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Maintenance of high HCI/CIy and NOx/NOy in the Antarctic 
vortex: A chemical signature of confinement during spring 
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R. D. May, '• F. W. Irion, 3 M. R. Gunson, 3 J. M. Russell 111, 4 and 
C. M. Spivakovsky s 

Abstract. Observations made in the 1994 Antarctic vortex show that Cly recovered completely 
into HC1 following conversion of Cly reservoir species to active radicals, and NOx constituted a 
4-5 times higher fraction of NOy inside the vortex than outside. Measurements made in October 
and November from the Airborne Southern Hemisphere Ozone Expedition/Measurements of the 
Atmospheric Effects of Stratospheric Aircraft (ASHOE/MAESA) ER-2 aircraft mission, the third 
Atmospheric Laboratory for Applications and Science (ATLAS-3) space shuffle mission, and the 
Upper Atmosphere Research Satellite (UARS) demonstrate that this unusual partitioning of Cly 
and NOy was maintained for at least 4 weeks in the springtime vortex. In response to severe ozone 
loss, abundances of HC1 and NOx remained high despite temperatures low enough to reactivate Cly 
and convert NOx to HNO3 via heterogeneous processes. Thus, under severely ozone depleted 
conditions, high HC1 and NOx abundances in the vortex are maintained until the vortex breaks up 
or an influx of ozone-rich extravortex air is entrained into the vortex. These observations suggest 
that the flux of extravortex air entering the core of the lower stratospheric vortex was small or 
negligible above -400 K during late spring, despite weakening of the vortex during this time 
period. Results of a photochemical model constrained by the measurements suggest that extra- 
vortex air entrained into the vortex during October and early November made up less than 5% of 
the vortex core air at 409 K. The model results also show that heterogeneous chemistry has little 
effect on the Cly and NOy partitioning once high abundances of HC1 have been attained under ozone 
depleted conditions, even when aerosol loading is high. 

1. Introduction 

Except during brief episodes that occur annually in the 
lower stratospheric polar regions, the majority of strato- 
spheric inorganic chlorine (Cl.y) is partitioned into the 
relatively stable species HC1 and C1NO 3 [e.g., Dessler et al., 
1995; Michelsen et al., 1996]. When temperatures fall below 
-195 K in the polar vortices during the winter and early 
spring, these species are rapidly converted to Cl•_ via hetero- 
geneous reactions that proceed on or in polar stratospheric 
cloud (PSC) particles [e.g., Solomon et al., 1986; McElroy et 
al., 1986; Molina et al., 1987; Tolbert et al., 1987; Webster et 
al., 1993; Kawa et al., 1992, 1997; Jaegld et al., 1997]. 
Molecular chlorine is subsequently photolyzed to produce C1 
atoms, which react with 03 to produce C10, thereby initiating a 
series of catalytic cycles that can lead to severe ozone loss in 
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the polar spring [e.g., Molina and Molina, 1987; deZafraet 
al., 1987, 1989; Anderson et al., 1989; Salawitch et al., 1990; 
Toohey et al., 1993; Miiller et al., 1994]. 

As the polar stratosphere warms in late spring, the hetero- 
geneous production of photo-labile chlorine ceases, and the 
reactive radicals C1 and C10 (C1Ox) begin to regenerate the 
more stable reservoir species HC1 and C1NO3. This recovery 
proceeds through a limited number of gas-phase reactions. 
Recovery into C1NO 3 and HC1 occurs primarily via 

(R 1) C10 + NO: --> C1NO 3 

and 

(R2) Cl + CH 4 --> HCl + CH 3 

with a minor contribution (<-10%) from 

(R3) C10 + OH --> HC1 + O•_. 

The production rate for C1NO3 depends on the availability of 
C10 and NO, whereas that of HC1 relies on the availability of 
C1. The relative production rates for HC1 and C1NO3 are there- 
fore determined by the partitioning of C10, which is con- 
trolled by the reactions 

(R4) ClO + NO --> Cl + NO: 

(R5) Cl + 03 --> ClO + O2, 

and the partitioning between NO and NO•_ (NO x), which is 
determined predominantly by (R4) and 
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(R6) NO 2 + hv • NO + O 

(R7) NO + 03 --> NO 2 + 02 . 

The combined influence of these seven reactions causes lower 

stratospheric chlorine partitioning to be highly sensitive to 
ozone concentrations. 

Previous studies have shown that following chlorine 
activation during winter in the Arctic vortex and subsequent 
warming of the vortex during early spring, C10 and C1 initially 
produce predominantly C1NO 3 rather than HC1 upon deactiva- 
tion when a sufficient abundance of 0 3 is available [ Webster et 
al., 1993; Miiller eta!., 1994; Santee et al., 1996; Rex et al., 
1997; Becker et al. , 1998]. Prather and Jaffe [1990] predicted, 
on the other hand, that when 03 abundances were low, curtail- 
ment of (R5) and (R7) would lead to the partitioning of C10 x 
into C1 and the partitioning of NO x into NO, production of 
C1NO3 would be limited by the availability of C10 and NO 2, and 
production rates of C1NO 3 would be slow compared to those for 
HC1. The net result should be preferential partitioning of Cly 
into HC1 under ozone-depleted conditions, such as those 
encountered in the springtime Antarctic vortex. In confirma- 
tion of this prediction, several studies have reported observa- 
tions of Cly partitioned predominantly into HC1 in the polar 
vortex during austral spring [Douglass et al., 1995; Rinsland 
et al., 1996; Santee eta!., 1996; Grooss et al., 1997; Mickley 
et al., 1997]. 

In the Arctic, the initial production of peak abundances of 
C1NO 3 occurs within 2-4 weeks of the last time an air mass 
experienced temperatures low enough to facilitate substantial 
chlorine activation [Miiller et al., 1994' Becker et al., 1998]; 
the subsequent redistribution of Cly to typical steady state 
values of 60-80% HC1 and 20-40% C1NO 3 takes place on a 
timescale of-2 months [Douglass et al., 1995]. Chlorine 
partitioning in the lower stratospheric Arctic vortex is 
therefore generally unlikely to have approached photo- 
chemical steady state throughout most of the spring. When 0 3 
abundances are low (<-1 ppm), however, Cly partitioning is 
driven rapidly, within 2-3 weeks, to the steady state condition 
dominated by HC1 [Douglass et al., 1995' Mickley et al., 
1997' Grooss et al., 1997]. Thus, unless perturbed by an 
influx of ozone-rich air, HC1 abundances in an ozone-depleted 
polar vortex will remain high until the vortex breaks up. 

Similar behavior is demonstrated for species comprising 
total reactive nitrogen (NOy) within the vortex. Except during 
the polar vortex recovery period, when C1NO 3 concentrations 
can be unusually high, the majority of stratospheric NOy is 
confined to NO x and HNO3. In the middle and upper strato- 
sphere, the partitioning between NO x and HNO3 is controlled 
by 

(RS) 

(R9a) 

OH + NO 2 + M--> HNO 3 + M, 

OH + HNO 3 ---> H20 + NO3, 

(R9b) NO 3 + hv --> NO 2 + O, 

(R 10) HNO 3 + hv --> OH + NO 2 . 

In •;he lower stratosphere, heterogeneous processes, such as 

(R1 la) 

(Rllb) 

NO 2 + NO 3 --• N205 

N20 • + H20 (aerosol) --> 2HNO3, 

can channel NOx to HNO 3. When 03 abundances are low, NO x is 
partitioned in favor of NO, as discussed above, resulting in 
little formation of NO 2 and NO3, thus limiting the production 

of HNO 3 via (R8) and (R11) and shifting the partitioning of 
NOy toward NOx. The partitioning between HNO 3 and NO• is 
therefore extremely sensitive to ozone abundances, and 
entrainment of ozone-rich air into the otherwise ozone- 

depleted vortex will have a dramatic effect on the NO y parti- 
tioning. In an ozone-depleted environment, small changes in 
the abundance of 03 can lead to significant changes in the C1 y 

and NOy partitioning. Under these conditions, observations 
may be much more sensitive to such changes in the parti- 
tioning of NOy and CI• than to the corresponding changes in 03 
abundance, making measurements of Cly and NOy species a 
better diagnostic of entrainment of ozone-rich air into the 
vortex than direct observations of the abundance of 03 . 

The "transport barrier" at the edge of the Arctic vortex has 
been shown to be permeable enough to allow filaments of 
extravortex air to mix into the core of the vortex during boreal 
winter and spring [Manney et al., 1994, 1998; Plumb et al., 
1994; Dahlberg and Bowman, 1995; Bird et al., 1997]. 
Although mixing has been shown to occur between extra- 
vortex air and air from the Antarctic vortex edge during the 
corresponding time period in the Southern Hemisphere [Tuck 
et al., 1995a; Waugh et al., 1997], entrainment of extravortex 
air into the core of the Antarctic vortex above -400 K has not 

been observed and is thought to be limited [Bowman, 1993' 
Manney et al., 1994, 1999; Tuck et al., 1995a]. Below 400 K, 
the Antarctic polar vortex dynamics has dramatically different 
characteristics. This region, recently dubbed the "subvortex" 
[Mcintyre, 1995], has been shown to be much more permeable 
than the vortex above 400 K [Hartmann et al., 1989' Tuck, 
1989; Bowman, 1993; Chen, 1994; Manney et al., 1994; 
Mcintyre, 1995] and susceptible to perturbations from 
tropospheric disturbances [Mcintyre, 1995]. 

Measurements made during the Airborne Southern Hemi- 
sphere Ozone Expedition/Measurements of the Atmospheric 
Effects of $tratospheric Aircraft (ASHOE/MAESA) ER-2 air- 
craft campaign and by the Halogen Occultation Experiment 
(HALOE) satellite instrument demonstrate that Cly observed in 
air masses within the lower stratospheric Antarctic vortex was 
fully chemically activated to reactive chlorine in August and 
early September 1994 [Tuck et al., 1995b; Grooss et al., 1997; 
Jaegl• et al., 1997' Kawa et al., 1997]. By early October 
nearly all of Cly encountered in such air masses was in the form 
of HC1 [Grooss et al., 1997]. In addition, more than 50% of 
available NO,. was in the form of NO•. The Atmospheric Trace 
Molecule Spectroscopy (ATMOS) space-shuttle instrument 
observed similar conditions during the third Atmospheric 
Laboratory for Applications and Science (ATLAS-3) shuttle 
mission in early November [Rinsland et al., 1996], 3-4 weeks 
prior to the breakup of the vortex [Manney et al., 1996, 
1999]. 

We combine these remote and in situ observations from 

spring 1994 to show that the chemical composition of the 
Antarctic vortex in the lower stratosphere was established 
prior to the October flights of ASHOE/MAESA and concurrent 
observations from HALOE, and was maintained at least 

through the ATLAS-3 space-shuttle mission, which ended on 
November 12. Since the CI• and NO• partitioning is highly 
sensitive to changes in 03 abundance, these results demon- 
strate that the flux of extravortex air entering the Antarctic 
vortex was negligible during late spring of 1994 as the lower 
stratospheric vortex was starting to weaken. These results 
also show that low-temperature heterogeneous processes 
responsible for wintertime polar activation of Cly reservoir 
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species and production of HNO 3 have little effect on HC1, 
C1NO•, NO, and HNO• abundances under ozone-depleted 
conditions. 

2. Measurement Techniques 
In situ data were obtained from the NASA ER-2 aircraft 

during the ASHOE/MAESA field campaign, from deployments 
based in Christchurch, New Zealand, in early October 1994. 
Concentrations of HC1, N20, and CH 4 were measured by the 
Aircraft Laser Infrared Absorption Spectrometer (ALIAS), a 
scanning tunable diode laser spectrometer, which uses high- 
resolution laser absorption in the 3-8 gm wavelength region 
[Webster et al., 1994]. The fidelity of the measurement of 
[HC1] in the multi-pass cell was checked by simultaneously 
recording strong CH4 lines close to the HC1 absorption line 
used. (Throughout this paper, [X] denotes the volume mixing 
ratio of species X.) [C10] was measured using resonance 
fluorescence detection of C1 atoms at 118.9 nm, which were 

generated by chemical conversion of ambient C10 to C1 by 
addition of NO [Stimpfle et al., 1994]. [NO] was measured 
using chemiluminescence following reaction of ambient NO 
with added 03 [Fahey et al., 1993], and [NO2] was measured by 
the same instrument following photolysis to NO [Gao et al., 
1994]. [03] observations were made using UV absorption 
[Proffitt et al., 1983]. For these observations, estimated (1•) 
accuracies were approximately 30% for NO:, 15% for C10 and 
NO, 10% for HC1, 5% for N:O and CH 4, and 3% for 03. 

ATMOS, a solar occultation, high-resolution Fourier 
transform spectrometer, flew as part of the ATLAS-3 space- 
shuttle mission, measuring vertical profiles of-30 species. 
During this mission, which took place on November 4-12, 
1994, sunrise occultations were viewing latitudes of 64.5- 
72.4øS, allowing observations to be made inside and outside 
the Antarctic vortex [Gunson et al., 1996]. 

We have used ATMOS Version 3 retrievals from spectral 
filters 3, 9, and 12. Measurements used in this analysis have 
an estimated (1 •) accuracy of _+5% for [N:O], [CH4], [HC1], and 
[NO]; _+6% for [03] and [NO:]; _+16% for [HNO3] and [N205]; and 
ß +20% for [C1NO3] and [HNO4]. The precision is estimated to be 
better than 5% for [N:O], [CH4], and [03]; 6% for [HNO3]; 8% 
for [HC1]; 10% for [NO•]; 20% for [NO]; 40% for [C1NO3]; and 
60% for [HNO4] [Abrams et al., 1996a]. Precision deteriorates 
in the lower stratosphere and upper troposphere, however, 
particularly for species, such as 03, with a maximum mixing 
ratio in the middle stratosphere. Below -450 K (-70 mbar), 
the precision for [03] is estimated to be 10-30% [Abrams et al., 
1996a; Gunson et al., 1996]. [NO y] was derived from the sum 
of measured [HNO3], [NO], [NO:], [C1NO3], 2[N:O5], and [HNO4] 
[Michelsen et al., 1998a]. Comparisons of ATMOS Version 2 
[NO•.] versus [N20] with in situ observations have demonstrated 
agreement to within 13% for ER-2 aircraft data [Chang et al., 
1996a; Michelsen et al., 1999a; Rinsland et al., 1999] and 
15% for balloon measurements [Kondo et al., 1996, 1999; 
Sugita et al., 1998], yielding an estimated accuracy of _+15% 
for ATMOS [NO•,] for which the precision is estimated to be 
better than 10-15% in the lower stratosphere and better than 
5% above-20 km [Michelsen et al., 1998a]. Similar 
comparisons of ATMOS Version 2 observations with ER-2 
measurements have demonstrated agreement to within 13-40% 
for [HC1] (agreement closer to 13% was achieved when [HC1] 
exceeded 1 ppb), 3% for [CH4], and 28% for [03] [Chang et al., 
1996a,b]. When air mass history is taken into account, 

agreement has been shown to be within 7% for [HC1], 1% for 
[CH4] , and 10% for [03] [Michelsen et al., 1999a]. 

HALOE is a solar occultation instrument that flies on the 

Upper Atmosphere Research Satellite (UARS), which was 
launched in 1991. We used observations of [O3], [CH4], [NO], 
[NO2], and [HC1] by HALOE (Version 19) from October 10-20, 
1994. Comparisons of observations from HALOE (Version 
17) and ATMOS (Version 1) indicate that HALOE is 
systematically lower than ATMOS by 10-20% for [HC1] 
[Russell et al., 1996] and that the instruments agree to within 
5% at pressures of 2-50 mbar (500-1500 K) for [03] [Briihl et 
al., 1996], 20% at 2-20 mbar (700-1500 K) for [NO] and [NO2] 
[Gordley et al., 1996], and 5% at 1-100 mbar (400-1900 K) for 
[CH4] [Park et al., 1996]. Comparisons of HALOE (Version 
17) and ER-2 [03] observations show agreement to within 10% 
at ER-2 cruise altitudes (470-500 K) [Grose et al., 1997]. As 
with the ATMOS observations, however, uncertainties for 
HALOE observations increase below -450 K, and differences 

between HALOE and ER-2 [03] measurements in the lower 
stratosphere have been observed to be as high as 50% [Grose 
et al., 1997]. 

3. Model Description 

We used an updated version of the Harvard photochemical 
code to simulate the chemistry that occurred in the stratosphere 
during polar spring [see Michelsen et al., 1999b]. Values of 
[O3], [CH4], [H20], [CO], [C2H6], and aerosol surface area input 
into the model were based on measurements from the ER-2, 
ATMOS, HALOE, and the Stratospheric Aerosol and Gas 
Experiment II (SAGE II) instrument. Kinetic parameters for the 
gas-phase reactions were based on recommended values 
[DeMore et al., 1997] with modifications to the rates of 
C10+OH-->HCl+O 2 (R3) [Lipson et al., 1997], CI+CH4--> 
HCI+CH 3 (R2) [Michelsen et al., 1996], OH+HC1-->CI+H:O 
[Michelsen et al., 1996' Battin-Leclerc et al., 1999], 
OH+HNO3-->NO3+H20 (R9a) [Brown et al., 1999a], 
OH+NO2+M-->HNO3+M (R8) [Brown et al., 1999b], and 
O(2p)+NO2-->NO+O: [Gierczak et al., 1999]. The net impact of 
the former three modifications on the modeled partitioning of 

stratospheric Cly has been described previously [Michelsen et 
al., 1996], as has the effect of the latter three modifications on 

modeled stratospheric NOy partitioning [Gao et al., 1999; 
Osterman et al., 1999]. Parameterizations for the reactive 
uptake coefficients for relevant heterogeneous reactions were 
derived from recent laboratory studies [Abbatt, 1995' 
Donaldson et al., 1997' Tabazadeh et al., 1997' Hanson, 
1998]. The model can be run with the assumption of photo- 
chemical steady state, such that the net photochemical produc- 
tion of short-lived species balances net photochemical loss 
over a 24-hour period. Alternatively, the model can be run in a 
relaxation mode in which species concentrations evolve with 
time from the initial conditions. 

4. Analysis Methodology 

Data from ATMOS/ATLAS-3 sunrise and HALOE sunset 

profiles and from the ascent, descent, and dive portions of the 
ASHOE/MAESA flights on October 10 and 13 were divided into 
three categories, which were used to distinguish between air 
encountered inside, outside, and within the edge of the 
Antarctic vortex. The distinction between these regions was 
based predominantly on the potential vorticity (PV) derived 
from U. K. Meteorological Office (UKMO)- and National 
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Centers for Environmental Prediction (NCEP)-analyzed winds 
and temperatures [e.g., Manney et al., 1996; Nash et al., 1996' 
Sobel et al., 1997]. To facilitate the sorting of data acquired 
over a wide range of altitude, PV was scaled to yield similar 
values at different theta levels throughout the stratosphere by 
normalizing to a standard value of the static stability 
[Dunkerton and Delisi, 1986; Manney and Zurek, 1993]. 

15 km and pressure of 100 mbar), observations were classified 
as extravortex data if they fell in the lowest 10% of the range 
in absolute value of scaled potential vorticity (sPV) [Manney 
et al., 1994, 1996] and were identified as vortex data if they 
fell in the highest 30% of this range, which reflects the higher 
variability in PV in the vortex. (The highest and lowest sPV 
values were determined separately for ATMOS and HALOE; the 
ER-2 data were sorted according to the sPV bins determined for 
the ATMOS data, which were in good agreement with the 
HALOE limits at the ER-2 altitudes.) The flow of air below 400 
K makes the distinction between subvortex, extravortex, and 

edge air difficult or impossible to determine; we thus restrict 
our discussion to levels above 400 K. Edge data were identified 
with points within the altitude-dependent half-width centered 
around the midpoint in sPV between the mean vortex and 
extravortex values, i.e., at each altitude, data were considered 
to be in the vortex edge if they fell within the range given by 

(<sPVx .... •x > + <sPV .... •x >) (<sPVx .... •x > - <sPV .... •x >) 
_. , (1) 

2 4 

where •sPVx .... •x• represents the mean altitude-dependent value 
of sPV outside the vortex, and •sPV .... ,•x• represents the mean 
value inside the vortex. A detailed analysis of the 
meteorological conditions during this time period, provided 
by Manney et ol. [1996, 1999], demonstrates that the location 
and width (as a function of sPV) of the region of strong sPV 
gradients demarcating the vortex edge is consistent with these 
definitions of vortex, edge, and extravortex regions. Since the 
vortex was tilted, a number of ATMOS occultations were 
located inside the vortex at some altitudes and outside the 

vortex at others. These occultations were excluded from this 

analysis except for the one or two measurements from each 
mixed profile that were made within the vortex edge region. 
ATMOS, HALOE, and ER-2 observations significantly 
perturbed by tropical or subtropical (low-PV) air were also 
excluded. For ATMOS and HALOE data, averages were derived 
by interpolation to a potential temperature grid and were 
weighted by the experimental uncertainty estimated for each 
retrieval. For the ER-2 data, averages were derived within 20 K 
potential temperature bins. Since, in most cases presented 
here, random error dominates the experimental uncertainty, 
error bars represent the (1•) standard deviation of the mean 
except where noted otherwise. 

Plate 1 shows vertical profiles of [N•O], [CH•], and [O.•], 
color coded by region. Despite the wide range of values 
measured for these species at each potential temperature, the 
ER-2, ATMOS, and HALOE data demonstrate excellent 
agreement when the distinction between the origin of the air 
mass is taken into account. Comparisons between the 
measurements are summarized in Figure 1. Mean values of 
[N•O] and [CH•] measured from each platform differ by _•8% at 
altitudes of 15-20 km, i.e., between 400 and $00 K. Except for 
a discrepancy of 35% near 410 K, ATMOS and ER-2 [NO•,] agree 
to within 14% inside and outside the vortex. For HC1 above 

450 K, ATMOS demonstrates a high bias, relative to HALOE 
observations, of 10-15%, which is consistent with previous 
comparisons [Russell et al., 1996]. ATMOS [HC1] agrees with 
ER-2 values to +9% outside (19% inside) the vortex. These 
differences are less than the standard deviation calculated from 
the mean of the ER-2, ATMOS, or HALOE measurements and 
are well within the total error estimated for each measurement. 
r•,,•;,•,• •h,• vortex, rO • m'•,,r "'"'""t• a,-monstrate agreement 
to within 8% between ATMOS and HALOE and to within 10% 

between ATMOS and the ER-2 (except for a discrepancy of 35% 
near 410 K). Similarly good agreement is observed when 
[CH4], [O.•], [NOv], and [HC1] are plotted relative to [N20], as 
shown in Plate 2. Although differences in [O.d observations 
inside the vortex are as much as 50% between ATMOS and the 

ER-2 and up to 75% between HALOE and ATMOS, these 
differences are comparable to the standard deviation calculated 
for the vortex observations. These large percent differences 
reflect small absolute differences in mixing ratio, since [O.d 
was severely depleted inside the vortex. In addition, there was 
a strong horizontal gradient in ozone inside the vortex, such 
that data recorded deep in the vortex core would have yielded 
lower values of [O.d than data obtained closer to the vortex 
edge. The differences between [O.d observations may partially 
reflect how deep within the vortex core the data were obtained. 
Large differences below 400 K are related to mixing of 
subvortex with extravortex air during October, whereas 
differences above 400 K inside the vortex are unlikely to have 
been caused by influx of extravortex air during October, as is 
discussed in detail below. 

Since ER-2 observations of [NO2] were unavailable in 
vortex air masses, values were inferred by multiplying the 
modeled ratio of [NO2]:[NO] by in situ measurements of [NO] 
within these air masses. Applying this method to extravortex 
air masses in which in situ [NO2] measurements were available 
reproduced the measured values to within 60% at latitudes 
corresponding to those at which the vortex measurements were 
made. NO 2 is estimated to be a small fraction (-15%) of NO x 
inside the vortex, and an uncertainty of 60% in [NO:] 
translates into an uncertainty of <10% in [NO,]. The value of 
[NOr] inferred from the ATMOS observations is within 4% of 
the value measured by HALOE. 

In situ measurements of [C1NO.d were not made during 
ASHOE/MAESA' values were inferred from in situ observations 

of [C10] and [NO2] based on the steady state relation [e.g., 
Kawa et al., 1992; Stimpfie et al., 1994] 

[C1NO•].,,=kc•o+$o:+m[ClO][NO2]p/Joso.• , (2) 

where kc•o+NO2+ M represents the rate constant (cm -• molecule '• s 'l) 
[DeMote et al., 1997] for 

(R 12) C10 + NO 2 + M -• C1NO• + M, 

p (molecule cm '•) is the density of third-body partner M (i.e., 
air), and JC•NO.• (S'l) is the photolysis rate of C1NO.•. 

Values for C1,. were inferred from measured [N20 ] and [CH 4], 
as shown by the dashed line in Plate 2d [Woodbridge et al., 
1995]. This relation, which was derived from aircraft data from 
the lower stratosphere, is not valid at higher altitudes. For 
values of [N20] less than 125 ppb, we used the relation (solid 
line in Plate 2d) 

[Clv]=(3.5764x10-o)-0.0043843[N:O]-(2.1448x104)[N:O] 2 (3) 

derived from middle and upper stratospheric ATMOS 
observations of [HC1] and [C1NO.d, Millimeter-wave Atmos- 
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Figure 1. Differences between mean values from ATMOS and 
mean values from (a) ER-2 and (b) HALOE measurements 
relative to potential temperature. Mean values were derived 
separately for vortex and extravortex observations from 
ATMOS (November 4-12, 1994), the ER-2 (October 10 and 13, 
1994), and HALOE (October 10-20, 1994), as indicated by the 
legend. The approximate altitude, relative to extravortex 
temperatures and pressures, is shown for reference. 

pheric Sounder (MAS) observations of [C10], and model 
estimates of [HOC1] [Michelsen et al., 1996; Zander et al., 
1996]. Since [N20 ] is not measured by HALOE, we inferred 
[N20 ] from HALOE observations of [CH 4] using the mean 
correlations given by ATMOS observations during this time 
period shown in Plate 2a. [CI,,] was then inferred for HALOE 
observations as described above. [NO•,] was similarly inferred 
from HALOE observations of [CH4] based on mean correlations 
given by ATMOS observations. [Br,.] was derived from 
measured values of [CCI.•F] [Wamsley et al., 1998]. 

5. Results and Discussion 

5.1. Tracer Distributions Inside and Outside the 

Vortex 

Plates l a and lb show that, for a given altitude, values of 
[N20 ] and [CH 4] were lower inside than outside the vortex. 
[N20 ] and [CH4] decrease with increasing altitude, and the 
difference observed is attributable to descent within the vortex 

[e.g., Abrams et al., 1996b]. [Od is similarly lower inside the 
vortex than outside, as shown in Plate l c, but the explanation 
for the difference is not as straightforward. Since the mixing 
ratio of O• increases with increasing altitude in the lower 
stratosphere, moderate descent at altitudes below the maximum 
in mixing ratio (at -30 km) will lead to an enhancement in [03] 
in the vortex. Although descent of air from the upper 
stratosphere and mesosphere, where [03] is low, could lead to 
lower values of [03] in the vortex, low [O•] in the lower 
stratospheric vortex is predominantly attributable to chemical 
depletion of [03 ] by low-temperature heterogeneous processes 

that occur during the winter [e.g., Solomon et al., 1986' 
McElroy et al., 1986' Molina et al., 1987' Molina and 
Molina, 1987' Tolbert et al., 1987; deZafra et al., 1987, 1989; 
Anderson et al., 1989; Salawitch et al., 1990; Kawa et al., 

1992, 1997; Toohey et al., 1993' Webster et al., 1993; Miiller 
et al., 1994' Jaegld et al., 1997]. 

Additional information about the reasons for differences 

}"• ...... long lived 
extravortex air can be obtained by examining the tracer 
correlations. Plates 2a-2c illustrate the large differences in 
such correlations that are commonly observed between vortex 
and extravortex air in the late spring in both hemispheres 
[e.g., Kawa et al., 1992; Mickley et al., 1997; Waugh et al., 
1997; Michelsen et al., 1998a,b, 1999a; Sugita et al., 1998' 
Kondo et al., 1999; Manney et al., 1999' Rex et al., 1999' 
Rinsland et al., 1999' R. A. Plumb et al., The effects of mixing 
on tracer relationships in the polar vortices, submitted to 
Journal of Geophysical Research, 1999 (hereinafter referred to 
as submitted paper)]. The extravortex correlations are 
consistent with correlations derived previously from ATMOS 
extravortex/ extratropics observations (solid black lines) 
[Michelsen et al., 1998a,b]' the small deviations from the 
canonical extravortex correlations apparent for [CH4]:[N20 ] 
(Plate 2a) and the large deviations for [O.d:[N20 ] (Plate 2c) at 
[N20 ] values of 100-200 ppb are attributable to recent 
transport of unmixed low-latitude (tropical or subtropical) air 
to high latitudes in the middle stratosphere [Manney et al., 
1996, 1999]. 

The differences between the vortex and extravortex 

[Od'[N2 ̧] correlations (Plate 2c) stem in large part from ozone 
destruction within the vortex, which is consistent with the 
differences apparent between the vortex and extravortex 
vertical profiles. Lower values of [O.d relative to [N20 ] in the 
vortex can also be explained, in part, by descent of air from 
altitudes above the maximum in the vertical profile. If 
descended air is mixed with air that originates from lower 
altitudes, dramatic deviations from the original correlation can 
result, since the canonical [O,I'[N•O] correlation is nonlinear 
[e.g., Waugh et al., 1997]. Distinguishing between chemical 
and dynamical effects on the [O.•]:[N20 ] vortex correlation is 
difficult under these circumstances. Similar ambiguities are 
encountered in the analysis of the vortex [NO,,]'[N20 ] 
correlation (Plate 2b), which is influenced by denitrification 
by PSC-particle sedimentation and descent from altitudes 
above a maximum in [NO,.], followed by mixing with lower 
altitude air. 

The abundance of CH 4 in the vortex, in contrast, is not 
susceptible to significant photochemical modification during 
the winter. Differences between the vortex and extravortex 

[CH4]:[N20 ] correlations in Plate 2a can thus be fully attributed 
to mixing between air masses that originate at different 
altitudes following descent within the vortex [e.g., Waugh et 
al. , 1997' Michelsen et al., 1998b' Kondo et al., 1999; 

Manney et al., 1999' Rex et al., 1999]. The separation 
between the [CH4]'[N20 ] correlations shown here is signifi- 
cantly smaller than observed in the springtime Arctic vortex 
[Michelsen et al., 1998b, 1999a; Herman et al., 1998; Kondo 
et al., 1999; R. A. Plumb et al., submitted paper, 1999; Rex et 
al., 1999]. The tracer distributions observed in the 1993 
springtime Arctic vortex have been shown to be most 
consistent with a substantial amount of entrainment of 

extravortex air into the vortex significantly prior to the break- 
up of the vortex [Manney et al., 1999; R. A. Plumb et al., 
submitted paper, 1999], whereas the correlations observed in 
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Correlations derived from northern midlatitude observations are indicated by the solid lines in Plates 2a, 2b, 
and 2c, and [Cly] inferred based on relations derived from ER-2 measurements (dashed line) and ATMOS data 
(solid line) are shown in Plate 2d. HALOE (c) [03] and (d) [HC1] are plotted against [N20] inferred from 
measured [CH4] based on the voaex and extravortex averages of the ATMOS correlations shown in Plate 2a. 

•. - ':.,, ."'" / 
,..• t - ß "" " "] 

• o" I • " • Inside I J 
i • • Edge ! a / 

• I o ß x Outside i 

0 '• • I '• ..... Inferred I .... ! ...... ! 

•o 
• . .............. .. _ _ T _ / 

- , .,,, A A AA ' ß • 
-• "•. • •?•,' .,.• 

d 



26,426 MICHELSEN ET AL.' TRANSPORT AND CHEMISTRY IN THE ANTARCTIC VORTEX 

the 1994 springtime Antarctic vortex are more consistent with 
a small flux of air entering the vortex throughout the winter 
[R. A. Plumb et al., submitted paper, 1999]. These results 
support previous suggestions that less extravortex air mixes 
into the core of the vortex in the Antarctic than in the Arctic 

[Manney et al., 1994, 1999; Plumb et al., 1994; Dahlberg and 
Bowman, 1995; Tuck et al., 1995a]. Nevertheless, since the 
curvature of the [O•l'rN20 ] nncl [NIO 1-[NI_C•I enrrol•tlanc ic more 
severe than that of [CH4]:[N20], even the relatively small 
amount of air mixed into the vortex indicated by the plot in 
Plate 2a may contribute nonnegligibly to the deviations 
between vortex and extravortex correlations of [03] and [NO,] 
relative to [N20 ] shown in Plates 2b and 2c [Waugh et al., 
1997; Michelsen et al., 1998a; Kondo et al., 1999; Manney et 
al., 1999]. 

5.2. Tracer Distributions and Mixing in the Edge 

The vortex edge provides a region where mixing of vortex 
and extravortex air can take place. In addition, independent 
descent of air occurs within the vortex edge itself [Schoeberl et 
al., 1992; Manney et al., 1994, 1999], which is consistent 
with values of [O.•] in a portion of the edge that exceed those 
measured in extravortex air (Plate 1 c) and values of [N20] (Plate 
la) and [CH4] (Plate lb) in the edge that are lower than those 
measured inside the vortex. 

The vortex-edge correlations are not compact, which is 
consistent with slow isentropic mixing within the edge 
relative to the rate of influx of vortex or extravortex air into 

this region [Plumb and Ko, 1992]. In addition, the 
[CHq]:[N20 ] edge correlation has points that lie well outside 
the range defined by the vortex and extravortex values. Them 
are two possible mechanisms that could lead to this 
observation. (1) Air that descends within the vortex may mix 
with extravortex air (more thoroughly than inside the vortex) 
via this collar region surrounding the vortex core. (2) Air 
within the vortex edge may descend independently of the 
vortex core (as suggested by the [O.•] and [CH4] vertical 
profiles) and mix with lower altitude air. Previous studies have 
shown that air descends more rapidly at the edge than in the 
core of the vortex in the Antarctic spring [Schoeberl et al., 
1992; Manney et al., 1994, 1999]. Other studies have 
demonstrated that horizontal mixing between vortex and 
extravortex air may take place within this region but appears 
not to occur in the vortex interior [Bowman, 1993; Manney et 
al., 1994; Eluszkiewicz et al., 1995; Tuck et al., 1995a; 
Waugh et al., 1997]. This collection of results from previous 
work indicates that the distinction of the vortex edge 
correlation is likely attributable to a combination of the two 
mechanisms proposed, a conclusion confirmed by a recent 
study of polar vortex dynamics relevant to this time period 
[Manney et al., 1999]. 

5.3. Cly and NOy Partitioning Inside and Outside 
the Vortex 

Regardless of the dynamical mechanisms responsible for 
separating the correlations of long-lived tracers, these 
processes do not appear to account for the differences between 
the vortex, extravortex, and edge regions in the corresponding 
[HC1]:[N20] correlations shown in Plate 2d. Observations 
show that relative to [N20], [HC1] was generally higher inside 
the vortex than outside and higher outside the vortex than in 
the vortex edge region. Between 400 and 500 K inside the 
vortex, C1, was almost exclusively in the form of HC1 in 

October and November, as demonstrated by the consistency of 
measured [HC1] with inferred [C1,] in Plate 2d and by the 
altitude dependence of [HC1]/[Clv] in Plate 3a; [HC1] made up 
-70% of [C1 v] outside the vortex and -60% at the vortex edge. 
Plate 3b shows that [NOx] similarly constituted a significantly 
higher percentage of [NO v ] inside the vortex than outside or in 
the vortex edge region. 

Pl nf,• Ac• eh,'•,,,e mean "-lues .............. .,•m,,[,• a.u in SltU 

measurements of [HC1] from inside and outside the vortex, and 

Plate 4b displays corresponding observations of [C1NO.d from 
ATMOS and values inferred from ER-2 data (described above). 
The data agree well, despite the 1 month time difference 
between the observations by ATMOS and those by ALIAS and 
HALOE. The lines in Plate 4 represent results of photo- 
chemical model simulations assuming steady state conditions 
for October 11 (dashed) and November 7 (solid). The model 
was constrained by the mean of the measured abundances of 
N20 (Plate la), CH 4 (Plate lb), O.• (Plate lc), NO,, and H20. 
[C1 v] was inferred from measured [N20] and [CH4]. A latitude of 
-69øS and albedo of 0.8 were assumed for most of the 

calculations shown, except for the October extravortex case 
below 488 K for which a latitude of 48øS and albedo of 0.2 

were assumed for better consistency with the ER-2 observa- 
tions. Given these constraints, the model does a good job of 
reproducing the measurements. 

Model estimates of [HNO.•] and [NO x] yield excellent 
agreement with observations at all altitudes inside and outside 
the vortex (Plates 5a and 5b). The difference between ER-2 or 
HALOE and ATMOS measurements of vortex [NOx] results from 
the change in solar illumination at high latitudes during the 
month separating the observations, as demonstrated by the 
model results for October (dashed) in comparison to those for 
November (solid). 

5.4. Cly and NOy Partitioning in the Vortex Edge 
Despite the dynamical activity at the vortex edge, the 

steady state model approximately reproduces values of [HC1] 
(Plate 4c), [C1NO.•] (Plate 4d), [HNO.d (Plate 5c), and [NO•] 
(Plate 5d) measured during November in this region. Since the 
range in source gas concentrations in the edge span those 
observed inside and outside the vortex, we have added the 

model results constrained by vortex (green) and extravortex 
(blue) source gas abundances to these figures to represent the 
expected variability. The red line is the result of the calcula- 
tion constrained by average edge values. 

The most serious disagreement between the model results 
and the measurements occurs for values of [C1NO.d inferred 
from in situ observations of [C10] and [NO2], which are 2-4 
times larger than steady state model predictions for October 
(Plate 4d). A similar difference is observed between the 
inferred [CINO.d and values measured by ATMOS a month later. 
One possible explanation for the apparent difference between 
inferred [C1NO•] and other measured and modeled values is that 
the approximation used to infer steady state values of [C1NO.d, 
equation (2), may break down under conditions observed in the 
vortex edge. Since the vortex was not symmetric about the 
pole during October [Manney et al., 1999], and air within the 
edge periodically made excursions from 50 to 70øS [Pierce et 
al., 1997], a breakdown in the validity of (2) could be caused 
by variability in the solar conditions encountered by air 
masses circulating in the vortex edge [Kawa et al., 1992]. 
Photolysis rates for C1NO.• are calculated to have been -50% 
larger at 50øS than at 70øS, where the in situ edge measure- 
ments were made, which would lead to a reduction by -35% in 
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Plate 3. Vertical profiles of (a) the fraction of C1 r in HC1 and (b) the fraction of NOy in NOx relative to . 

potential temperature. Mean values are displayed for data from inside the vortex, outside the vortex, or in the 
vortex-edge region. Averages were derived from observations from ATMOS (November 4-12, 1994), ALIAS 
and NOAA ER-2 instruments (October 10 and 13, 1994), and HALOE (October 10-20, 1994). Error bars 
represent the (lo) standard deviation of the meanß 

inferred [C1NO3] if these values were used in (2). Accounting 
for excursions to lower latitudes would also lead to a decrease 

in modeled [C1NO3], however, and therefore would not 
significantly reduce the discrepancy between modeled and 
measured values. Although the sum of [HC1], [C10], and 
[C1NO 3] inferred from the ER-2 observations in the edge 
exceeds values of [CI.J estimated for these air masses by 5- 
31%, this discrepancy is within the combined experimental 
uncertainties. 

The disagreement between the modeled and measured 
[C1NO3] and the inferred values may indicate that the chlorine 
partitioning within the edge was not in photochemical steady 
state in early October but had nearly reached steady state by 
early November. Previous studies have noted higher values of 
[C1NO3] at the vortex edge than in either vortex or extravortex 
air masses in both the Arctic [Toon et al., 1992; Blom et al., 
1995; Chipperfield et al., 1995; Geller et al., 1995] and 
Antarctic [Farmer et al., 1987; Toon et al., 1989; Roche et al., 
1994; Rinsland et al., 1996; Schoeberl et al., 1996]. 
Modeling studies have demonstrated that, in the Arctic, high 
[C1NO3] in the edge or "collar" region can be attributed to slow 
recovery of photochemically perturbed air masses to steady 
state conditions [Chipperfield et al., 1997]. If activated 
chlorine were mixed into the vortex edge from the vortex 
interior in late winter in the Antarctic, deactivation would 

likely have produced high values of [C1NO3] (such as those 
inferred from the ER-2 observations), since [Od was relatively 
high in the edge region. Under these conditions, which are 

similar to conditions often encountered in the springtime 
Arctic vortex, recovery to steady state values of [HC1] and 
[C1NO3] would have required a number of weeks [Douglass et 
al., 1995]. Mixing of vortex air (with high values of [HC1] 
relative to those of [CINO3]) into the vortex edge may have 
accelerated this process. By early November, [C1NO3], 
although much more consistent with the steady state 
prediction, was still higher in the edge than inside the vortex 
because of the higher abundance of 03 in the edge, whereas 
values of [C1NO 3] were larger in the edge than outside the 
vortex because [CI.J was significantly larger in the edge (a 
consequence of descent from higher altitudes). Thus [C1NO3] 
can be highest in the edge at a particular altitude even as the 
CI•, partitioning in the edge approaches steady state values. 

Manney et al. [1999] have demonstrated that a distinct 
maximum in [HNO3] was also apparent at the vortex edge 
during the 1994 austral spring, as shown in Plate 5c. Such a 
maximum in [HNO.d at the edge of the Antarctic and Arctic 
vortices has been reported previously [Toon et al., 1992; 
Roche et al., 1994; Blom et al., 1995; Santee et al., 1999] 
and, similarly to the peak in [C1NO3] at the vortex edge, is 
attributable to a combination of dynamical and chemical 
effects. Air descended from higher altitudes in the edge is 
enriched in NO:. relative to the extravortex air. Although 
vortex air may be similarly enriched in NO, dehydration 
depletes NO,. relative to the vortex edge. In addition, the 
percentage of NO,. in HNO3 is decreased by a reduction in the 
rate of (R8) in the absence of O.• inside the vortex. 
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Plate 4. Vertical profiles of (a, c) HCI and (b, d) CINO 3 mixing ratios relative to potential temperature. 
Mean values are displayed for data l¾om (a, b) inside the vortex and outside the vortex and (c, d) in the vortex- 
edge region. Averages were derived from observations from ATMOS (November 4-12, 1994), ALIAS (October 
10 and 13, 1994), and HALOE (October 10-20, 1994). ER-2 [CINO3] was inferred from simultaneous 
observations of [C10] l¾om the Harvard instrument and [NO2] from the NOAA instrument. For HCI, error bars 
represent the (1o) standard deviation of the mean; for CINO 3, error bars represent the combined (lo) accuracy 
and precision. The lines show the results of a photochemical steady state model assuming solar conditions for 
October (dashed) and November (solid). 
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deviation of the mean. The lines show the results of a photochemical steady state model assuming solar 
conditions for October (dashed) and November (solid) 
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5.5. Cly and NOy Partitioning and Isolation of 
Vortex Air 

As demonstrated in Plates 2d and 3a, HC1 accounted for more 
than 90% of the available inorganic chlorine between 400 and 
500 K inside the Antarctic vortex in October and November 

1994. Plate 3b shows that NO x made up at least 40% of NO:. at 
these levels inside the vortex. Good agreement with steady 
state predictions tbr the abundances of these species, shown in 
Plates 4 and 5, confirms that steady state conditions were 
attained prior to the second week of October and were 
maintained for at least 1 month. 

Had extravortex air mixed into the vortex during this time 
period, perturbations to these species distributions would have 
been expected. To test the sensitivity of the CI.•. and NO:. 

partitioning to entrainment of extravortex air into the vortex, 
we performed a time-dependent model calculation assuming 
that edge air mixed into the vortex core. Plate 6 shows the 
evolution of (a) NO.•. species, HNO 3, NO x, and CINO 3, and (b) 
CI,. species, HC1 and C1NO_•, as a function of time following the 
last hypothetical PSC event in which all Cly was converted to 
active radicals and all NO,. was converted to HNO.•. The 
calculation was performed for the 409 K surface based on 
abundances of O.• (0.128 ppm), CH 4 (1.10 ppm), H20 (2.87 
ppm), and N20 (160 ppb) measured inside the vortex with 
constant solar conditions assuming a latitude of 69øS for 
October 11 with an albedo of 0.8. The model was initialized 

on day 0 with all CI,. (2.38 ppb) as active chlorine and all NOy 
(2.92 ppb) as HNO.•. Within the first 1-2 weeks, more than 
90% of Cly was in HCI, and HNO• lost more than 40% of NO.•. to 
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Plate 6. The time evolution of modeled abundances of (a) HNO3, NO x, and C1NO3 shown as a percentage of 
available NOr and (b) HCI and CINO 3 shown as a percentage of available Cly. The model was run for a level of 
409 K and was initialized assuming a warming (to above 200 K) following a hypothetical PSC event (on day 0) 
in which all Cly was activated, and HNO 3 accounted for all NO r (solid lines, color-coded by species, as 
indicated). Initialization abundances of 0 3 (0.128 ppm), CH 4 (1.10 ppm), H20 (2.87 ppm), C1 r (2.38 ppb), 
and NO v (2.92 ppb) were input into the model as measured (or inferred from measured values) inside the vortex 
at 409 K, and the model was run assuming constant solar conditions for a latitude of 69øS on October 11 with 
an albedo of 0.8. On day 14, extravortex air was simulated to mix into the vortex core with measured (or 
inferred) abundances of 0 3 (0.98 ppm), CH 4 (1.46 ppm), H20 (4.3 ppm), HC1 (0.768 ppb), C1NO 3 (0.062 
ppb), NO x (0.597 ppb), and HNO 3 (2.23 ppb), such that the resulting air mass was composed of 50% 
extravortex air and 50% vortex air (dotted lines). The symbols (open squares for ER-2, solid squares for 
ATMOS, and asterisks for HALOE) represent species distributions measured inside the vortex at 409 K, color 
coded by species as indicated by the labels. The dashed lines show a calculation in which temperatures were 
lowered to 193 K, and particle surface area was increased from 2 to 9 gm2/cm 3 with a mean radius of 0.4 gm, to 
simulate the response to a PSC-type event. 
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NO•. Growth of HCI to >90% of CI,. occurs more rapidly if 
has not been significantly depleted. Although an increase in 
NO,. may be expected to increase the production rate of C1NO.• 
via (R1), under ozone-depleted conditions, NO• is preferen- 
tially partitioned into NO. The rate of (R4) and hence produc- 
tion of HCI via (R2) is instead enhanced when NO.,. is increased. 

On day 14 (October 13), as the species distributions 
approached values measured in the vortex (color-coded 
symbols), we allowed extravortex air to mix into the vortex 
core with measured species abundances of 0.98 ppm O.•, 1.46 
ppm CH4, 4.3 ppm H20, 0.77 ppb HC1, 0.062 ppb C1NO.•, 
0.597 ppb NO•, and 2.23 ppb HNO.•, such that the resulting air 
mass was made up of 50% extravortex air and 50% vortex air 
(dotted lines). The solar conditions for these calculations 

(starting on day 14) evolved with time in order to provide a 
better simulation of the time period between the October and 
November measurements. The results show that if a signifi- 
cant amount of extravortex air had mixed into the vortex, the 

new steady state partitioning of C1, and NO:, would have been 
established quickly and would have been dramatically different 
from the case in which no extravortex air mixed into the 

vortex (solid lines). This latter case, designed to simulate a 
completely isolated vortex, is in much better agreement with 

the November observations (solid squares). For the test case 
shown in Plate 6, the NO r partitioning in the vortex is 
particularly sensitive to the influx of extravortex air. These 
changes are predominantly attributable to the increase in 
vortex [O.d (from 0.128 to 0.554 ppm) as edge air was mixed 
with vortex air in the model. 

This analysis is more sensitive than an analysis based 
solely on changes in tracer abundances in the vortex during 
this time period. As discussed above, identifying mixing into 
the vortex using tracer correlations is complicated by 
perturbations to the tracer relationships caused by denitrifica- 
tion and ozone loss. Ascent or descent of air in the vortex can 

lead to uncertainties in conclusions drawn from tracer profiles, 
and experimental uncertainties are too large (particularly for 
the remote measurements in the lower stratosphere) to identify 
even the sign of a change in vortex [O.d between the October 
and November measurements (see Figure 1). 

Plate 7 shows the calculated variation of the ratio 

[NO•]:[HNO.d with the percentage of extravortex air mixed into 
the vortex compared with observations made by ATMOS in 
November. We initialized these calculations based on the 

measurements made in October at each potential temperature. 
The mean value of the [NO•]:[HNO.d ratio from measurements 
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Plate 7. The ratio [NOx]:[HNO3], calculated as a function of the percentage of extravortex air mixed into the 
vortex, compared with observations made by ATMOS in November. We initialized these calculations based on 
the measurements made in October at (top) 409 K and (botom) 460 K. The pink shaded regions indicate 
experimental uncertainties in the [NOx]:[HNO3] ratio (including both systematic and random error), and the 
blue shaded regions demonstrate the uncertainties in the calculated values that result from experimental 
uncertainties in measurements of [03]. We based the calculations at 409 K on the in situ measurements of [O3], 
which have better accuracy and precision in the lower stratosphere than the remote observations. 
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made in November is most consistent with no mixing of 
extravortex air into the vortex core at 409 K and -20% of 

extravortex air mixed into the vortex at 460 K during October 
and early November. The pink shaded regions indicate 
experimental uncertainties in the [NOx]:[HNO3] ratio (including 
both systematic and random error), and the blue shaded regions 
demonstrate the uncertainties in the calculated values that 

result from experimental uncertainties in measurements of 
[03]. We based the calculations at 409 K on the in situ 
measurements of [O3], which are more accurate in the lower 
stratosphere than the remote observations. Given these 
estimates of the experimental error, the data can support a final 
composition in mid-November in the vortex core of 17% 
recent extravortex air at 409 K and as much as 48% at 460 K. 

The [HC1]:[C1NO3] ratio can similarly be used to quantify the 
amount of extravortex air mixed into the vortex, and the 

conclusions derived from the [NOx]:[HNO 3] ratio are consistent 
with those provided by [HC1]:[C1NO3]. Values of [C1NO3] were 
extremely small and difficult to measure inside the vortex, 
however, leading to large experimental uncertainties for 
[HC1]:[C1NO3] and a less conclusive result than provided by the 
[NOx]:[HNO3] ratio. These conclusions are in good agreement 
with a more rigorous analysis of the polar vortex dynamics 
during this time period [Manney et al., 1999]. 

5.6. The Effects of Heterogeneous Chemistry on 

Cly and NOy Partitioning 

Temperatures within the Antarctic vortex were persistently 
below 195 K through early November 1994 [Manney et al., 
1996]. At these temperatures, conversion of Cl•, reservoir 
species to reactive radicals usually proceeds rapidly via the 
following heterogeneous mechanisms [e.g., Solomon et al., 
1986; McElroy et al., 1986; Molina et al., 1987; Tolbert et 
al., 1987]: 

(R13) 

(R14) 

(R15) 

HC1 + C1NO 3 --> CI 2 + HNO 3 , 

C1NO 3 + H20 --> HOC1 + HNO3, 

HC1 + HOC1 •> CI 2 + H20. 

These reactions have been implicated in the conversion of HC1 
and C1NO3 to C1 and C10 that was observed to occur in the 
vortex between June and September 1994 [Tuck et al., 1995b; 
Grooss et al., 1997; Jaegld et al., 1997; Kawa et al., 1997]. 
Since HNO3 is a by-product of (R13) and (R14), an increase in 
the rates of these reactions should additionally lead to a 
significant change in the partitioning of NO v . 

A time-dependent calculation similar to the one described 
above was performed to identify potential perturbations to the 
CI,, and NO,. partitioning initiated by heterogeneous chemistry 
occurring on or in PSC particles in the springtime Antarctic 
vortex. CI,. and NO,. species were allowed to evolve following a 
hypothetical PSC event in which CI,. was fully activated (Plate 
6). On day 14 (October 13), after the abundances of these 
species approached values measured in the vortex, a PSC-type 
event was simulated. The temperature was lowered to 193 K, 
and the surface area was increased from 2 to 9 gm2/cm 3 with a 
mean radius of 0.4 gm, consistent with observations of PSCs 
during July [Del Negro et al., 1997; Kawa et al., 1997]. 
Although low temperatures and high surface areas were 
maintained for weeks in the model, heterogeneous processes 
had little effect on calculated C1 v and NO v partitioning, as 
shown by the dashed lines in Plate 6. Low values of [C1NO3] in 

the vortex diminished the effectiveness of (R13) and (R14). 
The rate of (R15) was limited by the availability of HOC1, 
which is generally produced by the gas-phase reaction 

(R16) C10 + HO 2 --> HOC1 + 02. 

Under low-ozone conditions, however, C10 abundances are 

reduced, leading to a reduction in the rate of (R16). Changes in 
the NO,, partitioning are attributable to an increase in the rate 
of (R9a) with decreasing temperature [Brown et al., 1999a]. 

With the small amounts of [O3] observed inside the vortex, 
dropping the temperature to 190 K and increasing the surface 
area to 10 gm2/cm 3 did not force the heterogeneous chemistry 
to proceed fast enough to perturb the Cl•.andNO•. partitioning. 
The model thus predicts that once ozone is depleted and C1 v is 
partitioned predominantly into HC1, heterogeneous reactions 
will have little effect on CI,, and NO v partitioning. This result 
is confirmed by the apparent lack of change in [HC1]/[Clv] and 
[NO•]/[NO,,] throughout October and early November, despite 
temperatures low enough to initiate heterogeneous processes. 

An influx of ozone-rich air into the vortex, however, would 
have made the vortex much more susceptible to low-tempera- 
ture heterogeneous chemistry. With an increase in [03] that 
would have accompanied an influx of 50% extravortex air at 
409 K, model calculations indicate that the reservoir species 
HC1 and C1NO• would have been nearly fully activated within a 
few days at 193 K. These results support the conclusion that 
little extravortex air had mixed into the lower part of the 
vortex during October and early November. 

5.7. Evolution of Cly and NOy 
Springtime Polar Vortices 

Partitioning in the 

Plate 8 summarizes the evolutionary phases of species in 
the C1 v (left panels) and NO,. (right panels) families throughout 
the polar winter and spring and demonstrates the differences in 
CI,. and NO,. recovery in the spring depending on whether the 
vortex is only moderately (top panels) or, in contrast, is 
severely (bottom panels) depleted in ozone during the late 
winter/early spring. The former case (top panels) is currently 
more characteristic of the Arctic vortex during years when Clv 
is significantly activated, whereas the latter (bottom panels) is 
more representative of the Antarctic vortex. 

During the fall, nearly all CI r is either HC1 or C1NO3. Under 
moderate to low aerosol conditions, HC1 is the larger reservoir 
for CI,, [e.g., Dessler et al., 1995; Michelsen et al., 1996; 
Webster et al., 1998]. When temperatures drop below -195 K, 
heterogeneous reactions (R13), (R14), and (R15) rapidly 
convert HC1 and C1NO3 to CI 2. If sunlight is available, or 
when it becomes available, CI 2 is photolyzed, producing 
reactive chlorine radicals that participate in the catalytic 
destruction of ozone. As temperatures increase in the spring 
(or ozone loss is complete), heterogeneous activation ceases, 
and active chlorine is reconverted to HC1 and CINO3. If 03 has 
been severely depleted (bottom left panel of Plate 8), a steady 
state condition is quickly reached in which HC1 makes up most 
of the C1,.. This state is maintained until extravortex air is 
mixed into the vortex or the vortex breaks up. If, on the other 
hand, 03 is only moderately depleted (top left panel of Plate 8), 
active chlorine is preferentially reconverted to C1NO 3 in the 
spring. Regaining the steady state condition for moderate 
ozone abundances under these circumstances is slow and can 

take a couple of months, by which time the vortex has usually 
broken up. Thus the Antarctic vortex can spend most of the 
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Plate 8. Schematic summary of the evolution of C1 v (left panels) and NOy (right panels) species abundances 
through the life cycle of the polar vortex. Species abundances are represented as a percentage of available Cly 
(left panels) or NOy (right panels). The differences in springtime recovery are compared for a situation in 
which ozone has been only moderately depleted (top panels) or severely depleted (bottom panels). The 
conditions demonstrated in the top panels are currently more characteristic of the Arctic vortex, whereas the 
recovery shown in the bottom panels is more representative of the Antarctic vortex. 

spring in photochemical steady state, whereas the Arctic 
vortex is generally not in steady state once it cools in early 
winter. Such contrasts between the springtime Arctic and 
Antarctic vortices are particularly extreme, given the longer 
lifetime of the Antarctic vortex. 

The right two panels of Plate 8 summarize the 
corresponding evolution of NO:. species through the life cycle 
of the polar vortex. HNO 3 is the most significant component 
of the NO.,. family in the lower stratosphere. As the vortex 
cools in the early winter, and heterogeneous processes are 
accelerated, HNO 3 accommodates nearly all of NO.,,. In late 
winter/early spring when the vortex warms or ozone 
destruction is complete, production of HNO3 via heterogeneous 
mechanisms is greatly diminished. If 03 is severely depleted 
(bottom right panel of Plate 8), the rate of (R8) and thus the 
production rate of HNO 3 is reduced, and the abundance of HNO 3 
quickly decreases to a steady state value of-50% of NOy. The 
rest of NO.•. is in the form of NO x. If 03 is only moderately 
depleted (top right panel of Plate 8), the balance in the NOy 
budget is controlled by the rapid production of C1NO 3, which 
depletes NOx. The rate at which the NOv-species distribution 
reaches steady state values is determined by how quickly HC1 
and C1NO3 reach steady state conditions, which may not occur 
prior to the breakup of the vortex when 03 is not fully 
depleted. 

6. Conclusions 

Based on an analysis of measured abundances of long-lived 
tracers and shorter-lived photochemically active species, we 
have been able to investigate the interplay between transport 
and chemistry in and around the springtime Antarctic vortex. 
Correlations of [CH4] relative to [N20] demonstrate that 
although some mixing of extravortex air into the polar vortex 
had occurred by November 1994, the amount of such mixing 
during middle to late spring appears to be much less than has 
been inferred from similar studies of Arctic correlations 

[Michelsen et al., 1998a,b; Kondo et al., 1999; R. A. Plumb et 
al., submitted paper, 1999; Rex et al., 1999]. This conclusion 
is consistent with previous studies that have shown that the 
Antarctic vortex is more isolated than its Arctic counterpart 
[Manney et al., 1994, 1999; Plumb et al., 1994; Dahlberg and 
Bowman, 1995; Tuck et al., 1995a]. During October 1994, the 
vortex core appears to have been very well isolated near 410 
K, as indicated by the persistence of steady state conditions 
characterized by [HC1]/[CI.,,]>0.9 and [NO•]/[NO.•]>0.4. An 
influx of extravortex air into the vortex would have lead to 

lower [HC1]/[Cly] and [NO•]/[NO.•,] and forced the vortex Cly 
partitioning away from steady state. Near 460 K, the 
partitioning of NO v species suggests that some extravortex air 
(-20%) may have mixed into the vortex during the spring. 



26,434 MICHELSEN ET AL.: TRANSPORT AND CHEMISTRY IN THE ANTARCTIC VORTEX 

This result is consistent with a recent analysis of the vortex 
dynamics during October-November 1994 [Manney et al., 
1999]. In addition, during October and early November, 
vortex temperatures were persistently below 195 K, low 
enough to initiate heterogeneous processes known to activate 
CI,. and repartition NO v, to HNO 3 during winter [Manney et al., 
1996]. Under low-ozone conditions, these processes are 
ineffective at perturbing the partitioning of CI,, and NO v. Had 
ozone-rich extravortex air mixed into the vortex during this 
time period, the vortex C1 v and NO v partitioning would have 
been more susceptible to the low-temperature events, lending 
further support to the conclusion that the influx of extravortex 
air was small during spring 1994. 

In the vortex-edge region, isentropic mixing appears to 
have been slow enough, relative to the influx of vortex and 
extravortex air into this region, to allow correlations of 
[O•]:[N20], [NOv]:[N20 ], and [CH4]:[N20 ] to span the wide 
range of values defined by vortex and extravortex air. Some 
mixing does appear to occur in this region, however, leading 
to large scatter in the vertical profiles and deviations in the 
[CHq]:[N20 ] correlation that are representative of descent (of 
upper stratospheric and mesospheric air) followed by mixing 
(with air from lower altitudes). A portion of this descent 
appears to have occurred in the edge, as shown by an analysis 
of the springtime vortex dynamics [Manney et al., 1999]. 
Mixing of air from the inner vortex into the edge is also 
indicated by values of inferred [C1NO3] from observations made 
in October that are up to 4 times higher than steady state model 
predictions and observations made a month later. These 
observations suggest that vortex air with high levels of active 
chlorine had mixed into the edge, where [Os] was relatively 
high, leading to recovery of active chlorine in the edge into 
C1NO• instead of HCI. By November, the C1,. partitioning was 
more consistent with steady state values. 

These results demonstrate that, when ozone has been 

severely depleted in the vortex, recovery of PSC-perturbed 
species distributions to steady state conditions occurs rapidly 
(within a couple of weeks) to a state in which HC1 comprises 
nearly all of C1¾, and NOr makes up almost half of NO r. This 
state is maintained until extravortex air is entrained into the 

vortex or the vortex breaks up. If ozone is only moderately 
depleted, recovery of the CI,. and NO,. partitioning takes place 
via an intermediate phase in which CINO• comprises a large 
fraction of CI,, and NO,,. Recovery under these conditions 
occurs over several months and may not be complete before 
the vortex breaks up. 
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