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Abstract. Chlorine monoxide (CIO) plays a key role in 1 Introduction

stratospheric ozone loss processes at midlatitudes. We

present two balloon-borne in situ measurements of CIO conStratospheric ozone has globally decreased over the-Rfst
ducted in northern hemisphere midlatitudes during the peryears. In midlatitudes, the vertical, latitudinal, and seasonal
iod of the maximum of total inorganic chlorine loading in characteristics of changes in ozone are broadly consistent
the atmosphere. Both ClIO measurements were conducted ofith the understanding that halogens are the primary cause
board the TRIPLE balloon payload, launched in Novemberof these changes (WMO, 2003). A downward ozone trend
1996 in Leédn, Spain, and in May 1999 in Aire sur I'Adour, of —1 to —3% per decade is estimated for the lower strato-
France. For both flights a CIO daylight and night-time ver- sphere in the northern and southern hemisphere midlatitudes
tical profile was derived over an altitude range of approxi- for the time period between 1979 and 2000 (Wang et al.,
mately 15—-35 km. CIO mixing ratios are compared to model2002; WMO, 2003). Furthermore, it was found that the large
simulations performed with the photochemical box model0zone depletions determined for the Arctic vortex in sev-
version of the Chemical Lagrangian Model of the Strato- €ral previous winters will ultimately spread out and dilute
sphere (CLaMS). Simulations along 24-hour backward tra-0zone concentrations at midlatitudes thereby contributing to
jectories were performed to study the diurnal variation ofthe observed ozone decrease at midlatitudes (e.g., Chipper-
CIO in the midlatitude lower stratosphere. Model simula- field, 1999; Knudsen and Groof3, 2000; Marchand et al.,
tions for the flight launched in Aire sur I'’Adour 1999 show 2004). The catalytic loss of ozone in the lower stratosphere
an excellent agreement with the CIO measurements. For this controlled by a combination of cycles involving reactions
flight launched in Lén 1996, an overall good agreement is With BrO, CIO, HG,, and NG (e.g., Wennberg et al., 1994;
found, whereas the flight is characterized by a more com-Stimpfle et al., 1994). Thus a prerequisite for a reliable cal-
plex dynamical situation due to a possible mixture of vor- culation of halogen-induced ozone loss rates at midlatitudes
tex and non-vortex air. We note that for both flights at solaris information about CIO concentrations at midlatitudes and

zenith angles greater than®8®7 simulated ClIO mixingra- an understanding of the dependence of CIO concentrations
tios are higher than observed CIO mixing ratios. However,0n altitude and time of day. o .
the present findings indicate that no substantial uncertainties Nonetheless, measurements of CIO at midlatitudes in the

exist in midlatitude chlorine chemistry of the stratosphere. lower stratosphere are rare. Early balloon-borne in situ (e.g.,
Anderson et al., 1977; Anderson, 1978; Anderson et al.,

1980) and remote (Menzies, 1979) measurements of CIO
were made in the late 1970s and 1980s all launched from
Palestine (32N), Texas. In the 1990s, balloon-borne in
situ measurements (e.g., Toohey et al., 1993a) and remote
measurements (e.g., Osterman et al., 1997) of CIO were
obtained at somewhat higher latitudes (launched from Fort
Correspondence td3. Vogel Sumner (34.5N), New Mexico). In situ measurements of
(b.vogel@fz-juelich.de) CIO conducted on board the ER-2 aircraft cover a greater
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UKMO Global Model Analysis focussed on the polar regions so far (e.g., Glatthor et al.,
VAUID AT 327 ON 14/ 11/1996 107(-6)*K*m"2/(kg*s) 2004; Urban et al., 2004). In summary, at midlatitudes
PV (=35° N-60° N), in situ as well as remote measurements of
CIO over the entire altitude range of the lower stratosphere

400 (=15-30km) are very sparse.
350 As a result of the Montreal Protocol and its amendments

and adjustments, in 1997-1998 the total inorganic chlorine
stopped increasing in the troposphere and has remained fairly
250 constant since that time. That is to say the loading of in-
organic chlorine Glin the unperturbed stratosphere has re-
cently stabilized (WMO, 2003). Here we present the only
150 two balloon-borne in situ measurements of CIO performed
in the lower stratosphere at midlatitudes during the period of
the maximum of total inorganic chlorine loading in the atmo-

300

200

100

50 sphere. Furthermore, after the eruption of Mount Pinatubo
0 (June 1991) and the dissipation of the post-Pinatubo aerosol

— represents 50 m/s the aerosol levels were low from 1996 to 1999 (e.g., Bauman
UKMO Global Model Analvsis et aI._, 2003) with simultaneously_ thg maximum atmospheric
VALID AT 122 ON"3/5/ 1699 107(-6)*K*m"2/(kg*s) chlorine burden. The two CIO in situ measurements were
T PV conducted on board the TRIPLE balloon payload launched in

November 1996 in Lén (42.3 N), Spain, and in May 1999
in Aire sur I’Adour (43.7 N), France. Both flights were op-

200

timized in such a way that both a vertical ClIO daylight and
175 night-time profile could be measured over an altitude range
150 of approximately 15-35 km.

Further, photochemical model studies were performed us-
ing the box model version of the Chemical Lagrangian
75 Model of the Stratosphere (CLaMS) (McKenna et al.,
2002a,b) to test whether model simulations can reproduce
the diurnal behavior of CIO at midlatitudes over the entire
25 range of the lower stratosphere. In previous photochemical
model studies for midlatitude conditions based on ER-2 mea-
surements, the CIO photochemistry was described correctly
=25 by the models (e.g., Brune et al., 1990; Salawitch et al., 1994;

Stimpfle et al., 1994). However, discrepancies in the under-

Fig. 1. Potential vorticity (1 PVU=108Km2kg~1s~1) on 14 ;tanding of the chlorine budget remained unresolved at that
November 1996 (top panel) and on 3 May 1999 (bottom panel),tfime (e.g., Stimpfle et al., 1994). In a more recent study, Sen
12.00 UT on the 700K isentropic level derived from data of the UK €t al. (1999) obtained a good understanding of the budget of
Met Office (UKMO) analyses. The wind direction is marked by ar- stratospheric chlorine using ballon-borne measurements and
rows whose length is proportional to horizontal wind velocity. The found that the partitioning of inorganic chlorine is accurately
location where the balloon was launched §be Spain (top panel),  described by photochemical models employing reaction rates
and Aire sur I'’Adour, France (bottom panel)) is marked by a white recommended by DeMore et al. (1997). In a model study
cross. based on balloon-borne in situ measurements of CIO (Aval-

lone et al., 1993), observed CIO was greater by as much as

a factor of four below 20 km altitude. Studies on the broad-
range of the midlatitudes (e.qg., Stimpfle et al., 1999; Tooheyband photolysis of CION®Ied to the speculation that there
et al., 1991; King et al., 1991; Toohey et al., 1993b), butis a pressure dependence of the CIQNDantum yield be-
only a rather small altitude range ef16—20km. Global yond 300 nm (Nickolaisen et al., 1996), but first in situ mea-
or near global measurements of CIO are available from thesurements of CION®on board the ER-2 aircraft during the
Microwave Limb Sounder (MLS) aboard the Upper Atmo- northern high-latitude summer found no evidence in support
sphere Research Satellite (UARS) (e.g., Ricaud et al., 20009f a pressure-dependent quantum yield for photodissociation
and the Millimeter-wave Atmospheric Sounder (MAS) from of CIONO; (Stimpfle et al., 1999). Further, no evidence was
three space shuttle missions in 1992, 1993, and 1994 (e.gfound from these ER-2 measurements in support of missing
Feist et al., 2000). The analysis of CIO measurements fromnorganic chlorine species that would constitute a significant
the recently launched MIPAS-E and ODIN instruments hasfraction of Cl, (Bonne et al., 2000).

100

50

— represents 50 m/s
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Fig. 2. Meteorological parameters for the flights of the TRIPLE payload on 14 November 1996 (left) and on 3 May 1999 (right) as a function

of UT time. Top panel: pressure (gray line) and solar zenith angle (SZA) (black line). Beginning and end of the float is marked by arrows;
the corresponding solar zenith angles are also noted. Bottom panel: temperature (black line).

2 Observations whereas the flight in May 1999 took place after the dissipa-
tion of the polar vortex in spring (see Fig. 1).

The CIO measurements were conducted on board the The meteorological analysis by FU Berlin for the flight in
balloon-borne multi-instrument payload TRIPLE launched November 1996 shows that in October 1996 the Arctic polar
on 14 November 1996 from & (42.3 N, 5. W), Spain, ~ Vortex was more strongly developed than normal. In early
and on 3 May 1999 from the French launching base in AireNovember the vortex was split and the center of the vortex
sur 'Adour (43.7 N, 0.3 W), France (in the following re- Was displaced out of the pole towards Greenland. From 7
ferred to as Lén and Aire flights). TRIPLE consists of the November, the center of the vortex moved eastward, which
Jilich CIO/BrO in situ instrument (Vogel et al., 2003), the caused a temperature decrease and an increase in potential
cryogenic whole air sampler of the University of Frankfurt vorticity over Northern Spain until 11 November. After-
(Schmidt et al., 1987) for the observation of long-lived trac- Wards, the wind speed decreased over Northern Spain, be-
ers and various CFCs, from which the amount of total in- cause the center of the vortex moved further on eastwards.
organic chlorine, GJ, can be inferred (Schmidt et al., 1994; On 14 November 1996, lom was located outside the polar

Engel et al., 1997), and thélkh Fast In Situ Stratospheric Vortex. The air masses probed on this day had previously
Hygrometer (FISH) (Schiller et al., 2002). been led around the Atlantic anticyclone and had crossed the

On 14 November 1996, a prototype of thigich CIO/BrO cold areg ove_r Iceland in the lower stratosphere. _
in situ instrument (Pierson et al., 1999; Woyke et al., 1999) Th? flight in May 1999 occurred after a Northern win-
was flown, whereas on 3 May 1999 the neiflich CIO/BrO ter with a perturbed weak polar vortex. Through most of

in situ instrument (Vogel et al., 2003) was part of the p(,:be‘,:ld.the Arctic winter 1998/1999, the polar vorte>§ was unusually
Both instruments employ the well-established chemical-V&Mm and weak due to an atypically early major stratospheric
conversion resonance-fluorescence technique (Brune et afudden warming occurring in mid-December. A second ma-
1989). jor warming followed in late February (Manney et al., 1999_).
As a consequence, the vortex was strongly eroded at the time
] o of the flight as is obvious from Fig. 1.
2.1 Meteorological Situation
2.2 Flight Profiles
The dynamical situation of the stratosphere was very differ-
ent for the two balloon flights. The flight in November 1996 For both balloon flights a flight profile was employed to study
was conducted during the typical time period of the forma-in detail the sunrise evolution of the CIO mixing ratios (see

tion of the Arctic polar vortex in the northern hemisphere, Fig. 2).

www.atmos-chem-phys.org/acp/5/1623/ Atmos. Chem. Phys., 5, 1623-1638, 2005
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Fig. 3. Measured CIO mixing ratios as a function of the potential temperature of the balloon flights launched on 14 November 1896 in Le
(left) and on 3 May 1999 in Aire sur I’Adour (right). Theolaccuracy for the CIO measurements is approximately 20-23% (gray bars). For

the 1996 flight, no data could be obtained at around 720 K due to a temporary malfunction of the photomultiplier. In addition, for both flights
O3 mixing ratios are shown measured simultaneously by an ECC ozone sonde on board the TRIPLE payload. Because the signal of the
ozone sonde was jammed on 14 November 1996, additional ozone measurements are shown which were made by an ozone sonde launch
in Ledn on 15 November 1996.

On 14 November 1996, the TRIPLE payload was launchedween 750 and 800K potential temperature. In Fig. 3 (left
at approximately 6.30 UT. After reaching a maximum alti- panel), ozone mixing ratios are shown which were measured
tude of approximately 35 knmr{9 hPa), a balloon float took simultaneously by an ECC (electrochemical concentration
place in the 79-74 solar zenith angle (SZA) interval. Dur- cell) ozone sonde on board TRIPLE. The signal of the ozone
ing descent SZAs between%dnd 63 were encountered. sonde was jammed, so ozone measurements could not be ob-

On 3 May 1999, the TRIPLE payload was launched attained for all altitudes. Therefore in Fig. 3 (left panel) in
approximately 3.30 UT. The entire balloon ascent was con-addition, an ozone profile is shown measured by an ozone
ducted at night (SZA-87°). After reaching a maximum al- sonde launched in & one day after the balloon flight on
titude of approximately 31 kn~{9 hPa), the balloon floated 15 November 1996. Above 650 K potential temperature, the
at this altitude between 87and 80 SZA into the sunrise, 0zone measurements on 15 November are much lower than
so that within this air mass the increase of the CIO mixing on 14 November 1996.
ratios could be measured. During descent a CIO daylight The balloon ascent on 3 May 1999, was during the night

profile was measured betweerf&hd 65 SZA. so that very low CIO mixing ratios, lower than 50 pptv,
were measured (see Fig. 3, right panel). On the float level,
2.3 CIO and Q Measurements CIO mixing ratios increase during sunrise up to approxi-

mately 130 pptv. For the CIO daylight profile measured dur-
The CIO vertical profiles measured by the TRIPLE balloon ing descent, maximum CIO mixing ratios of approximately
payload on 14 November 1996 and on 3 May 1999 are showrpog pptv were obtained at around 840K potential tempera-
in Fig. 3. ture. Additionally in Fig. 3 (right panel), an ozone profile

On 14 November 1996, a CIO profile was measured dur-simultaneously measured by an ECC ozone sonde on board
ing ascent with CIO mixing ratios of up to 150 pptv at float TRIPLE is shown.

altitude. During descent a CIO daylight profile was mea-
sured with CIO peak values of approximately 220 pptv be-

Atmos. Chem. Phys., 5, 1623-1638, 2005 www.atmos-chem-phys.org/acp/5/1623/
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For both flights, the overall accuracy of the CIO measure- 875 K
ment is~20-23%. For measured CIO mixing ratios below ~ *F Cycle No
50 pptv we deduced an error #f10 pptv. sob> oo
We compared the measured CIO mixing ratios at around v 60— N 8g§
22 hPa from both balloon flights with the seasonal varia- 0 — 004
tion of lower stratospheric CIO mixing ratios in the northern 05 oo

007
008
— 009

hemisphere midlatitudes derived from MLS measurements
for the time period between September 1991 and December
1993 (Fig. 4-7, WMO, 1995). While a direct comparison 0o
of absolute CIO values is difficult due to the slight increase
in chlorine loading and differences in solar zenith angles, it
seems that the differences in the CIO abundances measure
by balloons at 22 hPa~{650 K) in November and May cor-
roborate the seasonal variation in MLS observations at sim- .
ilar altitudes. Further examination of this feature would be
worthwhile.
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Model simulations were performed to investigate whether the
measured diurnal variation of chlorine monoxide can be re-
produced at midlatitudes over the altitude range between 20
and 35km. CIO mixing ratios measured at one particular
level of potential temperature during ascent and descent yield
two points within the diurnal variation of ClIO. Therefore dif-
ferences in CIO mixing ratios between ascent and descent
can be used to test our understanding of the photochemi-
cal evolution of ClIO during sunrise, similar to the model
study by Pierson et al. (1999) performed for activated con-
ditions. Here we use th€hemical LagrangianM odel of
the Stratosphere (CLaMS) (McKenna et al., 2002a,b). This
model simulates both the chemistry of multiple air parcels p
and their transport and is used here as a photochemical box s o000 18:00:00 00:00:00
K A ] 02.05. 02.05.99 02.05.99 03.05.99
model. The absorption cross sections and reaction rate con- Time (UTC)
stants are taken from standard recommendations (Sander
et al,, 2002). For simulations with the CLaMS model, the fig. 4. The convergence of the simulated diurnal variation of vari-
family concept (IMPACT) is usually employed as the inte- ous species for cycles 0 to 9 is shown at 875 K potential temperature
gration solver (McKenna et al., 2002b). In all model simula- for the flight launched on 3 May 1999 in Aire sur '’Adour.
tions presented in this work, the explicit stiff solver SVODE
(McKenna et al., 2002b) is used which is more precise but
numerically more expensive. As input data for the photol- starting at different levels of potential temperature between
ysis scheme an ozone profile is derived from model result500 K and the float altitudex{865 K—900 K) and for differ-
of the Mainz 2-D model (Gidel et al., 1983; Grool3, 1996) ent SZAs during float (see Figs. 6 and 8). We calculated
below 15 km altitude and from observations of the Halogenthese backward trajectories using wind data from the UK
Occultation Experiment (HALOE) on board the UARS satel- Met Office (UKMO) analyses. A chemical initialization had
lite (Russell et al., 1993) above 15 km altitude. The surfaceto be determined for the simulations at each level of poten-
area of the background aerosol (SSA=stratospheric sulfutial temperature. All available stratospheric measurements,
ric aerosol) per unit volume £ was adjusted by varying together with tracer-tracer correlations, and model simula-
the mixing ratio of HSOy in ppbv in the gas-phase equiv- tions, were used as sources for this initialization. Table 1
alent employing a stratospheric aerosol climatology basedjives an overview over the measurements employed in order
on SAGE Il and CLAES measurements by Bauman et al.to derive the initialization of the most important species for
(2003). the model simulations. We calculate the temporal develop-
We performed simulations along 24-hour backward tra-ment of the chemical trace species along each 24-hour back-
jectories calculated from the locations of the measurementsvard trajectory continually using the results of the previous

HNO; [ppbv]

NO+NO, [ppbv]

N205 [ppbv]

oo
f=rs)
o
©0o
©d
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Fig. 5. The convergence of the simulated diurnal variation of various species for cycles 0 to 9 is shown at 650 K potential temperature for
the flight launched on 14 November 1996 indne

model simulation to initialize the following 24-hour simula- 3.1 Results for the Flight on 3 May 1999
tion, whereas the species gHCI, H,O, NOy, and QG de-

rived from measurements are reinitialized to measured ValFigure 6 shows that the simulated CIO mixing ratios agree
ues. The conservation of BrCly, and NG is guaranteed gy cejlently with the CIO measurements. We note that for
between the different cycles. _ _ the night-time CIO profile (SZA87°) the model simulations
After approximately 6-9cycles, depending on altitude, 5 af the upper limit of the measurements. A possible de-
most chemical species converge to a constant volume MiXyiation of simulated CIO mixing ratios from measured CIO
ing ratio for a given time in the simulation (see Figs. 4 and njying ratios depending on solar zenith angle is discussed in
5). Additionally, model simulations using different initial- - gect 3 3. The simulated diurnal variation of CIO and various
izations for the partitioning between HN@nd NoOs (Cf.  ther species are shown for different levels of potential tem-
Table 1) converge to the same CIO mixing ratios after ap-perature in Fig. 7. The sensitivity of the model simulations
proximately 9 cycles. The volume mixing ratios of the im- yard the surface area of the background aerosol per unit
portant species used to initialize the model simulations forvolume Assawas examined. Simulations withg8a values
the last cycle are shown in Tables 2, 3, and 4. significantly higher and lower than reported by Bauman et al.
(2003) were performed (cf. Table 5). However, the sensitivity
of CIO mixing ratios on the surface area of the background
aerosol is not substantiak(%).

Atmos. Chem. Phys., 5, 1623-1638, 2005 www.atmos-chem-phys.org/acp/5/1623/
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Table 1. Sources of the major chemical species used to initialize the model simulations for the flight on 5 May 1999 launched in Aire sur
I’Adour and for the flight on 14 November 1996 launched irohe

Species Aire sur '’Adour 1999 6w 1996

CHy cryogenic whole air sampl@r HALOE (1-5 Nov. and 15-22 Nov. 199‘6)
No,O cryogenic whole air sampRr CHg —N,O correlatiod

Cly cryogenic whole air samplgr NoO— Cl correlatio®?

HCI HALOE (25-27 April 1999) HALOE'

CIONO, Cly - HCI Cly - HCI

ClO as zerb as zer§

NOy N0 —NOy correlatior N0 —NQy correlatior

NOy= NO+NO, HALOEP HALOE'

HNO3+2xN205 =NOy - CIONO; - NOx® = NOy - CIONO, - NOk®

O3 ozone sonde HALOE'

H,0 HALOEP HALOEf

all other Mainz 2-D model Mainz 2-D model (Gidel et al., 1983; Grool3, 1996)

& Conducted on board TRIPLE (cf. Sect. 2)

b Observations of the Halogen Occultation Experiment (HALOE) on board the UARS satellite (Russell
et al., 1993) in northern hemisphere midlatitudes (withifi [85and 50 N) are only available between
25 and 27 April 1999. A mean vertical profile is derived.

€ CIO and all other chlorine species, except CIONSd HCl were initialized as zero.

d This correlation (Sugita et al., 1998) was derived from measurements by the ATK@®Ipheric
Trace Molecule Spectroscoppstrument on board the space shuttle during the ATLAS 3 mission within
a period of 10 days in early November 1994. The correlation is valid for high and midlatitudes.

€ As upper and lower limits for the partitioning, we assume a ratio of JNEXN,Os of 9:1 and of 1:9,
respectively. All other species of the nitrogen family were initialized as zero.

' A mean profile derived from HALOE measurements between 1-5 November and 15-22 November 1996
within 35° N and 50 N for midlatitude (case 1) and vortex (case 2) air masses (cf. Sect. 3.2)

9 A CH4—N>O correlation is used derived from measurements of the ATMOS instrument conducted
during different missions in March 1992, April 1993, and November 1994 (Michelsen et al., 1998) for
midlatitudes (case 1). For vortex conditions (case 2), we employed the-Gl6O correlation (Groof3
et al., 2002) to determined® derived from measurements conducted on board the ER-2 aircraft and on
board the TRIPLE payload during the Arctic winter 1999/2000 inside the vortex. Above 25 km altitude
(the maximum altitude of the TRIPLE flights), a @HN,O correlation is used derived from ATMOS
measurements for polar latitudes (Michelsen et al., 1998)

M To infer Cl;, we used for midlatitude and vortex conditions theQN-Cl, correlation derived from
measurements of the cryogenic whole air sample on board the TRIPLE payload conducted in Kiruna
and in Aire sur I'’Adour 1999 (Engel et al., 1999).

3.2 Results for the Flight on 14 November 1996 HALOE observations exist in the in northern hemisphere
midlatitudes. Performing a potential vorticity (PV) analy-
For the Lén flight, no measurements of long-lived tracers Sis of the HALOE measurements shows that the HALOE
from the cryogenic whole air sampler on board the TRIPLE measurements were conducted both within and outside of
payload are available because of problems with the sealinghe polar vortex depending on longitude due to the distinct
of the air samples. Thus no measurements of eithey CH asymmetric form of the vortex that was shifted away from
or N,O and no information about the total amount of inor- the North Pole. From meteorological analysis the air masses
ganic chlorine GJ are available. Therefore to initialize the probed during the TRIPLE flight were led around the po-
model simulations we use measurements of the Halogen Odar vortex before the measurement (cf. Sect. 2.1). Therefore
cultation Experiment (HALOE) on board the UARS satellite We derived two data sets to initialize the model simulations;
(Russell et al., 1993) and tracer-tracer correlations. one for midlatitude air masses (case 1) and one for polar air

For November 1996, HALOE measurements are availabldN@sSes (case 2). The following PV criterion was used to sep-
in northern hemisphere midlatitudes within°36-50° N for ~ arate midlatitude and polar air masses:
the time period of 1-5 November and of 15-22 November.
Thus for 14 November, the day of the TRIPLE flight, no

www.atmos-chem-phys.org/acp/5/1623/ Atmos. Chem. Phys., 5, 1623-1638, 2005
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Table 2. Mixing ratios of the major chemical species used to initialize the model simulations for the flight on 5 May 1999 launched in Aire
sur I'’Adour for the 9th cycle.

THETA[K] 600 600 700 700 800 800 850 850 866 886 875 874 874 871 871
trajnc?® 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

SzAbe 91.8 705 90.4 73.2 88.8 76.3 88.0 79.0 80.0 82.0 83.0 84.0 84.8 86.1 87.0
CHy, ppmv 1.29 1.29 1.01 1.01 0.78 0.78 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68
Cly, ppbv 211 211 2.88 2.88 3.20 3.20 3.32 3.32 3.32 3.32 3.32 3.32 3.32 3.32 3.32
HCI, ppbv 1.16 1.16 1.56 1.56 1.87 1.87 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01
ClO, pptv 358 8133 1853 12944 4588 167.85 6378 171.96 17010 15627 137.37 12449 11327 9388 8248
CIONO,, ppbv 0.94 0.86 1.29 1.18 1.28 1.16 1.23 1.13 113 1.14 1.16 1.17 1.18 1.20 1.21
NOy, ppbv 7.17 717 1240 1240 1605 1605 1676 1676 1676  16.76 1676 1676  16.76  16.76  16.76
NO, ppbv 0.27 0.86 1.34 1.92 2.22 2.66 2,59 2.95 2.97 2.96 2.91 2.88 2.86 2.77 2.72
NO,, ppbv 1.64 1.05 2.82 2.23 3.30 2.86 3.46 3.11 3.09 3.09 3.14 3.17 3.19 3.28 3.34
HNO3, ppbv 3.12 337 441 482 5.04 5.56 4.46 485 461 4.25 434 431 4.28 426 421
N,Os, ppbv 0.48 0.39 1.15 1.00 2.00 1.80 241 2.27 2.39 257 251 252 253 2,54 255
035 ppmv 4.46 4.46 5.61 5.61 6.36 6.36 6.82 6.82 6.82 6.82 6.82 6.82 6.82 6.82 6.82
H0, ppmv 475 475 5.36 5.36 5.63 5.63 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70
CO, ppbv 1691 1692 1890 18.88 2068 2059 2142 2140 2186 2249 2215 2212 2212 2204  22.06
Agsad um?em3 061 0.61 0.42 0.42 031 0.31 0.27 0.27 0.26 0.25 0.25 0.25 0.25 0.26 0.26
temperatur@k 21553 21553 22078 220.81 226.97 22691 230.09 23016 23122 23250 23179 23170 231.69 23150 23155
pressurBhPa 2815 2821  17.89  17.92 1226 1232 1043 1039  9.94 9.40 9.70 9.73 9.74 9.82 9.80
altitude’km 2499 2498 2817 2815 3081 3078 3194 3197 3227 3267 3245 3242 3242 3236  32.38

2 Trajectory number

b values at the end of the trajectory

C Initial mixing ratios for all cycles

d Surface area of the background aerosol per unit volume

Table 3. Mixing ratios of the major chemical species used to initialize the model simulations for the flight on 14 November 1996 launched
in Ledn for midlatitude air masses (case 1) and for the 9th cycle.

THETA [K] 500 500 600 600 650 650 700 750 800 800 850 850 900 900
trajnd® o1 02 03 04 05 06 07 08 09 10 11 12 13 14
SzZAPe 87.1 64.2 84.9 66.4 83.8 67.6 83.1 82.4 81.5 71.0 79.4 733 76.0 74.9
CHyg, ppmv 1.29 1.29 1.14 1.14 1.14 1.14 1.13 1.11 1.09 1.09 1.02 1.02 0.97 0.97
Cly, ppbv 1.80 1.80 2.53 2.53 2.57 2.57 2.60 2.67 2.78 2.78 2.97 2.97 3.10 3.10
HCI, ppbv 1.24 1.24 1.54 1.54 1.63 1.63 1.77 1.95 2.11 211 2.27 2.27 2.40 2.40
CIO, pptv 10.35 57.33 39.76 115.38 49.49 117.40 53.27 57.00 66.26 122.16 94.34 138.14 140.00 148.65
CIONG;, ppbv 0.55 0.50 0.95 0.86 0.88 0.80 0.77 0.66 0.59 0.53 0.60 0.56 0.56 0.55
NOy, ppbv 6.42 6.42 10.15 10.15 10.40 10.40 10.61 11.09 11.90 11.90 13.52 13.52 14.79 14.79
NO, ppbv 0.24 0.32 0.74 0.84 1.30 1.42 2.21 3.44 5.08 5.31 6.81 6.97 8.45 8.48
NO>, ppbv 0.38 0.30 1.01 0.91 1.56 1.43 2.32 3.13 3.95 3.72 4.69 4.53 5.11 5.09
HNOg3, ppbv 4.79 4.97 6.11 6.58 4.87 5.40 3.13 1.64 0.63 0.80 0.30 0.35 0.11 0.12
N,Os, ppbv 0.18 0.11 0.59 0.40 0.82 0.59 1.03 1.06 0.80 0.74 0.55 0.54 0.27 0.28
05 ppmv 2.12 2.12 454 454 5.44 5.44 6.00 6.41 6.66 6.66 6.79 6.79 6.78 6.78
H0, ppmv 4.35 4.35 4.79 4.79 4.84 4.84 4.88 4.90 4.91 4.91 4.95 4.95 5.06 5.06
CO, ppbv 23.35 23.31 23.14 23.07 23.01 22.93 22.92 22.92 23.01 22.94 23.20 23.18 23.49 23.49
Aggad umZem=3  0.95 0.95 0.61 0.60 0.49 0.50 0.41 0.35 0.30 0.30 0.26 0.26 0.23 0.23
temperaturk 211.21 21057 212.33 211.84 213.39 21311 21509 216.78 21856 218.35 220.91 220.94 22405 224.00
pressurBhPa 4920 4860 2677 2639 2035 2050 1616  13.09 1063 1070  9.09 9.01 7.71 7.72
altitudé’km 21.08 21.17 25.34 25.44 27.26 27.21 28.88 30.35 31.81 31.77 32.91 32.97 34.05 34.05
@ Trajectory number
b values at the end of the trajectory
C Initial mixing ratios for all cycles
d Surface area of the background aerosol per unit volume
Midlatitude The PV criterion was determined by analyzing the PV —
S 600K 700K 900K CH,4 and the @— CH;, correlations observed by HALOE.
PV <70PVU <120PVU < 400PVU o N _ .
vortex For both midlatitude and vortex conditions, simulations
® 600 K 700K 800K and measured CIO mixing ratio show a good agreement dur-

PV > 80PVU > 150PVU > 300PVU ing float and night-time. During daylight, simulations are at
the lower limit of the uncertainties of the CIO measurements

and significantly underestimate the measurements at around
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Table 4. Mixing ratios of the major chemical species used to initialize the model simulations for the flight on 14 November 1996 launched

in Leon for vortex air masses (case 2) and for the 9th cycle.

THETA [K] 500 500 600 600 650 650 700 750 800 800 850 850 900 900
trajnd? 01 02 03 04 05 06 07 08 09 10 11 12 13 14

SzAbe 87.1 64.2 84.9 66.4 83.8 67.6 83.1 82.4 81.5 71.0 79.4 73.3 76.0 74.9
CHy, ppmv 1.19 1.19 0.95 0.95 0.84 0.84 0.73 0.64 0.58 0.58 0.55 0.55 0.52 0.52
Cly, ppbv 2.34 2.34 2.96 2.96 3.14 3.14 3.26 3.31 3.33 3.33 3.33 3.33 3.33 3.33
HCI, ppbv 1.48 1.48 1.97 1.97 2.16 2.16 2.33 2.45 251 251 2.53 2.53 2.55 2.55
CIO, pptv 16.64 89.39 34.53 94.51 42.93 95.69 51.01 61.32 77.33 143.44 106.30 156.78 158.24  168.14
CIONOy, ppbv 0.84 0.76 0.94 0.88 0.94 0.88 0.87 0.80 0.73 0.66 0.69 0.63 0.62 0.61
NOy, ppbv 9.01 9.01 13.37 13.37 15.19 15.18 16.42 16.72 16.25 16.25 15.99 15.99 15.69 15.69
NO, ppbv 0.16 0.22 1.08 1.23 2.35 2.56 3.81 5.17 6.24 6.40 7.01 7.11 7.66 7.68
NOy, ppbv 0.32 0.26 1.31 117 2.22 2.02 3.01 3.58 3.89 3.72 4.10 4.00 4.20 4.18
HNOg3, ppbv 7.19 7.42 8.42 8.94 7.46 8.07 6.08 4.33 2.67 3.14 1.68 1.92 1.03 1.06
N2Os, ppbv 0.19 0.11 0.74 0.50 1.05 0.77 1.27 1.38 1.33 112 1.23 1.14 1.07 1.06
03ppmv 2.50 2.50 4.03 4.03 4.21 4.21 4.39 4.67 5.07 5.07 5.43 5.43 5.74 5.74
H>0, ppm 4.74 4.74 5.34 5.34 5.59 5.59 5.86 6.10 6.25 6.25 6.26 6.26 6.25 6.25
CO, ppb 23.30 23.24 23.10 23.02 22.95 22.87 22.67 22.35 22.03 21.86 21.88 21.77 21.87 21.85
ASSAd, umZem—3 0.96 0.96 0.61 0.61 0.50 0.50 0.41 0.35 0.30 0.30 0.26 0.26 0.23 0.23
temperaturBk 211.21 21057 21233 211.84 213.39 213.11 215.09 216.78 21856 218.35 22091 220.94 224.05 224.00
pressurBhPa 49.20 48.60 26.77 26.39 20.35 20.50 16.16 13.09 10.63 10.70 9.09 9.01 7.71 7.72
altitud’km 21.08 21.17 25.34 25.44 27.26 27.21 28.88 30.35 31.81 3177 32.91 32.97 34.05 34.05

2 Trajectory number

b values at the end of the trajectory
¢ Initial mixing ratios for all cycles

d Surface area of the background aerosol per unit volume

Table 5. Simulated CIO mixing ratios (end of trajectory) for the 9th cycle for different model input of surface areas of the background aerosol

per unit volume Aga.

Aire sur 'Adour 1999

THETA [K] 600 600 700 700 800 800 850 850 866 886 875 874 874 871 871
Assa® um?cm—3 061 061 042 0.42 0.31 0.31 0.27 0.27 0.26 0.25 0.25 0.25 0.25 0.26 0.26
ClOpptv 345 7800 1757 12232 4199 15344 5743 15432 14938 13322 11915 10821 9851 8202  72.01
Agsa? pmZem™3 113 113 0.78 0.78 0.57 0.57 0.50 0.50 0.48 0.46 0.47 0.47 0.47 0.47 0.47
ClOPpptv 350 7996 17.73 12416 4230 15479 57.82 15541 150.39 134.07 119.93 108.92 99.16 8257  72.48
Agsalum?em™3 024 024 017 0.17 0.12 0.12 0.11 0.11 0.10 0.10 0.10 0.10 0.10 0.10 0.10
CIO¢pptv 340 7619 17.44 12074 41.74 15233 57.12 15345 14858 13254 11852 107.65 97.99 8159  71.63
Ledn 1996 case 1 (midlat)
THETA [K] 500 500 600 600 650 650 700 750 800 800 850 850 900 900
Agsa® um?em=3 095 095 061 0.60 0.49 0.50 0.41 0.35 0.30 0.30 0.26 0.26 0.23 0.23
ClOpptv 10.04 5511 39.13 11317 4870 11532 5235 5593 6425 11854 89.01 13002 126.86 134.71
Agspl umZem™3 176 176 1.12 1.11 0.91 0.92 0.76 0.64 0.55 0.55 0.48 0.48 0.42 0.42
ClOPpptv 1035 5756 40.12 117.13 49.70 11842 5317 5650 6454 119.23 89.19 13035 12697 134.84
AssaS um?em—3 038 038 024 0.24 0.20 0.20 0.16 0.14 0.12 0.12 0.10 0.10 0.09 0.09
CIOCpptv 965 5226 37.99 10896 47.62 11213 5152 5539  64.00 117.94 88.86 129.76 126.77 134.61
Lebn 1996 case 2 (vortex)
THETA [K] 500 500 600 600 650 650 700 750 800 800 850 850 900 900
Asspd pm?em™3 096 096  0.61 0.61 0.50 0.50 0.41 0.35 0.30 0.30 0.26 0.26 0.23 0.23
ClO2pptv 16.35 87.42 3411 9313 4218 9380 50.10 6058 7669 14278 10495 154.99 153.87 163.61
Agsll um?em=3 177 177 113 1.12 0.92 0.92 0.76 0.65 0.55 0.55 0.49 0.48 0.42 0.42
CIOPpptv 16.84 91.35 3506 96.44 4307 9621 50.88 6128  77.30 144.02 10557 15591 154.47 164.25
Agsal um?em=3 038 038 0.4 0.24 0.20 0.20 0.16 0.14 0.12 0.12 0.10 0.10 0.09 0.09
CIOCpptv 1570 82.74 3303 89.64 4124 9137 4933 5991 7612 14165 10441 15418 153.36  163.07

@ Standard simulation
b Simulation with higher Aga values
C Simulation with lower Assa values
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Aire 03—-May-99 9th cycle
25 [ ———— )
+ ~ - Trajectory:
L - Float - ] = - 600K
[ x Model runs (= 865-885K) ] g - - 700K
200 — o
F 1 5] —- 850K
F 1 — 875K
150 X Xox |
—_ L - =
B [ . 4 a
s | X 7 ] =
[©] r X N B Q
O 1001 ; x .8 - )
[ J 8, ] o}
r x g 3% g 1
L 8 < X, < 1
r 1 2 X box i
50— N3 @ 8 «x — =
r 1 8 X '\L 8 1 8
L « ~ “T n g
L § X q 8
4
0 X
" P R PR PR PSS P S | J
65 70 75 80 85 20 95
SZA [deg]

Fig. 6. Simulated CIO mixing ratios as a function of SZA compared
to measured CIO mixing ratios of the TRIPLE flight launched on 3
May 1999 in Aire sur I’Adour. The uncertainties of the CIO mea-
surements are shown as gray bars (@dccuracy, see Fig. 3). The
chemistry along each 24-hour backward trajectory is calculated a
few times using the results of the previous model simulation to ini-
tialize the following simulation. Here model simulations are shown
after 9 such cycles. For details concerning the model scenario see
text. The corresponding levels of potential temperature are labeled
by arrows.

HO2 [pptv]

BrO [pptv]

O, [ppmv]

650K potential temperature during the most sunlit portion
of the flight (SZA about 67). Only at 500K does case 1
reproduce the CIO daylight measurements. In general, the
simulations for midlatitude conditions are somewhat lower
than for vortex conditions above 700 K and somewhat higher §
below, except at 500K (see Fig. 8). We note that although ¢

change (ppbv/h)

the Cl, values are for vortex conditions higher than for mid- 050598 020896 030685 %68l
latitude conditions, simulated CIO mixing ratios for case 2 Time [UTC]

are less than for case 1 between 600 and 700 K. Presumably, . o
this difference is driven by higher NQnixing ratios for vor- ~ Fig. 7. For the flight launched on 3 May 1999 in Aire sur I'Adour,
tex conditions. For both cases, the maximum of the distri-the simulated diurnal variation of ClO, CIONONO;, HO, BrO,
bution is shifted to larger SZAs compared to the measure_03 mixing ratios, and the rate of ozone change in ppbv per hour are
ments. The simulated diurnal variation of ClIO and various shown between 600K and 875K potential temperature for the 9th
) . . . |
other species for different levels of potential temperature are”’"°
shown in Fig. 9. The sensitivity of the model simulations
toward Assa was also examined in the same way as for the
flight launched in Aire sur I'’Adour (cf. Table 5). For both
cases, the sensitivity of CIO mixing ratios oy values is

' ClO+ NO2 + M — CION M 1
<6% below 700 K and<2% above. + NGz 4+ M= O+ (1)

CIONO, + hv — Cl + NOg3 (2)

3.2.1 Discrepancy for daylight CIO at around 650 K
Thus the concentration of daylight CIO depends on the

Here we discuss possible reasons for the discrepancy beoncentration of night-time CION£ Therefore underesti-
tween simulations and measurements for the CIO daylighmated CIO mixing ratios would imply that CIONGs un-
profile at around 650 K. At midlatitudes, chlorine nitrate is derestimated and thus HCI is overestimated by the model.
formed by the reaction of ClIO with Nfand is dissociated Simulations initialized with HCI mixing ratios reduced by
by photolysis in the ultraviolet (e.g., Brasseur and Solomon,about 20% (equivalent to approximately the minimum HCI
1984): mixing ratios measured by HALOE) and using the samge Cl

Atmos. Chem. Phys., 5, 1623-1638, 2005 www.atmos-chem-phys.org/acp/5/1623/
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taneously agree with the measurements for night-time and
daylight conditions. These findings are confirmed by calcu-
lations of 10-day backward trajectories using ERA-40 Re-
Analyses wind data produced by ECMWF (European Centre
for Medium-Range Weather Forecasts) (see Fig. 10). The
comparison between simulations and measurements indi-
cates that at 650K potential temperature, vortex air masses
are probed during ascent and midlatitude air masses are de-
tected during descent. In calculations of 10-day backward
trajectories using wind data from both the UK Met Office
(UKMO) analyses and ERA-40 Re-Analyses the origin of
the air masses sampled during the balloon ascent and de-
scent are located relatively close together (see Fig. 10). But it
also may be expected that 10-day backward trajectories using
wind data with a time resolution of 24 h and 6 h, respectively,
cannot precisely resolve the origin of air masses probed be-

tween ascent and descent which differ within a time interval
of approximately 2—3 h.

Nevertheless, we analyzed further reasons independent
of the initialization of the model simulations and the dy-

istry along each 24-hour backward trajectory is calculated a few1AMIC (_:ondltlons Of, the_ flight that could e)_(plaln _the un-
times using the results of the previous model simulation to initialize C€rtainties for the Len flight, although the simulations of

the following simulation. Here model simulations are shown after the Aire sur I'Adour flight show an excellent agreement
9 such cycles. For case 1 and 2 the model is initialized using a datavith the measurements and thus indicate that no substantial

set representing midlatitude air masses and vortex air masses, réincertainties exist in midlatitude chlorine chemistry. The
spectively (cf. Sect. 3.2). For details concerning the different modelquantum vyields of the two CIONOphotolysis channels
scenarios see text. The corresponding levels of potential tempergCIONO,+/hv— CIO+NO, and CIONQ-+Av— CI+NO3)
ture are labeled by arrows. are taken from standard recommendations (Sander et al.,
2002). Nickolaisen et al. (1996) observed Cl pressure depen-
dence of the quantum yield for the CION®hotolysis be-

as in case 1 or case 2 reproduce the CIO daylight measurgmond 300 nm. If model simulations do not consider the effect
ments after 9 cycles, but significantly overestimate the ClOof pressure on the CIONOphotolysis, models would tend
night-time measurements after 9 cycles for both midlatitudeto over-predict HCl and under-predict CION@nd thus CIO
and vortex conditions (see case 3 and 4, Fig. 8). mixing ratios in the lower stratosphere. In our study, in order

Further in the lower stratosphere, CIO is inversely corre-to reproduce ClO mixing ratios measured during daylight by
lated with NG (Stimpfle et al., 1994). In a sensitivity study, model simulations, glono, Would have to be increased by
the initial NO, mixing ratios were reduced by about 20% a factor of two or more (for case 1 and 2). In this case, the
(equivalent to approximately the minimum N@ixing ra-  measured CIO night-time and float profiles would be sub-
tios measured by HALOE), where the same Nflas used  stantially overestimated by model simulations. Thus it is un-
as in casel and 2 (see case5 and 6, Fig. 8). Nonethelesgkely that uncertainties inglono, are the major source of the
the measured CIO daylight values are still underestimated odiscrepancies between measurements and simulations in the
are at the lower limit of the uncertainty of the CIO measure- CIO daylight profile. Furthermore, the quantum yield for the
ments by the simulations after 9 cycles and simultaneousl\CIONO, photolysis channels beyond 300 nm was modified
the measured CIO night-time values are at the upper limit ofin the model simulations. Even by neglecting the CI+{NO
the measurements. channel in favor of the ClIO+N@channel beyond 300 nm,

In summary, uncertainties in the initialization of HCl and no evidence is found here that a significant change in the
NOx might cause the discrepancies in the CIO daylight pro-quantum yield has any influence on CIO mixing ratios.
file at around 650 K. However, no initialization could be de-  Avallone et al. (1993) found in a comparison of ClO in situ
rived so that model simulations simultaneously reproducedballoon measurements and model simulations a good agree-
the entire measured CIO daylight and night-time profile. ment, except below 20 km altitude, where observed CIO is
Nevertheless, the comparison between CIO measurementigher than simulated CIO by as much as a factor of four. A
and simulations (see Fig. 8) is consistent with the view thatmechanism responsible for maintaining these high CIO mix-
vortex air masses are probed above 650K and air massdrg ratios was at that time unclear, whereas reaction rates
originating from midlatitudes are probed below 650K, be- and absorption cross-sections were taken from DeMore et al.
cause for these cases simulated CIO mixing ratios simul{1992). In our study, we found no discrepancies below

Fig. 8. Simulated CIO mixing ratios as a function of SZA compared
to measured ClO mixing ratios of the TRIPLE flight launched on
14 November 1996 in L@n. The uncertainties of the CIO measure-
ments are shown as gray barss(accuracy, see Fig. 3). The chem-
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Fig. 9. For the flight launched on 14 November 1996 irbbethe simulated diurnal variation for case 1 (left panel) and case 2 (right panel)
of CIO, CIONG,, NOy, HO,, BrO, O3 mixing ratios, and the rate of ozone change in ppbv per hour are shown between 500 K and 900 K
potential temperature for the 9th cycle.

20km altitude between measured and simulated CIO mix-dency of Ryo to increase for SZAs larger than 87 found
ing ratios using reaction rate constants and absorption crosder the Aire flight (see Fig. 11). For the ba flight, we have
sections from current standard recommendations (Sandearo Rcio values for SZAs larger than 87However, for mea-
etal., 2002). surements at 87 Rcjo is also increased, in contrast tgB

at 87 for the Aire flight. All other Ryp values are in the
3.3 SZA Dependence of Simulated CIO to Measured CIO interval 10+0.32/—0.03 for the Aire sur I'’Adour flight and

in the interval 10+1.10/—0.45 for the Lén flight including
The deviation of simulated CIO (CM99)) from measured the discrepancy found in the CIO daylight profile at around
ClO (ClOMea9) js analyzed as a function of the SZA. For this 650K.
purpose, the measured ClIO mixing ratios were averaged in Clearly for SZA larger than 86-87 the model substan-
SZA intervals of 0.8. The average properties of these SZA tially overestimates the observed CIO mixing ratios. The
intervals are shown in Table 6. To take into account the un+eason for this discrepancy is not known at present. Further
certainties of the model simulations we calculate the ratioevidence exists indicating that for high solar zenith angles
cloModelcioMeas (Rq ) for each model trajectory and for  the stratospheric chlorine chemistry is not completely under-
all sensitivity simulations shown in Figs. 6 and 8. A ten- stand. Rivere et al. (2003) reported that the comparison of
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Table 6. Average properties of the SZA intervals for the CIO measurements as shown in Fig. 11.

trajno  SzA& N"  CIO [pptv[° S(CIO) [pptv] rel. SCIO) [%] press [hPa]  alt [km]
Aire sur ’Adour 1999

1.0 91.8 18.0 0.3 0.9 313.3 27.5 24.2
2.0 70.5 17.0 68.7 2.1 3.1 275 24.3
3.0 904 18.0 6.6 1.4 20.9 17.6 27.1
4.0 73.2 16.0 113.8 4.0 3.5 17.7 27.0
5.0 88.8 18.0 16.5 2.3 13.7 11.8 29.5
6.0 76.3 16.0 157.7 3.8 2.4 125 29.3
7.0 88.0 18.0 34.0 3.3 9.8 10.0 30.5
8.0 79.0 17.0 147.9 4.5 3.1 10.5 30.4
9.0 80.0 17.0 140.9 3.5 25 9.9 30.5
10.0 82.0 17.0 126.1 3.8 3.0 9.7 30.7
11.0 83.0 17.0 113.4 9.1 8.1 9.5 31.1
12.0 84.0 17.0 96.7 5.1 5.3 9.4 31.1
13.0 84.8 14.0 74.8 7.3 9.7 9.3 31.0
14.0 86.1 16.0 72.4 4.4 6.1 9.3 31.1
15.0 87.0 18.0 58.1 5.2 8.9 9.3 311
Lebn 1996
1.0 87.1 18.0 4.3 1.1 24.2 50.0 20.9
2.0 64.2 36.0 53.4 2.0 3.7 47.9 20.8
3.0 84.9 18.0 33.5 1.8 53 27.5 24.4
4.0 66.4 30.0 140.3 1.2 0.9 26.7 24.0
5.0 83.8 18.0 42.3 1.1 2.7 20.4 26.4
6.0 67.6 26.0 170.7 2.2 1.3 19.6 26.2
7.0 83.1 18.0 39.7 1.4 3.6 16.4 27.8
8.0 82.4 18.0 47.9 2.7 5.6 13.5 28.8
9.0 815 18.0 65.7 3.9 5.9 11.2 30.2
10.0 71.0 23.0 201.1 2.8 1.4 11.4 29.5
11.0 79.4 19.0 107.4 4.5 4.2 9.2 31.2
12.0 73.3 21.0 172.9 2.4 1.4 9.3 30.7
13.0 76.0 19.0 141.7 8.1 5.7 8.8 33.5
14.0 749 19.0 166.2 3.1 1.8 8.9 35.0

a Center of the SZA bins of 0.25

b Number of elements within bin

¢ Average CIO mixing ratio within bin

d Standard deviation of the mean:
S(m):\/m YN | (CIO-CIO;))2. The absolute error aEIO is (20-23%), even if E{O)
is lower due to statistics.

night-time balloon-borne measurements of OCIO andbNO and in May 1999 in Aire sur I'’Adour, France. For both flights
in the Arctic polar vortex with model simulations shows that a vertical CIO daylight and night profile were obtained over
some uncertainties still exist in the interaction between nitro-an altitude range of approximately 15-35km.

en and halogen species.
g g P Using the photochemical box model version of the CLaMS

model (McKenna et al., 2002a,b) simulations along 24-hour
4 Summary and Conclusions backward trajectories were presented to study the diurnal

variation of CIO in the lower midlatitude stratosphere. The
We have presented two balloon-borne in situ measurementsimulations were initialized with all available stratospheric
of CIO conducted in late fall and late spring in the north- measurements, together with tracer-tracer correlations, and
ern hemisphere midlatitudes stratosphere during the periothformation deduced from a 2-D model. The flight launched
of maximum total inorganic chlorine in the atmosphere. Bothin Lebn is characterized by a more complex dynamical sit-
ClO measurements were conducted on board the TRIPLRiation (possible contribution of a mix of vortex and non-
balloon payload launched in November 1996 ibheSpain,  vortex air) and fewer constraints for the model calculations
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Leon 14—Nov—96

— 500K ascent
-+ 500K descent

— 900K ascent
------------ 900K descent

Fig. 10. Calculations of 10-day backward trajectories using ERA-40 Re-Analyses wind data produced by ECMWF (European Centre for
Medium-Range Weather Forecasts) for the flight launched on 14 November 1996in Le

L e o N o e p e agreement with the CIO measurements over the entire alti-
tude range of 20—-35km and for both the daylight and night-
time profile. The present results show that simulated CIO
mixing ratios likewise reproduce the measured CIO mixing
ratios for the flight launched in ltm. A tendency that simu-
lated CIO mixing ratios overestimate measured CIO mixing
ratios for SZAs larger than 8687 is consistently found for
both flights. In summary, we conclude that for SZAs lower
than 86 no indication can be deduced from the present CIO
measurements that substantial uncertainties exist in midlati-
tude chlorine chemistry of the stratosphere. For SZAs larger
than 86—87 further studies are required.

03-May-1999 Aire
14-Nov-1996 Leon

c|oM0de\/c|OMeas
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