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Abstract. We have included detailed microphysical processes accounting for the formation of
polar stratospheric clouds (PSC) into a global chemical/dynamical two-dimensional model to
study the effect of heterogeneous reactions occurring on the surface of PSCs on stratospheric
ozone. The model explicitly calculates the formation of the PSC particles (50 bin sizes) in terms
of heterogeneous nucleation, condensation, and sedimentation. The transport of the particles and
heterogeneous reactions on the particles are also represented in the model. The calculated PSC
particles show that the distributions of PSCs in the Arctic and in Antarctica are very different.
Over Antarctica, nitric acid trihydrate particles (type I PSCs) are formed from early June to late
September with a maximum surface area of 15 pmZ/cm?, while in the Arctic, type I PSCs are
formed only in January with a maximum surface area of 5 umzlcm3. Ice crystal clouds (type II

A .

DPSCs) arc present over Antaiciica in Augusi. but are not seen it ihe Arclic,

1. Introduction

Although systematic observations of polar stratospheric clouds
(PSCs) have been conducted since the 1970s [McCormick et al.,
1982; 1985; McCormick and Trepte,1986; 1987], it is only in the
last 5 to 10 years that the chemical role of these cloud particles has
been studied [Crutzen and Arnold, 1986; Toon et al., 1986; Poole
and McCormick, 1988; Turco et al., 1989; Toon et al., 1990;
Larsen, 1991]. Although the mechanisms are not yet fully under-
stood, it is generally assumed that stratospheric sulfate aerosol par-
ticles (SSAs) serve as condensation nuclei for PSC particies
[Crutzen and Arnold, 1986; Toon et al., 1986]. When the tempera-
ture drops below approximately 195 K, HNO; and H,O condense
on frozen SSAs to form nitric acid trihydrate (NAT) particles. As
the temperature drops further below approximately 187 K, ice crys-
tals are formed around the NAT particles which now serve as the
condensation nuclei. This representation of PSC formation might,
however, be too crude or might not apply under all conditions [Tol-
bert, 1994; Fox et al., 1995; Toon and Tolbert, 1995]. Observations
made by Schlager et al. [1990] seem to indicate that liquid SSAs
could also serve as condensation nuclei for HNOs. Dye et al. [1992]
suggest that sulfate aerosol particles may remain in the liquid phase
when the temperature drops below 195 K. In this case, the chemical
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composition of the aerosol changes as HyO and HNOj3 molecules
are absorbed, and the liquid particles grow as a ternary solution
(H,SO4/HNO3/H,0) before crystallizing as NAT particles [Molina
et al., 1993]. Finally, as suggested by Tabazadeh et al. [1994], the
absorption of HyO and HNO; molecules by the ternary solution
could lead to amorphous liquid binary solution particles (HNOa/
H,0) with traces of HySO4. Because the ternary supercooled liquid
aerosols grow under much cooler temperatures than NAT, the atmo-
spheric region in which ternary solutions are formed could be
smaller than the area in which the NAT produced. More laboratory
work and field experiments are needed to improve our understand-
ing of these complex microphysical processes. In this work, we will
retain the simple microphysical processes proposed by Crutzen and
Arnold [1986] and Toon et al. [1986].

The purpose of the present paper is to describe a coupled micro-
physical/chemical/dynamical two-dimensional (2-D) model. As
planetary waves produce longitudinal variations in the stratospheric
temperature, particularly in the northern hemisphere, polar strato-
spheric clouds are not distributed uniformly with longitude. This
introduces a severe limitation for two-dimensional models which
derive zonally averaged quantities, and do not provide explicit
information about longitudinal variations. Although microphysical
and chemical processes (which are highly nonlinear) should there-
fore be treated in three-dimensional models, pilot studies may be
performed with two-dimensional models if the effects of longitudi-
nal temperature waves are accounted for through some parameter-
ization. Such models are commonly used for assessment studies,
and need to accounr in the pest possible way for microphysical pro-
cesses and heterogeneous chemical reactions. After a description of
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the microphysics model which is coupled to the chemical scheme
used in our 2-D model, we will validate the model by comparing
calculated PSC distributions with climatology. Part 2 of the present
study [Tie e al., this issue] prescnts several applications of this
model.

2. Model Description

The model used in the present study is an updated version of the
2-D (latitude/altitnde) chemical/dynamical model of the strato-
sphere developed by Brasseur et al. [1990] and Granier and Bras-
seur [1992]. It extends from pole to pole with a latitudinal
resolution of 5° and from the surface to 85 km with a vertical reso-
lution of 1 km. Approximately 60 species and 110 chemical and
photochemical reactions are taken into account to describe the
behavior of the oxygen, hydrogen, nitrogen, chlorine, bromine, flu-
orine, and sulfur families [Brasszur et al., 1990]. Heterogeneous
processes on sulfate aerosol particles include the following reac-
tions

(R1) N,0s(g) + HyO(aerosol) -> 2 HNO5(g)
(R2)  CIONO,(g) + HyO(aerosol) -> HNO;(g) + HOCI (g)

where (g) denotes species in the gas phase. A recent study by
Danilin and McConnell (1995) shows that the reactions BrONO, +
H;,O(aerosol) and HOBr + HCl(aerosol) could have significant
impact on the chemical species in the lower stratosphere, especially
after large volcanic eruptions. These reactions are not included in
the current model, but are considered in a separate study (X. Tie
and G. Brasseu;; The importance of heterogeneous bromine chem-
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istry in the lower stratosphere. Submitted to Geophysical Research
Letters., 1995).

The model used to simulate the formation and fate of PSCs is
from Larsen [1991]. In this microphysical model, the PSC particles
are assumed to be spheres, which are distributed within 50 bins
according to their size. Radii obey a geometric progression with a
ratio of 2. Three types of particles are considered in the model. The
first type is represented by diluted sulfuric acid particles, with a size
distribution provided by the microphysical model of Tie et al.
[1994a]. These sulfate aerosol particles serve as cloud condensation
nuclei (CCN) for the PSC particles. When the atmospheric temper-
ature decreases, nitric acid vapor becomes supersaturated with
respect to NAT [Crutzen and Amold, 1986], and a second type of
particle is formed. These particles, named type I PSC particles
(PSCI), are composed of a NAT shell surrounding a small sulfate
core. When the temperature decreases further and reaches the frost
point, PSCs I particles act as condensation nuclei for a third type of
patticle, named type I PSC (PSC II), composed of an ice shell
coating a PSC I core. Particles found in the atmosphere are affected
by gravitational sedimentation. Interactions between the particles
and the chemical state of the background atmosphere occur through
phase changes of water and nitric acid and through heterogeneous
reactions on the surface of the aerosol and PSC particles. The three
microphysical processes which are considered in the present study,
i.e., nucleation, condensation and sedimentation, are briefly
described in the following paragraph, while the structure and for-
mation process of the PSCs are schematically represented in Figure
1.

The stratospheric temperatures calculated in the model are usu-
ally in fair agreement with temperatures observed at midlatitudes
[Randel,1992], but are 10-15 K colder than the observations in the
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Figure 1. The structure of microphysical processes included in the model [Requirested with the permission from

publication by Larsen, 1991].
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polar regions [Tie et al., 1994b]. Since the formation of PSCs is
directly affected by temperature, our microphysical model uses the
observed (rather than the calculated) zonal mean temperature mea-
surements (derived from NMC (NOAA National Meteorological
Center) made between June 1986 and May 1990. In addition, in
order to account for longitudinal variations in the temperature
(planetary waves) and the possible processing by PSC air masses
flowing through localized cold environments (while the zonal mean
temperature may be higher than the PSC thresholds), we have
superimposed to the zonal mean temperature 7,,(@ ), a fluctuation
T,(t, 0 ) (hereafter called temperature wave). Thus the temperature
used in the microphysical component of the model is expressed as

T(t,0) =Tp(¢) + T(1,0) (1) (D

where ¢ is time and ¢ is the latitude. In the model the temperature
wave is expressed by

2nU t )
m

T(1,0)=A(1,0) Sin(w

(2)
where U, is the zonal wind speed (m/sec) calculated in the 2-D
model; a is the radius of the earth, and A(z,) is the amplitude of
the temperature wave specified according to Hitchman and Bras-
seur [1988] and Randel [1992] (Figure 2).

The key microphysical processes affecting the formation and fate
of PSC particles are simulated by the model developed earlier by
Larsen [1991]. This model assumes that homogeneous nucleation is
small and can therefore be ignored. The heterogeneous nucleation
rate J(r) of nuclei of radii r is expressed by

_ . 2P [oMk_ ( AF
J=c, k. o exp(-2F) 3)
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Figure 2. Planetary wave amplitude in polar regions calculated
according to Hitchman and Brasseur [1988].

where C,, is the number of molecules of water that are absorbed
onto surface of the aerosols per area, and is set equal to 2 x 1083 m
2 [Larsen, 1991]; M and PIJ are the molar mass and partial pressure
of the condensed vapor, r is the radius of the particle, ¢ and p are
the surface tension and density of the condensed substance, R is the
universal gas constant, T is the atmospheric temperature, k is Boltz-
mann’s constant, and VF is the free energy of cluster formation (a
compatibility parameter of 0.95 is assumed in the calculation of
VF ). The nucleation rate J(r) is expressed as the number of CCN
produced per second. When J(r) is multiplied by the number of con-
densation nuclei (input from the microphysical model of sulfate
aerosols), the product provides the rate of formation of particles at
radius r+Ar ; it depends strongly on the saturation ratio and the
CCN radius. After large volcanic eruptions, the number density and
the average size of aerosol particles increase substantially [Tie et
al., 1994a), and hence the nucleation rate of PSC I is enhanced. The
impact of volcanic eruptions on the formation of PSCs will be dis-
cussed in part 2 of this paper [Tie et al., this issue].

If the HNOj vapor pressure is higher than the saturation pressure
for NAT particles, condensation occurs and PSC I particles grow to
larger sizes. In the model, the rate of condensation dm/dt is
expressed according to Pruppacher and Klett [1980]:

dm Anf,CDM(p P}
4 - T R \T T, )

where m is the mass of the condensed substances per unit volume of
air; T, is the temperature at the particle surface, D is a diffusion
coefficient, C=C_r is the “capacity” of the particle, C,=1.16 [Prup-
pacher and Klen, 1980}, f, is the ventilation factor, arising because
the particles fall. P and P, are the vapor pressure and saturation
pressure for the particles in the atmospheric environment. The sur-
face temperature 7, is calculated from the release or uptake of latent
heat during condensation or evaporation. If P/T - P/T, is greater
than zero, particles condense and grow. Otherwise, they evaporate
and shrink. A similar expression is used for the condensation/evap-
oration of PSC II. The saturation pressure (P;) for PSCIand PSCII
is critical to determine the fate of the particles. For nitric acid over
PSC I particles, P, is calculated from the expression given by Han-
son and Mauersberger [1988], while for water vapor over PSC II
particles, it is taken from Jancso et al. [1970]. A recent study by
Marti and Mauersberger [1993] shows that the treshold tempera-
ture for the formation of PSC II could be 20% lower, leading to
fewer PSC II clouds in the polar regions.

When the size of the particles becomes large, gravitational sedi-
mentation becomes important, and the particles are transported
downward from the stratosphere into the troposphere. As a conse-
quence, nitric acid and water vapor are removed from the strato-
sphere, a process called “denitrification and dehydration”. In
addition, when the particles reach layers where the temperature is
sufficiently high to produce evaporation, particles are converted
back into nitric acid and water vapor. The net effect of sedimenta-
tion is therefore to transport nitric acid and water vapor from higher
levels (15-22 km) to lower levels (8-15 km). The sedimentation
process is determined by the terminal fall velocity U, given by
Fuchs [1964]

MK L

a

2 L L
U= 2Pr 3[1 +1246-2 +0.427aexp(—0.87L):l S)

where L, is the mean free path of the air molecules, 1 is the
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dynamic viscosity of ait, g (=9.8 m/sz) is the gravitational acceler-
ation; r is the radius of particles, and X =1.12 is the dynamic shape
factor.

Microphysical coagulation through which particles collide and
attach to each other to form larger particles is not, according to the
studies by Toon et al. [1989] and Larsen [1991], a significant pro-
cess for PSC particles, due to their low number density. Coagula-
tion has therefore been ignored in the present study.

With these processes taken into account, the model provides an
estimate as a function of time of the particle size distribution and
thereby of the surface area available for heterogeneous reactions in
PSCs. The heterogeneous reactions included in the model are the
following:

(R3)  CIONO,(g) + HyO(s)= HOCI(g) + HNO,(s)
(R4)  CIONO,(g) + HCL(s) = Cly(g) + HNOx(s)
(RS) N,05(g) + HyO(s) =2 HNOj4(s)

(R6)  N,Os(g) + HCI(s) = CINO,(g) + HNOs(s)
(R7) HOCI(g) + HCI(s) = Cly(g) + HyO(s)

where (g) denotes the species in the gas phase and (s) species in the
condensed (liquid or solid) phase. The kinetic rates of these five
reactions depend on the mean speed (v) of the gaseous molecules
(calculated as a function of the temperature and molecular weight)
and on the available particle surface area (A). They are expressed
by equivalent first-order rate constants as k=Y vA/4, where ¥y is the
reaction probability provided by laboratory measurements for each
of the five processes (R3)-(R7). The values of the accommodation
coefficients of Y used in the calculation are listed in Table 1.

3. Simulation of PSCs

In order to estimate the rate of heterogeneous reactions (R3)-
(R7), it is first necessary to assess the formation of PSC I and PSC
I, to calculate the corresponding surface area density, and to derive
the impact of these clouds on the abundance of gas phase com-
pounds, such as HNOj3 and water vapor. To illustrate the results
provided by the PSC microphysics model, we will first show
detailed output at two given grid points of the model: 21-km alti-
tude at 75°N and 75°S, respectively. Figure 3 shows the evolution
of the temperature (with the wave taken into account) during winter
and spring at these 2 locations. In the northern hemisphere the tem-
perature oscillates between approximately 192 K and 208 K during
January. The threshold for PSC I formation (194.5 K) is reached;
the threshold (186 K) for PSC II formation is never encountered. In
the southern hemisphere, PSC I are formed between June and the
end of November, while PSC II are produced episodically between
mid-August and the end of September. The corresponding surface
area density is shown in Figure 4 for PSC I and II, respectively. If

Table 1. Reaction Probabilities Used in the Model
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Figure 3. Evolution of the temperature with planetary waves taken
into account, used to calculate the formation of PSCs at 21 km at
75°N and 75°S.

averaged over a period of 15 days (which corresponds to the time
step used in the model for the transport of tracers, the mean surface
area for PSC I reaches approximately 2.5 b m%cm? during January
and February in the northern hemisphere (21 km, 75°N), and 7-8
pm%cm® between September and November in the southermn
Hemisphere (21 km, 75°S). The surface area associated with PSC II
is approximately 1 R m%cm? in southern hemisphere (21 km,

PSC II PSCI
CIONO, + H,0 0.3 0.006*
CIONO, + HCl 0.3%* 03+
N,0s + H,0 0.024* 0.0006*
N,Os + HCI 0.05%* 0.032%

* Hanson and Ravishankara [1991]

** Leu [1988]
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Figure 4. Calculated evolution of the surface area density (K m%
cm?) of type I and Il PSCs at 21km at 75°N and 75°S.
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75°S). The role of PSC II is, however, very important, as the largest
particles (predicted to be formed only in the southern hemisphere)
are subject to gravitational sedimentation and provide a loss mecha-
nism for stratospheric H,O and HNOj. Figures 5a and 5b show the
evolution of the gas phase HyO and HNO; mixing ratios, as pre-
dicted by the model. Superimposed on the instantaneous calculated
values are the 15-day averaged mixing ratios. The effect of sedi-
mentation is most visible at 75°S in September, but is negligible at
75°N.

The zonally averaged distribution of the surface area density
associated with PSC I in the Antarctic winter, as provided by
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Figure 5. Calculated concentration of (a) HNO; (ppb) and (b) H,O
(ppm) at 21 km at 75°N and 75°S with condensation effects taken
into account.
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microphysics model for three different time periods (average over
15 days) is shown in Figure 6. Because the zonally averaged winter
temperature over Antarctica remains below the threshold tempera-
ture (approximately 195 K) for PSC I formation between July and
September (see Randel, 1992), type I particles exist persistently in
winter from 10- to 20-km altitudes, south of 65°S. This result is
consistent with observations made between 1978 and 1985 and
reported by McCormick and Trepte [1987], and Poole and Pitts
[1994]. In mid-August, for example, the maximum in the surface
area is about 9 p.mzlcm3 (see Figure 6a), while, in late August, it
increases to approximately 15 ].tmzlt:m3 (see Figure 6b). In Sep
tember, as the temperature increases slowly, the surface area den-
sity starts to decrease. Type I particles are first being evaporated at
the top of the cloud (around 20 km) and the maximum surface area
density is reduced to 9 [ m%cm? in mid-September.

In the case of type II particles, the threshold temperature is
approximately 187 K, which is usually below the observed zonally
averaged temperature in Antarctica during winter. In this case, the
temperature wave plays a more significant role. In our model simu-
lation, PSC II exist only during a short time with a distribution
which is more complex than in the case of PSC I (see Figure 7). For
example, in early August there is no type II cloud, while a type 1
cloud is well developed. In late August the occurrence of PSC II
reaches a maximum (with a highly irregular distribution). and in
mid-September most PSC II particles have evaporated or sedi-
mented; only a small amount remains in the lower stratosphere
(below 15 km).

Figure 8 shows a prediction of the PSC occurrence during the
Auntarctic winter compared with the observations of McCormick
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Figure 6. Calculated surface area (p mzlcm3) distribution of PSC I
in the southern hemisphere during winter-spring.
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Figure 7. Same as Figure 6 except distribution is for PSC II.

and Trepte [1986]. Because the quantities are different in each case
(surface area for the calculation versus extinction ratio for the
observations), we only attempt to compare the timing, location, and
relative density of the PSCs. First, both the observations and calcu-
lations show the presence of PSCs between 10- and 23-km altitudes
from early June to late September. Second, the model reproduces
fairly well the temporal evolution of the PSC. The calculated PSC
density is, for example, very small in May and significantly
increases in late June; it increases further in July and August, then
starts to decrease in September, and almost disappears in Octaber.
Third, the density of the PSC particles varies similarly in the model
and in the observations. The large amount of PSCs predicted above
17 km in July/August disappears in September, consistent with the
observation of McCormick and Trepte, [1987]. Measured extinction
ratios remain, however, significant in late September and in Octo-
ber below 15 km, while no PSCs are predicted by the model after
September 15 in this altitude range. The observed as well as calcu-
lated distributions of PSCs are complex, which suggests that the
temperature wave has an important effect on the distribution of the
PSCs. Observations also show a correlation in the timing of the
PSC occurrence and low temperatures [{Poole and Pitts, 1994].

In the Arctic where the average temperature is higher than in the
Antarctic, the formation of PSCs is different from that in the vicin-
ity of the south pole. The mean temperature is usually higher than
the threshold temperature for PSC I [Randel, 1992; McCormick and
Trepte, 1987]. However, the temperature wave at middle to high lat-
itudes is sufficiently strong [Hitchman and Brasseur, 1988] to pro-
duce occasionally localized regions with sufficiently cold air
masses in which PSC I is produced (see Figure 2).
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Figure 8. Comparison between calculated and observed [McCor-
mick and Trepte, 1986] altitude-time distribution of PSCs at 70°S in
the lower stratosphere. Calculated surface areas are in p.mzlcm3.
Observations are expressed as 1-p m extinction ratios.

The calculated surface area of PSC I particles in the Arctic.
shown in Figure 9, is approximately 5-10 times smaller than in Ant-
arctica (see Figure 6); this result is consistent with the observation
of the sighting density in both polar regions [World Meteorological
Organization (WMO), 1991]. Furthermore, the maximum surface
area in the northern hemisphere is often found between 65°N and
75°N, and not at the pole, as in Antarctica. This difference between
hemispheres is explained by the strong temperature wave observed

PSC | Surface Area (um2/cm3) in North
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Figure 9. Calculated surface area (i m*cm?) distribution for PSCs
I at 70°N in winter.
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between 65°N and 75°N. PSC events occurring near the edge of the
vortex have been observed during the Airborne Arctic Stratospheric
Expedition (AASE) and reported by Dye et al. [1990]. Schoeberl
and Hartmann [1991] explained the PSC events by the cccling f
air by an npward bulge near the tropopause produced by tropo-
spheric cyclones. This bulge acts like an orographic feature and
results in adiabatic expansion, cooling, and the formation of strato-
spheric clouds.

Finally, Figure 10 shows that, at 70°N, type I PSCs exist from
mid-December to mid-February, i.e., during a time period that is
much shorter than in Antarctica (from May to late September, see
Figure 8). This model result is in agreement with the observations
except between 10 and 12 km where the calculated surface area is
slightly higher than suggested by the observations [WMO, 1991;
Poole and Pitts, 1994].

In conclusion, the simulated zonally averaged distributions of
PSCs in both Antarctica and in the Arctic are consistent with obser-
vations, despite the limitations inherent to two-dimensional models.
In the part 2 of this paper, we will examine how the calculated sur-
face areas provided by the PSCs affect the chemical composition of
the lower stratosphere. including ozone.

4, Summary and Conclusion

A two-dimensional chemical-dynamical-radiative model of the
middle atmosphere has been coupled to a microphysical model to
study the formation and the evolution of PSCs, and their impacts on
stratospheric ozone 1n Antarctica and in the Arctic. The calculation
shows that PSC distributions can be well represented in a two-
dimensional model if the effect of planetary waves on the tempera-
ture is explicitly taken into account. Type I PSCs exist from early
June to late September over Antarctica with a maximum surface
area of approximately 25 p m%cm’. Type I PSCs are present for a
much shorter time (mainly in Auogust), with an irregular spatial
structure. In the Arctic, no PSCs II are produced in the model, and

PSCI SURFACE AREA (um2/cm3) at 70°N
| | | T
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Figure 10. Calculated altitude-time distribution of surface area
(n m?%/cm?) of PSC I at 70°N in the lower stratosphere.
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surface areas of PSCs I are approximately 5 times smaller than in
Antarctica. Because the temperature wave is a dominant factor for
the formation of PSCs I, these latter clouds are found at edge of the
Arctic vortex where the wave amplitude is largest and its period
shortest (mainly in January).
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