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ABSTRACT

The New Horizons spacecraft, which flew by Pluto on July 14, 2015, revealed the presence of haze in
Pluto’s atmosphere that were formed by CH4/N, photochemistry at high altitudes in Pluto’s atmosphere,
as on Titan and Triton. In order to help the analysis of the observations and further investigate the forma-
tion of organic haze and its evolution at global scales, we have implemented a simple parameterization
of the formation of organic haze in our Pluto General Circulation Model. The production of haze in our
model is based on the different steps of aerosol formation as understood on Titan and Triton: photol-
ysis of CH,4 in the upper atmosphere by Lyman-« UV radiation, production of various gaseous species,
and conversion into solid particles through accumulation and aggregation processes. The simulations use
properties of aerosols similar to those observed in the detached haze layer on Titan. We compared two
reference simulations ran with a particle radius of 50 nm: with, and without South Pole N, condensation.
We discuss the impact of the particle radius and the lifetime of the precursors on the haze distribution.
We simulate CH, photolysis and the haze formation up to 600 km above the surface. Results show that
CH,4 photolysis in Pluto’s atmosphere in 2015 occurred mostly in the sunlit summer hemisphere with a
peak at an altitude of 250 km, though the interplanetary source of Lyman-« flux can induce some pho-
tolysis even in the Winter hemisphere. We obtained an extensive haze up to altitudes comparable with
the observations, and with non-negligible densities up to 500 km altitude. In both reference simulations,
the haze density is not strongly impacted by the meridional circulation. With No South Pole N, conden-
sation, the maximum nadir opacity and haze extent is obtained at the North Pole. With South Pole N,
condensation, the descending parcel of air above the South Pole leads to a latitudinally more homoge-
neous haze density with a slight density peak at the South Pole. The visible opacities obtained from the
computed mass of haze, which is about 2-4x10~7 g cm~2 in the summer hemisphere, are similar for
most of the simulation cases and in the range of 0.001-0.01, which is consistent with recent observations
of Pluto and their interpretation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

vestigate several aspects of the presence of haze at a global scale
on Pluto (Forget et al., 2016; Bertrand and Forget, 2016). What con-

Pluto, Titan and Triton all have a nitrogen-based atmosphere trols haze formation on Pluto? At which altitudes and latitudes

containing a significant fraction of methane, an efficient recipe
known to lead to the formation of organic haze in the atmosphere,
as confirmed by observations (Tomasko et al, 2005; Rages and
Pollack, 1992; Herbert and Sandel, 1991; Stern et al.,, 2015) and
laboratory experiments (Trainer et al., 2006; Rannou et al., 2010;
Lavvas et al., 2008). Here, we use the Global Climate Model of
Pluto (herein referred to as GCM), developed at the Laboratoire de
Météorologie Dynamique (LMD) and designed to simulate the at-
mospheric circulation and the methane cycle on Pluto and to in-
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does it form and where does sedimentation occur? What amount
of particles forms the haze, and what is its opacity? To address
those key questions we have developed a simple parameterization
of haze in the GCM. The parameterization is based on a function of
aerosols production, which directly depends on the amount of the
Lyman-« UV flux. The photolysis reaction of CH4 is photon-limited.
That is, all incident photons are absorbed by the CH4 molecules
present in Pluto’s atmosphere.

During the flyby of the Pluto system on July 14, 2015, the New
Horizons spacecraft recorded data about the structure, composi-
tion and variability of Pluto’s atmosphere. In particular, Alice, the
UV spectrometer on-board, observed solar occultations of Pluto’s
atmosphere which help to determine the vertical profiles of the
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densities of the present atmospheric constituents and provide key
information about the haze. Within this context, our work aims
to help the analysis of the New Horizons observations with model
predictions of the possible evolution, spatial distribution and opac-
ity of haze in Pluto’s atmosphere and on its surface.

We begin in Section 2 with a background on haze formation
processes as understood on Titan, Triton and Pluto. In Section 3 we
describe the GCM. The parameterization of organic haze, as well
as its implementation in the model are described step by step in
Section 4. Finally, results are shown in Section 5 for two climate
scenarios: with and without South Pole N, condensation.

2. Background on planetary haze formation

One of Titan’s most fascinating features is the dense and
widespread organic haze shrouding its surface and containing a
large variety of molecules which strongly impact the global cli-
mate. This makes Titan a perfect place to study organic chem-
istry and the mechanisms involved in a planetary haze formation.
Since 2004, the exploration of Titan’s haze by the Cassini/Huygens
mission has provided a large amount of observational data, re-
vealing complex chemistry, particularly at high altitudes. This has
stimulated more interest in understanding this phenomenon. The
haze on Titan is vertically divided into two regions: a main haze
up to 300 km altitude, and a thinner, overlying detached haze
typically between 400 and 520 km (Lavvas et al., 2009), whose
origin is thought to be dynamic (Rannou et al., 2002), although
other scenarios were suggested (Larson et al, 2015). Both lay-
ers contain solid organic material resulting from photochemistry
and microphysical mechanisms, some of which remain unknown
(Lebonnois et al., 2002; Wilson and Atreya, 2003; Lavvas et al.,
2008).

First, methane and nitrogen molecules are dissociated and ion-
ized in the upper atmosphere (up to 1000 km above the sur-
face) by solar UV radiation, cosmic rays and energetic electrons
from Saturn’s magnetosphere (Sittler et al., 2010). It is commonly
thought that the molecules resulting from photolysis chemically
react with each other, which leads to the formation of larger
and heavier molecules and ions such as hydrocarbons, nitriles and
oxygen-containing species (Niemann et al., 2010; Cravens et al.,
2006; Coates et al., 2007; Waite et al., 2007; Crary et al., 2009,
e.g.). While CH, is easily destroyed by photolysis and provides
most of the organic materials, N is dissociated as well by extreme
UV radiation which explains the rich composition of Titan’s up-
per atmosphere. In particular, observations from Cassini and Huy-
gens spacecrafts show the presence of hydrocarbons and nitriles,
such as CyH,, CoHy, CoHg, C4H,, CgHg, and HCN, as well as other
more complex organics (Shemansky et al., 2005). These species,
formed after photolysis in the upper atmosphere, are the precur-
sors of the haze. Then, through multiple processes of sedimenta-
tion, accumulation and aggregation, the precursors turn into solid
organic aerosols which become heavy enough to form the orange
haze surrounding the moon as seen in visible wavelengths (West
and Smith, 1991; Rannou et al., 1995; Yelle et al., 2006; Lavvas
et al., 2009). These aerosols are thought to be aggregates (mod-
eled as fractal-like particles) composed of many spherical parti-
cles (monomers) that bond to each other. On Titan, the aerosols
start to become large enough to be visible in the detached haze
layer around 500 km altitude. Typically, they grow spherical up to
radius 40-50 nm and then form fractal particles with monomer
sizes of around 50 nm (Lavvas et al., 2009).

What are the haze’s dominant pathways? What are the chemi-
cal natures of complex haze particles?

Several microphysical models (Toon et al., 1992; Rannou et al.,
1997; Lavvas et al., 2009) and photochemical models (Wilson and
Atreya, 2004; Lavvas et al., 2008; Hébrard et al., 2013) have been

developed, combining both transport and chemistry effects. The
formation mechanisms of aerosol particles in Titan’s atmosphere
have also been investigated using laboratory experiments. By per-
forming UV irradiation of CH4 in a simulated Titan atmosphere,
several experiments have been successful in producing solid par-
ticles and have found that they contain mostly high-molecular-
weight organic species (e.g., Khare et al., 1984; 2002; Coll et al,,
1999; Imanaka et al., 2004; Szopa et al., 2006; Gautier et al., 2012).
Experimental results from Trainer et al. (2006) also show a linear
relationship between the rate of aerosol production and the rate
of CH4 photolysis. In addition, they found that an increased CHy
concentration could lead to a decrease in aerosol production in
photon-limited reactions (this could be due to reactions between
CH,4 and precursors forming non-aerosol products).

Titan’s atmosphere is not the unique place where organic
haze can form. First, similar processes of haze formation are also
thought to occur on Triton but yield less haze. During the Voyager
2 flyby in 1989, evidence of a thin haze was detected in Triton’s
atmosphere from limb images taken near closest approach (Smith
et al., 1989; Pollack et al., 1990; Rages and Pollack, 1992) and
from Voyager 2 UVS solar occultation measurements (Herbert and
Sandel, 1991; Krasnopolsky et al., 1992; Krasnopolsky, 1993). These
data enabled the mapping of the horizontal and vertical distribu-
tion of CH4 and haze as well as estimation of radiative and mi-
crophysical properties of the haze material. Analyses showed that
the haze is present nearly everywhere on Triton, from the surface
up to 30 km at least (Pollack et al., 1990), where it reached the
limit of detectability. Vertical optical depth derived from observa-
tions were found to be in the range 0.01-0.03 at UV wavelength
0.15 pm, and 0.001-0.01 at visible wavelength 0.47 pm. Haze par-
ticle sizes were estimated to be spherical and small, around 0.1-
0.2 pm (Krasnopolsky et al., 1992; Rages and Pollack, 1992; Pollack
et al., 1990). As on Titan, complex series of photochemical reac-
tions may be involved in the formation of this haze, starting with
CH,4 photolysis by the solar and the interstellar background Lyman-
o radiation in the atmosphere of Triton at altitudes between 50
and 100 km, producing hydrocarbons such as C;H,, C;Hy, CoHg
(Strobel et al., 1990; Krasnopolsky and Cruikshank, 1995a). Disso-
ciation of N, molecules is also suggested in the upper atmosphere
around 200-500 km. Transitions between haze precursors to solid
organic particles are still incompletely known, but it is commonly
thought that it involves similar mechanisms to those on Titan. Sec-
ondly, organic chemistry has also been studied in the Early Earth
climate context, where a scenario of a N,/CH4 atmosphere is plau-
sible to form a hydrocarbon haze (Trainer et al., 2006).

Finally, the presence of a haze on Pluto was suspected (Elliot
et al., 1989; Stansberry et al.,, 1989; Forget et al., 2014) and con-
firmed in 2015 by New Horizons.

At high phase angles, Pluto’s atmosphere revealed an extensive
haze reaching up to 200 km above the surface, composed of sev-
eral layers (Stern et al., 2015). Observations show that the haze
is not brightest to the sub solar latitude, where the incoming so-
lar flux is stronger, but to Pluto North Pole. The haze is strongly
forward scattering in the visible with a blue color, while at the
same time there is haze extinction optical depth exceeding unity
in the UV. The blue color and UV extinction are consistent with a
small size of about 10 nm for monomers, whereas the high for-
ward scatter to back scatter ratio in the visible suggests a much
larger overall size of at least 200 nm. Although the haze may con-
tain particles of diverse sizes and shapes depending on the alti-
tude, these properties may also be consistent with fractal aggre-
gate particles composed of 10 nm monomers (Gladstone et al.,
2016; Cheng et al., 2016).

Although the specific mechanisms of haze formation are not
fully understood, it seems that the main parameters controlling
the formation of haze in a N,/CH4 atmosphere are the fractional
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Table 1

Comparison of the incident UV flux and fraction of methane for a first order esti-
mation of aerosol production rates on Titan, Triton and Pluto. The estimated rate
Pes: is compared to the observed rate Py, as detailed in the literature.

Titan Triton Pluto (2015)
Distance from Sun (UA) 9.5 30 32.91
Solar Flux (ph m=2 s71) 443 x 101 4.44 x 1012 3.69 x 1072
CH,4 mixing ratio 1.5%° 0.02%" 0.6%¢
CO mixing ratio 0.0045% 0.07%" 0.05%¢
Pest (kg m~2 s71) 294 x10°8B 7.47 x 10714 5.98 x 10~
Py (kg m=2 s71) 0.5—3 x 10-13d 6.0 x 10~14¢ 9.8 x 10-14f

2 above the tropopause, Niemann et al. (2010)

b Jellouch et al. (2010)

¢ Lellouch et al. (2011)

d Wilson and Atreya (2003); McKay et al. (2001)
¢ Strobel and Summers (1995)

f Gladstone et al. (2016)

Table 2
Gravity, surface pressure and visible aerosol opacity on Pluto and Triton, compared
to the values encountered in the detached haze layer on Titan.

Titan (at 400 km) Triton Pluto
Gravity (m? s=2) 1.01 0.779 0.62
Pressure (Pa) 1.5 1.4-19 1-112
Visible normal opacity 0.07" 0.003-0.008¢ 0.004*

2 Stern et al. (2015)
b Cours et al. (2011)
€ Rages and Pollack (1992); Krasnopolsky et al. (1992)

amount of CH4 (enough CHy is required to avoid CHy-limited reac-
tions, that is when the CH4 concentration in the atmosphere is not
sufficient to absorb all incoming photons) and the UV flux available
to photolyze it.

One can compare the UV flux and the fraction of methane for
Titan, Triton and Pluto to estimate the haze formation rate to first
order. Here we assume that the impact of cosmic rays and ener-
getic electrons from Saturn’s magnetosphere is negligible for this
first order comparison. As shown on Tables 1 and 2, Pluto’s at-
mosphere contains 10 times less CH4 and receives 10 times less
solar UV flux than Titan (relative to the atmospheric mass). Con-
sequently, it is likely that CH4 photolysis on Pluto leads to the
formation of haze aerosols (and precursors) in lower quantities
than on Titan. Compared to Triton, Pluto has similar surface pres-
sure and gravity and its atmosphere contains 10 times more CHy,
for a comparable UV flux. Thus, similar amounts of haze are ex-
pected on Pluto and Triton, depending on the accelerating or de-
celerating role of larger CH4 amount. Stern et al. (2015) reported
a visible normal opacity of 0.004 on Pluto, which is in the range
of what has been observed on Triton, although it also depends
on the scattering properties of haze particles. On Titan, the pres-
sure corresponding to the location of the detached haze layer at
about 400 km altitude is about 1 Pa, which is similar to the sur-
face pressure on Pluto in 2015. While Rannou et al. (2003) pre-
dicted the peak of production of haze in Titan’s GCMs at a pressure
around 1.5 Pa, Cassini observations (Waite et al., 2005; Teanby
et al, 2012) pointed to active chemistry and haze formation at
lower pressures. In addition, the amounts of methane at these al-
titudes on Titan and in Pluto’s atmosphere are of the same order
of magnitude. Thus, Pluto has sufficient pressure and material in
its atmosphere so that complex and opaque organic aerosols form,
in a manner similar to the detached haze layer on Titan. Conse-
quently, in this paper, we use the microphysical and single scatter-
ing optical properties of Titan detached haze around 400 km al-
titude as a reference to define the haze properties on Pluto while
the mass of aerosols is calculated by the model without any em-
pirical assumption.

3. Model description

The LMD Pluto General Circulation Model (GCM) contains a 3D
Hydrodynamical core inherited and adapted from the LMD Mars
GCM (Forget et al., 1999). It is described in more details in Forget
et al. (2016). The large-scale atmospheric transport is computed
through a “grid point model” composed of 32 longitude and 24
latitude points. A key difference with the Forget et al. (2016) ver-
sion of the model is that we use 28 layers instead of 25 to extend
the model top up to about 600 km, with most of the layers in
the first 15 km in order to obtain a finer near-surface resolution,
in the boundary layer. The horizontal resolution at the equator is
typically around 170 km. The physical part of the model, which
forces the dynamics, takes into account the N, and the CH4 cycles
(condensation and sublimation in both the atmosphere and the
ground), the vertical turbulent mixing and the convection in the
planetary boundary layer, the radiative effect of CH4 and CO, using
the correlated-k method to perform a radiative transfer run and
taking into account NLTE effects, a surface and subsurface ther-
mal conduction model with 22 layers and the molecular conduc-
tion and viscosity in the atmosphere.

4. Modeling haze on Pluto

Here we describe our representation of the organic haze for-
mation and transport in the GCM. The driving force of the pho-
tochemical reactions occurring in a N,-CH4 atmospheric layer is
the UV flux received by this layer. First we consider the photoly-
sis of CH4 by Lyman-« only (Section 4.1), using the results from
Gladstone et al. (2015) to calculate the incident Lyman-« flux at
Pluto (Section 4.2). We assume that each incident photon ulti-
mately interacts with one molecule of methane, to form by pho-
tolysis haze precursors which can be transported by the circulation
(Section 4.3). Finally we convert haze precursors into organic haze
using a constant characteristic decay time (Section 4.4). Haze par-
ticles properties used in this study are detailed in Section 4.6. In
order to validate this approach, we estimate the total aerosol pro-
duction thus obtained on Pluto, Titan and Triton and compare with
literature values in Section 4.5.

4.1. Photolysis of CH4 by Lyman-«

We consider only the photolysis of CH4 by the Lyman-« compo-
nent of the UV spectrum. This is because the Hydrogen Lyman-o
line at 121.6 nm is the strongest ultraviolet emission line in the
UV solar spectrum where absorption by CH,4 happens. In fact, the
solar irradiance between 0 and 160 nm (far ultraviolet) is domi-
nated by the Lyman-o emission by a factor of 100. The UV solar
irradiance grows significantly at wavelengths values higher than
200 nm (middle and near-ultraviolet) but N,, CH4 and CO do not
absorb at these wavelengths. Both N, and CH4 absorb with similar
efficiency in the UV but not at the same wavelengths. N, is the pri-
mary absorber at wavelength between 10 and 100 nm, while CHy
absorbs mainly between 100 and 145 nm. Thus the interaction
between CH4 and Lyman-« emission dominates the other interac-
tions between the UV flux and the N,-CH,4 atmosphere by a factor
of 100. On Pluto, CO may also contribute to the formation of haze.
It absorbs in the far UV spectrum at similar rates that N,. However,
at 121.6 nm, it absorbs 10 times less than CH4. Here we chose to
neglect the effect of N, and CO absorption. This first assumption
enables us to write Beer’s law as the following:

I, P) = Ipe % it a (1)
where I is the incident intensity (in ph m=2 s=1) and I(A, P) the
intensity after absorption for a given wavelength A and pressure P,
O cy4 is the absorption cross section of CH,4 at wavelength A (here
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Fig. 1. An instantaneous map of interplanetary Lyman-o emission (100
ph m=2 s=') on Pluto in July 2015, estimated by integrating the all-sky IPM
brightness given by Fig. 4 in Gladstone et al. (2015) over the half celestial sphere
at each point of the map. In this example, the subsolar longitude is the sub Charon
longitude (0°).

in m? molec~! but usually given in cm? molec™1), gcy4 is the mass
mixing ratio of CH,4 at pressure P (kg 1<g;1.: ), Mcyy is the methane
molecular mass (kg mol~1), Ny is the Avogadro constant, @ is the
flux incident angle and g the surface gravity. We use ocpgq = 1.85 x
1017 cm? at Lyman-a wavelength (Krasnopolsky et al., 2004) and
qcHa as calculated by the GCM for each vertical layer. The calcula-
tion of the Lyman-« flux radiative transfer is performed indepen-
dently for the solar and the interplanetary medium fluxes in order
to take into account different values for the incident flux I, and
the incident angle 6 (see Section 4.2).

4.2. Sources of Lyman-«

The sources of Lyman-« flux at Pluto are adopted from
Gladstone et al. (2015), which takes into account the solar as
well as the interplanetary medium (IPM) Lyman-« fluxes. The IPM
emission corresponds to interplanetary hydrogen atoms passing
through the solar system which resonantly scatter solar Lyman-
o photons and thus diffuse Lyman-a emission. Therefore the total
Lyman-« flux at any pressure level P in Pluto’s atmosphere is:

Itot (P) = I (P) + Iipm (P) (2)

The solar Lyman-« flux at Pluto is inversely proportional to the
square of the Sun-Pluto distance. It is obtained by considering a
constant solar Lyman-c flux at Earth of 4 x 10" ph m—2 s~! and
a constant extinction factor of 0.875 due to the interaction with in-
terplanetary hydrogen between Pluto and the Sun, which are val-
ues estimated by Gladstone et al. (2015) for 2015. The solar Lyman-
o flux I3 thus estimated at Pluto is 3.23 x 102 ph m~2 s~1. The
incident angle 9! corresponds to the solar zenith angle.

The IPM Lyman-o source at Pluto is not isotropic, as shown
on Fig. 4 in Gladstone et al. (2015), which presents the all-sky
brightness of IPM emissions at Pluto in Rayleigh units in 2015. The
brightness is stronger near the subsolar point and is minimal in
the anti-sunward hemisphere. In order to take into account this
property in the parameterization and compute the number of pho-
tons entering Pluto’s atmosphere at a given location, we integrated
the all-sky IPM brightness estimated in 2015 from Gladstone et al.
(2015) over the half celestial sphere as seen at the considered loca-
tion. The flux I obtained varies with the local time but does not
strongly depend on the Sun-Pluto distance (we use the flux esti-
mated in 2015 for all other years). Fig. 1 shows the final result: we
find a maximum flux at subsolar point of 1.15 x 102 ph m=2 s~1,
a minimum flux at anti-subsolar point of 490 x 101" ph m=2 s-!
and an average flux over the planet of 7.25 x 10! ph m=2 s~1. We
consider that the incident angle for the IPM flux 8™ is equal to

the solar zenith angle during daytime, when the IPM flux is domi-
nated by the forward scattered halo of the solar flux. When the so-
lar zenith angle is greater than /3 (nighttime), we consider that
the IPM flux is more isotropic and we set the incident angle to
/3.

At the Sun-Pluto distance during New Horizon flyby (32.91 UA),
this IPM source of Lyman-« is significant compared to the solar
source. Considering the solar Lyman-« flux, the energy of a pho-
ton at Lyman-o wavelength (121.6 nm) and its dissipation over the
whole surface of Pluto (the initial flux is divided by a factor of 4),
the power of solar Lyman-« source at Pluto obtained is 22.93 MW.
The same calculation can be performed for the IPM flux. Gladstone
et al. (2015) give an averaged IPM brightness at Pluto of 145 R (1 R
=1/ 47 x 1010 ph m~=2 s~! sr=1), which corresponds to a flux of
145 x 102 ph m=2 s~! once integrated on the celestial sphere.
This leads to a contribution of IPM Lyman-o source at Pluto of
10.30 MW. Consequently, solar and IPM sources at Pluto account
for respectively 70% and 30% of the total power source.

4.3. Production of haze precursors

In the parameterization, we consider that each absorbed
Lyman-« photon destroys one molecule of methane by photolysis,
thus forming haze precursors (CH3, CH, , CH + N, etc.) converted
later into aerosols. Using Eqs. (1) and (2), the precursors produc-
tion rate (in kg kg;l.} s~1) is calculated as:
M, di
Pprec(P) = 5\1]-:4g d;gt (3)

In the model, all possible precursors which can form during this
reaction are represented by a unique gas. The equation of the re-
actions is:

CH4 + hv — precursors — haze aerosols (4)

This mechanisms correlates linearly the rate of haze precursors
production with the rate of CH4 photolysis. It has also been used
by Trainer et al. (2006) to estimate aerosols production on Titan
and Early Earth. In reality, the reactions are more complex and
could lead to the irreversible production of HCN, or to the pro-
duction of molecules such as C;H, or C;Hg which can later be
photolyzed themselves as well. In addition, CH; molecules may
be chemically dissociated by reacting directly with the precursors.
Consequently, these reactions could lead either to an increase in
the amount of carbon atoms available as haze material, increasing
the haze production, or to non-aerosol products, slowing down the
haze production (Trainer et al., 2006).

In the parameterization, the haze production is regulated by a
factor Kcyg4, that corresponds to the ratio between the total number
of carbon atoms in the tholins and the number of carbon atoms
coming from CH4 photolysis. Kcys would range from 1 to 2 (re-
spectively all or half of the carbon in the tholins are formed by
direct CH4 photolysis) if direct reactions between precursors and
CH,4 occur and contribute to provide tholins with carbon atoms.
However, the ratio could be lower than 1 considering the forma-
tion of other non-aerosol products (see Section 5.4.3).

Additionally, nitrogen may contribute to the chemical reactions
and provide material for aerosol formation. In order to take into
account this process, the haze production is also boosted by a fac-
tor Ky=1+N/C, N/C representing the mass ratio between nitrogen
and carbon atoms contribution observed in the tholins (since mo-
lar masses of nitrogen and carbon are quite similar, the mass ratio
is close to the number ratio). Different values of this ratio have
been observed in laboratory experiments, ranging from 0.25 to 1
depending on the pressure (the higher the pressure, the lower the
ratio), the temperature and the amount of methane in the sim-
ulated atmosphere (e.g. Coll et al., 1999; Tran et al., 2008; Nna-
Mvondo et al.,, 2013). In the model, we adopt N/C = 0.5, in line
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with the values obtained in Nna-Mvondo et al. (2013) at low pres-
sure, and Kcys = 1, so that the total production of tholins re-
mains in the range of estimated values on Titan and Pluto (see
Section 4.5).

4.4. Conversion of haze precursors to aerosols

As the mechanisms at the origins of formation of organic haze
are not well known, another assumption is made in the parameter-
ization: we consider that the precursors become solid organic par-
ticles (by a set of processes of aggregation and polymerization that
are not represented) after a given time. In practice, the amount of
precursors is subject to exponential decay and is converted into
aerosols with characteristic decay time t (or characteristic time
for aerosol growth). In other words, t is the mean lifetime of the
precursors before they become solid aerosols. This time is difficult
to estimate as it depends on atmospheric conditions (concentra-
tion, pressure...). However, Titan’s atmospheric models show that
the time needed for precursors to evolve from the photolysis area
to the detached layer is typically around 105-108 s (Lavvas et al.,
2011; Rannou et al., 1993). Consequently, we used in our reference
GCM simulations a value of 107 s for Pluto aerosols and we exam-
ine the sensitivity of the results to this parameter in Section 5.4.1.

Once produced, the aerosols are transported by the atmospheric
circulation, mixed by turbulence, and subject to gravitational sedi-
mentation (see Section 4.6).

4.5. Discussion on total aerosol production

Eq. (4) enables us to estimate the total haze production rate P
(kg m~2 s=1) in a N,/CH,4 atmosphere:

P = (o + Fipm) M[\C,m Kena Ky with  FsoL = IE“—”’; Ey (5)
a 4dp

where Fgo; and Fjpy are the solar and IPM Lyman-« flux respec-
tively (in ph m=2 s=1), My, is the molar mass of methane (Mcys =
16 x 10~3 kg mol~1), N, is the Avogadro constant, Ig,, is the ini-
tial Lyman-a flux at Earth (we set Igg, = 4 x 10" ph m=2 s71),
dp is the distance in astronomical units of the considered planet
P to the Sun and Ey is a constant extinction factor due to inter-
action with interplanetary hydrogen between the planet P and the
Sun. Here Ey is set to 0.875 for the case of Pluto (Gladstone et al.,
2015) and to 1 for the other cases. The solar flux Fgp; is equal to
the incident solar flux 15"’ divided by a factor of 4 to take into ac-
count the distribution on the planetary sphere.

It is important to note that the haze production rate is indepen-
dent of the CH4 concentration, even for CH4 concentrations sev-
eral orders of magnitude lower than on Pluto (see Section 5.4).
The reactions are photon-limited, i.e. that enough CH, is present
in Pluto’s atmosphere for all photons to be absorbed by CHy.

In order to validate the approach described by Eq. (4), we ap-
ply Eq. (5) to Titan, Triton and Pluto and compare the haze pro-
duction rates obtained with the literature. The values, obtained
with Kggg = 1 and Ky = 1.5, are summarized in Table 1. For Ti-
tan’s case, we consider that the IPM flux is negligible compared
to the solar flux. Using an average Sun-Titan distance drj;, = 9.5
UA, we find for Titan’s atmosphere a Lyman-o flux of 111 x 1013
ph m~2 s-! (dissipated on the planetary sphere) and a produc-
tion rate of 2.94 x 10~13 kg m~2 s~1. This is comparable to values
found by Wilson and Atreya (2003) and McKay et al. (2001), as
shown on Table 1. For Triton’s case, we consider an averaged IPM
flux of 340 R (Broadfoot et al., 1989; Krasnopolsky and Cruikshank,
1995b), which correspond to an IPM flux of 170 x 10'° ph m=2 s~!
distributed on the planetary sphere. Using an average Sun-Triton
distance drjq, = 30 UA, we find for Triton’s atmosphere a total
Lyman-« flux (solar and IPM) of 2.81 x 102 ph m2 s~! and a

photolysis rate of 7.47 x 10-** kg m~2 s~!, which is also in line
with the literature references. Since this approach provides good
estimation of Titan’s and Triton’s total aerosol production, we used
it to estimate the aerosol production rate for Pluto’s atmosphere.
Fig. 5 gives a production rate of 5.98 x 10~ kg m—2 s~! using the
solar and IPM flux as calculated in Section 4.2. This value is one
order of magnitude lower than the one on Titan (due to the UV
flux one order of magnitude lower) and comparable to the value
found on Triton. It is of the same order of magnitude as the value
estimated on Pluto from photochemical models (Gladstone et al.,
2016) shown in Table 1.

4.6. Properties of haze particles for sedimentation and opacity
estimations

Haze precursors and particles are transported in the model by
atmospheric circulation and are not radiatively active. In addition,
the haze is considered too thin to affect the surface energy bal-
ance and does not change its ground albedo (in line with haze and
surface observations on Triton as discussed in Hillier and Veverka
(1994)).

The density of the aerosol material in the model is set to
800 kg m~3, which is in the range of values typically used on
Titan (Sotin et al,, 2012; Lavvas et al., 2013; Trainer et al., 2006).
The size of the haze particles affects their sedimentation velocity
and thus the haze distribution in Pluto’s atmosphere. In the GCM,
we prescribe a uniform size distribution of particles. For the refer-
ence simulations (with and without South Pole N, condensation),
we assumed spherical particles with a radius of 50 nm, consis-
tent with the properties of the detached haze layer on Titan (see
Section 2). We also examine the sensitivity of the results to differ-
ent sizes of particles in Section 5.4.2, in order to bracket the differ-
ent possible scenarios for Pluto’s haze. We consider two lower radii
of 30 nm and 10 nm, which is in the range of recent estimations
(Gladstone et al., 2016), and one larger radius of 100 nm.

The particles fall with their Stokes velocity w, corrected for low
pressures (Rossow, 1978):

2ripg
“=3

kg T
V2md?pr

with r the particle radius, p the particle density, g the Pluto’s
gravitational constant, v the viscosity of the atmosphere, Knud the
Knudsen number, p the considered pressure, T the atmospheric
temperature, d the molecular diameter, kg the Boltzmann’s con-
stant and « a correction factor.

On Pluto, the Knudsen number is significant and thus the sed-
imentation velocity is proportional to the particle radius. Conse-
quently, in an ideal atmosphere without atmospheric circulation,
a 100 nm particle will fall twice faster than a 50 nm particle,
leading to a twice lower column mass of haze. Assuming an atmo-
spheric temperature of 100 K and a surface pressure of 1 Pa, the
sedimentation velocities above Pluto’s surface are about 4.6x10~4,
1.4x1073, 2.3x1073 and 4.6x10-3 m s~! for an aerosol radius of
10, 30 50 and 100 nm respectively.

One can note that the Stokes velocity is proportional to the
inverse of the pressure. Theoretically, the lower the pressure, the
higher the sedimentation velocity of the aerosol and thus the
lower the mass of haze in the atmosphere.

The choice of the size and the shape of aerosol particles is
also critical to estimate their optical properties and thus their de-
tectability. In Section 5.4.2, we compare the opacities obtained
with different particle radii. In Section 5.3, we examine the case of
fractal particles by considering that they fall at the velocity of their
monomers, due to their aggregate structure, which is only true for
a fractal dimension equal to 2 (Lavvas et al.,, 2011; Larson et al.,
2014).

(1 +aKnud) with Knud = (6)
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Table 3
Surface conditions and settings for haze parameterization set for the GCM reference simula-
tions.
Global Thermal Inertia (J s~%% m=2 K-1) 50 (diurnal) 800 (seasonal)
Albedo 0.68 0.50 0.15
(N, ice) (CHy ice) (Tholins)
Emissivity 0.85 0.85 1
(N3 ice) (CHy4 ice) (Tholins)
Characteristic time for aerosol growth t (s) 107
Kcra 1
Ky 15
Effective radius of haze particles (nm) 50
Density of haze particles (kg.m~3) 800
4.7. Description of the reference simulations 1.0e-20
In this paper, we compare two reference simulations which 1.0e-21
correspond to the two climate scenarios detailed in Forget et al.
(2016): One is the case of Sputnik Planitia as the only reservoir of Loean
N, ice without N, condensation elsewhere (referred as No South '
Pole N, condensation), and the other is the case with a latitudinal
band of N, ice at northern mid latitudes, as an additional reser- 1.0e-23
voir of N, ice with Sputnik Planitia, and an initially colder South
Pole, allowing the N, ice to condense (with South Pole N, conden- 1.0e-24
sation).
The reference simulations study are defined as follows. A sea- 10625

sonal volatile model of Pluto is used to simulate the ice cycles over
thousands of years and obtain consistent ices distribution, surface
and subsurface temperatures as initial conditions for the GCM (see
Bertrand and Forget, 2016 for more details). Then, GCM runs are
performed from 1988 to 2015 included so that the atmosphere has
time to reach equilibrium before 2015 (the spin up time of the
model is typically 10-20 Earth years). The initial conditions, the
settings of the model, as well as discussions about the sensitivity
of the predictions to those settings can be found in Forget et al.
(2016).

The model is run with the haze parameterization using a pre-
cursor characteristic time for aerosol growth of 107 s (about 18 sols
on Pluto), a fraction K¢y = 1 and Ky = 1.5. The density and sed-
imentation effective radius of haze particles are set uniformly to
800 kg m~3 and 50 nm respectively (see Section 4.4). Table 3
summarizes the surface conditions and haze parameters used in
the reference simulations (Forget et al., 2016).

5. Results

This section presents the results obtained with the GCM cou-
pled with the haze parameterization. All figures and maps are
shown using the new IAU convention, spin north system for def-
inition of the North Pole (Buie et al., 1997; Zangari, 2015), that is
with spring-summer in the northern hemisphere during the 21st
Century. Here we focus on model predictions in July 2015. We first
compare the two reference simulations, then we show the corre-
sponding ranges of UV and VIS opacities and we perform sensibil-
ity studies.

5.1. Reference simulation 1: No South Pole N, condensation

The predictions of the state of the atmosphere in July 2015
remain unchanged compared to what is shown in Forget et al.
(2016), since haze particles are not radiatively active and since
their sedimentation on Pluto’s surface does not impact the surface
albedo. These processes could be taken into account in future GCM
versions.

In July 2015, the modeled surface pressure is found to be
around 1 Pa. The nitrogen reservoir in Sputnik Planitia at mid

=90 —60 -30 30 60 90

0
Latitude (°)

Fig. 2. Photolysis rate of CH, (g cm~3 s~!) obtained with the reference simulation
without South Pole N, condensation for July 2015 (color bar in log scale). (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

northern latitudes is under significant insolation during the New
Horizon flyby (the subsolar latitude in July 2015 is 51.55°N), as
well as the mid and high northern CH4 frosts which sublime and
become an important source of atmospheric CHy, as described by
Forget et al. (2016).

According to Eq. (4), methane photolysis occurs at all latitudes
but is more intense at locations where strong incoming flux of
Lyman-« photons occurs, that is at high northern latitudes in July
2015. This is confirmed by Fig. 2, showing the CH,4 photolysis rate
as simulated in the GCM. All Lyman-« photons are absorbed above
150 km altitude. The maximum photolysis rate is typically around
1.3x1072! ¢ cm=3 s~! and is obtained at 250 km altitude above
the North Pole.

Haze precursors formed by CH, photolysis are then transported
by general circulation in the GCM. As shown by Forget et al. (2016),
the fact that N, ice is entirely sequestered in the Sputnik Planitia
basin and does not condense elsewhere leads to very low merid-
ional wind velocities in the atmosphere and a weak meridional
circulation. Consequently, haze precursors are not transported fast
towards the surface by circulation. In 2015, with a lifetime of 18
sols, the haze precursors are still confined to high altitudes above
140 km, and are in larger amount in northern latitudes where
most of the photolysis of CH4 occurs (Fig. 3).

Fig. 4 shows the zonal mean latitudinal section of haze den-
sity predicted in July 2015. The aerosols formed above 150 km
slowly fall towards the surface, and accumulate in the first kilo-
meters above the surface, due to the decrease of sedimentation
velocity with atmospheric pressure. The haze obtained extends at
high altitudes. The density decreases with the altitude but remains
non-negligible with values up to 4x101® g cm~3 at 500 km alti-
tude. In this case, the meridional circulation is quite weak: the di-
urnal condensation and sublimation of N, ice in the Sputnik region
only impacts the circulation in the first km above the surface, and
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Fig. 3. Zonal mean latitudinal section of haze precursor density (g cm~3) obtained with the reference simulation without (left) and with (right) South Pole N, condensation
(color bar in log scale). (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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Fig. 4. Zonal mean latitudinal section of haze aerosol density (g cm~3) obtained with the reference simulation for July 2015 without (top) and with (bottom) South Pole N,
condensation (color bar in log scale). The right panels correspond to a zoom in the lowest 15 km above the surface. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

at higher altitudes, the circulation is forced by the radiative heat-
ing (the northern CH4 warms the atmosphere, leading to a trans-
port of this warm air from the summer to the winter hemisphere)
inducing low meridional winds. Consequently, the general circula-
tion does not impact the haze distribution, which is dominated by
the incoming flux and the sedimentation velocity. In other words,
the vertical and meridional atmospheric motions are not strong
enough to significantly push and impact the latitudinal distribu-
tion of the haze composed of 50 nm particles: the haze density
in the atmosphere is always higher at the summer pole, where a
stronger CH4 photolysis occurs.

In the summer hemisphere, the haze density is typically 2-
4x10-15 g cm~3 at 100 km altitude while it reaches 1-2x10~13
g cm~3 above the surface.

Fig. 5 shows the evolution of the mean column atmospheric
mass of haze aerosols since 1988. Assuming a constant initial flux

of Lyman-« (at Earth) and a particle radius of 50 nm, the col-
umn mass of haze reaches a peak of 1.8x10~7 g cm~2 in 2015.
Because the transport of haze is dominated by its sedimentation,
the column mass of haze directly depends on the sedimentation
velocity of the haze particles. As shown by Eq. (6), the sedimen-
tation velocity decreases when pressure increases, hence the in-
crease of column mass of haze, in line with the threefold increase
of surface pressure since 1988. Note that this trend still applies
when considering the real and variable initial Lyman-« flux at
Earth between 1988 and 2015, as shown by Fig. 5. Fig. 6 shows
the column atmospheric mass of haze aerosols. In line with the
previous results, the column mass obtained is higher at the North
Pole than at the South Pole by one order of magnitude, due to
the maximum haze production in the summer hemisphere. The
column mass of haze reaches 3.9 x 10=7 g cm~2 at the North
Pole.
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Fig. 5. Evolution of the mean column atmospheric mass of haze aerosols (g cm~2)
from 1988 to 2016 obtained with different particle radius in the reference simula-
tion without South Pole N, condensation: 10 nm (blue), 30 nm (green), 50 nm
(red) and 100 nm (black). The dashed lines correspond to similar simulations
started with a higher initial amount of haze. With 50 nm particles (red curve),
the mass of haze reaches an equilibrium within less than one year. The dash-dotted
line corresponds to the 10 nm case with the real variable initial Lyman-« flux (at
Earth). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

5.2. Reference simulation 2: with South Pole N, condensation

The sublimation of N, in mid northern latitudes (Sputnik re-
gion and the latitudinal band) and its condensation in the winter
hemisphere induce an atmospheric flow from the northern to the
southern hemisphere, and thus a stronger meridional circulation
than in the reference simulation without South Pole N, condensa-
tion, although the latitudinal winds remain relatively weak (Forget
et al., 2016). Although the atmospheric methane is more mixed in
the atmosphere in this case, the state of the atmosphere remains
similar to the reference simulation without South Pole N, conden-
sation. The surface pressure is increasing before 2015 and reaches
1 Pain 2015.

Because of the condensation flow from the northern to the
southern hemisphere, the air in the upper atmosphere is trans-
ported along with the haze precursors from the summer atmo-
sphere to the winter atmosphere. As shown on Fig. 3, the char-
acteristic decay time of haze precursors (18 sols) is sufficient for
some of the precursors to be transported from the summer to the
winter hemisphere where the descending branch bring them at
lower altitudes down to the surface.

As a consequence of that, more haze is formed in the winter
hemisphere than in the reference simulation without N, conden-
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sation flow, which compensates the haze production in the sum-
mer hemisphere due to the higher CH, photolysis rate. It leads to
a similar haze density at all latitudes, as shown by Fig. 4. The haze
density is typically 4 x 1015 g cm—3 at an altitude of 100 km,
which is similar to the reference simulation without the conden-
sation flow. The haze remains latitudinally well dispersed down
to 3 km, where the meridional circulation driven by the N, con-
densation flow affects the haze distribution: the haze is pushed
towards southern latitudes by the N, ice sublimation above the
N, frost latitudinal band and Sputnik Planitia, avoiding an accu-
mulation of haze at the mid and high northern latitudes. Between
—70°S and —-90°S, haze particles in the first layers are suctioned
towards the surface of the N, polar cap. The haze reaches a den-
sity of about 5-20 x 10-'2 g cm~3 below 1 km in the winter
hemisphere, and 3-6 x 10~ g cm~3 in the summer hemisphere,
which is twice less compared to the reference simulation without
the condensation flow.

In line with the previous results, the column mass of haze in
the simulation with condensation flow shown on Fig. 6 (right fig-
ure) is well dispersed on Pluto, with small variations: in the sum-
mer atmosphere, the mass is about 2 x 107 g cm~2, but it is
slightly less at low and mid latitudes because the haze above the
surface is transported towards the south polar cap, and slightly
more at the North Pole because the haze is not impacted by the
N, ice sublimation and transport which occur at lower latitudes.

As in the previous simulation without South Pole N, condensa-
tion, the mean column mass of haze increases with surface pres-
sure. In 2015, a similar averaged column mass of haze is ob-
tained. Slight discrepancies are found due to slightly different sur-
face pressures to first order (Forget et al., 2016), and to the differ-
ent circulation to second order.

5.3. Haze opacity

In order to better quantify the amount of haze formed on Pluto
and compare with the observations as well as with the Titan and
Triton cases, one can compute the total column opacity and the
line of sight opacity of the haze (as a diagnostic of the results).
Here we focus on the opacity at UV (A = 150 nm) and visi-
ble (A = 550 nm) wavelengths for sake of comparison with the
data recorded by the UV spectrometer Alice and the Ralph and
LORRI instruments on board New Horizons. Assuming a homoge-
neous size and extinction efficiency for the aerosols in Pluto’s at-
mosphere, the opacity 7, for a given wavelength A is directly pro-
portional to the atmospheric column mass of aerosols:

_ 2 Qext,)L
4 PaerTeff
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Fig. 6. Column atmospheric mass map of haze aerosols (g cm~2) obtained with the reference simulation without (left) and with (right) South Pole N, condensation.
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Table 4

Haze aerosol opacities obtained at nadir in the summer hemisphere in the GCM, for four particle radii and for both climate scenarios with and without South Pole N,
condensation. The time for aerosol growth used is 107 s. The particles with a number of monomers N;; equal to 1 are spherical particles, otherwise they are fractal particles
(Rs is the bulk radius, r is the monomer radius). The first four fractal particles are composed of 10 nm monomers, and the last two are composed of 50 nm monomers.

Without winter polar cap

With winter polar cap

Radius N Qexe UV Qext VIS Aerosol mass UV opacity VIS opacity Aerosol mass UV opacity VIS opacity
(g cm?) (g cm?)

r=10 nm 1 0.35 0.007 9.5-18 x 1077 0.31-0.59 0.0062-0.012 4.9-7.8x10""7 0.16-0.26 0.0032-0.0051
r=30 nm 1 1.54 0.05 3.0-6.5x%x10"7 0.14-0.31 0.0047-0.010 2.5-3.4x10"7 0.12-0.17 0.0039-0.0053
r = 50 nm (reference) 1 2.29 0.19 1.8-3.9x1077 0.077-0.17 0.0064-0.014 1.5-2.0x 1077 0.064-0.086  0.0053-0.0071
r =100 nm 1 2.67 1.01 09-19x1077 0.023-0.048  0.0085-0.018 0.75-1.1x 1077 0.019-0.028 0.0071-0.010
Rs =22 nmr = 10 nm 10 0.84 0.018 9.5-18 x 1077 0.34-0.64 0.0073-0.014 4.9-7.8x10"7 0.18-0.28 0.0038-0.0060
R; = 46 nmr = 10 nm 100 2.06 0.052 9.5-18 x 107 0.40-0.76 0.010-0.019 49-78x1077 0.21-0.33 0.0052-0.0083
R; = 100 nm r = 10 nm 1000 4.65 0.15 9.5-18 x 1077 0.41-0.78 0.013-0.025 49-7.8x1077 0.21-0.34 0.0069-0.0110
R¢ =200 nmr=10nm 8000 9.44 0.38 9.5-18 x 1077 0.42-0.80 0.017-0.032 49-78x1077 0.22-0.35 0.0087-0.0139
R; = 100 nm r = 50 nm 8 410 0.49 1.8-3.9x1077 0.069-0.15 0.0083-0.018 1.5-2.0x 1077 0.058-0.077 0.0069-0.0092
R = 232 nmr = 50 nm 100 7.20 1.93 1.8-3.9x 1077 0.052-0.11 0.014-0.030 1.5-2.0x 1077 0.044-0.058  0.0117-0.0156

where Qg is the aerosol extinction efficiency, ref the aerosol par-
ticle effective radius, pger the aerosol density and M is the atmo-

spheric column mass of aerosol in kg m2.

5.3.1. Spherical particles

Assuming that the haze on Pluto is composed of spherical par-
ticles and behaves like the detached haze layer on Titan, we used a
Mie code to generate single scattering extinction properties for dif-
ferent spherical particle sizes. The code takes into account a mod-
ified gamma size distribution of particles with the considered ef-
fective radius and an effective variance vqg = 0.3, as well as the
optical indices of Rannou et al. (2010). These indices have been
updated from Khare et al. (1984) thanks to new sets of Cassini
observations. For 50 nm particles, we obtain an extinction effi-
ciency Qexr of 2.29 in UV and 0.19 in visible wavelengths. Using
Eq. (7) with a density of aerosol material of 800 kg m—3, we
find that the haze column opacity in July 2015 reaches 0.077-
0.17 (UV) and 0.0064-0.014 (VIS) in the summer hemisphere, in
the reference simulation without South Pole N, condensation. In
the simulation with South Pole N, condensation, the opacities
are 0.064-0.086 (UV) and 0.0053-0.0071 (VIS) in the summer
hemisphere.

5.3.2. Fractal particles

The case of fractal particles can also be discussed. On Titan,
an upper limit of the maximum equivalent mass sphere radius (or
bulk radius) of fractal particles in the detached haze layer has been
estimated to 300 nm, containing up to 300 monomers (Larson
et al., 2014), while larger particles containing a higher number of
monomers are mostly found in the main haze atmosphere of Titan,
at lower altitudes. In fact, some aerosols of the detached haze layer
on Titan are large aggregates that grow within the main haze layer
at lower altitudes and that are lift up back to the detached layer by
ascending currents occurring in the summer hemisphere (Rannou
et al.,, 2002; Lebonnois et al., 2009). On Pluto, such mechanisms
are not likely to occur because of the thin atmosphere, and the
size of fractal particles, if formed, should be limited. Consequently,
we consider only a small fractal particle with a limited amount of
monomers.

Fractal particles have a different optical behavior compared to
spherical particles. As shown by the Fig. 10 in Larson et al. (2014),
the optical depth of a 1 pm fractal particle is strongly dependent
on the considered wavelength and decreases from the UV to the
near infrared, while the optical depth of a similar sized spheri-
cal particle remains quite constant with the wavelength. One can
use Eq. (7) to calculate the opacity of fractal particles with Qext
the aerosol extinction efficiency (referred to the equivalent mass
sphere), ro the equivalent mass sphere radius of the particle and

paer the density of the material (or density of the monomers). Here
we used a mean field model of scattering by fractal aggregates of
identical spheres (Botet et al., 1997; Rannou et al., 1997) to esti-
mate the extinction efficiency of fractal particles. From the number
of monomers N and the monomers radius rj;, on can calculate the
equivalent mass sphere radius of the corresponding fractal parti-

cle, given by Ry = N3 x rm. Using these parameters and the frac-
tal dimension of the particle, the model computes Qex: by dividing
the extinction cross section of the particle by the geometrical cross
section of the equivalent mass sphere (7 RZ).

Here we compare the opacities obtained in the reference simu-
lations when considering spherical or fractal particles. We consider
fractal particles composed of 50 nm monomers, with a fractal di-
mension equal to 2 and with a bulk radius of 100 nm and 232 nm
(N = 8 and N = 100 monomers respectively). The model gives an
extinction efficiency Qgx of 4.1 in the UV and 0.49 in the visible
wavelengths for the 100 nm fractal particle and 7.2 in the UV and
1.93 in the visible wavelengths for the 232 nm fractal particle.
The resulting nadir opacities are summarized in Table 4 and limb
opacities are shown on Fig. 7. The opacities obtained for fractal
particles are higher than for spherical particles in the visible, with
a factor of 1.3 for the 100 nm and 2.2 for the 232 nm particle
but lower in the UV with a factor of 0.9 and 0.7 respectively for
the 100 nm and the 232 nm particle. This is shown by Fig. 7.

As shown in Table 4, the visible nadir opacity obtained in
the summer hemisphere are in the range of what is estimated
from New Horizons observations (0.004-0.012, Stern et al., 2015;
Gladstone et al., 2016) in both the spherical and the 100 nm
fractal cases, and in both reference simulations. Values of the
232 nm fractal case are outside the observational range. The case
of fractal particles composed of 10 nm particles is discussed in
Section 5.4.2.

5.3.3. Line of sight opacity profiles

Fig. 7 shows the line of sight opacity profiles in the UV and
in the visible wavelengths obtained for both reference simulations
at the ingress and the egress points of Pluto’s solar occulation by
New Horizons. The profiles are computed using an onion peeling
method and considering that the line of sight only crosses one
GCM atmospheric column.

Generally speaking, few differences are obtained between both
reference simulations. The difference of opacity between the egress
point (which is above the equator at the latitude 15°N) and the
ingress point (which is below the equator at the latitude 17°S) are
larger for the simulation without South Pole N, condensation, be-
cause of the higher haze density in the summer hemisphere shown
in Fig. 4.
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Fig. 7. Line of sight opacity profiles obtained with the GCM for the spherical and fractal cases, at the ingress (—163°E, 17°S, solid lines) and egress point (16°E, 15°N,
dashed lines) of Pluto’s solar occultation, for the reference simulation without (top) and with (bottom) South Pole N, condensation. Left and right are the results in UV
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of this article.)

5.4. Sensitivity studies

The poor constraint on haze properties on Pluto gives us a flex-
ibility to explore further other scenarios for Pluto’s haze. In this
section, the haze parameterization is tested with different precur-
sor lifetimes and sedimentation radius. We also discuss the pos-
sible values for K4 in the parameterization. One objective is to
investigate if another set of haze parameters can cause a more re-
alistic aerosol distribution and concentration in the sunlit equato-
rial and summer atmosphere, compared to the observations. In ad-
dition, the sensitivity study aims to bracket the reality of Pluto’s
haze by analyzing extreme cases and compare them to both refer-
ence simulations. First, it has been checked that the haze produc-
tion is insensitive to the amount of CH,4 present in the upper at-
mosphere. Although the amount of CH4 molecules decreases in the
upper atmosphere due to the absorption of incident photons and
photolysis reactions, this loss remains negligible compared to the
total amount of CH, in Pluto’s atmosphere. In addition, the produc-
tion of haze precursors still occurs at high altitudes above 100 km
even for low values of CH; mixing ratio. The ratio between the
production rate of precursors at 100 km and the rate at 220 km

(top of the model) becomes higher than 1% for a mean CH; mix-
ing ratio of 0.04%, which is one order of magnitude less than the
typical values found on Pluto. This confirms that the reaction is
photon-limited and that different (and realistic) CH4 mixing ratio
will not impact haze production and distribution.

5.4.1. Sensitivity to characteristic time for aerosol growth

The characteristic time for aerosol growth, defined in
Section 4.4, is challenging to estimate. Here we consider two
possible extreme values in the model. If this time is set to 1 s, this
means that precursors are instantaneously converted into haze
aerosols in the upper atmosphere where CH4 photolysis occurs.
This remains acceptable since photolysis and photochemistry can
actually occur at much higher altitudes above the model top.
An upper value up to several terrestrial years seems reasonable
considering the number of years simulated and will allow pre-
cursors to be more mixed in the entire atmosphere. Here we
compare simulation results obtained with different characteristic
times for aerosol growth (Figs. 8 and 9): 1 s (haze directly formed
from photolysis reactions), 106 s (1.81 Pluto sols), 107 s (18.12
sols, reference simulations), 108 s (181.20 sols, that is about 3
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Fig. 8. Zonal mean of column atmospheric mass of haze aerosols (kg m~2) obtained
for July 2015 with different times for aerosol growth t (s), for the simulations with-
out (solid lines) and with (dashed lines) South Pole N, condensation.

terrestrials years). The rest of the settings remain similar to both
reference simulations. In the simulations without South Pole N,
condensation, using 1-107 s leads to similar column mass of haze,
as shown by Fig. 8. With a lifetime of 10% s, the precursors have
enough time to be transported by the circulation induced by
radiative heating from the summer to the winter hemisphere, and
at lower altitudes. It results in a better dispersed haze density at
all latitudes, a lower mass in the summer hemisphere, and thus
similar egress and ingress line of sight opacities, as shown on
Fig. 9.

In the simulations with South Pole N, condensation, the longer
the precursor lifetime, the more they are transported by radiative
heating towards the winter hemisphere and by the descending cir-
culation branch towards the surface of the winter polar cap. Thus,
the haze tends to accumulate in the winter hemisphere and in
lower amounts if long lifetimes are considered, and in the summer
hemisphere in larger amounts otherwise.

The difference of opacity obtained between the egress and the
ingress points is larger for low lifetimes and conversely, as shown
on Fig. 9.
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Fig. 10. Zonal mean of column atmospheric mass of haze aerosols (kg m—2, log
scale) obtained with different particle radii, for the simulations without (solid lines)
and with (dashed lines) South Pole N, condensation.

5.4.2. Sensitivity to particle radius

The uniform and constant radius of aerosol particles is a pa-
rameter that strongly controls the aerosol sedimentation and opac-
ity in the GCM. As shown by Eq. (6) in Section 4.6, a smaller
particle radius induce a lower haze sedimentation velocities and
thus a higher mass of haze in the atmosphere. Here we com-
pare eight simulations: the reference simulations (50 nm particles,
with and without condensation flow) and simulations performed
with particle sizes of 10, 30 and 100 nm (with and without con-
densation flow). We compare the column atmospheric mass ob-
tained (Fig. 10), the limb opacities (Fig. 11) and the nadir opaci-
ties (Table 4). These simulations correspond to the four first lines
of Table 4. The six last lines of Table 4 show the nadir opacities
obtained from the simulations with 10 nm and 50 nm particles,
but considering fractal particles (four cases with 10 nm monomers
and two cases with 50 nm monomers). Haze aerosol density is
also shown for the simulation with condensation flow and with a
particle radius of 10 nm (Fig. 12).

Aerosol particles with radii of 10, 30, 50 and 100 nm typi-
cally fall from 200 km down to the surface in 1110, 370, 220 and
111 Earth days respectively. Basically, this corresponds to the time

— 7=0s
20 —_— T=10657
— 7=10"s
— 7=10°s
_15
I
<
(0]
©
210
=
<
5
O \\ S W
10 103 102 10t 10° 10*

VIS Opacity

Fig. 9. Line of sight opacity profiles in VIS wavelength obtained with the GCM with different times for aerosol growth, at the ingress (—163°E, 17°S, solid lines) and egress
point (16°E, 15°N, dashed lines) of Pluto’s solar occultation, for the simulations without (left) and with (right) South Pole N, condensation.



T. Bertrand, F. Forget/Icarus 287 (2017) 72-86 83

— r=10nm
20 — r=30nm
— r=50nm
— r =100 nm
_15
S
X
)
°
glO
>
<
50 N
0 \\ \\
10" 107 107 10 10° 10*

VIS Opacity

— r=10nm
20 N — r=30nm
\\ — r=50nm
N\ — r=100nm
_15
£ \
> )
©
310
£
<
50
0 AN \\\
10 103 10 10! 10° 10!

VIS Opacity

Fig. 11. Line of sight opacity profiles in VIS wavelength obtained with the GCM for different spherical particle radii, at the ingress (—163°E, 17°S, solid lines) and egress point
(16°E, 15°N, dashed lines) of Pluto’s solar occultation, for the simulations without (left) and with (right) South Pole N, condensation.

600 1.0e-12
550 '—/_///__—gg;w_;/_h 1.6e-13
500 : 2.5e-14
— 400 4.0e-15
2 350 6.3e-16
§ 300 1.0e-16
g 250 1.6e-17
2.5e-18

4.0e-19

6.3e-20

1.0e-20

-90 -60 -30

0 30 60 90
Latitude (°)

1.0e-12
6.3e-13
4.0e-13
2.5e-13
1.6e-13
1.0e-13

6.3e-14

Altitude (km)

4.0e-14
2.5e-14

1.6e-14

1.0e-14

-90 —60 -30

0
Latitude (°)

Fig. 12. Zonal mean latitudinal section of haze aerosol density (g cm~3) obtained with the simulation for July 2015 with condensation flow and a particle radius of 10 nm
(color bar in log scale). The right panel correspond to a zoom in the lowest 15 km above the surface. (For interpretation of the references to color in this figure legend, the
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needed to reach an equilibrated mass of haze in the atmosphere.
As shown by Fig. 10, the latitudinal mass distribution is not im-
pacted by the considered size of the particle. The column mass of
haze is driven by the sedimentation velocity and the mass ratios
correspond to the particle size ratios. This is also shown by Fig. 5.

As shown by Table 4 and Fig. 11, the nadir and limb opaci-
ties remain in the same order of magnitude for the simulations
performed with different particle radii. Lower opacities are ob-
tained with a particle radius of 30 nm. We also investigated nadir
opacities for fractal particles with a bulk radius of 22, 46, 100
and 200 nm, respectively composed of 10, 100, 1000 and 8000
monomers of 10 nm radius. As discussed in Section 2, the 200 nm
fractal particle is the best hypothesis for the particle shape and
size in order to fit the observations. Here we find that the nadir
visible opacities obtained in this case are higher than the upper
observational limit (see Table 4). Realistic values are obtained for
the other smaller particles.

Fig. 11 show the line of sight visible opacities obtained for dif-
ferent spherical particle radii. Generally speaking, the profiles have
similar shapes because changing the particle radius does not affect
the haze distribution but only the mass of haze in the atmosphere,
due to the change of sedimentation velocity. However, for 10 nm
particles, the opacities at ingress are significantly higher than at
egress below 50 km, which is not the case for higher radii. This is
because the particles are lighter and have more time to be trans-

ported by the circulation towards the winter hemisphere before
sedimentation to the surface. Thus, the change of haze distribution
due to the condensation flow below 50 km altitude is more pro-
nounced for this 10 nm case. This is highlighted by Fig. 12 which
shows the 10 nm haze particles density in the simulation with
condensation flow. In the first kilometers above the surface, a peak
of density is obtained at the South Pole. In addition, above 2 km
altitude, the haze also accumulates at the North Pole, pushed away
by the condensation flow.

5.4.3. Sensitivity to the mass of aerosols

The haze production rate used in the reference simulations
corresponds to an optimal scenario where the photolysis of one
molecule of CH4 gives one carbon atom available for the produc-
tion of haze (Kcy4 = 1). However, the carbon atoms collected from
CH,4 photolysis may form different gaseous species and slow down
tholins production. As an example, McKay et al. (2001) suggest that
the tholins production is about 25 less than the photolysis rate
of methane. Therefore, lower values of Ky, remain possible and
would lead to a decrease of aerosol mass and thus of opacity.

6. Summary

The parameterization of haze aerosols in the Pluto GCM con-
sists of several steps: the photolysis of methane by the solar and
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IPM flux, the creation of haze precursors and their transport in the
atmosphere, the conversion of precursors to haze aerosols and the
sedimentation of the aerosols. The haze parameterization has been
tested with 50 nm particles, a time for aerosol growth of 107 s,
and for the two climate scenarios described in Forget et al. (2016):
with and without South Pole N, condensation (reference simu-
lations). The sensitivity of the model to other particle sizes and
times for aerosol growth has been explored. Results show that the
CH4 photolysis occurs at all latitudes, with a maximum rate at high
northern latitudes and around 250 km in altitude. In all simula-
tions, the haze extends to high altitudes, comparable to what has
been observed by New Horizons. From 200 km altitude upwards,
the density decreases with the altitude by one order of magni-
tude every 100 km, leading to a density scale height of typically
40 km above 60 km altitude. This is comparable to the typical
haze brightness scale height of 50 km observed by New Horizons
(Gladstone et al., 2016). Without South Pole N, condensation, the
meridional atmospheric circulation is dominated by the radiative
heating but remains weak, even in the first kilometers above the
surface. The haze precursors remains at high altitudes and in larger
amount at high northern latitudes. This leads to a higher density
of haze in the summer hemisphere, decreasing with the latitudes.
With South Pole N, condensation, the circulation is also weak in
the upper atmosphere, except above the South Pole where a de-
scending branch of air driven by the condensation of N, transports
the precursors to lower altitudes. This leads to a distribution of
haze latitudinally more homogeneous with a slight peak of haze
density above the South Pole. This peak is reinforced by the cir-
culation in the first kilometers above the surface, which is more
intense and able to move light aerosols from the northern hemi-
sphere towards the South Pole. In both climate scenarios, because
of the generally weak meridional circulation, the computed mean
atmospheric column mass of haze remains similar, and primarily
depends on the sedimentation velocity and thus on the pressure
and the considered monomer radius. In our simulations, the ini-
tial flux of Lyman-« at Earth remains constant between 1990 and
2015, but even if we consider the variable initial flux of Lyman-c,
the flux of Lyman-o at Pluto remains relatively constant. Conse-
quently, the mean column mass of haze follows the trend in sur-
face pressure, that is an increase by a factor of 3 between 1990 and
2015. Haze particles with a small radius remain longer in the at-
mosphere before reaching the surface. In our simulations, the sed-
imentation fall of 10 nm particles lasts about 3 terrestrial years,
which could be enough time to form fractal aggregates. The mean
column atmospheric mass of haze on Pluto is difficult to assess
because it depends on many parameters. First, it is depending on
the photolysis rate and the complex recombinations of carbon and
nitrogen atoms. The parameterization uses Kqy4 and Ky equal to
1 and 1.5 to take these mechanisms into account. However, the
production could be overestimated. In fact, New Horizons detected
the presence of C,H,, C;H4 and maybe other carbon-based gas
in Pluto atmosphere, which suggests another pathway for carbon
atoms formed by CH4 photolysis. In addition, HCN has been de-
tected, and the irreversible nature of its formation may lead to
less nitrogen atoms available for the haze formation. The column
mass of haze also strongly depends on the sedimentation radius of
the haze particle, and to a lesser extent on the lifetime of the haze
precursors. However, we computed the UV and VIS opacities of the
haze as a diagnostic of our simulation results and in all simulation
cases, the column visible opacities have similar values (same order
of magnitude) around 0.001-0.01, and slightly higher values when
considering large fractal particles. This is because the extinction
factor of smaller particles is lower but is compensated by a larger
mass of haze. These opacities are in the range of what has been es-
timated on Pluto, that is 0.003-0.012 (Gladstone et al., 2016; Stern
et al., 2015), and thus suggest an acceptable order of magnitude

for the mass of haze obtained. Comparing the haze distribution
(obtained with and without South Pole N, condensation) with the
observations (made by imaging with the instruments Ralph/MVIC
and LORRI and by UV occultation with the Alice spectrometer) can
help to reveal the presence or the absence of N, ice at the South
Pole. A latitudinally homogeneous haze density with a slight peak
above the North and particularly above the South Pole is typical of
our simulation with South Pole N, condensation. Conversely, sim-
ulations without South Pole N, condensation show a more exten-
sive haze in the summer hemisphere. Comparing the line of sight
opacity profiles at the egress and the ingress points can also help
to distinguish both cases. The opacity at the egress point is at
least twice the opacity at the ingress point in the case without
South Pole N, condensation, and no significant difference is ob-
tained in the case without. However, a latitudinally homogeneous
haze density can also be the results of a long characteristic time
for precursors growth (several terrestrial years), that allows pre-
cursors to be transported towards southern latitudes by radiative
heating and meridional circulation. Finally, another way to distin-
guish both cases is to compare the haze distribution in the first
kilometers above the surface. Fig. 12 shows that the condensation
flow induced by the presence of N, ice in the winter hemisphere
leads to a lack of haze above the surface in the summer hemi-
sphere, and an accumulation of haze between 3 and 20 km in the
winter hemisphere, which is more pronounced for small particle
radii. Although the simulations were done with uniform particle
sizes, in reality the haze particle size may be locally distributed
and vary in space and time, especially in the vertical. Thus it may
be more realistic to consider a distribution of haze particle sizes, in
order to take into account the gravitational segregation. Compared
to the uniform size case, if 10 nm spherical particles in the upper
atmosphere become fractal particles in the lower atmosphere, with
same monomer radius, then there will be a change in opacity but
not in haze vertical distribution (because the sedimentation veloc-
ity remains the same). If 10 nm spherical particles grow up to
100 nm during their fall down towards the surface, then the sed-
imentation velocity of the particle would change. The increase of
the particle size during the fall would compensate the increase of
atmospheric pressure and lead to a more homogeneous haze den-
sity with altitude. In addition, at the altitudes where transitions of
particle size occur, layers of haze could form.
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