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ters, but decreases as the cluster sizes increase. The estimated
enhancement factor for the aggregation of an H,SO4 molecule
with a charged cluster is ~14 at a cluster diameter, d, = 0.55
nm, and ~7 at dp = 3 nm. Note that the calculated coagulation
kernels for ion-neutral and ion-ion (oppositely—charged) in-
teractions at the molecular scale are consistent with laboratory
values of ion-neutral reaction rate constants (e.g., Viggiano et
al.,, 1980) and ion-ion recombination coefficients (Nolan,
1943), respectively. As a result of charge effects, the growth
of sub-nanometer clusters to measurable sizes (~2-3 nm) may
be accelerated by a factor of up.to ~10.

An electrostatic enhancement in the rate of condensation of
vapor onto charged clusters might be critical in the generation
of new condensation nuclei. The formation of sensible aero-
sols, in fact, is an outcome of the competition between the
growth of new particles and their scavenging by ambient
aerosols. For typical atmospheric conditions, there is suffi-
cient HpSO4 vapor available to allow some of the larger ion
clusters to evolve into stable, rapidly growing micro-
particles. Neutral molecular clusters, on the other hand, are
less likely to surpass critical size because of their lower sta-
bility and slower growth rates.

We have developed an advanced particle microphysics
(APM) code to study the interactions between neutral and
charged clusters and particles at all sizes, as well as their cou-
pling to the vapor phase. The APM keeps track of the compo-
sitions and size distributions of different particle types, and
treats the entire course of aerosol nucleation and growth as a
unified collisional (kinetic) mechanism. Previous applica-
tions of the APM model offer details on this approach (Yu and
Turco, 1997, 1998; Yu et al., 1998, 1999; Kircher et al.,
1998).

Linking Air Mobility with Aerosol Formation

The APM model has been applied to analyze air mobility
spectra recorded at the Tahkuse Observatory (Horrak et al.,
1998). The mobility (in units of cm®*Vis!) of a particular ion
is equivalent to the average velocity (cm/s) attained in an elec-
trical field of 1 V/cm. The mobility varies inversely with ion
mass (or size) and air density (e.g., Tammet, 1998). For the
present simulations, the ambient ionization rate was set at 2
ion-pairs/cm3s, and the initial ion concentration, at 1000/cm?.
The background aerosol size distribution was initialized to re-
produce consistently the measured properties of the largest
ions (d > 20 nm) contributing to the observed mobility spectra
(Figure 1). As a matter of convenience, a simple binary
H»S804-H70 composition was assumed for all of the particles.
Moreover, the diurnal production rate of HySO4 vapor, and
thus its peak concentration, was adjusted to reproduce the ob-
served maximum abundance of intermediate ions (detected at
~14:30; see Figure 1). As a consequence, the HySO4 vapor has
a peak concentration of 2.8x107/cm® at 13:50.

Figure 1 compares the simulated evolution of the size dis-
tribution of positive intermediate ions with the distributions
deduced from mobility spectra measured over the course of one
day. The IMN theory reproduces variations in the ion size dis-
tribution reasonably well, with some differences in the details.
For example, a minimum in the ion concentration is both
measured and predicted to lie between two mobility families:
one consisting of small primary cluster ions (<1 nm), and a
second comprised of freshly-nucleated charged micro-clusters
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Figure 1. Simulations and observations of the evolution of the
positive ion size distributions deduced from mobility spectra
measured within the boundary layer. Hourly-average data
(symbols) are taken from Horrak et al. (1998), corresponding
to a series of observations on October 20, 1994. The ion size
spectra are shown as a function of particle diameter and charge-
carrier mobility.

(~3 nm at 12:30). However, the predicted ion size at the mini-
mum (~1.8 nm diameter) is somewhat below the observed size
(~2.8 nm). Nevertheless, the growth rate of the intermediate
ion peak, and the evolution of the mobility spectrum over the
course of the day, are well delineated by the model. The simula-
tions also clearly indicate that background ions are capable of
evolving into nano-particles, and accumulating in the ul-
trafine size range. .

The model results are somewhat sensitive to the calculated
critical embryo size (~1.8 nm as noted above, which is based
on the classical droplet model). Under prevailing conditions,
however, the actual critical size may have been larger. Simi-
larly, a small shift in the calibration of the mobility curves at
small ion sizes would resolve the discrepancy. Another poten-
tial source of divergence arises because the observational time
series was, by necessity, collected at a fixed site in a continu-
ally varying air mass, whereas the simulation represents the
time evolution of a single “average” air mass. In addition,
several key parameters, including the ambient aerosol surface
area, local ionization rate, and precursor gas concentrations,
are not well constrained.

While the intermediate ions are continuously produced by
condensation on small, electrified clusters, they are also con-
stantly neutralized by oppositely-charged ions, and are scav-
enged by ambient aerosols. These competing processes con-
trol the growth and decay in the number of intermediate ions in
Figure 1. Before 14:30, the ion sizes and total number steadily
increase. However, after 14:30, while the ion size still tends
to increase slightly, the number decreases sharply due to neu-
tralization by small ions. Corresponding to this evolution of
the intermediate ion size distribution (and corresponding mo-
bility spectrum), the total concentration of newly formed ul-
trafine particles (charged + neutral, with diameters, d, >2.5
nm) increases rapidly from ~900/cm® at 11:00 to 6000/cm’ by
15:30.
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Particle Formation in Clean Continental Air

Simultaneous measurements of HySO4 vapor and ultrafine
particles (in the size range, 2.7 nm < d, <4 nm) have been re-
ported for clean continental sampling sites (e.g., Weber et al.,
1996, 1997, 1998). Here, we focus on data recorded at Idaho
Hill, Colorado on September 21, 1993 (Weber et al., 1997).
Since the variations in HpSO4 were accurately measured in
this case, its production rate was constrained in the APM
model to match the observed mean behavior (the measured and
predicted values are compared in Figure 2a.). Other data were
also available to initialize and constrain the simulation, in-
cluding the ambient aerosol size distribution and surface area
(55 meZ/cm3 at d, >15 nm), air temperature (283 K), and rela-
tive humidity (32%). The air ionization rate was fixed at 2 ion-
pairs/cm’s, and the initial ion concentration, at 1000/cm®.

Figure 2b compares the computed and measured total ul-
trafine aerosol concentrations. The ultrafine particles are de-
fined within two size ranges—2.7 nm < d,< 4 nm, and 2.7 nm
< dp < 4.5 nm—which illustrates the potential sensitivity of
particle counts to instrumental sampling efficiency near the
cut-off size. It is remarkable that, even though HSO4 concen-
trations remained quite low most of the day, and never ex-
ceeded 1x107/cm’, ultrafine particle counts rose dramatically
in the late morning (after ~10:00). The IMN mechanism repro-
duces this behavior, whereas classical BHN theory would
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Figure 2. Simulated and measured (a) HySO4 vapor concentra-
tions, and (b) ultrafine aerosol abundances, at a remote land
site.
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Figure 3. Simulated evolution of the size distributions of (a)
the total charged particles (positive + negative), and (b) all
particles, for the case in Figure 2.

have forecast no particle formation under such conditions. The
calculated ultrafine particle abundances appear to respond to
changes in HySOy4 at roughly the same rate indicated by the
data. The greater variability in the measurements is most likely
associated with the changing air masses sampled during the
experiment. Of course, the model prediction is subject to a
number of uncertainties, especially with regard to the initial
stages of ion growth.

Figure 3 illustrates, for the simulation depicted in Figure 2,
the evolution of the size distributions of (a) the total charged
(positive + negative) particles and (b) the total particle popu-
lation (charged + neutral). Both panels clearly depict the
growth and accumulation of nano-particles during the morn-
ing hours as the concentration of HySOy4 increases. The number
of particles sampled (at sizes between 2.7 nm and 4 nm) rises
most rapidly between ~8:00 and 11:00. Beginning at mid-
morning, uncharged ultrafine particles are dominant, having
been generated mainly by the neutralization of charged nano-
particles (that is, primary aerosol-ions). At =9:00, roughly
half of the total ultrafine particles are charged, while by
=11:00, only about one-third are charged.

The number of freshly “nucleated” particles (those with d,
>1.8 nm) increases before 11:00, but decreases thereafter, ow-
ing to a change in the balance between growth and scaveng-
ing. Indeed, by 15:00, most of the new particles have been re-
moved, since the HySOy4 concentration is quite low while the
background aerosol surface area is relatively large (~55
um?/cm®). It follows that the fraction of nucleated particles that
eventually add to the population of cloud condensation nu-
clei (CCN), which requires growth to sizes exceeding ~80 nm,
is likely to be quite small in this case. If H)SO4 had been
higher (or other condensable species were dominant), and am-
bient aerosol surface areas lower, more CCN might have been
expected.

To investigate particle formation in the environment of the
marine boundary layer, we performed a number of simulations
based on aircraft measurements published by Clarke et al.
(1998). For the particular conditions encountered during one
flight, the IMN model successfully predicted a major nuclea-
tion event in terms of the onset and total abundance of ul-
trafine particles, as well as their relative concentration with
respect to the larger condensation nuclei. Detailed results will
be published elsewhere.
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Summary and Discussion

The present analysis suggests that, under typical atmos-
pheric conditions, the formation of new particles is likely to
be enhanced by the intervention of natural ionization (leading
to ion-mediated nucleation, IMN). IMN may be important in
environments where nanometer-sized clusters are marginally
thermodynamically stable, and homogeneous nucleation is
improbable. Because of the well known microphysical effects
of electric charge, IMN offers a rational physical basis for ex-
plaining certain phenomena, including ultrafine aerosol
bursts and enhanced nano-particle growth rates (by a factor as
large as 10). As we have illustrated, IMN is consistent with a
range of field data describing the behavior of fine aerosols
(e.g., Horrak et al.,, 1998; Weber et al., 1996, 1997, 1998,
Clarke et al., 1998). Thus, IMN theory may provide a quantita-
tive means of predicting particle formation rates under typical
atmospheric conditions. IMN also links traditional studies of
air mobility with basic research on aerosol microphysics.
Such connections may ultimately lead to novel explanations
for the correlation noted between variations in galactic cosmic
ray fluxes and global cloud coverage (e.g., Svensmark, 1998),
thus offering a physically-based link between external forcing
and Earth’s climate system response.

The APM model discussed here requires further develop-
ment. The parameterization of size-dependent coalescence of
vapors and small molecular clusters onto charged particles
needs to be validated through laboratory investigations.
Moreover, the thermodynamic properties of charged molecular
clusters under atmospheric conditions must be carefully char-
acterized. Additional simulations and intercomparisons with
measurements will be required to validate and eventually re-
fine the IMN theory.

Acknowledgment: The authors thank R. Weber for access to his data
for the present analysis. This work was supported by NSF grant ATM-
96-18425, and NASA grants NAGS5-2723 and NAG1-1899.

References

Amold, F., Multi-ion complexes in the stratosphere—Implications for
trace gases and aerosol, Nature, 284, 610-611, 1980.

Arnold, F., Ion nucleation—A potential source for stratospheric aero-
sols, Nature, 299, 134-137, 1982.

Armnold, F., et al., Detection of massive negative chemiions in the ex-
haust plume of a jet aircraft in flight, Geophys. Res. Lett., 26, 1577,
1999.

Charlson, R. J., J. E. Lovelock, M. O. Andreae and S. G. Warren, Oce-
anic phytoplankton, atmospheric sulfur, cloud albedo and climate,
Nature, 326, 655-661, 1987.

Clarke, A. D., et al., Particle nucleation in the tropical boundary layer
and its coupling to marine sulfur sources, Science, 282, 89, 1998.

YU AND TURCO: ULTRAFINE AEROSOL FORMATION VIA ION-MEDIATED NUCLEATION

Coffman, D. J., and D. A. Hegg, A preliminary study of the effect of
ammonia on particle nucleation in the marine boundary layer, J.
Geophys. Res., 100, 7147-7160, 1995.

Hoppel, W. A., and G. M. Frick, Ion-aerosol attachment coefficients
and the steady-state charge distribution on aerosols in a bipolar ion
environment, Aerosol Sci. Tech. 5, 1-21, 1986)

Horrak, U., J. Salm, and H. Tammet, Burst of intermediate ions in at-
mospheric air, J. Geophys. Res., 103, 13,909-13915, 1998.

Jaecker-Voirol, A., and P. Mirabel, Heteromolecular nucleation in the
sulfuric acid-water system, Atmos. Environ., 23, 2053-2057, 1989.

Kircher, B., F. Yu, F. P. Schréder and R. P. Turco, Ultrafine aerosol
particles in aircraft plumes: Analysis of growth mechanisms, Geo-
phys. Res. Lett., 25, 2793-2796, 1998.

Mohnen, V. A., Discussion of the formation of major positive and nega-
tive ions up to the 50 km level, Pure Appl. Geophys., 84, 141-153,
1971.

Nolan, P. J., The recombination law for weak ionization, Proc. Roy.
Irish Acad., 524, 67-90, 1943.

Reiter, R., Phenomena in Atmospheric and Environmental Electricity,
Elsevier, New York, 1992.

Svensmark, H., Influence of Cosmic Rays on Earth's Climate, Phys. Rev.
Lett. 81, 5027, 1998.

Turco, R. P., F. Yu and J.-X. Zhao, A new source of tropospheric aero-
sols: Ion-ion recombination, Geophys. Res. Lett., 25, 635-638, 1998.

Tammet, H., Reduction of air ion mobility to standard conditions, J.
Geophys. Res., 103, 13933-13937, 1998.

Twomey, S. J., The influence of pollution on the shortwave albedo of
clouds, J. Atmos. Sci., 34, 1149-1152, 1977.

Viggiano, A. A, R. A. Perry, D. L. Albritton, E. E. Ferguson and F. C.
Fehsenfeld, The role of HySOy4 in stratospheric negative-ion chem-
istry, J. Geophys. Res., 85, 4551-4555, 1980.

Weber, R. J., et al., Measured atmospheric new particle formation rates:
Implications for nucleation mechanisms, Chem. Eng. Comm., 151,
53-62, 1996.

Weber, R. ], et al., Measurement of new particle formation and ul-
trafine particle growth rates at a clean continental site, J. Geophys.
Res., 102, 4375-4385, 1997.

Weber, R. J,, et al., A study of new particle formation and growth in-
volving biogenic and trace gas species measured during ACE 1, J.
Geophys. Res., 103, 16385-16396, 1998.

Yu, F., and R. P. Turco, The role of ions in the formation and evolution
of particles in aircraft plumes, Geophys. Res. Lett., 24, 1927-1930,
1997.

Yu, F.,, and R. P. Turco, The formation and evolution of aerosols in
stratospheric aircraft plumes: Numerical simulations and compari-
sons with observations, J. Geophys. Res., 103, 25,915-25,934, 1998.

Yu, F., R. P. Turco, B. Kircher, and F. P. Schroder, On the mechanisms
controlling the formation and properties of volatile particles in air-
craft wakes, Geophys. Res. Lett., 25, 3839-3842, 1998.

Yu, F., R. P. Turco, and B. Kircher, The possible role of organics in the
formation and evolution of ultrafine aircraft particles, J. Geophys.
Res., 104, 4079-4087, 1999.

F. Yu and R. P. Turco, Department of Atmospheric Sciences, UCLA,
Los Angeles, CA 90095-1565. (e-mail: yfq@atmos.ucla.edu).

(Received: October 12, 1999; Revised: January 26, 2000; Accepted:
January 31, 2000)



