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a b s t r a c t 

New Horizons has granted us an unprecedented glimpse at the structure and composition of Pluto’s at- 

mosphere, which is comprised mostly of N 2 with trace amounts of CH 4 , CO, and the photochemical prod- 

ucts thereof. Through photochemistry, higher-order hydrocarbons are generated, coagulating into aerosols 

and resulting in global haze layers. Here we present a state-of-the-art photochemical model for Pluto’s 

atmosphere to explain the abundance profiles of CH 4 , C 2 H 2 , C 2 H 4 , and C 2 H 6 , the total column density 

of HCN, and to predict the abundance profiles of oxygen-bearing species. The CH 4 profile can be best 

matched by taking a constant-with-altitude eddy diffusion coefficient K zz profile of 1 × 10 3 cm 

2 s –1 and 

a fixed CH 4 surface mixing ratio of 4 × 10 –3 . Condensation is key to fitting the C 2 hydrocarbon profiles. 

We find that C 2 H 4 must have a much lower saturation vapor pressure than predicted by extrapolations 

of laboratory measurements to Pluto temperatures. We also find best-fit values for the sticking coeffi- 

cients of C 2 H 2 , C 2 H 4 , C 2 H 6 , and HCN. The top three precipitating species are C 2 H 2 , C 2 H 4 , and C 2 H 6 , with 

precipitation rates of 179, 95, and 62 g cm 

–2 s –1 , respectively. 

© 2016 Elsevier Inc. All rights reserved. 
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1. Introduction 

In July 2015, New Horizons performed its historic flyby of Pluto,

giving humanity an unprecedented view of the dwarf planet’s at-

mosphere. One of New Horizons’ goals was to determine the

structure, composition, and variability of Pluto’s atmosphere. The

Alice instrument measured the full disk spectral flux in ultraviolet

wavelengths between 52 and 187 nm as the Sun slid behind

Pluto (ingress) and emerged on the other side (egress), about one

hour after closest approach. This observation has been used to

determine the temperature and vertical density profiles of N 2 ,

CH 4 , and various minor species in Pluto’s atmosphere. Nearly

simultaneous Earth ingress and egress occultations, observed in
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0019-1035/© 2016 Elsevier Inc. All rights reserved. 
he X-band uplink, provided profiles of temperature and pressure

n Pluto’s lower atmosphere ( Gladstone et al., 2016 ). 

Thanks to New Horizons, Pluto’s basic atmospheric

omposition—at least at the time of the encounter—is now known.

he task now falls to the modelers to explain Pluto’s atmosphere,

hich defied expectations on multiple accounts. For instance,

luto’s atmosphere is far colder than anticipated. It has been

uggested that this is due to radiative cooling by HCN ( Gladstone

t al., 2016 ). Despite its colder nature, Pluto seems to still pro-

uce photochemical hydrocarbons and nitriles—whose abundance

rofiles have been measured—to a significant degree. The most

triking product of this photochemical factory is the extensive haze

ayers that New Horizons confirmed via optical images ( Gladstone

t al., 2016 ). A companion paper in this issue ( Gao et al., 2016 )

nvestigates the microphysics behind haze production on Pluto. 

The central goal of this study is to reproduce New Horizons’

bservations of CH , the C hydrocarbons, as well as to predict
4 2 
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Fig. 1. The temperature and density profiles of Pluto’s atmosphere, as determined 

by data from New Horizons. 
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he abundances of other trace species that have not yet been

etected with as much precision. The New Horizons data gives

eliable measurements for CH 4 above 200 km and C 2 hydrocarbons

etween 800 and 200 km. Above 800 km, the signal-to-noise is

oo small to retrieve trace species’ abundances. Below ∼200 km,

he measurements are no longer sensitive to CH 4 , because all the

hotons shortward of 140 nm are gone, and this causes an artifact

n the retrieval algorithm that makes the C 2 H 6 detection nonphys-

cal and the C 2 H 2 detection untrustworthy. However, thanks to its

trong, unique spectral features, C 2 H 4 abundances are robust from

00 km to the surface. 

. Photochemical model 

We use the one-dimensional Caltech/JPL chemistry-transport

odel KINETICS ( Allen et al., 1981; Yung and DeMore, 1999 ) to

xplore the nature of Pluto’s atmosphere. Because Pluto’s atmo-

pheric extent surpasses its solid body radius ( r 0 = 1187 km),

he atmosphere must be considered spherical ( Krasnopolsky and

ruikshank, 1999 ). The model contains 40 levels ranging from the

urface to ∼1300 km. Our calculations incorporate 88 chemical

pecies and over 1600 reactions ( Li et al., 2015; Yung et al., 1984 ).

e simulate the production and loss rates of trace compounds

uch as hydrocarbons and nitriles at each altitude, as well as their

iffusive flux between altitude grids, by solving the 1-D continuity

quation for a spherical atmosphere: 

∂ n i 

∂t 
+ 

1 

r 2 

∂ 
(
r 2 ϕ i 

)
∂r 

= P i − L i , (1) 

here n i is the number density for species i , φi the vertical flux,

 i the chemical production rate, and L i the chemical loss rate, all

valuated at time t and radius r = r 0 + z (where z is the altitude

bove the surface) . The vertical flux is given by 

 i = −∂ n i 

∂r 
( D i + K zz ) − n i 

(
D i 

H i 

+ 

K zz 

H atm 

)

−n i 

∂T 

∂r 

[ 
( 1 + αi ) D i + K zz 

T 

] 
, (2) 

here D i is the species’s molecular diffusion coefficient, H i the

pecies’s scale height, H atm 

the atmospheric scale height, αi 

he thermal diffusion parameter, K zz the vertical eddy diffusion

oefficient, and T the temperature ( Yung and DeMore, 1999 ). 

The starting ingredients for a photochemical model are the

ressure and temperature profiles of the atmosphere. For this

tudy, we use the state-of-the-art profiles retrieved from radio oc-

ultation data recorded by New Horizons ( Gladstone et al., 2016 ).

hese are presented as temperature and total density in Fig. 1. 

Photochemistry is primarily driven by radiation from the Sun.

owever, the contribution from solar Lyman- α scattered from H

toms in the local interstellar medium is known to be significant

n the outer Solar System (see, e.g., Moses et al., 1992 ). We adopt

n enhancement factor of 1.43 based on the observations of

ladstone et al. (2015) for our photochemical model. We expect

he production rates of hydrocarbons to scale with this factor,

s the primary consequence of the destruction of CH 4 is the

roduction of hydrocarbons, followed by their condensation. 

CH 4 and N 2 are processed by far-ultraviolet and extreme-

ltraviolet radiation, respectively, into higher-order hydrocarbons

nd nitriles. These photochemical products can themselves be-

ome photolyzed and interact with each other to form even more

assive species. Many of these reactions are familiar and well un-

erstood, as the atmospheric chemistry of Pluto greatly resembles

hat of Titan (see, e.g., Wong et al., 2015 ). 

However, photochemistry alone cannot explain trace species’

verall abundances or the structure of their vertical profiles. It is

lear that condensation plays an important role on Pluto. 
In the New Horizons data, the major C 2 hydrocarbons increase

n abundance towards the surface, but that increase is curtailed

omewhere between 400 and 200 km. In a photochemical model

hat ignores condensation, all C 2 hydrocarbons will increase in

bundance all the way to the surface, in contradiction to the data. 

Saturation vapor pressures, extrapolated from laboratory mea-

urements to Pluto temperatures, were used as a first guess to

redict the condensation of various chemical species ( Lara et al.,

996 ) ( Fig. 2a ). Pre-formed aerosols would serve as condensation

ites. The rate coefficient J for a condensable species to be removed

y collision with aerosols is given by the formalism of Willacy et

l. (2016) , 

 = 

1 

4 

γ v AN, (3) 

here γ is the sticking coefficient (the fraction of collisions that

esult in a molecule condensing upon the surface of an aerosol),

 is the thermal velocity (cm s –1 ) of the molecule, A is the surface

rea of an aerosol particle (cm 

2 ), and N is the number density of

erosol particles (cm 

–3 ). Based on a combination of observations

nd modeling, Gao et al. (this issue) estimate AN , the mean aerosol

urface area per unit volume of atmosphere ( Fig. 2b ). A priori, J

s highly uncertain, and we test a large range of γ to explore its

mpact on the condensable species. 

Influx of exogenous material and escape from the top of the

tmosphere are the final processes that can influence the abun-

ances of chemical species. We incorporate a downward flux of

ater molecules taken from Poppe (2015) , which calculated the

nflux of interplanetary dust into Pluto’s atmosphere as a function

f Pluto’s location in its orbit within the Kuiper Belt. New Hori-

ons’ arrival coincides with a dust flux of 1.4 × 10 –17 g cm 

–2 s –1 . For

implicity we assume that this entire mass is composed of water

ce and is vaporized within Pluto’s atmosphere upon infall, thereby

iving a downward H 2 O flux at the top of the atmosphere of ∼5 ×
0 5 molecules cm 

–2 s –1 . In terms of loss to space, we assume all

pecies besides H and H 2 are gravitationally bound to Pluto; we al-

ow H and H 2 to escape at their respective Jeans escape velocities. 

. Results 

.1. CH 4 

The first dataset we seek to fit is the methane abundance

rofile. CH 4 is the second most abundant constituent of Pluto’s

tmosphere and is resupplied by a large solid reservoir on the
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Fig. 2. (a) Saturation vapor pressure curves for various constituents of Pluto’s at- 

mosphere. Solid lines represent laboratory measurements. Dashed lines represent 

extrapolations. Circles indicate the triple points. (b) Total surface area of aerosols 

per volume of atmosphere, as calculated in our companion paper ( Gao et al., 2016 ). 
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surface. Direct photolysis is the main mechanism for its loss. As

the parent molecule of photochemistry, CH 4 is largely unaffected

by the abundances of higher-order hydrocarbons, which we refine

later ( Section 3.2 ). Because CH 4 has a relatively long chemical

lifetime, it is sensitive to transport processes. Hence, the CH 4 

profile gives us information about the vertical eddy diffusion in

Pluto’s atmosphere. 

To fit the CH 4 profile, we vary two parameters: 1) the K zz 

profile; 2) the CH 4 mixing ratio at the surface, which we held

constant during model runs. Because an analytical expression for

the eddy diffusion profile of a tenuous atmosphere like Pluto’s has

yet to be formulated from first principles, we test a wide range of

K zz profiles by varying the parameter a between 0 and 1.8 in the

following simple equation: 

K zz = 10 0 0 

(
n 0 

n 

)a 

, (4)

where n is the total number density and n 0 is the total num-

ber density at the surface. We varied CH 4 surface mixing ratios

between 1 × 10 –3 and 8 × 10 –3 . 

Changing the K zz profile essentially changes the curvature of

the methane profile to which the model converges. High values

of a , which correspond to K zz profiles that increase rapidly with

altitude, produce flatter CH 4 profiles, because the methane in the

upper atmosphere is being transported downwards. On the other

hand, when a = 0, the K zz profile is constant with altitude, and

more CH can exist in the upper atmosphere. To first order, chang-
4 
ng the CH 4 surface mixing ratio simply serves as a translation of

he CH 4 profile in mixing ratio–altitude space. 

We find that a CH 4 surface mixing ratio of 4 × 10 –3 and a

onstant-with-altitude K zz of 1 × 10 3 cm 

2 s –1 satisfies the New

orizons data the best. With this K zz profile, the homopause

s at Pluto’s surface, meaning that molecular diffusion plays an

mportant role throughout Pluto’s atmosphere. 

.2. C 2 hydrocarbons 

With the CH 4 profile established and a plausible K zz profile

efined, we now turn to fitting the profiles of the C 2 hydrocarbons.

he New Horizons data show that the concentrations of the C 2 

ydrocarbons do not monotonically increase towards the surface

f Pluto. Instead, they exhibit inversions between 20 0 and 40 0 km,

ost notably in the cases of C 2 H 4 and C 2 H 2 . We attribute these

nversions to heterogeneous nucleation: in this region of Pluto’s

tmosphere, the combination of low temperature and high aerosol

urface area makes condensation on hydrocarbon/nitrile aerosols

he dominant means of removal. The formation and distribution

f these aerosols is discussed in Gao et al. (2016) . Above 400 km,

here are too few nucleation sites for condensation to be impor-

ant, and below 200 km, the temperature is too high to allow

ondensation. Compared to the rate of heterogeneous nucleation,

he rate of homogeneous nucleation is far too low for it to be a

elevant process at these temperatures and concentrations. 

A breakdown of the production and loss mechanisms for C 2 H 2 ,

 2 H 4 , and C 2 H 6 is presented in Fig. 3 . Condensation, shown in

lack, clearly dominates the region between 200 and 400 km. 

Using saturation vapor pressure curves extrapolated to Pluto

emperatures results in a condensation-induced inversion of the

 2 H 2 profile but not the C 2 H 4 profile. Fig. 2b illustrates why: at

he relevant temperature of ∼70 K, the extrapolated saturation

apor pressure of C 2 H 4 is several orders of magnitude greater

han that of C 2 H 2 . Based on the evidence provided at Pluto, we

onclude that such an extrapolation of C 2 H 4 ’s saturation vapor

ressure is inappropriate and that C 2 H 4 should behave similarly to

 2 H 2 at low temperatures. Thus, we use C 2 H 2 ’s saturation vapor

ressure curve for both C 2 H 2 and C 2 H 4 , which produces inversions

n both species’ concentration profiles in our model. 

The need to adjust C 2 H 4 ’s extrapolated saturation vapor pres-

ure is not evident from photochemical studies of Titan, where

 2 H 4 condenses at temperatures > 80 K (see Fig. 1 of Lavvas et al.,

011 ), a temperature range for which we have experimental data

 Fig. 2a ). New Horizons at Pluto probes the hydrocarbon chemistry

f a previously unexplored temperature and pressure space. 

Early model runs resulted in condensation that was too strong:

hotochemical production could not compete with condensation,

nd our concentrations of C 2 H 2 and C 2 H 4 underestimated the data

y up to a factor of 10. We altered the sticking coefficient γ of

ach individual species to fit their respective abundance profiles.

he sticking coefficient is the fraction of collisions that result in

 molecule condensing on the surface of an aerosol. We found

est-fit sticking coefficients of γ C2H2 = 3 × 10 –5 , γ C2H4 = 1 ×
0 –4 , and γ C2H6 = 3 × 10 –6 . 

By updating the saturation vapor pressures and introducing

ariable sticking coefficients, we were able to reproduce the

eneral structure of the C 2 hydrocarbon concentration profiles in

luto’s atmosphere ( Fig. 4 ). 

Although the parameters we tuned to fit the CH 4 and C 2 hydro-

arbon profiles are related in that they all influence the removal

f molecules from the atmosphere, they were tuned in a logical,

equential order. The K zz profile has a far greater influence on CH 4 

han it does on the other hydrocarbons due to CH 4 ’s long chemical

ifetime, and since CH 4 is the parent molecule of all photochemical

roducts, it was prudent to adjust the K zz profile to fit the CH 
4 
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Fig. 3. A breakdown of the mechanisms for production and loss of the major C 2 hydrocarbons at each altitude in Pluto’s atmosphere. C 2 H 2 production (a) and loss (b). C 2 H 4 

production (c) and loss (d). C 2 H 6 production (e) and loss (f). Between 200 and 400 km, condensation (black) is clearly the dominant loss mechanism for C 2 H 2 and C 2 H 4 , 

resulting in the inversions in their abundance profiles. 
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rofile first. The concentration profiles of C 2 H 2 and C 2 H 4 exhibit a

ondensation-induced inversion between 40 0 and 20 0 km; unless

 2 H 4 ’s saturation vapor pressure was lower than its extrapolated

alue at ∼70 K, this profile shape could not be achieved. Finally,

e tweaked the sticking coefficients of the C 2 species to fit the

ata more exactly. This systematic tuning reproduced distinct

eatures of Pluto’s atmosphere at each step. Varying the K zz profile

n a sensible manner, for instance, could not result in the C 2 H 4 

nversion shape. Similarly, changing the sticking coefficients could

ot result in the C 2 H 4 inversion shape or help with fitting the CH 4 

rofile. 
.3. HCN 

While New Horizons has not provided detailed constraints on

he abundance profile of HCN, ALMA data determined an HCN

olumn density of 5 × 10 13 molecules cm 

–2 ( Lellouch et al., 2015 ).

sing an HCN saturation vapor pressure curve extrapolated to

luto temperatures, we vary the sticking coefficient γ HCN and pro-

uce various concentration profiles, each with their own column

ensities ( Fig. 5 ). We find that γ HCN = 1 × 10 –2 produces an HCN

rofile that matches the column density from ALMA observations.

hat γ is greater than the sticking coefficient of the major C 
HCN 2 
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Table 1 

The top 10 precipitating species from this work with comparisons, where applicable, to 

Krasnopolsky and Cruikshank (1999) . 

Species Precipitation rate [g cm 

–2 Gyr –1 ] Precipitation rate K&C 1999 [g cm 

–2 Gyr –1 ] 

C 2 H 2 179 195 

C 2 H 4 95 18 

C 2 H 6 62 27 

CH 3 C 2 H 48 

HCN 35 42 

C 6 H 6 34 

C 4 H 2 26 174 

C 3 H 6 8 

CH 3 C 2 CN 6 

HC 3 N 4 69 

Fig. 4. Best-fit model results for CH 4 and the major C 2 hydrocarbons. The data are 

from Gladstone et al. 2016 , Fig. 2c. 

Fig. 5. Various HCN profiles for a range of sticking coefficients γ HCN . The greater 

the sticking coefficient, the more HCN condenses out of the atmosphere. The HCN 

column densities range from 1.2 × 10 13 ( γ HCN = 1) to 1.2 × 10 15 ( γ HCN = 1 × 10 –5 ) 

molecules cm 

–2 . A sticking coefficient of γ HCN = 1 × 10 –2 gives an HCN column 

density of 4.8 × 10 13 molecules cm 

–2 , which satisfies the value derived from ALMA 

observations ( Lellouch et al. 2015 ). 

 

 

 

 

Fig. 6. Model outputs for the major oxygen-bearing species in Pluto’s atmosphere. 
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hydrocarbons is consistent with physical intuition: species with

larger molecular polarity should be more amenable to sticking. 

3.4. Precipitation rates 

Krasnopolsky and Cruikshank (1999) report perihelion precip-

itation rates for C 2 H 2 , C 4 H 2 , HC 3 N, HCN, C 2 H 6 , and C 2 H 4 of 195,

174, 69, 42, 27, and 18 g cm 

–1 Gyr –1 , respectively. For those same
pecies, our photochemical model produces precipitation rates of

79, 26, 4, 35, 62, and 95 g cm 

–1 Gyr –1 . Our precipitation rates for

he simpler C 2 hydrocarbons tend to be higher, and we attribute

his to our more robust knowledge of their concentration profiles,

hich showed definite signs of condensation and informed our

apor pressure and sticking coefficient choices. As a consequence

f removing the C 2 hydrocarbons faster, our model predicts a

ower flux of higher-order hydrocarbons than Krasnopolsky and

ruikshank’s (1999) model did. A list of the top 10 precipitating

pecies in our model is presented in Table 1. 

.5. Oxygen chemistry 

Despite there being very few observational constraints for

xygen-bearing species in Pluto’s atmosphere, they must certainly

e present, as carbon monoxide is the third most abundant gas.

n our model, we set the surface mixing ratio of CO to 5 × 10 –4 

 Lellouch et al., 2011 ), and include an exogenous H 2 O flux of ∼5

10 5 molecules cm 

–2 s –1 at the top of the atmosphere ( Poppe,

015 ). With these boundary conditions, our photochemical model

redicts abundance profiles for oxygen-bearing molecules ( Fig. 6 )

hich may later be verified by future observations and data

nalysis. 

. Conclusions 

Although the atmospheres of Pluto and Titan share the

ame cast of characters—N 2 , CH 4 , CO, and their photochemical

erivatives—the stories that they tell are different. Through linking

pecific unique outcomes with specific unique situational param-

ters, we can illuminate new knowledge about the physics and

hemistry of planetary atmospheres. Each new planetary body that
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e visit is a brand new experiment that Nature has performed for

ur eyes to see and our minds to ponder. Pluto, the most distant

bject that humankind’s mechanical proxies have encountered to

ate, represents Nature’s laboratory for organic photochemistry at

xtremely low pressures and temperatures. 

By fitting New Horizons’ CH 4 profile, we gained knowledge

bout Pluto’s eddy diffusion profile and surface CH 4 mixing ratio.

y fitting New Horizons’ C 2 hydrocarbon profiles, we learned

bout the saturation vapor pressures of C 2 hydrocarbons and

heir sticking coefficients at temperatures that have never been

robed before. By fitting the HCN column density from ALMA

bservations, we have suggested a sticking coefficient for HCN

s well. Finally, we make predictions for the abundances of

xygen-bearing species in Pluto’s atmosphere. The proposed vapor

ressure changes and the sticking coefficients could be tested by

ppropriate experiments in the laboratory, and future missions

nd observations can reveal Pluto’s oxygen chemistry and validate

r otherwise the results of this model. 
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