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Chemistry of the 1991-!992 stratospheric winter: 
Three-dimensional model simulations 

' 2 I. Folkins 2,3 A. K. Smith, 2 and P. Simon F. Lef;•vre, •2 G. P. Brasseur, , 

Abstract. A three-dimensional chemistry-transport model of the stratosphere is used 
to simulate the evolution of trace constituents during the 1991-1992 Arctic winter. It is 
shown that heterogeneous reactions on polar stratospheric clouds led in early January to 
almost complete activation of atmospheric chlorine inside the polar vortex, in remarkable 
coincidence with observations by the ER-2 aircraft (Toohey et al., 1993) and the microwave 
limb sounder on the Upper Atmosphere Research Satellite (Waters et al., 1993). Sulfate 
aerosols resulting from the eruption of Mount Pinatubo also produced a significant increase 
in chlorine monoxide (C10) concentrations at middle and high latitudes. The net chemical 
destruction of ozone found in the vortex at the end of the simulation (25% at 50 hPa and 
25 DU), although substantial, was limited by available sunlight and the short period during 
which stratospheric clouds occurred. 

1. Introduction 

The potential for major ozone destruction in the 
Arctic existed in January 1992, when data from the 
satellite-borne microwave limb sounder (MLS) revealed 
the presence of an extensive maximum of chlorine mon- 
oxide (C10) characterized by mixing ratios exceeding 
2000 parts per trillion by volume (pptv) in the lower 
stratosphere [Waters et al., 1993]. These C10 levels 
represent nearly all of the available inorganic chlorine 
in the lower stratosphere and are the highest values ever 
reported in the Arctic, similar to or even higher than 
those encountered during the formation of the ozone 
hole in Antarctica. As suggested by laboratory work 
[Molina et al., 1987; Tolbert el al., 1988; Mozurkewich 
and Calvert, 1988], the heterogeneous conversion of rel- 
atively stable chlorine reservoirs on polar stratospheric 
cloud (PSC) particles and sulfate aerosols is believed to 
be responsible for the formation of these high abun- 
dances of ozone-depleting C10. Due to the eruption 
of Mount P:natubo in June 1991 the 1991-1992 win- 

ter was also characterized by a highly enhanced aerosol 
load, estimated to be at least 1 order of magnitude 
larger than during nonvolcanic periods [Brasseur and 
Granter, 1992]. Further evidence for the unusual char- 
acter of the 1991- 1992 stratospheric winter was pro- 

vided by the long period of low-ozone columns (reduced 
by 20-25% compared to the long-term January mean) 
observed both by satellite [Naujokat et al., 1992] and 
ground-based instruments [World Meteorological Orga- 
nization (WMO), 1992a] over northern Europe and the 
Atlantic Ocean. 

To analyze these dramatic perturbations, a three- 
dimensional simulation of the 1991-1992 winter was per- 
formed. The REPROBUS (reactive processes ruling the 
ozone budget in the stratosphere) model was used to 
assess the role played by heterogeneous processes oc- 
curring both on PSC and aerosol particles and to inves- 
tigate the possibility of considerable ozone destruction 
during this period. Starting November 25, 1991, about 
I week before the occurrence of the first significant PSC 
event [Newman et al., 1993], the model integrations 
were carried out until February 1, 1992, four days after 
the last PSC event in the simulation. The days of De- 
cember 14, January 11, January 20, and February i are 
selected here to reflect the early stage of chlorine ac- 
tivation, the fully processed state, and to quantify the 
integrated ozone depletion at the end of the cold winter 
period. 

2. Model Description 
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REPROBUS is a three-dimensional chemistry trans- 
port model that extends from •he ground up to 10 hPa, 
with a vertical resolution varying from less than 1 km 
near the tropopause level to 2.2 km in the upper part of 
the stratosphere. The horizontal resolution used for this 
study is 20 latitude by 20 longitude. The densities of 41 
chemical species or families are computed with a time 
step of 10 min (Table 1). Among them, 26 species are 
explicitly transported: these include typically long-lived 
species in the lower stratosphere (such as N•O or HC1, 
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Table 1. Species or Families Included in REPROBUS 

Transported Photochemical Equilibrium 

O• 
CH4 
H20 

HNO3 
N20• 
HO•NO• 
NO• 
C1ONO• 

CI• 
HC1 

C1Ox 
HOC1 

CI• 
C1NO2 
OC10 

C1202 
H202 
HBr 

BrONO2 
HOBr 

BrOx 
N•O 
CO 

Aerosols 

PSC tracer 

O(•D) 
O(3P) 

H 

OH 

HO2 
N 

NO 

NO2 

C1 

C10 

Br 

BrO 

BrC1 

REPROBUS, reactive processes ruling the ozone budget 
in the stratosphere. PSC, polar stratospheric cloud. 

lated explicitly, as a function of the surface area avail- 
able, mean molecular velocity, and the reaction proba- 
bilities compiled in WMO [1992b] (Table 4). Note that 
the model does distinguish between type I and type 
II PSCs, the reactions on the latter being faster due 
to higher reaction probabilities and larger surface area. 
Furthermore, the PSC scheme includes a sedimentation 
of the cloud material, with a mean speed of 15 m/day 
and 1.5 km/day consistent with the size of type I and 
type II particles, respectively. The fallout of PSC parti- 
cles affects the vertical distribution of H20, HNOs, and 
HC1. Condensed species are returned to the gas phase 
when clouds evaporate. 

Zonally symmetric initial tracer fields were taken 
from the two-dimensional model described by Brasseur 
et al. [1990]. Chlorine species were scaled to reach a 
total chlorine loading of 3.6 parts per billion by vol- 
ume (ppbv) above 30 km near the pole [WMO, 1992b]. 
Winds and temperatures analyzed every 6 hours on 
31 levels by the European Centre for Medium-Range 
Weather Forecasts (ECMWF) were used during the 
simulation to drive the transport of the stratospheric 
species and to compute their loss and production rates, 
respectively. Chemical species are advected using a 
semi-Lagrangian transport code, using a Hermite cu- 
bic interpolant with cubic derivative estimates modified 
to satisfy monotonicity [Williamson and Rasch, 1989]. 
Species are transported with a time step of 1 hour, along 
a trajectory calculated every 20 min. 

for example), but also more unstable constituents which 
have a rather long lifetime in darkness (e.g., OC10, or 
C1202). The photochemical module includes 72 gas 
phase reactions, based on the compilation by DeMote et 
al. [1992] (Table 2). Photodissociation frequencies (Ta- 
ble 3) are calculated for each time step and for each grid 
point using a four-dimensional lookup table expressed 
as a function of altitude, solar zenith angle, ozone col- 
umn, and albedo. Cross sections are taken from De- 
More et al. [1992], except for HOC1 and HNO3, for 
which more recent measurements by Burkholder [1993] 
and Burkholder et al. [1993] are used, respectively. 

Heterogeneous processes are taken into account using 
a relatively detailed scheme that describes the conden- 
sation, sedimentation, and evaporation of PSC material 
[Chipperfield et al., 1993]. Polar stratospheric clouds 
are first predicted as a function of H20 and HNO3 local 
partial pressures, using the saturation vapor pressures 
given by Hanson and Mauersberger [1988] for type I 
PSC (i.e., composed of nitric acid trihydrate crystals) 
and by Murray [1967] for type II water-ice PSC. The ex- 
cess of H20 and HNOa is removed from the gas phase 
when saturation occurs and is used to compute the sur- 
face area concentration in the PSC region, assuming a 
radius of 1 and 10 ttm for type I and type II particles, 
respectively. Heterogeneous reaction rates are calcu- 

3. Early Chlorine Activation 

The first phase of the 1991-1992 Arctic winter was 
characterized by a strong and well-developed strato- 
spheric vortex and by temperatures slightly below aver- 
age [Naujokat et al., 1992], leading to the sporadic for- 
mation of small-scale type I PSCs during the first days 
of simulation. The distribution and spatial extent of air 
masses chemically processed by PSCs can be assessed 
using an idealized tracer that indicates the time the air 
parcels have spent inside stratospheric clouds [Lef•vre 
et al., 1991]. On December 14 the air exposed to het- 
erogeneous chemistry earlier in the simulation is clearly 
identified at 50 hPa by a mass of "PSC tracer" stretch- 
ing from the east coast of Greenland and Spitsbergen 
(where a small-scale PSC is predicted to be present), 
over Russia at 500-600 N, and ending near the pole where 
the longest processing times are found (~50 hours, Fig- 
ure la). 

In the presence of PSCs, the following heterogeneous 
reactions convert relatively stable chlorine reservoirs 
(HC1, C1ONO2) into more reactive species (C12, C1NO2, 
HOC1): 

C1ONO2,g q- HCls • C12,g -]- HNOs,s (73) 
HOClg + HCI• , C12,g •- H2Os (74) 
N2Os,g --{- HCls • CINO2,g d- HNO3,s (75) 
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Table 2. Gas Phase Reactions in REPROBUS 

No. Reaction Rate 

1 O+O+M ,O2+M 
2 O+O2+M ,Oa+M 
3 O + Oa , O2 + O2 

4 O(•D) + N2 , O + N2 
$ O(•D) + 02 , O + 02 
6 O(•D) + H20 , OH + OH 
7 O(•D) + CH4 , OH + CH3 
8 O(•D) + H2 , OH + H 
9 H + HO2 , OH + OH 
10 H + HO2 , H2 + 02 
11 H + HO2 , H20 +O 
12 H + O3 , OH +O2 
13 OH + O , H + 02 
14 OH + Oa , HO2 + 02 
15 HO2 + Oa , OH + 2 02 
16 HO2 + O , OH +O2 
17 OH + HO2 , H20 + 02 
18 OH + H2 , H20 + H 
19 H2 + O ---+ H20 + H 
20 HO2 + NO , NO2 q-OH 
21 HO2 q- HO2 , H202 q- 02 
22 OH q- H202 , H20 q- HO2 
23 OH + CO , CO2 + H 
24 H + 02 + M , H O2 + M 
25 N + NO ' N2 + O 

26 N20 + O(•D) , N2 q- 02 
27 N20 + O(•D) , NO + NO 
28 NO2 + O , NO + 02 
29 NO2 + 03 , NOa + 02 
30 NO + O3 , NO2 + 02 
31 N + 02 , NO + O 
32 HNOa + OH , H20 + 
33 HO2NO2 + OH , products 
34 NO2 + OH + M , HNOa + M 
35 NO2 + NOs + M , N2Os q- M 
36 NO2 q- HO2 + M ,HO2NO2 + M 
37 HO2NO2+M ,HO2 + NO2 + M 
38 N2Os+M------,NO2 + NOa + M 
39 CH4 + OH , CHa + H20 
40 C1 + Oa , C10 + 02 
41 C10 + O • C1 + 02 
42 C10 + NO • C1 + NO2 
43 C10 + OH • C1 + HO2 
44 C1 + CH4 , HC1 + CH3 
45 CI + H2 , HC1 + H 
46 C1 + HO2 • HC1 + 02 
47 HC1 + OH , Cl + H20 
48 C1ONO2 + O --• products 
49 C10 + NO2 + M , C1ONO2 + M 

50 C10 + C10 + M , C1202 + M 
51 C1202 + M , C10 + C10 q- M 
52 C10 q- HO2 , HOC1 + 02 
53 HOC1 4- OH , H20 q- C10 
54 H OC1 + O , OH + C10 
55 HOC1 + C1 , OH + C12 
56 OC10 + OH , HOC1 q- 02 
57 OCIO q- C1 , ClO q- ClO 
58 OC10 q- O , C10 q- 02 
59 OC10 q- NO , C10 q- NO2 

k• = 4.23x 10-2S[M]T -2 , 
k2 = 6.0x 10-a4[M](300/T)2'a 
k3 = 8.0 x 10 -•2exp(-2060/T) 
k4 = 1.8x 10-•exp(l10/T) 
ks = 3.2 x •0 -•exp(70/T) 
ke = 2.2x 10 -•ø 
k? = 1.4x 10 -•ø 
ks = 1.0x 10 -•ø 
k9 = 7.3x 10 -• 
k•o = 6.5x 10 -•2 
k• = 1.6x 10 -•2 
k•2 = 1.4x 10 -•øexp(-470/T) 
k•a = 2.2x 10-•exp(120/T) 
k•4 = 1.6x 10 -•2exp(-940/T) 
k•s = 1.1x 10-•4exp(-500/T) 
k•e = 3.0x 10 -•exp(200/T) 
k•? = 4.8x 10 -•exp(250/T) 
k•s = 5.5 x 10 -•2exp(-2000/T) 
k•9 = 8.8 x 10 -•2exp(-4200/T) 
k2o = 3.7x 10 -•2exp(250/T) 
k2• = 2.3 x 10 -•aexp(600/T) 
k22 = 2.9x 10-•2exp(-160/T) 
k23 = 1.Sx 10-•3(1. + 0.6xP/1013) 
k24 -- 5.7x 10-a2[M](300/T) "• ß 
k2s = 3.4x 10 -• 
k2e = 4.9x 10 -• 
k27 = 6.7x 10 -• 
k2s = 6.5 x 10 -•2exp(120/T) 
k29 = 1.2 x 10 -•aexp(-2450/T) 
kao = 2.0 x 10-•2exp(-1400/T) 
ka• = 1.5 x 10 -•exp(-3600/T) 
k32 = 7.2x 10 -•sexp(785/T) * 
kaa = 1.3 x 10 -•2exp(as0/T) 
ka4 = 2.6x 10-aø[M](300/T) a'2 , 
kas = 2.2 x 10-aø[M](300/T) a'* , 
kae = 1.8 x 10 -a• [M](300/T) a'2 , 
ka? = kay/2.1 x 10-27[M]exp(10900/T) 
kas = kas/4.0x 10-27[M]exp(10930/T) 
ka9 = 2.9 x 10 -•2exp(-1820/T) 
k4o = 2.9 x 10 -•exp(-260/T) 
k4• = 3.0x 10 -•exp(70/T) 
k42 = 6.4 x 10 -•2exp(290/T) 
k4a = 1.1x 10-•exp(120/T) 
k44 = 1.1 x 10 -•exp(-1400/T) 
k4s = 3.7x 10 -•exp(-2300/T) 
k4e = 1.8x 10-•exp(170/T) 
k47 = 2.6 x 10 -•2exp(-350/T) 
k4s = 2.9 x 10 -•2exp(-s00/T) 
k49 = 1.8 x 10 -a• [M](300/T) a'4 , 
kso -- 1.9x 10-32[M](300/T) 3'9 , 
ks• = kso/3.0x 10-27[M]exp(8450/T) 
ks2 = 4.8x 10 -•3exp(700/T) 
ksa = 3.0 x 10 -•2exp(-500/T) 
ks4 = 1.0 x 10 -•exp(-2200/T) 
kss = 1.0 x 10 -•exp(-2200/T) 
kse = 4.5 x 10 -•aexp(s00/T) 
ks? = 3.4x 10-•exp(160/T) 
kss = 2.5 x 10 -12exp(-950/T) 
ks9 = 2.5 x 10 -•2exp(-600/T) 
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Table 2. (continued) 

No. Reaction Rate 

60 C1 + NO2 + M , C1NO2 + M keo = 1.8x 10-a•[M](300/T)2'ø ß 
61 HBr + OH , H20 + Br ke• = 1.1x 10 -• 
62 BrO + O -- Br + O2 k•2 = 3.0x 10 -• 
63 Br + Oa , BrO + O2 k•z = 1.7x 10-•exp(-800/T) 
64 BrO + NO , Br + NO2 k•4 = 8.8x 10-•2exp(260/T) 
65 Br + HO2 , HBr + O2 k• = 1.5x 10-•exp(-600/T) 
66 BrO + HO2 , HOBr + O2 ke• = 6.2x 10-•2exp(500/T) 
67 Br + OC10 , BrO + C10 k•? = 2.6x 10-•exp(-1300/T) 
68 BrO + C10 , OC10 + Br k•s = 6.7x 10 
69 BrO + C10 , Br + C1 + O2 k•9 = 2.9x 10-•2exp(220/T) 
70 BrO + C10 , BrC1 + O2 k7o = 5.8x 10-•exp(170/T) 
71 BrO + BrO , 2 Br + O2 kn = 1.4x 10-•2exp(150/T) 
72 BrO + NO2 + M , BrONO2 + M k,2 = 5.2x 10-a•[M](300/T)a'ø ß 

T is the temperature (K), [M] is the atmospheric density (cm-a), and P is the pressure 
expressed in hPa. 

'Low pressure limit. 

C1ONO2,g + H20, , HOClg + HNOa,, (76) 
N2Os,g + H20, , 2 HNOa,, (77) 

where g indicates that the molecule is in the gas phase 
and s in solution. As the reaction probability for re- 
action (73) is 100 times higher than for reaction (75) 
on type I PSCs [Hanson and Ravishankara, 1991a] and 
HOC1 is rapidly removed heterogeneously by reaction 
(74) tAbbart and Molina, 1992], the early presence of 
PSCs in the model led to an accumulation of C12 in the 
processed areas. Once released from the PSC surface, 

Table 3. Photolyric Reactions in REPROBUS 

No. Reaction 

1 

2 

3 

4 

5 

6 

7 

8 

9 

lO 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

02 + hv , O + O 
Oa + hv , O + 02 

O• + hv , O(•D) + 02 
N20 + hv , N2 + O(•D) 
CH4 + hv , products 
NO2 +hv , NO+ O 
HNO• + hv , NO2 + OH 
HOC1 + hv , C1 + OH 

HO2NO2 + hv , products 
C1ONO2 + hv • C10 + NO2 
N205 q- hv , NO3 q- NO2 
H202 + hv , OH + OH 
OC10 +hv -- O+ C10 
C1202 + hv , C1 + C1 + 02 
H CI+ hv , H+ C1 
C12 + hv -- C1 + C1 
CO2 +hv , CO + O 
H20+hv---H + OH 
C1NO2 d- hv , C1 + NO2 
BrONO2 + hv , Br + NO2 
BrC1 + hv , Br + C1 
HOBr + hv • Br + OH 
NO+ hv , N +O 

the C12 molecules, if exposed to sunlight, are immedi- 
ately photolyzed to form chlorine atoms, which react 
rapidly with ozone to form C10' 

Cl+Oa ,C10+O2 (40) 

The three-step process described above (chlorine acti- 
vation on PSC surface, C12 photolysis, reaction with 
ozone) explains the presence of the C10 maximum pre- 
dicted December 14 over western Russia, which occurs 
in a region where cloud processing was relatively short 
compared to the area located near the pole, but where 
solar light is present simultaneously (Figure lb). The 
peak mixing ratio is 916 pptv at 50 hPa. This C10 level 
agrees well with the MLS observations on December 14 
[Douglass el al., 1993], which show a large C10 signal (~ 
1 ppbv) centered on the same region at local noon (i.e., 
four hours earlier than in Figure lb). As suggested by 
Douglass et al., our simulation shows that the C10 max- 
imum observed by MLS on that day results from PSC 
processing north of the polar night terminator, followed 
by meridional transport and subsequent C12 photolysis. 

Sulfate aerosols in the lower stratosphere, enhanced 
after the eruption of Mount Pinatubo, also offer sites for 
heterogeneous processes. Since the solubility of HC1 in 
the aerosol is believed to be considerably less than in ice 
[Hanson and Ravishankara, 1991b], the only reactions 
believed to be of importance are 

C1ONO2,g q- H20aerosol 
N2Os,g q- H20aerosol 

> HOClg + HNOa,, (79) 
,2 HNOa,s (80) 

The rates for reactions (79) and (80) are calculated in 
the model as a function of the surface area available, 
the mean molecular velocity, and a reaction probability 
determined in the laboratory; the probability for reac- 
tion (79) (ranging from lx 10 -2 to 1 x 10 -4 ) is com- 
puted as a function of the H2SO4 content of the aerosol 
(M. A. Tolbert, personal communication 1991), whereas 
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Table 4. Probabilities for Heterogeneous Reactions on PSCs and Sulfate Aerosols 
in REPROBUS 

No. Reaction Type I Type II 

73 C1ONO2,g + HCI, --C12,g + HNO3,, 0.3 0.3 
74 HOCI• + HCI, ,C12,• + H20, 0.1 0.3 
75 N2Os,• + HC1, ,C1NO2,• + HNO3,, 0.003 0.03 
76 C1ONO2,g + H20, ,HOCI• + HNOa,, 0.006 0.3 
77 N2Os,• + H20, -- 2 HNO3,• 0.0006 0.03 

Sulfate Aerosol 

79 C1ONO2.• + H20 ,HOCI• + HNOa,g f(%H2S04) . 
80 N2Os,• 4- H20 , 2 HNOa,• 0.1 

The g indicates that the molecule is in the gas phase and s indicates a solid solution. 
'See text. 

the value for reaction (80) was assumed [o be 0.1 [Han- 
son and Ravishankara, 1991b; Fried et al., 1994]. The 
initial surface area distribution was assumed to reach 

a maximum of 30 pm 2 cm -a over the equator at 25 
km and to decrease at midlatitudes with typical values 
of 12-18 pm 2 cm -a at 20 km (D. J. Hofmann and L. 
Thomason, personal communications, 1992, and NASA 
[1993]). Substantially smaller values (0-1 pm • cm -a) 
were initially prescribed inside the vortex, which was 
already largely isolated from the rest of the atmosphere 
when the Pinatubo cloud reached high latitudes. This 
aerosol surface area was then transported by the model 
winds, which resulted in a progressive penetration of the 
volcanic aerosols into the vortex, also reported from in 
situ measurements [Rosen et al., 1992]. As shown in 

Figure lb, our model predicts C10 levels between 50 
and 150 pptv in the sunlit atmosphere over the Atlantic 
Ocean, Europe, and Middle East, in contrast with the 
10-20 pptv calculated in a simulation in which hetero- 
geneous chemistry is ignored. From Figure 1 a it is clear 
that these elevated C10 abundances are obtained out- 

side PSC-processed areas, and are therefore a result of 
the aerosol-catalyzed conversion of N•O5 and C1ONO•. 
C10 is directly enhanced by the photolysis of the rela- 
tively large amounts of HOC1 (25-50 pptv on December 
14) produced in the coldest air masses surrounding the 
vortex, where the probability of reaction (79) is high- 
est. In addition, as N205 is rapidly removed by reac- 
tion (80) from regions where high aerosol loadings are 
encountered, NOr (sum of NO and NO2) levels are re- 

PSC 
processincj 
(hours) 
50.0 hPa 

14 DECEMBER 91 12UT CIO 
pptv 

50.0 hPa 

14 DECEMBER 91 12UT 

REPROBUS 

•:-.,, : • ... -' .. 
.. 

CONTOUR FROM $0 TO 900 BY $0 

Figure 1. (a) Air processed by polar stratospheric clouds (PSCs; in hours spent inside PSCs) 
(b) C10 mixing ratio (pp[v), and (c) NO• mixing, ratio (ppbv) calculated at 50 hPa on December 
14, 1991, 1200 UT. The ER-2 flight path in the 60 o- 70øW sector is also represented. Note the 
presence of PSCs near Spi[sbergen (solid curve). 
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NOx 
ppbv 

50.0 hPo 

14 DECEMBER 91 12UT 

REPROBUS 

Figure 1. (continued) 

duced by about 80% at mid-latitudes (Figure l c). This 
process tends to inhibit the recombination of NO2 and 
C!O to form C1ONO2. 

The calculated C10 distribution is next compared to 
the measurements performed from the NASA ER-2 air- 
craft [Toohey et al., 1993] which flew on December 14 
from Bangor to a point located at 68øN, 61øW near 
Bafi3.n Island. The ER-2 measured two profiles after 
the turning point and returned to Bangor along the 
same flight path. As suggested in Figure l a, no PSC- 
processed air was encountered during the flight. During 
the morning (northbound) leg, C10 mixing ratios rose 
to approximately 30 pptv at 59øN before falling to less 

150 

130 

110 

90 

70 

50 

30 

10 

-10 

December 14, 1991 

'1 i , (i i i i i i , i i 
- Model (PSC only) 
_ ER2 data 

- I • _ ß 

12 13 14 15 16 17 18 

UT 

19 ' •0 

Figure 2. Comparison between observed C10 mix- 
ing ratios and model calculations interpolated along the 
ER-2 flight track on December 14, 1991. Results from 
two different simulations are shown. "PSC+aerosol 
chemistry" refers to a simulation in which heteroge- 
neous chemistry on both PSCs and sulfate aerosol is 
taken into account. Sulfate aerosol chemistry is ignored 
in the "PSC only" case. ER-2 data are taken from 
NASA [1993]. 

than 10 pptv at the edge of the polar night (Figure 
2). On the afternoon (southbound) leg, C10 increased 
rapidly (except during the dip performed by the air- 
craft between 1630 and 1700 UT), reaching values of 
100-140 pptv before the final descent to Bangor. Model 
results were interpolated to coincide with the aircraft 
flight track. When heterogeneous processes occurring 
on sulfate aerosols are ignored, the modeled C10 abun- 
dance never exceeds 22 pptv, demonstrating that gas 
phase and PSC chemistries alone are unable to explain 
the high levels of observed C10. When the conversions 
of N205 and C1ONO2 on aerosols are introduced, the 
model reproduces with much better agreement the slow 
C10 increase in the morning as well as the high levels 
(exceeding 100 pptv) and sharp variations encountered 
during the afternoon leg. These results, which are con- 
sistent with the C10 and NOz levels predicted in Figure 
1 (about six hours earlier), strongly suggest that the sul- 
fate aerosol chemistry has significantly perturbed the 
chemistry of the lower stratosphere during the winter 
of 1991-1992. In these conditions it is also concluded 

that the peeling off of PSC-processed air from within 
the vortex is not necessary to reach the C10 amounts 
of ~100 pptv measured in midlatitudes from the ER-2; 
this conclusion holds on even if the model has underes- 

timated the number of blobs of ex-vortex air because of 

insu•cient horizontal resolution [see Tuck et al., 1992]. 

4. Fully Processed State in January 

The 1991-1992 Arctic winter included a period during 
which low temperatures allowed for the quasi-continuous 
presence of type I PSCs from December 24 until Jan- 
uary 28. We focus here on the fields obtained from 
the model on January 11, during the period when the 
chlorine radicals reached their highest concentrations in 
the lower stratosphere. At 50 hPa, type I PSCs were 
thermodynamically possible over a large area extending 
from Spitsbergen to Denmark and from eastern Green- 
land to the Kola peninsula (Plate la; note that no type 
II PSCs were predicted during the simulation). These 
clouds were quasi-stationary and therefore able to pro- 
cess large volumes of stratospheric air over a few days. 
In contrast to the localized perturbation observed De- 
cember 14, on January 11 the entire vortex had been 
exposed to heterogeneous chemistry (Plate la). Air 
masses located in the core of the vortex had spent be- 
tween 150 and 250 hours inside the cloud regions, where 
the effects of heterogeneous reactions led primarily to 
a large accumulation of C12 at the expense of H C1 and 
C1ONO2. Plate lb shows that C12 reached 1300 pptv 
on January 11 and became the major form of chlorine 
in the polar air not exposed to sunlight. The sharp gra- 
dient predicted at the edge of the polar night reflects 
the fast photolysis of Cl•, which occurs almost instan- 
taneously in sunlit regions. 

The strongest chemical perturbations, however, took 
place at the inner edge of the vortex, where significantly 
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processed air was exposed [o sunlight over western Eu- 
rope and Russia. The enhanced PSC activity and sub- 
sequent C12 decomposition in early January led to a 
dramatic rise in C10, well simulated by the model. On 
January 11 the displacement of the vortex away from 
the pole allowed a large fraction of C12-rich air to be 
exposed to sunlight, resulting in extremely high C10 
levels produced by the model (1000-1800 pptv at 50 
hPa) over Scandinavia and Russia, between the polar 
night terminator at 69øN and latitudes as low as 40 øN. 

For easy comparison with the MLS data, Plate 2 rep- 
resents the C10 mixing ratio calculated on the 465 K 
isentrope surface for local noon at all locations. Al- 
though the diurnal variation is removed in [he figure, 
significant longitudinal variations are seen within the 
vortex. The maximum C10 mixing ratios are found 
over western Russia, where the polar air is rapidly pro- 
cessed through the type IPSC, identified in Plate la, 
and CI•, C1NO• are rapidly photolyzed. The peak mix- 
ing ratio on the 465 K isentrope exceeds 1900 pptv. 
Such amounts are approximately 50% higher than the 
largest C10 values measured during the formation of 
the 1987 ozone hole in Antarctica and during February 
1989 in the Arctic [Brune et al., 1991]. The slightly 
lower C10 values found over western Europe are con- 
sistent with less PSC processing calculated over these 
regions in Plate la. Farther east, away from the PSC re- 
gion and the C10 maximum at 50øE the decrease in C10 
abundances reflects a partial aleactivation of the chlo- 
rine radicals into more stable forms. Although less than 
100 pptv of NO• were initially available in the vortex, 
the titration of CIO by NO2 to form C1ONO2 probably 
explains in part the eastward decrease of the C10 abun- 
dance. The calculated distribution of ClONO2 inside 
the vortex (Plate 3a) shows mixing ratios that increase 
from 0.1 to 0.6 ppbv along the 60øN latitude circle, sug- 
gesting that a significant source of NO• was present. A 
detailed analysis shows that the HNOa temperature- 
dependent photolysis rate was reduced during this pe- 
riod and that the reaction with OH provided the major 
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Plate 2. C10 distribution calculated on the 465 K 

isentrope surface on January 11, 1992. The field was 
mapped at all locations for local noon to achieve bet- 
ter temporal coincidence with satellite measurements 
(note the discontinuity on both sides of the dateline). 
See Figure 3 in the work of Waters el al. [1993] for a 
comparison with microwave limb sounder observations. 
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Plate 3. (a) C1ONO2 mixing ratio (ppbv), (b) HOC1 mixing ratio (pptv), and (c) HC1 mixing 
ratio (ppbv) calculated at 50 hPa on January 11, 1992, 1200 UT. 
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external source of NO•' 

HNO3+OH , H20+NO3 (32) 

to strongly enhanced conversion of HCI to C10, via the 
following cycle ß 

The CIO abundance along the airflow is also affected by 
the daytime reaction with H O• forming HOC1. This re- 
action is particularly efficient at low temperatures (time 
constant of 4 hours at 200 K) and leads to the formation 
of large HOC1 concentrations in the polar air exposed 
to sunlight (Plate 3b). In January 1992, large amounts 
of H OC1 were passively transported eastward through 
the polar night toward the Iceland-Spitsbergen region, 
where PSCs were present. As discussed by Crutzen el 

CIO + HO2 , HOCI + O.• (52) 

HOClg + HC1, , Cl•,g + H•O, (74) 
Cl• + h• ,2 C1 (J•) 

2(C1 + Os , CIO + 02) (40) 
net: HCI + HO2 + 203 , C10 -t- H20 -F 302 

This cycle is potentially very important since a com- 
plete heterogeneous removal of HCI may be accom- 

al. [1992], the simultaneous presence of high levels of plished by reaction (74) which, unlike heterogeneous re- 
HOC1, sunlight, and polar stratospheric clouds may lead action (73), is not limited by the availability of CIONO2. 
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The HC1 distribution obtained on January 11 demon- 
strates the significance of this process. Plate 3c shows 
that HC1 has been totally removed in the PSC-processed 
regions by the combined effects of reaction with C1ONO2 
and the cycle described above. Thus it is shown that 
near-zero mixing ratios of HC1 can be achieved despite 
the initial excess of HC1 prescribed in the model (the 
ratio HC1/C1ONO2 was between 1.5 and 2 at 20 km). 
As HOC1 is permanently regenerated by reaction (52) 
in daylight, the complete removal of H C1 leads eventu- 
ally to the buildup of a "collar" of HOC1 at the inner 
edge of the vortex (Plate 3b), which also contributes to 
the calculated longitudinal variation of C10. 

The derived C10 fields may be compared with the 
MLS observations presented by Waters et al. [1993]. 
Their Figure 3 is directly comparable to the modeled 
C10 distribution mapped at local noon on January 11 
and on the 465 K surface (Plate 2). The model repro- 
duced remarkably well the geographical extent of the 
enhanced C10 area as well as the longitudinal variation 
observed from 50øE to eastern Siberia where the per- 
turbed air entered the polar night. Interestingly, the 
model is also able to "complement" the MLS coverage 
beyond 80øN, where high C10 levels (~700 pptv) cal- 
culated on the warmer side of the vortex indicate that 

thermal equilibrium was established between C10 and 
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Plate 4. (a) HC1 mixing ratio (ppbv), (b) CION02 mixing ratio (ppbv), and (c) CIO mixing 
ratio (pptv) calculated at 50 hPa on January 20, 1992, 1800 UT. The ER-2 flight path in the 
60ø-70øW sector is also represented. 
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C1202. The maximum C10 abundances produced by 
the model at 465 K are somewhat lower than those ob- 

served by MLS, which were often in excess of 2 ppbv 
over large areas in early January 1992. This discrep- 
ancy could be explained by the possible overestimation 
of the C10 retrieved from MLS in regions where nitric 
acid is removed from the gas phase (J. Waters, per- 
sonal communication, 1993). Alternatively, the maxi- 
mum C10 levels reported by Waters et al. may indicate 
that surprisingly high levels of total inorganic chlorine 
(CI•) were present in the Arctic lower stratosphere, ex- 
ceeding by at least 10% the Cl• abundance present in 
the model (2.6- 3.0 ppbv in the enhanced C10 area at 50 
hPa), or that current photochemical data for the C10- 
C1202 equilibrium and C120• absorption cross sections 
lead to an overestimation in the model of the daytime 
Cl•O• abundance (250 to 500 pptv depending on so- 
lar zenith angle) and therefore to an underestimation 
of C10. 

C10 levels in excess of 1.5 ppbv were also measured 
from the ER-2 aircraft during the January 20, 1992, 
flight [Toohey et al., 1993], at a time when the vortex 
was distorted by a strong blocking anticyclone over Ice- 
land. The vortex shape at 50 hPa is clearly defined 
by the sharp gradients of HC1 calculated by the model 
(Plate 4a). It may be seen that the flight track entered 
the vortex very early in the flight and penetrated deep 
inside the chemically perturbed region. The modeled 
HC1 mixing ratios along the flight track are between 0.1 
and 0.2 ppbv, in good agreement with the values mea- 
sured from the ER-2 by the ALIAS instrument [Web- 
ster et a/.,1993]. Lower HC1 mixing ratios (less than 0.1 
ppbv) are predicted by the model over Europe, where 
extended PSCs were still present on January 20. Plate 
4b plots the corresponding mixing ratios of C1ONO2, 
which show a large variability within the vortex. This 
reflects the relatively fast recovery of this gas that oc- 
curred in the air masses transported from Scandinavia, 
where PSCs are present, to the warmer region sampled 
by the ER-2 over North America. Thus because the re- 
covery of HC1 takes place on a much longer timescale, 
there is not a same relationship among HC1, C1ONO.o, 
and reactive chlorine in both lobes of the vortex, and an 
excess of C1ONO• is calculated by the model along the 
aircraft flight track. This is consistent with the anal- 
ysis by Webster et al. that shows incomplete chlorine 
activation during the January 20 flight and significant 
departures from the 1:2 line predicted from the stoi- 
chiometry of reaction HC1 + C1ONO2 • 2C1 + HNO3. 
The C10 distribution calculated by our model during 
the return leg of the ER-2 shows that the aircraft flew 
through the region where C10 was maximum at 1800 
UT (Plate 4c). The modeled C10 interpolated along 
the flight track agrees well with the ER-2 data (Figure 
3). Differences are of the order of 10%, except near the 
vortex edge at the end of the flight when the model can- 
not reproduce horizontal gradients as sharp as in the 
real atmosphere. The modeled BrO distribution (not 

Januar• 20, •992 
1800 , • , • , • , • , • , • , 

Model (PSC + aerosol chemlstry)t 1500 ER2 data 

• ,; ..-• ,,, > 1200 

v 900 
o 

600 300 
13 

UT 

Figure 3. Comparison between observed CIO mix- 
ing ratios and model calculations interpolated along the 
ER-2 flight track on January 20, 1992. ER-2 data are 
taken from NASA [1993]. 

shown) also shows relatively good agreement with the 
ER-2 measurements, with high levels between 8 and 11 
pptv along the flight track. 

The C10 abundance in the rest of the vortex not ex- 

posed to sunlight (see Plate 4c) is lower and is directly 
controlled by the CIO/CI202 thermal equilibrium, as 
shown by the relatively large values (•1 ppbv) obtained 
near the pole at 225-230 K, which contrast with the 
50-100 pptv predicted above northern Scandinavia at 
190-192 K. Interestingly, the model shows a region over 
Kamchatka with unusually high nighttime midlatitude 
C10 (200-300 pptv). Inspection of hourly model out- 
put reveals that this area coincides with a blob of polar 
air peeled off from the vortex, a fact that is confirmed 
by the high potential vorticity values observed in this 
region (see Figure 3a in the work of Webster et al., 
[1993]) and by the localized HC1 minimum indicating 
earlier PSC processing (Plate 4a). This result supports 
the mechanism suggested by Tuck et al. [1992], which 
shows that high C10 amounts may persist in blobs of 
air exported from the vortex and therefore contribute 
to midlatitude ozone loss. The January 20 event was 
however the only significant peel-off event simulated by 
the model at 50 hPa. 

5. Ozone Depletion 

The chemical perturbation simulated in January 1992 
had the potential for considerable ozone destruction. 
During this period, ozone loss rates in excess of 4x10 • 
molecules cm -3 s -• were found at 20 km in the en- 

hanced C10 and BrO area. These values are even higher 
than the destruction rates derived at this altitude dur- 

ing the formation of the 1987 Antarctic ozone hole [Mur- 
phy, 1991]. However, in contrast to the ~12 hours of 
sunlight per day available during the Antarctic spring, 
catalytic cycles operate for only ~5 hours/day at 61øN 
in early January. Furthermore, due to the nonzonal 
circulation observed during this period, the chemically 
perturbed air parcels spent one third to one half of their 
circumpolar trajectory in the polar night (see, for in- 
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Plate 5. (a) Difference, in part per million by volume (ppmv) found at the end of the simulation 
(February 1, 1992) between the ozone mixing ratio calculated at 420 K when heterogeneous 
chemistry (PSC and aerosols) is taken into account and when it is ignored, (b) air processed by 
polar stratospheric clouds at 420 K at the end of the simulation, and (c) same as Plate 5a for 
the ozone column, in Dobson units. 

stance, Plate la). As a result, on January 11 the max- 
imum ozone depletion due to heterogeneous chemistry 
was approximately 1.0% at 50 hPa in the outer vor- 
tex. Under the influence of a strong minor warming 
in the upper stratosphere the stratospheric circulation 
became more perturbed during the second half of Jan- 
uary, and the impact of heterogeneous chemistry pro- 
gressively spread throughout the vortex. As the tem- 
peratures rose and large-scale PSCs disappeared after 
January 21, C10 and BrO abundances gradually de- 

creased and the instantaneous destruction rate of ozone 

was reduced. The perturbation in ozone found at the 
end of the simulation on February 1, 1992, was esti- 
mated by comparing the concentrations of ozone deter- 
mined when heterogeneous chemistry (PSCs and sul- 
fate aerosol) is taken into account and when it is ig- 
nored. Because the "gas phase" and "heterogeneous" 
runs use the same dynamics without feedback with the 
chemistry, any difference in the ozone fields strictly re- 
suits from photochemical loss (or production) due to 
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heterogeneous chemistry. At 420 K (about 16 km)our 
analysis reveals the greatest ozone loss expected in the 
outer part of the vortex, characterized both by elevated 
reactive chlorine and longer solar exposure (Plate 5a). 
The amount of ozone chemically destroyed in this re- 
gion is between 0.3 and 0.5 ppmv (i.e., a 20-30% loss). 
Interestingly, the model also indicates losses of up to 0.3 
ppmv confined inside blobs or filaments of air present 
at almost all longitudes at the periphery of the main 
vortex. From Plate 5b it may be seen that these ozone- 
depleted air parcels all coincide with peeled-off vortex 
material that experienced heterogeneous chemistry ear- 
lier in the simulation. This is consistent with the rel- 
atively free latitudinal exchange identified from ER-2 
measurements at the bottom of the 1991-1992 Arctic 

vortex [Pro•it el •1., 1993] and illustrates again the 
potential significance of vortex erosion as an important 
contributor to midlatitude ozone loss. However, this 
process cannot explain the 30-50 ppbv reduction (5%) 
observed almost everywhere outside PSC-processed ar- 
eas, which is therefore the result of heterogeneous chem- 
istry on Pinatubo aerosols over the model integration 
period. The combined effects of PSC processing in the 
vortex, vortex erosion at low theta levels, and aerosols 
everywhere in midlatitude air led to substantial column 
ozone reductions in the model (Plate 5c), reaching more 
than 25 DU in the outer vortex. Nevertheless, the 10- 
20 DU chemical loss calculated over the North Atlantic 
and Scandinavia represents only a minor fraction of the 
total ozone deficit observed in January 1992, implying 
that chemical effects were largely outweighted by the 
dynamical effects associated with the presence of the 
strong blocking anticyclone in the troposphere over the 
Atlantic Ocean [Naujokat el al., 1992]. 
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