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The Atmospheric and Environmental Research, Inc., photochemical model has been used to 
simulate the concentrations and time development of key trace gases in the Antarctic stratosphere 
before, during, and after the Airborne Antarctic Ozone Experiment (AAOE). The model includes 
complete gas phase photochemistry and heterogeneous reactions of C1NO 3 (g) and N205 (g) with 
HC1 (s) and H20 (s). Observations of long-lived species by the AAOE instruments have been used to 
constrain the initial conditions in our calculations. We present results from four cases illustrating the 
evolution of the trace gases for a range of possible initial conditions and duration of heterogeneous 
activity. The amount of C10 produced by heterogeneous conversion of HC1 is determined not only by 
the initial concentrations of NOx (NO + NO2 + NO3), N205, and C1NO 3 during winter, but also by 
the rate at which NOx is resupplied by photolysis of N205 and HNO3, or by transport. Results from 
the four cases presented bracket column measurements of HC1, C1NO3, and HNO 3 by the Jet 
Propulsion Laboratory and National Center for Atmospheric Research infrared spectrometers 
onboard the NASA DC-8, and in situ measurements of C10 and NOy by instruments aboard the NASA 
ER-2. Comparison of results and measurements of HC1 and C10 suggests that heterogeneous 
chemistry was maintained throughout the month of September in 1987. We suggest field observations 
and kinetic data which would further constrain the photochemistry of the spring Antarctic strato- 
sphere. The behavior of ozone is discussed in a companion paper (Ko et al., this issue). 

1. INTRODUCTION 

The unusual behavior of ozone during Antarctic spring has 
elicited great interest from both the scientific community and 
the general public during the past 3 years. The decrease in 
ozone was first pointed out by Farman et al. [1985] from 
their analysis of ground-based observations by the British 
Antarctic Survey station at Halley Bay. Subsequent analysis 
of ground-based measurements at other stations [Chubachi, 
1986; Bojkov, 1986], of satellite data [Stolarski et al., 1986; 
Krueger et al., 1987] and of balloon measurements [Chuba- 
chi, 1984; Holmann et al., 1986, 1987] has established 
beyond doubt the existence and extent of the so-called 
"ozone hole" during Antarctic spring, and the decreasing 
trend of the October minimum values during the past 10 
years. These observations have greatly intensified research 
activities in stratospheric ozone and led to a reevaluation of 
recent ozone trends at other latitudes [NASA, 1988]. 

The first National Ozone Expedition (NOZE I) conducted 
ground-based and balloon measurements from McMurdo 
station, Antarctica, during the austral spring.of 1986. Bal- 
loon measurements from this campaign confirmed the occur- 
rence of large depletions of ozone between 12 and 20 km, 
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often exhibiting a layered structure [Hofmann et al., 1987]. 
Measurements of the column abundances of C10, OC10, 
NO2, NO, HNO3, HC1, and C1NO3 indicated a highly 
perturbed chemical composition, unlike any other environ- 
ment on Earth. In particular, concentrations of C10 and 
OC10 were about a factor of 100 higher than predicted by 
models [P. Solomon et al., 1987; de Zafra et al., 1987; S. 
Solomon et al., 1987], while column abundances of NO2, 
HC1, and HNO3 were considerably reduced [Mount et al., 
1987; Farmer et al., 1987]. Column densities of C1NO3 as 
high as 4 x 1015 cm -2 were observed by the Jet Propulsion 
Laboratory (JPL) infrared spectrometer [Farmer et al., 
1987], giving an [HC1]/[C1NO3] of 0.5-0.3 (mid-latitude val- 
ues are of order 4). Recent values for OC10, C10, and NO 2 
from the 1987 NOZE II campaign confirm the 1986 results 
[Sanders et al., 1989; Solomon et al., 1989; de Zafra et al., 
1989]. 

This paper examines the constraints placed by Airborne 
Antarctic Ozone Experiment (AAOE) observations of chlo- 
rine and nitrogen species on current photochemical theories 
of the Antarctic ozone phenomenon, particularly those in- 
volving chlorine-related mechanisms. Data from AAOE are 
used in two ways: (1) measurements of long-lived species 
such as CH 4 are adopted as input to the model calculations, 
and (2) observations of concentrations and temporal behav- 
ior of short-lived species such as C10 are compared with 
model results to provide constraints for different scenarios. 
Our modeling study is intended to address the following 
questions: (1) how does the partitioning of chlorine species 
depend on the rates of different heterogeneous mechanisms, 
and on the concentrations of chlorine and nitrogen species 
prior to the onset of heterogeneous chemistry?, (2) what are 
the rates and duration of heterogeneous mechanisms re- 
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quired to explain the observed concentrations and temporal 
behavior of trace gases in the stratosphere during Antarctic 
spring?, and (3) what is the expected temporal development 
of stratospheric trace gases before and after the period 
covered by the AAOE campaign? Two additional questions 
will be addressed in a companion paper [Ko et al., this 
issue]: (4) do catalytic cycles involving chlorine species 
account for the observed reductions in 03, both during and 
after the AAOE period?, and (5) can chlorine chemistry 
solely explain the sudden onset of the antarctic ozone hole in 
the late 1970s, and its rapid deepening during the past 
decade ? 

Previous studies have addressed some of the above ques- 
tions, based on the observed column densities of NO, NO2, 
HC1, HNO3, C1NO3, and C10 observed during NOZE I at 
McMurdo. McElroy et al. [1988] simulated enhanced abun- 
dances of C10 and large decreases in 03 in the absence of 
any heterogeneous chemistry after mid-August by assuming 
that about half of the nitric acid below 20 km was removed 

by particle deposition, thus emphasizing the role of denitri- 
fication in Antarctic chemistry. Their results indicate that 
substantial amounts of HNO 3 must be left in the gas phase, 
however, in order to provide sufficient NOx to account for 
the large column densities of C1NO3 observed by the JPL 
infrared spectrometer during the 1986 austral spring [Farmer 
et al., 1987]. Wofsy et al. [1988] have pointed out that the 
abundance of nitrogen oxides in the winter Antarctic strato- 
sphere may play an important role in controlling the amount 
of active chlorine (C1 + C10 + 2 x C12 + 2 x C120 2 + OC10 
+ HOC1) produced by heterogeneous conversion of HC1 
and, in particular, could explain the deepening of the ozone 
hole observed since the mid-1970s. The actual concentra- 

tions of NOx (NO + NO2 + NO3) during polar winter are 
uncertain, thus allowing for a range of possibilities in the 
partitioning of CIOx (active chlorine + C1NO3). Salawitch et 
al. [1988] have suggested that ozone reductions in a partic- 
ular year will be controlled by the fraction of HNO3 perma- 
nently removed by denitrification. 

The above suggestions can now be tested in the context of 
the measurements by the AAOE instruments. Observations 
of C1NO3 in early September can shed light on the initial 
nitrogen oxide concentrations prior to heterogeneous pro- 
cessing. Measurements of column HNO3 and in situ NOY 
place constraints on the amount of nitric acid left in the gas 
phase. Analysis of HC1 and C10 observations in conjunction 
with photochemical models can place important constraints 
on the duration of heterogeneous processes. Photochemical 
models constrained by the above data can then be used to 
extrapolate the behavior of trace gases to times not covered 
by the AAOE, i.e., early August, October, or years before 
and after 1987. 

We present results of four plausible, although not exhaus- 
tive, scenarios adopting different initial conditions and tem- 
poral behavior of heterogeneous reactions. Results of these 
scenarios bracket observations from AAOE. We will argue 
that comparison of our results with AAOE observations 
suggests that heterogeneous chemistry played an important 
role during most of September in 1987. Comparison of 
calculations and observations will also identify kinetic data 
and observations needed to further constrain the behavior of 

trace gases before and after the AAOE period, and resolve 
remaining uncertainties in chlorine-related theories of the 
Antarctic ozone hole. 

Section 2 presents a brief summary of the chlorine-related 
hypotheses of the Antarctic ozone hole phenomenon and the 
present knowledge of the heterogeneous mechanisms in- 
voked by these hypotheses. The conversion of HC1 by 
heterogeneous chemistry and its sensitivity to the abundance 
of nitrogen oxides are discussed in section 3. Our modeling 
approach, calculations, and choice of scenarios are dis- 
cussed in section 4. Results of our calculations are discussed 

in conjunction with AAOE observations in section 5. The 
main conclusions of the study are summarized in section 6. 

2. CHLORINE HYPOTHESES AND HETEROGENEOUS 

CHEMISTRY 

Early attempts to explain the "ozone hole" invoked either 
chemical or dynamical processes. Dynamical theories have 
proposed a reverse circulation with upward motions during 
Antarctic spring to explain part of the 03 seasonal decrease 
[Tung et al., 1986]. The interannual trend has been attributed 
in these theories to a decrease in planetary wave activity and 
meridional transport of ozone during the last decade [Mahl- 
man and Fe!s, 1986]. Chemical hypotheses have suggested 
enhanced catalytic removal of ozone due to either very high 
abundances of NO2 [Callis and Natarajan, 1986] or of active 
chlorine species [Solomon et al., 1986; McElroy et al., 
1986a; Molina and Molina, 1987] during Antarctic spring. 
Measurements of NO2 during the NOZE I and NOZE II 
campaigns [Mount et al., 1987; Farmer et al., 1987]; and 
during the AAOE campaign [Toon et al., this issue; Wahner 
et al., this issue] rule out a significant contribution by 
NO2-related cycles to the observed ozone reductions. As- 
sessment of the role of dynamics in the ozone hole phenom- 
enon is discussed by, among others, Tuck [1989] and Hart- 
mann et al. [this issue]. 

Chlorine-related theories invoke the following cycles for 
removing ozone [Solomon et al., 1986; McElroy et al., 
1986a; Molina and Molina, 1987]: 

Cycle I 

Cycle II 

Cycle III 

C1 + 03 •-> C10 + 02 

OH + 03 •-> HO2 + 0 2 

C10 + HO2 • HOC1 + 02 

HOC1 + he -• OH + C1 

03 q- 03 '•> 302 

C1 + 0 3 -• C10 + 0 2 

Br + 03 •-> BrO + 02 

BrO + C10 -• Br + C1 + 0 2 

03 q- 03 •'> 302 

2(C1 + 03 •> C10 + 02) 

C10 + C10 + M • C120 2 q- M 

C1202 q- he -• C1 + C1OO 

C1OO+M-• C1+O2 

03 q- 03 •'> 302 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 



RODRIGUEZ ET AL.: COMPARISON OF MODELS WITH AAOE OBSERVATIONS 16,685 

We note that regeneration of HO2 in cycle I is assumed to 
occur through reaction of OH with 03. The reaction of C10 
with OH could, however, compete with (2) for the high C10 
and low 03 concentrations found within the Antarctic vor- 
tex. The enhanced level of C10 in the Antarctic environment 

can also produce detectable amounts of OC10, produced by 
the reaction 

BrO + C10-• Br + OC10 (6') 

Observations of OC10 provide indirect evidence for the 
abundance of BrO and C10 and thus for the efficiency of 
Cycle II [Tung et al., 1986; Rodriguez et al., 1986]. Subse- 
quent observations of OC10 during the NOZE campaigns 
have provided quantitative estimates for the above cycle [S. 
Solomon et al., 1987, 1989]. 

The above catalytic cycles pose requirements on the 
abundances of C10, HOC1, HO 2, BrO, and NO2 if they are 
to account for the observed ozone reductions during Antarc- 
tic spring. Cycles I-III require C10 mixing ratios between 
0.5 and 1 ppbv (a factor of 100 enhancement over concen- 
trations predicted by models with standard gas phase chem- 
istry), HOC1 concentrations between 0.5 and 1 ppbv, HO2 
number densities of 107 cm -3, BrO abundances of order 
10-20 pptv, and very low concentrations of NO2 to prevent 
sequestering of C10 in chlorine nitrate [Solomon et al., 1986; 
McElroy et al., 1986a; Rodriguez et al., 1986]. All of the 
theories achieve high concentrations of C10 by introducing 
heterogeneous reactions which transform chlorine reservoirs 
such as HC1 or C1NO3 into active chlorine. The following 
reactions have been proposed in this context: 

C1NO3 + HC1 (ice) --> C12 + HNO3 (ice) (10) 

C1NO3 + H20 (ice) -• HOCI + HNO3 (ice) (11) 

N205 + HC1 (ice) -• C1NO2 + HNO3 (ice) (12) 

In the above, the HC1 is assumed to be adsorbed into 
ice/liquid particles in the stratosphere [Molina et al., 1987]. 

The equilibrium concentrations of the active chlorine 
species are determined by the balance between the forma- 
tion rates given by (10) and (11) and the availability of NOx 
to reform C1NO3. Higher concentrations of active chlorine 
species can be maintained in a denitrified atmosphere. The 
following reaction has been suggested to suppress NOx: 

N205 + H20 (ice)-• 2HNO3 (ice) (13) 

Laboratory studies of (10)-(13) have also established that the 
nitric acid produced remains in the solid phase. Additional 
HNO3 can be sequestered in the solid phase by direct 
freezing of nitric acid into polar stratospheric clouds (PSCs) 
[Toon et al., 1986; McElroy et al., 1986b; Crutzen and 
Arnold, 1986]. These processes provide temporary denitrifi- 
cation of the atmosphere until gas phase HNO3 is rereleased 
and NOx is produced by subsequent photolysis. Permanent 
denitrification is possible if HNO3 (ice) is removed by 
particle deposition. 

Laboratory studies of heterogeneous reactions prior to 
1987 had concentrated on liquid sulfuric acid solutions 
[Baldwin and Golden, 1979; Martin et al., 1980; Harker and 
Strauss, 1981; Friedl et al., 1986; Rossi et al., 1987]. These 
results indicated that the probability of reaction per gas 
surface collision (reaction efficiency) for reactions (10), (11), 

and (13) were at most 10 -3 on sulfuric acid surfaces, while 
the rates required by the chlorine-related hypotheses were a 
factor of 10 higher. Recent laboratory measurements, how- 
ever, indicate that the rates of heterogeneous reactions are 
extremely sensitive to the water content of the sulfuric acid 
aerosol [Tolbert et al., 1988b; Worsnop et al., 1988]. The 
heterogeneous reaction efficiencies over ice are found to be 
much larger than values determined over sulfuric acid sur- 
faces. In addition, laboratory studies showed that HC1 
diffuses rapidly into ice surfaces [Molina et al., 1987]. 
Reactions (10)-(13) could then proceed very rapidly on the 
surfaces of PSCs, which are probably mostly ice or ice/nitric 
acid crystals [Steele et al., 1983; Toon et al., 1986]. 

Existing data for heterogeneous reaction rates are summa- 
rized in Table 1. The recent measurements indicate that 

heterogeneous chemistry could occur fast enough to achieve 
significant conversion of HC1 to C1NO 3 and active chlorine 
under Antarctic winter conditions. As discussed below, the 
final partitioning of chlorine species after simultaneous oc- 
currence of (10)-(13) in the stratosphere can be sensitive to 
the relative magnitude of their rates, as well as to the initial 
concentrations of NOx, C1NO3, and N205. Uncertainties 
still remain regarding the following issues. 

1. Although the rate of (10) seems fairly independent of 
the HC1 concentration in ice for large molar fractions 
(>0.01), this rate does seem to depend on HC1 concentra- 
tions at lower molar fractions [Molina et al., 1987; Leu, 
1988a]. The molar fraction of HC1 in the particles responsi- 
ble for dehydration could be about 0.001, an order of 
magnitude smaller than typical molar fractions in the above 
experiments. A linear dependence of the rate of (10) on the 
r0olar fraction of HC1, for example, could then slow down 
the rate of this reaction. Determination of the time constant 

for processing of HC1 is particularly important, since rapid 
sedimentation of large PSC particles could provide a poten- 
tially important dechlorination mechanism. 

2. As discussed in the next section, the amount of 
processed HC1 depends crucially on the supply of NOx 
available during this processing. If reactions (11) and (13) 
occur at a fast rate concurrently with (10) and (12), the 
available supply of NOx will be reduced, and the conversion 
of HC1 to active chlorine will be less efficient (see Figure 3 
and accompanying discussion in the next section). Most of 
the experiments to date have been carried out on pure ice or 
ice-HC1 surfaces with molar fractions of HC1 of order 1% or 

larger. Tolbert et al. [1987] reported that the efficiency of (11) 
is substantially reduced in water/nitric acid substrates where 
the H20/HNO3 ratio is less than 4.5, a composition typical 
of type 1 PSC particles. Measurements at different molar 
fractions of HC1 by Leu [1988a, b] suggest that reactions (11) 
and (13) may be slower on HCl-ice surface than on a pure ice 
surface. It is thus important to obtain experimental data for 
the above reactions on ice-HNO3 crystals, and for different 
molar fractions of HC1. 

3. CONVERSION OF HC1 BY 

HETEROGENEOUS CHEMISTRY 

Reactions (10)-(13) will run to completion when the supply 
of HC1, CINO 3, or N20 5 is exhausted. Examination of the 
stoichiometry of reactions (10) and (12) by Wofsy et al. 
[1988] yielded simple relations between the concentrations 
of initial reactants and net products after completion of HC1 
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TABLE 1. Available Kinetic Data on Heterogeneous Reactions 

Reaction 

HC1/H20 
Reaction (Mole Fraction 

Efficiency, •/ in Ice) Reference/Comments 

C1NO 3 + H20--) HOC1 + HNO 3 

C1NO 3 + HC1--) C12 + HNO 3 

N20 5 + H20--) 2 HNO 3 

N20 5 + HCI-• C1NO2 + HNO 3 

1.0 x 10 -5 
3.2 x 10 -4 
2.6 x 10 -3 

---0.02 
0.009 -+ 0.002 

0.06 -+ 0.03 

0.05 
0.1 

0.27 +0.73 -0.13 

0.1 

---3 x 10 -3 

->3.8 x 10 -5 
2.9 x 10 -3 exp 

(-883/T) 
>1 x 10 -3 

0.028 
0.05-0.09 

>3 x 10 -3 
0.05-0.07 

0.0035 
0.01 

>0.02 

---0.002 

0.002 

0.07-0.14 
0.015-0.04 

Sulfuric acid liquid surface [Baldwin and Golden, 1979] 
Sulfuric acid liquid surface [Rossi et al., 1987] 
Sticking coefficient on sulfuric acid solution of 65% by 

mass at -63øC [Tolbert et al., 1988b] 
Ice at ---200 K [Molina et al., 1987] 
Ice-HNO3 (185-208 K); H20/HNO 3 > 4.5 [Tolbert et 

al., 1987] 
[Leg, 1988a]; Reaction occurs up to at least HC1/H20 

= 0.002 

Molina et al. [1987] 

Tolbert et al. [1987]; Reaction occurs; HOC1 detected 
for low HC1 concentration 

Leg [1988a] 
HOC1 detected 

Sticking coefficient on sulfuric acid solution of 65% by 
mass at -63øC [Tolbert et al., 1988b] 

Sulfuric acid liquid surface [Baldwin and Golden, 1979] 
Sulfuric acid liquid surface 214-263 K [Harker and 

Stragss, 1981] 
Ice at 185 K; NO2 evolved? [Tolbert et al., 1988a] 
Ice at 195 K [Leg, 1988b] 
Measured on NH3/H2SO4/H20 aerosols, 274-293 K, at 

relative humidities between 1% and 76% 

[Mozgrkewich and Calvert, 1988] 
Ice at 185 K [Tolbert et al., 1988a] 
Leg [1988b] 

conversion. We note, however, that Wofsy et al.'s argument 
assumed (1) adequate supply of NO2 is maintained (for 
example, by photolysis of N205) during the heterogeneous 
conversion of HC1 and (2) the rates of reactions (11) and (13) 
are negligible in comparison with those of (10) and (12). 
However, photolysis of N205 may not be able to maintain 
the supply of NO2 at the large solar zenith angles typical of 
the Antarctic stratosphere during winter. At the same time, 
the reaction efficiencies of (10) and (12) could be smaller than 
those of (11) and (13) for molar fractions of HC1 less than 
0.01. Therefore the partitioning of chlorine species after 
heterogeneous processing must be examined with a detailed 
photochemical model. 

In this section we first review the stoichiometric relations 

derived from reactions (10) and (12). Detailed model simu- 
lations are then presented to show that the time constants 
required to complete the heterogeneous processing and 
achieve these stoichiometric relations are determined by the 
rate of supply of NOx, and are thus sensitive to available 
solar illumination. Model results also show that adoption of 
fast rates for reactions (11) and (13) can decrease the amount 
of converted HC1 and significantly modify the derived stoi- 
chiometry. We stress that the adopted PSC scenario is not 
intended to reproduce any specific period during the 1987 
winter-spring, but was chosen to illustrate the behavior of 
chlorine species under representative PSC conditions. The 
results below can then be used as guidelines to examine the 
processing by PSCs in the Arctic. 

3.1. Stoichiometric Relations 

We estimate that the concentration of C1NO 3 is about one 
third of that of HC1 prior to the onset of heterogeneous 
chemistry (see Figure 4). This C1NO 3 will quickly react with 

an equal amount of HC1 through (10) when PSCs appear. The 
amount of converted HC1 can be larger than the initial 
C1NO 3 concentration when reaction (10) is amplified by the 
following sequence of reactions. 

Sequence I 

N20 5 + hv --) NO2 + NO3 (14) 

NO3 + hv --) NO2 + O (15) 

2(C10+ NO2 + M --) C1NO3 + M) (16) 

C1NO3+HC1 (ice)--) C12+HNO3 (ice) (10') 

C12 + h v --) 2 C1 (17) 

2(C1 + 03--) C10 + 02) (18) 

where we assume fast diffusion of HC1 into the ice, and 
evolution of C12 from the ice into the gas phase. If the N205 
photolysis rate is fast enough to provide an excess of NOx 
during the heterogeneous processing, the net effect of this 
sequence is to convert HC1 and N205 to C1NO 3 and HNO3 
(ice), with the stoichiometry given by 

N205 + HC1 + 3 hv 

+ 203---) C1NO3 + HNO3 (ice) + O + 202 (19) 

Any C1NO3 and HC1 remaining after completion of (19) 
when N205 is exhausted react through (10) to yield addi- 
tional active chlorine. The relation (19) is similar to the one 
suggested by Wofsy et al. [1988]. 

A different situation holds when the N205 photolysis is 
slow. If the photolysis of N 2 O5 is not fast enough to maintain 
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A/B: 
B: 
B/C: 
C: 

TABLE 2. Processing of HC1 by Heterogeneous Chemistry 

Condition Final Products 

[N205] i > [HC1]i 
[N2051i = [HC1]i 

[HC1]i > [N205] i > 0.5 x ([HC1]i - [C1NO3] i) 
[N205] i = 0.5 x ([HCl]i- [ClNO3] i) 

[N205] / < 0.5 x ([HCl]i - [ClNO3]/) 

N205, C1NO 3, HNO 3 (ice) 
C1NO3, HNO 3 (ice) 
C1, C1NO 3, HNO 3 (ice) 
C1, HNO 3 (ice) 
C1, HC1, HNO3 (ice) 

the formation of C1NO3, much of the product of HC1 
processing will remain in the form of active chlorine. The net 
effect of sequence I will then be 

Sequence I' 

N205 + 2HC1 + 4hv (20) 

In this case, twice as much HC1 can be processed by the 
same amount of N205, producing active chlorine. 

Consideration of (12) running to completion in the dark, 
followed by photolysis of C1NO2 upon return of sunlight 
yields the sequence 

Sequence II 

N205 + HC1 (ice)--> C1NO2 + HNO3 (ice) (12') 

C1NO2 + hv --> C1 + NO2 (21) 

C1 + 03--> C10 + 02 (22) 

C10 + NO2 + M--> C1NO3 + M (16') 

N205 + HC1 + hv + 03 --> C1NO3 

+ HNO3 (ice) + 02 (23) 

Since the processed NOx is sequestered in C1NO2, forma- 
tion of C1NO3 does not occur until return of the sun. If 
sequence II occurs continuously in the sunlight, the situation 
is similar to that of sequence I. 

Table 2 lists the possibilities for the final partitioning of 
chlorine and nitrogen species deduced from consideration of 
the stoichiometry of sequences I and II and of the fate of the 
excess HC1, C1NO3, or N205. The subscript i denotes 
concentrations prior to the onset of heterogeneous chemis- 
try, assumed to happen in July. In condition A, HC1 is 
depleted before N205. With ample supply of NO2 from the 
remaining N205, C1NO3 is the final chlorine product. Se- 
quences I and II run their course for conditions B and C until 
N205 is depleted, and the remaining HC1 and C1NO3 then 
react through (10). The difference between B and C is that 
[N205] i is large enough to convert all HC1 to C1 and C1NO3 
in B, while a significant portion of HC1 remains unprocessed 
in C. Wofsy et al. [1988] suggested that the above conditions 
could reflect the changes in partitioning of chlorine species 
with increasing levels of chlorine. This scheme would then 
explain the sudden onset of the ozone hole in the mid-1970s 
and its subsequent interannual behavior, if the concentration 
of N205 is such that the transition from A to B would occur 
at chlorine levels typical of the mid-1970s. The proportion of 
active chlorine will increase dramatically after that period, 
resulting in accelerated decrease of 03. This question is 
addressed in the companion paper [Ko et al., this issue]. 

3.2. Model Results 

Substantial heterogeneous conversion of HC1 requires a 
source of NOx. This NOx could be produced by photolysis 
of N205 during the winter months, as assumed above. 
Alternatively, NOx could be supplied by photolysis of 
HNO3 in September, or possibly by transport of NOx into 
the chemically perturbed region (CPR). In any case, the time 
constants for net conversion of HC1 to C10 and C1NO3 will 
depend on the rate at which NOx is supplied by the above 
processes. Detailed modeling is needed to determine how 
these time constants and net products of heterogeneous 
processing are affected by the amount of solar illumination, 
or by the inclusion of (11) and (13). 

We first consider the case where reactions (11) and (13) are 
neglected and assume that the adopted reaction efficiencies T 
for (10) and (12) (see Table 3) are constant for all molar 
fractions of HC1 in ice. The calculations also assume 0.5 

ppmv of H20 frozen in type 2 particles with a 5-/am radius 
(equivalent to an extinction coefficient of about 9 x 10-3 
km -• at this altitude; see appendix for discussion of heter- 
ogeneous chemistry parameterization). 

Figures 1 and 2 show the calculated time development of 
key chlorine and nitrogen species at 18 km between July 16 
and August 30, at the latitudes indicated. The initial value of 
N205 on July 16 in Figure 1 is 0.7 ppbv and is chosen to 
achieve complete conversion of HC1 to active chlorine, with 
negligible remaining amounts of C1NO3 and N205 for 
present-day inorganic chlorine content of 3 ppbv in the upper 
stratosphere. Figure 2 adopts N20 5 concentrations of 1.4 
ppbv. Initial conditions for Figure 2 and their significance 
will be discussed in more detail in section 4. Our choice of 

initial C1NO3 and HC1 concentrations is shown in Figure 4. 
In the case of Figure 1, initial conversion of HC1 to active 

chlorine is achieved rapidly (1-2 days) through reaction (10) 

TABLE 3. Adopted Reaction Efficiencies (7) for Heterogeneous 
Chemistry 

Reaction 

C1NO 3 + HC1 (ice)--> C12 + HNO 3 (ice) 
C1NO 3 + H20 (ice)--> HOC1 + HNO 3 (ice) 

N205 + HC1 (ice)--> C1NO 2 + HNO 3 (ice) 
N205 + H20 (ice)--> 2 HNO 3 (ice) 

0.1' 

0.017 (case 3) 
0.0017 (case 4• 
3 x 10 -3* 
1 • 10-37 

*Value at a molar fraction of HC1 mHC 1 = 0.01. From July 15 to 
August 1, we adopt this value at all molar fractions. After August 1, 
we assume the value to be constant for mHC 1 >-- 0.01, and propor- 
tional to mHC 1 for mHC 1 < 0.01. 

?For mHCl --< 0.01; 0 for mHCl > 0.01, after August 1. We assume 
the values to be zero during the rapid heterogeneous processing 
prior to this date. 
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Fig. 1. Time development of chlorine and nitrogen species 
between July 16 (day 197) and August 30 (day 242) at 18 km with 
heterogeneous chemistry for (a) 70øS and (b) 80øS. An initial mixing 
ratio of 0.7 ppbv is adopted for N205. Reaction efl%iencies for (11) 
and (13) are assumed to be zero. The PSC characteristics (see text) 
are not chosen to reproduce real-time conditions during 1987, but 
rather illustrate the behavior of trace species under heterogeneous 
chemistry. Initial concentrations of C1NO3 disappear with a time 
constant of--• 1 day through reaction (10). Curve labeled C10 + 2 x 
C120• also includes substantial concentrations of CI: prior to 
emergence from polar night on day 224 at 80øS. 

with the initial CINO 3. For illuminations typical of 70øS 
(Figure la), this is followed by slower decrease/increase in 
HC1/active chlorine through sequences I and II. At 80øS 
(Figure lb) the conversion occurs in two stages: through 
reaction (12) during polar night with a time constant of about 
10 days, and through (10) after the return of the sun in 
mid-August with a time constant of 2-3 days. Although the 
final concentrations of HCI, CINO3, and active chlorine are 
those predicted by the stoichiometric relations discussed 
above, the time required to reach these values can be as long 
as 1 month. A large fraction of the HCI remains in the gas 
phase until the return of sunlight for 80øS conditions. 

The larger initial concentrations of N205 adopted in 
Figure 2 result in faster conversion of HCI at 60øS and 70øS 
(Figures 2 a and 2 b) through sequence I. Substantial concen- 
trations of CINO3-are produced as N205 photolyzes and 
CINO 3 is formed. Concentrations of N205 and CINO 3 

tO, O , • , • 
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Fig. 2. Same as Figure 1, except for initial N205 mixing ratio of 
1.4 ppbv. Results are shown for (a) 60øS, (b) 70øS, and (c) 80øS. 

decrease/increase with a time constant of 20-30 days at 70øS. 
At 80øS the mechanism is similar to Figure 1. Final concen- 
trations of chlorine species are again similar to those pre- 
dicted by the stoichiometry. 

The above stoichiometry and calculations assume that (11) 
and (13) are negligible. If N205 or CINO3 are removed 
rapidly by heterogeneous reactions (11) and (13) during 
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Fig. 3. Same as Figure 2 b, except that reaction efficiencies for (11) 
and (13) are taken as 5 x 10 -3 and 1 x 10 -2, respectively. 

August, the final partitioning of chlorine species could be 
different. This situation is illustrated in Figure 3, where we 
have assumed reaction efficiencies of 1 x 10 -2 and 5 x 10 -3 

for reactions (11) and (13), respectively. N205 and C1NO 3 
are then removed rapidly through (11) and (13). As a result, 
a large fraction of the HC1 remains unprocessed. 

The unprocessed HC1 in Figure lb or Figure 3 could be 
incorporated into large sedimenting ice particles, leading to 
substantial dechlorination of the lower stratosphere. Esti- 
mates of the total chlorine budget by Gandrud et al. [1988] 
indicate that some of the air sampled during the AAOE 
mission may indeed have been dechlorinated. Reactions (11) 
and (13) could thus be important in modulating possible 
nonlinearities in the partitioning of chlorine species in dif- 
ferent years (see also Turco et al. [this issue]). It is thus 
important to clarify the effect of reactions (11) and (13) by 
further kinetic data and by measurements of the concentra- 
tions of chlorine and nitrogen species during austral winter 
months. 

Heterogeneous chemistry could continue to play an im- 
portant role after the initial processing described in the 
above calculations. Reaction (11) can reduce the initial 
amounts of C1NO3, while reaction (10) can retard the forma- 
tion of HC1 during September. The role of these reactions 
during the AAOE period can be ascertained by comparison 
of calculations and observations. The calculations presented 
below will address this question. 

4. APPROACH AND ASSUMPTIONS 

Most of the mechanisms driving the photochemistry in the 
spring Antarctic environment need sunlight. The low levels 
of illumination at the season, latitude, and altitudes of 
interest imply that the time constants for important mecha- 
nisms (HNO 3 photolysis, reformation of HC1) are of order 
10-30 days. Complete modeling of the Antarctic strato- 
sphere would then require consideration of the illumination 
conditions for an ensemble of air parcels representative of 
different latitudes, altitudes, and time periods. 

Examination of the photochemistry along air parcel tra- 
jectories derived from meteorological data [Jones et al., 
1989; Austin et al., this issue] addresses some of these 
issues. This approach is appropriate for the detailed analysis 
of in situ measurements of species with time constants of 
less than 10 days. Uncertainties in the initial conditions and 
in the precise parcel trajectories, however, make this ap- 
proach unsuitable in the study of the behavior of Antarctic 
species with longer time scales, such as 03. Consideration of 
the specific details in the history of a particular air parcel 
also makes it harder to study the sensitivity of large-scale 
behavior of trace gases to uncertainties in kinetic data and 
initial conditions. 

Our study stresses the behavior of different species inside 
the vortex on both large spatial and long temporal scales. We 
illustrate the effects of different illumination levels by carry- 
ing out diurnal calculations for air masses at fixed latitudes of 
60 ø, 70 ø, and 80øS. These calculations are time-stepped 
forward from July 15 to the end of October. The long-lived 
species in our simulations are initialized by taking into 
account the constraints placed by AAOE data. This initial- 
ization thus includes the effects of transport on the long-lived 
trace gases. Results of the different simulations are then 
evaluated by comparison with relevant observations of 
short-lived trace gases by the different AAOE instruments 
located onboard either the NASA ER-2 high-altitude aircraft 
or the NASA DC-8 medium-altitude aircraft. Such evalua- 

tion sheds light on possible constraints placed by AAOE 
observations, particularly on initial concentrations of nitro- 
gen oxides, and spatial extent and duration of heterogeneous 
mechanisms. Simulations are then used to extrapolate the 
behavior of different species to periods not covered by the 
AAOE campaign. This approach is best suited to address the 
questions discussed in the introduction and complements the 
short time scale analysis of air parcel studies. 

We present results for four different cases, whose assump- 
tions are summarized in Table 4. These cases were chosen 

specifically to study the sensitivity of the Antarctic chemis- 
try to initial concentrations of nitrogen oxides prior to the 

TABLE 4. Cases Considered 

Case Initial N205 (July 15)* Heterogeneous Chemistry 

1 0.5 x ([HC1]i- [C1NO31i) until August 1 
2 0.67 x [HC1]i? until August 1 
3 0.67 x [HC1]i? until mid-September (see text) 
4 0.67 x [HC1]i? until mid-October (see text) 

*Subscript i denotes species concentration prior to onset of heterogeneous chemistry on July 15. 
?Value chosen to simulate onset of active chlorine production by heterogeneous chemistry during 

mid-1970s (see text). 
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onset of heterogeneous chemistry and the magnitude and 
duration of heterogeneous reactions. In particular, our 
choice of cases assesses the role of the nonlinearity dis- 
cussed by Wofsy et al. [1988] (see also section 3) in control- 
ling the decadal behavior of 03 [Ko et al., this issue]. 
Further details on our choice of cases are discussed below. 

The results of the cases presented bracket a number of 
observations from the AAOE experiments, after allowing for 
uncertainties in the actual illumination of the air parcels and 
the spread in the data. 

The calculations adopt the latest recommendations for gas 
phase reactions [NASA Panel for Data Evaluation, 1987]. 
Photolysis rates are calculated using a multiple-scattering 
code that takes into account the sphericity of the atmosphere 
in the absorption of radiation. Formation rates of C1202 are 
taken from Hayman et al. [1986]. Photolysis rates of C120 2 
are calculated from the absorption cross sections of Molina 
and Molina [ 1987] (see discussion in Appendix B). Rates and 
branching for the reaction of BrO with C10 are those of 
Sander and Friedl [1988]. Background densities and temper- 
atures are taken from an average of the meteorological 
measurement system (MMS) measurements aboard the ER-2 
within the vortex, for altitudes between 12 and 18 km [Chan 
et al., 1989]. These averages were within 10% of those 
calculated from the balloon measurements of temperature 
and pressure at McMurdo during 1986 [Hofmann et al., 
1987]. We therefore used the balloon results to extend our 
model atmosphere to higher and lower altitudes. 

The model simulation is divided into two regions: 12-22 
km and 22-50 km. The chemistry in the region between 22 
and 50 km is assumed to be the same for all cases consid- 

ered. Calculations are initialized from the results of the 

Atmospheric and Environmental Research, Inc. (AER) two- 
dimensional model [Ko et al., 1985]. Ozone between 22 and 
30 km is initialized with the values of Holmann et al. [1987] 
and joined smoothly to the results of the two-dimensional 
model above 30 km. Ozone concentrations below 22 km are 

updated daily from the calculated photochemical production 
and loss. We discuss below our assumptions regarding the 
following: (1) initial conditions for long-lived species, (2) 
denitrification processes and concentrations of nitrogen spe- 
cies, (3) temporal and spatial behavior of heterogeneous 
chemistry, and (4) choice and interpretation of observational 
constraints for our calculations. 

4.1. Initial Conditions for Long-Lived Species 

We utilize measurements of long-lived species from the 
AAOE campaign to constrain initial conditions for our model 
below 18 km. Profiles between 18 and 22 km, where no in 
situ ER-2 observations are available, are obtained by scaling 
results from the AER two-dimensional model to observa- 

tions below 18 km, except as noted below. Calculations are 
initialized on July 16 as follows. 

1. C1Y (C1 + 2 x C12 + 2 x C120 2 + C10 + C1NO3 + 
C1NO 2 + OC10 + HC1) abundances are derived from the 
average of organic chlorine measurements by the whole-air 
sampler on the ER-2 [Heidt et al., 1989] and closure consid- 
erations. The HC1 and C1NO3 profiles in Figure 4 are taken 
as initial conditions on July 15, prior to the onset of hetero- 
geneous chemistry. The partitioning for these species at high 
latitudes during winter has been calculated in a manner 
similar to that described by McElroy et al. [1986a]. 

MIXING RATIO (ppbv) 

Fig. 4. Initial concentrations of HC1 and C1NO 3 adopted on July 
16. 

2. CH 4 is taken from the whole-air sampler measure- 
ments inside the vortex [Heidt et al., 1989]. 

3. Water mixing ratios are taken to be 3 ppmv between 
12 and 22 km [Kelly et al., 1989]. 

4. Initial ozone concentrations below 18 km are taken 

from the ER-2 measurements on August 23 [Proffitt et al., 
this issue; Starr and Vedder, 1989]. Values above and below 
this altitude are taken from the August balloon measure- 
ments of Hofmann et al. [1987] from McMurdo. 

4.2. Denitrification and Concentrations 
of Nitrogen Species 

Model results will also depend on the initial concentration 
and partitioning of NOy species. Analysis of the measure- 
ments by the NOy detector onboard the ER-2 [Fahey et al., 
this issue] indicate gas phase mixing ratios of NOy of 10 + 2 
ppbv near 60øS outside the C10 wall defining the vortex, 3 -- 
1 ppbv near 70øS just inside the vortex, and values less than 
2 ppbv at locations deeper into the vortex. The measured 
NOy exhibits no noticeable altitude gradient. The NOy 
concentrations in our calculations must satisfy these obser- 
vational constraints during the AAOE period inside the 
vortex, both in the "collar" region near the edge and in the 
"core" region toward the center. 

The NOy observations indicate that nitrogen species have 
been removed from the gas phase inside the vortex. Deni- 
trification in the lower stratosphere could occur in two 
different ways: (1) nitric acid could be frozen directly into 
PSC particles at the phase transition temperature [Toon et 
al., 1986; McElroy et al., 1986b; Crutzen and Arnold, 1986], 
and (2) nitrogen oxides in N20 5 and C1NO3 could be 
changed to solid HNO3 through the heterogeneous reactions 
(10)-(13). 

Modeling of the detailed microphysics of PSC formation 
and evolution is beyond the scope of this paper [e.g., Toon et 
al., 1989; Turco et al., this issue; Poole and McCormick, 
1988]. We assume instead that direct freezing of HNO3 
occurs by July 15. Our choice of gaseous HNO3 mixing 
ratios on July 15 has been guided by three criteria: (1) the 
concentrations calculated by the AER two-dimensional 
model serve as upper bounds, (2) the in situ NOy concen- 
trations measured aboard the ER-2 within the vortex con- 

strain the total amount of nitrogen calculated in the model, 



RODRIGUEZ ET AL ' COMPARISON OF MODELS WITH AAOE OBSERVATIONS 16,691 

22 

2O 

LIJ 

t4 

t2 
0 12 

I I / I I J 

/ / 60 ø- 70oS 

• I I I I I 
2,0 4,0 6,0 8,0 '10,0 

MIXING RATIO (ppb¾) 

Fig. 5. Mixing ratios of HNO 3 adopted on July 16. 

and (3) the calculated HNO 3 throughout the measuring 
period should be consistent with the total column measure- 
ments from the infrared instrument on the DC-8. The 

adopted HNO3 profiles for the four cases at different lati- 
tudes on July 15 are shown in Figure 5. Since the measured 
column density of HNO 3 decreases toward the center of the 
vortex, the nitric acid profile for the 80 ø run has been 
reduced accordingly. The profile in Figure 5 represents a 
60-80% reduction in the nitric acid abundances calculated by 
the AER two-dimensional model. We must stress, however, 

that the adopted HNO 3 and NOy profiles do not represent a 
unique way to satisfy the constraints placed by measure- 
ments. 

The adopted initial concentration of nitric acid on July 15 
is interpreted as a saturation mixing ratio of gaseous HNO 3 
over PSCs. We then assume that these abundances are upper 
bounds for nitric acid in the gas phase during the period of 
the calculations (July-October). Nitric acid produced by 
reactions (10)-(13) is initially released in the gas phase but is 
immediately incorporated into the solid phase if the gaseous 
HNO 3 mixing ratios are equal to or larger than the adopted 
saturation values. Our calculations allow for loss of nitric 

acid through photolysis or reaction with OH. Possible re- 
lease of nitric acid through particle evaporation has not been 
included. 

The discussion in section 3 pointed out the importance of 
odd nitrogen (NOx + 2 x N205 + C1NO3) abundances prior 
to the onset of heterogeneous chemistry (Table 2). The initial 
concentrations of N205 are uncertain, given the possibility 
of reaction (13) occurring on background aerosols [Harker 
and Strauss, 1981; Austin et al., 1986; Worsnop et al., 1988; 
Mozurkewich and Calvert, 1988]. Since there are no data on 
N205 concentrations during July, we have considered cases 
reflecting different initial levels of N205 and thus different 
efficiency for converting HC1 to active chlorine. 

Our choice of N205 for case 1 yields complete conversion 
of HC1, C1NO3, and N205 to active chlorine and HNO3 for 
present-day conditions during July (see Figure 1), thus 
placing the transition B/C (Table 2) at current levels of 
chlorine. This case represents the maximum levels of active 
chlorine available for present-day conditions. Reactions 
(10)-(13) are then negligible until HC1 and C1NO 3 are re- 

formed in mid-September. The initial conditions for N20 5 in 
cases 2-4 place the transition A/B in Table 2 during the late 
1970s, at a chlorine level of 2.0 ppbv. The adopted N20 5 
concentrations are thus equal to the HC1 abundances for this 
level of chlorine. Production of both C1NO 3 and active 
chlorine then occurs during July-August for present-day 
conditions (see Figure 2). 

4.3. Temporal and Spatial Behavior of 
Heterogeneous Reactions 

Polar stratospheric clouds are observed to appear during 
June-July, starting first at high altitudes and moving to lower 
altitudes, finally disappearing sometime during September- 
October. Although the spatial and temporal behavior of 
PSCs described below is not intended to reproduce condi- 
tions during 1987, our choices have incorporated general 
features of the observed behavior of PSCs. We treat heter- 

ogeneous chemistry as follows. 
1. All heterogeneous reactions are parameterized in 

terms of collision frequency of gas molecules with reacting 
surfaces, and probability of reaction per collision. Details of 
the parameterization of heterogeneous reactions are dis- 
cussed in Appendix A. 

2. We assume for simplicity two stages for the heteroge- 
neous chemistry. 

During the first stage (July 16 to August 1 for 60øS and 70øS 
calculations, July 16 to August 15 for 80øS calculations), HC1 
is converted to active chlorine and chlorine nitrate by (10) 
and (12) as discussed in section 3. We maximize heteroge- 
neous conversion of HC1 by neglecting reactions (11) and 
(13) during this period of time. Heterogeneous chemistry is 
assumed to occur on ice particles (type 2) with a radius of 5 
/xm, formed by freezing 0.5 ppmv of H20 at all altitudes. 
These particles may subsequently sediment, thus yielding a 
dehydrated stratosphere during AAOE [Kelly et al., 1989]. 
We note that the abundances of trace species at the end of 
this stage for 18 km are the same as those shown in Figures 
1 and 2 on August 1 (60øS and 70øS calculations) and August 
15 (80øS calculations). 

The second stage extends from August 1 (60 ø and 70øS) 
and 15 (80øS) until the end of October. Heterogeneous 
chemistry during this period converts residual C1NO3 and/or 
N205 to active chlorine and/or C1NO3 through reactions (11) 
and (13). Reformation of HC1 can be retarded by reaction 
(10). We consider three possibilities, bracketing the latitudi- 
nal and temporal extent of heterogeneous activity. 

The first possibility, no heterogeneous activity (cases 1 
and 2), addresses the question of whether heterogeneous 
chemistry is needed during the AAOE period. Reaction 
efficiencies of (10)-(13) on PSC surfaces could be much 
smaller than those measured on ice surfaces in the labora- 

tory if, for example, large HNO3/H20 concentrations in the 
ice substantially affect the heterogeneous kinetics [Tolbert et 
al., 1987]. 

For the second possibility, moderate PSC extent and 
duration (case 3), we adopt a gas-aerosol collision frequency 
corresponding to an average extinction coefficient for PSCs 
of 2 x 10 -3 km -• for the 60 ø and 70 ø cases on August 1, and 
of 3 x 10 -3 km -1 for the 80 ø case on August 15, at all 
altitudes between 12 and 22 km. We assume a particle radius 
of 1/xm during this period, with an average molecular weight 
representative of a nitric acid trihydrate crystal. The extinc- 



16,692 RODRIGUEZ ET AL..' COMPARISON OF MODELS WITH AAOE OBSERVATIONS 

tion coefficients decrease linearly throughout the period to a 
zero value on days between September 1 (high altitude end) 
and September 15 (low altitudes), for the 60 ø and 70 ø cases. 
In the 80 ø calculations, complete disappearance of PSCs is 
assumed to occur between September 15 (high altitudes) and 
October 1 (low altitudes). This case could be interpreted as 
representing typical "thin haze" conditions for PSCs. 

For the third possibility, long-lived PSCs•(case 4), we 
choose a collision frequency corresponding to an extinction 
coefficient of 2 x 10 -3 km -1 at 18 km for all latitudes. The 
altitude profile of the extinction coefficient is scaled with the 
adopted partial pressure of HNO3. We assume that these 
extinction coefficients are constant until October 15. Heter- 

ogeneous processing can thus occur until this date for this 
scenario. These conditions are suggestive of the behavior 
during 1987, when PSCs were observed into October by the 
SAM II instrument (M.P. McCormick, private communica- 
tion, 1988). 

Adopted reaction efficiencies for (10)-(13) are listed in 
Table 3. We have simulated the possible decrease of the rate 
of (11) on nitric acid trihydrate crystals [Tolbert et al., 1987] 
by reducing this rate by a factor of 10 in case 4, thus 
maintaining high concentrations of C1NO3 during the AAOE 
measurement period. 

4.4. Observational Constraints 

The following sets of measurements were used to evaluate 
the results of the different cases: C10 measurements aboard 

the ER-2 [Brune et al., this issue] and column densities of 
HNO3, HC1, C1NO3, and NO2 aboard the DC-8 [Toon et al., 
this issue; Coffey et al., this issue; Mankin and Coffey, 
1989]. 

Comparison of our results to local and column 03 densi- 
ties are discussed by Ko et al. [this issue]. We do not use the 
NO column densities measured by the infrared spectrome- 
ters aboard the DC-8, since most of the contribution to this 
column comes from altitudes above 22 km, outside our 
region of interest. Our calculated NO mixing ratios in early 
September for all cases are less than 10 pptv inside the 
vortex. Since these values are much smaller than the obser- 

vation threshold of 30 pptv for the NOy detector [Fahey et 
al., this issue], these measurements cannot help in discrim- 
inating among the different simulations. Analysis of OC10 
column measurements at twilight has not been completed at 
this time. We thus do not include results on OC10 in this 

paper. 

Care must be taken in comparing model results with 
observations for species whose characteristic time constants 
are larger than a few days. In these cases, the measured 
concentrations will reflect the history of the sampled air 
parcel. For example, comparison of ER-2 observations near 
70 ø with model results at this latitude must take into consid- 

eration the behavior for the 60 ø and 80 ø curves. Such an 

approach can then indicate whether apparent discrepancies 
can be used to rule out specific cases, or whether they could 
be a result of latitude excursions. 

5. RESULTS 

We present below results of our calculations for cases 1-4 
and compare them with pertinent measurements from the 
AAOE mission. Our simulations have indicated that calcu- 

lated HC1 and C10 are particularly sensitive to assumptions 
about initial conditions and duration of heterogeneous chem- 
istry. We therefore stress the comparison with measure- 
ments of these species. 

Column density measurements from the NCAR and JPL 
infrared spectrometers onboard the DC-8 have been sorted 
into bins centered around 70 ø and 80øS and averaged for each 
day of measurements. The bars around the data points 
shown in the figures extend from the minimum to the 
maximum value in each bin. We have averaged together 
results from both instruments for HNO3, NO2, and C1NO3, 
since there is good agreement between both sets of measure- 
ments. There exists a discrepancy between the NCAR and 
JPL measurements of HC1 [Toon et al., this issue; Coffey et 
al., this issue]. Comparison for this species treats both sets 
separately. 

5.1. HNO• 

Measured column densities of HNO3 decrease from about 
1.3-1.6 x 1016 cm -2 in the "collar" region to 0.5-0.8 x 1016 
cm -2 in the "core" region of the vortex. Our calculated 
column densities of HNO 3 for cases 1 and 4 are shown in 
Figure 6, compared with the data from the JPL and NCAR 
infrared spectrometer instrument aboard the DC-8. Results 
for the other cases are very similar to case 1 and thus not 
shown. The contribution to the total column density from 
altitudes above 22 km is about 30% for 60 ø and 70 ø condi- 

tions, and 50% for the 80 ø case. Since our choice of initial 

profiles for HNO3 was guided by the in situ NOy measure- 
ments, our results suggest a general consistency between the 
total HNO3 column measurements and the observations of 
NOy. 

Case 1 assumes no heterogeneous processing during Sep- 
tember. The decrease in the nitric acid column density in 
Figure 6a is due to photolysis of HNO3 and reaction with 
OH. Calculated column densities of HNO3 in case 4 (Figure 
6b) decrease less rapidly. This is because photodecomposi- 
tion of HNO3 is compensated by production of nitric acid by 
heterogeneous chemistry when gas phase HNO3 abun- 
dances fall below the assumed saturation value. 

5.2. NO2 

Vertical column densities of NO2 calculated for case 1 in 
the afternoon twilight are compared in Figure 7 with the 
average of measurements by the JPL and NCAR infrared 
spectrometer. Results for other cases behave similarly. The 
absolute value of the observed column densities are about a 

factor of 2 lower than calculations, particularly for the core 
region near 80øS. We note that 90% of the column density of 
NO2 on September 15 lies above 22 km. 

Our calculations adopt the results of the AER two- 
dimensional model above 22 km, which are consistent with 
the measurements outside the vortex. McCormick and 

Larsen [1986] have pointed out that the NO2 densities 
observed by the SAGE and SAM II instruments inside the 
vortex are about a factor of 2 lower than those outside up to 
40 km. The discrepancy between calculations and observa- 
tions is thus not a symptom of the chemical scheme adopted 
for the low-altitude region, but rather of the adopted NO2 
and/or NOy at higher altitudes. 



RODRIGUEZ ET AL.' COMPARISON OF MODELS WITH AAOE OBSERVATIONS 16,693 

2,0 

1,5 

i,0 

0,5 

[ I I [ I 

(a) Case 
HN03 

- oos T I 

2i2 227 242 257 272 287 502 
7/5i 8/50 9/29 i0/29 

DAY NUMBER 

2,01 , • • • i Case 4 

_ 

_ 

: 

0 I I i i i 
2t2 227 242 257 272 287 302 
7/5i 8/50 9/29 t0/29 

DAY NUMBER 

Fig. 6. Calculated HNO 3 column densities for 60 ø (solid line), 
70 ø (dash-dot line), and 80øS (dashed line) conditions, for (a) case 1 
and (b) case 4 compared with average of data from the JPL and 
NCAR infrared spectrometers, binned around (open circles) 70øS 
and 80øS (solid circles). 

5.3. CIN03 

Measured C1NO3 column densities decrease from values 
between 2 and 4 x 10 ]5 cm-2 in the collar region to values 
near 1 x 10 ]5 cm -2 in the core of the vortex. Calculated 
column densities of C1NO3 are compared with the average of 
observations by the JPL and NCAR spectrometers in Fig- 
ures 8a (case 1), 8b (case 2), 8c (case 3), and 8d (case 4). 

Calculations at 60 ø and 70 ø for case 1 (Figure 8a) are 
consistent with the lower bound of observations in this 

latitude bin after September 15. Column densities observed 
near 80øS, although higher than the case 1 results at this 
latitude, lie in the area bounded by the 70 ø and 80 ø curves. 
Allowing for uncertainties in the illumination history of the 
sampled air masses and in the calculated column density of 
C1NO3 above 22 km, the results of case 1 imply that 
photolysis of nitric acid could supply enough NO x to account 
for C1NO 3 column densities of up to 2 x 10 ]5 cm -2 after 
mid-September. It is, however, difficult to explain the very 
high column densities of C1NO3 measured on four different 
days (September 5, 8, 19, and 26). 

Column densities of C1NO 3 as high as 3 x 1015 cm-2 can 
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Fig. ?. Calculated NO2 column densities in the afternoon twi- 
light for case 1, compared with average of results from the JPL and 
NCAR infrared spectrometers near ?0øS (open circles) and 80øS 
(solid circles). Calculations for different latitudes are denoted as in 
Figure 6. 

be obtained in early September if we assume excess initial 
N20 5 and a negligible rate for (11) (case 2). High column 
densities of chlorine nitrate could also be obtained in early 
September if fresh NOx were supplied from outside the 
vortex by mixing processes. Comparison of results of case 2 
with observations in Figure 8b suggest that this condition 
could explain the very high C1NO3 column densities in the 
collar region near 70øS. However, the large column densities 
of chlorine nitrate predicted by this case are not observed in 
the inner core region. 

The adoption of a fast rate for (11) in case 3 after August 
1 leads to rapid conversion of C1NO 3 to HOC1 and active 
chlorine. The results for case 3 (Figure 8c) are thus very 
similar to those of case 1 after the beginning of September. 
The slower rate for (11) adopted in case 4 (Figure 8 d) leads 
to slower conversion of C1NO3 to active chlorine. Results of 
both cases 3 and 4 are again consistent with observations, if 
we exclude the high values discussed above. 

5.4. HCl 

Calculated column densities of HC1 are shown in Figures 
9a and 9b (case 1 compared with JPL and NCAR data, 
respectively) and 9c and 9d (case 4 compared with JPL and 
NCAR data, respectively). Results for cases 2 and 3 are 
similar to those of case 1. 

Calculations in early September are generally consistent 
with the JPL measurements shown in Figure 9a but are 
larger than the NCAR values (Figure 9b). The low values 
observed for the HC1 column densities require almost com- 
plete removal of HC1 between 12 and 22 km. We have 
achieved this in our model by conversion of HC1 to other 
forms of chlorine by reactions (10) and (12) during July on 
type 2 PSCs. The HC1 could also be processed with longer 
time constants on type 1 (nitric acid trihydrate) PSCs. 
Heterogeneous processing could start with the appearance 
of type 1 PSCs in June and be essentially complete by the 
time of the appearance of type 2 aerosols in late July [Poole 
and McCormick, 1988; Toon et al., 1989; Turco et al., this 
issue]. 
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Fig. 8. Calculated column densities of chlorine nitrate at noon for cases (a) 1, (b) 2, (c) 3, and (d) 4 compared with 
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Calculations for different latitudes are denoted as in Figure 6. 

If the rates for (11) and (13) are faster than for (10) and (12) 
on PSCs, abundances of NOx and C1NO3 could be much 
smaller in winter. In this case, about one half of the HC1 
could remain unprocessed during the month of August (see 
Figure 3), resulting in column densities of order 3-4 x 10 •5 
cm -2. Calculations (not shown) indicate that photolysis of 
HNO3 during September does not produce sufficient NOx to 
process the above HC1. Recent measurements of the solu- 
bility of HC1 [Hanson and Mauersberger, 1988] make it 
unlikely that this amount of HC1 could be frozen in type 1 
PSCs. The unprocessed HC1 could, however, be dissolved in 
large sedimenting type 2 (ice) particles, resulting in its 
permanent removal from the Antarctic lower stratosphere 
[Turco et al., this issue; Gandrud et al., 1988]. This dechlo- 
rination scenario yields low column densities of HC1, while 
enough active chlorine is produced to give results consistent 
with C10 observations (see Figure 3). Therefore dechlorina- 
tion is not ruled out by the AAOE data. Resolution of this 
issue requires further laboratory data on the rates of (10)- 
(13) for different concentrations of HC1 and HNO3, as well 
as measurements of HC1 and NOx during winter, and on the 
solubility of HC1 in PSCs. 

Reformation of HC1 through the reaction 

C1 + CH4--> HC1 + CH 3 (24) 

starts in early September at 60 ø and 70øS, and in the second 
half of September at 80øS, in the absence of heterogeneous 
chemistry (case 1). The calculated recovery of HC1 for this 
case is faster than observed, particularly at 70øS. Adoption 
of fast heterogeneous processing in case 4 retards the 
calculated recovery, thus giving better agreement with ob- 
servations (Figures 9c and 9d). 

5.5. ClO 

Calculated concentrations of C10 are compared with mea- 
surements aboard the ER-2 near 70øS [Brune et al., this 
issue] in Figure 10 (14 km, 396 K potential temperature), 
Figure 11 (16 km, 404 K potential temperature), and Figure 
12 (18 km, 444 K potential temperature). For each figure, 
panels a, b, c, and d correspond to cases 1, 2, 3, and 4, 
respectively. The data displayed are taken from the south- 
ernmost segment of the flights, where the ER-2 executes a 
dive to lower altitudes. This segment usually occurs in the 
deepest incursion of the aircraft into the vortex. Concentra- 
tions of C10 in the core region deep inside the vortex are not 
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Fig. 9. Calculated column densities for HC1 at noon for (a, b) case 1 and (c, d) case 4, compared with data from 
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respectively. Calculations for different latitudes are denoted as in Figure 6. 

available from the ER-2 data, although values around 1.5 
ppbv have been obtained by ground-based observations at 
McMurdo during NOZE II [de Zafra et al., 1989]. 

Results for cases 1-4 bracket the observations. Calculated 

concentrations for case 2 are in general lower than most 
measurements, particularly at the highest altitude. Model 
results suggest that the observed C10 thus seems too high to 
be compatible with the high column densities of C1NO 3 
measured in the collar region. We note, however, that 
changes in the kinetic data for C120 2 could change the 
partitioning of chlorine species and allow for the coexistence 
of high densities of C10 and C1NO3 (see Appendix B). Better 
agreement is obtained at the highest altitude between the 
results of cases 1, 3, and 4 and observations during early 
September. The calculated abundances of C10 for these 
cases are, however, higher than observations by 30-50% at 
the lower altitudes. This could be an indication of less 
efficient conversion of HC1 to active chlorine than assumed 
by our calculations at these altitudes. 

The high mixing ratios of C10 observed in early September 
are maintained at all altitudes until the last ER-2 flight 
(September 22). Calculations at 60 ø and 70 ø for cases 1 and 2 
exhibit a rapid decrease in C10 starting in the early half of 

September. This decrease is due to conversion of active 
chlorine to C1NO 3 and HC1 in the absence of heterogeneous 
chemistry. Adoption of heterogeneous mechanisms in cases 
3 and 4 improves the agreement with measurements at the 
end of the AAOE mission. 

We note that concentrations of C10 can be affected by the 
history of the air mass sampled. Although repartitioning 
within the active chlorine family (C1 + C10 + OC10 + 2 x 
C120 2 + HOC1) can respond to changing illumination with a 
time constant of at most a few hours, partitioning between 
chlorine nitrate and active chlorine depends on the produc- 
tion of NOx by HNO3 photolysis, and thus changes with a 
time constant of about 10-30 days for latitudes higher than 
70øS. Similarly, reformation of HC1 through gas phase reac- 
tions has similar time constants for latitudes near 80øS. 

Calculated C10 for 80øS illumination agrees better with 
observations at the end of the mission, even for case 1, 
suggesting that the temporal behavior of observations near 
70øS could be explained if the sampled air parcels spent a 
large fraction of their previous history at latitudes near 80øS. 
However, latitude displacements of air parcels occur toward 
both north and south, resulting in, respectively, faster and 
slower recovery of HC1 and decrease in C10. It seems thus 
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Fig. 10. Calculated mixing ratios of C10 at 14 km (369 K) for (a) case 1, (b) case 2, (c) case 3, and (d) case 4, 
compared with measurements by the Harvard detector on the ER-2. Data are taken from the southernmost segment of 
each flight (near 70øS). Calculations for different latitudes are denoted as in Figure 6. 

unlikely that the trends in HC1 and C10 during 1987 can be 
explained solely in terms of illumination history. Observa- 
tions of C10 and HC1 seem to require heterogeneous chem- 
istry throughout most of September, as in case 4. 

The temporal development of C10 in different years is 
particularly important in determining the depth of the ozone 
hole. As discussed by Ko et al. [this issue], the primary cycle 
for ozone removal in the Antarctic stratosphere is the C120 2 
cycle (cycle III). Since the efficiency of this cycle depends 
on the square of the C10 concentrations, relatively small 
differences between different scenarios for C10 can be 

translated into much larger ozone reductions by the end of 
October. Although the ER-2 data suggest constant or in- 
creasing C10 densities until at least September 22 during 
1987, ground-based observations of C10 and OC10 at Mc- 
Murdo in 1986 [de Zafra et al., 1987; Solomon et al., 1987] 
suggest a decrease in C10 starting in early to mid-September. 

Interannual differences in the C10 trend can be due to both 

differences in the amount of HNO3 left in the gas phase 
[Salawitch et al., 1988] and in the duration of heterogeneous 
chemistry. Our calculations suggest that the degree of den- 
itrification in the Antarctic stratosphere during 1987 was not 
sufficient to maintain high concentrations of C10 and low 

densities of HC1 until the end of September, particularly for 
latitudes near 70øS. On the other hand, heterogeneous chem- 
istry could have continued until October, since PSCs were 
observed by the SAM II instrument during the early part of 
this month. It thus seems that the long duration of hetero- 
geneous chemistry during 1987 could be the controlling 
factor in maintaining high concentrations of C10 until late in 
the season during this year and could thus explain the 
extremely low ozone levels observed during October [Ko et 
al., this issue]. 

The recovery of HC1 could also be retarded if we had 
larger concentrations for OH. Concentrations of OH in 
Antarctica are expected to be sensitive to the rates adopted 
for reactions (11) and (13), concentrations of HNO3, and 
methyl chemistry. No measurements of HOx species in 
Antarctica exist at this point. Analysis of the temporal 
development of C10 and HC1 data for different years, in 
conjunction with observations of PSCs, HNO3, and OH 
could be particularly useful in determining the relative 
importance of heterogeneous chemistry and denitrification in 
controlling the behavior of H C1 and C10 during September 
and October. 
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Fig. 11. Same as Figure 10, but at 16 km (404 K). 

5.6. Partitioning of Chlorine Species 

Measurements by the different AAOE instruments cannot 
uniquely constrain the partitioning of chlorine species as a 
function of altitude, since only column densities are mea- 
sured for HC1 and C1NO3. Model calculations can be used to 
relate local concentrations to column densities. Such a 

relationship is useful in determining chlorine budgets which 
are consistent with observations and kinetic data. 

Figure 13 shows our calculated altitude distributions for 
the most abundant chlorine species at noon on September 
14, for the conditions of cases 1-4, 70øS. Calculated concen- 
trations of HOC1 are negligible, with column densities less 
than 2 x 1014 cm -2, the upper bound measured by Toon et 
al. [this issue]). The abundance of C1NO3 increases with 
altitude due to a corresponding increase in both the adopted 
concentration of HNO3 (Figure 5) and its photolysis rate. 
The magnitude of the HC1 concentration is determined by 
the efficiency of heterogeneous processing and is thus largest 
for case 1 and smallest for case 4. We note that chloride 
measurements by the Multifilter sampler aboard the ER-2 
[Gandrud et al., 1989] suggest mixing ratios of order 0.2-0.5 
ppbv for HC1 + C1NO 3 inside the vortex, consistent with 
case 4. Comparison of Figures 13a-13d with Figure 9 sug- 
gests that the measured column densities are consistent with 

HC1 mixing ratios of order 0.2 ppbv. Such concentrations of 
HC1 would require heterogeneous processing to continue 
into September. 

The calculated partitioning of chlorine species is particu- 
larly sensitive to uncertainties in the kinetics of C1202. As 
discussed in Appendix B, recent measurements of both the 
absorption cross section and formation rates of the C10 
dimer [Burkholder et al., 1988; Sander et al., 1989] suggest 
that the calculated C10 would increase by factors of 1.4-2.0 
in early September for the cases presented above. Such a 
revision would then suggest better agreement with observa- 
tions for conditions similar to those of case 2 during this time 
period, thus indicating that the high column densities of 
C1NO 3 measured by DC-8 instruments in the collar region 
could be consistent with the in situ C10 measured aboard the 

ER-2. At the same time, the recovery of HC1 could be 
accelerated by the above changes in the kinetic data (see 
Appendix B). Work is in progress to determine the implica- 
tions of the new kinetic data for the cases discussed in this 

paper. 

6. CONCLUSIONS 

We have presented results of photochemical models for 
the Antarctic stratosphere during winter/spring, and com- .,•. 
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Fig. 12. Same as Figure 11, but at 18 km (444 K). 

pared them with observations by the Airborne Antarctic 
Ozone Experiment. Since these observations were carried 
out only until the third week in September, photochemical 
models constrained by AAOE data can be used to provide 
extrapolation of the behavior of important species during 
late September and October. Such extrapolations are partic- 
ularly important in ascertaining the role of chemistry in the 
observed ozone reductions during this period of time, as well 
as for past and future levels of chlorine. Implications of these 
model results for the behavior of ozone are discussed in a 

companion paper [Ko et al., this issue]. 
Past studies indicate that the partitioning of chlorine 

species and the depth of the ozone hole could be very 
sensitive to the relative abundances of HC1 and odd nitrogen 
prior to the onset of heterogeneous chemistry [Wofsy et al., 
1988], to the duration of the heterogeneous chemistry, and to 
the abundances of HNO3 left in the gas phase after denitri- 
fication [Salawitch et al., 1988]. We have considered four 
different cases, reflecting different initial amounts of odd 
nitrogen, and different assumptions for the importance of 
heterogeneous chemistry from August to October. The gas 
phase concentrations of HNO3 adopted in our model have 
been constrained by in situ measurements of the NOy 
concentrations aboard the ER-2 [Fahey et al., this issue] and 

observations of the column density of HNO3 aboard the 
DC-8 [Toon et al., this issue; Coffey et al., this issue]. 
Comparison of NOy and HNO3 measurements with model 
results suggests that 60-80% of the nitric acid has been 
removed from the gas phase below 20 km. Given the 
uncertainties in initial conditions, heterogeneous processes, 
and illumination history of the sampled air masses, it is 
difficult to consider all possibilities. We believe, however, 
that the cases considered here bracket the behavior of 

chlorine and nitrogen species in a manner consistent with 
AAOE observations. 

The main conclusions of this study are as follows. 
1. Although the amounts of chlorine nitrate and active 

chlorine produced by heterogeneous conversion of HC1 do 
depend on the relative concentrations of HC1 and odd 
nitrogen (NOx + C1NO3 + 2 x N205) prior to the appear- 
ance of PSCs [Wofsy et al., 1988], the rate of heterogeneous 
processing of HC1 is determined by the rate at which NOx is 
supplied by photolysis of reservoir species or by transport. 
High column densities of C1NO3 observed near 70øS in early 
September suggest that 2-3 ppbv of NOx are supplied during 
August at altitudes below 22 km by either photolysis of 
N20 5 and HNO3, or by mixing of NOx across the vortex 
wall. The amount of converted HC1 and the final form of 
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chlorine are also sensitive to other parameters, such as the 
relative rates of the competing heterogeneous reactions, and 
the degree of illumination experienced by the air parcels 
during heterogeneous processing. 

2. The recovery of HC1 column densities calculated 
without heterogeneous chemistry (case 1) is faster than 
observations. In the absence of heterogeneous processing, 
photolysis of residual gas phase HNO3 with subsequent 
formation of C1NO3 results in rapid decrease of the calcu- 
lated C10 near 70øS after the first week of September. 
Denitrification alone does not explain the observed temporal 
behavior of C10 near 70øS and of HC1. This behavior 

requires that heterogeneous reactions occur at substantial 
rates during the month of September. The long duration of 
PSCs during 1987 could maintain high concentrations of C10 
until October and be responsible for the extremely low levels 
of ozone observed during that year. 

The observations by the AAOE instruments are consistent 
with the implications of heterogeneous chemistry and the 
requirements of chlorine-related hypotheses for 03 removal. 
Because of the sensitivity of the ozone reductions to C10 
abundances through cycle III and the uncertainties in perti- 
nent chemical mechanisms, there are still large uncertainties 
in how much of the ozone loss can be accounted for by 

chlorine chemistry [Ko et al., this issue]. Furthermore, 
current photochemical modeling and the spatial and tempo- 
ral extent of AAOE observations cannot sufficiently con- 
strain important parameters such as the behavior of C10 
during October, or the initial preconditions during early 
winter. Future efforts in field observations, kinetics, and 
atmospheric modeling should address the following issues. 

1. Observations of C10 and C1NO3 during August can 
yield important clues as to initial preconditions. Observa- 
tions of C10, C1NO3, HC1, HNO3, NO, OH, and PSCs deep 
in the vortex and in late September-October can clarify the 
relative importance of denitrification and heterogeneous 
chemistry in determining the seasonal and interannual be- 
havior of C10. Measurements of C120 2, HOC1, and N205 
would supply much needed constraints to present modeling. 
Satellite observations of nitrogen species above 22 km can 
be used to determine the vertical extent of denitrification. 

2. Complete processing of HC1 to active chlorine during 
July-August seems to require that the rates of the heteroge- 
neous reactions of C1NO3 and N205 with frozen H20 on 
PSC particles be substantially smaller than those for the 
corresponding reactions with frozen HC1. Since molar con- 
centrations of HC1 in PSC particles could be 0.1% and lower, 
it is important to determine the rates of reactions (10)-(13) at 
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these low levels of HCI. It is also important to determine the 
above rates in solid H20-HNO 3 mixtures. 

3. Changes in the existing data on C120 2 absorption 
cross sections and formation rates will affect the calculated 

concentrations of trace gases. In particular, increases in the 
photolysis of C120 2 and reductions in its formation rate 
would increase the calculated CIO in early September, and 
accelerate the recovery of HCI. Further studies are needed 
on the kinetics of C1202, particularly the formation rate at 
low temperatures, and determination of photolysis cross 
sections and photolytic products at wavelengths greater than 
300 nm. 

4. Photochemical modeling should also incorporate a 
more detailed treatment of the microphysics of aerosols and 
PSCs, as well as realistic estimates of the average collision 
frequency of gases with reacting surfaces. Such estimates 
can be provided by careful analysis and averaging of satellite 
and aircraft measurements. 

5. Future photochemical modeling can profit from real- 
istic estimates of dynamic conditions within the hole. In 
particular, such modeling could include possible vertical and 
horizontal mixing/transport, and estimates of the average 
illumination of ensembles of air parcels at altitudes between 
12 and 24 km, and at times between July and October. 

APPENDIX A: PARAMETERIZATION OF 

HETEROGENEOUS CHEMISTRY 

The rate for heterogeneous reactions (10)-(13) is given by 

K (s -1) = •,•, (A1) 

where v is the collision frequency of gas molecules with 
reacting surfaces and 3/is the reaction efficiency per colli- 
sion, sometimes referred to as the "sticking coefficient." 
The collision frequency v is given by 

/•' (S -1) = • .• • 7}'M/ (A2) 
where T is the temperature, M (g) the molecular weight of 
the gas molecules, k Boltzmann's constant, and • the 
reacting surface concentration per unit volume. Whereas v 
can be determined from a given temperature, gas density, 
and aerosol size distribution, the reaction efficiency 3/will 
also depend on the particle composition. Previous treatment 
of heterogeneous chemistry adopted a constant value for 3/ 
for reactions (11) and (13), while adopting a pseudo gas 
phase parameterization for reaction (10) [e.g., Solomon et 
al., 1986; Rodriguez et al., 1986]. 

Realistic parameterization of (A1) and of the rate of 
processing of the different species under reactions (10)-(13) 
requires knowledge of the following quantities: (1) surface 
area concentration •, and relation of surface area to ob- 
served parameters such as the extinction coefficient, (2) ratio 
of HCI in the solid phase to HCI in the gas phase, and (3) 
molar fraction of HCI in the solid phase. 

The relationship between surface area concentration a•d 
extinction coefficient kex t (km -1) is given by 

kext(km_l) = Qe,• • (cm2/cm 3) x 105 (A3) 
where Qe is the extinction efficiency. We assume that the 
heterogeneous chemistry is occurring primarily on particles 

with radii 0.5/am or greater, and thus adopt an average value 
of 2 for Qe. 

It is also useful to relate the surface area concentration 

and extinction coefficient to the amount of frozen water for 

a given particle radius and assumed average mass. We 
assume that PSC particles exhibit a composition of the form 
HNO 3 ß jl-I20, where a value of infinity for j would corre- 
spond to pure ice. Simple consideration of the amount of 
frozen mass in particles of assumed radius r0, in conjunction 
with (A3), yields 

kext (km-1)=• x 105(fH20)(Ms)(n)(1--•.J)/PrO (A4) 
where M s is the average molecular weight (g) of the solid, n 
the background gas density, fH20 the mixing ratio of frozen 
water, and p the density of the solid (taken here as 1 g cm-3). 
Inverting the above equation can also give the mixing ratio of 
frozen water for a given observed extinction coefficient, and 
assumed PSC radius. We thus perform calculations in which 
we either assume a given amount of frozen water, or adopt 
an observed extinction coefficient. 

Calculation of the development of HCI with the heteroge- 
neous reactions (10) and (12) must be given particular 
attention. Our photochemical model divides the HCI into 
two reservoirs: solid and gas. Gas phase photochemical 
losses are assumed to act only on the gas phase reservoir, 
while loss through reactions (10) and (12) is effective on the 
solid reservoir. Production of HCI by gas phase reactions 
contributes to both reservoirs according to the assumed solid 
gas equilibrium. Both phases are adjusted to equilibrium 
conditions at each time step of the calculation. We assume 
that gas phase partial pressures Pacl and solid phase molar 
ratios mH½• are related by [Wofsy eta!., 1988] 

(mHC0 2= HPHCI (A5) 

The proportionality constant above at pressure p is given by 

P(m%2o) 2 
H = (A6) 

p0 

where fH:O is the mixing ratio of water in the solid and m 0 is 
the molar ratio of HCl in equilibrium with a partial pressure 
p 0 of HCI for temperatures typical of the lower stratosphere. 
We assume values of 0.02 mol/mol and 10 -7 torrs for m 0 and 
p0, respectively, from the estimates of Wofsy et al. [1988]. 
(Recent measurements by Hanson and Mauersberger [ 1988] 
indicate that these values are reasonable for nitric acid 

trihydrates but about a factor of 10 too large for pure ice.) 
Since these values are very uncertain at this point, we have 
not taken into consideration temperature changes within the 
altitude region of interest. Equations (A5) and (A6) in 
conjunction with mass balance considerations are used to 
derive the fraction of HCI in the solid phase, and the molar 
fraction of this HCI. 

Recent kinetic data suggest that the rates of (10)-(13) 
depend on the molar fraction of HCl in a nonlinear manner 
[Molina et al., 1987; Tolbert et al., 1987; Leu, 1988a, hi. In 
particular, the reaction efficiency of (10) is fairly constant at 
high molar ratios of HCI, with (11) seemingly negligible 
under these conditions. At lower molar fractions, both (10) 
and (11) seem to be operative, with a total reaction efficiency 
which depends on the HCl concentration [Leu, 1988a]. A 
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similar behavior seems to occur for (12) and (13) [Leu, 
1988b]. We note, however, that uncertainties in the detec- 
tion of products such as HOC1 or C1NO2 preclude at present 
the accurate determination of the relative rates of (10)-(13) 
for large molar fractions of HC1. 

Our calculations assume the following simplified behavior 
for (10)-(13). 

1. The reaction efficiencies for (10) and (12) are assumed 
to be constant down to a given molar fraction m, and 
proportional to the molar fraction for values below m. The 
value of m is taken to be 0.0 in the period before August 1, 
and 0.01 thereafter. 

2. The reaction efficiencies for (11) and (13) are assumed 
to be zero for molar fractions greater than m', and constant 
for values below m'. The value of m' is the same as the value 

of m above, unless otherwise specified. 
These assumptions result in efficient processing of HC1 

during July-August (see section 3). We must stress that the 
above assumptions for (10)-(13), although consistent with 
existing data, still have to be substantiated by laboratory 
experiments. 

Combining (B5) and (B3), we obtain a quadratic equation for 
[C10] with solution 

1/2 

- 1 }/(4k•[M]) (B6) 
Equation (B6) can be used to estimate the CIO abundance for 
a given set of kinetic data if we know the abundance of C. 
Equation (B3) can then be used to calculate C1202. 

The calculated abundance of C for cases 1-4 is not very 
sensitive to changes in the dimer kinetics until HC1 starts to 
recover in September. Formation of HC1 and C1NO 3 during 
this month will then reduce the magnitude of C by factors of 
10-100. The recovery of HC1 is determined by production 
through the reaction 

C1 + CH4--• HC1 + CH3 (B7) 

as well as by loss through 

OH + HC1--• C1 + H20 (B8) 

C1NO3 + HC1 (ice)--• C12 + HNO3 (ice) (B9) 

APPENDIX B: SENSITIVITY TO KINETICS 

OF THE C10 DIMER 

The formation and photolysis rates of C1202 play a crucial 
role in the modeling of the Antarctic stratosphere. Reports of 
recent measurements [Burkholder et al., 1988; Sander et al., 
1989] indicate that the photolysis and formation rate of 
C120 2 are larger and smaller, respectively, than the values 
used in this study by factors of 2-3. A complete assessment 
of the impact of these new data will be the subject of a 
forthcoming publication. This appendix presents simple al- 
gebraic formulas allowing us to estimate the impact of 
changes in the above rates on the calculated partitioning 
between C10 and C120 2. We also use these formulas to 
indicate the effect of the above rates on the calculated 

recovery of HC1. 
The photolysis rates of C120 2 adopted in this study yield 

lifetimes of less than 1 hour near 70øS for the C10 dimer 

during the AAOE period. The partitioning between C10 and 
C1202 at noon is then given approximately by the equilib- 
rium between the reactions 

C10 + C10 + M-• C120 2 + M (kl) (B1) 

C120 2 + he --> 2 x C10 (J2) (B2) 

where the products in (B2) reflect the rapid conversion to 
C10 of the different photolytic products of C1202. 

We define a quantity C equal to the total amount of 
chlorine in C10 and its dimer, 

C = [C10] + 2 x [C1202] (B3) 

In particular, we note that 

C-C1Y- ([C1NO3] + [HC1]) (B4) 

since other chlorine reservoir species are negligible during 
the AAOE period. The daytime equilibrium of (B 1) and (B2) 
implies that 

[C1202] = (kl[M][ClO]2)/J2 (B5) 

Reaction (B8) is negligible, to first order, for the OH densi- 
ties calculated within the vortex during the AAOE period in 
our model. We note that in the absence of substantial 

amounts of NO, the concentration of C1 is determined by 
production through the photolysis of C1202, and loss 
through the reaction 

C1 + 03 --> C10 + 03 (kl0) (B10) 

The concentration of C1 is then approximately given by 

[C1] --- (2J2[C1202])/(k•0103]) (B 11) 

Changes in the kinetics of C1202 will then also affect the rate 
of recovery of HC1, and thus the calculated temporal behav- 
ior of C during September. 

We can expand (B6) in a Taylor series for the following 
conditions. 

1. C >> J2/8kl [M]: this condition holds in general during 
late August to early September, before the recovery of HC1 
sets in. We have 

[C10] --- 2C(J2/8kl[M]C) 1/2 (B 12) 

[C1202] •-- C{0.5 - (J2/8kl[M]C) 1/2} (B13) 

In this case, most of the C is in the form of C120 2. The C10 
concentrations vary directly and inversely as the square root 
of the photolysis and formation rates of C1202, respectively. 
Furthermore, the concentrations of C1, and thus the rate of 
recovery of HC1, vary almost linearly with the photolysis of 
C1202. 

2. C << J2/8kl[M]: this condition will hold in middle to 
late September, when a substantial amount of HC1 has been 
reformed. In this case, expansion of (B6) yields 

[C10] --- C(1 - 2k•[M]C/J2) (B14) 

[C1202] '-- kl[M]C2/J2 (B 15) 

In this case, most of the C is in the form of C10. Concen- 
trations of C10 are then fairly independent of the dimer 
kinetics. The recovery rate of HC1 is then insensitive to 
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changes in the photolysis rate of C120 2 but will respond to 
changes in the formation rate. 

We may then expect the following changes in the calcu- 
lated C10 and HC1 as a result of the reported increase/ 
decrease in the photolysis/formation rate of C120 2. Calcu- 
lated concentrations of C10 increase by factors of 1.4-2.0 
during late August to early September. At the same time, the 
HC1 recovery will set in earlier. As a result, calculated 
concentrations of C and C10 for mid-September will be 
reduced. We also note that, since the catalytic removal of 03 
is also proportional to J2 X [C1202] [Ko et al., this issue], 
ozone reductions will occur at a faster rate during late 
August to early September. 
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