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Ozone depletion in the late winter lower Arctic stratosphere: 
Observations and model results 

A. Bregman, • M. van den Broek, 2 K. S. Carslaw? R. Miiller, 4 
T. Peter? M.P. Scheele, s and J. Lelieveld • 

Abstract. Ozone loss rates in the lowermost part of the Arctic stratosphere (at potential 
temperature levels <-375 K) in the period January and February 1993 are calculated using 
a chemistry-trajectory model and 30-day back trajectories. The results were compared with 
observations carried out during the first Stratosphere Troposphere Experiment by Aircraft 
Measurements (STREAM) in February 1993 in the Arctic lower stratosphere. Relatively 
low N20 and low 03 concentrations were measured during STREAM, and 03 loss rates of 
8.0 (_+3.6) ppbv d -• were calculated from O3-N20 STREAM data in the vortex area. The 
average 03 loss rate calculated by the model is 8.6 ppbv d -• (1.3% d-•), in agreement 
with observations. However, the calculated 03 loss rate decreases to the lower value of the 
observed loss rates when taking into account N20-Cly interrelations from different studies. 
Heterogeneous reactions on liquid sulfuric acid aerosols, in particular those involving the 
chlorine reservoir species C1ONO2 and HC1, must be considered to explain the observed 
03 loss rates. Complete conversion of C1ONO2 and HC1 to active chlorine by 
heterogeneous reactions in the model occurs at temperatures <-205 K under conditions 
with enhanced aerosol loading, and at temperatures <-200 K with background aerosol 
levels. Since the trajectory temperatures were frequently below 205 K and occasionally 
below 200 K, the model results are (1) sensitive to the Cly level but relatively insensitive 
to the initial chlorine partitioning within Cly and (2) show significant 03 loss at 
background aerosol levels, being only 1-2 ppbv d -• less compared to conditions with 
enhanced aerosol loading. We conclude that future 03 loss in the Arctic lower 
stratosphere is quite sensitive to temperature changes, while it appears to be less sensitive 
to enhanced aerosol loading (e.g., by volcanic sulfate particles). 

1. Introduction 

Recent eruptions of E1 Chichon and Mount Pinatubo tem- 
porarily enhanced the sulfate aerosol mass in the stratosphere 
down to the tropopause by factors of 10-100 [Trepte et al., 
1993]. Model studies of the post-Pinatubo high-latitude winter 
lower Arctic stratosphere generally indicate enhanced 03 
losses due to heterogeneous reactions on the increased sulfuric 
acid aerosol [e.g., Lef•vre et al., 1994; Tie et al., 1994; Granier 
and Brasseur, 1992; Brasseur and Granier, 1992; Pitari and Rizi, 
1993; Rodriguez et al., 1991, 1994; Chipperfield et al., 1995]. The 
liquid state of the aerosols can play a more important role in 
03 loss than previously assumed because of the low freezing 
probabilities below nitric acid trihydrate (NAT) formation 
threshold temperatures (193-195 K) [Drdla et al., 1994; 
Carslaw et al., 1994; Tabazadeh et al., 1994]. 03 depletion in the 
lower part of the high-latitude winter stratosphere (i.e., below 
about 17 km altitude, in the following referred to as "lower- 
most stratosphere") is of special concern due to its potential 
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contribution to the observed negative trend in 03 at northern 
middle latitudes [World Meteorological Organization (WMO), 
1994], which is also found by modeling studies of the 1991- 
1992 Arctic winter [Lef•vre et al., 1994]. However, recent stud- 
ies concluded that southward transport of O3-poor vortex air 
cannot fully account for the observed middle-latitude O• loss 
in 1993 [Shindell et al., 1994; Jones and MacKenzie, 1995]. 

03 loss in the lowermost winter stratosphere is significantly 
enhanced by formation of C12 through heterogeneous reac- 
tions and subsequent photolysis of C12 into active chlorine. In 
this part of the Arctic stratosphere, liquid aerosols are mainly 
involved in heterogeneous processing, since temperatures are 
generally higher than 195 K, which is above the threshold 
temperatures of the existence of solid nitric acid hydrates. The 
zonally averaged polar stratospheric cloud (PSC) formation 
probability in this part of the stratosphere is less than 4% 
[Poole and Pitts, 1994]. HC1 solubility increases with decreasing 
temperature, and below -200 K is sufficiently soluble to lead 
to an enhanced chlorine activation rate, even at background 
aerosol loading [Hanson et al., 1994; Carslaw, 1994; Hanson 
and Ravishankara, 1993; Luo et al., 1994]. The lowermost 
stratosphere in the 1992-1993 winter is very interesting in this 
respect, since this winter was characterized by unusually low 
temperatures in the lower stratosphere compared to previous 
winters [National Oceanic and Atmospheric Administration 
(NOAA), 1993]. In addition, the lower stratospheric vortex air 
was particularly well isolated, indicated by an unusually strong 
potential vorticity (PV) gradient compared to the prior 16 
Arctic winters, associated with the presence of a relatively 
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Figure 1. N20, 03 (parts per billion by volume) (a) and 0 
(kelvins) (b) data for February 16, and 18, 1993 (pluses) and 
February 17 only (stars). The solid lines represent the fitting 
vectors. 

strong polar night jet [Manney et al., 1994a, b, 1995; Dahlberg 
and Bowman, 1995]. Moreover, enhanced sulfuric acid aerosol 
loading from the eruption of Mount Pinatubo was still present, 
and significantly higher concentrations of active chlorine spe- 
cies were found during late winter in the lower part of the 
stratosphere [Manney et al., 1994c; Shindell et al., 1994] com- 
pared to the previous winter [Waters et al., 1993; Toohey et al., 
1993] and the subsequent winter [Waters et al., 1995]. In fact, 
record low 03 concentrations have been measured during win- 
ter and early spring 1993 in the lower stratosphere at middle 
and high northern latitudes [e.g., Kerr et al., 1993; Bojkov et al., 
1993; Komhyr et al., 1994; Randel et al., 1995; Mfiller et al., 
1996]. 

Estimates of 03 depletion in the lowermost stratosphere at 
high northern latitudes during this winter are rare. Loss rates 
of 1.1-1.7% d -1 between the 450 and 380 K potential temper- 
ature (0) levels (approximate altitude 16-20 km) were calcu- 
lated based on aerosol and 03 profiles obtained from balloon 
soundings at high northern latitudes during January and Feb- 
ruary 1993 [Larsen et al., 1994]. These results agree with 03 
depletion rates for the same period derived from the first 
Stratosphere Troposphere Experiment by Aircraft Measure- 
ments (STREAM I) N20 and 03 aircraft measurements (1.2% 
or 7 ppbv day-1 at 0 = 350 K) [Bregman et al., 1995], although 
the estimates by Larsen et al. at the 380 K level are somewhat 
higher. Similar depletion rates were estimated for the lower 
stratosphere at 0 levels _>400 K for January and February 1992 

[ProJfitt et al., 1993], for January-March 1992 [Braathen et al., 
1994], and for February 1989 [McKenna et al., 1990]. 

Here, a chemistry-trajectory model is used to calculate 03 
loss rates in the lowermost Arctic stratosphere during January- 
February 1993. The results are compared with observed 03 
loss rates derived from the STREAM I data. Further, we 
discuss uncertainties associated with initialization and assumed 

model parameters. 

2. Ozone Loss Rates Derived 

From the STREAM I Data 

During the STREAM I project simultaneous in situ mea- 
surements of O•, N20, and HNO3 were carried out on board 
a Dutch Cessna Citation II twin engine jet aircraft. The mea- 
surements were performed in the afternoon on February 16, 
17, and 18, 1993, up to 13 km (pressure altitude approximately 
160 hPa) between 68ø-74øN with Kiruna airport as operation 
base. The results from three flights have been analyzed and 
described previously [Bregmen et el., 1995]. Relatively low N20 
concentrations were measured during all flights down to 230 
ppbv at the 350 K potential temperature level and potential 
vorticity values _>10 PVU (PVU = K kg -• m 2 s-•), indicating 
that the aircraft flew in the stratosphere. Many of the calcu- 
lated 10-day back trajectories followed the vortex edge at 150 
hPa, suggesting that vortex air was present at flight altitudes. 
These air parcels have been selected in Figure la, showing 
1-min averaged N20-O • data. The prewinter relationships 
measured in 1988 and 1991 during the Airborne Arctic Strato- 
spheric Experiment (AASE) I and II [Proffitt et el., 1990; Col- 
lins et el., 1993] show significantly higher O• mixing ratios 
relative to N20, compared with the STREAM results, indicat- 
ing that photochemical loss of O• occurred during descent 
inside the polar vortex area in the air parcels measured during 
STREAM. The chemical lifetimes of both species are suffi- 
ciently long compared to dynamic timescales to cause a strong 
anticorrelation in the lower stratosphere [e.g., Bresseur end 
Solomon, 1986]. Since the chemical lifetime of N20 in this part 
of the stratosphere is more than 100 years, it can be regarded 
as a conservative quantity, and a change in the slope of the 
O•-N20 relation can be explained by enhanced photochemical 
loss of O• [Plumb end Ko, 1992]. Hence O• decreases relative 
to N20 during the winter inside the vortex, and since polar 
vortex air becomes relatively isolated from midlatitude air, the 
slope of the O•-N20 relation deviates from the prewinter re- 
lationship. 

The STREAM results are separated into two different parts 
with comparable slopes, which are shown in Figure la. The two 
relations represent data measured on February 17 (stars) and 
February 16 and lg (pluses, see also Bregmen et el. [1995, 
Figure 10]). Although both relations show that the air is chem- 
ically processed, the data on February 17 suggest chemical 
processing for a longer time. The time difference between 
these two relations can be estimated from the STREAM I 

N20-0 relations. Polar vortex air deviates more from radiative 
equilibrium than midlatitude air during the winter and thus 
shows stronger diabatic cooling [Schoeberl et el., 1992; Menney 
et el., 1994b], while N20 mixing ratios remain unchanged. Thus 
inner vortex air contains lower N20 mixing ratios than extra- 
vortex air on the same 0 level. Using the N20-0 relations in 
Figure lb, this difference in N20 concentration can be trans- 
lated into a difference in 0. The air with the lowest O• concen- 
trations relative to N20 (lower line, February 17) has 0 values 
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which are 8-15 K lower than those on February 16 and 18. 
Assuming that cross-vortex boundary transport is isentropic, 
the air on February 17 presumably spent more time inside the 
vortex than the air on February 16 and 18. On the basis of 
diabatic cooling rates for the winter 1992-1993 [Larsen et al., 
1994; Manney et al., 1994b], the differences in 0 correspond to 
a time difference of 15-22 days. This is equivalent to an O3 loss 
rate of 8.0 (_+3.6) ppbv d -• for N20 concentrations of 240 
ppbv. This agrees with the loss rates estimated by Bregman et 
al. [1995], which were calculated for February 17 and 18 only. 
The method applied to calculate the O 3 loss rates and the 
root-mean-square errors is described in the appendix. 

3. Model Description 
The model was originally developed to simulate the chem- 

istry of the high-latitude winter stratosphere [Miiller and Crut- 
zen, 1993; Mtiller et al., 1994; Crutzen et al., 1992]. The chemical 
scheme for gas phase chemistry involves 55 bimolecular, 13 
termolecular, and 22 photolysis reactions. The model uses a 
Gear method to numerically integrate the coupled set of stiff 
differential equations. Photolysis rates are calculated with a 
radiative transfer model [Lary and Pyle, 1991], which has been 
recently updated (D. J. Lary, private communication, 1995), 
and which includes the temperature dependence of the UV 
cross sections for HNO 3 [Burkholder et al., 1993] and the pa- 
rametrization of the O(•D) quantum yield from the O3 pho- 
tolysis for 300 < X < 325 nm [Michelsen et al., 1994]. Ternary 
and binary gas phase reaction rate coefficients are taken from 
DeMore et al. [1994]. The model includes the following heter- 
ogeneous reactions on liquid particles: 

N205 + H20 --> 2HNO3 (1) 

C1ONO2 + H20--> HOC1 + HNO3 (2) 

C1ONO2 + HC1--> C12 + HNO3 (3) 

HOC1 + HC1--> C12 + H20 (4) 

The composition and volume of liquid HNO3/H2SO4/H20 
aerosols are calculated using the analytic expression of Carslaw 
et al. [1995a], based on the thermodynamic model of Carslaw et 
al. [1995b]. The solubility of HC1 is calculated using the fitting 
equations of Luo et al. [1994], and that of HOC1 from Huth- 
welker et al. [1995]. 

The reactive uptake coefficients (fraction of molecules lost 
due to reaction upon collision with surface, 3') for (2) and (3) 
were taken from the parametrization of Hanson and Ravishan- 
kara [1994], which accounts for the competition between (2) 
and (3). 

For N20 5 hydrolysis (reaction (1)) we assume 3' = 0.1. Fried 
et al. [1994] did not find a significant particle size dependence 
of 3', and derived values of 0.077 for 60wt% H2SO 4 to 0.146 for 
70 wt% H2SO 4 at temperatures of 230 K, in agreement with 
recent laboratory experiments by Hanson and Lovejoy [1994]. 

For (4) we use the expressions given by Hanson and Ravis- 
hankara [1994], except that we use an HOC1 liquid phase 
diffusivity and Henry's law constant, H•oc• from Huthwelker et 
al. [1995]. We also include an additional term describing the 
reaction between HC1 and the HOC1 that is produced in the 
droplet from (2) [Carslaw, 1994]. 

4. Back Trajectory Calculations and 
Initialization 

Back Trajectories 

The ECMWF (European Centre for Medium-Range 
Weather Forecasts) three-dimensional (3-D) wind field high- 
resolution analyses (•0.5 ø latitude/longitude and 31 vertical 
layers) have been used to calculate 30-day back trajectories, 
including diabatic effects. The wind fields were updated every 
3 hours. The period of 30 days covers the time period of the 
observed O 3 loss rates. The uncertainties in the trajectory 
temperatures, pressures, and location of the air parcels in- 
crease with increasing integration time, and thus caution is 
warranted, especially during the initial part of the 30-day back 
trajectories. Therefore we have used 60 trajectories starting at 
different flight levels down to the 185 hPa pressure level for the 
three flights carried out during the STREAM I campaign 
[Bregman et al., 1995]. All trajectories (not shown) show ap- 
proximately the same variations in latitude, longitude, pres- 
sure, and temperature, and they follow the vortex edge at 150 
hPa closely. A total of 21 trajectories started at the highest 
flight level (160 hPa) of the STREAM I flight on February 17, 
1993, and have been used for the model calculations in this 
study. Figures 2a-2d show the temperature, potential temper- 
ature, pressure, and solar zenith angles of these 21 trajectories. 
The 30-day average diabatic cooling rate is 0.5 K day- • (with 
l rr = 0.2 K), which agrees with previous estimates for the 
1992-1993 winter [Manney et al., 1994b; Larsen et al., 1994]. 
The longitudinal and latitudinal variations of 10 trajectories, 
being typical for all 21 trajectories, are depicted in Figure 3. It 
can be seen that the trajectories closely follow the vortex edge 
at 150 hPa on January 17 and February 17, 1993 (Figures 4a 
and 4b), where the location of the vortex edge is represented 
by the large gradient in geopotential heights. In addition, the 
vortex structure on the 50 hPa level [Bregman et al., 1995] is 
comparable to that at 150 hPa, illustrating that the vortex was 
strongly developed over a wide range of altitudes during the 
1992-1993 winter, as mentioned earlier. Moreover, the loca- 
tion of the vortex in Figures 4a and 4b agrees well with the 
representation of the Arctic polar vortex at 0 = 465 K during 
January and February 1993 derived from temperature, aerosol 
extinction coefficients, and C1ONO 2 data of the cryogenic limb 
array etalon spectrometer (CLAES) experiment on board the 
UARS satellite [Roche et al., 1994]. 

Trajectory Model Initialization 

Table 1 summarizes the initialization of chemical species for 
the model simulations. 

Ozone. There are no O3 data available to initialize the 
model. Initial O3 concentrations were calculated from O 3 loss 
rates derived from the STREAM I measurements multiplied 
by the number of simulated days (30) and added to the O3 
concentrations of the air parcels on the flight track where the 
trajectories end. Note that we are only interested in changes in 
03, and not in absolute mixing ratios. We further "updated" 
the initial O 3 levels each time changes were made in the model. 

Chlorine species. The N20 concentrations measured dur- 
ing STREAM I were used to obtain Cly mixing ratios from the 
empirical N20-Cly relation for high northern latitudes [Wood- 
bridge et al., 1995] and resulted in 1200-1700 pptv Cly for 240 
ppbv N20. Woodbridge et al. derived Cly from the difference 
between estimated total chlorine and measured total organic 
chlorine abundance. The range refers to the 5% uncertainty in 
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Figure 2. (a) Trajectory temperature, (b) potential temperature, in kelvins, (c) pressure, and (d) zenith 
angles of the twenty-one 30-day back trajectories. 

the calculated total chlorine. Lower Cly concentrations were 
derived from other observations and are discussed in section 6. 

The initial partitioning within Cly is complicated by its high 
variability during the winter. The two most important chlorine 
reservoir species, HC1 and C1ONO2, can be converted rapidly 
into active chlorine species through heterogeneous reactions 
during the winter, as has been shown by observations and 
model simulations for the 1991-1992 and 1992-1993 winters 

[e.g., Webster et al., 1993; Mt;iller et al., 1994; van Clarmann et 
al., 1993, 1995; Mt;iller et al., 1996; Notholt et al., 1995; Blam et 
al., 1995; ChipperfieM et al., 1995]. Although C1ONO2 could 
dominate over HC1 during the polar night [Webster et al., 1993], 
balloon measurements at high latitudes in January 1992 

showed low C1ONO2 concentrations (less than 100 pptv) in the 
lower stratosphere, comparable to the reduced HC1 levels [van 
Clarmann et al., 1993, 1995]. However, large uncertainties in 
the measurements exist at 0 < 400 K. Considering the uncer- 
tainties in the measurements, the simulations were initialized 
with 50% active (in the form of HOC1 and C1202) and 50% 
reservoir species (in the form of C1ONO 2 and HC1). Sensitivity 
tests were performed to investigate the effect of different initial 
fractions of active and reservoir chlorine species on 03 deple- 
tion rates (section 6). 

Nitrogen species. Initial HNO 3 concentrations were ad- 
justed so that the concentrations after 30 days agreed with the 
STREAM data at 160 hPa on February 17 (3.5 ppbv) [Bregman 
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Figure 3. Longitude and latitude variation of the selected 30-day back trajectories, starting on the highest 
flight level on February 17, 1993 (see text for details). The solid line represents the flight track. 

et al., 1995]. HNO3 increases through heterogeneous conver- 
sion of N2Os and C1ONO2 (reactions (1) and (2)), however, by 
a relatively small amount since the concentrations of these 
species together are less than -•500 pptv in the lowermost 
stratosphere, compared to typically 4-5 ppbv [Bregman et al., 
1995]. Initial N2Os and NOx (= NO + NO2 + NO3)mixing 
ratios were obtained from the Mainz two-dimensional (2-D) 

model of the stratosphere. Similar calculations were carried 
out for earlier winters [Br•hl and Crutzen, 1993]. 

Bromine species. Data for BrO in the winter lower strato- 
sphere are limited, and there have been no measurements 
performed during the 1992-1993 winter (see WMO [1994] for 
an overview). Recent measurements of source gases of BrOx 
radicals in the 1991-1992 winter indicated concentrations of 

Analysis VT: Sunday 17 January 1993 00z 
150 hPa isobaric surface:geopotential (le+2 m*'2/s*'2) 

140W 160W 180 160E 

KNMI / ECMWF 40W 20W 0 20E 40E 

Figure 4a. ECMWF analyses of the geopotential heights (m 2 s -2) at 150 hPa on January 17. The flight track 
is indicated with the solid line. 
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Figure 4b. ECMWF analyses of the geopotential heights (le + 2 m 2 S -2) at 150 hPa on February 17. 

close to zero at the tropopause and up to 11.4 pptv at 19 km 
altitude [Fabian et al., 1994]. In situ measurements during the 
second Airborne Arctic Stratospheric Experiment (AASE II) 
in the Arctic vortex in 1992 showed BrO concentrations of 3-7 
pptv at the 400 K potential temperature level (-18 km alti- 
tude) [Availone et al., 1995], comparable to the results of 
AASE I in 1989 [Toohey et al., 1990]. Since the trajectories 
used in this study all originate from altitudes of 12-16 km 
(330-380 K), the simulations were initialized with BrO mixing 
ratios of 5 pptv, assuming that all initial inorganic bromine is BrO. 
The calculated BrO noontime concentrations are 2.5-3.5 pptv. 

Aerosols. The aerosol loading in the Arctic vortex during 
the winter 1992-1993 was still enhanced in the lower strato- 

sphere due to the eruption of Mount Pinatubo in 1991. Espe- 
cially in the lower part of the Arctic stratosphere the aerosol 
loading was more enhanced than in the previous winter, prob- 
ably due to the development of the polar vortex in 1991 before 
the Pinatubo aerosol was transported to the Arctic [Stone et al., 
1993; Rosen et al., 1994; Browell et al., 1993], and partly due to 
the movement of peak aerosol concentrations to lower alti- 
tudes by gravitational settling, as has been found at northern 
midlatitudes [Deshler et al., 1993]. Balloon measurements in 
the Arctic stratosphere during February 1993 showed a particle 
number density of about 10 cm -3 and a surface area of 15-20 
/xm 2 cm -3 [Deshler and Oltmans, 1997]. A unimodal lognormal 
aerosol distribution is assumed, and a mode radius of 0.25 t•m 
has been calculated from the width of the aerosol distribution, 
number density, and total volume representative of Mount 
Pinatubo conditions in the Arctic vortex [Pueschel et al., 1994; 
Deshler et al., 1993; Deschler and Oltmans, 1997]. 

For the sensitivity study, background aerosol concentrations 
(-0.5 cm -3) and surface areas (-1/xm 2 cm-3), typical for the 
lower stratosphere, were taken from Deshler et al. [1993]. 

5. Results 

Back Trajectories on February 17 

Figure 5 shows 03 loss rates derived from the STREAM I 
data by Bregman et al. [1995], and the results of the 30-day 
model simulations using all 21 back trajectories. The calculated 
average 03 loss rate is 8.6 ppbv d -• (1.3% d-•) for 30 days, 
with a standard deviation (tr) of 7%, which is close to the 
observed 03 loss rate from the STREAM I data. 

We use trajectory 16 (since this trajectory yields an 0 3 loss 
rate closest to the averaged loss rate of all 21 trajectories, see 
Figure 5) to illustrate the effect of variation in concentrations 
of relevant chemical species, temperature, zenith angle, and 
other important variables on 03 loss rates. Figures 6a-6d de- 
pict the time series of trajectory temperature, pressure, lati- 
tude, and solar zenith angle. The air parcel reaches relatively 
low latitudes (50ø-55øN) with minimum solar zenith angles of 

Table 1. Initialization of the Model Simulations 

Species Value, ppbv 

03 850 
CH4 1400 
CO 25 
N20 240 
H20 4000 
H2 560 
HNO3 3.0 
NOx (= HNO 4 + 2 x N20 5 + NO + NO2) 0.05 
HC1 0.36 
C1ONO2 0.36 
HOC1 0.36 
C1202 0.36 
BrO 0.005 
CH20 0.08 
CH302H 0.025 
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650-70 ø during two periods, corresponding to the low-pressure 
regions above northern Greenland and Novaya Zemlya. The 
temperature varies significantly and is occasionally below 200 K. 

The surface areas of the liquid aerosols and the sulfuric acid 
weight percent are shown in Figure 7. After a few days the 
sulfuric acid weight fraction decreases significantly due to the 
relatively low temperatures, and nearly complete heterogeneous 
removal of HC1 and C1ONO 2 (Figure 8) occurs. Although the 
temperatures are relatively low, they are still too high with 
respect to HNO3 solubility in the liquid aerosols [Carslaw et al., 
1995b], so the HNO3 weight fractions are negligible. 

Figure 8 also shows that at temperatures close to or below 
200 K the first-order loss rate of HC1 is faster than that of 

C1ONO2. This is due to the reaction HOC1 + HC1 and the fact 
that the availability of HOC1 (initially 360 pptv) is not limited 
by its formation from (2). In addition, the reactive uptake 
coefficient of (4) is higher than that of (2) at these temperature 
and pressure levels, so the first-order rate coefficient of (4) is 
2-3 orders of magnitude larger than that of (2). When the 
temperature increases, a significant increase of HC1 and 
C1ONO2 in the gas phase occurs. For HC1 this is mainly due to 
the reaction of C1 with CH4, and for C1ONO 2 to the reaction 
of C10 with NO2, which becomes important as a result of the 
increasing HNO3 photolysis rates when the air parcel moves 
southward. Although the gas phase formation of C1ONO2 is 
faster than that of HC1, the temperatures during nighttime 
during the warm period in the simulation are sufficiently low 
for heterogeneous hydrolysis of C1ONO2, whereas they are too 
high for heterogeneous conversion of HC1. Therefore the di- 
urnal averaged rates of increase are comparable. 

Figure 9 shows the fractions of the total active chlorine 
concentration (defined as C1 + C10 + 2C12 q- 2C120 2 q- 
HOC1) to the total chlorine level, after adding (2), (3), and (4) 
successively. When the temperatures are close to 200 K, reac- 
tions (3) and (4), in combination with relatively low zenith 
angles, lead to significant production of active chlorine. 

Figures 10a-10c show the temperature and pressure depen- 
dence of the •/values for (2)-(4). Increasing pressure and 
decreasing temperature cause a large increase of % Increasing 
ambient pressure results in increased water amounts in the 
aerosol due to the increase in relative humidity. The conse- 
quent decrease in sulfuric acid weight fraction leads to signif- 
icant increase in the •/values of (2)-(4), as has been shown 
previously [Hanson et al., 1994; Hofmann and Oltmans, 1992]. 
The sulfuric acid weight fraction (not shown) decreases from 
more than 70% for temperatures >210 K to 40% for temper- 
atures <200 K and a pressure of 150 hPa. The increase of •/for 
(2) with pressure agrees with Hofmann and Oltmans [1992]. 
Figures 10a-10c also illustrate the importance for chlorine 
activation of the combination of low temperature and high 
pressure, as found in the trajectories used in this study. Note 
that the •/values at 200 K and 150 hPa are relatively high 
(-> 10 -2 for (2) and (3) and 0.1 for (4)). Hofmann and Oltmans 
[1992] also discussed the combined effect of relatively high 
water vapor concentrations due to transport from the tropo- 
sphere, and high pressure, which may be relevant for the low- 
ermost stratosphere. Potential tropospheric influences have, 
however, not been taken into account here. 

Figure 11 shows the timescales (•-) of heterogeneous conver- 
sion of HC1 through (3) and (4) versus temperature at a pres- 
sure of 150 hPa. It can be seen that •-becomes smaller than 100 

hours at temperatures below -205 K for enhanced aerosol 
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, , , i , , , i , , , • , , , i , , , • , , , i , , , i , , , i , , • i • • , i • , • 

6 8 10 12 14 16 18 20 22 
TRAJECTORY NUMBER 

Figure 5. Calculated 03 loss rates. The dashed lines repre- 
sent the mean 03 loss rate for the whole period considered, 
derived from the STREAM I observations. The uncertainty is 
indicated with the vertical line. 

loading, and below -200 K for background aerosol concentra- 
tion, and increases to about 2 months in a relatively small 
temperature range. It is interesting to compare this lifetime 
with the number of hours that the air parcels are exposed to 
temperatures below 205 K. Figure 13 shows the maximum 
number of hours that the air parcels are continuously exposed 
to temperatures below -200 K and below -205 K. For tem- 
peratures below 205 K the average number of hours is 130, and 
48 for temperatures below 200 K. Both exposure times are 
sufficient to cause significant chlorine activation, even if the air 
contained only background aerosol concentrations. Chlorine 
activation is further examined in Figure 12, which shows the 
temperature dependence of the C12 production after 130 hours 
(solid lines) and 48 hours (dashed lines). There is significant 
C12 production at 200 K after 50 hours and at 205 K after 130 
hours for both enhanced and background aerosol abundance. 
This indicates that as the temperatures approach 200 K the 
production of active chlorine is more sensitive to temperature 
than to aerosol loading. 

Figure 13 also shows the number of hours that the zenith 
angle was less than 90 ø , illustrating the small variation in sunlit 
hours between the different trajectories. The number of sunlit 
hours determines the C10 concentration and thus significantly 
affects 03 loss, since C10 is the most important species in the 
03 loss cycles, as is illustrated in Figure 14a. Figures 14a and 
14b show the contributions of the four most important 03 loss 
cycles and the contributions of the heterogeneous reactions to 
03 loss. As expected, the C10 dimer cycle is the most impor- 
tant contributor to 03 loss. Since HOx concentrations are rel- 
atively low, the HOx cycle is of minor importance, in contrast 
to middle-latitude conditions where C10 is relatively low [Wen- 
nberg et al., 1994]. The reactions HO 2 q- C10 and HO 2 q- BrO 
(not shown) contribute even less to 03 loss under these con- 
ditions. The contribution of the reaction BrO + C10 to the 

total 03 loss is approximately 20%. The concentration of BrO 
is 100-1000 lower than C10 in the lower winter stratosphere 
[Availone et al., 1995; Crewell et al., 1995; Toohey et al., 1990; 
Shindell et al., 1994]. The rate of the reaction BrO + C10, 
however, is 2-3 orders of magnitude faster [DeMore et al., 
1994]. Hence this reaction contributes significantly to 03 loss 
by 20-25% under background aerosol conditions, and 30% 
under enhanced aerosol conditions, which agrees with previous 
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Figure 6. (a) Temperature (kelvins), (b) latitude, (c) pressure (hPa), and (d) zenith angle of trajectory 16. 

model studies [Anderson et al., 1989; Solomon et al., 1990; 
Danilin and McConnell, 1995]. When no heterogeneous reac- 
tions are included, the 03 loss rate is 3 ppbv d -•, which is 
significantly lower than the observed 0 3 loss rates. The con- 
tributions from both (3) and (4) to 0 3 loss is significant, as can 
be seen in Figure 14b, and are needed to explain the observed 
0 3 loss rates. The calculated 03 loss rates in Figures 14a and 
14b show large variation from zero to more than 20 ppbv d-•, 
corresponding to the variation of zenith angle and tempera- 
ture, which significantly exceeds the averaged and observed 
loss rates. Therefore one should be cautious when using 10-day 
back trajectories to calculate 0 3 loss, as they may not be 
representative for the whole 0 3 destruction period. 

Comparison With Model Results Using Back Trajectories on 
February 16 and 18 

The back trajectories from February 16 and 18 are more 
variable and show relatively large excursions outside the vortex 
region [see Bregman et al., 1995], implying that these air parcels 
are affected by mixing with air from midlatitudes. This is also 
indicated in Figure la by higher 03 co.ncentrations relative to 
N20 for these air parcels. The temperatures of these trajecto- 
ries are only occasionally below 210 K, so no significant chlo- 
rine activation occurred during the model simulation period. 
Consequently, the calculated 03 concentrations after 30 days 
are close to the upper levels of the STREAM I estimates (see 
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Figure 9), which are about 100 ppbv higher compared to those 
using trajectory 16. This difference in 03 concentration agrees 
with the observed 03 loss rates multiplied by the estimated 
time difference that the air spent within the relatively cold 
vortex. 

6. Sensitivity Analysis 
Using trajectory 16 of February 17, which shows 03 loss 

rates closest to the averaged loss rates, we performed a sensi- 
tivity analysis. Important parameters for 03 loss, such as initial 
chlorine and bromine species, aerosol concentration, water 
vapor, HC1 solubility, temperature, and zenith angle, were 
varied. The results are presented in Figure 15, showing the 
changes in 03 loss rates (in parts per billion by volume per day) 
relative to the calculated overall mean 03 loss rate. 

Chlorine Species, BrO, and Water Vapor 

Due to the importance of the C10-dimer cycle on 03 loss, it 
is clear that varying Cly concentrations will have a major effect 
on 03 loss rates. Cly profiles from balloon measurements in the 
Arctic winter of 1992 [Schmidt et al., 1994] and HF-CIy rela- 
tions for February 1993 [Mfiller et al., 1996] indicate Cly con- 
centrations in the lowermost Arctic stratosphere of about 1000 
pptv, which is 450 pptv lower than used in our simulations. This 
also agrees with Cly levels based on N20-Cly relations derived 
by [Daniel et al., 1996]. Figure 15 shows that decreasing Cly by 
450 pptv causes a decrease in calculated 03 loss rates, which is 
significantly lower than the loss rates calculated by Larsen et al. 
[1994], but is still within the range derived from the STREAM 
data. Variation of the partitioning of different chlorine species 
within Cly was carried out by changing the ratio R = HC1/ 
C1ONO2, and by initializing completely with active C1 
(Clyres = 0%) and with chlorine reservoir species only 
(Clyres = 100%). Since HC1 loss is faster than that of C1ONO 2 
under these conditions, increasing R results in an increase of 
03 loss rates and vice versa. However, the changes are rela- 
tively small (about 1 ppbv d-•), even after changing initial 
Clyres from 0 to 100%, since both HC1 and C1ONO 2 are re- 
moved rapidly from the gas phase. 

The calculated noon time BrO concentrations are about 2-3 

pptv less than the mean concentrations at ER-2 altitudes 
(19-20 km altitude) [Availone et al., 1995]. Increasing the ini- 
tial BrO concentration by a factor of 2 results in an increase of 
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Figure 8. Model results (in parts per billion by volume) of 
HC1 (thick solid line), C1ONO2 (thick dashed line), C10 (thin 
solid line), and HOC1 (thin dashed line). 

the 03 loss rate by 1.5 ppbv d-•. This change is about a factor 
of 2 less compared to changing Cly, because 03 loss depends 
on the square of the C10 concentration, while it depends 
linearly on the BrO concentration. 

Increasing the water vapor concentration causes aerosol 
growth and dilution through increased condensation of the 
water molecules, and consequently a decrease of the sulfuric 
acid weight fraction. Since the uptake coefficients for (2)-(4) 
increase with decreasing sulfuric acid weight fraction, increas- 
ing the water vapor concentration causes enhanced chlorine 
activation and consequently enhanced 03 loss. Increasing the 
water vapor concentrations by a factor of 2 resulted in an 
increase of the 03 loss rate by 0.9 ppbv d -•. 

The solubility of HC1, expressed as the effective Henry's law 
constant (H*), is uncertain within a factor of 3-4 [Carslaw et 
al., 1995a]. However, changing H* by a factor of 5 leads to a 
minor change in 03 loss rates, due to the fact that HC1 is 
already removed from the gas phase during periods with low 
temperatures (Figure 8). 

Aerosol Concentration 

The aerosol profiles measured during February 1993 indi- 
cate variations in aerosol surface area of 15-20 /a.m 2 cm -3 
[Deshler and Oltmans, 1997]. The effects on the 03 loss rates 
are not significant when the aerosol surface area (A) was 

25 
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Figure 7. Calculated aerosol surface area (square microme- 
ters per cubic centimeter) represented by the thin solid line, 
and sulfuric acid weight fraction (thick solid line). 
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Figure 9. Model results of the fraction of active chlorine to 
the total chlorine level after including (1) to (4), successively 
(see text for details). 
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Figure 10. Dependence of the uptake coefficient for (2)-(4) 
on temperature and pressure. 

increased by a factor of 2. This may be expected, since the 
N205, C1ONO2, and HC1 concentrations are reduced after 
relatively fast heterogeneous removal during periods of en- 
hanced aerosol loading, so further increases of A do not lead 
to increased removal of chlorine reservoir species. Decreasing 
the aerosol concentration to background levels (A = 1 /xm 2 
cm -3) causes a decrease in 03 loss rates, although the decrease 
is relatively small, as was illustrated earlier. This will be dis- 
cussed further in section 7. Further experiments were per- 
formed by allowing NAT formation at the NAT equilibrium 
temperature. The presence of NAT did not, however, result in 
higher 03 loss rates (not shown). This is because nearly com- 
plete conversion of chlorine reservoir species to active chlorine 
species already occurred using liquid aerosols, as is discussed 
later. 

temperature (K) 

Figure 11. The timescale of heterogeneous conversion of 
HC1 by (3) and (4) versus temperature with background and 
enhanced aerosol concentrations. 

Trajectory Temperature and Zenith Angle 

Potential sources of uncertainty are the back trajectory tem- 
perature and latitudes. Lower temperatures and lower lati- 
tudes (thus smaller zenith angles) accelerate chlorine activa- 
tion. A comparison between temperatures from the ECMWF 
analyses at 30 hPa at high latitudes in January 1992 and radio- 
sondes reveals an overestimation in the ECMWF analyses of 
approximately 5 K [Naujokat, 1994]. In addition, Knudsen et al. 
[1996] compared ECMWF temperatures with balloon mea- 
surements and found that the ECWMF temperatures inside 
the vortex at 50 hPa for January 1993 were 1-5 K higher. 
However, they also show a decrease in temperature deviation 
with increasing pressure; at 70 hPa the deviation was only 0-2 
K for the balloon flights in January 1993. Decreasing the tra- 
jectory temperature by 5 K in our calculations caused an in- 
crease in 03 loss rates of 1.3 ppbv d -•. The uncertainty in the 
trajectory locations is difficult to estimate. We changed all 
trajectory latitudes by 2.5 ø southward and northward, so that 
the zenith angles decreased and increased, respectively, lead- 
ing to an increase of 03 loss rates of 1.5 ppbv d -• and a 
decrease of 2 ppbv d-•. 
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Figure 12. C12 production calculated by the model from (3) 
and (4) with varying temperatures under conditions with en- 
hanced aerosol loading (thick lines) and background aerosol 
levels (thin lines). 
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Figure 14b. Model results of the fractional contribution to 
total 03 loss from a simulation without heterogeneous reac- 
tions and heterogeneous reactions (1) to (4) (see text for de- 
tails). The vertical line represents the range of the observed 03 
loss rates from the STREAM I data. 

7. Discussion and Conclusions 

A chemistry-trajectory model was used to calculate 03 loss 
rates in the lowermost Arctic winter stratosphere during Jan- 
uary and February 1993. The calculated 03 loss rate was 8.6 
ppbv (1.3% d-I), in good agreement with estimations from 
observations for the same period. 

The level of Cly has a significant effect on 03 loss rates due 
to the importance of the C10 dimer cycle. The simulations with 
Cly levels as obtained from in situ measurements [Woodbridge 
et al., 1995] show nearly complete chlorine activation, consis- 
tent with observations. The noon values of C10, however, do 
not agree with measurements performed in the Arctic polar 
vortex in February 1993 [Crewell et al., 1995; Shindell et al., 
1994]. Their results indicate C10 concentrations between 100 
and 300 pptv inside the vortex below 125 hPa, whereas the 
calculated noon C10 mixing ratios are 1.5 times higher at 75øN 
and 2 times higher at 65øN (Figure 8). Using Cly mixing ratios 
of 1000 pptv obtained from other N20-Cly relations [Daniel et 
al., 1996] and from balloon measurements [Schmidt et al., 1994] 
results in calculated 03 loss rates that are about 3 ppbv d -] 
lower. These loss rates are at the lower edge but still within the 
observed range derived from the STREAM I data. However, 
the range is large and there are no observed 03 loss rates 

derived from other data at potential temperature levels below 
380 K. 

The use of 30-day back trajectories introduces errors in the 
simulated temperatures and latitudes of the air parcels (and 
thus the zenith angle). Sensitivity analysis reveals that an de- 
crease in the trajectory temperatures by 5 K causes an increase 
in 03 loss rates to 9.9 ppbv d -]. A change of the latitudes by 
2.5 ø causes a change in 03 loss rates to 6.6-10.1 ppbv d -•. This 
also indicates that 03 loss rate calculations are sensitive to the 
period, i.e., the trajectory lengths considered, as is illustrated in 
Figures 14a and 14b. However, there is no evidence of system- 
atic underprediction or overprediction of latitude from the 
trajectory computations. Moreover, it is expected that at rela- 
tively high pressure levels the temperatures may not or only 
slightly be overpredicted by the ECMWF [Knudsen et al., 
1996]. Further, errors in the calculation of the wind perpen- 
dicular to the isotherms (v) would imply uncertainties in the 
trajectory temperatures and the cooling rates and thus in the 
03 loss rates. But a change of v of only 1 m s -] induces a 
change in d O/dt of 1.5 K d -] (P. Siegmund, personal commu- 
nication, 1996), which is significantly larger than the 1-rr values 
found from d O/dt of all 21 trajectories. 

Heterogeneous reactions on liquid sulfuric acid aerosols in- 
volving C1ONO2 and HC1 must be considered in the model to 
explain the observed 03 loss rates. Changing the aerosol load- 
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Figure 14a. Model results of the fractional contribution to 
total 03 loss from the four major 03 depletion cycles. 
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ing to background levels has a relatively small effect on 03 loss 
rates. The temperatures are sufficiently low to cause significant 
chlorine activation, even if the air had contained only back- 
ground aerosol concentrations. Figure 12 illustrates that for 
the conditions during January-February 1993 in the lowermost 
Arctic stratosphere, at temperatures <200 K, there is no dif- 
ference in C12 production between conditions with background 
and enhanced aerosol levels. This implies that 03 loss is more 
sensitive to temperature changes than to changes in aerosol 
concentrations when the temperatures are sufficiently low for 
significant chlorine activation. The observed negative temper- 
ature trend in the lower stratosphere [Oort and Liu, 1993; 
Angell, 1988] may thus have contributed to the observed neg- 
ative 03 trends by increased 03 loss, even under background 
aerosol levels. It is also important to stress that the vortex edge 
at 160 hPa was occasionally located at middle latitudes. "Vor- 
tex 03 chemistry" may therefore contribute to the negative O3 trends at middle latitudes under meteorological conditions 

which favor a well-developed vortex at relatively low altitudes. 

Appendix 
A linear least squares method is applied to calculate the 03 

loss rates from the STREAM I observations. The solid lines in 

Figures la and lb represent the fitting vectors containing the 
dependent coordinates 03 and 0. The differences of the de- 
pendent coordinates can be calculated for each N20 concen- 
tration. 

Since the equations are assumed linear with the form 

Y= crX+ D 

with Y = 03 or 0, and X = N20 , A Y is the difference in 03 
or 0 levels between the relations of February 17 and February 
16 and 18 for a constant N20 concentration. The precision of 
the differences, t5 Y, is calculated from the 1-tr values of Y(o-y): 

xz=z + (5) 
The indices 1 and 2 correspond to the •o relations in the 
figures. 

The cooling rate d O/dt and •Y (with Y = 0) can be used to 
estimate the time difference, • days. The precision, • days, is 
calculated with 

•Z=Z • + • (6) 

with Z = • days, X = dO/dt, and Y = •0. 
The O3 loss rate, dO3Mt, can then be calculated from •O3 

and • days, and the precision is obtained from (6) with Z = 
dO3Mt , X = •O3, and Y = • days. 

• example is given for N20 = 240 ppbv. Based on the 
fitting equations: •O3(240) = 122 ppbv and •0(240) = 8.8 K, 
the 1-•values are •3(1) = 18.68 ppbv, •3(2) = 23.89 ppbv, 
•0(1) = 1.83 K, and •0(2) = 2.69 K. 

() 
dO 

•+ • =-06 +0.06K 
at- ' - 

[Larsen et al., 1994]; hence • days • • days = 14.7 z 5.6 days 
and 

dt • • dt ] =8'0•3'6ppbvd -•. 
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