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R. D. May, 8 D. R. Worsnop, 9 A. Tabazadeh, 7 M. A. Tolbert,2, 3 K. K. Kelly, 1 and 
K R. Chan7 

Abstract. Airborne measurements of total reactive nitrogen (NOy) and polar stratospheric cloud 
(PSC) aerosol particles were made in the Antarctic (68øS) as part of the NASA Airborne Southern 
Hemisphere Ozone Experiment/Measurements for Assessing the Effects of Stratospheric Aircraft 
(ASHOE/MAESA) campaign in late July 1994. As found in both polar regions during previous 
studies, substantial PSC aerosol volume containing NOy was observed at temperatures above the 
frost point, confirming the presence of particles other than water ice. The composition of the aero- 
sol particles is evaluated using equilibrium expressions for nitric acid trihydrate (NAT), nitric acid 
dihydrate (NAD), and the supercooled ternary solution (STS) composed of nitric acid (HNO3), 
sulfuric acid (H2SO4), and water (H20). The equilibrium abundance of condensed HNO3 is cal- 
culated for each phase and compared to estimates made using observations of aerosol volume and 
NOy. The best agreement is found for STS composition, using criteria related to the onset and 
abundance of aerosol volume along the flight track. Throughout the PSC region, a comparison of 
the number of particles between 0.4 and 4.0 gm diameter with the number of available nuclei indi- 
cates that a significant fraction of the background aerosol number participates in PSC growth. 
Modeled STS size distributions at temperatures below 191 K compare favorably with measured 
size distributions of PSC aerosol. Calculations of the heterogeneous loss of chlorine nitrate 
(C1ONO2) show that the reactivity of the observed PSC surface area is 30 to 300% greater with 
STS than with NAT composition for temperatures less than 195 K. The total volume of STS 
PSCs is shown to be more sensitive than NAT to increases in H20, HNO3, and H2SO 4 from 
supersonic aircraft fleet emissions. Using the current observations and perturbations predicted by 
the current aircraft assessments, an increase of 50 to 260% in STS aerosol volume is expected at 
the lowest observed temperatures (190 to 192 K), along with an extension of significant PSC 
activity to regions -0.7 K higher in temperature. These results improve our understanding of PSC 
aerosol formation in polar regions while strengthening the requirement to include STS aerosols in 
studies of polar ozone loss and the effects of aircraft emissions. 

Introduction 

Heterogeneous reactions on polar stratospheric clouds 
(PSCs) play an important role in ozone destruction in both the 
Arctic and the Antarctic by directly activating chlorine and by 
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sequestering nitrogen oxide (NOx) species that moderate ozone 
destruction [Toon et al., 1986; Solomon, 1988, 1990]. While 
the nature of these heterogeneous reactions are well 
established, their rates depend on the composition and phase 
of the PSC aerosol [Ravishankara and Hanson, 1996]. PSCs 
fall into two general categories, designated Type I and Type II. 
The composition of Type II PSCs is known to be water ice 
[Poole and McCormick, 1988], but that of Type I PSCs, which 
form at higher temperatures than water ice, remains less cer- 
tain. The formation of Type I PSCs at temperatures higher 
than the ice frost point has been explained in theoretical work 
[Crutzen and Arnold, 1986; Toon et al., 1986; McElroy et al., 
1986] as that of nitric acid hydrates. The laboratory work of 
Hanson and Mauersberger [1988] showed that nitric acid 
trihydrate (HNO3o3H2 ¸, NAT) could form at temperatures close 
to 195 K, and in situ measurements have established that Type 

I PSCs contain mixtures of reactive nitrogen (NOy) and H20 
[Fahey et al., 1989a; Pueschel et al., 1989]. On the basis of 
this evidence, the composition of Type I PSCs has been widely 
considered to be NAT in previous analyses of field observa- 
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tions within PSCs [Fahey et al., 1989a; Kawa et al., 1992; Dye 
et al. , 1992]. 

During the Airborne Antarctic Ozone Experiment (AAOE) in 

1987, measurements of NOy, total H20, and aerosol and 
meteorological parameters were obtained in a PSC [Fahey et 
al., 1989a]. Significant increases in aerosol volume indicated 

the presence of a PSC, and evidence of condensed NOy species 
was found for temperatures just below those corresponding to 
NAT saturation conditions [Hanson and Mauersberger, 1988]. 
Different results were found during the 1988-1989 Airborne 
Arctic Stratospheric Expedition (AASE). In the Arctic data, 
conditions were supersaturated with respect to NAT by greater 
than a factor of 10 when a significant increase in aerosol 
volume was observed. To explain this supersaturation, a 
nucleation barrier to NAT crystallization was proposed, as well 
as the possibility that frozen sulfuric acid (H2SO4) aerosols 
were required as condensation nuclei [Kawa et al., 1992; Dye et 
al. , 1992]. 

Laboratory studies have confirmed that supersaturation 
conditions occur either prior to or during NAT growth on 
surfaces [Hanson, 1992]. Studies by Iraci et al. [1995] on thin 
films and by Molina et al. [1993] in seeding experiments have 
demonstrated that frozen sulfuric acid tetrahydrate (SAT) sur- 
faces do not nucleate NAT at stratospheric temperatures and 
pressures. As a result, additional mechanisms for PSC forma- 

tion, including other condensed phases, have been proposed to 
account for the apparent discrepancy between the Antarctic and 
the Arctic data sets. Worsnop et al. [1993] suggested that 
initial formation of metastable nitric acid dihydrate (NAD), or 
a ternary mixed hydrate of composition HNO3oH2SO4o4H2 ¸ 
(mixH) [Fox et al., 1995], may provide the necessary nuclea- 
tion step. These hydrates could eventually convert to NAT, 
bringing the system into a more stable thermodynamic 
equilibrium with the vapor phase. The PSC condensed phase 
also could be sulfate (H2SO4/H20) aerosols that take up H20 
and HNO3 as they cool from 210 to 195 K, thereby forming a 
supercooled ternary solution (STS) of HNO 3, H2SO4, and H20 
[Arnold, 1992; Hamill et al., 1988]. These droplets continue 
to take up additional H20 and HNO3 as temperatures approach 
the frost point [Carslaw et al., 1994; Tabazadeh et al., 1994a]. 
Frost-point temperatures may or may not lead to NAT 
nucleation out of the STS solution [Molina et al., 1993; Koop 
et al., 1995; Iraci et al., 1995]. Comparing STS models to 
aerosol observations in the AASE data set, Carslaw et al. 

[1994], Drdla et al. [1994], and Tabazadeh et al. [1994b] 
demonstrate that STS composition provides better agreement 
than NAT for some conditions. From an analysis of Arctic 
cloud data, Tabazadeh and Toon [1996] also suggest that some 
aerosols are a dilute, metastable solid phase of HNO3 and H20. 
In a reanalysis of infrared spectra taken in Antarctica in 1987, 
Toon and Tolbert [1995] concluded that the observed PSCs 

were not composed of NAT but were more consistent with STS. 

Although the field data sets have provided essential 
information describing the PSC aerosol, the understanding of 
PSC formation and composition remains incomplete. 

During the recent Airborne Southern Hemisphere Ozone 
Experiment/Measurements for Assessing the Effects of Strato- 
spheric Aircraft (ASHOE/MAF_SA) campaign, PSCs were 

observed during two flights of the NASA ER-2 high-altitude 
aircraft operating in the stratosphere near the edge of the Ant- 
arctic vortex in late July 1994. In addition to the concentra- 

tion and size distribution of particles, measurements of NOy, 
nitrous oxide (N20), pressure (P), and temperature (T) were 
made during the PSC encounter. Since there is only one other 
similar set of in situ observations in Antarctic PSCs [Fahey et 
al., 1989a], these measurements represent an important expan- 
sion of data related to PSC composition and formation. Simi- 
larities between these recent observations and those made in 

the Arctic during AASE unify the discussion of PSCs for the 
two hemispheres and help to define the range of conditions and 
compositions that lead to PSC formation. However, some 

uncertainties remain regarding the nucleation and composition 
of these aerosols. In this paper, we present the new obser- 
vations in a way that is consistent with earlier analyses [Fahey 
et al., 1989a; Kawa et al. , 1992], using similar measurements 
and analysis tools. Three proposed compositions of the 
aerosol condensed phase are used in the analysis of these new 
observations: the NAT and NAD solid hydrates and the liquid 
STS. The equilibrium models of Tabazadeh et al. [1994a] and 
Carslaw et al. [1995a, b] are used for STS. The metastable 

solid solution [Tabazadeh and Toon, 1996] and the mixH [Fox 
et al., 1995] are not addressed in this work. 

The analysis here is limited to the PSC cloud event encoun- 

tered on July 28, 1994. The criteria used to test each composi- 
tion model include the prediction of the cloud onset and the 
abundance of condensed-phase HNO 3 in PSC aerosol along the 
flight track. The amount of condensed HNO3 predicted by each 

model is compared with that inferred from aerosol and NOy 
measurements. The results of this analysis show that the onset 
of the PSC is not collocated with NAT saturation conditions, 
nor does the NAT model adequately predict the abundance of 
HNO 3 in observed cloud particles. The results using the NAD 
model are similar. In contrast, the liquid STS model reproduces 
the transition to PSC particles and the abundance of HNO3 in 
particles along the flight track extremely well. These results 
are substantially different than conclusions drawn from the 
AAOE data set, for which only NAT was actively considered. 
An additional comparison of modeled STS aerosol-size 
distributions with measured PSC aerosol-size distributions 

reveals good agreement at temperatures below 191 K. Two 
additional comparisons of the role of NAT and STS are made 
using the observations of July 28 as a basis. The first is a 
direct comparison of NAT and STS reactivities at ambient 
conditions. Finally, the NAT and STS models also are used to 
estimate the changes in observed PSC aerosol that would result 
when H20, HNO3, and H2SO 4 atmospheric mixing ratios are 
elevated by a fleet of high-speed civil transport (HSCT) 
aircraft. 

Condensed-Phase Composition Models 

The equilibrium partitioning of HNO 3 between the gas and 
the condensed phases can be estimated using models for both 
the variable composition of STS and the fixed composition of 
the frozen hydrates. For the frozen hydrates, an analytical 
expression describes the equilibrium vapor pressure of HNO 3 
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over the condensed phase. For STS composition, an iterative 
calculation using specified ambient conditions is required to 
find the composition of aerosols and the equilibrium vapor 
pressure of HNO 3. As discussed below, these equilibrium vapor 
pressures are essential for the three basic comparisons used to 
evaluate the composition of the observed PSC aerosol. Table 
1 gives a brief definition of the terms and variables used in the 

model descriptions and in the following analyses and 
discussion. 

NAT and NAD Saturation Mixing Ratios 

For the solid hydrates NAT and NAD, the saturation or 
equilibrium mixing ratio of HNO3 over the condensed phase 
([HNO3 ] NAT NAD gas [HNO3] ) can be derived from the gas-solid , gas 

Table 1. Definitions of Terms and Variables 

Term Definition 

[NOy]meas total NOy (ppbv) as measured from ER-2; in 
presence of PSC aerosols, NOy is 
enhanced due to particle oversampling 

VO1MASP total aerosol volume (gm 3 cm -3) as meas- 
ured by ER-2 MASP instrument 

NOy* surrogate for NOy derived from NOy-N20 
tracer relationship (equation (12)) 

[HNO3]gas 

[HNO3] NAT gas 

[HNO3] NAD gas 

[HNO3] STS gas 

gas-phase mixing ratio of HNO 3 (not meas- 
ured) 

saturation mixing ratio of HNO 3 over NAT 
and NAD at ambient T, P, and H20 
(equations (1), (2), (3)) 

gas-phase mixing ratio of HNO3 predicted 
by STS model 

[H20]sa t saturation mixing ratio of H20 over water 
ice at ambient T and P 

[HNO3]total equivalent gas-phase mixing ratio of HNO 3 
present in gas and condensed phases, 

assumed equal to 0.9[NOy*] 

[H2SO4]t6tal equivalent gas-phase mixing ratio of H2SO 4 
present in gas and condensed phases, 
derived from FCAS aerosol meas- 

urements 

[H2SO4]cond equivalent gas-phase mixing ratio of H2SO 4 
present in condensed phase; in STS 

model [H2SO4]cond = [H2SO4]tota 1 

[H20]total 

[H20]gas 

equivalent gas-phase mixing ratio of H20 
present in gas and condensed phases; 
estimated 4.8 to 5.0 ppmv, analyzed at 
2.0, 3.0, 4.0, 5.0, and 6.0 ppmv 

gas-phase mixing ratio of H20, approxi- 

mately equal to [H20]total in STS model 

Term Definition 

QSTS 

wt%HNO 3 

wt%H2SO 4 

[HNO3]•s•, 
[HNO3] MASP 

[HNO3] MASP 

[HNO3] srs MASP 

[HNO3]cona 
[HNO3] N^Z cond 

[HNO3] N^D cond 

[HNO3] szs cond 

[NOy]aer 
[NO ] NAT y aer 

[NO ] NAD y aer 

[NO ] STS y aer 

s 

SNAT 

S STS NAT 

VOlsTs 

VOlNAT 

STS aerosol density calculated as molality- 
weighted average of pure binary solution 
densities 

weight percent of HNO 3 in condensed phase 

weight percent of H2SO 4 in condensed 
phase 

equivalent gas-phase mixing ratio of HNO 3 
present in PSC particles derived from 
MASP volume measurements for a spe- 

cific condensed phase (equations (17), 
(18), (19)) 

equivalent gas-phase mixing ratio of HNO 3 
present in PSC particles; equilibrium is 
assumed between gas and specific con- 
densed phases (equation (13)) 

equivalent gas-phase mixing ratio of NOy 
incorporated into particles of a specific 

composition, derived from [NOy]mea s 
using enhancement of particles in NOy 
sample inlet (equation (16)) 

saturation ratio 

ratio of HNO 3 available to amount of HNO 3 
that would be present at equilibrium with 
specific condensed phase; SNA T - 

0.9[NOy*]/[HNO3]gas (equation (5)) 
saturation ratio if HNO 3 is in equilibrium 

with the STS condensed phase; $ szs _ NAT -- 

[HNO3] STS NAT gas/[HNO3] gas 

total aerosol volume calculated from 

[HNO3] STS with perturbations to ambi- cond 

ent H20, HNO 3, and H2SO 4 according to 
Scenario IV of assessment (equation 
(20)) 

total aerosol volume calculated from 

[HNO3] NAT with perturbations to ambi- cond 

ent H20 and HNO 3 according to Scenario 
IV of assessment 
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equilibrium as a function of measured T, P, and H20. The NAT 
expression used in this analysis has been derived by Hanson 
and Mauersberger [1988] for temperatures between 180 and 
200 K in the following form: 

log(PHNo3) = m(T)log(PH2o) + b(T) (1) 

where 

m(T) =-2.7836 - 0.00088(T), 

11397.0 
b(r) = 38.9855 - + 0.009179(T), 

T 

PH20 is the ambient pressure of H20, PHNO3 is the equilibrium 
pressure of HNO 3, T is in degrees Kelvin, P is in torr, and the 

SAT 

uncertainty in PHNO3 is about +30%. [HNO3] ga• is derived by 
solving for PHNO3 and converting to volume mixing ratio. 

The saturation mixing ratio of NAD was derived using 
equilibrium constants as determined by Smith [1990] and 
Worsnop et al. [1993]: 

[HNO 3 ß nH20](s) <--> [HNO3](g ) + n[H20](g) 

= (2) 

where n = 2 for NAD. This expression can be solved for PHNO3 
at different temperatures using the temperature-dependent 
expression for the equilibrium constant 

In K n A ---+B 
T 

where 

AS ø 
B = + 3 ln(760), 

R 

(3) 

and K n is in units of (torr) 3. For NAD, A = -22630 and B = 
84.8 for the temperature range 180 to 210 K, with an uncer- 
tainty of about +65% in PHNO3' A similar expression, derived 
for NAT, gives values of PHNO3 that are virtually equivalent to 
the formulation expressed in (1) for stratospheric conditions. 

The saturation ratio, S, is defined as the ratio of the ambient 

gas-phase mixing ratio of a particular species to the equilib- 
rium mixing ratio over a condensed phase at ambient condi- 
tions. For example, S for NAT (SNAT) is given by 

[HNO3]gas (4) SNA T = 
[HNO 31 NAT agas 

where the differences from unity are a measure of how far the 
system is from equilibrium. To use S to examine the onset or 
edge features of a PSC where HNO 3 has not yet condensed into 

particles, the HNO 3 in the gas phase, [HNO3]ga•, can be 
replaced with [HNO3]tota 1, defined as the total available HNO 3 
in the gas and condensed phases. 

[HNO3 ]total _ 0.9[NOy] 
SNA T • 

[HNO 31NAT -- NAT -•gas [HNO3]gas (5) 

Furthermore, using a surrogate for NOy derived from correla- 
tions with N20 (NOy*, described below), [HNO3]tota 1 can be 
approximated as 0.9[NOy*], since HNO3 is expected to be 
-90% of the NOy reservoir from measurements at high latitudes 
[Gao et al., 1997]. As HNO3 condenses into particles, 

0.9[NOy*] increasingly overestimates gas-phase HNO 3. NOy* 
also does not account for denitrified air in which NOy has been 
irreversibly removed, or air into which NOy has been redis- 
tributed by evaporation of settling particles [Hiibler et al., 
1990]. 

Supercooled Ternary Solution (STS) 

In this analysis the STS composition was determined 
primarily with the aerosol physical chemistry model (APCM) 
of Tabazadeh et al. [1994a], with comparisons to an analytic 
expression developed by Carslaw et al. [ 1995b]. The analytic 
expression is a parameterization of the comprehensive 
thermodynamic model for STS composition described by 
Carslaw et al. [ 1995a]. Valid for H20 partial pressures between 
2 x 10 -5 and 2 x 10 -3 mbar and temperatures between -185 and 
240 K, the analytic expression is appropriate to the 
conditions encountered during the flight of July 28, 1994. The 
two thermodynamic models (the APCM and the comprehensive 
model of Carslaw et al. [1995a]) are similar in that each must 

solve simultaneously equations describing the equilibrium 
between HNO 3 dissolved in the aerosol and in the gas phase 
and deriving ternary parameters from known binary solution 
parameters. Because of the variable composition of STS, both 
models use an iterative approach 'in determining the correct 
partitioning. However, the models diffe r in the way they 
express these quantities. 

In the APCM, the equilibrium of HNO 3 between the gas and 
the condensed phases is expressed in terms of a mixed activity 
coefficient for HNO 3 in the ternary solution )tHNO3 , 

HNO3(gas ) <--> H•-aq ) + NO•'(aq) 

r•(r) = 

mix 

mH+ mNO J [YHNO3 (r) m S, mN)] 2 
PHNO 3 (6) 

where m is the molality of ions in solution, m s is the molality 
of H2SO 4, m N is the molality of HNO 3, and PHNO3 is the HNO3 
vapor pressure. The value of 7 m•x is derived as a combination h'mO3 

of binary activities according to the empirical mixing rule of 
Kusik and Meissner [1978]' 

mix 1 

In )tHSO3 -- -•-[2(m•v+ rn s)In )t•tSO 3 (T, /) + 2.25m s h T•i2so4(T,/) ] (7) 
where YøHNO3 and )fH2SO4 are the HNO 3 and H2SO 4 mean 
activity coefficients in the binary H20/I-INO 3 and H20/H2SO 4 
systems, respectively, evaluated at I, the ionic strength of the 
solution. This expression depends on measurements of HNO 3 
vapor pressures over known STS compositions by Zhang et al. 
[1993]. 

In contrast, the thermodynamic model of Carslaw et al. 
[1995a] expresses the equilibrium of HNO 3 in terms of an 
effective Henry's law const ant H*. 
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_ mN 

PHNO3 -- H* (8) 
H* is dependent on the composition of the aerosol through m N 
and ms. H* is calculated as a function of the Henry's law con- 
stants of HNO 3 in a binary HNO3/H20 solution (H*/v/vt,) and a 
binary H2SO4/H20 solution where HNO 3 is a trace species 
(H*lvso) 

H * H *NNb mN H *NSb ms : + (9) 
(mir + ms) (mir + ms)' 

Both models use the Gibbs-Duhem relation for the condition of 

equilibrium. For STS this takes the form 

ms mN 
+ = I (10) 

rn S m N 

where m* s and m* N are the pure binary molalities for H2SO 4 and 
HNO3, respectively, calculated at a given relative humidity. In 
the analytic expression, the binary solution parameters 
H*NNb, H* ø NSb, m s, and m* N are fitted to the results of the 
Carslaw et al. [1995a] comprehensive model as simple expres- 
sions in terms of T and H20. Both models stipulate mass con- 
servation such that 

[ HNO3 ]total [HNO 3 ]STS STS = + [HNO3 ]cond (11) Jgas 

Similarly, both models assume that H2SO 4 is present only in 
the aqueous phase and that any H20 taken up by STS aerosols 
is negligible with respect to the gas phase, leaving the H20 
partial pressure constant during HNO 3 uptake. Both assump- 
tions are valid for stratospheric conditions. 

In both models, solving for the composition of STS 

requires inputs of H2SO 4 mass, T, P, NOy*, and total H20, as 
well as the assumption that [HNO3]tota 1 equals 0.9[NOy*]. In 
applying this model to field data, available H2SO 4 mass was 
obtained from aerosol measurements of particle concentration 
for sizes between 0.06 and 3.0 gm diameter as discussed below. 
For both the APCM and the analytic expression, the model 
output gives the equilibrium mixing ratio of HNO 3 in the gas 
phase ([HNO3]STS• the equivalent gas-phase mixing ratio of gas •, 

HNO 3 in the condensed phase ([HNO3] sTs conS), and the weight 
percent of both HNO 3 and H2SO 4 in the ternary solution 
(wt%HNO3 and Wt%H2$O 4, respectively). The analytic 
expression also gives the STS density (PSTS), and the predicted 
STS aerosol volume. In the analytic expression, PSTS is 
calculated as the molality-weighted combination of the pure 
binary solution densities. For consistency this calculation of 
PSTS also is used in the APCM results. 

Data and Derived Quantities 

The data sets used in this analysis are NOy, N20, hydrogen 
chloride (HC1), particle size and concentration, P, and T col- 
lected in situ from NASA's ER-2 high-altitude aircraft. Plate 1 

(44øS, 172.5øE). During the encounter the aircraft was inside 
the Antarctic polar vortex -540 km poleward of the edge of the 
chemically perturbed region (CPR) (59øS), as defined by 

distinct changes in chlorine monoxide (C10), NOy, and N20. 
NOy was measured using a gold catalytic converter to reduce 
NOy species to NO, followed by detection of NO by nitric 
oxide/ozone (NO/O3) chemiluminescence [Fahey et al., 1989b; 
Gao et al., 1997]. N20 and HC1 were measured using tunable 
diode laser spectroscopy [Keim et al., this issue; Webster et 
al., 1994]. 

A new Multiangle Aerosol Spectrometer Probe (MASP) 
provided the size and concentration for particle diameters of 
-0.4 to 10.0 gm. MASP translates the light scattered by indi- 
vidual particles to a particle size using Mie scattering theory 
for spherical particles and an appropriate index of refraction 
[Baumgardner et al., 1996]. MASP measurements of particle 
size and concentration are used to calculate the aerosol volume. 

Because MASP samples isokinetically, there is no loss of H20 
or HNO3 from either sulfate or PSC particles. However, MASP 
measures only part of the ambient sulfate volume due to the 
0.4-gm diameter lower size limit. Particle measurements from 
the Focused Cavity Aerosol Spectrometer (FCAS), which 
provides the size and concentration of particles in the 0.06- to 
3.0-gm diameter size range [Jonsson et al., 1995] were used to 
determine the total H2SO 4 mass. Because of anisokinetic sam- 
pling, particles are compressionally heated in the FCAS inlet. 
As a result, the HNO3 and much of the H20 content of strato- 
spheric sulfate aerosol are lost from particles before sizing. 
All FCAS data points are corrected by using the temperature- 
dependent deliquescence relationship for H2SO4/H20 solutions 
developed by Steele and Hamill [1981] and ambient H20 
measurements to determine the ambient H2SO 4 aerosol size 
and number distributions that would be present in the absence 
of ambient HNO3 [Jonsson et al., 1995]. Since the H2SO 4 
mass is unchanged in sampling, the FCAS measurements were 
used to calculate the H2SO 4 content of both background and 
PSC aerosol. The H2SO 4 mass contained in particles larger 
than the FCAS size limit of 3.0 gm is not included. However, 
for the flight of July 28, 1994, comparison of aerosol size 
distributions from the FCAS and MASP instruments indicates 

that the contribution to total aerosol volume from sizes greater 
than 3.0 gm is less than 1% inside the PSC, as well as along 
the rest of the flight track. In a comparison of the MASP and 
FCAS data sets in background aerosol outside the PSC, MASP 
aerosol volumes are-35% larger than FCAS values, a 
difference that is within the combined error limits of both 

instruments (+60%). Therefore the error in the H2SO 4 mass is 
estimated to be within +60% for measurements inside the CPR. 

The NAT and NAD saturation mixing ratios and the STS 
composition calculations require a measure of ambient H20. 
Although no measurements are available for the July 28 flight, 
successful data acquisition by the ER-2 Lyman-{x H20 
instrument [Kelly et al., 1989] prior to and following the PSC 

displays some of these data sets, as well as some of the derived flight shows total H20 to be rather constant along ER-2 flight 
quantities for the ER-2 flight of July 28, 1994. The PSC was tracks in the lower stratosphere poleward of Christchurch. The 
encountered at 64øS, 172.5øE, at an altitude of-20 km on the absence of significant dehydration in the successful July and 
southbound leg of a flight from Christchurch, New Zealand August flights suggests that dehydrated air was unlikely to 
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Plate 1. Time series of ER-2 data from the Antarctic flight of July 28, 1994. Approximate latitude along 
the flight track is given at the top. (a) Measured NOy, the NOy* surrogate derived from measured N20 , and the 
calculated saturation mixing ratios of HNO3 over NAT and NAD ([HNO3] n^T and [HNO3] N^I) respectively). gas , gas 

(b) Ratio of [NOy]mea s to [NOy*]. (c) Total aerosol volume from Multiangle Aerosol Spectrometer Probe 
(MASP) measurements. (d) Measured T and P. (e) Saturation mixing ratio of H20 over ice ([H20]sat) and a 
surrogate for H20 from measurements of N20 (H20*), with the line H20 = 5.00 ppmv added for reference. 
Vertical dashed lines denote the first observation of NOy enhancement (ENOy -84000 UT s) and aerosol 
enhancement (Eae r -84600 UT s), and the beginning of the aircraft vertical profile (-86700 UT s). Data for a 
1-Hz sample rate are displayed where available; the MASP sample rate is 0.1 Hz. 

have been sampled on the July 28 flight. The infrequent 
observations of dehydration throughout the ASHOE/MAESA 
mission are attributed to the limited vortex penetration 
achieved by the ER-2 and asymmetries in the transport of inner 
vortex air to the edge region [Tuck et al., 1995; Rosenlof et 
al., this issue]. Using the available H20 data as well as the 

observed correlation of H20 with N20 on these same flights, 
total H20 is estimated to be 4.8 to 5.0 parts per million by 
volume (ppmv) for the July 28 flight. The saturation mixing 
ratio for H20 over ice ([H20]sat), as calculated from T and P 
according to the Smithsonian Institution [1958] tables, sug- 
gests that ice aerosols probably do not contribute to the total 
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observed aerosol volume. Because of the absence of direct H20 
measurements, the sensitivity to the total H20 estimate was 
examined in the analyses presented below by using integer 
values between 2 and 6 ppmv in separate calculations (see 
Appendix). With this H20 estimate and the above measured 
parameters, derived quantities used in the analysis of PSC 
composition are presented below. 

NOy* 

Compact correlations of NOy and N2 ¸ observations in the 
lower stratosphere are commonly used to estimate a surrogate 

for total available NOy from a measurement of N20 [Fahey et 
al., 1990]. This estimate, designated NOy*, is especially use- 
ful in regions of PSC activity where the presence of NOy-con- 
taining particles leads to an enhancement of NOy in the ani- 
sokinetic ER-2 sample inlet [Fahey et al., 1989a], thereby 

increasing measured NOy values above NOy*. In contrast, 
regions in which NOy* is greater than NOy indicate that the 
sampled air has undergone denitrification, irreversibly remov- 

ing NOy through sedimentation of NOy-containing particles. 
The evaporation of these particles can effect the redistribution 

of NOy to lower altitudes, increasing total NOy above NOy* 
calculated values [Habler et al., 1990]. Using data from four 
ASHOE/MAESA flights in late July/early August 1994, the 

linear correlation fit between NOy and N20 outside the polar 
vortex [Keim et al., this issue] is given by 

[NOy*] = 21.82- 0.0699[N20 ] (12) 

where NOy* and N20 are expressed in parts per billion by 
volume (ppbv). This expression, similar to previous evalua- 
tions [Fahey et al., 1990], is used in the analysis here. The 
correlation is not altered significantly when data from within 
the polar vortex are included. However, data from air parcels 
that have been perturbed by denitrification or aerosol enhance- 
ment have not been included in the fit [Keim et al., this issue]. 

Equilibrium-Condensed HNO3 

The equivalent gas-phase mixing ratio of the condensed 

HNO 3 ([HNO3]cond) in a PSC is estimated by assuming that the 
condensed phase is sampled at equilibrium. For all composi- 

tions, [HNO3]tota 1 is assumed to be 0.9[NOy*]. In the case of 
the solid hydrates, [HNO3]gas, calculated in equations (1) and 
(2), is the amount of HNO 3 present in the gas phase, where all 
remaining HNO 3 is assumed to be in the condensed phase. The 
result for NAT is given by 

[HNO3] NAT = 0.9[NOy*] - [HNO3] NAT cond gas (13) 

An analogous expression defines [HNO3] NAD STS cond [HNO3] is ß cond 

calculated directly with the STS models that use [HNO3]tota 1 = 
0.9[NOy*] as an input condition. 

NOy Aerosol 

NOy is designated as the sum of the mixing ratios of reac- 
tive nitrogen species in the lower stratosphere, where HNO3 is 
the principal component species. The remaining noncondens- 

ing fraction of NOy in the polar lower stratosphere includes 

such species as NO, nitrogen dioxide (NO2), nitrogen trioxide 
(NO3), chlorine nitrate (C1ONO2), dinitrogen pentoxide 
(N205), nitrous acid (HONO), and peroxynitric acid (HO2NO2). 

As a result of ambient sample heating, the NOy measurement 
includes volatile reactive nitrogen species contained in 
sampled particles. However, because of the difference between 
the inlet line flow velocity (15 m s -1) and the true air speed of 
the aircraft (200 m s-l), particles are oversampled, leading to 
an enhancement in the NOy signal. As described above, this 
enhancement is evident in regions where NOy is greater than 
NOy*. The sampling efficiency of the NOy inlet for a given 
particle size is estimated by 

A = 1.68K + 0.13 U o + 2____U (14) 
1.68K + 1.13 U U o 

where U is the inlet flow velocity and U 0 is the true air speed of 
the aircraft [Fahey et al., 1989a]. K is the Stokes parameter, 
expressed as 

g = pD2CUø (15) 
18gair d 

where p is the particle density, D is the particle diameter 
assuming that the shape is spherical, C is the Cunningham 
slip correction [Pruppacher and Klett, 1978], gair is the 
viscosity of air, and d is the inlet diameter. The uncertainty in 
A is estimated to be +30%. The overall enhancement factor of 

the NOy signal, Aef f, is the volume-weighted average of A cal- 
culated for particle sizes between 0.32 and 4.00 gm in 
diameter. Thus Aeff is a function of both the aerosol size 
distribution and the assumed particle composition. For the 
flight of July 28, NAT and NAD average Aeff values are 8.0 and 
9.2, respectively, with highest values at coldest temperatures 
and larger aerosol sizes. For STS, the value of Aeff is more 
variable due to changes in PSTS, giving an average Aeff during 
the PSC encounter of 7.3. 

Using Aef f and measured NOy ([NOy]meas), the equivalent 
mixing ratio of NOy incorporated into particles ([NOy]aer), can 
be estimated as 

* r, T*,Tr• nNAT(NAD,STS) 

[NOy ]NAT(NAD,STS) ._ [NOy ]meas - 0.1[NOy] - tn•'•U31gas (16) aer Ae ff 

where 0.1[NOy*] is the noncondensing fraction of available 
NOy. A value of 0.1 is an estimate based on measured NO and 
calculated steady-state values of NO2 and C1ONO2 as well as 
full-diurnal model results for the region outside the cloud for 
the July 30, 1994 flight [Gao et al., 1997]. 

MASP HNO 3 Equivalent 

The total volume (VolM^sP) of particles during the PSC 
encounter is derived from MASP measurements of particle size 

and concentration. Using VO1MASP, an equivalent volume 
mixing ratio of HNO3 condensed in PSC particles 
([HNO3 ] NAT NAD STS MASP' [HNO3] [HNO3] ) can be calculated b y MASP ' MASP 

assuming a respective composition for all aerosols. For NAT, 
which has a density of 1.62 g cm -3 and wt%HNO3 of 53.8, the 
expression is 

[HNO3] NAT = 1 15(VO1MASP)(T/P) (17) MASP ß 
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Plate 2. Average observed and calculated size distributions of aerosol particles •'or two periods along the 
flight track, where N, S, V, and Dp correspond to aerosol number, surface area, volume, and diameter, respec- 
tively. The three columns of size distributions show N, S, and V for sample periods in the background aerosol 
inside the chemically perturbed region (CPR) (Plates 2a-2c) and in the polar stratospheric cloud (PSC) aerosol 
for temperatures from 189.7 to 191.2 K (Plates 2d-2i). Observed size distributions are shown for the MASP 
(solid line) and Focused Cavity Aerosol Spectrometer (FCAS) (dotted line) instruments. The MASP instrument 
uses q = 1.44 for background samples and q = 1.40 inside the PSC. The simulations of MASP distributions 
from FCAS observations using (23), (24), and (25) for the APCM (Plates 2d-2f) and analytic expression 
(Plates 2g-2i) are shown with the dashed lines. 
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where T is in degrees Kelvin, P is in millibars, and VO1MASP i s 
in units of gm 3 cm -3. For NAD, a density of 1.70 g cm -3 was 
estimated from the average of the reported densities for NAT 
and nitric acid monohydrate (NAM) [Taesler et al., 1975' 
Delaplane et al., 1975]. This value is confirmed by a Lorentz- 
Lorenz analysis using the measured refractive index of NAD 
and molar refractivities for H20 and HNO3 determined by 
Berland et al. [1994] and Middlebrook et al. [1994]. There- 

fore, using the stoichiometric wt%HNO3 value of 63.6, the 
result is 

[HNO3] N^D = 1.43(VolM^sP )(T/P) MASP (18) 

The assumption of a uniform HNO3/H20 composition of 
NAT or NAD for VO1MASP over the entire flight track neglects 
the H2SO 4 and H20 mass associated with the background 
sulfate aerosol. Thus, outside the PSC where MASP samples 

only background aerosol volume, (17) and (18) overestimate 
the HNO 3 condensed mass. To a lesser extent, the same is true 
inside the PSC where the low vapor pressure of H2SO 4 causes i t 
to remain in the condensed phase as PSCs grow, regardless of 
the PSC composition. To account for this overestimate, the 
average VolM^sP value for the first 1000 s of flight track just 
inside the CPR but outside the PSC was subtracted from all 

VO1MASP values before [HNO3]MASP was calculated for the NAT 
and NAD compositions. In this way, [HNO3] N^T and MASP 

[HNO3] mAD M^SP are reduced by 0.2 and 0.4 ppbv, respectively, 
giving values near zero in regions of background aerosol vol- 
ume. 

Since measured STS densities for a range of compositions 
are not available, PSTS at any point along the flight track is 
approximated for both the APCM and the analytic expression 
as the molality-weighted combination of the pure binary solu- 
tion densities. Therefore the equivalent gas-phase mixing 

ratio of HNO 3 in STS depends on density and weight percent as 
sTs 

[HNO3 ]M^S? = 1.32(10 -2 )(PSTS)(Wt%HNO3 )(VOlM^s? )(T/P) (19) 
For the July 28 flight, two different refractive indices were used 
in the MASP size calculation. The first value (q = 1.44) is 

comparable to the refractive indices of aerosols containing 
concentrated H2SO 4, NAT, or NAD, The second value (q = 
1.40) is an estimate of the value for STS reflecting a larger H20 
content than the other compositions. The use of the lower 
refractive index resulted in a 30% average increase in measured 
aerosol volume inside the cloud. 

In the calculation of VO1MASP, only aerosols between 0.32 
and 4.00 gm in diameter are used to be consistent with calcula- 

tions of [NOy]ae r. The nature of the anisokinetic inlet of the 
NOy instrument is such that particles larger than 4.00 gm are 
inertially separated from the sample stream and therefore 

produce no NOy signal [Fahey et al., 1989a]. The additional 
volume associated with particles larger than 4.00 gm in the 
MASP s.ize distribution is less than 1%. 

Three basic comparisons using the onset and equilibrium 
abundance criteria of condensed-phase HNO 3 are listed in Table 
2. Both criteria relate to a time series of PSC observations 

obtained along the aircraft flight track. The onset of the PSC 
or transition to PSC aerosol refers to the location along the 
flight track where condensed-phase HNO 3 becomes a sig- 
nificant fraction of the ambient aerosol. As shown below, this 

criterion is more difficult to define for the STS composition 

than for the frozen hydrates because the modeled transition to 
PSC aerosol is more gradual and its detection is limited by 
instrumental sensitivities. The second criterion refers to the 

relative and absolute abundance of condensed-phase HNO 3 
predicted within a PSC. 

In previous analyses [Fahey et al., 1989a; Kawa et al., 
1992] the cloud onset was tested by comparing the region of 
NAT saturation to that where aerosols were enhanced above 

background values. The region of NAT saturation was defined 
using the saturation mixing ratio of HNO 3 over NAT 
([HNO3]m4 and [HNO3].• in the two analyses, respectively) and 
total available HNO 3. In this analysis a similar test of cloud 
onset is made for both NAT and NAD using their respective 
saturation mixing ratios [HNO3] N^T and [HNO 3] •^r• gas and , gas , 

[NOy*] to estimate total HNO3 (Table 2, comparison A). Un- 
like the frozen hydrates, the variable STS composition 

involves an additional dependence on [HNO3]tota 1 that leads to 
calculated HNO3 gas-phase mixing ratios which are necessarily 
consistent with the STS condensed phase. Therefore compari- 
son A with the criterion of PSC onset is not made for STS 

composition. 

For the criterion of the abundance of condensed HNO3, 

[HNO3]ms P inferred from the aerosol measurements is com- 
pared with [HNO3]•ond from one of the composition models 
(Table 2, comparison B), or with [NOy]aer (Table 2, 
comparison C) inferred from NOy measurements, thereby 
providing two independent tests of that model. Comparison B 
in Table 2 allows a test of how well a given model reproduces 
the absolute value and variations in the abundance of 

[HNO•]M^sp along the flight track, in addition to the location 
of the cloud onset. As such, this comparison is the only one 
to use both criteria. However, this test of abundance is 

invalidated when total NOy has been perturbed by 
denitrification or redistribution. An additional comparison of 

[HNO3]•ond and [NOy]aer could be made using both criteria. 
However, because of the larger error associated with [NOy]aer 
(see Appendix), the test of composition would be less certain. 

Instead [NOy]•e• is used in comparison with [HNO3]ms P (Table 
2, comparison C) as a test for consistent agreement between 

measurements of enhanced NOy and aerosol and the predictions 
of a given composition model. Because both [HNO3]•v•nsp and 
[NOy]aer are derived from measurements (NOy and aerosol, 
respectively), this abundance comparison is unaffected by 
perturbations such as denitrification and redistribution. 

Comparison of Derived Quantities 

The models for condensed-phase composition and the range 
of derived quantities described above allow specific compari- 
sons that address the composition of PSC aerosol particles. 

ASHOE/MAESA Antarctic Results 

The flight track observations and derived quantities for the 
flight of July 28 are shown in part in Plate 1. The region of 
PSC activity addressed in this analysis begins at the cloud 
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Table 2. Comparisons Made to Test Edge and Intensity Features of PSC Activity 

Comparison Onset a Abundance a Notes 

A {[NOy*] > [HNO 3] •^T •as } versus ENOy, Eae r 
{[NOy*] > [HNO 3] NAD •as } versus ENOy, Eae r 

•/ N/A {NOy*> [HNO3]•a•} defines region in which 
saturation conditions exist 

no comparison is made for STS model (Plate 1) 

ENOy denotes first occurrence of NOy enhance- 
ment on poleward leg of flight track; Eae r 
denotes aerosol enhancement 

B [HNO 3] •A•' [HNO3] cond versus MASP 

[HNO3] cona versus [HNO3] MASP 

[HNO3] sTs cona versus [HNO3] STS MASP 

makes assumption that total available NOy is 
equal to [NOy*] 

comparison of absolute abundance will be 
degraded by denitrification or redistribution 
(Figure 1) 

C [NOy] •AT versus [HNO3] •A'r aer MASP 

[NOy] NAD versus [HNO3] NAD aer MASP 

[NOy] STS versus [HNO 3] STS aer MASP 

•/ •/ makes no assumption of total NOy available for 
condensation; tests consistency of NOy and 
MASP aerosol measurements with respect to 
given composition 

correlations in relative abundance reflect corre- 

lations in source measurements but do not 

reflect agreement with specific model (Figure 
:) 

aA (•/) denotes a meaningful test using the specific comparison of derived quantities; N/A, not applicable. 

onset near 84000 UT s and ends where the aircraft begins its 
vertical profile at-86700 UT s (vertical dashed lines labeled 

"ENoy" and "vertical profile" in Plate 1). The onset of the 
cloud, the point at which [NOy]mea s and NOy* diverge (Plate 
lb), occurs during this flight as temperatures fall below 194.6 

K (Plate l d). NOy enhancement indicates incorporation of 
HNO 3 in the observed aerosol, distinguishing it from back- 
ground sulfate aerosol. During the time period from 84000 to 
86700 UT s, which corresponds to a distance of-540 km or 
3.5 ø latitude, ambient pressures are near 60 mbar (19.5 km 
altitude) and ambient temperatures are between 189 K and 196 
K (Plate l d), decreasing fairly linearly with time. Gaps in the 
time series of NOy measurements are due to instrument calibra- 
tion checks. The region beyond 86700 UT s is neglected in 
this analysis because the PSC activity is significantly weaker 
and because the region includes the aircraft vertical profile 
during which ambient conditions are changing rapidly, 
thereby increasing the uncertainty in both measurements and 
models. The PSC region also is defined by values of VOlMAsP 
that exceed background values of-0.3 }.tm 3 cm -3 (Plate l c). 
Dye et al. [1996] also have used significant increases in 
aerosol volume to reference the onset of the PSC. Significant 
increases in MASP aerosol volume are not apparent along the 

measurements than to a physical feature of the observed 
aerosol. As in previous analyses, the correlation between 

VOlMAsP and [NOy]meas/[NOy*] values provides strong evidence 
that the observed aerosols contain reactive nitrogen species in 
the condensed phase. Moreover, Type II (water ice) PSCs 
cannot be the source of increased aerosol volume because 

[H20]sat exceeds the estimate of ambient H2 ¸ ([H20*] from the 
H20/N20 correlation) throughout the PSC region (Plate l e). 

Minimum values of [H20]sa t are 6 ppmv, whereas ambient H20 
values for this flight are estimated to be closer to 4.9 ppmv. 

Minimum [H20]sa t values of 4 ppmv would require a decrease in 
minimum temperature of 2 K. The redistribution of H20 into or 
out of the sampled air parcels is not considered here. 

The distribution of aerosol number density, surface area, and 
volume measured by the FCAS and the MASP instruments in 
background aerosol and in PSC aerosol are shown in Plate 2. 
In the background the aerosol number densities for the two 
instruments show good agreement for diameters between 0.5 to 
2.0 }.tm (the overlap of particle size range in the two instru- 
ments) (Plate 2a). Differences noted in number density are 
accentuated in the distributions of surface area and volume 

(Plates 2b and 2c, respectively) due to the dependence on 
particle diameter. In volume, MASP values are -35% larger 

flight track until -122 km beyond ENOy at a temperature of than FCAS values in the overlapping size range. Inside the 
192.9 K. The reference line for aerosol enhancement also is PSC (Plates 2d-2i), discrepancies are larger due to the different 
noted in Plate 1 as a vertical dashed line (Eaer). This difference sampling characteristics of the two instruments. As discussed 
in apparent onset of the PSC between ENOy and Eae r locations is above, MASP measures PSC particles without the loss of vola- 
more related to assessing small differences in the time series of tile components, while FCAS effectively measures the back- 
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ground aerosol because of the loss of condensed HNO 3 upon 
sampling. The advantage of this sampling difference is that it 
provides a consistent measurement of both available H2SO 4 
and total aerosol volume inside a PSC. 

In the FCAS background aerosol, the median size increases 
from -0.2 I. tm in the number distribution (Plate 2a) to -0.8 I. tm 
in the volume distribution (Plate 2c). Inside the PSC the effec- 

tive number distribution of "binary" aerosols (FCAS-dotted 
line, Plates 2d, 2g) is shifted to somewhat larger sizes. This 
shift is probably due to the low temperatures in this flight 
track region (T < 191K) that cause even binary sulfate aerosols 
to increase in size through H20 uptake. The MASP measure- 
ments in Plate 2 (solid line) clearly show the presence of larger 
particles associated with PSC formation. The median sizes in 
the volume distributions increase to over 1 gm inside the PSC 
(Plates 2f, 2i). Volume distributions in Arctic PSCs measured 

with a comparable instrument showed similar size and concen- 
tration values [Dye et al., 1992]. The size of the observed PSC 
aerosols further indicates the absence of ice aerosols, which 

should grow to much larger sizes due to the greater H20 abun- 
dance. For PSC measurements shown in Plate 2, the areas of 
the number distribution for both MASP and FCAS are 

comparable, indicating that a significant fraction of available 
background aerosol particles participate in the growth of the 
PSC. 

NAD 
The saturation mixing ratios [HNO3] NAT and [HNO3] gas in gas 

Plate l a can be used to approximate regions of particle satu- 

ration ([NOy*] > [HNO3]gas ) that would be expected for a 
condensed phase at equilibrium (Table 2, comparison A) 
[Fahey et al., 1989a]. The NAT saturation region exceeds that 

of enhanced particle volume (Eaer) and NOy (ENOy), consistent 
with previous analyses of Arctic PSCs [Kawa et al., 1992; Dye 
et al., 1992]. In contrast, the predicted onset of NAD aerosol 

([NOy*] > [HNO3] gas ) is in much better agreement with ENOy 
in Plate l a than is the predicted onset of NAT aerosol. As 
described by Worsnop et al. [1993], a high free-energy barrier 
for nucleation of NAT might lead instead to the nucleation of 
NAD, a relatively persistent metastable phase. Metastable 
phases are expected to be less ordered and to have lower surface 
free energies and therefore have less of a barrier to nucleation. 
For example, Disselkamp et al. [1996] have found the interfa- 
cial surface energy of NAD to be 22 erg cm -2, compared with 44 
erg cm -2 previously estimated for NAT. 

[HNO3]cond and [HNO3]MASP are compared for each compo- 
sition in Figure 1 (Table 2, comparison B). The magnitude of 
[HNO3]MASP varies with composition because of differences in 
density and Wt%HNO3, with lowest [HNO3]MASP values for STS 
and highest for NAD. While the NAT and NAD equilibria 
require [HNO3]MASP to be between 8 and 10 ppbv at the lowest 
observed temperatures, STS requires only around 6 ppbv. The 
time series of values for each composition display the same 
qualitative features since each is derived from aerosol measure- 

ments. Thus, in all cases, [HNO3]MASP displays the same 
gradual increase at the onset of the cloud seen in VOlMAsP 
(Plate 1 c). 

The values of [HNO3]cond for the frozen hydrates NAT and 
NAD display a threshold behavior as a function of ambient 
temperature (Figures l e, l f) and as a function of time (Figures 

lb, l c) because of uniformly decreasing temperatures (Plate 
l d). Threshold behavior occurs because, once the saturation 

temperature is reached, further small decreases in temperature 
cause significantly more HNO 3 to be sequestered in particles. 
For temperatures at and below - 192 K, comparing [HNO3] SAT cond 

([HNO3 ] SADh with indicates that virtually all cond / [HNO3]tota 1 
available HNO3 is condensed in the NAT (NAD) phase at equi- 
librium (Figures l e, l f). Thus the large variations in 

[HNO3]MASP that occur at these temperatures, reflecting the 
actual abundance of HNO3 in the condensed phase, are incon- 

sistent with predicted [HNO3]cona values. A further inconsis- 
tency is that values of [HNO3]MASP exceed those of [HNO3]tota 1 
for both NAT and NAD at the lowest observed temperatures, 
thereby requiring that more HNO3 be in the condensed phase 
than is apparently available. Figure 1 also shows that the ear- 
lier thresholds for both NAT and NAD are reached well outside 

the region of enhanced aerosol. Although the existence of a 
nucleation barrier for either NAT or NAD could serve to move 

these thresholds to later times and lower temperatures, the 
characteristic threshold behavior would still be expected. 
Because of this threshold behavior, neither the NAT nor the 

NAD models can adequately represent the variations of 

[HNO3]MASP along the flight track. 
In contrast to NAT and NAD, the modeled abundance of 

condensed HNO 3 in the STS PSC is dependent on the solubility 
of HNO 3 in the liquid H2SO4/H20 aerosol phase. The model 
results for [HNO3] szs cona are in better agreement with 
[HNO3] szs (Figures l a, lb), with the former displaying a MASP 

more gradual increase with time along the flight track rather 
than a threshold response Although [HNO3] szs is less than ß cond 

[HNO3] szs throughout the entire PSC, relative changes in MASP 

[HNO3] szs and cona are well correlated with those of [HNO3] szs MASP, 

better and more consistent agreement of the absolute values is 
found. Observed differences are more easily accounted for by 
experimental uncertainties than the differences noted for NAT 

and NAD. For example, a simple scaling of the MASP volume 
results could significantly improve agreement for STS in 
Figure 1 but not for NAT or NAD. 

An important feature of the STS model results in Figure 1 i s 

the gradual increase in [HNO3]cond with decreasing temperature 
and the favorable comparison with [HNO3]MASP. In contrast, 
the NAT and NAD models show a threshold response as dis- 

cussed above, with large increases in [HNO3]cond occurring after 
the saturation temperature is reached. The gradual increase of 
STS occurs because the composition of STS is a function of 
temperature, as shown in Plate 3c. At the threshold 

temperatures of NAT and NAD, Wt%HNO3 values for STS remain 
less than 10%. Maximum STS values of 40% are observed at 

the lowest temperatures in the PSC and are closer to the fixed 
NAT and NAD values (53.8% and 63.6%, respectively). 

Other important facets of STS composition are highlighted 
in Plate 3c. First, wt%H20 does not change significantly over 
the temperature range of the PSC (190 to 200 K), varying only 

between 45 and 55%. In contrast, Wt%HNO3 and Wt%H2SO 4 
display significant anticorrelated fluctuations for the same 

conditions, with Wt%HNO3 reaching values as high as 40 and 
wt%H2SO 4 reaching values as low as 6 at 190 K. Values of 
Wt%HNO3 and wt%H2SO 4 are multivalued in temperature due to 
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Figure 1. Comparison of equivalent gas-phase mixing ratios of condensed-phase HNO 3 derived from 
aerosol measurements ([HNO3]MASP) and from the equilibrium model ([HNO3]cond) for different aerosol 
compositions (Table 2, comparison B). Also shown for NAT and NAD is [HNO3]tota 1. Data in panels on the 
left are displayed as a time series along the flight track, while data on the right are displayed as a function of 
temperature for the poleward portion of the flight (UT < 86700 s). Supercooled ternary solution (STS), NAT, 
and NAD (top, middle, and bottom) are used in the comparisons. [HNO3]MASP is calculated for a 0.1-Hz sample 
rate, while [HNO3]cond and [HNO3]tota 1 are calculated for a 1-Hz sample rate. Vertical dashed lines for NOy 
enhancement (ENO,)and aerosol enhancement (Eaer) define the region of transition into the PSC on the 
poleward leg of thJ flight track. 

fluctuations in ambient NOy and H2SO 4. These changes in 
composition, corresponding to changes in the water activity 
in solution (aH20), have a strong impact on the heterogeneous 
reactivity of STS aerosols. 

The comparison of [HNO3]•s P with [NOy]ae r (Table 2, 
comparison C)for each of the compositions is displayed in 
Figure 2, where [HNO3]M^SP is the same as shown in Figure 1. 
Because [NOy]ae r varies with composition due to the depend- 
ence of Aef f on particle density, the highest values occur with 
an assumed composition of STS and lowest values with NAD. 

The relative magnitudes of [HNO3]•s e and [NOy]a• r are well 
correlated in each case because they are derived from VO1MASP 

and [NOy]m•as, respectively, which also are well correlated 
(Plates !a, l c). For all three compositions, [NOy]a• r is less 
than [HNO3]MASP. With NAT, [NOy]aer underpredicts 

[HNO3]MASP by about a factor of 2, while with NAD the 
difference is closer to a factor of 3. With STS, [HNO3]MASP is 
underpredicted by -50%. Although the combined uncertainties 
are comparable to the observed differences, the STS model 
provides significantly more consistent results as in 
comparison B. 

A similar analysis of STS composition was performed using 
the analytic expression developed by Carslaw et al. [ 1995b]. 
The results of these model calculations are compared with 
those from the APCM of Tabazadeh et al. [1994b] in Plate 3. 

The quantities [HNO 3] STS [HNO3] STS and [NOy] STS are cond, MASP, aer 

combined for the APCM in Plate 3a (also Figures l a and 2a) 
and for the Carslaw analytic expression in Plate 3b. The 
agreement between [HNO3] STS and [HNO3] STS is MASP cond 

significantly improved with the Carslaw expression. 
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Figure 2. Comparison of [HNO3]MASP and [NOy]aer derived from MASP aerosol measurements and measured 
NOy, respectively (Table 2, comparison C). Panels on the left display results as a time series along the flight 
track, while panels on the right display results as a function of temperature for the poleward portion of the 
flight (UT < 86700 s). STS, NAT, and NAD (top, middle, and bottom) are used in the comparisons. Both 
[HNO3]MASP and [NOy]aer are calculated for a sample rate of 0.1 Hz. Vertical dashed lines for NOy enhancement 
(ENo .) and aerosol enhancement (Eaer) define the region of transition into the PSC on the poleward leg of the 
fligh( track. 

However, the comparison between [HNO 3] STS and [NOy] STS MASP aer 

is degraded from that made with the APCM. Both [HNO3] szs MASP 

and [NOy] sms values are different for the analytic expression aer 

because of differences in the predicted composition of STS 
between the two models. A change in composition leads to 

different values of PSTS- As a result, [HNO3]MASP and Aef f 
([NOy]aer) are increased (reduced) relative to the APCM, giving 
discrepancies between [HNO3] szs and [NOy] szs of a factor of MASP aer 

-2 as found in the NAT comparison. Another difference 

between these two models is the value of Wt%HNO3 and 
wt%H2SO 4 for a given set of ambient conditions, as shown in 

decreases in T. The differences between the two STS models are 

a reflection of some of the uncertainties in the prediction of 
STS composition at low temperatures. However, the 
predictions of both models are more consistent with the 
observations than either the NAT or the NAD models. 

As noted above, all three composition models are sensitive 
to changes in ambient H20 mixing ratios. The quantities 
shown in Figures 1 and 2 and Plate 3 are calculated with an H20 
value of 5.0 ppmv. H20 values must be reduced to 3.0 ppmv 
(2.0 ppmv) for NAD (NAT) to eliminate regions of 

supersaturation. However, at these H20 values, [HNO3]cond 
Plates 3c and 3d. Although there are significant differences for underpredicts [HNO3]MASP by -80% and -70% for NAD and 

wt%HNO3 inside the PSC, both models show 10% HNO 3 in the 
region along the flight track that corresponds approximately 
to the transition to enhanced aerosol volume. Although 

Wt%HNO3 rarely exceeds 40% in either model, the Carslaw 
result reaches 40% HNO 3 for temperatures almost a degree 
higher than the APCM but shows little change for further 

NAT, respectively, and values of [NOy]aer are even lower. The 
STS results display a similar sensitivity to changes in ambient 
H20. However, the sensitivity of [HNO3] szs to changing H20 cond 

is accompanied by changes in Wt%HNO3 and PSTS, leaving the 
relative abundance of [HNO3] szs in good agreement with cond 

[HNO3] szs and [NOy] szs for H20 values between 4.0 and 6.0 MASP aer 
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ppmv. Below 4.0 ppmv H20 the PSC is not apparent in the 
STS model. The H20 sensitivity of the three models is 
described in more detail in the Appendix. 

In summary, comparison A in Table 2 reveals that the 
region of mAD saturation corresponds more closely to the 
region of enhanced aerosol than the region of NAT saturation. 
Comparison B in Table 2 of condensed HNO3 predicted for 
mAD at equilibrium ([HNO3 ] mAD cond) with observed aerosol 
volume ([HNO3] mAD MASP) also reveals that mAD more closely 
represents the observed onset of the cloud than NAT. 
However, the NAT and mAD frozen hydrate results both reveal 
that large regions of the flight track are supersaturated and 
both display a threshold behavior that is not reflected in the 

aerosol or NOy observations. The absence of threshold 
behavior in the aerosol observations suggests that, despite the 
slightly better agreement for mAD, the observed aerosol vol- 
ume is unlikely to be either hydrate phase. In contrast, 
comparison B shows consistent agreement between the two 
STS equilibrium models and quantities derived from observed 
aerosol. STS composition also leads to more consistent 

agreement between calculated values of [NOy]ae r and 
[HNO3]MASP (derived from measurements of NOy and aerosol, 
respectively) than NAT or mAD. Thus, despite some remaining 
discrepancies in these comparisons, STS composition best 
represents the PSC observations of the July 28 flight. 

Discussion 

The results in Figures 1 and 2 show that an STS equilibrium 
composition provides the most consistent comparison with 
quantities derived from observations. Before considering the 
relative roles of STS and NAT aerosol for reactivity and atmos- 

pheric perturbations, we first examine the relative errors in the 
current analysis, the importance of the equilibrium assump- 
tion, the formation of mAD and NAT in the presence of STS, 
and the consistency of the current analysis with those made 
earlier using Arctic and Antarctic observations. 

Uncertainties 

While the weight of evidence clearly rests with STS compo- 
sition, neither NAT nor mAD composition can be completely 
ruled out based on the observations of the PSC encountered on 

July 28. As in the Arctic analysis described below, the appar- 
ent inconsistency between absolute values of [HNO3] NAT and MASP 

[HNO3] N^T in Figure 1 is encompassed by overlapping cond 

instrumental and model uncertainty limits at about the 1-{• 
confidence level (+60% in [HNO3] N^T and +43% in • MASP • 

[HNO3] NAT •o,a ) if the HNO3 fraction of NO• is --0.9. Because of 
the larger error in [HNO3] mAD due to the large uncertainty in MASP 

the density of mAD, the discrepancy in the comparison of 
mAD also falls well within the error [HNO3] mAD with [HNO3] cond MASP 

of the measurements (+65% in [HNO3] NAI• and +73% in • MASP • 

[HNO3] NAI• represents up to 80% •ona ). In contrast, [HNO3] STS MASP 

of the HNO3 available, a fraction that not only is well within 
the error of the measurements but also is a reasonable fraction 

of NOy*. 
With respect to the general discrepancy between 

[HNO3] NAT,mAD and MASP [HNO3]total, a contribution from the 

denitrification and/or redistribution of NOy prior to observa- 
tion by the ER-2 cannot be ruled out. However, since 

[HNO3]MASP and [NOy]aer are both quantities derived from 
measurements, they are unaffected by denitrification and redis- 
tribution. The lack of agreement in this latter comparison for 
NAT and mAD compositions is an indication that these 

changes to total NOy cannot completely account for the dis- 
crepancy. 

Modeled STS Size Distributions 

A further test of STS composition can be made by modeling 
the number, surface, and volume distributions of STS aerosol 

particles in the PSC peaks (Plate lc) using FCAS observations 
and comparing these distributions to the MASP observations. 
As described above, the FCAS distributions are calculated 

using the assumption that only binary H2SO4/H20 aerosols are 
present since neglecting the HNO 3 component is a good 
approximation everywhere outside of a PSC. To compare 
FCAS distributions with those of MASP inside a PSC, the 

HNO 3 lost from the FCAS-sampled aerosols must be calculated 
and added back to each distribution. Using the STS 
composition model to calculate the abundance of lost HNO3 
provides a unique test of the model. The total aerosol volume 
predicted by the STS model at equilibrium can be obtained in 
the PSC peaks by using an equation similar to (19): 

[HNO 3 •STS (p) .I cond 
VOlsT s = 

1.3186(10 -2 )(P STS )(wt% HNO3 )(r) (20) 

where [HNO3] sTs from an STS model is used in place of cond 

[HNO3] STS To predict the MASP distributions, the STS MASP ß 

volume calculated to be present in excess of the FCAS-meas- 
ured volume must be partitioned among particles in the 
observed FCAS size distribution. This in effect converts the 

aerosol represented by the FCAS distributions from "binary" 
to "ternary." 

With the assumption that both FCAS and MASP are measur- 
ing aerosols at equilibrium and because both aerosol measure- 
ments are made simultaneously, the conversion of the FCAS 

data set here is dictated solely by the thermodynamic equilib- 
rium parameters. Hence particle growth kinetics do not play 
an explicit role in this conversion analysis. Because all aero- 
sols are assumed to have the same composition at equilibrium, 
the size of an individual aerosol is dependent primarily on the 
mass of H2SO 4 contained in the aerosol, making the ternary 
and binary volumes proportional. The difference between the 
ternary and the FCAS binary total volumes, AVtotal, is given 
by 

AVtotal -' VO1STS - EV/FCAS (21) 
i 

where • V/FCAs is the sum of volume over all size intervals i 
i 

of the background distribution. The addition of STS volume in 
the ith interval AVi of the FCAS distribution is defined here to 
be proportional to AVtota 1. Further, the proportionality 
constant is defined to be the fractional volume represented by 
the ith interval in the FCAS distribution as 
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AVi = (V/FCAS / E'zFCAS'•AV (22) vi ] total 
i 

The additional volume AV i is distributed uniformly to the 
number of particles in the ith bin to predict the MASP distri- 
bution of size and volume in the PSC. As a result, the frac- 

tional change of average aerosol particle diameter (Dp), surface 
area (S), and volume (V) in the ith bin between the FCAS 
unmodified (binary) and the converted (ternary) distributions 
can be expressed as 

1/3 * = /Volsxs / • Vf c^s (23) (Dp/Dp)/ i 

2/3 (S*/S)i = IVOlsTs/•V/vC^s (24) i 

(V*/V)i '- (VOlsTs/EV/FCAS ) (25) i 

where the asterisk indicates the converted distribution para- 
meters. 

The comparison of the predicted and measured distributions 
is provided in Plate 2 for the second PSC peak corresponding 
temperatures between 189.7 and 191.2 K. Agreement is 
expected if STS is the actual composition of the observed PSC 
particles. The agreement between the modeled and the meas- 
ured size distributions using both the APCM and the analytic 
expression (Plates 2d-2f and 2g-2i, respectively) provides 
strong support for STS composition. Both models give a rea- 
sonable reproduction of the number distribution of PSC aero- 
sols represented by the MASP distribution, despite slight dif- 
ferences in the predictions of the two models. As discussed 
above, these model differences are considered indicative of the 

uncertainty in these calculations. The discrepancies between 
the model calculations and the MASP number distribution are 

clearly within the combined instrumental uncertainties. How- 
ever, other uncertainties may contribute, such as the Kelvin 
effect for small aerosols, estimated to cause a difference of 

-10% in the equilibrium composition. Alternatively, the PSC 
may contain either aerosols of a different composition or a 
mixture of compositions. Although modeling the growth of 
NAT or NAD is more difficult because a nucleation process is 
involved, a mixed-composition cloud is a possibility, as dis- 
cussed by Dye et al. [ 1996] and as suggested by the impactor 
observations of Goodman et al. [1997]. 

NAT/NAD Formation from STS 

The inference of STS aerosols for the conditions encoun- 

tered by the ER-2 on July 28 has implications for the forma- 
tion of crystalline NAT aerosols, either by crystallization on 
or from STS solutions. In laboratory studies of NAT formation 
the conditions necessary for crystallization are often 
referenced according to the corresponding saturation ratio S 
described in equation (4). Two calculations of the NAT 
saturation ratio in the gas phase as a function of T are shown 
Figure 3a for the July 28 data set. For reference, the variation 
in VO1MASP as a function of T also is shown (Figure 3b). For 
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Figure 3. Saturation ratios of NAT as a function of T for the 
poleward leg of the flight track (UT < 86700 s). Plate 3a dis- 
plays two apparent saturation ratios of NAT. The first, where 

S = 0.9[NOy*]/[HNO3] NAT is valid when no aerosols are gas , 

formed (large open squares). (In regions of observed aerosol 
enhancement, values from this calculation are displayed as 

small open squares.) The second, where S szs _ NAT -- 

[HNO3] STS NAT v,s/[HNO3] displays the saturation ratio of NAT gas , 

when STS aerosol particles are inferred to be present (open 
triangles). Plate 3b displays MASP volume measurements for 

reference. The transition region defined by observed NOy and 
aerosol enhancement is noted with vertical dashed lines. 

regions without apparent aerosol enhancement (outside the 

PSC) the saturation ratio is calculated using [HNO3]tota 1 as an 
estimate of [HNO3]g• s (equation (5), open squares). At 
temperatures below 192.8 K, where aerosol becomes enhanced 

and significant HNO 3 condensation can be inferred from 
observations, the apparent saturation ratio shown is no longer 
representative of the air parcel and is displayed in smaller 
symbols. Instead, SNA T would be expected to fall to unity if 
the aerosols observed at temperatures below 192.8 K were 
composed of NAT at equilibrium. 

In regions of enhanced aerosol a measure of [HNO3]• s is 
required for calculations of S. While such measurements are 

not available for the flight of July 28, the previous analysis 
has shown that observations are consistent with STS composi- 
tion. Having concluded that the bulk of aerosol encountered 

was composed of STS, we have used [HNO3] szs •a• as a valid 
estimate of [HNO3]• s for the air parcels encountered, even in 
regions where aerosol is enhanced. Thus the saturation ratio 

plotted as gray triangles is that of NAT in the presence of con- 
densed STS aerosols (Figure 3a), where [HNO3] szs has been gas 

substituted for [HNO3]tota 1 in the calculation of S. 
The comparison of SNA T and VO1MASP in Figure 3 shows 

that significant increases in aerosol volume occur only at 
temperatures below 192.8 K, corresponding approximately to 
SNA T ---- 10. In the presence of equilibrium STS, S STS values NAT 

are still -10 at the point of significant aerosol growth. These 



DEL NEGRO ET AL.' ROLE OF NAT, NAD, AND STS IN ANTARCTIC PSC AEROSOL 13,271 

results are consistent with those found in Arctic PSC studies 

[Dye et al., 1992; Kawa et al., 1992] that, in part, led to the 
inclusion of a NAT nucleation barrier in some two-dimensional 

(2-D) model PSC parameterizations [Considine et al., 1994]. 
However, in this analysis, as in analyses of the same Arctic 
PSC by Carslaw et al. [1994] and Drdla et al. [1994], this 
saturation ratio is shown to be merely coincidental, since the 
growth is assumed to be STS aerosol rather than NAT. 

Crystallization of NAT and NAD from STS has been studied 
with mixed results. Both Iraci et al. [1995] and Molina et al. 
[1993] have observed nucleation of NAT from STS in thin-film 

studies and bulk freezing experiments, respectively. However, 
in other bulk freezing experiments, Koop et al. [1995] saw no 
nucleation of NAT from solutions of equilibrium STS 
composition until the ice frost point was reached. In aerosol 
studies, Anthony et al. [1997] did not observe crystallization 
of NAT from ternary aerosol droplets for temperatures from 
190 to 204 K and observation times up to 3 hours. In the thin- 
film studies of Iraci et al. [1995], crystallization of NAT was 
observed within- 2 hours for SNA T _> 14. As shown in Figure 
3 calculations of S szs imply that NAT does not crystallize ' NAT 

from STS solutions corresponding to SNA T _< 28. Although the 
aircraft observations could not follow an air parcel over a 
period of hours, temperature histories for the coldest air 
parcels indicate that they were below NAT temperatures for a 
period of 6-12 hours [Kawa et al., 1997]. Thus the 
ASHOE/M•SA field observations are consistent with the 

Koop et al. [1995] and Anthony et al. [1997] results since 
there is no evidence, even at the lowest observed temperatures, 
that the gas phase was in equilibrium with the NAT phase. Had 
both condensed phases been in equilibrium with the gas phase, 
S szs values should drop to 1 Therefore the importance of NAT ß 

STS as a step in the mechanism for condensation of frozen 
NAT aerosols in the atmosphere remains uncertain. The 
equilibration of NAT in the atmosphere may require tempera- 
tures below the ice frost point or the presence of an impurity to 
induce NAT crystallization, as suggested by Koop et al. 
[1995]. 

Equilibrium Assumption 

In the above analysis, aerosol particles are assumed to be in 
equilibrium with the gas phase. Meilinger et al. [1995] have 
developed a nonequilibrium aerosol growth model which 
indicates that NAT crystallization from STS may be possible 
in the nonequilibrium conditions of a strong cooling event. 
Temperature histories for the cloud encountered on July 28, 
1994, indicate that sampled air masses experienced cooling of 
up to -1.4 K per hour for about 18 hours prior to observation 
by the ER-2 [Kawa et al., 1997]. This rate of cooling is rela- 
tively small compared to rates of more than 10 K per hour 
found in lee-wave events addressed by Meilinger et al. [ 1995]. 
Moreover, back trajectories indicate that air parcels sampled 
inside the PSC had traveled over ocean for at least 5 days prior 
to observation [Kawa et al., 1997], precluding recent lee-wave 
cooling events. Therefore this nonequilibrium effect is not 
expected to influence the observations studied here. Rapid 
cooling rates associated with temperature fluctuations along 

air parcel trajectories [Murphy and Gary, 1995] may also create 
nonequilibrium conditions because of the sensitivity of the 
condensed phase to temperature (see Table 3). Although this 
effect cannot be evaluated here, the large number of samples i n 
the PSC serve to average out the extreme departures from 
equilibrium. 

The analysis here also assumes a single composition for the 
observed aerosol volume. The discrepancy between calculated 
values of [HNO 3] szs and [HNO 3] szs could be explained by MASP cond 

the addedpresence of NAT particles, as has been suggested by 
Dye et al. [1996]. If NAT particles were present, the observed 
aerosol volume associated with STS aerosol would necessarily 
be smaller, thereby improving the agreement in comparisons 
such as those in Figure 1. This possibility is supported by 
wire impactor results from the July 28 flight that indicate the 
presence of solid particles and even Type II PSC particles over 
limited regions of the flight track [Goodman et al., 1997]. 
However, the solid particles accounted for only a small frac- 
tion of observed particles, and values of S szs NAT >1 (Figure 3a) 
indicate that these particles were not NAT at equilibrium con- 
ditions. Thus most of the observed particles are assigned STS 
composition on the basis of comparisons of observations and 
models. Dye et al. [1996] reach the same conclusion based on 

the negative correlation of aerosol volume with temperature 
observed in this PSC encounter, indicative of a majority of 
liquid rather than solid crystalline aerosols. 

Previous Arctic Results 

Previous Arctic PSC observations made with instruments 

onboard the ER-2 have been evaluated for consistency with 
respect to NAT composition [Dye et al., 1992; Kawa et al., 
1992]. Although NAT composition could not be ruled out in 
all sampling conditions, two important discrepancies were 
noted. First, large areas of NAT saturation were observed in 
several Arctic flights without an accompanying increase in 

aerosol volume. Second, [UNO3]FSSP (equivalent to 
[HNO3] NAT M^SP as used here) was greater than NOy* by a factor of 
2 to 4 throughout most of the PSC encounter of January 24, 
1989 [Kawa et al., 1992]. Similar discrepancies with respect 
to NAT composition are evident in the current analysis. The 
current analysis reveals that a sharp increase in aerosol volume 

does not occur until SNA T is -•10. In contrast, NOy enhance- 
ment begins at somewhat lower values and correspondingly 
higher temperatures. In addition, at the lowest temperatures 

inside the cloud, [HNO 3] NAT is greater than [HNO3]tota 1 (given MASP 

by 0.9[NOy*]) by up to 3 ppbv (Figure lb). In the current 
analysis these discrepancies are not apparent in the STS 
composition results. While there are still some discrepancies 

szs between the values of [HNO3] szs and [HNO3] cond MASP ' 

[HNO3] szs is generally a reasonable fraction (<1) of avail- MASP 

able HNO 3. Moreover, the ambient conditions of the flight of 
July 28, 1994, in the Antarctic appear to be comparable with 
those of the flight of January 24, 1989, in the Arctic, for 
which both Carslaw et al. [1994] and Drdla et al. [1994] also 
concluded that observations of a PSC are more consistent with 

STS composition. Therefore STS composition leads to more 
consistent results than NAT composition, both for the 
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Table 3. Average Sensitivity of the STS Calculation to Input Errors 

STS STS 

Parameter Changed Perturbation [HNO3] cond [HNO3] gas [Wt%HNO3] [wt%H2SO 4] 

H2SO 4 mass +35% +22% -1% -4.0% +9% 
+60% +37% -2% -5.6% +13% 

T + 0.2% -35% +9% -21% +28% 

- 0.2% +72% -11% +24% -24% 

+0.6% +4% -0.9% +2% -3% 

-0.6% -4% +0.8% -2.2% +3% 

NOy* +15% +43% +9% +17% -17% 
-15% -30% -11% -18% +21% 

H20 + 1.00 ppmv +220% -24% +48% 

- 1.00 ppmv -58% +18% -38% 

- 2.00 ppmv {no PSC} a {=[HNO3]to•} a { <1% }a 
- 3.00 ppmv {no PSC } {--[HNO3]to m } { < 1% } 

-42% 

+70% 

binary} a 
{- binary } 

Average changes in the STS model output parameters (relative to values shown in Figures 1 and 2 and Plate 3) due to 
changes in the input parameters listed in the first column. For each input parameter, observed values for July 28 are perturbed 
by the values in the second column, with the resulting changes in derived quantities shown, respectively, in the remaining col- 
umns. The base value for H20 is 5.0 ppmv. 

aFor values of H20 _< 3.0 ppmv the STS model predicts essentially binary H2SO4/H20 aerosol with negligible amounts of con- 
densed HNO3, in direct conflict with observed NOy enhancement. 

Antarctic flight of July 28, 1994, and for some previous Arctic 
PSC flights. 

Previous Antarctic Results 

In the AAOE data set, the general character of the PSC 
observed on August 17, 1987 [Fahey et al., 1989a], still 
strongly implies NAT composition. For the August 17 flight 
the sharp increase in aerosol volume corresponds very closely 
to the region of NAT saturation and displays the threshold 
behavior characteristic of a frozen hydrate. In addition, the 
comparison of condensed HNO 3 from aerosol measurements 

([HNO3]aerosol, here [HNO3]M^SP ) with condensed HNO 3 from the 
NAT equilibrium model ([HNO3]ne t, here [HNO3]cond ) agreed 
very closely in relative and absolute values. The ambient 
conditions under which the Antarctic PSC was observed during 
AAOE were significantly different than those of the 
ASHOF_JMAESA observations. The growth of the AAOE PSC 
may have been forced by stronger cooling than the PSC of July 
28, 1994, based on observations of mountain waves along the 

flight track [Gary, 1989]. Additionally, ice saturation and 
Type II PSC particles were noted within the PSC observed 
during AAOE [Fahey et al., 1989a]. If the August 17 obser- 
vations were to be reanalyzed in this study, similar results 
would be obtained because the calculation of [HNO3] N^T gas 

(equation (1)) is unchanged from 1987. Since [HNO3]ga• i s 
lower for NAT than for STS, the AAOE results do not require or 
imply the presence of STS. In addition, the uncertainty in the 
background aerosol distribution arising from changes in the 
aerosol instrumentation complicates an analysis of the role of 
STS in this earlier data set. 

The differences noted between the August 1987 and July 
1994 Antarctic flights are consistent with a study by Adriani et 
al. [1995] in which lidar and particle counter observations 

over McMurdo Station, Antarctica, were compared. This study 
confirmed the existence of two distinct populations of Type I 
PSCs with distinct histories. Type Ia (nonspherical and proba- 
bly crystalline) PSCs were associated with back trajectories 
that originated from high latitudes (>70øS) and had modest 
cooling rates of 1 to 5 K per day for 7 days prior to observa- 
tion. These PSCs often were observed coexisting with Type II 
(ice) PSC particles. In contrast, air masses with Type Ib 
(spherical and probably liquid) PSCs had spent time at lower 
latitudes (60 to 70øS) in the 7 days prior to observation and 
had experienced cooling rates of 5 to 15 K per day. If the 
composition of Types Ia and Ib PSCs is assumed to be NAT and 
STS, respectively, these results suggest that both condensed 
phases are present over Antarctica. Other lidar observations of 
PSCs have shown that Type Ib aerosols appear frequently over 
both poles [Toon et al., 1990; Browell et al., 1990; Rosen et 
al., 1993; Stefanutti et al., 1995]. 

Carslaw et al. [ 1994] and Tabazadeh and Toon [ 1995] have 

suggested that STS PSCs may be most important in the Arctic, 
since frost-point temperatures occur less frequently. Sulfate 
aerosols may freeze at frost-point temperatures and are less 
likely to melt in the Antarctic since they would require 
temperatures of-215 K. However, Koop and Carslaw [1996] 
indicate that frozen SAT aerosols may melt and form STS if 
temperatures are reduced below NAT formation temperatures 
and NAT formation fails to occur. Moreover, STS PSCs in the 

Antarctic may be most important in the edge region of the 
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Antarctic vortex and therefore will be significant in determin- 
ing the areal extent and magnitude of ozone loss in the Ant- 
arctic. Thus, instead of eliminating the need for NAT composi- 
tion in analyses, the good agreement found for STS composi- 
tion in the Antarctic flight studied here reinforces the need to 
incorporate the ternary system in studies of polar ozone loss 
and to investigate further the separate conditions under which 
each type may form. 

Implications 

The availability of measured atmospheric parameters and 
the success of the STS composition model provide a unique 
basis with which to examine other issues related to Antarctic 

PSC formation. The uniqueness derives in part from the use of 
a comprehensive set of constituent and physical observations 
that are representative of atmospheric conditions. Issues of 
particular interest are differences between STS and NAT PSCs 

associated with heterogeneous reactivity and responses to 
perturbations from aircraft emissions. These differences have 

important implications for ozone loss processes in polar 
regions. 

STS Reactivity 

Because of the variable composition of STS aerosol and its 
continuous growth from background aerosol, the reactivity of 
STS surfaces is more difficult to characterize than that of solid 

surfaces. The wide range of conditions under which sulfate and 
STS aerosols can exist leads to corresponding large changes in 
the heterogeneous reactivity of those surfaces. Solid aerosols 
also display changes in reactivity as a function of ambient 
conditions, but those changes are relatively small over the 
limited range of conditions in which such phases may exist in 
the lower stratosphere. Although reaction probabilities on 
NAT surfaces vary with temperature and H20 and HNO3 partial 
pressures, the existence of NAT surfaces in an air parcel 
generally is sufficient for significant chlorine activation by 
the heterogeneous reactions 

and 

HC1 + C1ONO 2 --> C12 + HNO 3 

H20 + C1ONO2 --> HOC1 + HNO3. 

(R1) 

(R2) 

[Tolbert et al., 1987; Abbatt and Molina, 1992; Kawa et al., 

1997]. Thus the NAT saturation threshold often is used in 

models to define the high-reactivity region associated with 
PSCs [Chipperfield et al., 1994]. In addition to a temperature 
dependence [Zhang et al., 1995; Hanson and l•avishankara, 
1994], the reactivity of STS particles also depends on 

wt%H2SO4, that corresponds to changes in all20. The reaction 
rates on STS or NAT PSCs also are a function of surface area 

that changes as the aerosols cool and grow. 
In laboratory studies, Zhang et al. [1995] demonstrated that 

the rate of (R2) over the temperature range 215 to 195 K was 
independent of the HNO3 concentration on liquid 
H2SO4/H20/HNO 3 surfaces. Ravishankara and Hanson [ 1996] 
have shown that the reactive uptake coefficients (y) for (R1) 
and (R2) on liquid sulfate aerosols are larger than those on 

solids for temperatures between 195 K and the ice frost point. 
Liquid aerosol reactivities are less affected by high reactant 
concentrations because diffusion into the bulk liquid and away 
from the surface is faster. Solid particles under the same 
conditions can undergo alterations in surface properties 
because diffusion is slower. Also, Ravishankara and Hanson 

[1996] have found evidence that heterogeneous reactions on 
liquids are a combination of reactions in the bulk liquid and on 
the surface. While these studies were performed on liquid 
H2SO4/H20 surfaces, Ravishankara and Hanson [ 1996] predict 

that Y(R1)may increase for STS particles with high HNO 3 
concentrations due to the predicted larger solubility of HC1, 

while Y(R2) will remain comparable because H20 concentra- 
tions remain similar. At low T, Y(R2) on liquid sulfate aerosols 
ranges from a factor of 10 to 200 larger than that on NAT sur- 
faces; thus, far less surface area is required for liquid aerosols to 
process C1ONO2 as efficiently as NAT aerosols through (R2). 

In applying reactivity studies to field observations, both 
the instantaneous conditions in an air parcel and the parcel's 
history are of value. Kawa et al. [1997] used a back-trajectory 

chlorine processing model to show that Y(R1) and Y(R2) for sul- 
fate aerosol, when applied to calculated STS aerosol surface 
areas, are sufficient to account for the enhanced reactive chlo- 

rine observed on the flight of July 28. Here the instantaneous 
parameters are compared for NAT and STS at the observed 
ambient conditions. Making the same assumption that y 
values for sulfate and STS aerosols are comparable, and using 
the formulation of Hanson and Ravishankara [1994], y for het- 
erogeneous loss of C1ONO2 on STS can be calculated along the 
flight track. The formulation used here describes the combined 

y for both (R1) and (R2) and references the solubility of HC1 to 
aH20, that is equivalent to the relative humidity. Thus y is 
primarily a function of all20 and available HC1. By using all20 
as a reference, the specific composition of the aerosol is not 
needed for the calculation, provided condensed HNO3 does not 
significantly change the solubilities and reaction rates. This 
assumption appears to be reasonable for the C1ONO2 reactions 
(D. R. Hanson, personal communication, 1996). The 
formulation of Ravishankara and Hanson [ 1996] also accounts 
for the dependence of y on particle size through the 
competition of the diffusion and reaction rates according to the 
equation 

1 1 1 
-- = + -- (26) 
T ['surf + f(l/a)['calc Ot 

where ['calc is the uptake coefficient due to bulk reactions, ['surf 
is a surface reaction term, a is the mass accommodation coeffi- 

cient that has values near unity, and f(l/a) i• a function that 
takes into account the spherical geometry and small size of 
stratospheric aerosol. An average reactive uptake coefficient 
Yeff was then calculated as the number-density-weighted average 
of y for all particle size bins in the MASP size distribution 
from 0.4 to 9.0 gm. For the conditions on July 28, using 
measured HC1 along the flight track, Yeff ranged from 0.01 to 
0.54 in the temperature range 200 to 190 K, as shown in Plates 
4a and 4e. Similar calculations were performed for fixed HC1 

fractions of total inorganic chlorine (HC1/Cly) of 0.9 and 0.1. 
For the observed conditions of July 28, Yeff of 0.1 was reached 
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Plate 4. Heterogeneous reactivity of STS and NAT surfaces from observations for the July 28 flight. Panels 
on the left are displayed as a time series along the flight track, while panels on the right are displayed as a 
function of temperature for the poleward portion of the flight (UT < 86700 s). (a, e) Reactive uptake coeffi- 
cient for C1ONO2 (7eft). (b, f) Temperature and observed aerosol surface area. (c, g) First-order rate coefficient 
for heterogeneous loss of C1ONO 2 (khet). (d, h) Time constant for heterogeneous loss of C1ONO2 (XClONO2). 
For STS, the quantities Teff, khet, and 'CCiONO2 were calculated using HC1 as observed during the July 28 flight 
(black solid line, solid circles), as well as for fixed HC1 fractions of total inorganic chlorine (HC1/Cly) of 0.9 
(blue solid line, open squares) and 0.1 (green dotted line, open triangles). For NAT, the same parameters for 
C1ONO2 loss using observed HC1 are shown (red solid line, open diamonds). Vertical lines for NOy enhance- 
ment (ENo) and aerosol enhancement (Eaer) define the region of transition into the PSC on the poleward leg of Y 

the flight track. Data for a 0.1-Hz sample rate are shown, with the exception of temperature data that have a 
sample rate of 1 Hz. 

in the transition region bounded by ENOy and Eae r. (The value 
?eft = 0.1 is used for comparison purposes as an average value 
often associated with chlorine processing on NAT surfaces.) 
Further inside the cloud, these values of ?eft may change dra- 
matically with small changes in ambient conditions due to a 
strong anticorrelation with T (Plate 4b) as well as sensitivity 
to available HC1 and H20 and the weighting of the aerosol size 
distribution. As described above, the assumption that HNO 3 
does not alter the solubilities may be misleading at high con- 

centrations of HNO 3, as found in the PSC where Wt%HNO3 
reaches values of 40. 

Using Teff, the pseudo-first-order rate constant for heteroge- 
neous loss khe t can be calculated, along with the time constant 

for heterogeneous loss of C1ONO 2, 'COONO 2, according to the 
equations 

and 

<v> 

khet = 'Y eff • A (27) 
4 

1 

'1; CiONO2 = , (28) 
khet 

where A is the surface area density and <v> is the average 
velocity of a single C1ONO 2 molecule at ambient T. These 
values apply only to the instantaneous conditions at the time 
of observation along the flight track, because depletion of the 
HC1 reservoir as the reaction progresses leads to reduced values 

of ?eft and khe t and increased values of '17CiONO2. Using '17CiONO2 
< 1 day as the criterion for effective chlorine processing, the 
heterogeneous reactivity of the PSC becomes important in the 

transition region between ENOy and Eae r (Plates 4d, 4h), similar 
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to the analysis of )'eft. However, at high values of HC1 (HC1 = 

0.9 Cly), reactivity is enhanced in regions where neither NOy 
nor aerosol enhancement were detected, and at low values of 

HC1 (HC1 = 0.1 Cly), qJC1ONO2 < 1 day is only predicted for 
regions of observed aerosol enhancement. In Plate 4, the 
instantaneous values of )', khe t, and q;ClONO2 for C1ONO2 loss 
through (R1) on NAT particles are also shown, using observed 
HC1, observed aerosol surface area, and the formulation of 

Hanson and Ravishankara [1993]. Comparison of these 
quantities in Plate 4 reveals that STS composition leads to an 
increase in chlorine activation over that predicted for NAT 

particles by 30 to 300% across the entire PSC analysis region. 
Minimum values of 'I;C1ONO2 (~2 hours for STS and ~1 day for 
NAT) are also strikingly different. Thus, for the conditions 
observed during the July 28, 1994, flight, STS particles appear 
to be more effective than NAT at activating chlorine through 
(R1) and (R2). 

Molina et al. [1993] and Hanson et al. [1994] have sug- 

gested that as temperatures approach the ice frost point, the 
chlorine activation efficiency of (R1) increases significantly 
for a range of compositions. For the flight of July 28, values 
of)' are up to a factor of 2 less for NAT than for STS at tempera- 
tures between 200 and 195 K (diamonds and solid circles, 

respectively, in Plate 4e); at temperatures below 195 K these 
values diverge further according to the formulations of Hanson 
and Ravishankara [1993, 1994]. Under conditions of 

comparable % the surface area present to facilitate chlorine 
activation becomes more important than other aerosol parame- 
ters. In Plate 4, observed surface area values are used for both 
STS and NAT calculations. However, in the results shown in 

Figures 1 and 2, the STS model predicts a lower total aerosol 
mass than the NAT model. The difference in surface area asso- 

ciated with a change in total mass depends on the particle size 
distribution. Therefore evaluating the efficiency of STS rela- 
tive to NAT in facilitating chlorine activation requires a con- 
volution of the higher reactive uptake coefficient for STS with 
a change in surface area that may or may not result from a lower 
aerosol mass. Despite this uncertainty, it is clear that, in gen- 
eral, NAT surface areas will have to be nearly four times larger 
than STS to be competitive. 

Sensitivity of PSCs to Aircraft Emissions 

The abundance and reactivity of PSCs will change in 
response to perturbations of the ambient mixing ratios of the 
component species. Increases in H20, HNO3, or H2SO 4 
increase aerosol volume, although the response is different for 
STS than for either frozen hydrate. Important sources of such 
perturbations include emissions from the current subsonic 
aircraft fleet as well as those projected for a new fleet of 
HSCTs. Approximately 40% of the subsonic aircraft 
emissions occur in the stratosphere during the winter in the 
Northern Hemisphere [WMO, 1995], whereas nearly all HSCT 
emissions will occur in the stratosphere. The formation of 
PSCs is not included in the standard models used to evaluate the 

effects of HSCTs on climate and ozone in the current HSCT 

assessment [Stolarski et al., 1995]. Thus our understanding of 
the potential role of PSCs in perturbations due to aircraft 
emissions is incomplete. The response of PSCs to aircraft 

emissions is difficult to include in 2-D assessment models 

because of uncertainties in our understanding of PSC formation 

processes and composition and because the zonal variability 
in formation conditions is not well represented. Generally, 
sensitivity tests are run in which the abundance of PSCs is 
parameterized using zonally averaged conditions in the model 
and various assumptions about the formation thresholds for 
NAT particles. For example, both Pitari et al. [1993] and 
Considine et al. [1994] allow for some supercooling prior to 
PSC formation. Considine et al. [1994] determine particle 
surface areas by allowing HNO 3 and H20 to condense onto a 
lognormal distribution of aerosols. Tie et al. [1994] place the 
NAT formation threshold at temperatures higher than those 
required for thermodynamic equilibrium to account for error• 
both in model temperature at high latitudes and the impact of 
HNO 3 andH20 emissions by HSCTs. PSC processes then are 
parameterized using time constants for heterogeneous 
reactions and removal of HNO 3 and H20 through sedimentation 
of particles. However, only the PSC sensitivity tests of Pitari 
et al. [1993] included increases in aerosol surface area due to 

HSCT sulfur emissions and then only as a perturbation to the 
background aerosol size distribution on which NAT might 
grow. If NAT aerosols dominate the composition of PSCs 
during the polar winter, these parameterizations may 

adequately account for the apparent supersaturation of HNO 3 
prior to crystallization. However, if STS is the dominant 
composition, PSCs will be extremely sensitive to changing 
levels of all three component species and therefore will 
respond to the perturbations caused by aircraft emissions very 
differently than NAT aerosols. 

A useful estimate of the relative changes in the volume of 
NAT and STS PSCs resulting from aircraft emissions can be 

made by using the July 28 observations of NOy, H2SO 4, H20, 
P, and T as a basis. The changes in STS aerosol volume due to 
changes in constituent abundances can be examined with (20). 
Similar expressions can be made for NAT and NAD. At each 
point along the flight track, a new aerosol volume for each 

composition is obtained by using increased values of NOy, 
H2SO 4, and H20 in calculating the terms on the right-hand side 
of (20). The increased values will be chosen to reflect the 

perturbations that would result from the emissions of an HSCT 

aircraft fleet. Because of the substitution of [HNO3]cond for 
[HNO3]M^SP and the discrepancies between these two quantities 
shown in Figure 1, (20) will not provide the same absolute 
values of aerosol volume as that observed on July 28 for either 
NAT or STS. However, (20) will accurately reflect changes in 
aerosol volume due to perturbed ambient conditions. Although 
aerosol surface area is often more important than aerosol 
volume for estimating the reactivity in a PSC, surface area 
requires knowledge of the particle size distribution. 

Increased values of NOy and H20 are based on Scenario IV of 
the HSCT assessment [Stolarski et al., 1995], that assumes a 

fleet of 500 aircraft operating at Mach 2.4 at ~20 km altitude. 

The models predict perturbed levels of NOy and H20 based on 
predicted HSCT use and appropriate emission indices (EIs, 
expressed as grams per kilogram of fuel). In Scenario IV, 

EINo x = 15 g/kg fuel and EIH20 = 1230 g/kg fuel, leading to 
increases of 20% and 7%, respectively, by the year 2015 for 
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Figure 4. Total aerosol volume predicted by the STS model 
as a function of temperature and approximate latitude. Figure 
4a displays the predicted aerosol volume for the July 28 
flight; this trace is repeated in the other panels for reference. 
Other panels display the predicted aerosol volume for simu- 
lated perturbations in ambient H20 (+7%) (b), NOy (+20%) (c), 
H2SO 4 (+15%) (d), and combined emissions (e) as a result of 
high-speed civil transport (HSC• activity (Scenario IV, 
Stolarski et al. [1995]). 

60 ø to 70øS latitude and 18 to 20 km altitude (AER 2-D model) 

[WMO, 1995]. H2SO 4 perturbations, that are primarily 
dependent on the amount of sulfur impurity contained in the 
fuel, also are affected by the rate of gas-to-particle conversion 
and the amount of preexisting sulfate aerosol through the 
resulting size distribution and associated fall velocities. 
Weisenstein et al. [1996] have shown that the perturbations to 
both surface area and H2SO 4 mass increase with the fraction of 
sulfur emitted as particles in the aircraft plume. If the projected 
EI for sulfur (as SO2) is 0.4 g/kg fuel, then the perturbation to 
total H2SO 4 mass in a 2-D model at 60 ø to 70øS latitude and 18 
to 20 km altitude would range from 7.5% when only a small 
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Figure 5. Total aerosol volume predicted by the NAT model 
as a function of temperature and approximate latitude. Figure 
5a displays the predicted aerosol volume for the July 28 
flight; this trace is repeated in the other panels for reference. 
Other panels display the predicted aerosol volume for simu- 
lated perturbations in ambient H20 (+7%) (b), NOy (+20%) (c), 
and combined emissions (d) as a result of HSCT activity 
(Scenario IV, Stolarski et al. [1995]). 

fraction of sulfur is emitted as particles to 15% assuming 100% 
of sulfur is emitted as particles (D. Weisenstein, personal 
communication, 1996). For the purposes of this analysis, 
perturbations to total H2SO 4 mass are assumed to be +15%. 
Since assessment models lack parameterizations of 
denitrification and dehydration that may reduce the calculated 

perturbations in H2SO 4, H20, and NOy, these calculations 
represent an upper limit to the expected perturbation in aerosol 
volume. 

The calculations of perturbed aerosol volume were 
performed for both the STS and the NAT compositions, first by 
changing each component individually, then by combining 
the perturbations. The results for VOlsT s and VOlNA T are 
shown in Figures 4 and 5, respectively, where values calculated 
for unperturbed conditions are shown in Figures 4a and 5a. 
These values are repeated in each subsequent panel as a refer- 
ence. The change in VOlsT s due to a +7% perturbation in ambi- 
ent H20, where all other conditions are fixed at observed 
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values, is approximately +40% with a range of 10 to 100% 
(Figure 4b). Although the influence of H20 outside the cloud is 
less, a consistent 1% increase in total aerosol volume is found. 

The change in VOlsT s for NOy is very similar to that noted for 
H20 (Figure 4c), with an average increase of 45% (range of 15 
to 110%) inside the cloud and the same consistent 1% increase 
to the background aerosol volume. The response to the H2SO 4 
perturbation (Figure 4d) is small relative to the other 
component species, but it has a different character than that 

seen for either H20 or NOy. For H2SO 4 the average 
enhancement inside the PSC is +11%, while the background 
displays a 15% increase, comparable to the change in H2SO 4 
abundance. 

The combined effect of the NOy, H20, and H2SO 4 perturba- 
tions is shown in Figure 4e, where larger increases in total 
aerosol volume are evident. The average increase in VOlsT s 
inside the PSC is 93%, with values ranging from 54% at tem- 
peratures near 190 K to 260% at temperatures near 192 K. The 
increases in VOlsT s are largest in the transition region between 
background and PSC aerosol due to the different temperature 
dependences of the H20 and HNO3 perturbations relative to 
that of H2SO 4. Because of its low vapor pressure, nearly all 
H2SO 4 added to an air parcel is added to the condensed phase at 

stratospheric temperatures. Thus the response of VOlsT S to 
perturbations in H2SO 4 is effectively independent of tem- 
perature and appears as a constant offset to the initial values of 
VOlsT S. In contrast, the uptake of H20 and HNO 3 by aerosols 
is strongly temperature dependent. The fractional response of 

VOlsT S to a change in the gas-phase abundance of H20 or HNO 3 
decreases with decreasing temperature. Therefore the maximum 
fractional change in VOlsT s occurs at temperatures -192 K 
where the offset due to H2SO 4 is a significant fraction of the 
unperturbed aerosol and where the fractional increase due to 
H20 and HNO 3 is large. An important feature in Figure 4e i s 
that the increase in the temperature range of enhanced aerosol 
volume corresponds to an increased areal extent in polar 
regions. For the same temperature distribution along the July 
28 flight track, significant increases in STS aerosol volume 
over background would appear in regions -0.7 K higher in 
temperature and -90 km further equatorward. 

As expected, the response to perturbations is different for 
NAT. In Figure 5b, no significant increases in VOlNA T are 
apparent as a result of perturbations to H20. Increased H2SO 4 
has no impact on the NAT equilibrium expression, leaving 
VOlNA T insensitive to such changes. Only the perturbation to 

NOy (HNO3) causes an increase inside the cloud with average 
values of 27% (range of 20 to 50%). The increase in VOlNA T 
due to the combined emissions is not significantly higher, 
averaging 27.2% inside the cloud. The effect of the combined 
perturbations to H20 and NOy on NAT formation would extend 
the PSC of July 28 to regions -0.3 K higher in temperature and 
7 km further equatorward, much less than found for STS. 
Although H2SO4 increases have no impact on the calculation 
of VOlNA T, such changes might alter the size and number 
densit• of sulfate nuclei, and hence the surface area and 
denitrification potential of NAT PSCs and the probability of 
NAT formation. 

In previous studies of PSC formation probability, Peter et 

al. [1991] found that the increase in NOy and H20 due to 
emissions of 600 stratospheric aircraft more than doubled the 
probability of NAT PSC formation in Northern Hemisphere 
winter. More recently, Pawson et al. [1995] used a 29-year 
daily temperature record to estimate the PSC formation poten- 
tial in the Northern Hemisphere. This study found that for 
criteria of T < 195 K and P = 50 hPa, PSCs form 50% of the 

time over an area enclosing up to 2.5% of the Northern Hemi- 

sphere poleward of 40øN. Perturbations to ambient NOy, H20, 
and H2SO 4 in the Southern Hemisphere may be expected to 
raise the temperature for STS PSC formation by 0.7 K, thereby 
significantly increasing the estimated area in which any PSC 
formation occurs. Alternatively, the effect of aircraft emis- 
sions may be seen as leading to an increased potential for PSC 
formation at a given temperature. In the Northern Hemisphere, 
the EINo x, EIH2 O, and EIso 2 values in Scenario IV lead to per- 
turbations of +40-60% in NOy, +10-20% in H20, and +40-50% 
in H2SO 4 at 60 to 70øN latitude and 18 to 20 km altitude due to 
the proximity of the proposed flight corridors [Stolarski et al., 
1995; D. Weisenstein, personal communication, 1996]. Thus 
the effect of projected aircraft emissions on PSCs in the Arctic 
may be even larger than that shown above for the observed 
Antarctic PSC, especially in light of studies by Carslaw et al. 
[ 1994] and Tabazadeh and Toon [1995] that suggested STS 
PSCs may be more prevalent in the Arctic. In studies by Pitari 
et al. [1993] and Considine et al. [1994], adding a NAT PSC 
parameterization to the 2-D model reduced the sensitivity of 
ozone to HSC'T emissions due to the enhanced NOy removal 
rate and reduced residence time of emitted NOx. However, the 
exception was the Antarctic spring when the larger surface area 
of NAT particles led to a longer PSC season and increased local 
ozone loss. On the basis of the above comparison of STS and 
NAT aerosols, the effect of increased surface area and reactivity 

in polar regions as noted by Pitari et al. [1993] and Considine 
et al. [1994] may be enhanced in the case of STS PSCs and 
could have important implications for ozone loss in the Arctic 
spring. 

Conclusions 

Antarctic NOy and aerosol measurements made in PSCs 
during ASHOE/MAESA have been analyzed in a manner similar 
to previous Antarctic (AAOE) and Arctic (AASE) PSC studies. 
In addressing the composition of PSC cloud particles and the 
apparent interhemispheric differences noted in previous 
studies, some important similarities and differences were 
revealed. The composition of the observed Type IPSC 
aerosols was evaluated using equilibrium expressions for the 
frozen hydrates NAT and NAD and the liquid STS. The 
equilibrium abundance of condensed HNO 3 was calculated for 
each phase and compared to estimates made using observations 

of aerosol volume and NOy. The specific criteria used to 
compare these three derived quantities were predictions of the 
onset and abundance of HNO 3 in the PSC aerosol as observed 
along the flight track or as a function of temperature. 

As in previous polar data sets from AAOE and AASE, the 
ASHOE/MAESA results confirm the existence of Type I PSCs 
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that form at temperatures higher than the ice frost point, and 
all three data sets confirm the presence of significant amounts 

of NOy in observed PSC particles. The test of NAT composi- 
tion in this analysis reveals large regions along the flight 
track in which conditions are supersaturated with respect to 
NAT without a corresponding increase in aerosol volume, as 
seen in previous Arctic studies. This observation in the 
Antarctic reinforces the likelihood that a nucleation barrier to 

NAT crystallization can play a role in PSC formation. NOy 
redistribution could explain some of the discrepancies found in 
tests of NAT composition inside a PSC but cannot explain the 
large regions of observed supersaturation where no PSC 
aerosol is observed. Also, while tests of NAD composition 
indicate better agreement than NAT with respect to the onset 

criterion, much larger amounts of redistributed NOy would be 
required for complete agreement. The STS composition model 
accurately represents the continuous growth from background 
aerosol and provides the best quantitative and qualitative 

agreement in comparisons using measurements of NOy and 
aerosol. In addition, STS size distributions modeled as the 

addition of STS HNO 3 and H20 to the FCAS distribution are in 
good agreement with observed PSC size distributions for 
temperatures less than 191 K, although discrepancies and 
uncertainties are apparent. Despite some differences in the 
equilibrium models of Carslaw et al. [ 1995a, b] and Tabazadeh 
et al. [1994b], both STS models provide better agreement with 
observations than either of the frozen hydrates. The results of 
the current analysis for the Antarctic supports the conclusion 
drawn by Carslaw et al. [1994] and Drdla et al. [1994] that in 
the Arctic some PSCs are likely composed of STS. 

This evidence of STS PSC aerosols in the Antarctic has 

strong implications for our understanding of the evolution of 
PSCs during the polar winter as well as our ability to model 
PSC processes. STS composition implies a different PSC for- 
mation mechanism ttian the threshold behavior associated 

with NAT formation. Instead, STS aerosols form in a 

continuous uptake process from background sulfate aerosols as 
temperature is decreased. If the observed aerosols are assumed 
to be STS in equilibrium, enough HNO 3 remains in the gas 
phase that calculated NAT saturation ratios are as high as 28. 
This suggests that the formation of NAT aerosols does not 
require maximum ratios of 10 as previously suggested. NAT 
crystallization may require some other nucleation mechanism, 
whether it be reaching the ice frost point followed by 
warming, or through some nonequilibrium uptake as suggested 
by Meilinger et al. [1995]. 

The presence of liquid rather than solid-crystalline NAT or 
NAD aerosols affects the calculated rates of heterogeneous 
reactions in sampled air parcels. Values of T for STS are 30 to 
300% greater than those for NAT at temperatures less than 19 5 
K and for the entire PSC analysis region. The C1ONO2 lifetime 
with respect to heterogeneous loss for STS aerosol was found 
to reach one day or less in the transition region between 

observed NOy and MASP aerosol enhancement and to be 
highly sensitive to T, H20, HC1, and surface area. 

Compared to NAT, STS aerosol volume displayed a greater 
response to perturbations in H20, HNO3, and H2SO 4 from 

predicted HSCT emissions. The combined effect of the pertur- 
bations given in the current assessment is a PSC containing 
50 to 260% more STS aerosol volume and extending to regions 
0.7 K higher in temperature than the PSC observed on July 28. 
The presence of STS aerosols in the polar stratosphere rein- 
forces the need to expand the treatment of PSCs in studies of 
polar ozone loss, both for the understanding of the current 
state of the stratosphere and for the predictions of the impact 
of HSCTs. 

Appendix: Experimental Uncertainties 

The significance of the agreement between observations 
and models must be judged in light of the uncertainties in both 
the measured and the derived quantities involved in the 
analysis. The single largest source of error in this analysis is 
the lack of direct measurements of H20. The error in our 
estimate of available water is difficult to characterize, but 

sensitivity tests were carried out by running the complete 
analysis at five integer values of H20 from 2.0 to 6.0 ppmv. 
The results of these tests are described in more detail below. In 

the absence of direct measurements and a reasonable estimate 

of the error, the uncertainty in the derived quantities below was 
determined independently of the influence of H20. 

Aerosol 

The MASP instrument is a modification of the Forward 

Scattering Spectrometer Probe (FSSP) used in previous aircraft 
field studies. This new instrument is described by Baumgardner 
et al. [1996], while the FSSP used during AASE is described in 
Baumgardner et al. [ 1992]. The minimum size from MASP used 
in this analysis was 0.30 gm in diameter; the minimum 
detectable size from the FSSP used in Arctic analyses [Kawa et 
al., 1992; Dye et al., 1992] was 0.37 gm. Thus the total 
volumes calculated for the Arctic data and the new Antarctic 

data should be comparable; in fact, aerosols smaller than 0.3 7 
gm made no contribution to the total volume in the Antarctic 
PSC. The FSSP used in AAOE had a minimum detectable size of 

0.8 gm [Baumgardner et al., 1989]. In previous Antarctic 
analyses the total volume in sizes less than 0.8 gm was 
assumed to be negligible in PSC events. The current analysis 
shows that on average, 10 to 20% (20 to 30%) of total aerosol 
volume is associated with particle sizes between 0.3 and 0.8 
gm in diameter inside (outside) the cloud. Even if 10 to 20% of 

the aerosol volume was missed in the PSC encountered during 
AAOE, this relatively small change would not significantly 
affect the conclusions reached in that analysis [Fahey et al., 
1989a]. Therefore the analysis of PSC observations made here 
is consistent with previous studies. 

The propagated uncertainty of MASP has not yet been fully 
analyzed (D. Baumgardner, personal communication). For the 
purposes of this analysis, estimated uncertainties in particle 
volume, number concentration, and sizing are ~60%, 25%, and 
14%, respectively. The uncertainty in [HNO3] NAT is MASP 

approximately the same as that in particle volume, since the 
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relative errors of P and T are negligible; for [HNO3] NAD and MASP 

[HNO3] STS the uncertainty is larger due to the uncertainty in MASP 

particle density (+65% and +75%, respectively). An addi- 
tional uncertainty in the MASP measurements is the refractive 
index chosen for interpretation of the raw data. Refractive 
indices for amorphous, or-, and 13-NAT reported by Middle- 
brook et al. [1994] range from 1.43 to 1.51 at temperatures 
between 140 and 185 K, and the refractive index for amorphous 
NAD is 1.44 at 140 K. Therefore a refractive index of 1.44 was 

used to interpret all aerosol data for the NAT and NAD analy- 
ses. STS, which is assumed to have a lower refractive index at 

cold temperatures due to its high water content, was analyzed at 
a refractive index of 1.40. This value is slightly lower than 
the average refractive index predicted by Steele and Hamill 
[1981] for binary H2SO 4 solutions inside the PSC. While the 
temperature dependence of the relevant refractive index 
introduces some error into the calculations, it is not expected 
to significantly change the results. Furthermore, the 
difference in total aerosol volume between data analyzed at 
1.40 and 1.44 is -30%. Therefore errors of +0.4 in refractive 

index are expected to fall within this uncertainty. 
The uncertainties of the FCAS instrument, which measures 

particles with diameters ranging from 0.06 to 3.00 gm, have 
not been fully evaluated. Thus the error in H2SO 4 mass derived 
from FCAS is unknown. However, uncertainties are assumed to 
be of the order of those estimated above for MASP 

measurements. In the region of overlapping sizes measured by 
FCAS and MASP in the background aerosol, differences in 
total volume (MASP minus FCAS)average 35%, with some 
values as high as 60%. Because these errors all fall within the 
uncertainty of the two instruments, values of H2SO 4 mass 
derived from FCAS may be treated as consistent with the aero- 
sol volumes measured by MASP. The value of H2SO 4 mass 
derived from FCAS measurements is shown in Plate l c. Al- 

though Dye et al. [1996] have chosen to increase H2SO 4 mass 
derived from FCAS by the average 35% difference, this change 
does not significantly alter the results or the conclusions 
drawn. For the sake of comparison the value of H2SO 4 mass 
used by Dye et al. [1996] is used in the sensitivity test of the 
STS model results (Table 3), as is the 60% increase over FCAS 

values corresponding to the largest differences between the 
two instruments. 

[HNO3]gas 

The error in [HNO3]gas is dependent on the error in the 
laboratory measurements of saturation conditions combined 
with the errors in the input measurement variables. The uncer- 
tainties associated with measured P and T are _+0.6% and 

+_0.2%, respectively [Chart et al., 1989]. The error in H20 is 
neglected in this analysis. Thus for NAT, with an error in the 

laboratory measurements of +30%, the uncertainty in 
[HNO3] N^T is +40%. For NAD, the +65% uncertainty in gas t t 

laboratory measurements, combined with the error in T and P, 
gives an uncertainty of +72%. No error analysis is available 
for the STS equilibrium models. Therefore the error in 
[HNO3] STS is unknown but is assumed in this analysis to be gas 

within a factor of two. 

NOy, NOy*, [HNO3]cond , [NOy]ae r 
The NOy measurement is accurate to about +_15%. There is 

some uncertainty in the maximum size of particles that reach 

the inlet that could affect quantities derived from NOy, espe- 
cially Aef f and therefore [NOy]ae r. However, the inertial cutoff 
of the inlet housing is known to be -4 gin, and for this flight 
there is no evidence in the MASP measurements of particles 
larger than 4 gin. Therefore the effect of this uncertainty 

should be negligible. The error in NOy* as an estimate of total 
NOy in regions unperturbed by PSCs is about +_15% as derived 
from the combination of the standard deviation in the 

NOy/N20 relationship, the _+2% uncertainty in ATLAS N20 
measurements, and the +15% uncertainty in NOy measure- 
ments. The error in [HNO3]cond is a combination of the error in 
[HNO3]gas with the error in the estimated HNO 3 fraction of NOy 
for NAT and NAD. For STS the error in [HNO3]cond is the error 
of calculated condensed HNO3 in the model itself. Thus the 
error estimates are 43% for NAT, 73% for NAD, and a factor of 

2 for STS. A 14% sizing uncertainty in the MASP instrument 
combined with the nominal accuracy of -+30% in the 
calculation of A results in an uncertainty of +_35% in the calcu- 
lation of Aef f for measurements at cruise altitude. However, 

since the behavior of particles in the NOy inlet is difficult to 
characterize precisely, the errors in Aef f may be larger than 
estimated, especially in the case of NAT and NAD due to the 
assumption of spherical particles. This results in a lower limit 

to the propagated uncertainty in [NOy]aer of approximately 
36% for NAT, 45% for NAD, and 52% for STS. 

STS Composition 

Errors in the APCM ternary solution model that result from 
errors in laboratory measurements and temperature extrapola- 
tions have not been explicitly determined. Instead, for the 
purposes of this analysis, sensitivity tests were performed 
using the stated error limits of the relevant input values. The 
ternary solution model is extremely sensitive to a number of 

variables, including available H2SO 4 mass, NOy*, T, and P. 
The average changes in wt%HNO3, wt%H2SO4, [HNO3] STS and cond, 

[HNO3] STS calculated by the APCM due to individual input gas 

errors are given in Table 3. 

Differences between the analytic expression and the com- 
prehensive model of Carslaw et al. [1995a, b] are 7 to 10% for 
[HNO3] STS and [HNO3] STS As with the APCM the error in cond gas ß , 

the comprehensive model has not been determined. A factor of 
2 was used as an estimate of the error (due to the combined 

errors from laboratory measurements and temperature extrapo- 
lations) in [HNO3] STS from both models for comparison to the cond 

NAT- and NAD-derived quantities. Most of the discrepancies 
between the analytic expression and the APCM also fall within 
this uncertainty envelope. 

H20 Sensitivity 

Separate calculations of [HNO3]cond, [HNO3]M^SP, and 
[NOy]aer were performed for all three compositions at five 
different H20 mixing ratios. The figures shown here are the 
results of the calculation using an H20 mixing ratio of 5.0 
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ppmv; values of 2.0, 3.0, 4.0 and 6.0 ppmv also were used in 
separate analyses to encompass a reasonable range of possible 
values, including the possibility of dehydration in the polar 
vortex. The changes to the results of the STS calculation at the 
upper and lower H20 limits are noted in Table 3. The NAT and 
NAD models are also sensitive to changes in ambient H20 in 

[HNO3]cond. ([HNO3]MASP and [NOy]aer for NAT and NAD are 
insensitive to changes in ambient H20 due to the fixed density 

and wt%HNO3 in the frozen hydrates.) Regions of supersatura- 
tion for NAT can be eliminated at values of H20 = 2.0 ppmv, 
but this leads to large discrepancies in the abundance of HNO3 
inside the PSC ([HNO3] NAT NAT cond < [HNO 3] by -70% MASP , 

[NOy] NAT < [HNO3] NAT by 30%). Similarly, regions of super- cond aer 

saturation can be eliminated for NAD at values of H20 = 3.0 
ppmv but with accompanying discrepancies ([HNO3] NAD cond 

mAD by 40%) [HNO3] mAD by ---80%, [NOy] ame• Ar•<[HNO3] cond MASP ' 

However, the sensitivity to H20 does not change the general 
character of agreement for either model relative to that dis- 
played in Figures 1 and 2 for a H20 mixing ratio of 5.0 ppmv. 
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