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Effects of interannual variation of temperature on 
heterogeneous reactions and stratospheric ozone 

XueXi Tie, Claire Granier, William Randel, and Guy P. Brasseur 
Atmospheric Chemistry Division, National Center for Atmospheric Research, Boulder, Colorado 

Abstract. A two-dimensional chemical/dynamical/microphysical model is used to calculate the 
effect of temperature interannual variability on stratospheric ozone. Two effects associated with 
temperature variations are considered in this paper: First, the effect on the rate coefficient of heter- 
ogeneous reactions occurring at the surface of suifate aerosols, in particular for the enhanced sui- 
fate aerosols following the eruption of Mount Pinatubo, and second, the effect of temperature 
interannual variations on the formation of polar stratospheric clouds (PSCs) and the spring Antarc- 
tic ozone depletion. The interannual variabilities of ozone concentration affected by both the pro- 
cesses are evaluated. The model results show that during winter 1992-1993, stratospheric 
temperature at high latitudes in the northern hemisphere is colder than during winter 1991-1992, 
leading to a larger rate of heterogeneous conversion from inactive chlorine to active chlorine in sul- 
fate aerosols during winter 1992-1993 than during winter 1991-1992 at northern high latitudes. As 
a result, ozone reduction due to heterogeneous reactions following the eruption of Mount Pinatubo 
is enhanced in a colder winter (1992-1993) and reduced in a warmer winter (1991-1992). This 
result indicates that the enhanced heterogeneous conversion associated with colder temperature can 
explain, in part, the large ozone depletion observed by the total ozone mapping spectrometer 
(TOMS) experiment during winter 1992-1993. The model results also show that during winters 
1986 to 1990, the formation of PSCs over Antarctica exhibits a strong interannual variation, due to 
temperature variability. In the colder years (1987 and 1989) the surface area of PSCs (a major fac- 
tor to determine the rate of heterogeneous conversion from inactive chlorine to active chlorine) 
increases, and ozone concentration decreases. In the warmer years (1986 and 1988) the results are 
opposite. The calculated ozone interannual variation is consistent with the satellite observation 
(TOMS), indicating that the interannual variation of the formation of PSCs likely plays an impor- 
tant role for the interannual variability of the spring Antarctic ozone hole. 

Introduction 

Observations made after the eruption of Mount Pinatubo (Phil- 
ippines) in June 1991 have revealed stratospheric ozone concen- 
trations lower than the long-term normal value. Dobson ozone 
spectrophotometer data reported by Komhyr et al. [1994] shows 
that from January to April 1993, ozone concentrations were 
12.6% below normal between 45øN and 65øN latitudes. Total 

ozone mapping spectrometer (TOMS) data reported by Herman 
and Larko [1994] shows that ozone amounts were about 7% to 
12% below historical values at mid to high latitudes in the north- 
ern hemisphere. Hofmann et al. [1994] reported that balloon- 
borne measurements of ozone concentrations at Boulder, Colo- 

rado, and Wallops Island, Virginia, were 25% below normal dur- 
ing winter and spring of 1992-1993 in the 12-22 km region. 
Model calculations suggest that this large ozone depletion at mid 
to high latitudes in the northern hemisphere during winters 1991- 
1992 and 1992-1993 could be attributed to heterogeneous reac- 
tions occurring at the surface of volcanic sulfate aerosols after 
the eruption of Mount Pinatubo [Brasseur and Granier, 1992; 
Pitari, 1993; Rodriguez et al., 1994; Bekki and Pyle, 1994; Tie et 
al., 1994a]. 

Although the enhanced sulfate aerosol loading at mid to high 
latitudes in the northern hemisphere in winter 1992-1993 is lower 
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than during winter 1991-1992 [McCormick et al,. 1995; Osborn 
et al., 1995], measurements show that the reduction in column 
ozone is approximately 3 to 6% larger in winter 1992-1993 than 
in winter 1991-1992 [Bojkov et al., 1993; Gleason, et al., 1993; 
Kerr et al., 1993; Planet et al., 1994; Randel et al., 1995]. At the 
same time, temperature at mid to high latitudes in the lower 
stratospheric was substantially colder during the second winter 
(approximately 8 K degree cooler in early 1993 than in early 
1992) [Randel et al., 1995]. According to laboratory measure- 
ments [Hanson et al., 1994], the rate of heterogeneous reactions, 
for example, the conversion from C1ONO 2 to HOC1, increases 
significantly when temperatures decrease. In the first part of this 
paper we will evaluate the impacts of interannual variations of 
stratospheric temperature on the heterogeneous process as well 
as on ozone concentrations during winters of 1991 to 1993. 

After the discovery of the spring Antarctic ozone depletion in 
the early 1980s [Farman et al., 1985], the importance of polar 
stratospheric clouds (PSCs) on the chemistry of the lower polar 
stratosphere has been emphasized [Solomon et al., 1986; McEl- 
roy et al., 1986; Solomon, 1990]. It is now commonly accepted 
that PSC particles provide important sites for heterogeneous 
reactions to occur, causing the spring Antarctic ozone depletion. 
The long-term (20 years) observations of ozone concentration 
over Antarctica [Jiang et al., 1996, Herman et al., 1995] show 
that springtime ozone depletion increased significantly during 
the 1980s, especially after major volcanic eruptions [Portmann et 
al., 1996]. Furthermore, beside the steady decreasing trend, a 
strong interannual variation of the Antarctic ozone hole has also 

been observed [Jiang et al., 1996; Herman et al., 1995], particu- 
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larly during winters 1986 to 1989 (the depth and extent of the 
ozone hole has been relatively constant in the 1990s). In the sec- 
ond part of this paper, we will investigate the effect of tempera- 
ture interannual variation on the formation of PSCs as well as the 

spring Antarctic ozone depletion during the years 1986 to 1989. 

Description of Calculation 

The model used in the present study is based on a two-dimen- 
sional chemical and dynamical model developed by Brasseur et 
al. [ 1990], coupled with detailed microphysical processes related 
to sulfate aerosols and PSCs formation [Tie et al., 1994a, b; De 
Rudder et al., 1996; Tie et al., 1996]. In addition to the traditional 
gas phase chemical reactions, heterogeneous reactions at the sur- 
face of sulfate aerosol and PSC particles are considered in the 
chemical scheme: 

(R1) 
(R2) 
(R3) 

N205 + H20(s) -> 2 HNO 3 
C1ONO 2 + H20(s ) -> HNO 3 + HOC1 
C1ONO 2 + HC1 (s) -> C12+ HNO 3 

Here (s) indicates that the reactants are on the surface of parti- 
cles. A value of 0.1, independent of temperature, is used for the 
reaction probability for (R1), but the reaction probabilities for 
(R2) and (R3) varies strongly with the aerosol composition and 
hence with the ambient temperature and water abundance [Tol- 
bert et al. 1988; Hanson and Ravishankara, 1991; Hanson et al., 

1994]. The reaction probabilities of (R2) and (R3) are adopted in 
the model according to the measurements of Hanson et al. [ 1994] 
and calculated using National Meteorological Center (NMC) 
temperature analyses. The temperature data analyzed by Randel 
[1992] is zonally averaged from 85øS to 85øN in latitude and 
from the surface to 45 km in altitude. The distribution and time 

evolution of sulfate aerosol surface area before (background 
aerosols) and after (enhanced aerosols) the eruption of Mount 
Pinatubo are calculated according to the sulfate aerosol micro- 
physical model developed by Tie et al. [1994a, b]. This model 
has previously been used to study ozone perturbations after the 
eruption of Mount Pinatubo [Tie et al., 1994a]. 

In order to identify the effect of interannual variation of tem- 
perature on heterogeneous conversions on the sulfate aerosols, a 
temperature field averaged over 4 years between 1991 and 1994 
is used in the model to calculate reaction probabilities for a base- 
line calculation (case A). The seasonally varying temperatures 
during 1991 to 1994 have been used (case B) to compare with the 
baseline calculation. The background and enhanced aerosol load- 
ings are used in both cases to calculate the effect of volcanic 
aerosols on stratospheric ozone associated with the presence of 
interannual variation of heterogeneous conversions. The forma- 
tion of PSCs and its effect on ozone concentration is not included 

in this part calculation in order to evaluate the effect of heteroge- 
neous reactions on the sulfate particles. 

In the second part of the study we use a detailed PSCs micro- 
physical model coupled with the two-dimensional (2-D) chemi- 
cal/dynamical model to study the interannual variability of PSC 
formation and its effect on ozone concentration over Antarctica. 

The model has been previously used to study the formation of 
PSCs and the Antarctic ozone hole. The detailed model descrip- 
tions and results are reported by Larsen [ 1991 ], De Rudder et al. 
[ 1996], and Tie et al. [1996]. Some previous studies have shown 
that interannual variation of the Antarctic ozone hole could be 

attributed to several factors (i.e., dynamical transport, radiative 
feedback, and quasi-biennial oscillation (QBO) [Garcia and 

Solomon; 1987, Schneider et al., 1991; Mancini et al., 1991 ]. 
Mancini et al. [ 1991 ] also studied the issue of how the interan- 
nual variability of PSCs, which is produced by the QBO, may 
affect the ozone hole. In this study we will emphasize the effect 
of the interannual variabilitie of PSCs, produced by temperature 
interannual variations, on the Antarctic ozone hole. To assess this 

effect, a 4-year averaged NMC temperature field (from June 
1986 to July 1990) is used for a baseline calculation of the for- 
mation of PSCs (case C), and the interannual-varying tempera- 
ture between June 1986 and July 1990 (case D) is used to 
compare with the baseline calculation. The period of 1986 to 
1990 is chosen for this study because a very strong interannual 
variation of temperature occurs in the lower stratosphere 
throughout winter and spring. In order to account for longitudinal 
variations in the temperature (planetary waves) and the possible 
processing by PSC air masses flowing through localized cold 
environments (while the zonal mean temperature may be higher 
than the PSCs thresholds), we have superimposed a fluctuation 
temperature (temperature wave) to the zonal mean temperature. 
The details for the use of temperature variability is described by 
DeRudder et al. [ 1996]. 

Finally, because ozone is a radiative species [Ramanathan and 
Dickinson, 1979], the interannual variation of ozone concentra- 
tion over Antarctica will produce changes in the radiative and 
dynamical processes which lead to additional perturbations to the 
ozone distribution. This feedback effect will also be evaluated in 

this study. 

Results and Discussions 

Interannual Variation of Heterogeneous Reactions 
on Sulfate Aerosols and Ozone 

To evaluate the effect of interannual variation of heteroge- 
neous reactions on the surface of sulfate aerosols on ozone con- 

centrations, we first calculate the change in column ozone in the 
northern hemisphere from 1991 to 1994 after the eruption of 
Mount Pinatubo if no interannual variation of the temperature is 
taken into account (case A). In this case the interannual variabil- 

ity of heterogeneous conversions is mainly determined by the 
time evolution of sulfate aerosol loadings. In Figure 1 the top 
panel shows the ozone anomaly (percent) (compared to the ozone 
concentration with background aerosol) following the eruption of 
Mount Pinatubo observed by TOMS (the effects of QBO are 
excluded from these data, following the analysis of Randel et al. 
[1995]), and the lower panel shows the calculated result. The 
comparisons indicate that the calculated ozone changes due to 
the enhancement of heterogeneous conversions following the 
eruption of Mount Pinatubo reproduces most, but not all, of the 
general features deduced from satellite observations. It predicts, 
for example, the reduction in total ozone at high latitudes by 14% 
during winter 1991-1992 and winter 1992-1993, while observed 
ozone decreases are 10% during winter 1991-1992 and 14% dur- 
ing winter 1992-1993. Both calculated and observed ozone 
depletions are much less during winter 1993-1994 as a result of 
the significant decrease in sulfate aerosol loading [McCormick et 
al., 1995; Solomon et al., 1996]. The calculated ozone decrease 
during 1991-1992 and 1992-1993 are mainly due to chlorine 
activation on the surface of aerosols. Figure 2 shows the time 
evolution of chlorine species at 70øN and at 20 km from Novem- 
ber 1992 to March 1992. It indicates that chlorine reservoirs 

(C1ONO2+HC1) decrease at high latitude during winter (top 
panel), while other relative chlorine species ClOy 
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Figure 1. (top) Total ozone anomaly (percent) observed from 
total ozone mapping spectrometer (TOMS) [Randel et al., 1995], 
.... t ........ • calculated total ozone changes (percent) due to het- 
erogeneous reactions occurring at the surface of enhanced sulfate 
aerosols following the eruption of Mount Pinatubo in the north- 
ern hemisphere. Reaction probabilities are calculated using the 
1991-1994 mean temperature (case A). 

(Cl+C10+HOCl+OC10+2C1202 +2C12) increase (middle panel) 
as the result of heterogeneous chemical reactions. Because there 
is almost no sunlight between November and January, C10 con- 
centration is very low. After sunlight returns in February, some 

ClOy species are photo dissociated and are converted into C1 and 
C10 (bottom panel), and the increase in C10 concentration will 
lead to an ozone concentration decrease. 

The calculated ozone decreases in this study are larger than the 
previous calculation of Tie et al. [1994a]. The reason is that the 
current study has included the effects of zonal temperature 
(wave) variations on the rate of heterogeneous reactions. Pitari 
[1993] shows that the rate of heterogeneous reactions may differ 
by more than 1 order of magnitude when it is calculated using the 
zonally averaged temperature field, compared to the zonal aver- 
age of heterogeneous rates calculated using the actual zonally 
varying temperature distribution. To evaluate such an effect and 
to include it in the zonally averaged 2-D model, a correction fac- 
tor Rc is calculated and is expressed by 

Rc = [R(T)]/R([T]) 

where brackets denote zonal average. Thus Rc is a ratio of zonal 
average of heterogeneous reaction rates calculated from United 
Kingdom Meteorological Office temperature field to the rates 
calculated directly from zonal average of the temperature field. 
Figure 3 shows the results of Rc for reaction (R2). The upper 
panel shows the latitude-height distribution in January. It indi- 
cates that the maximum of Rc is about 10 at high latitude and at 
25 km. The lower panel shows that Rc at 20 km is seasonally 
dependent. The maximum Rc occurs in winter when the plane- 
tary wave is strong, while the minimum Rc takes place in sum- 
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Figure 2. Calculated time evolution of chlorine species at 70øN 
and at 20 km during winter 1992-1993: (top) Chlorine reservoir 
(C1ONO2+HC1), (middle) chlorine species other than chlorine 
reservoir (ClOy), and (bottom) C10. Abbreviation ppbv, parts per 
billion by volume. 

mer when the planetary wave is weak. The rates of 
heterogeneous reactions are obtained by multiplying by the cor- 
rection factor in the model. 

Despite the fact that the model reproduces reasonable large 
ozone decreases during winter 1991-1992 and winter 1992-1993, 
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Figure 3. Calculated correction factor Rc for the heterogeneous 
reaction (R2). (top) Latitude-height distributions in January and 
(bottom) time evolution at 20 km between latitude 45øN and 
85øN. 
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Figure 4. Temperature (NMC) anomaly (Kelvin) during winter 
1991-1992 and winter 1992-1993. The temperature anomaly is 
calculated by the difference between NMC temperature and the 
averaged temperature during 1991 to 1994. 

discrepancies are also noticeable. The observed ozone decrease 
shows substantial interannual variability, while the calculation 
produces a small interannual variation. The observed ozone 
depletion during winter 1992-1993 was larger (14%) than that 
during winter 1991-1992 (10%). At the same time, observed 
temperature in the lower stratosphere was approximately 6 to 8 K 
colder in winter 1992-1993 than in winter 1991-1992 (see Figure 
4). This colder temperature produces a significant enhancement 
for the rate of heterogeneous conversions from inactive chlorine 
to active chlorine. Figure 5 shows that temperature at 70øN and at 
20 km in 1992-1993 winter (case B) is approximately 8 K colder 
in maximum than the averaged temperature between 1991 and 
1994 (case A). As a result, the rate of heterogeneous conversion 
from C1ONO 2 to HOC1 at 70øN is approximately 5 times higher 
in case B than the rate calculated in case A during winter 1992- 
1993. Figure 6 shows the effect of interannual variations in tem- 
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Figure 6. Calculated changes in chlorine species at 70øN and at 
20 km as the result of interannual variation of heterogeneous 
conversion included in the model (difference between case B and 

case A): (top) Chlorine reservoir (C1ONO2+HC1), (middle) chlo- 
rine species other than chlorine reservoir (ClOy), and (bottom) 
C10. 

perature on chlorine species at 70øN and at 20 km. It indicates 
that the colder temperature in winter 1992-1993 produces a 

decrease in chlorine reservoir (top panel) and a increase in ClOy 
(middle panel), indicating a enhanced heterogeneous conversion 

from chlorine reservoir to ClOy. After sunlight increases in Feb- 
mary, the increased ClOy produces an increase in the C10 con- 
centration (bottom panel), leading to a increase in ozone 
reduction. 

When this enhancement in heterogeneous conversion is taken 
into account in the model, an additional 3% decrease in column 

ozone abundance occurs at high latitudes during winter 1992- 
1993 (see Figure 7, top). In contrast, the temperature in winter 
1991-1992 is warmer in case B than in case A, leading to a 3% 
reduction in ozone depletion. By including the effect of tempera- 

, , , , , , , , , , , , , , , , , , , , , , , , , [ , , , ture interannual variability on heterogeneous reactions in the 
11 21 31 41 51 61 71 81 91 101 111 121 131 141 151 model (case B), the calculated ozone reduction is now larger in 

[ I • I [ I ] I i I i I i I ' I ' I ' I • I ' I ' I ' I • 

winter 1992-1993 (16%) than in winter 1991-1992 (12%), which 
R2 - is a better agreement with the observed ozone depletion. 

I I I 

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151 

Days from NOV/I/1992 

Figure 5. (top) Temperature anomaly (Kelvin) during winter 
1992-1993 at 70øN and at 20 km and (bottom) the corresponding 
changes in the rate (ratio between case B and case A) of hetero- 
geneous reaction (R2). 

Interannual Variation of PSCs and Ozone 

During winters 1986 to 1990, a strong temperature interannual 
variation over Antarctica occurred in the lower stratosphere. Fig- 
ure 8 shows the temperature anomaly at 17 km from the mean 
values observed between 1986 and 1990. In August and Septem- 
ber, at temperatures near the threshold for nitric acid trihydrates 
(PSC I) formation, the temperature is approximately 2 K warmer 
than average in 1986 and 1988, while it is 2 K colder in 1987 and 
1989. As a consequence, a strong interannual variation in PSC I 
formation occurred (see Figure 9). During warmer years (1986 
and 1988), PSC I surface area at 17 krn over Antarctica is 
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Figure 7. (top) Calculated changes in column ozone (percent) 
due to the interannual variation in heterogeneous reactions under 
volcanic aerosol condition. (bottom) Calculated total ozone 
changes (percent) due to the increase in sulfate aerosols follow- 
ing the eruption of Mount Pinatubo when interannual variation in 
heterogeneous reactions are taken into account in the calcula- 
tions (case B). 

approximately 4 • m2/cm 3 lower than the values with averaged 
temperature is applied for PSC calculation (case C), while it is 
approximately 2 to 4 • m2/cm 3 larger during colder years (1987 

- 45 

55 

65 

75 

-45 

-55 

-65 

-75 

-65 f .-_'-jc- -65 
, - ;..,- ; , 

-7.5 '-,- 4', -7.5 

':':',:'½' -85 ',¾,' iI',',•,','•, I , I I , ' 
1 2 3 a. 5 6 7 8 9 10 i1 12 

• i I I I I I i i I I 1 (b) 

I ! I I I I 6 7 8 9 lO li 12 

(c) ! (d) -55 

• • I I • • ' I I I 

2 3 4 5 6 7 8 9 10 11 12 

DATE (Month from June) 

Figure 9. Calculated differences in PSC I surface area (• m2/ 
cm 3) between case D (actual temperature (NMC) is applied for 
calculating PSC formation) and case C (mean temperature is 
applied for calculating PSC formation) at 17 km between 1986 
and 1990. 

and 1989). Detailed results concerning the calculation of PSC I 
surface area are given by De Rudder et al. [1996]. As a result, 
during 1986 and 1988, the lower PSC I surface area reduces the 
heterogeneous conversion from inactive chlorine (C1ONO 2 and 
HC!) into active chlorine (C10 and C!), and column ozone over 
Antarctica is larger by up to a maximum value of 40 to 50 Dob- 
son units (DU) (approximately 20 to 30% increase compared to 
case C). However, when PSC I surface area increases during 
1987 and 1989, ozone decreases by a maximum of 30 to 40 DU 
(see Figure 10). 
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Figure 8. Time and latitude cross section of the temperature 
(NMC) anomaly (Kelvin) during 1986-1990 from the mean val- 
ues from 1986 to 1990 at 17 km: (a) 1986-1987, (b) 1987-1988, 
(c) 1988-1989, and (d) 1989-1990. 
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Figure 10. Same as Figure 9, but for differences in column ozone 
(Dobson Units). 
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It can be noted that the maximum increase or decrease in lOO 

ozone concentration occurs at the edge of vortex (65øS to 70øS) •' 
and in very late spring (late September). It may indicate that '-' 60 
interannual variations in temperature lead to PSC I forming for a _h 
longer time and covering a larger region over Antarctica. To • 2o 
exam such effect on ozone concentrations, a net change in PSC I • 
surface area has been calculated. The net change is defined to be •, -20 
the following: o 

o 

-60 

o 

net change = A - B (when and B=0 during colder years) 
net change = A - B (when and A=0 during warmer years) 

where A is calculated PSC I surface area ([[ m2/cm 3) when 
observed temperature from 1986 to 1990 is used, and B is calcu- 
lated PSC I surface area (It m2/cm 3) when averaged temperature 
from 1986 to 1990 is used. The net change is expressed by an 
increase or a decrease in the PSC surface area when a contrast 

PSC surface area (A or B) is 0, so that the net change is a change 
if either the global extent or temporal duration of PSC occur- 
rence changes. 

The net change in PSC I surface area are shown in Figure 11. 
The maximum net change in the PSC I surface area is less than 1 
[[ m2/cm 3, which is smaller than the PSC I interannual variations 
shown in Figure 9. However, a comparison of Figures 10 and 11 
shows that the maximum changes in column ozone are correlated 
with the net changes in PSC I surface area, indicating that a 
longer duration or a larger regional covering of PSCs affects 
ozone concentration more effectively than the relative changes in 
PSC surface area density. The reason is that if PSCs are already 
formed, heterogeneous conversions over Antarctica are almost 
saturated, and further increase or decrease in PSCs does not sig- 
nificantly affect heterogeneous conversions and ozone concentra- 
tion [Tie et al., 1996; Portmann et al., 1996]. 

Figure 12 shows the calculated column ozone anomaly at 70øS 
in Dobson units between June 1986 and May 1990 due to the 
interannual variation of PSC surface area and observed (TOMS) 

-lOO ß ...... [ .......... I, .......... I ........... I .... 

86 87 88 89 90 

Date 

Figure 12. Calculated and observed interannual and seasonal 
variabilities in column ozone (Dobson Units) at 70øS between 
1986 and 1990. The circles represent the observed ozone anoma- 
lies by TOMS, and the solid line is calculated by the model. 

ozone interannual variations deduced from the mean value 

between 1986 and 1990. During this period, both calculation 
results and observations show a strong interannual variation in 
ozone column, and the calculated results agree well with the 
observations (TOMS). The strongest ozone anomaly occurs in 
October when the spring Antarctic ozone depletion is at its maxi- 
mum [Solomon, 1990]. After November, the magnitude of the 
ozone interannual variation is reduced, as dynamical mixing 
starts to play a significant role. This seasonal feature suggests 
that the interannual variation of dynamical mixing after the vor- 
tex breaking is not a major cause for the interannual variability in 
total ozone concentration observed from 1986 to 1990, which 
would lead to a maximum interannual variation after December. 

The agreement between observed and calculated annual and sea- 
sonal variabilities in ozone concentration suggests that the con- 
sidered processes (changes in temperature causing to changes in 
PSC surface area, which lead to changes in active chlorine, and 
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Figure 11. Same as Figure 9, except that the changes are calcu- 
lated when PSC I is not formed in case C (mean temperature is 
applied for calculating PSC formation). 
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Figure 13. Calculated changes in temperature (Kelvin) resulting 
from ozone concentration interannual variability from 1986 to 
1990 in October: (a) 1986, (b) 1987, (c) 1988, and (d) 1989. 

 21562202d, 1997, D
19, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/97JD
01556 by M

PI 348 M
eteorology, W

iley O
nline L

ibrary on [05/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TIE ET AL.' INTERANNUAL VARIARIATION OF TEMPERATURE, OZONE, PSCS 23,525 

-85 -65 -45 -25 -5 -85 -65 -45 -25 -5 

':-o.• (c) ' -o./.•,.-'•.• (d) "--" L ,--' ,:o - ! 
. 

10 ' .... • '' 10 '' •' '' '' '' 
-85 -65 -45 -25 -5 -85 -65 -45 -25 -5 

L•fifude 

Figure 14. Same as Figure 10, but for differences in vertical 
motion (m/d). Positive values represent upward motion, and neg- 
ative values represent downward motion. 

further to changes in ozone concentration) likely play a very 
important role in the observed interannual variability of ozone 
over Antarctica from 1986 to 1990. 

As ozone is an important radiative chemical species 
[Ramanathan and Dickinson, 1979], changes in ozone concentra- 
tion in the lower stratosphere could produce perturbations in the 
radiative forcing. As discussed by Kiehl et al. [1988] and Mahl- 
man et aL [1994], the Antarctic ozone hole formation could lead 

to a 2 to 4 K decrease in stratospheric temperature between 10 
and 200 mbar as a result of radiative cooling, as well as a 2 K 
increase in stratospheric temperature between 1 and 10 mbar as a 
result of dynamical heating in October. Such changes in tempera- 
ture affect the stratospheric general circulation, which could have 
an effect on ozone concentration. 

As the model used in this study is an interactive radiative/ 
dynamical/chemical model, it is well adapted to investigate the 
effect of ozone interannual variations on radiative/dynamical 
processes, and the feedback effect on ozone concentrations, that 
is, an ozone-temperature-dynamics-ozone interactive mecha- 
nism. The calculations show that, for southern high latitudes in 
October during 1986 and 1988, when ozone concentration is 
high, radiative heating produces a 1 K increase in temperature 
below 25 km, and dynamical cooling produces a 0.25 to 0.5 K 
decrease in temperature above 25 km (see Figures 13a and 13c). 
For lower ozone concentration, during 1987 and 1989, the situa- 
tion is just the opposite. The radiative cooling produces a 1 K 
decrease in temperature below 27 km and dynamical heating pro- 
duces a 0.25 to 0.5 K increase in temperature above 27 km (see 
Figures 13b and 13d). These results are consistent with the calcu- 
lation by Kiehi et aL [i988] and by Mahiman et ai. [i994]. How- 
ever, as the magnitude of column ozone interannual variation 
(approximately 40 DU) is much smaller than the magnitude of 
the Antarctic ozone hole (160 DU) used in the study of Kiehl et 
aL [1988], the change in temperature is smaller than the result 
presented by Kiehl et al. [1988]. 

Changes in heating and cooling lead to changes in the temper- 
ature but also to changes in the general circulation. The model 
results suggest that when the ozone concentration is high (in 
1986 and 1988), the downward vertical motion is reduced (posi- 
tive values indicate that the perturbation vertical motion is 
upward) (see Figure 14). The largest perturbations are found in 
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Figure 15. Calculated changes in column ozone (Dobson Unites) as a result of interannual variabilities in general 
circulation induced by interannual variabilities in temperature formation of PSCs-ozone mechanism from 1986 to 
1990: (a) 1986-1987, (b) 1987-1988, (c) 1988-1989, and (d) 1989-1990. 
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1988 (Figure 14c), with a maximum change of 0.5 m/d occurring 
at 25 km over Antarctica. Due to the reduction in descending 
motion, less ozone-rich air is transported into the lower strato- 
sphere, and a decrease of approximately 0.4 DU in column ozone 
concentration (see Figure 15c) occurs in November. When ozone 
concentrations are low (in 1987 and 1989), the result is the oppo- 
site, and the column ozone increases by approximately 0.2 to 0.4 
DU in November and December (see Figures 14b and 14d). This 
suggests that this interactive mechanism (ozone-temperature- 
dynamics-ozone) is not large enough to have an important effect 
on the interannual ozone variation over Antarctica. 

Summary 

Model results suggest that lower stratospheric temperature 
interannual variabilities affect heterogeneous reactions occurring 
at the surface of sulfate aerosols and PSCs, producing a signifi- 
cant interannual variation in the stratospheric ozone concentra- 
tion. Two mechanisms were investigated in this study. First, the 
impact of temperature variations on heterogeneous reaction coef- 
ficients at the surface of enhanced sulfate aerosols following the 
eruption of Mount Pinatubo were considered. As the rate of het- 
erogeneous conversions from inactive chlorine to active chlorine 
on these surfaces changes due to a decrease or an increase in 
temperature, the ozone destruction rate resulting from active 
chlorine activation was enhanced during colder winter 1992- 
1993, leading to a 3% ozone decrease, while it was reduced dur- 
ing warmer winter 1991-1992, leading to a 3% ozone increase at 
high latitudes in the northern hemisphere. This result improves 
agreement between observed and calculated ozone depletion at 
mid to high latitudes in the northern hemisphere during the win- 
ters 1991-1992 and 1992-1993. 

Second, the effect of the interannual variation o1 temperature 
on the formation of polar stratospheric clouds (PSCs) has been 
considered. During winters 1987 and 1989, the lower strato- 
spheric temperatures are 2 to 3 K colder than the averaged values 
between 1986 and 1990. As a result, PSC I formation persists 
until late September and early October (as compared to early 
September when averaged 1986-1990 temperature is used in the 
model), and the PSC I density is enhanced at the edge of the vor- 
tex (between 65øS and 70øS). During warmer winters (in 1987 
and 1989), the situation is the opposite. The PSC I interannual 
variation as calculated by the model produces a significant inter- 
annual variation in the ozone concentration over Antarctica, 
which is consistent with observed column ozone variation 

reported by TOMS between 1986 and 1990. As ozone is a radia- 
tive chemical species, this strong interannual variation in ozone 
concentration affects radiative heating and cooling, as well as the 
general circulation, leading to a further change in ozone concen- 
tration (feedback effect). However, the magnitude of this dynam- 
ical ozone variation is very small (< 1 DU in column ozone). 
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