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Haze heats Pluto’s atmosphere yet explains its cold

temperature

Xi Zhang!, Darrell F. Strobel? & Hiroshi Imanaka®*

Pluto’s atmosphere is cold and hazy!'~3. Recent observations' have
shown it to be much colder than predicted theoretically?, suggesting
an unknown cooling mechanism'. Atmospheric gas molecules,
particularly water vapour, have been proposed as a coolant;
however, because Pluto’s thermal structure is expected to be in
radiative-conductive equilibrium*-?, the required water vapour
would need to be supersaturated by many orders of magnitude
under thermodynamic equilibrium conditions’. Here we report
that atmospheric hazes, rather than gases, can explain Pluto’s
temperature profile. We find that haze particles have substantially
larger solar heating and thermal cooling rates than gas molecules,
dominating the atmospheric radiative balance from the ground to an
altitude of 700 kilometres, above which heat conduction maintains
an isothermal atmosphere. We conclude that Pluto’s atmosphere is
unique among Solar System planetary atmospheres, as its radiative
energy equilibrium is controlled primarily by haze particles instead
of gas molecules. We predict that Pluto is therefore several orders
of magnitude brighter at mid-infrared wavelengths than previously
thought—a brightness that could be detected by future telescopes.

Hydrocarbon hazes have substantial radiative heating and cooling
effects in planetary atmospheres, as observed for Saturn’s moon Titan!®
and for Jupiter’s stratosphere!!. Globally extensive haze layers have been
seen in images of Pluto taken from the New Horizons spacecraft’; the
solar occultation observed by New Horizons™ Alice ultraviolet spectro-
graph? also revealed the extinction of light by haze from the ground to
at least 350 km above. Pluto’s high-altitude haze particles are expected
to be monomers (or macromolecules) with sizes of tens of nanometres,
produced by ion chemistry and photochemistry in the presence of
hydrocarbons and nitrogen!= in processes similar to those observed
in Titan's ionosphere'2. Haze-formation and -transport models show
that the monomers are produced at least 500 km above the ground!>!*,
and possibly as high as 1,000km (ref. 3). The monomers settle down
and start to grow through coagulation and condensation at around
350km, eventually forming fractal aggregates composed of hundreds
to thousands of monomers with a fractal dimension of two, similar to
Titan’s haze particles'. From images taken by the LORRI instrument
on board New Horizons®, the aggregated particle size is estimated to
be about 0.15pum at 45km. But in the near-surface region, the particle
properties are not well determined?.

Using the observed distributions of particles® and temperature
(Fig. 1), the radiative effects of hazes on Pluto can be quantified through
a multi-scattering radiative-transfer calculation (see Methods). Given
the distribution of haze from the surface to 350 km that is inferred from
the Alice ultraviolet occultation'?, we assume that the haze ultraviolet
extinction decays exponentially with the geopotential height from the
ground to 700 km, where nitrogen ionization peaks and monomers
are expected to form in Pluto’s atmosphere? (Extended Data Fig. 1).
The corresponding pressure level (10~° Pa) on Titan occurs at about
1,100 km, where the monomers are produced and were detected by the

1,2

Cassini spacecraft'2 The optical depth of the haze at other wavelengths
can be scaled from the observed ultraviolet optical depth on the basis
of the extinction efficiency (Extended Data Fig. 2). In the near-surface
layers, Pluto’s hazes have been assumed to be composed of organic
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Figure 1 | Atmospheric temperature and gas-density profiles of Pluto.
Dashed lines represent the densities of nitrogen (N,) and methane

(CH,) (in number of molecules per cm?)!. Carbon monoxide (CO; not
shown) is well mixed in the atmosphere, with a volume mixing ratio

of 5 x 10~ Solid lines show the actual temperature profile derived by

the New Horizons spacecraft (black line)?, as well as profiles calculated
using the New Horizons pre-encounter model (pale blue line)* and the
latest gas-only model (yellow line)°; the latter includes hydrogen cyanide
(HCN) and acetylene (C,H;) but not water. The red curve shows the
temperature modelled herein, which includes haze-mediated heating and
cooling. The key differences in the actual observed atmosphere compared
with the pre-encounter predictions* were a compact atmosphere rather
than an extended atmosphere, and an isothermal upper atmosphere
rather than one indicative of escaping, adiabatically cooled atmosphere.
This discrepancy implies an important but still unknown cooling

process in Pluto’s atmosphere!. HCN and C,H, have been suggested as
missing coolants"?’. But even taking into account the radiative effects of
supersaturated HCN, as constrained by recent Atacama Large Millimeter/
submillimetre Array (ALMA) observations?, the predicted quasi-
isothermal temperature is still about 100K (see figure 7a of ref. 8),

in comparison with the observed temperature of 70 K. Including the
non-local thermodynamic equilibrium cooling process from the C,H, vs
band does reduce the temperature down from a peak value of about 107 K
at 25km (yellow line), but not enough to achieve the broad minimum
observed temperature of about 63 K at 400 km (black line)®. Water vapour
was proposed as the last possible gaseous cooling candidate after the
other possibilities were rejected, but the required abundance would be
implausibly supersaturated by many orders of magnitude’.
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Figure 2 | Radiative heating and cooling in the atmosphere of Pluto.
a, Globally averaged solar flux received by Pluto (black line), approximated
by a blackbody of 5,778 K, and Pluto’s surface emission flux (red line),
approximated by a blackbody of 38.9 K. b, Imaginary part of the particle
refractive indices (k) from various sources (yellow line, ref. 15; green
line, ref. 17; brown line, ref. 19; dark blue line, ref. 20; pale blue lines,
ref. 30 (for amorphous HCN ice)). ¢, Profiles showing rates of radiative
heating (solid lines) and cooling (dashed lines), based on the observed
temperature profile (Fig. 1). Colours are as in b; in addition, the red
lines show a radiative equilibrium case (balanced model) with altitude-
dependent k values (Extended Data Fig. 1d) bounded by laboratory
measurements'>!, The balanced model yields the haze model temperature
profile shown in Fig. 1. The gas-only heating rate from CH, (solid grey
line) is much larger than the gas-cooling rate from CO, HCN and C,H,
(dashed grey line; see Methods)®. We calculated the haze heating and
cooling rates (coloured lines) using the particle distributions in Extended
Data Fig. 1 and the k values in b to illustrate the uncertainty range.

materials similar to Titan’s tholins' . However, the optical properties
of Pluto’s haze materials could be different to those of Titan’s haze.
Previous laboratory measurements of the plausible haze composition
demonstrated large variations in haze optical constants, reflecting dis-
tinct formation chemistry and different chemical structures'>'6. Here
we explore different refractive indices to test the uncertainty range of
the heating and cooling rates in Plutos atmosphere (Fig. 2). In the ultra-
violet and visible heating regime, the imaginary part of the refractive
index (k) could vary by more than an order of magnitude'’*°. In the
infrared cooling regime we use laboratory tholin measurements'’, as
well as empirically derived k values from Titan that are based on Cassini
observations at the 100 Pa level®.

We find that hazes on Pluto have substantial solar heating and
infrared cooling rates (Fig. 2c). This is expected, because the retrieved
vertical extinction optical depth of particles is of the order of 0.1 in
ultraviolet and 0.01 in visible wavelengths, on the basis of Alice ultra-
violet spectrograph and LORRI observations, respectively' . Given
Pluto’s globally averaged solar flux of about 300 mW m~ (Fig. 2a) and
its surface albedo of 0.8 (ref. 21), the absorbed solar flux by particles
in the ultraviolet and visible range must be greater than I mW m 2.
We investigated multiple solutions of fractal aggregates that fit the
reflectivity observations from LORRI (Extended Data Fig. 3), as well
as the possibility that the near-surface particles are mostly aggregates
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(Extended Data Fig. 4)%. Our sensitivity studies show that the uncer-
tainties associated with these factors are smaller than the uncertainties
resulting from the large variations in optical constants. Nevertheless,
the haze heating and cooling rates in all cases are consistently larger
than the gas heating and cooling rates by one to two orders of magni-
tude (Fig. 2). Below 700 km, the vertically integrated heating rate due to
haze ranges from 3mW m™to 17mW m 2, and the cooling rate from
4mW m 2 to 20mW m 2. In the same altitude range, the integrated
heating rate caused by methane (CHy) is only around 0.1 mW m 2,
and the infrared cooling rate due to carbon monoxide (CO), hydro-
gen cyanide (HCN) and acetylene (C,H,) is about 0.03 mW m™2
Consequently, the total radiative energy budget in the atmosphere must
be dominated by haze particles instead of gas molecules.

The haze-mediated heating and cooling rates can be balanced
within the uncertainty range to yield the derived temperature profile
(Fig. 1). In the lower 50 km, the haze heating can be approximately
balanced by the cooling by using the haze optical constants from
ref. 17 (Fig. 2). In the upper region, the heating and cooling profiles are
not precisely balanced at each pressure level unless we invoke altitude-
dependent k values (Extended Data Fig. 2). On Titan, k values of hazes
have also been found (from Cassini-Huygens observations) to vary
with altitude?. On Pluto, once the aggregates have formed at about
350km, supersaturated HCN and C, hydrocarbons start to condense
onto the monomers'*?*. HCN ice particles have also been observed in
Titan’s stratosphere*!. The haze cooling rate from pure HCN ices might
be larger than the cooling rate resulting from the organic tholins
(Fig. 2). Once the organic haze particles are coated by HCN and hydro-
carbon ices, their optical properties (that is, the effective k values)
as well as their heating and cooling rates are likely to be altered with
altitude. Although the uncertainty of optical properties is large,
there are solutions for achieving the atmospheric energy balance
on Pluto (Fig. 2). As an example, we demonstrate here one possible
solution—a radiative ‘balanced model’ with altitude-dependent
k values bounded by laboratory measurements'>!°. A similar modifica-
tion of the laboratory k values was also required in models to maintain
the thermal energy balance in Titan’s atmosphere?. With the opti-
mized refractive indices in the balanced model, a level-by-level atmos-
pheric radiative equilibrium is achieved between the solar heating
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Figure 3 | Heat-transfer timescales in the atmosphere of Pluto.

The particle (or gas) heat-transfer timescale resulting from gas—particle
collisions (yellow and blue lines) is shorter than the particle (or gas)
radiative cooling timescale (red and green lines) at all altitudes below

700 km, implying that gas and particles should be in thermal equilibrium.
The radiative relaxation (cooling) timescale of the haze particles (red line)
is around a few minutes, shorter than the particle-settling timescale
(brown line). Heat conduction (grey line) dominates the heat transfer in
the gas phase at altitudes higher than 700 km.
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Figure 4 | Infrared spectra of Pluto with flux values at Earth’s distance,
with and without the effects of haze radiation from Pluto’s atmosphere.
The dots indicate the 100 faint-source detection limits in a 10,000-s
integration for several channels of the Mid-Infrared Instrument imager
on the James Webb Space Telescope?®. The coloured spectra are based
on several models of haze-mediated cooling, as in Fig. 2 (green line,
ref. 17; dark blue line, ref. 20; pale blue line, ref. 30; red line, our balanced
model). The yellow line corresponds to a model in which the near-
surface haze layers are composed of fractal aggregates instead of Mie
particles'” (Extended Data Fig. 4). If Pluto’s atmosphere were cooled by
supersaturated water vapour instead of haze particles, then low-resolution
(for example, 0.1 cm ') spectra would seem to be similar to Pluto’s surface
blackbody (solid grey line) or to the combined Pluto and Charon surface
spectrum (dashed grey line), because the narrow water rotational lines are
averaged out at low resolution.

and infrared cooling—including both gas and haze—below 700 km
(Fig. 2).

Efficient heat transfer maintains thermal equilibrium between gas
and haze particles through collisions below 700 km. The mean free
path of a particle in Pluto’s thin atmosphere is more than 1,000 pm—
much greater than the submicrometre particle size. The haze particle
must thus be located in the free-molecule regime!?, within which heat
transfer between the gas and particle phases is controlled by collisions.
The collisional timescale is much shorter than the radiative relaxation
timescale in each phase (Fig. 3; see Methods). The radiative relaxation
timescale of the haze particles is also shorter than the particle-settling
timescale. Therefore, the thermal energy of the gas and haze particles
below 700 km should quickly reach equilibrium owing to collisions
before any other heat-transfer processes take place. If there is any
net radiative heating from the gases, then the excess energy will be
transferred rapidly to the haze particles and radiated away, leading to
a decrease of the gas temperature. Owing to strong radiative cooling
from the hazes, the radiative timescale of the entire atmosphere below
700km is probably of the order of months to a few Earth years—shorter
than the cooling timescale resulting from gas alone (about ten Earth
years). Above 700 km, because the thermal conduction timescale in
the gas phase decreases continuously with altitude, conduction must
dominate the gas-mediated heat transfer, having a greater effect than
gas—particle collisions and gas radiative relaxation. The gas-mediated
temperature in the upper atmosphere is thus primarily controlled
by conduction, even if the haze particles extend to 1,000 km. Our
radiative—conductive calculation shows that the gas temperature is in
equilibrium with the haze temperature below 700 km, above which
thermal conduction maintains a nearly isothermal atmosphere. The
calculated gas temperature profile is consistent with the New Horizons
observations (Fig. 1).
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Interestingly, methane on Neptune’s moon Triton is much less abun-
dant than on Pluto and Titan, and is photochemically destroyed in the
lower atmosphere, leading to a much lower rate of formation of haze
particles, which concentrate only at low altitudes®®. Consequently, haze
on Triton has a much smaller cooling effect, resulting in a warmer
upper atmosphere than on Pluto’. A strong haze-mediated cooling
in the infrared on Pluto will result in a large radiation flux to space.
Conventionally, Pluto has been assumed to have a blackbody spec-
trum in terms of its surface temperature. However, on the basis of
the haze-mediated radiation, we predict that Pluto should appear
several orders of magnitude brighter than its surface blackbody spec-
trum would imply at wavelengths shorter than 25 um (Fig. 4). Even
taking into account contamination from the warm emission of its moon
Charon, Plutos haze radiation still exhibits a strong infrared excess at
wavelengths shorter than 15 um. The Spitzer space telescope?” observed
the total flux from the Pluto—Charon system only at wavelengths longer
than 20 pum, and therefore could not distinguish Pluto’s haze radiation
from Charon’ flux. However, the Mid-Infrared Instrument imager®®
on the James Webb Space Telescope should be able to detect the haze-
induced infrared excess on Pluto, and distinguish between the effects
of haze versus cooling by water rotational lines (Fig. 4).

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Model description. Hydrodynamic escape is not expected from Pluto’s cold
atmosphere!. Our one-dimensional model assumes that the entire atmosphere
is still hydrostatic* and spherically symmetrical?, with thermal escape (Jeans
escape) processes occurring at the exobase. The governing equation follows the
radiative-conductive heat-transport equation®~%, but here we include both gas and
particle phases:

or_1o
ot rOor

[rchal] + Rnet + Radb (1)
or

(cp.pPp + Coghy)
where r is the radial distance from Plutos centre; T is temperature; and ¢, g and ¢,
are the specific heat at a constant pressure of gas or particle, respectively. p, and pj,
are the mass density of the gas and particle, respectively; because most of the atmos-
pheric mass is in the gas phase, ¢, pp, < cp g Py The thermal conductivity, K, for the
N,-CH,4~CO gas®is K. = KoT®, where a=1.12; Ky=5.63 ergcm ™' s 7! K712,
Rpet= Rpetg + Rnetp i the net radiative heating rate including both gas (Ryet,g) and
haze (Rpep) contributions, but Ry applies only to altitudes below 700 km. Rqap
is the adiabatic cooling rate resulting from atmospheric expansion as N, and CHy
escape from the top of the atmosphere®>!. We assumed that the gas and particles
are in thermal equilibrium below 700 km (Fig. 3). We neglect the heat transfer
owing to particle settling, because the settling timescale is much longer than the
haze radiative timescale (Fig. 3).

We use a semi-implicit scheme (the Crank-Nicolson scheme) to solve the system.
The vertical discretization follows a non-uniform grid from previous radiative—
conductive models of Pluto*’. We assume an isothermal atmosphere at the upper
boundary, that is, zero thermal conductive flux consistent with the slow thermal
escape of N, and CHy. The surface temperature is set to 38.9 K on the basis of the
New Horizons observations®2. Because the gas and particle phases are in thermal
equilibrium, we do not need to solve for the particle phase explicitly. This allows
us to use a longer numerical time step (typically 10*~10°s) for equation (1) than
the particle radiative timescale (Fig. 3). We evolve the system until the model
reaches steady state. We also tested different initial conditions to ensure that all
cases converge to the same final solution. The gas-only version of this model has
been validated against the latest radiative-conductive models of Pluto*®.
Radiative heating and cooling from gases. The gas radiation is not important
here because its radiative effect is much smaller than the effect of haze radiation.
Our scheme basically follows the published gas-only radiative-conductive model’.
We include the radiative heating effects of CHy in the extreme-ultraviolet, far-
ultraviolet and near-infrared bands at 2.3 um, 3.3 um and 7.6 pm, respectively. The
infrared CH, heating is in non-local thermodynamic equilibrium (non-LTE). For
7.6 pm, we solved the solar heating and infrared cooling equations together. For
the gas radiative cooling, we used the radiative-transfer model initially developed
for Jupiter'!**, We include the rotational lines of CO and HCN and the C,H,
vibrational-rotational band in the thermal infrared!?. For the spectral information
of gases, we used the HITRAN 2012 database™. We set the spectral grid to be finer
than 0.00005cm ™! in order to resolve the rotational line shape owing to Doppler
broadening, and we treated the gas opacity using the correlated-k method®. We
used a two-layer model®® to calculate the non-LTE cooling rate from the C,H,
vibrational-rotational band at 13.7 pm. We normalized the deactivation rate of
C,H; in a nitrogen environment to the value in ref. 35 with CH4 v, band tempera-
ture dependence: kc,1,—n, = 2.43 x 10~ Mexp((T — 240)/105) cm® s~ !, with an
Einstein coefficient of 5.1 s™. The cooling effect of C,Hs is negligible.

The abundances of N,, CHy, and C,H, were obtained from New Horizons
observations?. The HCN abundances are from ALMA observations?. CO is well
mixed in the atmosphere, with a volume mixing ratio of 5 x 10~*. The vertical
profiles of the major gases N, and CH, are shown in Fig. 1. Heating and cooling
rates from individual gases and spectral bands can be found in Fig. 6 of ref. 9.
Radiative heating and cooling from hazes. We calculated the haze-mediated heating
and cooling rates by using a multi-scattering radiative-transfer model that was
initially developed to analyse Jupiter’s atmosphere!!. We assumed that the particles
are produced as 10-nm monomers at 700 km. We also performed a sensitivity study
on monomer size (Extended Data Figs 3, 4). According to one haze-formation
model'?, the particles start growing as aggregates at altitudes of 350 km or below.
The mean volume-equivalent particle radius of an aggregated particle increases in
an approximately linear trend with decreasing altitude, finally reaching 0.15um at
45km (ref. 3 and Extended Data Fig. 1a). The particles in the near-surface layers are
assumed to be spherical®, but we also tested a scenario involving fractal aggregates
(Extended Data Fig. 4). The spherical particle size is assumed to be in a log-normal
distribution®, with an effective radius (r.¢) of 0.5 um and an effective variance (ves)
0f 0.02. The Alice ultraviolet observations show that the ultraviolet-attenuation fac-
tor of haze particles decays exponentially with altitude from the ground to 350 km;
this exponential decay can be extrapolated to 700 km under the assumption that

the haze density is approximately proportional to the N, density (Extended Data
Fig. 1b)% On the basis of the observed haze attenuation factor at about 185nm, we
can derive the particle number-density profile (Extended Data Fig. 1c), subject to
the constraints provided by the cross-section of the far-ultraviolet extinction. The
shape of the derived number-density profile looks similar to the results obtained
from a microphysical model of Titan (see Fig. 4 in ref. 36).

The imaginary parts of the refractive indices (k) from different sources are shown
in Fig. 2. For the ultraviolet and visible range, using the optical constants from
ref. 17 gives the upper bound of the heating rate, while using refs 15 and 19 yields
alower bound. At the infrared wavelengths, the k values are derived from Cassini
observations?’, which incorporate the far-infrared data?* but do not cover the
wavenumber range between 10cm ™! and 70 cm~}; thus we adopt the values
from ref. 17, the only available laboratory measurement in that spectral range.
For low-temperature amorphous HCN ices, we use the available laboratory
experiments® at 75 K at wavelengths between 100cm ! and 280 cm ™, and between
400cm™" and 1,450 cm ™.

The extinction cross-sections, single scattering albedos and phase functions of
spherical particles are calculated on the basis of a Mie-sphere code®. For aggre-
gated particles with a fractal dimension of two, we used a fractal aggregates code
developed previously for Titan’s haze??. The total vertical optical depth, extinc-
tion efficiency and single scattering albedo for a monomer particle and fractal
aggregates are shown in Extended Data Fig. 2. On the basis of the observed haze
optical depth? at about 185 nm, we scaled the optical depth of the haze particles at
other wavelengths from the far-ultraviolet optical depth, by using the ratio of the
extinction efficiency at other wavelengths to that at far-ultraviolet wavelengths
(Extended Data Fig. 2a).

In order to achieve a radiative energy balance for haze particles, we used altitude-
dependent k values for solar heating and cooling in our proposed ‘balanced model’
The scaling factors are shown in Extended Data Fig. 1d. The k values in the ultra-
violet and visible wavelengths (0.2-1um)'” decrease linearly from unity at 45km
to 0.25 at 350 km, and remain constant with 0.25 scaling factor to 700 km. The
k values in the infrared'” are increased by a factor of 2.5 above 350 km, and the
scaling factor varies linearly with altitude from 0.7 at 45 km and stays constant
below that altitude. As noted, the adjustment to the k values is well within the
uncertainty range of the laboratory measurements'>!®.

For the solar heating calculation in the ultraviolet and visible wavelengths, from
0.2 pum to 1 pum, we carried out multiple scattering calculations using 32 streams.
Using 64 streams does not alter the heating rates. We used a globally averaged
surface albedo of 0.8 (ref. 21). For the thermal cooling calculation, we treated
the particles as pure absorbers from 10cm™ to 1,450 cm™!, because their single
scattering albedo is very low (Extended Data Fig. 2c) and no scattering calculation
is needed.

In addition to testing different values of optical constants for hazes in Fig. 2,
we also tested different choices of aggregates. We found that multiple solutions
could explain the phase dependence of the reflectivity (I/F, where I is the reflected
intensity and wF is the radiant flux) observed by LORRI at 45 km (ref. 3). Using the
optical constants from ref. 18, we tested aggregates with: first, 10-nm monomers
and an equivalent radius of 0.15 pm; second, 30-nm monomers and an equivalent
radius of 0.42 pm; and third, 50-nm monomers and equivalent radius of 0.45 jum.
Simulated phase functions were scaled to fit the observations (Extended Data
Fig. 3). We computed the heating and cooling rates from these possible choices
(Extended Data Fig. 4). Generally, the difference is within a factor of two to three—
less than the uncertainty associated with the optical constants (Fig. 2).

The properties of particles in the near-surface region are not well determined?.
The modelled aggregate particles produce a backscattered intensity that is smaller
than that observed by LORRI by a factor of about three. It has been argued that
supersaturated hydrocarbons and nitriles rapidly condense onto the fractal parti-
cles, rendering them spherical particles of 0.5 um. However, spherical particles
do not fit with the Alice ultraviolet solar occultation data®. Here we tested two
possible scenarios. If we use aggregates when modelling altitudes below 45 km,
then the heating and cooling rates are lower by an order of magnitude than if we
use spherical particles (Extended Data Fig. 4). But this reduction in rates is still
smaller than the uncertainty range associated with the optical constants (Fig. 2).
Adiabatic cooling rate. We can estimate the adiabatic cooling rate that is due to
atmospheric expansion under the assumption of hydrostatic equilibrium from an
enhanced Jeans escape rate of N, and CH, at the exobase. The adiabatic cooling
rate is given as*:

2
miF;
Rao=—3_ 7= [f
iy 4rmr

oT  GM
. )
P oy r? J

where i=1 represents N, and i =2 represents CHy; G is the gravitational constant;
M is the mass of Pluto; r is the radial distance from Pluto’s centre (as defined above);
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and F; is the number of molecules escaping per second from the global atmosphere
for a gas i with mass mm; and heat capacity c;, ;. For Jeans escape processes, the escape
rate for each component is approximated as*:

4ﬁr2NA/I€B%T(1 + Ne
\ 2mm

N is the number density of the molecule at exobase position 7exo, which is located
where the mean free path of the gas molecule equals the scale height of the atmos-
phere. A = mgrexo/kgT is the Jeans parameter, where g is the gravity which varies
with radial distance r. I"(\) is the enhancement factor?.

Timescales. The radiative relaxation timescale of gas in the bulk atmosphere is**:

F=T())

T=Texo

aRnet,g !
Trad,g = Cp.ghy T
Similarly, the radiative timescale of haze is:
_ aRnet,p !
Trad,p = Cp,Ppp 9T

The entire atmospheric radiative timescale is:

8(Rnet,g + Rnet,p) !
oT

Trad = (Cp,gpg + Cp,ppp)[

The thermal conduction timescale in the gas phase is approximately:

CpgPeH ’

Tcond =
K

where H is the scale height.
The particle sedimentation (or gravitational settling) timescale is estimated as:

H
Weed

Tsed =

where wieq is the settling velocity, following equation (7) of ref. 13. For fluffy
aggregated particles, the aerodynamic density needs to be corrected by taking
into account porosity®®; see ref. 13 for details. Here we use one scale height, H,
as the length scale for estimating the settling timescale; ref. 13 used 1km as the
length scale.

The particles in Pluto’s atmosphere are in the free-molecule regime because the
mean free path (the distance between collisions) in the gas medium is more than
1,000 um, which is much larger than the submicrometre particle size. The heat transfer
between the two phases in this regime can be written on the basis of kinetic theory*?:

Tp
2 1 f d
Hypg = amr ckpNgNy E(Tp — Ty + P
1, VT

where « is the accommodation coefficient; r;, is the particle radius (or equivalent
radius for an aggregated particle); ¢ is the mean thermal velocity of the gas mole-
cule; kg is the Boltzmann constant; Ny and N}, are the number densities of the gas
molecule and particle, respectively; and y = ¢, /cy is the adiabatic index for gas. If
we set y= 1.4 for the nitrogen-dominated atmosphere on Pluto, then the equation
could be simplified as:

Hyg ~ 3amcrsckpNgNp( T — Ty)

Given that the temperature difference between the two phases is not large, the
collisional heat-transfer timescale of a gas molecule in the particle medium can
be estimated as:

CPagpg

TegR——
7 3amricksNgNp

Note that for a diatomic gas molecule, the heat capacity per molecule (¢;,g0,/Ng)
is about 3.5k at low temperature. Thus, approximately:

LETTER

TR
68 2

amrytNp
If we assume that the accommodation coefficient « is unity, then 7 ¢ is equal
to the characteristic collisional timescale of a free-moving gas molecule in the
particle medium.

Similarly, the collisional heat-transfer timescale of a haze particle in the gas
medium can be estimated as:

SppPp

~ 2 (2)
3omrpck BNgN,

Te,p

At the kinetic limit, we can estimate the heat capacity of the particle on the basis
of the degrees of freedom:

Poer 3k
PP g
P

and if we assume that « is unity, then equation (2) becomes:

]
° rpeNg

Therefore, 7. , is roughly equal to the characteristic collisional timescale of a
free-moving particle in the gas medium.

Based on the particle radius and number density profiles (Extended Data
Fig. 1), the estimated timescales are shown in Fig. 3. Below 700 km, the collisional
heat-transfer timescale of the gas or particle is shorter than the other heat-transfer
timescales in that phase; that is, 7 , < Trad,p < Teed> Te,g < Trad,g a0d ¢, g < Teond- This
implies that, if there is any temperature difference between the gas and particle
phases, thermal equilibrium will be quickly established by gas—particle collisions
before other heat-transfer processes occur. In other words, the gas and particle
should have almost the same temperature at altitudes lower than 700 km.
Rigorously, the particle temperature should be slightly lower than the gas tempe-
rature so that the net collisional heat transfer is from the gas phase to the particle
phase, which radiates heat away. If the accommodation coefficient is smaller than
unity by a factor of two to three?’, the collisional timescales of gas and particles
could be a little bit longer, but it will not alter our conclusion here. However,
thermal conduction quickly dominates heat transfer in the gas phase above 700 km
and maintains an isothermal atmosphere, even if particles exist in the upper
atmosphere of Pluto.

Code availability. The model used here is freely available from the corresponding
author upon request.

Data availability. The source data for Figs 1-4 are available online. All other data
sets from this study are available from the corresponding author upon request.
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Extended Data Figure 1 | Properties of haze in Pluto’s atmosphere as a function of altitude. Vertical distributions of: a, the mean particle size; b, the
observed haze attenuation factor at the Alice far-ultraviolet (FUV) channel; ¢, particle number density; and d, scaling factors applied to the haze k values
in our balanced model.
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Extended Data Figure 2 | Optical properties of haze in Pluto’s
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efficiency for the aggregates is defined as the calculated total extinction

atmosphere as a function of wavelength. a, Total vertical optical depths cross-section divided by the cross-section of equal-volume spheres®.

of haze for two cases: if the particles in the near-surface layers are Mie ¢, Single scattering albedos as a function of wavelength. The contribution
spheres, or if they are fractal aggregates. b, Extinction efficiencies for a of the spectral region from 1 pm to 7 pum (grey lines) to the haze heating
10-nm monomer particle and an aggregated particle composed of 10-nm rate is less than 1% and is omitted here.

monomers with a volume-equivalent radius of 0.15 pm (ref. 3). Extinction
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Extended Data Figure 3 | Reflectivity I/F values as a function of phase angle. LORRI observations at an altitude of 45km (black) and near the surface
(blue) are shown with squares®. Simulated phase functions from multiple solutions of aggregates (composed of 10-nm monomers, 30-nm monomers or
50-nm monomers) are scaled to fit the observations.
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Extended Data Figure 4 | Sensitivity study of haze heating and cooling obtained if the near-surface particles are instead aggregates identical to

rates. a, b, Modelled heating rates. ¢, d, Modelled cooling rates. Solid lines those at 45km (consistent with Extended Data Fig. 3). b, d, Zoomed-in
represent the results obtained if the near-surface haze layers are composed ~ versions of a and ¢, respectively, for the lower 100-km region.
of Mie-sphere particles with radii of 0.5 um. Dashed lines show the results
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