does not adequately describe the scattering properties

f Charon. 

Fig. 4 shows the map of normal reflectance for Charon, pro-

essed in the same manner as that of Pluto. Charon does not

xhibit the wide range in albedo that Pluto does: most of Charon’s

urface is characterized by normal reflectances in the 0.4–0.6
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Fig. 2. A map of normal reflectance of Pluto. Images used in the map are listed in Table 1 . 

Fig. 3. Three mosaics of Charon with images processed using a range of values of 

A for Eq. (1) . Clearly a lunar like value of 1.0 does not adequately remove geometric 

effects from the images. Both limb-brightening and limb-darkening remain in the 

images. The best fits are provided by A = 0.7, similar to that for Pluto. 
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ange, with a few bright crater ejecta areas. There is a substan-

ially lower albedo polar region with normal reflectances of ∼0.20.

his region has been proposed as a cold trap for methane escaping

rom Pluto’s atmosphere. This methane is photolyzed into more
Fig. 4. A map of the normal reflectance of Charon. 
omplex, lower albedo molecules during arctic winter and left

ehind as a lag deposit as more volatile pure methane sublimates

ith arrival of sunlight ( Grundy et al., 2016b ). 

. The Bond albedo 

The Bond albedo is a measure of the energy balance of a body:

t is the ratio of the power at a specific wavelength on a body

hat is scattered back out into space. When integrated over the

ntire electromagnetic spectrum, it is the bolometric Bond albedo.

ore formally, the Bond albedo is equal to p, the geometric albedo,

imes q, the phase integral. The latter quantity, which expresses

he directional scattering properties of a planetary body, can then

e calculated with the following expression: 

 ( λ) = 2 

∫ π

0 

�( α, λ) sin α d α (4) 

here �( λ) is the disk-integrated normalized phase curve. The

ond albedo is a fundamental parameter for understanding energy

alance and volatile transport on any planetary surface. 

The Bond albedo is a disk-integrated quantity, viz., the geomet-

ic albedo times the phase integral, which are both disk-integrated

arameters. Nevertheless, to do effective thermal modeling of spe-

ific regions on planetary surfaces, we map the quantity p 

∗q to

llustrate how the angle-integrated bidirectional reflectance varies

ver the surface. Such a map can be created by solving for the geo-

etric albedo for a point source on the surface times the phase in-

egral for that point. For low-albedo surfaces, the geometric albedo
Images used in the map are listed in Table 1 . 
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Fig. 5. A preliminary map of the Bond albedo of Pluto from LORRI images. 
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and normal reflectance – a disk resolved quantity - are equal, and

for surfaces of arbitrary albedo, an equivalent geometric albedo is

easy to derive (e.g., Buratti and Veverka, 1983 ). A phase integral for

each point, based on the full range of geometric conditions appli-

cable to that point, should be employed rather than a true phase

integral. Squyres and Veverka (1982) show, for example, that the

preponderance of lower incident angles near the poles and termi-

nators will result in lower temperatures there. However, we do not

have adequate observations from New Horizons for the appropriate

excursion in viewing geometries for specific points, and given the

changing albedo and corresponding photometric function for spe-

cific regions of Pluto’s surface, computing such a “phase integral” is

intractable. As an approximation, we use the disk-integrated phase

integral. This approach has been useful in the past for computing

a similar map for Iapetus ( Blackburn et al., 2011 ). 

A preliminary map of the Bond albedo at LORRI wavelengths

can be constructed with a rudimentary phase curve and our

normal albedo maps. LORRI Images of Pluto and Charon for which

the full disk is included in the image exist for a small range of

solar phase angles. As stated above, the images at large solar

phase angles are contaminated by scattered light or atmospheric

contributions in the case of Pluto. In future studies, synthetic

integral values of Pluto’s and Charon’s solar phase curves will be

constructed from disk-resolved observations. For these preliminary

Bond albedo maps, we make use of the fact that phase integrals

of objects that scatter like Pluto and Charon have been derived,

and we use these values for this study. For Pluto we adopt the

phase integral of Triton of 1.16 derived from Voyager images

obtained in the green filter, which at 0.55 μm is the closest in

wavelength to LORRI ( Hillier et al., 1990 ). For Charon, we use the

lunar phase integral at 0.63 μm of 0.60 ( Lane and Irvine, 1973 ).

Fig. 1 shows that the integral phase function of Charon is similar to

the Moon for the phase angles available. Thus for this preliminary

study, the assumption of a lunar-like phase curve for Charon is

reasonable. 

For a lunar-like scattering function, the normal reflectance,

which is a disk-resolved parameter, and the geometric albedo,

which is a disk-integrated value, are equal. For Pluto and Charon,

the geometric albedo can be derived from Eq. 3 , but deriving f(0 °)
involves extracting f( α) from a large number of solar phase angles

and types of terrain and fitting a curve of f( α) to 0 °, which was

never observed with New Horizons . An easier and ultimately more

accurate method of obtaining a geometric albedo is to normalize

the maps in Figs. 2 and 4 to geometric albedos determined from

ground based observations. For Pluto, the value is 0.62 ± 0.02 near

the time of the New Horizons encounter for the R-filter at Table

Mountain Observatory, which is centered at 0.62 μm ( Buratti et al.,
015 ), near the LORRI pivot wavelength of 0.607, while for Charon,

t can be computed from the New Horizons radius of 606 km ( Stern

t al., 2015 ) combined with the ground-based opposition magni-

ude of 17.10 ( Buie et al., 2010a ), transformed to the R-filter us-

ng the spectrum of Charon ( Sawyer et al., 1987; Fink and Dis-

nti, 1988 ). This method yields a geometric albedo at LORRI wave-

engths of 0.41 ± 0.01. These normalized maps were multiplied by

he phase integrals for Triton (in the case of Pluto) and the Moon

for the case of Charon). The preliminary Bond albedo of Pluto is

.72 ± 0.07 and that of Charon is 0.25 ± 0.03 

Figs. 5 and 6 show the preliminary maps of the Bond albedo

or both Pluto and Charon. Again, Pluto has wide albedo variega-

ions, leading to large temperature changes and thermal segrega-

ion of volatiles on the surface. The low-albedo equatorial regions

ave Bond albedos in the 0.1–0.2 range; the actual values are even

ower than those of this preliminary map, as when phase integrals

efined by various regions of Pluto are known, the low-albedo

egions will have smaller phase integrals than the disk-averaged

alue we used. Charon on the other hand, exhibits a small range

f Bond albedos in the 0.2–0.3 range for most of its surface. Only

he Bond albedo of its polar region is substantially lower. 

. High-resolution albedo maps 

In addition to constructing global maps of normal reflectance

nd Bond albedo, we have selected a sample of images to under-

tand albedo variegations on smaller scales and to put the results

n the context of Pluto’s and Charon’s geologic features that were

evealed during the close encounter. Images at the interfaces be-

ween low- and high albedo regions are especially valuable. Among

he questions that can be answered by these maps of intrinsic re-

ectivity from which all the effects of viewing geometry have been

emoved include: 

1. How are the albedo changes correlated with geologic features,

compositional units, and exogenous deposits? 

2. What is the nature of Pluto’s low-albedo material? Are there

different types of low-albedo material? How is this material re-

lated to other dark material in the outer Solar System, such as

that on Iapetus, Hyperion, Phoebe, and the Uranian moons? 

3. Is the material on Pluto bi-modally distributed in albedo or is

there a continuum? 

4. What is the nature of the frost deposits on Pluto and how

are they related to changes observed in ground-based measure-

ments ( Buie et al., 2010a,b; Buratti et al., 2015 )? 

5. Is albedo correlated to crater counts? Can albedo be used as a

proxy for age? 
6. Do crater ejecta materials exhibit any variation in albedo? 
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Fig. 6. A preliminary map of the Bond albedo of Charon from LORRI images. 

Fig. 7. A map of Pluto showing the locations of the images listed in Table 2 . The numbers on the maps are the last three digits of the LORRI picture numbers. 

Table 2 

Close-encounter images used for high-resolution studies. 

LORRI Image Image midtime Exp (s) α LORRI boresight incident, Subspacecraft Subspacecraft Sub-solar Res Range 

(UTC) 2015–07–14 emission angles Lat Long Long (km/pixel) (km) 

LOR_0299168135 08:23:37 0 .15 19 .64 32 , 21 40 .15 159 .15 135 .88 0 .84 168 ,784 

LOR_0299177051 10:52:13 0 .05 31 .59 32 , 22 31 .65 163 .40 130 .07 0 .23 47 ,379 

LOR_0299177087 10:52:49 0 .05 31 .55 38 , 19 31 .52 163 .51 130 .04 0 .23 46 ,878 

LOR_0299177195 10:54:37 0 .05 31 .47 63 , 35 31 .13 163 .84 129 .97 0 .23 45 ,605 

LOR_0299168184 08:24:26 0 .15 19 .42 68 , 50 40 .14 159 .13 135 .85 0 .83 168 ,460 

LOR_0299168727 08:33:29 0 .15 24 .27 56 , 74 36 .16 342 .00 315 .50 0 .87 175 ,689 

All images are of Pluto except the last one, which is of Charon. 

Subsolar latitude was 51.55. 

α=Solar phase angle. 
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Table 2 lists images of Pluto and Charon obtained in the close-

pproach period that were transformed to normal reflectances

ith the same techniques as those used for the global maps.

ig. 7 is a map of Pluto with the locations of these images and

ig. 8 shows these five images of Pluto and one of Charon

onverted to normal reflectances. Along with the images are

istograms of the frequency each value of normal reflectance

ccurs in each image. For Pluto, the immense variations in albedo

re correlated with geologic features. For images that span both

ombaugh Regio and Cthulhu Regio, the two terrains are clearly

ifurcated, with Cthulhu exhibiting reflectances of 0.1–0.2 and

ombaugh Regio exhibiting normal reflectances of 0.8–1.0. The
nly other body in the Solar System with such albedo extremes is

apetus (see Table 3 ), but its variations are due to an exogenous

eposit rather than geologic processes (although subsequent ther-

al segregation probably played a role in accentuating the albedo

ariations; see Spencer and Denk, 2010 ). 

There are at least two distinct types of low-albedo terrain on

luto. The first is represented by the equatorial band; the largest

egment has been informally named Cthulhu Regio. It appears with

he lowest normal reflectances of 0.08–0.2 in four out of five of the

ORRI images of Pluto. There is another distinct type of low-albedo

aterial that appears most clearly in the upper middle image of

ig. 8 (LOR_0299177051). The upper right quadrant of this image
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Fig. 8. Albedo maps and histograms of the LORRI images plotted in Fig. 7 . 
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is dominated by material that is morphologically similar to the

“black rain” seen on Callisto, which Bottke et al. (2013) attribute

to accretion of dust similar to that seen on Iapetus. Bottke et al.

claim that as on Iapetus, Callisto’s deposit is an accumulation of

dust from a large outer ring. The normal reflectances of Pluto’s

possible “black rain” are distinctly different from Cthulhu Regio,
n the range of 0.2–0.3. This bifurcation is most easily seen in

he third image (LOR_0299177087), where the lower albedo char-

cteristic of Cthulhu in the lower left region of the image, and

he higher albedo associated with the “black rain” in the upper

ight portion of the image, each have their own bumps in the his-

ogram. There is additional low-albedo material in the lower right
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Table 3 

Albedo variations on icy bodies. 

Object Maxiumum Minimum Source 

Pluto 1 .0 0 .08 This study 

Charon 0 .73 0 .11 This study 

Iapetus 0 .70 0 .02 Buratti et al., 1990 

Europa 0 .85 0 .55 Buratti and Golombek, 1990 

Triton 0 .90 0 .62 McEwen, 1990 

Enceladus 1 .4 0 .90 Verbiscer and Veverka, 1994; 

Verbiscer et al., 2007 

Callisto 0 .70 0 .14 Squyres et al., 1981 

Dione 0 .60 0 .25 Buratti, 1984 

Phoebe 0 .07 0 .13 Simonelli et al., 1999 
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art of the image which may be dune material or other aeolian

eposits. 

The idea of “black rain” on Pluto has several problems. First,

hy does it not exist on Charon as well? Even though Pluto acts

s the main gravity well in the system, some exogenous mate-

ial should be accreted onto Pluto’s main moon. The low albedo

eposits may instead be particles formed in the haze-layers of

luto’s atmosphere, or they may simply be low-albedo terrain sim-

lar to Cthulhu overlain with brighter material which increases its

lbedo. 

The high-albedo terrain also exhibits a bifurcation. In the first

mage, there are two distinct regions, one centered on a normal re-

ectance of 0.90, and the other with a normal reflectance of 0.95.

hese distinct values suggest different episodes of resurfacing on

putnik Planitia, which in fact appear on the bright terrain (lower

ight of first image, LOR_0299168135). Both albedos are extraordi-

arily high and are consistent with fresh ice or snow and evidence

f recent activity. Bright regions close to Tombaugh Regio possess

lbedos close to that feature (see fourth figure, LOR_0299177195)

mplying they are also very fresh deposits of frost or snow, or that

hey were originally part of the same geologic unit, part of which

as sublimated away. There is also an intermediate terrain with a

roader distribution centered at normal reflectances of ∼0.5. These

reas could be a mechanical mixture of the Cthulhu Regio and

putnik Planitia units, but they are more likely a separate unit,

ossibly even the edge of the polar cap. 

Charon possesses three distinct albedo regimes. The first is a

ow albedo region corresponding to the dark feature at the pole

ith normal reflectances in the 0.20–0.35 range; this region is also

edder than the terrain in the equatorial regions ( Stern et al., 2015 ;

rundy et al. 2016b ). Surrounding this lowest albedo region is an

rea of intermediate normal reflectances in the 0.35–0.45 range.

hese albedo features may be due to an exogenously placed de-

osit, or they are the result of an impact or a tectonic event that

ncovered a deep layer of different composition. If the low-albedo

eature is an impact basin, with the distinctly darkest material is

he floor of the basin representing an excavated lower layer of

ifferent com position, the surrounding region could be ejecta de-

osit mixed with preexisting surface material. The alternate the-

ry mentioned above ( Grundy et al., 2016b ) that involves an ori-

in from Pluto’s atmosphere and subsequent chemical alteration

xplains the albedo as well as the color of this feature, which is in-

ormally named Mordor. Although the geometric albedo of Charon

s lower than that of Pluto, it does not possess the albedo range

nd variety that Pluto does, which is characteristic of its more qui-

scent history. 

. Discussion and conclusions 

Pluto possesses an extraordinary range in albedo. Table 3 gives

 quantitative indication of how Pluto compares with other objects

n terms of its albedo variations: in a word, it is extreme, surpassed
nly by Iapetus. (Values for the albedo cited from our own work

orrespond to normal reflectances, but the other sources quote

lbedos at small solar phase angles.) Triton, which is believed to

e a captured KBO ( Agnor and Hamilton 2006 ), and which was

hought to be an analogue to Pluto prior to the New Horizons flyby,

xhibits albedo variations of about 50%, and it lacks very low-

lbedo terrain. Furthermore, the large ranges in albedo on other icy

odies are due to exogenous alterations such as accretion of low-

lbedo dust (Iapetus; Buratti and Mosher, 1995 ) or micrometeoritic

nd magnetospheric bombardment and accretion of bright parti-

les from Saturn’s E-ring (Dione; Buratti et al., 1990 ). Pluto’s range

n albedo can be explained by an extraordinary variety of ongoing

eologic processes ( Stern et al., 2015 ), with potential minor varia-

ions due to patterns of local insolation and exogenous dust depo-

ition, including haze-particle settling. Albedo differences on Iape-

us have been maintained and accentuated by thermal segregation

 Spencer and Denk, 2010 ), a mechanism that may be at work on

luto as well. With normal reflectances of 0.08 to nearly 1.0, which

orrespond to geometric albedos of 0.08 and a number somewhat

ess than 1.0 (as stated in the previous section, because of limb

arkening at a solar phase angle of 0 °, the geometric albedo of

 surface with a Lambert component is less than its normal re-

ectance; for a pure Lambert scatterer it is 0.67 of the normal re-

ectance). With all other factors being equal (primarily emissiv-

ty and the phase integral), these albedo differences correspond

o temperature differences of up to 20 K. But in reality, the phase

ntegral of low-albedo regions is typically much lower: the tem-

erature variations and corresponding cold trapping on Tombaugh

egio and clearing of Cthulhu Regio must be very efficient. The

mount of energy absorbed by a planetary surface is 1-the Bond

lbedo (or more correctly the hemispheric albedo). Given the high

ond albedos in Tombaugh Regio, this small difference means it

s very cold there. But given that the temperature is low even in

ow-albedo regions, due to the small amount of incident sunlight,

he comparable fraction of energy absorbed in low and high albedo

egions varies widely. Additional disk-resolved photometric analy-

is will quantify these differences and will provide a foundation for

nderstanding the transport of volatiles on Pluto’s surface. 

We note that our maps of the Bond albedo from this prelim-

nary study are only a first step in the creation of data products

or this important physical parameter. The large albedo variega-

ions on Pluto mean the presence of large temperature differences

hich may drive some of the active processes seen on the surface,

nd there must be some means of quantifying a regional energy

alance when only limited observations are available. Even more

ssential than taking account of viewing geometry is modeling the

ifferent photometric and surface phase functions that occur be-

ause of the huge albedo variations on Pluto’s surface. One down-

ide of the LORRI data is that there are no disk-integrated data

eyond α ∼16 ° Equivalent disk-integrated brightness can be de-

ermined by computing the surface phase function f( α) and con-

tructing a sphere of equivalent scattering properties ( Buratti and

everka, 1983; Buratti, 1984 ). Future work will focus on creating

hese brightnesses for both low-albedo and high-albedo regions of

luto, and applying these more realistic phase integrals to specific

egions. 

Comparison of Pluto’s albedo markings with those of Triton re-

eals how different these two icy worlds are. Like Triton, Pluto

as at least one high-albedo polar cap, but Triton lacks any ana-

ogue to the very high albedo Tombaugh Regio. A better analogy

ight be the south polar active region (the “tiger stripes”) of Ence-

adus, with comparable albedos ( Table 3 ). Both the tiger stripes

nd Tombaugh Regio are regions of ongoing activity: active cryo-

olcanism on Enceladus and corresponding deposits of fresh plume

articles, and glaciation with condensation due to cold trapping of

olatiles such as methane for Tombaugh Regio. Composition maps



216 B.J. Buratti et al. / Icarus 287 (2017) 207–217 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1  

r  

o  

t  

r  

i  

t  

a  

t  

m  

(  

t  

t  

i  

a  

d

A

 

r  

t  

b  

P  

A

R

A

B  

B  

B  

 

B  

 

B  

B  

 

B  

 

B  

B  

 

 

B  

B  

B  

B

B  

B  

B  

B  

B  

C  

C  
of Pluto show an enhanced abundance of methane, nitrogen, and

CO at Tombaugh Regio and methane in Pluto’s pole, and a deple-

tion of volatiles in the low-albedo Cthulhu Regio ( Grundy et al.

2016a ) 

The seasonal transport of frost on Triton was detected from

the ground ( Bauer et al., 2010; Buratti et al. 2011 ), and what

was thought to be seasonal volatile transport was observed on

Pluto in the 60-year period between 1954 and 2013 ( Buratti et al.,

2015 ). Hubble Space Telescope maps also show albedo changes with

time ( Buie et al., 2010b ). The regions of albedo change in Pluto’s

lightcurve – subobserver longitudes of ∼140 °−300 ° - correspond

to the location of Tombaugh Regio. The ground-based observations

suggest the removal of volatiles from the edges of this region.

Moreover, the “reddening’ of Pluto observed in the lightcurves af-

ter 20 0 0 ( Buie et al., 2010a,b; Buratti et al., 2015 ), particularly in

the region of Cthulhu Regio, which is the reddest region of Pluto

( Stern et al., 2015 ), also imply the removal of volatiles. 

The albedo patterns on Pluto and Charon are both organized

latitudinally (with the exception of Tombaugh Regio). Binzel

et al. (2016) explain these patterns in terms of insolation patterns

forming polar, temperate, and tropical zones with corresponding

degrees of volatile persistence. Future work that describes pho-

tometric functions for disk-resolved regions of Pluto will advance

thermal model calculations to understand these zones. We also

find substantial differences in albedo due to purely geophysical

causes, including bifurcated albedos on Sputnik Planitia that may

correspond to different episodes of activity, and the bifurcation of

low-albedo material into the very dark terrain of Cthulhu, which

may be a native substrate, and low-albedo material with normal

reflectances of 0.20–0.25 that are associated with what appear

to be dusty deposits from the Kuiper Belt or Pluto’s haze layer.

Alternatively this material could be akin to Cthulhu but with more

higher albedo volatiles mixed in. The surface of Charon is primar-

ily water ice, while that of Pluto harbors the more volatile ices of

nitrogen, CO and methane ( Cruikshank et al., 2015; Grundy, 2016a ).

Pluto’s larger mass was able to hold onto these transitory ices,

to form a basis for seasonal transport of ice and an atmosphere,

while Charon was only able to hold onto rock-like water ice. 

One piece of data we lack is the measurement of Pluto and

Charon at “true opposition”, the geometry for which the geomet-

ric albedo is defined. The minimum in solar phase angles will be

reached during Pluto’s opposition in 2018. We have extrapolated

the observations at small solar phase angles ( ∼0.10 °), which we

observed in 2013, to obtain geometric albedos ( Buratti et al., 2015 ).

The opposition surge may be substantially larger if it is observed

at even smaller solar phase angles (the minimum solar phase angle

of 0.006 ° is reached in 2018). Verbiscer et al. (2016) present mea-

surements of the reflectance of Pluto and Charon at phase angles

as small as 0.06 ° from HST observations obtained during the New

Horizons epoch. 

There are some obvious correlations between albedo and crater

counts, e.g., Sputnik Planitia, the brightest region of Pluto, is free

of craters. But the detailed picture is more complicated, with the

lowest-albedo regions not the most crater-saturated (i.e., oldest)

areas of Pluto ( Stern et al., 2015; Robbins et al., 2016 ); instead,

latitudinal patterns of local seasonal insolation and thermophysi-

cal structure may dominate ( Binzel et al. 2016 ). Correlation of the

albedo of crater ejecta deposits is another area of future study, par-

ticularly with respect to crater size. Increasingly larger craters ex-

cavate deeper into Pluto’s crust and may uncover previous episodes

of volatile deposition or reveal whether Pluto has a global low-

albedo substrate. 

One key result of this paper is that we have made a second con-

nection between high ( ∼unity) albedos from which the effects of

viewing geometry have been eliminated, and geologic activity. The

other example is Enceladus, with normal reflectances greater than
.0 in some areas ( Buratti and Veverka, 1984; Buratti, 1984; Bu-

atti, 1988; Verbiscer et al., 1994 ). Moons embedded in the E-ring

f Enceladus, such as Tethys, also have geometric albedos greater

han unity ( Verbiscer et al., 2007 ). Given that Eris has a geomet-

ic albedo of unity ( Sicardy et al., 2011 ), it is also likely geolog-

cally active. The alternate theory offered by Sicardy et al. - that

he high reflectivity is caused by the recent deposition of season-

lly deposited frost - is less likely, as similar frost deposits on Tri-

on ( McEwen, 1990 ) and Pluto are not nearly as reflective. Further-

ore, there is likely substantial amounts of dust in the Kuiper Belt

 Stark, 2011 ) as well as native hydrocarbons ( Simonelli et al., 1989 )

hat would tend to darken frost. Clark (1981) showed that even a

iny amount of opaque material drastically lowers the albedo of an

cy surface. Aerosols created in a hazy atmosphere, which is prob-

bly occurring on Pluto ( Stern et al., 2015 ), may also serve as a

arkening agent. 
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