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Abstract. Electrified aerosols have been observed in the
lower troposphere and in the mesosphere, but have never
been detected in the stratosphere and upper troposphere. We
present measurements of aerosols obtained during a balloon
flight to an altitude of ∼ 24 km. The measurements were performed with an improved version of the Stratospheric and
Tropospheric Aerosol Counter (STAC) aerosol counter dedicated to the search for charged aerosols. It is found that most
of the aerosols are charged in the upper troposphere for altitudes below 10 km and in the stratosphere for altitudes above
20 km. Conversely, the aerosols seem to be uncharged between 10 km and 20 km. Model calculations are used to quantify the electrification of the aerosols with a stratospheric
aerosol–ion model. The percentages of charged aerosols obtained with model calculations are in excellent agreement
with the observations below 10 km and above 20 km. However, the model cannot reproduce the absence of electrification found in the lower stratosphere, as the processes leading
to neutralisation in this altitude range are unknown. The presence of sporadic transient layers of electrified aerosol in the
upper troposphere and in the stratosphere could have significant implications for sprite formation.

1

Introduction

The origin and characteristics of aerosols in the earth’s atmosphere vary considerably. For example, a large variety
of natural and anthropogenic particles (e.g. sulfates, soot,

minerals, etc.) with a complex chemistry (e.g. Tie et al.,
2005) are found in the troposphere. In the stratosphere, liquid aerosols originate from gases like carbonyl sulfide (OCS)
(Brühl et al., 2012) and sulfur dioxide (SO2 ), which are released during volcanic eruptions (Haywood et al., 2010). The
eruption of the Mount Pinatubo in 1991 strongly increased
the stratospheric aerosol content for several years (Deshler et al., 2003). Numerous smaller volcanic eruptions help
to sustain the “background” aerosol content in the stratosphere (Vernier et al., 2011). In addition to liquid aerosols,
solid particles have been detected in the lower and middle
stratosphere (Renard et al., 2008; Ciucci et al., 2008; Neely
et al., 2011). Stratospheric soot particles mainly originate
from biomass burning injected into the stratosphere by pyroconvection (Fromm and Servranckx, 2003). Soot particles
are also speculated to originate from anthropogenic activities
(Schwarz et al., 2006). Aerosols from meteoritic debris (e.g.
Klekociuk et al., 2005) and interplanetary grains are present
at all altitudes, with occasional local and temporal enhancements. Such solid particles may explain the sporadic aerosol
layer detected above 30 km by Renard et al. (2010). Finally,
in the mesosphere, the recondensation of disintegrated meteoritic material produces “smoke particles” (Gabrielli et al.,
2004; Amyx et al., 2008; Herving et al., 2009).
Some of these aerosols are electrified, and have been studied in the troposphere and in the mesosphere. In disturbed
weather in the troposphere, droplets can be charged within
thunderstorms and electrified shower clouds, but even in the
fair weather atmosphere, aerosol particles can be charged
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from ion diffusion (Gunn, 1954; Keefe et al., 1959; Clement
and Harrison, 1991). Accordingly we expect a proportion of
aerosol particles to be charged, depending on the local ion
concentrations and temperature. Droplet charging at horizontal edges of stratiform clouds is attributed to vertical current
flow associated with cosmic ray ionisation (Nicoll and Harrison, 2010). Electric discharges and charges have also been
detected in volcanic ash (Gilbert et al., 1991; Harrison et al.,
2010) and in Saharan dust layers (Nicoll et al., 2011). These
aerosols become electrified under the influence of natural atmospheric electricity. In the mesosphere, smoke and ice particles are part of the plasma in the D-region and carry positive
and negative charges (Hoppe et al., 1999; Rapp, 2009).
In contrast with the troposphere and mesosphere, charging
of liquid and solid particles in the stratosphere has received
little attention. This paper describes the first in situ measurements of electrified aerosols in the stratosphere, which are
compared with theoretical model calculations. The implications of these observations are discussed in the context of the
global atmospheric electric circuit.

2

Measurement technique of uncharged and charged
aerosols

in situ measurements of aerosols have been obtained by
use of the optical Stratospheric and Tropospheric Aerosol
Counter (STAC) on board a stratospheric balloon payload
(Renard et al., 2008). The STAC instrument measures the
light scattered by individual particles or droplets as they cross
a laser beam at a scattering angle of 70◦ ± 35◦ . The intensity of the scattered light is proportional to aerosol size. (For
calibration, latex beads having diameters from 0.4 to 5 µm
were used.) Counting the pulses of scattered light provides
aerosol concentration data in 13 size classes chosen in the
0.33 to 5.5 µm size range (Fig. 1). The instrument has been
optimised for observation of liquid droplets, with an uncertainty in size determination of 3 %. For solid particles, which
have non-zero values of the imaginary part of the refractive
index because of their absorbing properties, the intensity of
the scattered light is less than that for the liquid droplets. This
means that the concentration for a given size class can be underestimated, because the concentration of solid aerosols is
attributed to lower size classes (Renard et al., 2010).
Samples of atmospheric air are pumped through the instrument continuously at 3 L per minute. Taking into account
the pump efficiency and the noise in the optical detector,
the counting uncertainty is ±30 % for concentrations smaller
than 10−3 cm−3 , and falls to ±10 % for concentrations
around 10−1 cm−3 , and is reduced further to ±3 % for concentrations larger than 1 cm−3 (Ovarlez and Ovarlez, 1995).
The lower limit of concentration is around 10−4 cm−3 , which
corresponds to ∼ 5 × 10−5 cm−3 µm−1 for the largest particles that can be detected by STAC (∼ 5 µm). However, laboratory comparisons between two copies of the STAC aerosol
Atmos. Chem. Phys., 13, 11187–11194, 2013
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Fig. 1. Vertical profiles of the charged and uncharged aerosol concentration, on 12 March 2011 from Kiruna (northern Sweden) during the balloon ascent.

counter using identical aerosol samples have shown differences of ±10 % for concentrations higher than 10−2 cm−3 .
From these results, we define a measurement precision limited to ±10 %. Note that comparisons with the aerosol concentrations measured by the University of Wyoming optical particle counter (Deshler et al., 2003) conducted several
years ago have shown consistent results between all instruments (Renard et al., 2002).
STAC was designed to be mechanically insensitive to pressure and temperature changes. No thermal effect on the measurement electronics has been detected during flights but, for
the flight reported here, the instruments were operated inside
a gondola to protect them from the low atmospheric temperatures, with only their inlets and the electric trap outside.
In its usual form, STAC cannot distinguish charged and
uncharged aerosols. Therefore an electric trap was added
to remove charged particles, which is mounted between
the air inlet and the optical chamber. The electric trap is
based on multiple plate-shaped electrodes spaced from each
other by 5 mm. By applying a potential of 220 V between
two consecutive electrodes, a deflecting electric field of
45 kV m−1 is generated. Particles are pumped through the
electric trap under laminar gas-flow conditions, at a flow
speed of 33 mm s−1 . For particle radii from 0.3 µm to a
few µm with the bulk densities expected for stratospheric
aerosols, the time to reach the maximum speed (∼ 1 mm s−1 )
within the electric field is of a few microseconds. The calculations assume that the aerosols levitate in the atmospheric
electric field; then ∼ 8 electrons are present in a 0.3 µm particle, and ∼ 8000 electrons are present in a 3 µm particle.
The trap will therefore remove charged aerosols, and
only allow the uncharged aerosols emerging to enter the
optical detection chamber of the aerosol counter. Even
so, some charged aerosols may remain despite the trap,
for example under anomalously large stratospheric aerosol
www.atmos-chem-phys.net/13/11187/2013/
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concentrations. Hence the conservative view should be
adopted that the measurements only provide a lower limit on
the charged particle concentration.
During the experiments, two identical STAC instruments
were operated simultaneously on the same balloon gondola:
one with the electric trap to measure the concentration of uncharged aerosols, and one without the trap to measure the total aerosol concentration. The concentration of charged particles was calculated by subtracting the counts of the two
instruments. This method determines the concentration of
charged aerosols – and therefore the proportion of aerosols
charged – but not the polarity. Because the two instruments
respond symmetrically, the comparison of the relative counts
from the two STAC instruments is unaffected by the presence
of solid particles.
Laboratory tests were conducted to verify consistency between the two instruments working simultaneously with and
without the electric trap. Tests were performed in surface ambient air, with and without the electric trap. For the tests with
the electric trap, the ambient measurements were performed
with air containing both liquid and solid aerosols, and then
with different solid particles (carbon, sand, dust) dispersed
into the air. All these aerosols were assumed to be negligibly charged. This is a reasonable assumption in normal
ambient air with no abnormal electrical atmospheric activities. For all the surface tests, the two counters give the same
concentrations within the uncertainties given above, for the
different size classes in the 0.33–5.5 µm size range. These
tests confirm that the presence of the electric trap does not
bias the measurements for the aerosols assumed to be nonelectrified. Nevertheless, the possibility remains that some
electrified particles were present during these tests, and that
some electrified particles were not sampled during the flight
measurements. Accordingly, we could consider the electrified particle concentrations as lower limits.

above. Similar curves were obtained during the descent.
The flight was performed during representative conditions of
aerosol content, i.e. with the smallest particles’ concentrations decreasing with altitude and a maximum concentration
around the tropopause (located here around the ∼ 300 hPa
level, corresponding to an altitude of ∼ 8 km). The rate of
change of the size distribution for aerosols larger than 1 µm
in comparison with smaller sizes is expected to indicate the
presence of solid particles. This approximately constant concentration of large solid particles has been observed previously (Renard et al., 2010).
Measured concentrations are summarised in three size
classes: 0.35–1 µm, 1–3 µm, and 3–5 µm. These class sizes
are related to the nature of aerosols and to their evolution
with altitude. Liquid aerosols dominate in the sub-micron
size range, whereas aerosol larger than 1 µm could be solid
particles. The third size class corresponds to aerosols having
more or less a constant concentration in the observed stratosphere and troposphere, such as background interplanetary
dust. It can be noticed that these very low concentrations are
not constant at small vertical scale, thus producing oscillations in the vertical profile.
Figure 2 presents the vertical profiles of concentrations
for all aerosols and for uncharged aerosols in the three size
classes (left), and the fraction (in %) of charged aerosols
(right), taking into account the known uncertainties. It is
noted that the measurements during the ascent and the descent are in excellent agreement with the concentrations
for both uncharged and charged aerosols, except close to
the tropopause where some small discrepancies occur. The
smaller two size classes exhibit the same dependence on altitude: most of the aerosols are electrified in the upper troposphere for altitudes up to 10 km (pressure > 200 hPa) and
in the middle stratosphere for altitudes down to 20 km (pressure < 50 hPa). The proportion of electrified aerosols reaches
40 % for sub-micron aerosols, and at least of 80 % for the
larger aerosols (1–3 µm). It seems that the charged proportion is greater for the larger particle sizes, as expected from
thermodynamic considerations (Keefe et al., 1959). In contrast, the aerosols seem to be poorly charged in the layer between the tropopause and the middle stratosphere (i.e. between ∼ 8.5 km and ∼ 20 km during this flight). The measurements for aerosols greater than 3 µm are difficult to interpret accurately, due to the large error bars at low concentrations, but the continued increase with size does seem to
remain.

3

Vertical profiles

A stratospheric balloon carrying the two STAC instruments was launched by the French space agency CNES
on 12 March 2011, from Kiruna, northern Sweden
(67◦ 530 N, 21◦ 040 E). The balloon flight lasted from 20:00 to
22:05 UTC. Measurements with the STAC instruments were
conducted during the ascent in the 480–28 hPa altitude range
and during the slow descent in the 28–130 hPa altitude range
with the vertical speed in the range of 2–5 m s−1 . STAC
sampled the aerosol data once per second. Measurements
were integrated over 75 s, which provides a good compromise between removing local fluctuations whilst permitting
detection of vertical structures. This timescale corresponds
to ∼ 300 m vertically, depending on the balloon ascent or descent rate.
Figure 1 shows the measurement of uncharged aerosol
concentrations during the measurement process as described
www.atmos-chem-phys.net/13/11187/2013/
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Model

Model calculations have been used to quantify the electrification of the aerosols with a stratospheric ion–aerosol model in
the altitude range of 5–24 km. The ion clusters are produced
mainly in the atmosphere by the interaction of galactic cosmic rays with the atmospheric gases, especially in the dense
Atmos. Chem. Phys., 13, 11187–11194, 2013
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In Eqs. (1) and (2), n+ and n− represent positive and negative ion concentrations, respectively, q is the ion pair production rate, α is the ion–ion recombination coefficient, S is the
aerosol concentration, and β is the ion–aerosol attachment
rate. Here the radii of the aerosols vary from size r1 to rend ,
and the maximum number of elementary charges an aerosol
can possess is m. The aerosol concentration for any size and
charge is calculated by Eq. (3), where i represents the number of elementary charges on a particle for j the associated
radius bin.
dS ij
+
−
= βi−1,j
Si−1,j n+ + βi+1,j
Si+1,j n−
dt
−
+
−
−β +
i,j Si,j n − βi,j Si,j n .

Fig. 2. Left: vertical profiles of integrated concentrations for all the
aerosols (“total”) and for the uncharged aerosols, during the balloon
ascent and the descent, for the 3 size classes. Right: percentage of
charges aerosols for the 3 size classes during ascent and descent,
taking into account the errors bars on concentrations (a sliding
smoothing is applied to suppress small length-scale fluctuations).

regions of the planetary atmospheres where the solar extreme
ultraviolet radiation is absent (Harrison and Carslaw, 2003).
A significant fraction of the cosmic ray energy flux is typically carried by high-energy particles of kinetic energy of at
least 1 GeV. The ion production rate by this process peaks at
altitudes between 14 and 17 km (Rawal et al., 2013), and the
most abundant ion clusters produced by this process are SO−
4
and NH+
4.
This ion pair production rate is calculated using the statistical model of O’Brien (2005) with the major ions considered
+
here being SO2−
4 and NH4 . Electrons are not included in the
model as they recombine with positive ions and uncharged
molecules very rapidly, and are consequently not available to
interact with aerosols. The charging of aerosols is calculated
using charge balance equations as described in Michael et
al. (2008, 2009) and Tripathi et al. (2008).
"
#
r end X
m
X
dn+
+
+ −
+
= q − αn n − n
βij Sij .
dt
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(1)

(3)

The ion–aerosol attachment coefficients are calculated in different ways depending on the relative size of the particles
with the ionic mean free path. The way β is calculated depends on the regimes like diffusion, free molecular and transition. Hoppel and Frick (1986) developed a method to calculate β in all three different regimes. The major requirements
for this calculation are the ionic mobility and mean free path,
which are calculated using the expressions from Borucki et
al. (1982). Mobility at 5 km is about 2.5 × 10−4 m2 V−1 s−1 .
A polydisperse distribution of aerosols is used in the
model and is obtained from the STAC measurements of the
total aerosol concentration. The neutral atmospheric properties like temperature and pressure measured during the flight
are also used in the model. The charge balance equations
are solved by a fourth-order Runge–Kutta numerical method,
and the concentrations of positive ions, negative ions, uncharged aerosols and charged aerosols are obtained for the
steady state.
Figure 3 presents the initial and final ion concentrations
from the simulation. As the initial concentrations of positive
and negative ions are the same, only positive ion concentrations are shown in the figure. These ions are removed by the
ion–aerosol attachment; it is shown that this ion removal is
very small for altitudes less than 8 km. The total electrical
conductivity of the atmosphere is a function of the concentration of the ions and their mobilities, and is calculated by
Eq. (4):
σ = e (n+ K+ + n− K− ) ,

(4)

where e is the electronic charge, n+ and n− are the number
densities and K+ and K− are the mobilities of positive and
negative ions respectively. About 5–10 % of the ions are removed by the ion–aerosol interactions, thus decreasing the
conductivity of the atmosphere.
www.atmos-chem-phys.net/13/11187/2013/
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Fig. 3. The initial and final ion concentrations from modelling calculations.

Fig. 4. Probability of charge distribution on aerosols at 8 km from
modelling calculations.

Figure 4 shows the simulated probability of charge distribution on particles at 8 km in the atmosphere. The probability is calculated by finding the ratio of the concentration
of particles with charge to the total concentration in a specific size range. Particles with radii 0.33–1 µm can carry only
a few charges (i.e. only less than 1 % of the particles can
carry charges more than ±4), and about 20 % of the particles remain neutral. Only 11 % of the particles in the size
range 1–3.3 µm remain uncharged, and less than 1 % of the
particles can carry more than ±7 electronic charges. Bigger particles (radius > 3.3 µm) show a flatter charge distribution and carry up to ±10 electronic charges. The ion–aerosol
attachment coefficients increase with the particle size, and
therefore larger particles carry more charges compared to the
smaller particles (Tripathi et al., 2008; Michael et al., 2008,
2009). Similar results were observed at other altitudes (not
shown here).
According to Fig. 5, the concentration of neutral particles
shows a good agreement between the model and the observation below 10 km and above 20 km for the particles in the
1–3 µm size range. For sub-micron particles and the largest
particles, the model underestimates the uncharged particle
concentration, although charged particles are detected below
10 km and above 20 km. In the 10–20 km altitude range, the
model and the observations are inconsistent for all sizes; the
observations indicate that most of the particles remain neutral while the simulations show a large percentage of charged
particles. Hence we could speculate that a process not represented in the model inhibits electrification in this altitude
range. Such a process would have to act to remove the ions
present, or greatly increase their mobility, slowing the diffusion charging. It might be associated with the vertical transport and mixing of air masses, and, as already mentioned, we
cannot totally exclude the possibility of an unknown instrumental artefact.

5
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Discussion and conclusion

Even though it is currently not possible to determine the exact nature of the aerosols, these novel results strongly establish the need for more detailed measurements and modelling. For example, the electric properties of aerosols could
depend on their shape, as liquid droplets have a smaller surface area than fractal-shaped particles like soot. This could
explain the differences in the agreement between modelling
and measurements for the different sizes of aerosols. It is
expected that liquid aerosols are associated with sub-micron
sizes, and solid particles are associated with larger sizes. Yet,
the aerosol is likely to be much more complex because of the
presence of soot particles in the submicron and micron size
range, thereby increasing the complexity of future modelling
work.
The presence of layers of electrified aerosols in the middle stratosphere could have significant implications for sprite
1
formation. Sprites are transient streamer
discharges in the atmosphere above thunderclouds (Franz et al., 1990; Sentman
et al., 1995). They are caused by impact ionisation resulting from the electromagnetic fields associated with intense
positive lightning discharges (e.g. Boccippio et al., 1995;
Pasko, 2010). The key parameter to explain sprite initiation is the charge moment change resulting from the lightning continuing current (Cummer and Stanley, 1999; Cummer and Fullekrug, 2001). The threshold for sprite initiation
varies by at least a factor of ∼ 2 or more, which may be
explained by nocturnal mesospheric conductivity variations
(Cummer and Lyons, 2005), intra-cloud lightning discharges
(Ohkubo et al., 2005), or possibly meteoritic dust (Zabotin
and Wright, 2001). In either case, it is commonly believed
that positive lightning discharges with continuing current are
a necessary but not necessarily sufficient condition to initiate sprites. The possible presence of electrified aerosol layers
Atmos. Chem. Phys., 13, 11187–11194, 2013
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Fig. 5. Comparison between ascent measurements (solid lines) and
modelling (dashed lines). The 2 measurement curves represent minimum and maximum values taking into account the error bars. The
altitude scale is given in km for comparison with the altitude scale
in Figs. 1 and 2 given in hPa. The modelling data are constrained by
the total concentration of aerosols measured by STAC.
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