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Photochemically produced aerosols are common among the
atmospheres of our solar system and beyond. Observations and
models have shown that photochemical aerosols have direct
consequences on atmospheric properties as well as important
astrobiological ramifications, but the mechanisms involved in their
formation remain unclear. Here we show that the formation of
aerosols in Titan’s upper atmosphere is directly related to ion pro-
cesses, and we provide a complete interpretation of observed
mass spectra by the Cassini instruments from small to large
masses. Because all planetary atmospheres possess ionospheres,
we anticipate that the mechanisms identified here will be efficient
in other environments as well, modulated by the chemical com-
plexity of each atmosphere.
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Photochemical aerosols are observed in many atmospheres of
our solar system (1–3), and their presence is also detected in

exoplanet atmospheres (4). Apart from their direct influence on
the atmospheric properties through their interaction with the
radiation field, aerosols have further astrobiological implications;
their presence in the early Earth’s atmosphere could have pro-
tected the surface and any life evolving there from UV radiation
(5), and laboratory studies of Titan aerosol analogs have iden-
tified an in vitro formation of amino acids during aerosol pro-
duction (6). However, the general mechanisms involved in the
production and growth of photochemical aerosols from atmo-
spheric gases have remained elusive. Titan, as the most extreme
example of an aerosol-dominated atmosphere, provides a unique
opportunity to investigate these mechanisms.
Cassini observations revealed the presence of aerosols in

multiple regions of the atmosphere, from the troposphere (7),
stratosphere (8), and mesosphere (9, 10) up to the thermosphere
where the detection of large mass positive and particularly
negative ions has been suggested to be the signature of aerosol
formation (11–14). During a recent flyby (T70), the Cassini
spacecraft penetrated to deeper regions of Titan’s thermosphere
than usual, reaching altitudes close to 880 km that had not
previously been sampled with in situ measurements. Measure-
ments from the Langmuir probe (LP) during this unique flyby
reveal a high abundance of negative ions at closest approach,
comparable to the positive ion density, and a corresponding
decrease in the electron density (15). This conclusion is sup-
ported by the analysis of multiple Cassini observations, which
reveals that the observed electron density is smaller than the
density anticipated from photochemical equilibrium, implying
that the photochemical models are missing a significant electron
loss mechanism (16, 17). Thus, current observations demonstrate
a significant decrease of the electron density relative to the
positive ion density in the lower ionosphere with a concurrent
increase in the density of the negative ions.
Aerosols, or dust particles in general, are known to interact

with free electrons to acquire charge (18–20). Aerosols immersed
in an ionosphere will predominantly become negatively charged

due to the much higher mobility of electrons relative to ions,
resulting in a decrease in the electron population. If the charged
aerosol population is large enough to dominate the charge bal-
ance of the plasma and exhibits a collective behavior, a dusty
plasma is produced. Examples of this interaction can be found in
the interstellar medium (21), the Earth’s mesosphere (22), and
recently in the plumes of Enceladus (23, 24). Here we report on
an investigation of such processes in Titan’s ionosphere that,
surprisingly, reveals the mechanisms of aerosol formation.

Lessons from Titan
To investigate the aerosol–ionosphere interaction and interpret
the Cassini observations, we developed a model that couples the
aerosol microphysics and the photochemistry in a self-consistent
manner (SI Text). Titan has one of the most complex ionospheres
in our solar system, with a large variety of positive and negative
ions observed (11, 25, 26). Our goal, however, is to understand
the overall interaction of aerosols with the ionosphere rather
than their influence on the individual ion species. Thus, we as-
sume an ionosphere with one type of positive ion, one type of
negative ion, and electrons. We choose the ion masses of our
system to be 30 Da for the positive ion and 50 Da for the neg-
ative ion, which are characteristic of the observed ions (HCNH+,
C3N

−). The aerosol production and evolution is described
through a grid of different sized particles. We simulate the
production and evolution of all model components, taking into
account their vertical transport as well as the homogeneous and
heterogeneous processes that affect their abundance. The model
includes homogeneous processes for gas species such as re-
combination reactions (electrons with positive ions and positive
ions with negative ions) that lead to the loss of both charged
components; heterogeneous processes such as collisions of
electrons and ions with aerosols; and all of the physical processes
included in typical aerosol microphysical models (27, 28). Aer-
osols grow through coagulation and through chemistry, espe-
cially the attachment and recombination of positive ions to
negatively charged aerosol particles. Finally, the charge separa-
tion induced by the different diffusivities of the charge carriers
(ions, electrons, and charged particles) produces an electric field
that prevents large departures from charge neutrality. We take
into account the impact of this electric field in the distribution of
all model components.
To initiate our simulation, we assume that the intense ion-

neutral chemistry taking place in the ionosphere results in the
production of macromolecules that will further grow to aerosols
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through chemistry and coagulation (to avoid confusion, we also
label these macromolecules aerosols). We describe this process
with a Gaussian production profile centered at an altitude of
1,200 km with a magnitude of 6.5 × 10−16 kg m−2s−1 and an initial
distribution of spherical particles with a mass of 100 Da (equiva-
lent to ~0.35 nm radius). The location and size of particle pro-
duction are based on the mass spectra obtained by the Cassini
Plasma Spectrometer Electron Spectrometer (CAPS/ELS) (29),
which imply an increase in the maximum mass of the negative ion
distribution at this combination of parameters (Fig. 1); a similar
conclusion can be drawn from the CAPS Ion Beam Spectrometer
(IBS) observations of positive ions (30). Detailed energy de-
position calculations of solar photons and photoelectrons in
Titan’s upper atmosphere show that photolysis of N2 and CH4

(Titan’s main gaseous species) generates a mass flux of 10−12

kg·m−2·s−1 that is subsequently transformed to more complex
molecules and eventually aerosols (31). The mass flux corre-
sponding to photons deposited above 1,200 km is 6.5 × 10−14

kg·m−2·s−1, but only a fraction of this mass flux can potentially
lead to aerosol production. Thus, our assumed value for the
production rate is a conservative 1% of the maximum possible
flux at the production altitude. For the gaseous compounds we
adopt a production profile of positive ions that is based on de-
tailed energy deposition calculations (31) and assume that the
corresponding negative charge is partitioned to 99% in electrons
and 1% in negative ions (of 50 Da). This partitioning produces
positive and negative ion densities at and above the peak of the
ionization layer that are consistent with the observed abundances
(Fig. 2A).

The result of a collision between a charged gas species and
a particle depends on the charge state of the two components,
the size of the particle, and the thermal velocity of the gas species
(21). Because of the higher mobility of electrons relative to ions,
the electron collision rate to the aerosol surface is high, but the
maximum number of electrons accumulated per particle depends
on its electron affinity (that strongly depends on size for small
particles) and the photoemission rate (SI Text). For the calcu-
lation of the latter, we assumed that the aerosol particles have
similar properties to carbonaceous material (32, 33). The com-
petition among these processes determines the aerosol charge
distribution, the location and width of which changes with alti-
tude in response to changes in the electron/ion densities and in
the radiation field (Fig. 3A). The calculations show that close to
the ionization peak (∼1,100 km), most of the aerosols become
negatively charged, and because of their small size they can ac-
quire only a single electron (Fig. 3B).
The negative charging of the particles acts as a significant sink

for the free electrons in the atmosphere (Fig. 2A). The simu-
lations show that at 1,000 km the electron density decreases by
a factor of 1.3 relative to the case without aerosol particles, and
the effect becomes larger with decreasing altitude as the average
particle size increases (Fig. 2B). Ions recombine with free elec-
trons much faster than they do with charged aerosol; therefore,
the loss of free electrons to the aerosol induces an increase in the
positive ion density. At 1,000 km, the positive ion density
increases by a factor of 1.2 relative to the case with no aerosol,
and the difference increases deeper in the atmosphere as the free
electron density further decreases. However, the increase in the
positive ion density is impeded by the ion loss to the charged
particles, a process that becomes more efficient with decreasing
altitude due to the dominance of the aerosol in the overall
charge neutrality of the atmosphere, as well as the increasing
aerosol particle size (discussed below). For the processes con-
sidered here, the small mass negative ions are lost mainly by
recombination with positive ions. Here we do not include neutral
chemistry processes, which are important for the loss of the small
mass negative ions (34), but this assumption does not affect our
conclusions because the small mass negative ions have a minimal
contribution to the overall charge balance and the mass growth
of the aerosols. Hence, the increase of the positive ions due to
the presence of charged particles causes an increased loss of
negative ions (Fig. 2B).
The negatively charged particles repel each other, thereby

reducing their coagulation rates; they do, however, attract the
abundant positive ions. The mass added to the charged aerosol
particles through collisions with the positive ions causes a rapid
increase in particle size, despite the reduction of the coagulation
rate. The growth due to absorption of positive ions is extremely
fast: by an altitude of 1,000 km, aerosol particles have an average
mass of 500 Da, corresponding to an average radius of ∼0.6 nm
(assuming a mass density of 103 kg·m−3). As the aerosol par-
ticles grow with decreasing altitude, they absorb photons more
efficiently and the rate of electron photoemission increases. At
this average radius of 0.6 nm, the impact of photoemission be-
comes large enough to shift the charge distribution toward more
positive charges. Below 1,000 km, the peak of the charge dis-
tribution is centered on zero; therefore, a large fraction of the
particles becomes neutral, with a considerable contribution,
though, of negatively charged particles (Fig. 3A). As a result
of charging, particles in the ionosphere grow predominantly
through collisions with positive ions rather than through colli-
sions with each other; therefore, there is a mass transfer to the
aerosols from the background atmosphere that results in an in-
creased aerosol mass flux to lower altitudes (Fig. 2C).
This concept of aerosol growth due to its interaction with the

ionosphere can help us explain multiple Cassini observations
that have so far eluded interpretation. Because we calculate

Fig. 1. Largest negative ion mass at a given altitude (triangles) observed by
CAPS/ELS from multiple flybys (29). This data set demonstrates that the
largest negative ion mass increases with decreasing altitude in Titan’s atmo-
sphere. A transition in the rate of the negative ion growth is implied by these
observations, located close to 1,200 km and at a negative ion mass of ∼100
Da. A similar transition is observed in the average mass of the heavy positive
ions (with masses larger than 100 Da) observed by CAPS/IBS during the T40
flyby (cross symbols, blue for inbound and red for outbound; see Inset for
clarity) (30). The model simulation for the interaction of aerosols with ions
shows that the average mass of the negatively charged aerosols (red line)
grows with a similar altitude variation, providing a lower bound to the ob-
served maximum masses. When the average mass corresponding to the far
edge of the size distribution (among masses with densities below 30% of the
peak for each altitude) is compared with the observations, we get a good
agreement with the average behavior of the measurements (blue dashed
line). The model average mass of the positively charged aerosols (orange
dash-dotted line) is also consistent with the average mass of the large mass
positive ions observed by CAPS/IBS during the T40 flyby (Inset).

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1217059110 Lavvas et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217059110/-/DCSupplemental/pnas.201217059SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1217059110


a distribution for both aerosol mass and charge, we can retrieve
a mass per charge spectrum to compare with the CAPS obser-
vations of negative and positive ions. In Fig. 4A we present the
model spectra at different altitudes (convoluted to the CAPS/
ELS resolution), which we compare directly with the T40 flyby
observations at closest approach. The simulated spectra have
a broad maximum that moves toward larger masses at lower
altitudes. The overall density and shape of the simulated spec-
trum are in good agreement with the CAPS/ELS observations
for masses larger than 100 Da, indicating that the observed

heavy negative ions are charged particles. The small masses
(below 100 Da) identified in the CAPS/ELS spectrum correspond
to gas-phase negative ions, which we have characterized in the
past (34). Thus, the ELS spectrum shows a smooth transition from
the gas-phase chemistry to the aerosol growth in Titan’s ionosphere.
As we discuss previously, most of the charged particles have

a negative charge, but a small fraction of the aerosol population
has a positive charge (Fig. 3A). In Fig. 4B we compare the cor-
responding mass per charge spectrum of the positively charged
aerosol with the CAPS/IBS observations of positive ions. The

A B C

Fig. 2. (A) Calculated density profiles for the different charged components of the atmosphere: positive ions (red dashed line), electrons (solid line), small-
mass negative ions (dash-dotted line), and negatively charged aerosols (blue dash triple-dotted line). Symbols represent different Cassini measurements for
the positive ion and electron densities during the inbound (blue) and outbound (red) legs of the T40 flyby: small squares correspond to INMS observations of
positive ions with masses less than 100 Da; plus signs (+) represent the CAPS/IBS observations for the positive ions (with masses less than 1,000 Da); and
diamonds show the electron density retrieved by LP. For the small-mass negative ions, CAPS/ELS observations show densities of the order of ∼3 × 107 m−3 at
closest approach (Fig. 4). (B) Ratio of electron density profile when aerosols are included over the electron density profile without aerosols in the system (thick
solid line). Corresponding ratios for positive ions and negative ions are presented by the dashed and dash-dotted lines, respectively. The thin solid line marks
the ratio = 1 case. (C) Calculated mass flux of aerosols at different altitudes (solid line) relative to the input mass flux in the system (dashed line).

A B

Fig. 3. (A) Total density for negatively charged (dashed line), neutral (dash dotted line), and positively charged (+) particles. The total particle density at all
charged states is shown with the solid line. (B) Particle charge distribution at 1,017 km. The solid line is the total particle density at each mass. Most of the
particles are negatively charged (dashed line), with neutral particles having a secondary contribution (dash-dotted line) and positively charged particles being
negligible (+). Plus signs also show the aerosol grid resolution, and the corresponding radii are presented at the top axis. At small masses the electron sticking
efficiency decreases and most of the particles remain neutral.
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CAPS/IBS spectrum covers a smaller mass range (up to 1,000 Da)
than the ELS spectrum, and our mass grid is much coarser than
the observations. Therefore, we do not convolve the simulated
spectrum to the instrument resolution, but instead compare di-
rectly the density per mass for each case. The resulting simulated
spectrum is in good agreement with the observed IBS spectrum
at large positive-ion masses. This concurrent reproduction of
both positive and negative mode observations by our simulation
provides further support to the identification of the large-mass
positive and negative ions as subnanometer-size charged aerosol
particles. At masses less than ∼100 Da, the IBS spectrum pres-
ents significant chemical structure, which has been identified
with the aid of ion-neutral mass spectrometer (INMS) observa-
tions (25). Thus, the positive ion spectrum also demonstrates a
smooth transition from the gas-phase ions to aerosol particles,
implying in this way that the atmospheric molecular growth
process leads to aerosol formation in Titan’s ionosphere.
We can also compare the model behavior at different altitudes

with the observed variation of the maximum negative ion mass.
In Fig. 1 we included two curves, one for the average mass of the
negatively charged aerosol at each altitude (solid red line) and
one for the average mass of negatively charged aerosol of large
mass (dashed blue line). As large masses, we consider the part of
the size distribution with masses larger than the peak mass and
with densities below 30% of the peak density at each altitude.
The red line in Fig. 1 provides a good lower boundary for the
maximum mass observed by CAPS/ELS at each altitude, and the
dashed blue line provides a good description of the average
behavior of the observations. We perform the same check with
the average mass of the large positive ions at each altitude. The
plus signs in Fig. 1 present the variation of the average mass for
the T40 flyby, which is calculated based on the observed spectra
of positive ions with masses larger than 100 Da. The dash-dotted
orange line presents the corresponding behavior for the posi-
tively charged aerosol of our simulation. The model behavior is
again consistent with the observations. Therefore, the simulta-
neous reproduction of multiple Cassini observations by our
simulation provides strong evidence for the production and
growth of aerosol particles in Titan’s ionosphere and supports

previous theoretical and laboratory studies suggesting that the
aerosol is produced in the upper atmosphere (11, 13, 14, 35–38).
Our interpretation is further supported by the T70 LP obser-

vations that show an increasing contribution of negative ions in
Titan’s deep ionosphere concurrent with a decrease in the free
electron density (15). (Due to the spacecraft orientation, CAPS
was not able to observe in the ram direction and thus missed the
negative ion population on this flyby.) This behavior is repro-
duced by our calculations and can be explained by the rapid loss
of free electrons to the aerosols below 1,000 km, along with the
corresponding increase in the density of the charged aerosol
(Fig. 2). Moreover, the loss of electrons to the aerosol can
contribute to the missing mechanism required to explain the
inferred high effective recombination rate of electrons suggested
by INMS and LP observations in Titan’s deep ionosphere (16).
The dominance of aerosols in the charge balance of the at-

mosphere below 1,000 km suggests that Titan’s ionosphere
behaves like a dusty plasma. This characterization implies that
there are enough particles in the plasma to shield the Coulomb
field of a single particle for distances larger than the plasma
Debye length (λD). For this shielding to hold, the average dis-
tance between charged particles must be smaller than the plasma
Debye length or, in other words, the total number of charged
particles within a Debye sphere should be much larger than one,
4πλ3Dnp=3 � 1, with np the aerosol density. According to our
calculations, the plasma Debye length ranges from 10−2 to 10−1 m,
and, for the simulated aerosol properties, the above condition
is satisfied at all altitudes where aerosol affects the charge bal-
ance. Thus, Titan’s lower ionosphere behaves as a dusty plasma;
any future interpretation of ionospheric observations from the
Cassini instruments will have to consider the mechanisms
discussed here.

Discussion and Conclusions
Previous studies show that the ion-neutral chemistry is re-
sponsible for the molecular growth of the N2 and CH4 photolysis
products to larger-mass gas species reaching to masses up to
a few hundred daltons (13, 25, 34, 39). Here we provide a self-
consistent picture for the growth of aerosol particles from 100
Da to tens of thousands of daltons. In this way, a picture for the

A B

Fig. 4. (A) Comparison of CAPS/ELS mass per charge spectrum from the closest approach of the T40 flyby (thick black line) with the model results at different
altitudes (colored lines). The ELS measurements have an estimated uncertainty between 5% and 50%, with lower values more likely (11).The simulated
spectra reproduce the general shape of the observed spectrum and are consistent with the densities observed. The sharp drop below 100 Da in the model
spectra is due to the lowest mass limit assumed in the aerosol grid. The signatures at smaller masses in the observed spectrum are gas-phase negative ions for
which a possible characterization is available (34). (B) Comparison of CAPS/IBS mass per charge spectrum from the T40 flyby with the model results for the
positively charged aerosols at different altitudes. IBS densities have an uncertainty of 20% (30). The model reproduces well the general behavior of the
observations with increasing ion mass and is consistent with the observed abundances, and at the same time reproduces the negative ion mode observations.
The small-mass positive ions below 100 Da have been characterized in detail based on INMS observations (25).
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production and growth of the Titan aerosol emerges that reveals
the fundamental role of ion chemistry. A future study for the
impact of the individual ions detected in the ionosphere will lead
to a better understanding of the aerosol chemical composition in
Titan’s upper atmosphere.
This picture can be further extended with the inclusion of the

neutral chemistry in our simulations. The total aerosol mass flux
we calculate (∼2 × 10−14 kg·m−2·s−1; Fig. 2) is smaller than the
total mass flux observed in the lower atmosphere (∼3 × 10−13

kg·m−2·s−1) (27). This difference is an indication for the role of
neutral chemistry at lower altitudes. Inside the ionosphere,
where we focus in this study, the role of the neutral heteroge-
neous chemistry is small; this occurs because most of the Ly-α
radiation, responsible for the neutral photochemistry, is absor-
bed at lower altitudes (∼800 km) (31). Thus, the contribution of
radicals inside the ionosphere is minor relative to lower altitudes.
In addition, the sticking efficiency of radicals on aerosol particles
(40) is small relative to the sticking efficiency of ions on charged
particles. The difference in these efficiencies is large enough to
counterbalance the higher abundance of neutrals relative to ions.
Below the ionosphere, however, heterogeneous chemistry by
neutral radicals was recently shown to be capable of enhancing
the growth of aerosol particles and generating an aerosol mass
flux comparable in magnitude with that observed in the lower
atmosphere (41). In a future study we plan to include the neutral
contribution in our model to validate our results below the
ionosphere with other Cassini observations for aerosol proper-
ties in the mesosphere/thermosphere, such as those by the UV
Imaging Spectrograph and the Imaging Science Subsystem.
The atmospheric molecular growth that generates Titan’s

aerosols could also be active in other atmospheres. Ionospheres
are common features of planetary atmospheres; therefore, we
expect that the mechanisms identified here will operate in other
environments as well. Characteristic examples are the atmos-
pheres of the giant planets of our solar system. Photochemical

aerosols are observed in multiple regions of the atmospheres
of both Jupiter and Saturn, along with intense hydrocarbon
chemistry. Observations reveal the presence of hydrocarbons
reaching up to the complexity of benzene (42, 43), and particles
become observable below the stratosphere, with a typical radius
of 0.1 μm, which increases toward lower altitudes (3, 44). Until
recently, the aerosol was assumed to form from the homoge-
neous nucleation of low-mass aromatic compounds, such as an-
thracene and pyrene. Recent studies demonstrate, however, that
such components would not condense in Jupiter’s atmospheric
conditions, and therefore a different mechanism for the pro-
duction of aerosols needs to be identified (45). Our study pro-
vides such a mechanism by directly coupling the ion chemistry in
Jupiter’s atmosphere with the production and growth of large
molecules. Starting with benzene molecules, for example, we can
indeed produce larger polycyclic aromatic hydrocarbon struc-
tures (41, 46), which will subsequently grow through ion and
neutral heterogeneous chemistry without the need for nucle-
ation. A similar mechanism can be advocated for Saturn’s aer-
osols as well, because the chemical origin of the particles in this
atmosphere is expected to be the same as for Jupiter (3).
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