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Chlorine activation and ozone destruction in the northern 

lowermost stratosphere 

J. Lelieveld, • A. Bregman, • H. A. Scheeren, • J. Str6m, 2 K. S. Carslaw, -• 
H. Fischer, 3 P. C. Siegmund, 4 and F. Arnold s 

Abstract. We report aircraft measurements from the Stratosphere-Troposphere 
Experiments by Aircraft Measurements (STREAM) II campaign, performed during 
February 1995 from Kiruna, northern Sweden, near 67øN latitude. We have measured 
trace species, e.g., 03, nitrogen compounds, HC1, hydrocarbons, CO, ice particles, and 
aerosols, to characterize the chemical conditions of the lowermost stratosphere at altitudes 
up to -12.5 km. From the observation of anomalously high CO/C2H6 ratios, caused by 
enhanced C2H 6 breakdown, we derive that heterogeneous chlorine activation has 
occurred. This has liberated a diurnal mean C1 concentration up to 1.0 x 104 atoms cm -3, 
which efficiently destroys ozone. We also infer that much of the C1 activation has taken 
place on ice crystals above the tropopause. The measured crystal number densities were 
typical of thin cirrus. Model calculations suggest that heterogeneous chlorine conversion 
on ice crystals, in addition to that on liquid aerosols, may contribute significantly to ozone 
destruction in the middle- and high-latitude lowermost stratosphere. 

1. Introduction 

Ozonesonde measurements over Europe and Canada show 
a negative ozone trend of -0.5-1%/yr in the lower strato- 
sphere during the past decades [Logan, 1994; Bojkov and Fio- 
letov, 1997; World Meteorological Organization, (WMO), 1998]. 
The trend is about twice as large in winter and spring than in 
summer and fall. Stratospheric ozone depletion and polar 
ozone hole development can be unequivocally attributed to 
chlorofluorocarbon breakdown and consequent chlorine acti- 
vation, the latter being enhanced by heterogeneous processes 
on cloud and aerosol particles [WMO, 1995]. However, impor- 
tant uncertainties persist. In particular, the contribution by 
local ozone destruction at middle latitudes relative to transport 
of ozone-depleted air from the poles is unclear. Especially for 
the lowermost stratosphere (i.e., the region between the po- 
tential temperature level 0 = 380 K (-15 km altitude) and the 
extratropical tropopause), interactions between transport and 
chemical processes are poorly understood. The lowermost 
stratosphere is not only the final transit of air from the Brewer- 
Dobson circulation, but it is also affected by two-way cross- 
tropopause exchange [Hoerling et al., 1993; Lamarque and 
Hess, 1994]. This introduces relatively short-lived tropospheric 
pollutants into the lowermost stratosphere, while aircraft ex- 
hausts bring about additional perturbations [Bregman et al., 
1997a; LelieveM et al., 1997; Brasseur et al., 1998]. 

Recently, it has been hypothesized that cirrus clouds play a 
role in chlorine activation in the extratropical tropopause re- 
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gion [Borrmann et al., 1996, 1997; Solomon et al., 1997]. Lidar 
observations by Reichardt e! al. [1996] showed pronounced 
ozone minima associated with ice clouds near the tropopause 
over northern Germany. These might be explained by either 
small-scale dynamical processes or chemical ozone loss. Het- 
erogeneous reactions of the chlorine reservoir species C1ONO 2 
and HC1 on ice crystals liberate reactive chlorine that catalyt- 
ically destroys ozone. These reactions can also take place on 
aerosol particles. ER-2 aircraft measurements in the midlati- 
tude lowermost stratosphere over the United States in January 
1992 [Borrmann et al., 1997] and in April 1993 [Keim et al., 
1996] showed strongly enhanced C10 mixing ratios, associated 
with Mount Pinatubo sulfate aerosols. Furthermore, cross- 
tropopause exchange carries water vapor from the troposphere 
into the lowermost stratosphere [Dessler et al., 1995], which 
contributes to the growth of aerosols and enhances the effects 
of heterogeneous chemistry. In addition to high levels of C10 
and HO 2 due to Pinatubo aerosol related chemistry, Keim et al. 
[1996] observed strongly reduced NO/NOy ratios, attributed to 
nighttime heterogeneous conversion of NOx to HNO3. This 
significantly decreased the potential of these air masses to 
deactivate chlorine by C1ONO2 formation. 

This paper addresses the possible impact of heterogeneous 
chemistry on ice crystals in the lowermost stratosphere during 
late winter. We have performed aircraft measurements that 
provide strong indications that such particles occur in air 
masses that travel between middle latitudes and the Arctic at 

10-12.5 km altitude. The associated heterogeneous processes 
contribute to ozone loss. Section 2 describes the materials and 

methods, i.e., the aircraft campaign, the instrumentation, and 
the model used to support analyses of the results. In section 3 
we present empirical evidence of heterogeneous chlorine acti- 
vation on ice particles on the basis of simultaneous measure- 
ments of carbon monoxide and ethane, the latter being selec- 
tively destroyed by chlorine atoms. We support these 
assertions by model calculations in section 4. Conclusions are 
presented in section 5. 
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Table 1. Citation Aircraft Instrumentation During the STREAM II Campaign 

Species Measured Technique Research Group a 

CH4, CO, N20 
HNO3, HC1, HCN, SO2, 

(CH3)2CO, CH3CN 
Nonmethane hydrocarbons 

CO2 
03 
F-11, F-12, N20 

Aerosols (7 nm< D < 1 /am) 
Ice crystals (D > 5 /am) 

tunable diode laser spectrometer 
ion-molecule reaction mass spectrometer 

gas chromatograph (canister samples) 
chemiluminescence (gold converter) 
infrared analyzer 
chemiluminescence 

in situ gas chromatograph 

CN counters, optical counter 
counterflow virtual impactor 

MPI for Chemistry, Mainz 
MPI for Nuclear Physics, 

Heidelberg 
IMAU, Utrecht University 
MPI for Chemistry, Mainz 
MPI for Chemistry, Mainz 
IMAU, Utrecht University 
Institute for Meteorology and 

Geophysics, Frankfurt University 
MISU, Stockholm University 
MISU, Stockholm University 

aMPI, Max-Planck-Institute; IMAU, Institute for Marine and Atmospheric Research, Utrecht University; MISU, Meteorological Institute, 
Stockholm University. 

2. Aircraft Campaign and Methods 
The measurements have been performed in February 1995 

with a Cessna Citation-II twinjet aircraft, as part of the second 
phase of the Stratosphere-Troposphere Experiments by Air- 
craft Measurements (STREAM) project. Recent measurement 
results from the STREAM project have been reported by Ar- 
nold et al. [1997, 1998], Bregman et al. [1997a, b], Fischer et al. 
[1997], Lelieveld et al. [1997], de Reus et al. [1998], Schneider et 
al. [1997], Schneider [1998], SchrOder and StrOm [1997], and 
Waibel et al. [1998]. An overview of the species measured and 
the techniques employed is given in Table 1. 

The STREAM II measurement campaign was coordinated 
within the Second European Stratospheric Arctic and Midlati- 
tude Experiment (SESAME), supported by the European 
Union. Four flights were carried out from Kiruna, Sweden 
(67.5øN and 20.15øE), on February 9, 18, 21, and 24, 1995. 
Flight planning was based on European Centre for Medium- 
Range Weather Forecasts (ECMWF) forecasts. From these, 
potential vorticity maps were derived to provide insight in the 
position of the tropopause. In this study we focus mostly on the 
flight performed on February 18, 1995, at --•66ø-68øN, from 
Kiruna to northern Finland. The flight pattern in the strato- 
sphere involved 15-30 min tracks at altitude intervals of 0.5-1 
km between --•8 and 12.5 km altitude (0 • 320-370 K). The 
meteorological situation on February 18, 1995, at northern 
middle and polar latitudes in the lowermost stratosphere was 
determined by a low-pressure system west of Greenland. In the 
flight region near Kiruna, being at a relatively large distance 
from major synoptic disturbances, the tropopause was rather 
flat, and wind speeds were modest (Figure 1). Figure 1 also 
shows the flight track from Kiruna. 

2.1. NMHC Sampling and Analyses 

Air samples for nonmethane hydrocarbon (NMHC) analysis 
were collected in 2.5 L electropolished stainless steel bottles. 
The canisters were cleaned by heating them at 150øC while 
flushing with clean N 2 for 12-15 hours. After cleaning, the 
canisters were filled with clean He and analyzed for. contami- 
nation. On board the aircraft a MB-602 metal bellows pump 
was used to flush the system (5 min) prior to the collection of 
an air sample (0.5-3 min depending on the outside air pres- 
sure) to an overpressure of maximum 2.3 bars. Depending on 
atmospheric pressure, filling took 15-165 s (at 3 km and 12.5 
km altitude, respectively), which corresponds to --•2.5-25 km of 
flight track. Within a day after each flight the canisters were 
sent to the laboratory and analyzed within 1 week after collec- 

tion for hydrocarbons by gas chromatography (GC) equipped 
with flame ionization detection (FID). 

The principle of the analytical system was adapted from 
Penkett et al. [1993]. Prior to analysis, a 1-2 L air sample was 
preconcentrated on a liquid nitrogen cold trap packed with 
glass beads at a freezing temperature between 88 and 90 K in 
the N 2 vapor just above the liquid level (sample flow 33.33 
mL/min). The cold trap temperature was monitored by a PT- 
100 temperature sensor, which controlled a small heater in the 
nitrogen liquid. The trap was then warmed with boiling water 
and flushed for 30 s with He carrier gas releasing the con- 
densed hydrocarbons onto the column. 

Analysis took place on HP 5890 gas chromatograph with a 
A1203/KC1 capillary column (50 m x 0.53 mm) equipped with 
a FID using He as carrier gas (12 mL/min). Analysis took 40 
min using the following temperature program: a start temper- 
ature of 35øC for 4 min was followed by a 6øC increase per 
minute to 210øC and ended at 12 min at 210øC. The GC-FID 

analysis had a detection limit of 1 part per trillion by volume 
(pptv). Standardization was performed with a commercial stan- 
dard mixture of aliphatic hydrocarbons (Scott, C2-C5 non- 
methane hydrocarbons at 20 ppbv with a 10% absolute accu- 
racy). The total uncertainty is defined as the sum of the 
precision of the analysis and the absolute accuracy of the 
calibration gas, as certified by the supplier (_+ 10%). The pre- 
cision of the ethane analysis was _+6% as determined by the 
reproducibility of the air sample analysis and preconcentration 
step. 

2.2. Measurements of NOy, HNO3, and HCI 
The NO v measurement technique is based on the gold- 

catalyzed reduction of nitrogen oxides (besides N20 ) to NO in 
the presence of CO (1%) in a heated Au tube [Fahey et al., 
1985]. The subsequent NO measurements were performed 
with a modified chemiluminescence detector (TECAN CLD 
770 AL). The 70 cm long gold tube (5 mm inside diameter 
(ID), 6 mm outside diameter (OD)) was heated to 573 K over 
a 20 tube section near the center [Fischer et al., 1997]. The 
outside air was sampled directly into the gold tube, which is 
mounted onto the aircraft fuselage in a vacuum shielded stain- 
less steel support tube tilted 45 ø into the flight direction. The 
tip of the gold tube is also tilted by 45 ø so that the air is 
sampled opposite to the flight direction. Prior to the flights, the 
converter was heated up to 573 K and flushed with synthetic air 
for at least 2 hours. During the flights the converter and the 
CLD were calibrated with NO (Linde AG, 2.2 ppmv _+ 5% NO 
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Figure 1. Latitude-altitude cross section between 60øN, 25øE and 75øN, 25øE, showing the flight track on 
February 18, 1995 (thick solid line). Also shown are isopleths of wind speed (dashed line, in m s -•) and 
potential vorticity (PV) (in potential vorticity units (PVU) = 10 -6 K m 2 kg -• s-•). The tropopause is 
indicated by the 3-4 PVU shaded region. 

in N2) and NO 2 (Linde AG, 11.3 ppmv +_ 10% in synthetic air), 
diluted in synthetic air to 9.36 ppbv NO and 22.8 ppbv NO 2. 
The conversion efficiency for NO 2 was 80 +- 5%. The conver- 
sion efficiency of HNO3, as determined in the laboratory, was 
75%. From the reproducibility of NO 2 calibrations the preci- 
sion is estimated at 20%. Including the uncertainty in the 
calibration gas standards leads to a combined estimated accu- 
racy of +_ 25%. 

The HNO3 and HC1 measurements were performed with an 
Automatic Airborne Mass-Spectrometer (AAMAS) based on 
Ion-Molecule-Reaction Mass-Spectrometry [M6hler et al., 
1993; Arnold and Spreng, 1994]. Other gases measured by this 
technique, such as SO2, HCN, acetone, and acetonitrile, are 
not presented here. The air is sampled by a 40 mm (ID) 
stainless steel tube. At cruising speed this provides an air flow 
of --•35 m/s, so that the residence time of trace species inside 
the tube is only --•90 ms. The temperature inside the tube is 
--•250 K. The AAMAS instrument consists of three major com- 
ponents: a cryogenically pumped (liquid Neon cooled) quadru- 
pole mass spectrometer (MS), an ion-flow tube reactor, and an 
ion source. The source ions, mostly H+(H2 ̧) and CO•-, are 
injected into the flow tube reactor where they react with trace 
gases in the ambient air stream. The trace gas concentration is 
determined with high sensitivity by the quadrupole MS from 
the ratio of product-to-educt ions. The time resolution is 5-15 
s (depending on the number of gases selected and the ambient 
concentrations). The detection limit is 10 pptv or less for a time 
resolution of 13 s. The uncertainty and precision are about 

+_40% and +_20%, respectively. The uncertainty is largely de- 
termined by the accuracy at which the rate coefficients have 
been determined; the precision is dependent on the count rate 
statistics. 

2.3. Measurements of 03, CO, and N20 
Ozone was measured with a chemiluminescence monitor 

(Bendix 8002), on the basis of the reaction with ethylene [Breg- 
man et al., 1997a, b]. The instrument has been modified to 
measure pressure independently [Gregory et al., 1983]. The 
measurement response time was 1 Hz. Gas phase calibrations 
based on the reaction with NO have been performed before 
and after the campaign. During the field phase the instrument 
was checked with an external ozone generator before and after 
each flight. The overall precision was +_2%, and the accuracy 
was _+5%, mainly determined by fluctuations of the mercury 
lamp in the calibration device. 

Carbon monoxide and N20 have been measured by Tunable 
Diode Laser Absorption Spectroscopy (TDLAS) [Wienhold et 
al., 1994; Fischer et al., 1997]. These measurements are based 
on the high spectral brightness and narrow tunable emission 
bandwidth of two midinfrared lead-salt diode lasers. By pump- 
ing the atmospheric samples rapidly through a low-pressure 
(--•30 hPa) cell the width of the pressure-broadened line is 
reduced, and overlap with absorption by other species is min- 
imized. The sensitivity is enhanced by multiple reflections of 
the laser beams using modified white optics [Roths et al., 1996]. 
During the STREAM campaign the instrument measured CO 
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and N20 simultaneously at a time resolution of 1 s. Every 15 
min in situ calibrations were performed by replacing the am- 
bient air with known secondary standards (BOC 192 ppbv _+ 
2% CO, 317 ppbv + 2% N20 in synthetic air). The overall 
accuracy is determined by the accuracy of the standards used. 
The precision has been estimated by the standard deviations of 
the calibrations during the flight, which were about +2%. 
During the STREAM 1997 campaign a comparison of the 
TDLAS measurements of N20 with those by an airborne gas 
chromatograph has been performed [Bujok, 1998]. The GC 
time resolution was 2 min, its in-flight precision was about 
_+5%, and the accuracy was about +_ 1.5%. The in-flight com- 
parison indicated agreement between both instruments within 
2-3%. 

2.4. Aerosol and Cloud Measurements 

Two complementary air inlets were used to sample aerosols 
and cloud elements, i.e., cirrus crystals in the tropopause re- 
gion [SchrOder and StrOm, 1997; StrOm and Ohlsson, 1998]. One 
is the supermicrometer inlet of the Counterflow Virtual Im- 
pactor (CVI), which samples cloud elements with an aerody- 
namic diameter >5 /•m [Noone et al., 1993]. The other is a 
backward directed 0.25 inch stainless steel submicrometer inlet 

tapered to a 2.2 mm opening. The upper cutoff diameter for 
this inlet is estimated at 1/•m. The CVI inertially separates the 
larger particles, and the evaporated residual aerosols are sam- 
pled downstream by two TSI-3760 condensation particle 
counters (CPCs) modified for aircraft use [SchrOder and StrOm, 
1997]. By assuming that each evaporated cirrus crystal leaves 
only one particle, these measurements provide an indication of 
the number concentration of crystals with a diameter larger 
than the lower cut size of the CVI. The size distribution of the 

residual particles between 0.1 and 3.5/•m diameter was mea- 
sured by a PMS PCAS-X-P Optical Particle Counter (OPC) 
working alternately on both inlets. A dual-beam Lyman c• 
hygrometer [Zuber and Witt, 1987] was used to measure the 
water evaporated from the cloud elements. This corresponds 
to the condensed water content of the cloud since only very 
little water is contained in the cloud elements with a diameter 

<5 tzm. 
The accumulation mode ambient particles were also mea- 

sured by the OPC. It was calibrated using an ammonium sul- 
fate submicron size aerosol and latex spheres for particle di- 
ameters exceeding 1 /•m. After excluding the erroneous first 
channel, the instrument classifies the size distribution of aero- 
sols in 30 bins between 0.12 and 3.5 /•m. The OPC operated 
with a sample flow between 15 and 60 cm3/min, depending on 
the ambient pressure. Smaller particles were measured by two 
CPCs with different lower size detection limits (50% cutoffs). 
The CPCs used were of the type TSI-3760, operating at a 
volumetric flow of 1.5 L/min. The instruments detected total 

particle concentrations with diameters above 7 nm (10% effi- 
ciency at 5.5 nm) and 18 nm (10% efficiency at 12 nm), re- 
spectively. The laboratory and in-flight calibration procedure 
has been comprehensively described by SchrOder and StrOm 
[1997]. The difference between the measurements of the CPCs 
with the 7 and 18 nm cutoff sizes provided a measure of the 
ultrafine or Aitken particle concentration. 

2.5. Modeling 

To support the measurement analyses, back-trajectories 
have been calculated on the basis of ECMWF analyzed mete- 
orological fields, applying a time resolution of 6 hours and a 

spatial resolution of 0.5 ø latitude/longitude (T213, 31 levels) 
[Scheele et al., 1996]. Since the grid points and time periods of 
the ECMWF data do not exactly coincide with the flight data, 
a spatial interpolation is applied that is linear in the horizontal 
and linear with the logarithm of pressure in the vertical direc- 
tion. The computed trajectories are fully three-dimensional, 
following the recommendations by Stohl et al. [1995, 1998]. The 
model has been tested in applications near the tropopause 
region, in particular for its ability to reproduce trajectories in 
small-scale flow patterns in and outside tropopause foldings 
[Scheele et al., 1996]. 

We calculated 30 day back-trajectories starting at locations 
along the flight tracks. For February 18, 1995, trajectories were 
calculated at 10 min intervals. Note that back-trajectories more 
than 1-2 weeks prior to their origin are associated with signif- 
icant uncertainties, so that especially the first weeks (mid- 
January to early February 1995) should be conceived as pos- 
sible air mass trajectories rather than actual ones. Figure 2 
presents two typical trajectories, showing extensive meridional 
excursions between --•40øN and the North Pole, and large pres- 
sure and temperature variations over several day periods. The 
air sampled along the flight track on February 18 encircled the 
globe several times during the 30 day period prior to the 
measurements. 

The chemical part of the model, i.e., used as a box model, 
was originally developed by Crutzen et al. [1992], Miiller and 
Crutzen [1993], and Mailer et al. [1994] and has been applied 
previously by Bregman et al [1997a, b]. The model uses a Gear 
method to integrate the coupled set of differential equations 
[Curtis and Sweetenham, 1987]. Photolysis rate coefficients are 
calculated with an updated version of the radiative transfer 
model by Lary and Pyle [1991]. It includes the temperature 
dependence of the UV cross sections of HNO3 and recent 
revisions of the O(1D) quantum yield from 03 photodissocia- 
tion. The model has been updated with a full code for bromine 
reactions. Furthermore, the model has been extended with a 

representation of ethane and propane chemistry, as these gases 
are sufficiently long lived to mix into the lowermost strato- 
sphere and contribute, for example, to peroxyacetylnitrate 
(PAN) and acetone formation. 

Ternary and binary reaction rate coefficients have been 
adopted from the work of DeMote et al. [1997]. The model 
includes heterogeneous reactions on liquid and solid particles. 
The composition and volume of liquid HNO3/H2SO4/H20 
aerosols are calculated using the analytic expression of Carslaw 
e! al. [1995]. The solubilities of HC1 and HOC1 are calculated 
according to Luo et al. [1995] and Huthwelker et al. [1995]. 
Reactive uptake coefficients, i.e., 3/values, have been param- 
eterized according to Hanson and Ravishankara [1994]. The 
model accounts for aerosol phase transitions as described by 
Carslaw et al. [1997]. It has been assumed that HNO3/H2SO4/ 
H20 aerosols freeze completely to form nitric acid trihydrate 
(NAT) and sulfuric acid tetrahydrate (SAT) at the NAT equi- 
librium temperature. These phase transitions are still not com- 
pletely understood, which introduces uncertainties in the cal- 
culations. However, the low temperatures required to form 
NAT only rarely occur in the lowermost stratosphere, so that 
the aerosol particles are liquid during most of the time. In our 
model, NAT forms at a supersaturation of 10. The formation 
threshold is temperature and pressure dependent. We also 
tested a supersaturation of 1 and a temperature reduction of 15 
K. Even under these conditions, NAT formation only occurs 
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Figure 2. Thirty day back-trajectories, calculated from European Centre for Medium-Ranged Weather 
Forecasts (ECMWF) analyses, ending at the flight track on February 18, 1995, at (right) 216 hPa (67.4øN, 
26.7øE and (left) 196 hPa (67.2øN, 26.2øE). The trajectories show 300-40 ø latitude excursions, indicating rapid 
north-south traverses. Variations of temperature by -30 K and of pressure up to 90 hPa thus occur on 
timescales of several days. 

once in our simulations and contributes marginally to chlorine 
activation. However, in section 4 we will assume the presence 
of water ice crystals during several 2 hour periods and show 
that this significantly contributes to chlorine activation. We 
emphasize that this postulate, although supported by our ob- 
servations, is to a large degree arbitrary and should be con- 
ceived as the basis of a sensitivity study. As yet the theory to 
explain ice crystal presence in the lowermost stratosphere is 
incomplete. 

The STREAM measurements have been used to constrain 

the model and provide boundary conditions, notably for 03, 
GO, C2H6, (CH3)2CO , NOy, and HC1. Water vapor was de- 
rived from a series of N20/H20 ratio measurements in the 
middle-latitude stratosphere (C. Schiller, personal communi- 
cation, 1998), indicating a H:O mixing ratio of -10 ppmv, 
consistent with the measurements by Dessler et al. [1995]. For 
those species for which no measurements were available the 
output of a global 3-D chemistry-transport model have been 
adopted (M. van den Broek et al., manuscript in preparation, 
1999). The use of STREAM measurements as boundary con- 
ditions means that for C2H6, for example, the model has been 
initialized with a "background" C2H 6 mixing ratio based on the 

measurement results described in section 3. The same applies 
to O3 and HC1, which are consistent with our 3-D model 
calculations. The initial O3 mixing ratio used in the box model 
was based on the mean O3 level encountered at the highest 
flight tracks. The model results (e.g., through the C1/C10 ratio) 
are not very sensitive to this condition. However, the results 
are quite sensitive to the assumed total chlorine level. The 
partitioning between active chlorine and chlorine reservoir 
species is largely determined by the ice surface and radiation 
intensity. The comparison between calculated and measured 
HC1 provides an important test to the model. We performed 
sensitivity runs to study the effect of the HC1/C1ONO3 ratio. 
The results are sensitive to this ratio. If we assume that all 

reservoir chlorine is HC1, the C1 activation is less. However, the 
HC1/C1ONO 3 ratio converges toward the one we assumed in 
section 4, and if we extend the run by another week, the same 
result is obtained. The amount of C1ONO2 is largely controlled 
by the availability of NO,. The latter, in turn, is controlled by 
HNO3 photolysis. As the trajectories move rather far south, 
HNO3 photolysis is quite important. Therefore, although we 
did not measure C1ONO2, both the HC1 and the HNO 3 mea- 
surements help to constrain this variable. 
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Table 2. Observed CO and C2H 6 Mixing Ratios Near the Tropopause 

Altitude, C2H6, 
Campaign Date km pptv 

CO, CO/C2H6, 
ppbv ppbv/pptv 

STREAM II 65ø-70øN Feb. 9, 1995 10.5 827 (149) 
Feb. 18, 1995 9.0 517 (93) 

STREAM III 65ø-70øN March 25, 1997 11.9 326 (52) 
March 25, 1997 9.1 1023 (163) 

West Coast United States 30øN a April 1985 9-13 1286 
West Coast United States 39ø--48øN a April 1985 11-13 804 
Alaska 61øN • April 1985 8.3 2432 
AASE-II 70ø-90øN b winter 1992 <12 1563 
AASE-II 40ø-60øN t' winter 1992 <12 1348 
PEM-West A 20ø-40øN c Sept.-Oct. 1991 8-12 958 
PEM-West B 20ø-60øN c Feb.-March 1994 7-12 874 
Arithmetic mean 1132 

85 (2.5) 0.10 
113 (3.4) 0.22 
57 (•.7) 0.•7 

131 (3.9) 0.13 
129 0.10 

75 0.09 

176 0.07 
134 0.09 
131 0.10 
127 0.13 
112 0.13 

120 0.11 

Uncertainty ranges are indicated in parentheses. 
•Greenberg et al. [1990]. 
OAnderson et al. [1993]. 
CTalbot et al. [1996, 1997]. 

3. Observations of CO/Ethane Ratio 

Ethane efficiently reacts with chlorine radicals, whereas CO 
does not. We make use of these different reactivities to esti- 

mate reactive chlorine loadings of air parcels in the lowermost 
stratosphere. This is feasible since the emissions of CO and 
C2H 6 are highly correlated [Olivier et al., 1994], and the life- 
times of both gases due to destruction by OH are of similar 
magnitude. The relevant reactions are 

(R1) CO + OH -• CO2 + H 

kl = 1.5 X 10 -13 (1 + 0.6 Patm) 

(R2) C2H6 + OH --> C2Hs+H20 

k2 = 8.7 x 10 -12 exp (-1070/T) 

(R3) C2H6 + C1 --> C2H5 + HC1 

k3 = 7.7 x 10 -11 exp (-90/T) 

These reaction rate constants have been adopted from DeMote 
et al. [1997]. Patm is the air pressure in atmospheres and T is 
the temperature. Of course, CO is also produced from CH 4 
oxidation, but this merely influences the CO concentration on 
timescales of several months or more, hence outside the scope 
of our argument. If we assume an upper tropospheric and 
lower stratospheric OH concentration of 3 x 10 s molecules 
cm -3, a mean pressure level of 200 hPa, and a temperature of 
220 K, we obtain an OH-controlled CO and C2H 6 lifetime of 
-0.6 and 1.5 years, respectively. If we would add CO produc- 
tion from CH 4 oxidation, the rate of change of CO and C2H 6 
is even more similar. Hence, during transport in the lowermost 
stratosphere the CO/C2H 6 ratio changes very little as a result 
of OH breakdown alone. 

Next we need to assess the CO and C2H 6 mixing ratios that 
occur in the tropopause region in the absence of reactive 
chlorine (referred to as background CO/C2H6). Furthermore, 
we note that C2H 6 can only be used as an indicator of reactive 
chlorine presence if the differences in CO/C2H 6 between the 
background and chlorine perturbed conditions are significant, 
i.e., well outside the range expected on the basis of OH chem- 
istry alone. Table 2 provides some insight in CO/C2H 6 ratios in 
the tropopause region, in part based on measurements by 
other groups. It appears that CO/C2H 6 is not very variable with 

a mean of -0.11 ppbv/pptv (rr = 0.04 ppbv/pptv), hardly de- 
pendent on location and season and in line with the above 
assumptions about CO and C2H 6 lifetimes and sources. Pure 
stratospheric air at high latitudes, of course, does not contain 
C2H 6. Pure stratospheric CO (controlled by CH 4 oxidation), as 
observed during the STREAM flights since 1993, averages -20 
ppbv. The lowest CO level, measured on March 21, 1997, at 13 
km altitude, was 14 ppbv, whereas N20 was 265 ppbv, and 
C2H 6 was below the detection limit. Any ethane detected in the 
high-latitude lower stratosphere and CO in excess of -20 ppbv 
must therefore originate from mixing with tropospheric air. 

Mixing ratios of CO in the free troposphere (at 03 < 200 
ppbv) during the 1995 STREAM campaign averaged 155 ppbv, 
and mixing ratios of ethane averaged 801 pptv. Thus the mean 
free tropospheric CO/C2H 6 ratio was 0.19 ppbv pptv -1. This is 
higher than the arithmetic mean of 0.11 derived from Table 2, 
but we will see later in this section that this difference is only 
small compared to that with C1 perturbed air masses in the 
lowermost stratosphere. 

In the lowermost stratosphere (at 0 3 > 200 ppbv), CO 
mixing ratios averaged 50 ppbv, and those of ethane averaged 
234 pptv; thus the mean CO/C2H 6 ratio was 0.21. This result 
agrees well with the Pacific Exploratory Mission (PEM) West 
B measurements reported by Singh et al. [1997] performed in 
the midlatitude lowermost stratosphere (37ø-57øN), indicating 
a mean CO mixing ratio of 45 ppbv and C2H 6 of 170 pptv and 
hence a CO/C2H 6 ratio of 0.26 ppbv/pptv. In general, CO/C2H 6 
ratios in the lowermost stratosphere are somewhat higher than 
in the upper troposphere, which is no surprise considering the 
contribution by downward transport of C2H6-depleted air at 
high latitudes. 

The measurements on February 18, 1995 (at 03 > 200 
ppbv), show that O3 typically varied up to 500 ppbv, N20 from 
270 to 290 ppbv, CO from 40 to 70 ppbv (Figure 3), and HNO3 
and NOy from 2 to 8 ppbv. Although the presence of ethane 
and excess CO (>20 ppbv) suggests tropospheric influences, 
N20 and 03 levels are indicative of air that is traditionally 
defined as stratospheric; that is, N20 --< 300 ppbv and 03 -> 200 
ppbv (Table 3). Aerosol particle levels (D < 1 /•m) were 
somewhat higher than stratospheric background levels, provid- 
ing a surface area of S • 1-5 /•m2/cm 3 (Figure 4). Note that 
this represents the dry aerosol after sampling, whereas the 
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ambient particles may have had a surface area up to a factor of 
2 larger. 500 

Figure 5 shows CO/C2H 6 ratios observed during STREAM 
and other campaigns in the vicinity of the tropopause and in 400 
the lowermost stratosphere. It also shows several anomalous 
CO/C2H 6 values observed during other measurement flights in • 300 
February 1995. On February 18, 1995, between 10 and 12.5 km 
altitude (300-270 ppbv N20 ) the mean CO/C2H 6 ratio was 200 

close to unity, suggesting that ethane was depleted by a factor 
of 5-10 (Table 3). During one altitude track, at 216 hPa, the 
CO/C2H 6 ratio reached a value of 1.52 ppbv/pptv. In section 4 100 
we will focus on this observation, providing a quantitative ex- 
planation based on model calculations. First, however, we es- 0 
timate the mean C1 loading based on the empirically derived 
CO/C2H 6 enhancement. 

The change of CO/C2H 6 in time is calculated by 300 

[CO]t [CO](, exp (-k,[OH]t) 2s0 
[C2Ho]t = [C2H610 exp (-k2[OH] t) exp (-k3[C1]t) (1) 

200 

The ratio [CO]t/[C2H6]t = Ct can be derived from the "anom- 
alous" measurements, for example,-1 ppbv/pptv for February •= 150 
18, 1995 (Table 3); the ratio [CO]o/[C2H61o = C O follows from 
the background measurements for which we adopt 0.2 ppbv/ 100 
pptv. The diurnal mean hydroxyl and chlorine concentrations 
are [OH] and [C1], respectively (in molecules or atoms cm-3). 50 
Since the reaction rates of CO and C2H 6 with OH are rela- 
tively slow, the ratio {exp (-k•[OH]t}/{exp (-k2[OH]t} 0 
remains close to 1 for at least a month during transport in the 
lowermost stratosphere. Thus (1) simplifies to 

10 

Co 
Ct = 

exp (-k3[Cl]t) 

so that 

[C1] - In---- 
Co 1 

Ct -k3t 

Table 4 presents some [C1] estimates based on time periods of 
10 and 30 days. It thus appears that the anomalous CO/C2H 6 
ratios measured on February 18, 1995, can be explained by 
assuming a diurnal mean chlorine loading of [C1] • 104 atoms 
cm -3 over a period of 30 days prior to the measurements. If 
the period during which chlorine activation has taken place 
would have been much shorter, e.g., 10 days, average C1 con- 
centrations should have reached up to [C1] • 3 x 104 atoms 
cm -3. If the air parcels would have been exposed to reactive 
chlorine over periods exceeding a month or more, proportion- 
ally lower [C1] would be needed. Typical exchange times be- 
tween the lowermost stratosphere and upper troposphere are 
of the order of 2 months [Lelieveld et al., 1997], in which case 
a C1 concentration of -5 x 103 atoms cm -3 would be required 
to explain our anomalous CO/C2H 6 observations. 

4. Chlorine Activation on Ice Crystals 
The trajectory-chemistry model, as described in section 2.5, 

was applied to analyze the lowermost stratosphere measure- 
ments on February 18, 1995. The 216 hPa trajectory (11.1 km 
altitude; see section 2) and our aircraft measurements of trace 
species have been used to provide boundary conditions for the 
chemistry simulations. Concentrations of relevant species that 
have not been measured were adopted from a 3-D chemistry- 
transport model. Potential vorticity averaged 7.0 potential vor- 
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Figure 3. Measurement results as a function of time (UTC) 
from the flight over northern Sweden on February 18, 1995. 
(top) 03 and N20 (ppbv), (middle) CO (ppbv) and C2H6 
(pptv), and (bottom) HNO3 (ppbv), HC1 (pptv), and ECMWF 
calculated potential vorticity (PVU). 

ticity units (PVU), and we observed on average 280 ppbv 03 
and 272 ppbv N20. Although the air parcels sometimes de- 
sce'nded by several kilometers, they remained within the strato- 
sphere for at least 30 days prior to the measurements, as 
potential vorticity values did not drop below -4 PVU (Figure 2). 

The 216 hPa trajectory depicted in Figure 2 shows that large, 
up to 40 ø latitude, excursions occurred several times before the 
air arrived at the measurement location near 67øN. The asso- 

ciated pressure increases at middle latitudes, up to 280 hPa, 
demonstrate that air parcels moved to much lower altitudes, 
associated with synoptic disturbances. As we will show, the 
presence of significant number densities of ice crystals, causing 
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Table 3. Pressure, Potential Vorticity (PV), and Trace Gases Observed on February 18, 1995, at 66ø-68øN Latitude in the 
Lowermost Stratosphere 

Altitude, Pressure, PV, 03, N20, HNO3, HC1, C2H6, CO, CO/C2H6, 
km hPa PVU a ppbv ppbv ppbv ppbv pptv ppbv ppbv/pptv 

9.9 260 5.9 219 284 2.93 0.53 229 68 0.30 

(11) (8.5) (1.1) (0.2) (41) (2.0) 
10.5 238 6.3 240 300 3.21 0.52 92 67 0.73 

(12) (9) (1.3) (0.2) (17) (2.0) 
11.1 216 7.0 280 272 4.23 0.51 29 44 1.52 

(14) (8) (1.7) (0.2) (5) (1.3) 
11.7 196 8.6 344 292 3.23 0.46 40 54 1.35 

(17) (9) (1.3) (0.2) (7) (1.6) 
12.3 177 9.5 468 280 4.62 0.45 45 47 1.04 

(23) (8.5) (1.8) (0.2) (8) (1.4) 

Uncertainty ranges are indicated in parentheses. 
apv U = 10 -6 Km 2 kg -• s-• 

heterogeneous conversion of chlorine reservoir species, can 
explain the relatively large amounts of reactive chlorine that 
occurred in the lowermost stratosphere, causing strongly en- 
hanced CO/C2H 6 ratios. 

Extratropical cirrus clouds usually form in the upper tropo- 
sphere in association with cyclonic storms. It has been ob- 
served, however, also from our own aircraft measurements (J. 
Str6m et al., manuscript in preparation, 1999), that deep con- 
vective towers sometimes penetrate the tropopause, releasing 
cloud elements into the lowermost stratosphere and moisten- 
ing the air [Poulida et al., 1996]. Lidar observations have con- 
firmed the presence of cirrus above the tropopause [Ansmann 
et al., 1993; Sassen, 1991; Winker and Vaughan, 1994], as dis- 

cussed by Solomon et al. [1997]. However, the lidar laser beams 
only pass through the atmosphere under relatively optically 
thin conditions, while it is likely that thick clouds form in 
cyclonic weather conditions. Therefore surface lidars conceiv- 
ably underestimate the presence of stratospheric ice clouds. 

Subvisible cirrus was also observed by the ER-2 aircraft at 
11-12 altitude during the spring 1996 Subsonic Aircraft Con- 
trail and Cloud Effects Special Study (SUCCESS) campaign 
over the central United States [Smith et al., 1998]. One possible 
explanation of such clouds in the lowermost stratosphere is 
that cross-tropopause exchange moistens the lowermost strato- 
sphere while buoyancy waves generated by convection cause 
local supersaturation and ice cloud formation. Smith et al. 
[1998] mention the possibility that some subvisible cirrus 
clouds may be the residuals of contrails that have formed from 

12 

10 

4 

2 

, I , I , I , I , 

0 2 4 6 8 10 

S aeroso I (ILl, m 2 cm -3) 

Figure 4. Aerosol surface area S up to 12 km altitude on 
February 18, 1995. The associated particle number concentra- 
tion (not shown) varied from N • 1000 cm -3 in the upper 
troposphere to N • 10 cm -3 at 12 km. The high peak in S 
near the tropopause coincides with a maximum in the concen- 
tration of small particles (N • 2500 cm -3 for D > 0.007 
tzm), suggesting new particle formation [de Reus et al., 1998]. 
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Figure 5. Ratios of CO/C2H 6 as a function of the N20 mix- 
ing ratio, observed during the Stratosphere-Troposphere Ex- 
periments by Aircraft Measurement (STREAM) campaigns in 
February 1995 and March 1997. For comparison, results from 
Pacific Exploratory Mission (PEM)-West B at 20-40øN [Tal- 
bot et al., 1997] and Airborne Arctic Stratospheric Experiment 
(AASE) II at 40-60øN and 70-90øN [Anderson et al., 1993] are 
also shown. The dashed line indicates the expected average 
CO/C2H 6 ratio due to destruction by OH alone. 
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Table 4. Estimated Diurnal Mean Chlorine Concentrations in the Lowermost Stratosphere Needed to Explain the 
Anomalous CO/C2H 6 Observations 

Date 
03, CO, C2H6, CO/C2H6, CI, t = 10 

ppbv ppbv pptv ppbv/pptv days 
Cl, t = 30 

days 

Feb. 18, 1995 219 (11) 68 (2.0) 229 (41) 0.30 9.2 x 103 
Feb. 18, 1995 240 (12) 67 (2.0) 92 (17) 0.73 2.9 X 104 
Feb. 18, 1995 280 (14) 44 (1.3) 29 (5) 1.52 4.6 X 104 
Feb. 18, 1995 344 (17) 54 (1.6) 40 (7) 1.35 4.3 x 104 
Feb. 18, 1995 468 (23) 47 (1.4) 45 (8) 1.04 3.7 x 104 
Feb. 21, 1995 478 (24) 45 (1.4) 12 (2) 3.7 6.6 x 104 
Feb. 24, 1995 260 (13) 67 (2.0) 185 (33) 0.36 1.3 x I04 
Feb. 24, 1995 402 (20) 46 (1.4) 76 (14) 0.60 2.5 X 104 
Feb. 24, 1995 438 (22) 45 (1.4) 12 (2) 3.7 6.6 X 104 

3.1 x 103 
9.8 x 103 
1.5 x 104 
1.4 x 104 
1.2 x 104 
2.2 x 10 4 
4.4 x 103 
8.3 x 103 
2.2 x 104 

Uncertainty ranges are indicated in parentheses. Chlorine concentrations are in atoms/cm 3. 

aircraft exhausts and that these particles can remain buoyant in 
the stable tropopause region. We emphasize, however, that 
these explanations are speculative and more studies are 
needed. 

Evidence of stratospheric cirrus is also offered by our mea- 
surements on February 18, 1995. Figure 6 shows the CVI 
results, which confirm the presence of relatively large particles 
above the tropopause. The CVI inertially separates the smaller 
aerosols from hydrometeors with an aerodynamic diameter >5 
/am [Str6m and Ohlsson, 1998]. Figure 6 shows a low-level 
cloud at 2.5 km above sea level and cirrus clouds near the 

tropopause at -7.5 km. It also shows that the stratosphere 
contained ice crystals at least up to the top flight level at 12 km 
altitude. The crystal densities, up to -0.4 cm -3, occurred very 
intermittently along the flight track, and the cloud structure 
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Figure 6. Particle number densities (D > 5 /am) measured 
with the counterflow virtual impactor (CVI) on February 18, 
1995. Particle counts up to -7.5 km altitude show upper tro- 
pospheric cirrus clouds. Particle counts above the tropopause, 
up to 12 km, indicate thin cirrus clouds in the lowermost 
stratosphere. The mechanism of formation of these clouds is 
not well understood. 

appeared to be layered. Similarly, ice clouds were observed on 
February 9, 1995, only up to 9.5 km altitude, however, although 
crystal number densities were about a factor of t0 higher. 

Next we need some reasonable assumptions for ice clouds in 
our model calculations. A simulation in which ice crystal pres- 
ence is neglected does not reproduce the observed CO/C2H 6 
ratio. Although moistening of the lowermost stratosphere by 
tropospheric influences at midlatitudes (-t0 ppmv) contrib- 
utes to aerosol growth and heterogeneous chlorine activation, 
the amount of reactive chlorine is not sufficient to rapidly 
oxidize C2H 6. The observed CO/C2H 6 ratio can only be repro- 
duced if we assume a significant crystal presence so that much 
of the chlorine is activated. The combination of an ice surface 

area for heterogeneous reactions and the relatively intense 
solar radiation at middle latitudes (compared to wintertime 
Arctic conditions) very efficiently activates chlorine from HC1 
and C1ONO2. Furthermore, model calculations suggest that it 
does not make much of a difference whether we assume a 

single cirrus cloud persisting over a whole day or that ice 
clouds arise for a few hours during multiple intervals during 
the 30 day period considered. 

For the model calculations presented in Figure 7 we adopted 
five 2 hour cirrus cloud events starting at the highest pressures 
along the back-trajectory that ends at 216 hPa (see also Figure 
2). We assumed a crystal surface area of 1-1.5 x 10 3 /am 2 
cm -3, which represents a thin cirrus cloud that contains up to 
0.4 particles cm -3 with an average diameter of -10-20 /am. 
The model results indicate that this leads to significant chlorine 
activation and consequent ethane destruction, consistent with 
the results empirically derived in section 3. For example, the 
calculated mean C1 concentration is -t.0 x 10 4 atoms cm -3. 

The amount of HC1 (-0.5 ppbv) that is calculated at the time of 
aircraft measurements on February 18, 1995, is consistent with 
our observations [Bfirger, 1995; Schneider, 1998] (Figure 3). 

To demonstrate that ice crystals are needed to explain our 
measurements, we show some sensitivity calculations. We dras- 
tically reduced the temperature by 15 K during the same pe- 
riods for which we assumed ice crystals in Figure 7. Thus we 
enhanced liquid aerosol growth, but we precluded ice forma- 
tion. Figure 8 shows that although significant chlorine activa- 
tion can take place on liquid aerosols, it brings about a much 
lower CO/C2H 6 ratio. If we further reduce the temperature to 
below the frost point (still precluding cirrus formation), i.e., by 
20-25 K, C1 activation becomes much stronger and the effect 
is close to that of cirrus. Although we cannot exclude this 
possibility, our observations point to thin cirrus presence 
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Figure 7. Model calculated trace gas mixing ratios and particle surface area pertaining to the measurement 
flight in the lowermost stratosphere on February 18, 1995. The 216 hPa 30 day back-trajectory (see also Figure 
2) and aircraft measurements of trace species have been used to provide initial and boundary conditions. The 
back-trajectory ends at the time and location of the measurements. We assumed ice cloud presence during five 
periods of 2 hours. This illustrates the conditions required to activate about 1.0 x 10 4 atoms cm -3 of C1. 

rather than very large temperature excursions and associated 
aerosol growth. 

Furthermore, the calculations that include ice clouds show 
that chlorine activation contributes to rapid 03 breakdown 
(Figure 7). The chemical mechanism is comparable to 0 3 loss 
on polar stratospheric clouds that can form at higher altitudes 
in the Arctic stratosphere, for example, from cooling by moun- 
tain-induced gravity waves [Carslaw et al., 1998]. Our calcula- 
tions suggest that more than 20% of the ozone could be lost 
over a 30 day period. Considering the magnitude of the 03 
trend in the lowermost stratosphere [e.g., Bojkov and Fioletov, 
1997], it is unlikely that such strong 03 losses occur over the 
whole winter and early spring period, and it underscores that 
our observations of enhanced CO/C2H 6 ratios represent un- 
usual conditions. Nevertheless, these results point to an im- 
portant mechanism that can cause chlorine activation. Even if 
such conditions occur only occasionally, they are likely to con- 
tribute to significant chemical 03 loss in the middle- and high- 
latitude lowermost stratosphere. 

A previous analysis of the 1995 STREAM measurements of 
NOy, 03, and N20 by Fischer et al. [1997] has shown that ozone 
concentrations in the lowermost stratosphere were substan- 
tially lower than those expected in unperturbed stratospheric 

air. For example, O3/N20 ratios were much reduced compared 
to those measured previously, a strong indication of chemical 
ozone loss in the Arctic winter of 1994-1995. Indeed, the 
1994-1995 Arctic winter was so cold that polar stratospheric 
clouds have formed relatively frequently, which enhanced het- 
erogeneously catalyzed ozone loss within the vortex. Satellite 
measurements have confirmed that strong ozone destruction 
occurred in the Arctic winter of 1994-1995, with local reduc- 
tions by more than 50% and a column 03 loss of ---100 Dobson 
unit (DU) [Maller et al., 1996]. Our analysis is complementary 
in the sense that some ozone loss can also occur during trans- 
port from the vortex to lower altitudes and latitudes in the 
lowermost stratosphere where strataspheric and tropospheric 
air are mixed. 

Finally, our analysis does not preclude the possibility that 
chlorine activation occurs in the upper troposphere. Especially 
the first part of the trajectories, as presented in Figure 2, is 
associated with uncertainties, so that it is conceivable that they 
have reached higher pressure levels and thus crossed the 
tropopause. We argue, however, that chlorine activation can 
also occur above the tropopause. As indicated by our obser- 
vations, the HC1 amount and the light intensity are sufficient to 
activate chlorine, provided that a surface is available for het- 
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Figure 8. Model-calculated reactive chlorine, assuming that no ice was formed. However, we strongly 
reduced the temperature by 15 K during the 2 hour periods for which we assumed ice cloud presence.in Figure 
7. This significantly enhances chlorine activation on liquid aerosols (S liquid is aerosol surface area in 
kcm2/cm3), but not sufficient to explain the observed anomalous CO/C2H 6 ratios. 

erogeneous reactions to occur. Our observations further sug- 
gest that such surfaces are available, in the form of aerosols 
and thin cirrus. Future work must help to quantify to what 
extent these heterogeneous chemical pathways contribute to 
ozone loss in the middle- and high-latitude lowermost strato- 
sphere. 

5. Conclusions 

Aircraft measurements performed in February 1.995 over 
northern Sweden show that very high CO/C2H6 ratios can 
occur in the lowermost stratosphere. These can be explained 
by assuming a significant level of reactive chlorine. From both 
empirical evidence and model calculations, we derive that 
chlorine levels may have been of the order of [C1] • 1.0 x 10 4 
atoms cm -3. This reduces the C2H 6 lifetime from --•1.5 years 
(as determined by OH) to several weeks, whereas it does not 
affect the CO lifetime (--•0.6 years). Our model calculations 
suggest that this C1 level had to be caused by heterogeneous 
chlorine activation from HC1 and C1ONO 2. Nevertheless, it 
remains difficult to unambiguously determine where the chlo- 
rine has been activated. The aerosol measurements do not 

support the possibility of strongly enhanced levels of submi- 

crometer size particles. However, our CVI measurements show 
significant number densities of large particles (D > 5 
well above the tropopause. We believe that these particles 
represent thin cirrus clouds. In the model calculations we have 
assumed that such ice particle events also occurred several 
times in the 30 day period previous to our measurements. 

Our measurements and model results confirm the suggestion 
by Borrmann et al. [1996, 1997] and Solomon et al. [1997] that 
cirrus can contribute to heterogeneous chlorine activation and 
consequent ozone destruction. Moreover, our measurements 
and model calculations indicate that ice clouds can occur above 

the tropopause and thus contribute to ozone loss in the mid- 
dle- and high-latitude lowermost stratosphere. This effect adds 
to heterogeneous chlorine activation by aerosol particles, 
which can also be significant. We note that sedimentation of 
ice crystals could also play a role in the altitude repartitioning 
of HNO 3 [Fischer et al., 1997], although we did not obtain 
evidence for this during the current measurements. Our model 
calculations indicate that aerosols activate less than half the 

amount of chlorine needed to explain our observations, even if 
we assume very strong cooling. Moistening of the lowermost 
stratosphere by exchange with the troposphere, in combination 
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with local cooling from wave activity by extratropical storms, 
provides a possible mechanism that leads to both ice cloud 
formation and aerosol growth above the tropopause. 
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