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Abstract. The formation of large nitric acid trihydrate (NAT)
particles has important implications for denitrification and
ozone depletion. Existing theories have difficulty in ex-
plaining the formation of large NAT particles at temperatures
above the ice frost point, which has been observed recently
over wide Arctic regions. Our analyses reveal that high-
energy comic ray particles might induce the freezing of su-
percooled HNO3-H2O-H2SO4 droplets when they penetrate
these thermodynamically unstable droplets. The cosmic ray-
induced freezing (CRIF) appears to be consistent with the ob-
served, highly selective formation of NAT particles. We sug-
gest a possible physical process behind the CRIF mechanism:
the reorientation of polar solution molecules into the crys-
talline configuration in the strong electrical fields of moving
secondary ions generated by passing cosmic rays. A simple
formula connecting the CRIF rate to cosmic ray flux is de-
rived with an undefined parameter constrained by observed
NAT formation rates. Our simulations indicate that strong
solar proton events (SPEs) may significantly enhance the for-
mation of large NAT particles and denitrification. The CRIF
mechanism offers a possible explanation for the observed
high correlations between the thin nitrate-rich layers in polar
ice cores and major SPEs, and the observed enhancement in
the aerosol backscattering ratio at PSC layers shortly after an
SPE and the significant precipitation velocity of the enhanced
PSC layers. The key uncertainty in the CRIF mechanism is
the probability (P) of freezing when a CR particle hits a ther-
modynamically, unstable STS droplet. Further studies are
needed to either confirm or reject the CRIF hypothesis.

Correspondence to:F. Yu
(yfq@asrc.cestm.albany.edu)

1 Introduction

Polar stratospheric clouds (PSCs) are crucial to the ozone
depletion because of their well-recognized role both in acti-
vating chlorine (through heterogeneous reactions on the sur-
face of PSC particles) and denitrifying the lower stratosphere
(through gravitational settling of large HNO3-containing
PSC particles) (e.g. Solomon, 1999; Word Meteorology Or-
ganization, 1999). During the recent SAGE III Ozone Loss
and Validation Experiment (SOLVE), large nitric acid trihy-
drate (NAT) particles (“NAT rocks”) at low number densi-
ties have been observed in a synoptic scale at temperatures
above the frost point (Fahey et al., 2001). As a result of
their significant fall speeds, these large NAT particles can
lead to an irreversible removal of nitric acid which may pro-
long the lifetime of reactive chlorine and thereby enhance the
ozone depletion. Climate models predict that the increased
concentrations of greenhouse gases and the depletion of the
ozone layer may lead to lower stratospheric temperatures and
more widespread PSC formation and denitrification in the
Northern Hemisphere (Shindell et al., 1998; Waibel et al.,
1999). Modeling simulations show that widespread deni-
trification could enhance future Arctic ozone loss by up to
30% (Tabazadel et al., 2000). To evaluate properly the con-
sequences of future lower stratospheric temperatures on the
arctic ozone layer, details about the formation of large NAT
particles must be known.

The large NAT particles observed in a synoptic scale at
temperatures above the frost point (Fahey et al., 2001) are
believed to be formed through the freezing of supercooled
ternary solutions (STS) composed of H2SO4, HNO3 and
H2O. Since the observations indicate that only∼0.002%–
0.01% of these STS droplets froze, the freezing mechanism
must be highly selective (Fahey et al., 2001; Tolbert and
Toon, 2001). Currently, we have no satisfying theories to
explain this “mysterious”, highly selective freezing process
observed during SOLVE (e.g. Fahey et al., 2001; Tolbert
and Toon, 2001; Carslaw et al., 2002a; Jensen et al., 2002;
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Drdla et al., 2003). Laboratory studies indicate that homo-
geneous freezing of STS particles are negligible at tempera-
tures above the ice frost point under polar stratospheric con-
ditions (Koop et al., 1995; Knopf et al., 2002). Homoge-
neous freezing on the particle surface may enhance the nu-
cleation rate by a factor of∼100 (Tabazadeh et al., 2002),
however, this enhancement is still too small to account for
the observed production rate of large NAT particles. Since
the large NAT particles were observed within a synoptic scale
pool of air, the role of mountain waves in generating these
particles (Carslaw et al., 1998) can also be excluded (Carslaw
et al., 2002a). While laboratory experiments by Bogdan and
Kulmala (1999) and Bogdan et al. (2003) suggested that sili-
cas could trigger heterogeneous nucleation of nitric hydrates
at temperatures above the ice frost point, these experiments
were carried out for binary HNO3-H2O solutions which are
different from the ternary H2SO4-HNO3-H2O solutions in
the polar stratosphere. It is known to be much more difficult
to initiate freezing in ternary H2SO4-HNO3-H2O solutions
than in binary HNO3-H2O solutions. Biermann et al. (1996)
tested the efficiency of meteoritic dust grains and a variety
of other solid materials as nuclei in ternary H2SO4-HNO3-
H2O solutions at temperatures as low as 188 K and detected
negligible effects.

In this study, we explore the freezing of the supercooled
ternary solutions (STS) as a result of the interactions be-
tween the thermodynamically unstable STS droplets and
high-energy cosmic rays. The possible physics behind the
cosmic ray-induced freezing (CRIF) is described. The CRIF
mechanism is formulated and used in a 1-D polar strato-
spheric cloud (PSC) model to simulate the formation of PSC
particles. The effect of solar activity on PSC properties
and denitrification, and the observations supporting the CRIF
mechanism are discussed.

2 Cosmic ray-induced freezing (CRIF)

Cosmic rays (CRs) entering the Earth’s atmosphere are
known to be able to initiate phase changes in supercooled va-
por (e.g. Wilson, 1927) and superheated liquid (e.g. Glaser,
1960). The role of cosmic ray ionization in the formation of
ultrafine particles in the atmospheric has received increasing
interest in recent years (e.g. Yu and Turco, 2000; Yu, 2002;
Carslaw et al., 2002b; Harrison and Carslaw, 2003, Lee et
al., 2003). The possible enhancement in the freezing of su-
percooled water as a result of electrical interactions (i.e. elec-
trofreezing) has been suggested in various studies (see text-
book by Pruppacher and Klett, 1997; and review articles by
Harrison and Carslaw, 2003; and Tinsley and Yu, 2004). The
electrofreezing of supercooled water could be induced by (1)
the direct passage of energetic particles, (2) strong electric
fields, and (3) contact with ions.

Electrofreezing processes may also play a role in the for-
mation of NAT particles in the polar stratosphere. It has been

suggested earlier that the freezing of STS particles in the po-
lar stratosphere may be initiated by the contact of the su-
percooled droplets with small ions or charged HNO3/H2O
clusters (Hamil and Turco, 2000; Carslaw, 2001; D’Auria
and Turco, 2001). The concentration of small ions in the
polar stratosphere is around 104 cm−3 and a typical STS
droplet will collide with a small ion approximately every
10 s. Thus, the ion contact freezing is unlikely to explain
the observed high selective freezing, unless it is true that
only certain very large charged clusters can initiate freez-
ing (D’Auria and Turco, 2001). In this study we propose a
possible freezing mechanism that is different from the ear-
lier suggestion of ion-contact freezing (Hamil and Turco,
2000; Carslaw, 2001; D’Auria and Turco, 2001). All the
molecules in the STS droplets (HNO3, H2O, H2SO4) have
high dipole moments. For freezing, the dipoles need to be
oriented and arranged into the crystalline configuration. Our
proposed mechanism involves the reorientation of polar so-
lution molecules into crystalline configuration in the strong
electrical fields of moving secondary ions generated by the
passing high-energy CRs.

When a primary CR particle (proton) hits a solution atom
or molecule, secondary electrons are ejected in various direc-
tions with a spectrum of energies, and strong electric fields
exist between the positive parent ion and ejected electrons.
The strength of the electric fields (E) between the positive
ion and the ejected electrons, separated byl nm, can be ap-
proximated by:

E(x) =
e

4πε0εr

[
q1

x2
+

q2

(l − x)2

]
, 0 < x < l, (1)

wherex is the position from a positive ion in the line connect-
ing two ions;ε0 is the vacuum permittivity,εr is the relative
permittivity of a liquid solution;q1 andq2 are the number of
elementary charges (e) carried by positive ion and negative
ion (electron), respectively;q1=q2=1 for single ionization.
For multiple ionization,q1>1 andq2=1, if the contribution
of other electrons is ignored;q2 could be>1 when electrons
are ejected in same directions. Figure 1 shows the values of
E(x) corresponding toq1=1, 4, 8 (q2=1) and (a)l=2 nm, (b)
l=3 nm. As an approximation, the relative permittivity for
water (εr=80) is used, since the value ofεr for STS is not
available.

The electric fields between positive ion and electrons are
sensitive tol andq1 (number of electrons ejected upon the
collision of proton with atoms). In order to initiate freezing
through the reorientation of solution molecules in the electri-
cal fields of CR-generated positive ion and electrons, at least
two conditions have to be met. First, the maximum separa-
tion between the parent ion and the ejected electrons has to
be larger than the critical size of the crystalline embryo. The
ejected energetic electrons will make inelastic collisions with
liquid molecules and their kinetic energy will be transfered to
these liquid molecules. The electrons will be neutralized by
positive ion or absorbed by liquid molecules after a certain
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time. How far an electron can travel before being neutralized
or absorbed depends on the initial velocity of the electron and
hence the velocity or energy of incoming CR particles. The
size of a critical embryo depends on the degree of supercool-
ing and solution properties.

Second, the minimum strength of the electric field be-
tween the positive ion and electrons, separated by a distance
of critical embryo size, should reach above a certain thresh-
old value. Laboratory studies indicate that the electric fields
have to be very large to cause the freezing of supercooled
water droplets (e.g. Abbas and Latham, 1969; Braslavsky
and Lipson, 1998). Analysis of both positive and negative
experimental results relevant to the question of whether nu-
cleation of ice is enhanced by the presence of an electric field
indicates that electric fields on the order of 108 V/m might be
essential in orienting polar molecules in a microscopic vol-
ume to initiate freezing (Tinsley and Deen, 1991). Forl=2–
3 nm (typical sizes of a critical crystalline embryo), Fig. 1
indicates that multiple ionization is needed to reach electric
fields of 108 V/m. It is noteworthy that simultaneous elec-
tric fields and laminar flow have been found to be important
in orienting crystalline embryos to initiate freezing (Prup-
pacher, 1963; Abbas and Latham, 1969; Doolittle and Vali,
1975; Tinsley and Deen, 1991; Pruppacher and Klett, 1997).
Since the electrons are moving away from the positive parent
ion at a certain speed, the polar molecules between the posi-
tive ion and the electron(s) experience simultaneous electric
fields and laminar flow (relative to ions).

There is not much experimental study on the possible role
of cosmic ray penetration in inducing the freezing of super-
cooled droplets. Varshneya (1969) observed tracks of ice
crystal when CRs passed through the supercooled triple dis-
tilled, suspension free, pure water. Later, he developed a
classical ion induced freezing theory which considers the
contribution of electrostatic energy to the ice nucleation ac-
tivation energy when the ice-like clusters are formed around
ions (Varshneya, 1971). Tinsley and Deen (1991) showed
clear correlations of winter cyclone intensity with day-to-day
changes in the cosmic ray flux and suggested ice nucleation
by passage of energetic CR particles as one of the possible
mechanisms. Detwiler and Vonnegut (1980) and Seeley et
al. (2001) tested the hypothesis about the ionization-induced
freezing by irradiating supercooled water droplets with 5-
Mev alpha particles and found that the ionization of alpha
particles has a negligible effect on water droplet freezing.
Based on Varshneya’s theory (1971), all ions generated by
different sources should have a similar ability in initiating
freezing. In this regard, Detwiler (1993) questioned the ap-
plicability of both Varshneya’s experimental results and the-
ory to ice nucleation in droplets in the upper tropospheric
cloud. Nevertheless, Seeley et al. (2001) themselves pointed
out that their measurement does not exclude the possibility
that another type of energy range of cosmic rays induces ice
nucleation.
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Figure 1 

Yu, 2003

Fig. 1. The strength of electric fields at different positions in the
line connecting positive parent ion and electrons.(a) l=2 nm, (b)
l=3 nm. q1 andq2 are the number of elementary charge carried by
positive ion and negative ion (electron), respectively.

In contrast to the ion-induced freezing as a result of the
contribution of electrostatic energy to ice nucleation activa-
tion energy (as proposed by Varshneya, 1971), the physics
behind our proposed CRIF is due to the reorientation of so-
lution molecules into crystalline configuration in the strong
electrical fields of moving secondary ions generated by pass-
ing cosmic rays. In order to initiate freezing, the energy
of cosmic rays has to be above a certain level in order to
cause certain multiple ionizations and to generate electrons
that meet the two conditions listed above (i.e. electrons ener-
getic enough to travel beyond the critical size and the elec-
tric fields between positive ion and electrons above a cer-
tain threshold value). For a critical crystalline embryo size
of around 2–3 nm, Fig. 1 indicates thatq1 may have to be
around 8 (a complete ionization of oxygen atom) to have an
electric field above 108 V/m. It is possible that the energy of
alpha particles that Detwiler and Vonnegut (1980) and See-
ley et al. (2001) used in their study is not high enough to
initiate freezing under the conditions they investigated. Most
of the CRs entering the polar stratosphere have energy larger
than 100 Mev, with a significant fraction above 500 Mev. It is
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Table 1. Total ionization cross sectionσ (from Dingfelder et al., 2000), mean free pathL, probability of ionization for proton of different
energies going through a liquid water droplet of different radiusr.

Incident proton energy σ (m2) L (µm) P1 (r=0.1µm) P1 (r=0.2µm) P1 (r=0.3µm)

5 Mev 3.4E-21 0.009 1.0 1.0 1.0
50 Mev 5.0E-22 0.061 0.85 0.96 0.98
200 Mev 1.8E-22 0.168 0.53 0.76 0.86
500 Mev 1.1E-22 0.275 0.37 0.60 0.73

1 Gev 8.8E-23 0.344 0.31 0.52 0.66

conceivable that the direct passage of these high-energy cos-
mic rays through the highly supercooled liquid may initiate
freezing. Laboratory measurement using cosmic ray parti-
cles in the energy range common in the atmosphere is needed
to test the CRIF theory proposed above. While such a mea-
surement is currently unavailable, some observational phe-
nomena appear to support the CRIF theory which we discuss
below.

The CRIF production rate of solid NAT particles (JCRIF
NAT ,

in cm−3sec−1) from STS particles with number densityn
(cm−3) and radiusr can be estimated as,

JCRIF
NAT = nπr2FCRP, (2)

whereFCR (in cm−2s−1) is the omni-directional flux of high
energy CRs (protons).P is the probability of freezing when
a CR particle hits a supercooled STS droplet.P can be ex-
pressed as,

P = P1 ∗ P2, (3)

whereP1 represents the average chance that a CR particle go-
ing through the droplet has a collision with a solution atom,
and P2 represents the probability that freezing is initiated
when the CR particle collides and ionizes the atom. Fol-
lowing the approach of Loeb (1939) in deriving the collision
probability of an ion entering a sphere with an air molecule,
we deriveP1 as,

P1 = 1 −
L2

2r2

[
1 −

(
2r

L
+ 1

)
e−

2r
L

]
, (4)

whereL is the mean free path of CR particles (protons) in
liquid solution andr is the radius of a droplet.L can be
estimated as,

L =
1

σN
, (5)

whereσ is the proton ionization cross section andN is the
number of molecules per unit volume of liquid;σ is a func-
tion of incident proton energy. We don’t have information
about the ionization cross section for protons in a ternary so-
lution but we can use that of protons in liquid water as an

approximation. Table 1 shows the values ofσ andL for pro-
tons of different energies in liquid water and the correspond-
ing values ofP1 with droplet radius ofr=0.1µm, 0.2µm,
and 0.3µm. For STS droplets of typical sizes in the polar
stratosphere (∼0.2µm), P1 is likely to be above∼0.5.

P2 depends on the detailed interaction of CRs (protons)
with solution molecules/atoms (for example, the degree of
ionization) and the critical size of a crystalline embryo. Thus,
P2 is likely to be a function of many parameters, including
the energy of the incoming CRs, temperature, NAT supersat-
uration ratios (SNAT ), composition and size of STS particles,
and interfacial tension between the liquid and solid phases.
The possible range ofP2 can be studied by looking into the
multi-ionization cross section of cosmic rays of different en-
ergies and the behavior of polar molecules in the strong elec-
tric fields near the ions. However, just like the values of the
activation energy used in the classical homogeneous freez-
ing theory (Tabazadeh et al., 2000; Knopf et al., 2002), the
values ofP2 may also have to be decided through laboratory
studies and/or observations. Below we estimate the range of
P (=P1*P2) using the observed NAT production rates.

Figure 2 shows the dependence ofJCRIF
NAT on the radius

of STS particles atP=0.01, 0.1, 1. Typical CR flux in the
polar stratosphere of 2.5 cm−2s−1 and STS particle num-
ber concentration (n) of 8 cm−3 are assumed. The ob-
served NAT production rates shown in the figure are in-
ferred from large mode (number density∼2.3×10−4 cm−3,
mean diameter∼14.5µm) and small model (number den-
sity ∼2×10−3cm−3, mean diameter∼3.5µm) NAT parti-
cles observed by Fahey et al. (2001), assuming that these
particles were accumulated in a 3 (±2)-day period. The
background sulfate aerosols generally have a mean radius of
∼0.07µm but can grow to a mean radius of∼0.25µm by
taking up HNO3 whenSNAT >1. Since the maximum radius
of STS particles in typical stratospheric conditions is around
0.25µm, we put the observed NAT production rates at the
position of the x-axis corresponding to a radius of 0.25µm.
In the real situations, freezing could happen on all sizes of
STS particles as they grow from∼0.07µm to 0.25µm by
taking up HNO3. Figure 2 indicates clearly that CRIF rates
have an upper limit of around 10−4 cm−3h−1 (P=1) which is
controlled by the chance that a CR particle hits a STS droplet.

Atmos. Chem. Phys., 4, 2273–2283, 2004 www.atmos-chem-phys.org/acp/4/2273/
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Thus, CRIF is highly selective, which meets the critique of
nucleation mechanism inferred from observations (Fahey et
al., 2001; Tolbert and Toon, 2001). Based on observed NAT
production rates,P should be in the range of 0.01 to 1 under
the atmospheric conditions during the observations. The less
than unity of the freezing probability can be understood as
some CR particles may penetrate the STS droplets without
inducing freezing because of various reasons, including (but
not limited to): (1) low energy of the CRs, (2) low super-
saturation of droplets, and (3) short CR path in the droplet
(especially when CR penetrates the edge of the droplets).

3 Simulations

The CR-induced freezing rates (Eq. 2) depend on several
variables (CR flux, particle concentration, particle radius); a
PSC model with CRIF mechanism included can physically
study the dependence of PSC properties on solar activity
and other parameters (such as background aerosol concen-
trations, etc.). The key uncertainty in the proposed CRIF
mechanism is the value ofP2 (or P) in Eq. (2). P2 is es-
timated to be around 0.1, based on the Fahey et al. (2001)
observation (see last section). To check ifP2=0.1 can re-
produce the major features of PSC properties, we simulate
PSC formation and denitrification with CRIF as the freezing
mechanism. The simulation presented in this section also
serves as the baseline case for studying the effect of SPEs on
denitrification (next section).

We use a one-dimensional (1-D) PSC model from the Den-
ish Meteorogical Institute (DMI) (Larsen, 2000; Larsen et
al., 2002). The DMI PSC model calculates the time depen-
dent PSC particle size distributions and chemical composi-
tions, together with changes in gas phase mixing ratios of
water vapor (H2O) and nitric acid vapor (HNO3). The for-
mation (nucleation), growth, evaporation, and sedimentation
of various types of PSC particles are simulated in the model
with up-to-date thermodynamic data.

The initial profile and sinusoidal oscillation of tempera-
ture and the initial nitric acid mixing ratio profile follow
those of Jensen et al. (2002). The temperature oscillation
is an idealized representation of the temperature variations
experienced by air mass circulating around the pole dur-
ing the winter of 2000 when SOLVE measurements were
made. The initial altitude (h) dependent temperature (T0(h))

has a minimum of 197 K ath=20 km, and increases lin-
early to 202 K at 30 km and to 217 K at 10 km. The tem-
peratures at all altitudes follow a sinusoidal evolution as
T (h)=T0(h)+4.5×{sin[2π(1/4+t /τ)]-1}, whereτ is the os-
cillation period. The temperature profile and oscillation am-
plitude were based on the early to mid-January Arctic con-
ditions (Newmann and Harries, 2002). We follow Jensen et
al. (2002), usingτ=6 days as the baseline case and include
τ=12 days in the sensitivity study. The HNO3 gas mixing
ratio has a maximum value of 9 ppbv at 20 km, with the mix-
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Fig. 2. Cosmic ray-induced freezing (CRIF) production rate of solid
NAT particles (JCRIF

NAT
) as a function of the radius of STS droplets

at three different values ofP (0.01, 0.1, 1).P is the probability of
freezing when a cosmic ray particle hits a supercooled STS droplet,
which is likely to be a function of many parameters (see text for
details). The observed NAT production rates shown are inferred
from large mode and small model NAT particles measured by Fa-
hey et al. (2001), assuming that these particles were accumulated
in a 3(±2)-day period. The error bars indicate the possible ranges
of freezing rate if the observed NAT particles are assumed to be
accumulated in a period of 1–5 days.

ing ratio decreasing below this altitude down to about 2 ppbv
in the lowermost stratosphere, which is typical of the polar
stratosphere in early winter (Gille et al., 1996). A water mix-
ing ratio of 5 ppmv is assumed. The initial background sul-
fate aerosol is from Deshler et al. (2003). At the 20 km, the
total number concentration, median radius, standard devia-
tion for mode 1 and mode 2 are 7.67 cm−3, 0.069µm, 1.63
and 0.006 cm−3, 0.42µm, 1.11, respectively. The same mix-
ing ratio of sulfate is assumed at other altitudes. The vertical
space resolution is 200 m. The cosmic flux (FCR) profile,
corresponding to the 2000 winter polar stratosphere, is in-
terpolated based on the balloon measurements of cosmic ray
fluxes in February 1987 (maximum fluxes) and November
1989 (minimum fluxes) in polar latitudes (Bazilevskaya and
Svirzhevskaya, 1998) and cosmic ray intensities measured
with the Climax Neutron Monitor.

The temperature oscillation is an idealized representation
of the temperature variations experienced by air mass cir-
culating around the pole during the winter of 2000 when
SOLVE measurements were made. As discussed earlier,P

depends onSNAT and other parameters, and the dependence
relation remains to be investigated. As a first approxima-
tion, we assumeP=0.1 and that the freezing becomes possi-
ble only whenSNAT is larger than 10 (Jensen et al., 2002) in
this study. While the details of simulated PSC properties will

www.atmos-chem-phys.org/acp/4/2273/ Atmos. Chem. Phys., 4, 2273–2283, 2004
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vary when different values ofP are used, the main features
of the results and conclusion will not change.

Figure 3 presents the model results plotted versus time and
altitude: (a) temperature, (b)SNAT , (c) HNO3 gas mixing
ratio, (d) CR-induced freezing rate (JNAT ), (e) total number
concentration of NAT particles, (f) median diameter of NAT
particles. The temperature reaches the lowest value att=3
days andSNAT can reach up to 30. The classical homoge-
nous freezing theory predicts negligible (<10−8 cm−3 h−1)

nucleation under the condition that the activation energy at
the similarSNAT derived from recent laboratory data (Knopf
et al., 2002) is used. WithP=0.1, the CR induced freez-
ing rate can reach up to 3.5×10−5 cm−3 h−1 (Fig. 3d). The
concentrations of NAT particles reach above 10−4 cm−3 be-
tween 17 km and 21 km, with a maximum concentration of
∼10−3 cm−3 at 20 km (Fig. 3e). The median diameters
of NAT particles are in the range of 8–13µm in the area
where significant NAT particles are present (concentration
>10−4 cm−3) (Fig. 3f). The simulated size and concentra-
tion of NAT particles are qualitatively consistent with the
measurements of Fahey et al. (2001), with the understanding
that the temperature history and vertical structures of the air
mass where the observations were made are more complex
than those assumed in our simulation. There are some deni-
trification at altitudes between 19.5 and 22 km and some ren-
itrification between 16 km and 19.5 km (Fig. 3c). The depth
of NAT saturated layer limits the sedimentation of NAT par-
ticles, as NAT particles sublimate whenSNAT <1. A longer
PSC duration time will increase the sizes of NAT particles
and enhance the denitrification (Jensen et al., 2002, also see
next section).

The main properties of PSC shown in Fig. 3 are similar
to that presented in Jensen et al. (2002). This is not surpris-
ing since the initial profile and sinusoidal oscillation of tem-
perature and the initial nitric acid mixing ratio profile used
in this study are the same as those of Jensen et al. (2002).
The major difference between our study and the Jensen et
al. (2002) simulation is that we use Eq. (2) to calculate the
cosmic ray-induced freezing while Jensen et al. (2002) used
a constant freezing rate to represent an unidentified freez-
ing mechanism. With the CRIF mechanism included in the
model, we can investigate how solar activity may affect PSC
properties and denitrification.

4 Effect of solar activity on PSC properties and denitri-
fication

It is known that solar activities affectFCR in polar strato-
sphere significantly.FCR at altitudes between 15–25 km in
the polar stratosphere almost doubles from solar maximum
to solar minimum during the regular 11-year solar cycle, and
strong solar proton events (SPEs) can increase the CR fluxes
in polar stratosphere by a factor of∼10–30. Figure 4 shows
the balloon-based measurements ofFCR as a function of al-

titude in northern polar regions (Murmansk, cut-off rigid-
ity=600 Mev) under different conditions of solar activities.
The data forFCR during solar minimum (February 1987,
FCR maximum), during solar maximum (November 1989,
FCR minimum), and during the strongest solar proton event
in October 1989 are from Bazilevskaya and Svirzhevskaya
(1998). TheFCR profile corresponding to the 2000 winter
polar stratosphere (used for calculations presented in Fig. 3)
is interpolated based onFCR maximum and minimum pro-
files and the CR intensities measured with the Climax Neu-
tron Monitor. It is noteworthy that CRs have the maximum
flux in the polar stratosphere where PSCs form.

CRIF is very selective (less than 0.1% of particles with a
radius of 0.2µm will be hit by CRs during a 3-day period)
and the freezing rate is proportional toFCR (Eq. 2). Thus,
we should expect to see the enhanced production rate of large
NAT particles and hence denitrification when CR fluxes in-
crease. Using representativeFCR profiles during four differ-
ent solar activities (maximum, minimum, and average solar
activities, and during strong SPEs; Fig. 4) and with temper-
ature oscillation periods (τ) of 6 days and 12 days, we com-
pare the corresponding HNO3 mixing ratio profiles att=τ

(Fig. 5). Significant denitrification and renitrification at dif-
ferent altitudes are obvious and the extended life of PSC sig-
nificantly enhances the denitrification. From the solar max-
imum (FCR minimum) to solar minimum (FCR maximum),
the denitrification at altitudes between 20–22 km increases
by up to 0.6 ppbv (7%) forτ=6 days (3.5-day cloud lifetime)
and up to 1.3 ppbv (15%) forτ=12 days (7-day cloud life-
time).

The strong SPEs significantly enhance the denitrification,
especially in the top layer of PSCs. The renitrification layer
during SPEs also shifts to lower altitudes. Thus, compared
to non-SPE periods, SPEs lead to extra denitrification in the
cloud top layer of around 2 km depth and move the renitri-
fication layer by 1 km. For the temperature assumed in this
study, NAT particles are not able to reach the surface due to
sublimation. However, a significant amount of nitric acid has
been moved downward by up to∼5 km for τ=6 days and by
up to ∼8 km for τ=12 days. This downward-moved nitric
acid can precipitate to the ground in subsequent cloud and
precipitation processes. As a result, the enhanced denitrifi-
cation during the SPEs might have a signal in the nitric acid
deposited in polar ice cores.

Actually, the thin nitrate-rich layers in both Arctic and
Antarctic firn and ice cores have been found to be highly pos-
itively correlated with periods of major solar proton events
(the probability of chance correlation less than 10−9) (Mc-
Cracken et al., 2001). Most importantly, the impulsive events
in the nitrate record are all short-lived (many have a time
constant of 2 weeks, none has one greater than 6 weeks)
(McCracken et al., 2001). Solar proton events are known
to increase NOx concentration in the mesosphere and up-
per stratosphere (e.g. Jackman et al., 2001). However, it
has been estimated (Dunkerton, 1978) that the downward
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Fig. 3. PSC simulation using a 1-D PSC model with the cosmic ray-induced freezing mechanism included. Fields are plotted versus time
and altitude:(a) temperature (K),(b) SNAT , (c) HNO3 gas mixing ratio (ppbv),(d) NAT particle production rate (cm−3 h−1), (e) total
number concentration of NAT particles (cm−3), (f) median diameter of NAT particles (µm). The initial profile and sinusoidal oscillation of
temperature follow those of Jensen et al. (2002), which is an idealized representation of the temperature variations experienced by air mass
circulating around the pole during the winter of 2000 when SOLVE measurements were made. The lowest temperature is above the ice frost
point and classical homogenous freezing theory predicts negligible nucleation. The cosmic ray-induced freezing can qualitatively explain
the highly selective formation of NAT particles observed during SOLVE (Fahey et al., 2001).

transport of HNO3 in the gaseous phase from mesosphere
and upper stratosphere to the troposphere would take at least
3–6 months. McCracken et al. (2001) concluded that the
time scale of the nitrate events is too short to be understood
in terms of transport mechanisms in the gaseous phase, and
suggested that PSC formation processes and the nitrate pre-
cipitation might be enhanced during and after major SPEs
(which is consistent with CRIF mechanism). Thus, the high
correlations between the nitrate-rich layers in polar ice cores

and major solar proton events (McCracken et al., 2001) might
support the CRIF mechanism.

Shumilov et al. (1996) reported a considerable increase in
the aerosol backscatter ratio after a strong SPE. Analysis of
meteorological data indicates that the increase was not asso-
ciated with temperature change and seems to be caused by
the SPE (Shumilov et al., 1996). The mechanism Shumilov
et al. (1996) offered to explain that the aerosol backscatter
ratio enhancement is the increase in aerosol concentration as
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Fig. 4. Balloon-based measurements ofFCR as a function of alti-
tude in northern polar regions (Murmansk, cutoff rigidity=600 Mev)
under different conditions of solar activities. The data forFCR dur-
ing solar minimum (February 1987,FCR maximum), during so-
lar maximum (November 1989,FCR minimum), and during the
strongest solar proton event in October 1989 (FCR SPE) are from
Bazilevskaya and Svirzhevskaya (1998). TheFCR profile corre-
sponding to the 2000 winter polar stratosphere (FCR average; used
for calculations presented in Fig. 3) is interpolated based onFCR

maximum and minimum profiles and the cosmic ray intensities
measured with the Climax Neutron Monitor.

a result of SPE-induced enhancement in the ion nucleation
rate of ultrafine particles. This explanation is questionable
because the concentration of sulfuric acid gas in winter po-
lar stratosphere is extremely low (<∼105 cm−3) and the in-
crease in ionization rate may not lead to an increase in the
formation of fresh ultrafine particles (Yu, 2002). It also takes
a long time to grow the fresh nucleated sulfuric acid parti-
cles to a size that can be detected by lidar (radius>0.69µm).
Furthermore, the profiles of the aerosol backscattering ratio
indicates that the enhanced particle layer formed precipitated
quickly (1–2 km/day). Only PSC particles of around 10µm
can have this precipitation velocity. To form PSC particles
of around 10µm, the freezing process must be very selective
(Fahey et al., 2001). The considerable increase in the aerosol
backscatter ratio after a strong SPE and the fast precipitation
velocity of the enhanced particle layer are actually consistent
with the CRIF mechanism.

CRIF process appears to provide a direct and more con-
vincing explanation for the high correlation between the
thin nitrate-rich layers in polar ice cores and major SPEs
(McCracken et al., 2001) and the observed enhancement in
aerosol backscattering ratio at PSC layers shortly after the
SPE (Shumilov et al., 1996).
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Fig. 5. Simulated HNO3 mixing ratio profiles att=τ using repre-
sentativeFCR profiles corresponding to four different solar activi-
ties (maximum, minimum, and average solar activities, and during
strong SPEs; Fig. 4) and with temperature oscillation periods (τ)

of 6 days and 12 days. The initial HNO3 profile is also shown for
comparison. The strong SPEs significantly enhance the denitrifica-
tion, especially in the top layer of PSCs. The renitrification layer
during SPEs also shifts to lower altitudes. The cosmic ray-induced
freezing may explain the high correlation between the impulsive ni-
trate events in polar ice cores with major PSCs and the existence
of such correlations provides strong, indirect support for the CRIF
mechanism.

5 Summary and discussion

The existing theories on nitric acid trihydrate (NAT) parti-
cle formation can’t explain the formation of large NAT par-
ticles observed recently over wide regions in the Arctic vor-
tex. We propose that high energy comic ray particles might
induce the freezing of the supercooled HNO3-H2O-H2SO4
droplets when they hit and penetrate these droplets in the
polar stratosphere. The mechanism of CR-induced freez-
ing (CRIF) may involve the reorientation of polar solution
molecules into crystalline configuration in the strong elec-
trical fields of moving secondary ions generated by pass-
ing CRs, which is different from the earlier suggested ion-
induced freezing theory considering the contribution of elec-
trostatic energy to ice nucleation activation energy. In order
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to initiate freezing, the energy of cosmic rays may have to be
above a certain level. Only high energy CRs can induce cer-
tain multiple ionizations and generate electrons so that the
electrons are energetic enough to travel beyond the critical
size, and the electric fields between positive ions (carry mul-
tiple charges) and electrons are above certain threshold val-
ues. The CRIF mechanism is highly selective, which is con-
sistent with the formation of a few large nitric acid trihydrate
(NAT) particles (“NAT rocks”) observed during SOLVE (Fa-
hey et al., 2001).

The CRIF mechanism is formulated and included in a 1-D
polar stratospheric cloud (PSC) model to simulate the forma-
tion and properties of type 1 PSCs and the associated denitri-
fication. The key uncertainty in the CRIF mechanism is the
probability (P) of freezing when a CR particle hits a ther-
modynamically unstable STS droplet. The measurements of
Fahey et al. (2001) are used to constrain the values ofP . Our
simulations indicate that strong solar proton events (SPEs)
may significantly enhance the formation of large NAT parti-
cles and denitrification. The CRIF process appears to offer a
reasonable explanation for the observed enhancement in the
aerosol backscattering ratio at PSC layers shortly after the
SPE and the high correlations between the thin nitrate-rich
layers in polar ice cores and major SPEs.

The idea of the possible role of cosmic rays in STS freez-
ing is not new but the earlier suggestions focus on the ion-
contact freezing process (Hamill and Turco, 2000; Carslaw,
2001; D’Auria and Turco, 2001). Our proposed CRIF mech-
anism focuses on a different physical process which involves
the direct interaction of high energy CRs with STS droplets
and might naturally explain the highly selective formation of
NAT particles in the polar stratosphere. The CRIF mecha-
nism, if confirmed, may shed new light on the effect of solar
activities on the NAT particle formation, denitrification, and
ozone depletion, and may provide a theoretical foundation to
use nitrate events in polar ice cores to infer past SPEs and
solar activities. The CRIF could also contribute to the highly
selective freezing of supercooled water droplets in the upper
troposphere which might have important climatic implica-
tions.

Since the probability (P) of freezing when a CR particle
hits a STS droplet is not defined, the CRIF mechanism is far
from established. Further studies are clearly needed to either
confirm or reject the CRIF hypothesis. A laboratory study us-
ing cosmic ray particles in the energy range common in the
atmosphere is needed to test the CRIF theory. Since CR par-
ticles in the energy range common in the atmosphere can not
be generated in a regular laboratory, the practical approach is
to observe whether freezing occurs when natural CR particles
penetrate STS droplets. Techniques to detect the incoming
CRs need to be developed to confirm the penetration of STS
droplets by CRs. It is interesting to note that, in their labora-
tory measurements studying homogeneous freezing of super-
cooled solutions, Koop et al. (1995) and Beyer et al. (1994)
found that, for the same conditions, usually a subgroup of the

sample froze in a very short time, while the rest took very
long or did not freeze at all. While Koop at al. (1995) have
attributed such freezing to the formation of ice frost or NAT
on the containment walls from the vapor phase, such sponta-
neous freezing could also be due to the cosmic ray-induced
freezing. Note that the flux of CRs in a laboratory room is
likely to be very small (<∼0.005 cm−2 s−1), thus only a very
limited number of droplets is likely to be hit by CRs in the
laboratory at a given time period. Observations of PSC parti-
cle changes during and after strong SPEs may provide useful
information on CRIF. Theoretical investigation of how pro-
tons interaction with solution molecules/atoms and how po-
lar molecules in solution react to the strong electric fields are
also necessary.
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