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a b s t r a c t 

NASA’s New Horizons’ reconnaissance of the Pluto system has revealed at high resolution the striking 

albedo contrasts from polar to equatorial latitudes on Pluto, as well as the sharpness of boundaries for 

longitudinal variations. These contrasts suggest that Pluto must undergo dynamic evolution that drives 

the redistribution of volatiles. Using the New Horizons results as a template, we explore the surface tem- 

perature variations driven seasonally on Pluto considering multiple timescales. These timescales include 

the current orbit (248 years) as well as the timescales for obliquity precession (peak-to-peak amplitude 

of 23 ° over 3 million years) and regression of the orbital longitude of perihelion (3.7 million years). These 

orbital variations create epochs of “Extreme Seasons” where one pole receives a short, relatively warm 

summer and long winter, while the other receives a much longer, but less intense summer and short 

winter. We use thermal modeling to build upon the long-term insolation history model described by 

Earle and Binzel (2015) and investigate how these seasons couple with Pluto’s albedo contrasts to create 

temperature effects. From this study we find that a bright region at the equator, once established, can 

become a site for net deposition. We see the region informally known as Sputnik Planitia as an example 

of this, and find it will be able to perpetuate itself as an “always available” cold trap, thus having the 

potential to survive on million year or substantially longer timescales. Meanwhile darker, low-albedo, re- 

gions near the equator will remain relative warm and generally not attract volatile deposition. We argue 

that the equatorial region is a “preservation zone” for whatever albedo is seeded there. This offers insight 

as to why the equatorial band of Pluto displays the planet’s greatest albedo contrasts. 

© 2016 Published by Elsevier Inc. 
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. Introduction 

NASA’s New Horizons mission has provided a wealth of new

ata about the Pluto system, including detailed surface geology

nd volatile distribution maps ( Grundy et al., 2016; Stern et al.,

015 ). The images of Pluto sent back by New Horizons also reveal

triking latitudinal and longitudinal albedo variations on Pluto’s

urface ( Grundy et al., 2016; Stern et al., 2015 ) bringing to high

esolution the intriguing variegation originally revealed from

arth through decades of mapping effort s (e.g. Buie and Tholen,

989; Buie et al., 2010; Young and Binzel, 1993; Grundy et al.,

013 ). These features provide new motivation for studying surface

emperature variations on Pluto both in the current epoch as well
∗ Corresponding author. 

E-mail addresses: aearle@mit.edu , alissaearle@gmail.com (A.M. Earle). t
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s over the past few million years as Pluto’s orbit has undergone

ariations creating dramatic differences in Pluto’s seasons over

illion year timescales. 

Pluto’s long-term seasonal variations are driven by two fac-

ors: Pluto’s longitude of perihelion regresses through 360 ° over

.7 million years while its obliquity varies over a total range of

23 ° over a period of 3 million years ( Dobrovolskis and Harris,

983 ). Pluto’s changing obliquity and regression of perihelion cre-

te variations in its sub-solar latitude at perihelion spanning from

77 ◦ to −53 ◦ over the past 3 million years ( Fig. 1 ). 1 Since Pluto

as a high orbital eccentricity ( e ≈ 0.25) its heliocentric distance

anges between roughly 30 AU and 50 AU, which leads to the solar
1 We use the current IAU convention of defining “north” according to the direc- 

ion of Pluto’s angular momentum vector. 
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Fig. 1. This figure is adapted from Earle and Binzel (2015) . Top: Pluto’s obliquity variations as a function of time over the last 3 million years. The period of obliquity 

oscillations is 2.8 million years. Middle: Pluto’s regressing longitude of perihelion as a function of time. It takes 3.7 million years for Pluto’s longitude of perihelion to 

regress a full 360 ° Bottom: Sub-solar latitude at perihelion as a function of time. Based on Dobrovolskis et al. (1997) and Dobrovolskis and Harris (1983) . This figure 

originally appeared in Earle and Binzel (2015) . 
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constant varying by a factor of ∼3 between perihelion and aphe-

lion ( van Hemelrijck, 1982; Spencer et al., 1997 ). This dramatic

difference between perihelion and aphelion when combined with

periods of Pluto having a high sub-solar latitude at perihelion (for

example, during the two time periods labeled in Fig. 1 ) creates

epochs of “Extreme Seasons” where one pole experiences a very

short, intense summer and long winter, while the other has a

short winter, and longer, but less intense summer season. Here we

set out to determine what effect these “Extreme Seasons” as well

as Pluto’s albedo variations have on Pluto’s surface temperatures.

The impact on atmospheric pressure and possible implications for

surface morphology are addressed by Stern et al. (2015) . In this

work we focus on the asymmetric surface temperature effects

of these changing geometries as opposed to the effects of total

accumulated insolation. Previous work (e.g. Earle and Binzel,

2015 ) focused on pole-to-pole insolation asymmetries, but those

asymmetries are now shown not to be correct. Full accounting

for the Keplerian slowing of the orbital velocity near aphelion

was not adequately modeled by Earle and Binzel (2015) . Nadeau

and McGehee (2015) and Hamilton (2016, submitted) show that

the slowly changing aspect angle at aphelion compensates for the

greater heliocentric distance and balances out the pole-to-pole
ccumulated insolation over a single orbit. While insolation is

ymmetric, here we find that maximum surface temperature,

eing a much more instantaneous effect, proves to be both asym-

etric and a greater driver of volatile transport activity. Thus our

ocus on temperature modeling in the present work. 

Previous work has already been done to model volatile trans-

ort on Pluto (and inherently surface temperature). With the

xception of Young et al. (2015) , most of this work predates the

ew Horizons’ flyby of the Pluto system so their only observa-

ional constraints are atmospheric measurements from occultation

bservations and lower resolution ground-based albedo maps

 Hansen et al., 2015; Olkin et al., 2015; Young, 2013 ). These works

lso all focus on the current epoch. We try to build upon the

revious work by making use of the results from NASA’s New

orizons mission as well as considering the long term variations

n Pluto’s orbit and resultant “Extreme Seasons”. Pluto’s orbit

s believed to be chaotic on timescales of 10–20 million years

 Sussman and Wisdom, 1988; 1992 ). Here we focus on timescales

f 3 million years or less in order to stay well below the limit of

luto’s orbit becoming chaotic. Further discussion of Pluto’s orbital

haos, and its possible impact on our results can be found in the

ntroduction of Earle and Binzel (2015) . 
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. Methods 

.1. Local temperature model 

A first step towards understanding seasonal surface tempera-

ures is looking at the annual insolation averages and how they

ary over million year timescales. To do this we start by calculating

luto’s orbit over the timescales of interest using the orbital model

f Pluto initially presented in Dobrovolskis and Harris (1983) and

efined in Dobrovolskis et al. (1997) . This model well represents

luto’s orbit for time scales of 10 million years, which is several

imes the length of our longest trial making this model sufficiently

ccurate for our purposes ( Dobrovolskis et al., 1997 ). This provides

s with the inputs necessary to calculate Pluto insolation as a

unction of latitude using the equations found in Levine et al.

1977) and an updated orbitally symmetric model from Earle and

inzel (2015) as guided by the analytic solution by Nadeau and

cGehee (2015) and discussed by Hamilton (2016, submitted) . 

We choose to focus on three significant epochs in Pluto’s orbital

istory. The first is Pluto’s current orbit, characterized by equinox

nd perihelion occurring close together. Second is Pluto’s orbital

eometry 0.9 million years ago, characterized by Pluto’s sub-solar

oint at perihelion being high in the northern hemisphere; we

all this “extreme northern summer”. The third epoch of interest

s Pluto’s orbital geometry 2.35 million years ago, characterized by

luto’s sub-solar latitude at perihelion being low in the southern

emisphere; we call this “extreme southern summer”. 

We begin comparing these epochs by examining the insolation

veraged over one Pluto orbit ( Fig. 2 , top left panel). At the current

poch (blue, solid line) one Pluto orbit yields insolation maxima

t the poles and minima around ±30 ° ( Earle and Binzel, 2015 ).

uring the epoch 0.9 million years ago (green, dashed line), the

quator received a substantially lower minimum value for its

nsolation while the poles received almost 1.5 times as much in-

olation on average. For the epoch 2.35 million years ago, (purple,

otted line), a relatively flat latitudinal insolation pattern emerges

ith the maximum occurring at the equator, with additional local

axima at each pole, and minima just beyond ±30 °. During the

urrent epoch, characterized by equinox occurring near perihe-

ion and aphelion, both poles receive relatively similar insolation

atterns. However during past epochs when Pluto underwent

hat we call “extreme seasons” one pole received more insola-

ion over a shorter period of time while the other received less

nsolation but for a longer stretch of time, creating asymmetries

n the maximum insolation as a function of latitude ( Fig. 2 ). These

ifferences between maximum insolation and duration of time

ver which it is received become relevant when trying to model

urface temperatures during different epochs. 

While the average annual insolation and average surface

emperature ( Fig. 2 top left and bottom left, respectively) show

ole-to-pole symmetry, the maximum local insolation and surface

emperatures reached show the asymmetries that we call “extreme

easons”. In order to calculate surface temperatures as a function

f latitude and albedo we use the 1-dimensional thermophysi-

al model presented in Spencer et al. (1989) (all temperatures

alculated and presented herein are surface temperatures, unless

therwise indicated). The Spencer model was designed to calculate

urface and subsurface temperatures on a rotating body as a

unction of local time and was originally written in IDL, but here

as been rewritten in Python and adapted for seasonal changes

orresponding to the varying sub-solar latitude and heliocentric

istance. The model determines heating in the surface layer by

alancing thermal emission, insolation, and conduction with the

ayer below. The middle layers are balanced by conduction only

rom the layer above and below. The bottom layer is balanced by

onduction with the layer above and the lower boundary heat flux
 Spencer et al., 1989 ). For the lower boundary heat flux we use

.5 ergs/cm 

2 s. We assume an emissivity of 0.9 based on Spencer

t al. (1989) . For the other thermal parameters we used values

or methane at 40 K given in Spencer and Moore (1992) ; a heat

apacity of 1 . 8 × 10 7 ergs/gK , density 0 . 52 g/cm 

3 , thermal inertia

 . 3 × 10 5 ergs/cm 

2 
√ 

s K. 

The original version of the model is designed to calculate local

emperatures over timespans of a few rotations with a constant

ub-solar latitude and heliocentric distance. We have adapted

he model for seasonal use by having it read in instantaneous

eliocentric distances and sub-solar latitude values calculated

sing the model from Dobrovolskis et al. (1997) . These values are

hen used to take into account how Pluto’s geometry relative to

he sun changes throughout its orbit. 

The model used here, of course, does have limitations. The ther-

ophysical parameters are not temperature dependent, thermal

e-radiation is only from the surface layer, and most importantly,

olatiles are assumed to escape without re-condensing so that the

emperatures of volatile ices can vary over the surface (the global

odel is treated in Section 2.3 ). Even with these limitations the

odel serves as a good starting point for understanding seasonal

emperature variations on Pluto. For example with a homogeneous

luto (assume global uniform albedo of 0.3) a substantial range

f temperatures with seasonally dependent asymmetrical latitude

istributions become readily apparent ( Fig. 2 , right column). Pluto

s of course variegated; we address the non-uniform case below.

t should be noted that this model and its associated figures (e.g.

ig. 3 ) should not be interpreted as hard and fast results so much

s a limiting case describing the absence of volatile transport for

xploratory comparison to an opposing limiting case that includes

olatile transport. 

.2. Pluto albedo model 

In order to account for Pluto’s albedo variations we have

reated a simplified albedo map of Pluto ( Fig. 4 ) that takes into

ccount several of the major albedo units on Pluto’s surface. We

ssume a static Pluto, in which the albedo units do not vary

ith time or with solar zenith angle. To represent the region

nformally known as Tombaugh Regio, we assign an albedo value

f 0.6 to a patch 45 ° wide in longitude, and extending from −30 ◦

o 45 ° latitude. Elsewhere between ±25 ° latitude, we use a dark

and with an albedo of 0.1 to represent the region informally

nown as Cthulhu Regio. At all other locations an albedo of 0.3 is

ssumed. 

.3. Global model 

Most of the time Pluto’s atmosphere may be in surface temper-

ture equilibrium with surface frosts ( Owen et al., 1993; Trafton,

984 ). Along with our local model we also consider a global

emperature model for comparison. By looking at how the temper-

tures of the local model compare with the instantaneous, global

quilibrium temperatures we can get a better understanding of

hich regions will most likely be losing volatiles and which will

e gaining volatile deposits. 

Just as with the local model we start the global modeling using

he heliocentric distance and sub-solar latitude calculated based

n Dobrovolskis et al. (1997) . Again we assume an emissivity of

.9 based on Spencer et al. (1989) . In order to avoid overlapping

lbedo regions in the model we simplify our albedo map to

nclude poles, with an albedo of 0.3, which extend to ±45 ° and

 bright patch with albedo 0.6 which extends from −30 ◦ to 45 °
nd is 45 ° wide in longitude. All other areas on the surface are

ssumed to be depleted of volatiles. We can then calculate global

emperatures based on the energy balance equations given in
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Fig. 2. Top Left: Average insolation over one Pluto orbit as a function of latitude. Top Right: Maximum insolation reached during one Pluto orbit as a function of latitude. 

Bottom Left: Average surface temperature over one Pluto orbit as a function of latitude. Bottom Right: Maximum surface temperature reached at each latitude over one 

Pluto orbit as a function of latitude. Blue, solid lines are over Pluto’s current orbit. Green, dashed lines over one Pluto orbit, 0.9 million years ago, and the purple, dotted 

line over one Pluto orbit 2.35 million years ago. Note the changing y-axis scales. For the temperature profiles a global albedo of 0.3 is assumed. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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Trafton (1984) . However, Eq. (10) in Trafton (1984) appears to

contain an extra factor of A , which we removed. The original

version also only accounts for polar caps as a volatile reservoir, we

have modified it to include Tombaugh Regio as a volatile region.

Our modified version of Trafton’s energy balance equation is: 

(A NP + A SP + A T R ) εσ T 4 = πF �[(1 − a P )(A 

∗
NP + A 

∗
SP ) 

+(1 − a T R ) A 

∗
T R ] (1)

where ε is the emissivity, πF � is the solar flux at Pluto, a i the

albedo of the region, A i the area of the region, and A 

∗
i 

the effective

insolation area of the region. The subscript NP denotes the north

polar region, SP the south polar region, and TR the bright equato-

rial region informally known as Tombaugh Regio (note: all features

names are informal at this time). 

Trafton (1984) also provides the equations necessary to calcu-

late A 

∗ for the polar regions. If a pole is in shadow, A 

∗ = 0 . If the

pole is sunward facing and the sub-solar latitude ( φ) is greater in

magnitude than the colatitude of the polar cap boundary ( θ c or

π − θc ) then A 

∗ = π sin 

3 φ. For the in-between cases, where a pole

is partially lit, the equation becomes more complicated: 
 

∗ = 

π

2 

− cos θc 

√ 

cos 2 φ − cos 2 θc − cos 2 φ sin 

−1 
(

cos θc 

cos φ

)

+ sin φ sin 

2 θc cos −1 
(

− tan φ

tan θc 

)

+ sin 

2 φ tan 

−1 
( − sec φ√ 

tan 

2 θc − tan 

2 φ

)
(2)

q. (2) is reproduced from Trafton’s equation 13 (a full derivation

an be found in Trafton, 1984 ). The cos −1 term is in the second

uadrant when φ > 0 and in the first quadrant when φ < 0. To

alculate the contribution from the opposite hemisphere ( Trafton,

984 ) uses −φ instead of φ. 

We calculate A 

∗ for the northern and southern part of

ombaugh Regio separately (and then add them). For each

ide we use the process described in the previous paragraph to

etermine A 

∗ for the entire hemisphere as well as a cap reaching

own to the extent of Tombaugh Regio in that hemisphere. By

ubtracting A 

∗ of this cap from A 

∗ of the entire hemisphere we

re left with the latitudinal band on which Tombaugh Regio lies.

e can then divide this band, based on the longitudinal width of

ombaugh Regio, to get A 

∗ for just Tombaugh Regio. 
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Fig. 3. Top: average daily surface temperatures over the past Pluto orbit. Middle: average daily surface temperatures over one Pluto orbit, 0.9 million years ago. Bottom: 

average daily surface temperatures over one Pluto orbit, 2.35 million years ago. Southern hemisphere latitudes are indicated by dashed lines while, Northern hemisphere by 

solid lines and the shaded region the “diurnal zone”. 

Fig. 4. Left: The simplified albedo map used for the local thermal modeling Right: Cylindrical mosaic of Pluto. The latitude ranges for the simplified albedo map have been 

estimated from the mosaic map of Pluto. 



42 A.M. Earle et al. / Icarus 287 (2017) 37–46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Minimum and maximum global temperature (K) 

reached for each epoch. 

Epoch Min T (K) Max T (K) 

Current 24 .4 37 .7 

0 .9 million years ago 27 .5 45 .0 

2 .35 million years ago 27 .5 38 .4 

t  

S  

t  

l  

a  

h  

c  

i  

d

3

 

r  

f  

a  

F  

m  

a  

T  

s

 

s  

T  

t  

b  

e

 

m  

t  

r  

e  

T  

g  

f

3

 

e  

l  

i  

i  

g  

c  

l  

p

 

i  

a  

(  

e  

t  

P  

r  

c  

t  
While this model provides us estimates of the global temper-

atures on Pluto that we can compare to our local temperatures

model, this model does have limitations. Most notably, it does

not take into account thermal inertia or internal heat flux. The

temperatures provided by the model are instantaneous, and as a

result drop below most of our local model temperatures when

Pluto is at perihelion. 

3. Results 

3.1. Annual temperature patterns - uniform albedo model 

We start our discussion by looking at local surface temperature

variations at select latitudes over the course of one Pluto orbit

for our three epochs of interest for the case of a globally uniform

albedo of 0.3 across the entire surface. Fig. 3 shows temperature

variations at the poles, ±45 °, and in the “diurnal zone”. We

define the “diurnal zone” as the area between −13 ◦ south and

+13 ◦ north. This is the region on Pluto’s surface that always

receives diurnal insolation as the obliquity varies over million year

timescales (for further discussion of the “diurnal zone”, see Binzel

et al. (2017) ). All other regions of Pluto have been in the arctic

(or antarctic) circle at some point in the past few million years,

experiencing long periods of constant sunlight in “summer” and

constant darkness in “winter”. 

Looking at Fig. 3 we see obvious latitudinal variations as well as

two changing trends between the three epochs: (1) the differences

between polar, mid-latitude and equatorial surface temperatures

vary between epochs and (2) the surface temperature patterns of

the two hemispheres, specifically the poles, contrast within each

epoch as well as when comparing them between epochs. 

The difference between polar, mid-latitude and equatorial local

surface temperatures from one epoch to the next are largely

driven by how Pluto’s obliquity (and as a result insolation pat-

terns) are changing over million-year timescales. This can be seen

by comparing the differences in Fig. 3 with the insolation curves

in Fig. 2 . Not surprisingly the areas receiving the highest average

insolation over the year also experience the warmest surface

temperatures. The interesting exception to this can be seen in the

2.35-million-year-ago case. During this epoch the equator receives

a higher average insolation, however since it is in the “diurnal

zone” the insolation is fairly evenly distributed throughout the

year, leading to steady surface temperatures that are generally

lower than the peak polar surface temperatures. This is caused by

the poles receiving constant insolation as “midnight sun” for part

of the year. The diurnal zone surface temperatures are generally

the most steady (varying by only ∼0 . 5 K per year) while polar

temperatures vary by 3 or more degrees throughout the year. 

The other variations are the contrasts between the hemispheres

during each Pluto year as well as the different epochs. These varia-

tions are driven primarily by variations in Pluto’s sub-solar latitude

at perihelion coupled with its relatively high orbital eccentricity ( e

≈ 0.25). During the current epoch, equinox and perihelion occur

close together. As a consequence, the north pole receives insola-

tion from roughly the time Pluto passes perihelion until it reaches

aphelion while the south pole receives insolation from aphelion to

perihelion. This results in both poles having equal length dark sea-

sons and summers of similar duration and intensity. In contrast,

0.9 million years ago when Pluto’s sub-solar latitude at perihe-

lion was high in the northern hemisphere (at ∼ + 76 ◦), the north-

ern hemisphere received direct sunlight at perihelion while the

southern hemisphere received its most direct sunlight at aphelion

where the insolation flux is diminished by a factor of three. This

results in what we are referring to as “Extreme Seasons”, where

one pole receives a short, “hot” summer and long winter, while

the other receives a short winter and much longer, but less in-
ense summer. A slightly less dramatic version of these “Extreme

easons” can be seen in the epoch 2.35 million years ago when

he sub-solar latitude at perihelion was ∼ − 53 ◦ leading to short-

ived high local surface temperatures in the southern hemisphere

nd a much longer, but lower temperature summer in the northern

emisphere. We emphasize since the equatorial region always re-

eives its solar energy on a diurnal day/night cycle and never dur-

ng an interval of continuous arctic summer, the equatorial region

oes not experience any “Extreme Seasons” the way the poles do. 

.2. Historical temperature extremes - variegated albedo model 

To get a more global view of trends on Pluto, and to incorpo-

ate Pluto’s striking albedo variations we ran the thermal model

or various latitude and albedo combinations (based on the simple

lbedo map we presented in Section 2.3 and shown in Fig. 4 ).

rom these trials we were able to create minimum and maxi-

um local surface temperature maps ( Fig. 5 ) to study how both

lbedo and latitude variations affect surface temperature extremes.

he effects of the “Extreme Seasons” discussed in the previous

ubsection can be seen in these plots. 

Fig. 5 draws attention to the impact albedo variations have on

urface temperature. The bright, 0.6 albedo region, representing

ombaugh Regio stays cold (never rising above ∼37 K ) while

he darker, 0.1 albedo, Cthulhu Regio stays warmer (never falling

elow ∼42 . 5 K ), even though these two regions are at comparable

quatorial latitudes. 

To get a better idea of long term extrema we took the infor-

ation from the subplots presented in Fig. 5 and combined it

o determine the absolute minimum and maximum temperature

eached at each latitude and albedo combination over the three

pochs of interest combined. These results can be seen in Fig. 6 .

his emphasizes the contrast between the bright region which

enerally never exceeds 40 K and the rest of Pluto where local sur-

ace temperatures never drop below 40 K and reach almost 50 K . 

.3. Comparison with global model 

To gain a better understanding of what regions we expect to be

xperiencing sublimation and deposition we compare some of our

ocal model results with the global temperature model described

n Section 2.3 . Since the global model does not account for thermal

nertia we can make more direct comparisons by comparing the

lobal temperatures to the instantaneous equilibrium temperatures

alculated by the local model. We chose to focus on three specific

atitudes: the north pole (90 °), the equator (0 °), and the south

ole ( −90 ◦). 

For each of the latitudes and epochs of interest we compare the

nstantaneous local temperature testing albedo values of 0.1, 0.3,

nd 0.6, with the global temperature over that same time period

 Fig. 7 ). The minimum and maximum global temperature for each

poch are also given in Table 1 . Since there is no thermal inertia

he equatorial temperatures will vary considerably throughout a

luto rotation, so here we just look at the mean equatorial equilib-

ium temperature over each Pluto rotation. We see some obvious

ontrasts between the polar and equatorial cases. The equatorial

emperatures never vary by more than a few degrees Kelvin while
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Fig. 5. This figure compares Pluto’s current orbit with its past extreme seasons. Left Column: The simple albedo map of Pluto used to make local surface temperature 

maps. Center Column: The minimum temperature reached during the Pluto year for each latitude and albedo combination on Pluto’s surface Right Column: The maximum 

temperature reached during the Pluto year for each latitude and albedo combination. Top Row: The current Pluto orbit Middle Row: One Pluto orbit, 0.9 million years in the 

past. Bottom Row: One Pluto orbit, 2.35 million years ago. 

Fig. 6. Left: The simple albedo model of Pluto initially introduced in Section 2.2 , used for the local model Middle: The minimum surface temperature reached at each 

latitude and albedo combination over the three epochs of interest Right: The maximum surface temperature reached at each latitude and albedo combination over the three 

epochs of interest. 
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Fig. 7. Comparison of instantaneous global temperatures to instantaneous local equilibrium temperatures for select latitudes and albedos. The columns are organized by 

latitude with left: latitude 90 °, center: latitude 0 °, right: latitude −90 ◦ . The rows are organized by epoch with top: the current Pluto orbit (where the time increment is 

Earth years), middle: one Pluto orbit, 0.9 million years ago, bottom: one Pluto orbit, 2.35 million years ago. The global temperatures are indicated by the solid, black lines, 

the albedo = 0.1 local cases are purple, dashed lines, the albedo = 0.3 cases are blue, dot-dashed lines, and the albedo = 0.6 cases are marked with green, dotted lines. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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the polar temperatures show dramatic seasonal variations of 40 K

or more. The global temperatures range between roughly 25 and

−45 K, showing the greatest amplitude over the 0.9 million years

ago epoch when Pluto was near its minimum obliquity. 

4. Discussion 

When considering long-term insolation patterns on Pluto, the

relative minimum at the equator relative to the poles has been

shown in several previous works (e.g. Dobrovolskis, 1989; van

Hemelrijck, 1982 , and Spencer et al., 1997 ) and illustrated at

multiple epochs by Earle and Binzel (2015) . Our analysis produces

a bright equatorial band rather than a “spot” which Hamilton

(2016, submitted) argues is created through a localized runaway

albedo effect. We argue instead that the equatorial region on

Pluto is a “preservation zone” for whatever is seeded there, where

the preservation capability is driven by the coupling of the local

albedo with an always diurnal cycle (and never a continuous arctic

summer or winter), which we first showed qualitatively in Earle

et al. (2015) . Thus the equatorial zone is optimized to be the region

of maximum contrasts that allows the darkest region (Cthulhu Regio)

to abut directly the brightest region (Sputnik Planitia). 

We find that once a region at the equator becomes bright it

will become both the coldest and most consistently available cold

trap, making it a likely area for volatile deposition, which in turn

will refresh and brighten the surface. So for example, if Sputnik

Planitia formed from an impact basin, as suggested by Moore et al.
2016) , the topographic low would have initially attracted volatiles,

reating a bright spot and triggering runaway volatile deposition

n that area. Surface composition maps show that Tombaugh Regio

s in fact volatile rich, showing high abundances of both N 2 and

H 4 ( Grundy et al., 2016 ). In contrast, Cthulhu regio does not show

ny volatile abundances ( Grundy et al., 2016 ). Given Cthulhu’s

ow albedo and resulting higher local surface temperatures it

ould be expected that once a region at the equator began to

arken it would become consistently one of the warmest regions

f the planet and thus unlikely to gain any long term volatile

ccumulation, leading to further darkening. 

Another way of looking at this effect is to compare the instan-

aneous equilibrium temperatures with the global temperatures, as

e did in Fig. 7 . The polar temperatures show dramatic seasonal

ariations, spending portions of the year well above and well

elow the global temperatures. This suggest these regions will

ndergo cycles of deposition and sublimation and their volatiles

or at least a portion of their volatiles) will be seasonal. This effect

ersists for all of the albedo cases we tested, suggesting the polar

egions are not likely to experience runaway albedo variations.

he equator on the other hand shows less seasonal variation,

nd remains close to the global temperature throughout the

pochs studied. Over most of the time periods studied the bright

albedo = 0.6) equator temperatures are several degrees colder

han the global temperature, it only briefly gets above the global

emperature, and never by more than a few degrees, indicating

et deposition is most likely occurring in bright equatorial regions.
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Fig. 8. Latitude on Pluto vs. the variation between the minimum and maximum 

temperature reached at that latitude considered over the three epochs of interest: 

the current orbit, 0.9 million years ago, and 2.35 million years ago. The red, dashed 

line uses an albedo of 0.6, the blue, solid line an albedo of 0.3, and the green, 

dotted line an albedo of 0.1. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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uch ongoing long-term net deposition could be an important

actor that keeps Tombaugh Regio’s morphology appearing ‘young’

nd crater-free. On the other hand, the dark (albedo = 0.1) equator

emperatures are generally higher than global temperatures, and

nly dip below the global temperatures for brief periods during

ach orbit. If all of the volatiles migrate away from a region,

he bare surface will no longer be cooled by sublimation and a

ignificant amount of seasonal cooling will need to take place

efore seasonally transient frosts can be deposited ( Trafton, 1984 ).

aking this into consideration, it is very likely that dark, equatorial

egions are generally bare of volatiles, any volatiles deposited

re most likely minimal and seasonal. These comparisons show

urther evidence for runaway albedo variations at the equator and

ore stable, and spatially consistent albedos in the polar regions. 

Thus the fact that the brightest and darkest regions on Pluto

o-exist at the same latitude demonstrate that it is not the in-

olation minimum that drives the survival of Pluto’s “cold icy

eart”. Rather it is the diurnal zone that allows self-preservation

f an albedo extreme that gets seeded therein. To understand this

henomenon further we looked at the difference between the ab-

olute maximum and absolute minimum local surface temperature

eached at each latitude over the three epochs of interest, to see

ow much temperature variation each latitude experiences ( Fig. 8 ).

e find that regardless of albedo, the variations in the equatorial

nd midlatitude region stay small, less than 3.5 K. Moving away

rom the midlatitudes and towards the poles the variation in tem-

erature increases. This effect is more dramatic in the northern

emisphere where the variation at the north pole is between 4.3

nd 7 . 5 K depending on the albedo. The stability of temperatures

n the equatorial band independent of albedo makes it likely that

nce seeded, albedo variations in the equatorial region will be

ble to survive million-year or longer timescales while the polar

egion will be more susceptible to changing albedos. 

. Conclusions 

After performing thermal modeling to study surface tempera-

ure variations on Pluto as a function of latitude and albedo we see

tark contrasts in the surface temperatures of high albedo regions
like Sputnik Planitia) and low albedo regions (like Cthulhu Regio)

ear the equator. Once seeded, a bright region at the equator

ill become the coldest cold trap on Pluto’s surface, making it

 likely location for further bright, fresh volatile deposition. In

ontrast, once an equatorial region begins to darken, its lower

lbedo will help it stay warm, making it an unlikely place for

ong term volatile deposits to form. We see that even with Pluto’s

arying orbit, the bright, volatile rich Tombaugh Regio should be

ble to survive on million-year timescales. This also appears to be

 unique characteristic of Pluto’s equatorial region, and we don’t

xpect such stark albedo variations would be able to survive in

he polar regions. 

The New Horizons observations are allowing for the devel-

pment of better albedo maps of Pluto. As these maps become

vailable we will be able to take a more detailed look at the local

urface temperature variations across Pluto’s surface. The first look

resented here already points to some interesting results, including

he survival of Tombaugh Regio over million-year timescales. 
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